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Summary 

We have estimated the elastic properties of chalk at three different scales on the South 
Arne field , North Sea, by analysing ultrasonic core data, downhole log-readings and results 

of AVO-inversion based on near- and far-offset stack seismic data (Amplitude Versus Off
set) . Here we present main results from papers and reports enclosed in this volume. 

Fluid substitution in chalks: Effects of saturation scales 

We investigated some aspects of ultrasonic fluid substitution in chalks, and we found that 

Gassmann's relations can be used to understand the variations of velocity with saturation in 
our samples, even though the velocity data are ultrasonic (high frequency). This suggests 
that in these samples there are no significant high frequency dispersion effects from the 
squirt-flow or Biot mechanisms that would invalidate the use of the Gassmann's relations. 
There is, however, evidence for patchy saturation in the ultrasonic data with a characteristic 
patch size less than 1 /1 o mm. This is observed in limited Vp and V$ versus water saturation 

data (Fig. 1 ). We also find that fluid substituting to full brine saturation using a modified 
patchy mixing rule gives velocities more consistent with empirical trends than assuming a 
fine-scaling mixing rule. It is likely that fine-scale mixing is dominant at logging frequencies 
in chalks. Another finding is that the dry-rock ultrasonic data tend to be inconsistent, in a 
Gassmann sense, with data from the water-bearing samples (Japsen et al. 2002). Specifi
cally, the dry-rock velocities are "too fast. " 
(Mavko & Japsen this report) 

2700,~-~--~ 
Plug 62 

F'luo sz 
l650~ , , 

- observed point • "'loo dry· 
2600 

2600 

- obsorvod polnl .·100 dry· 
l600r 

I _ exrrapota1Cld ·no3fly dry" point 

'ii! - oxtra_polatod "Marly dry" point 
S2400 

1 

1SSO 
:[ 
> ISOO 

2300 

22001 

21000 . 02 ' 0,4 ' 0,6 0.8 

14SOL 

1400 ._ 
0 0.2 

~ 

0,4 
. 

0.6 ' 0.8 
~ h 

Figure 1. Comparison of ultrasonic measurements of velocities vs. saturation on a South 
Arne chalk sample, compared with the fine-scale mixing model. Note the deparlure in VP 
from the fine-scale mixing curve at high saturations. But the characteristic patch size for 
this sample is only o, 04 mm, and this suggests that fine-scale mixing will be dominant at 
the lower frequencies used in sonic logging. Core plug 62, rp=40%, permeability = 1.4 
mDarcy. 
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Modeling elastic moduli of impure chalk 

In impure chalk the elastic moduli are not only controlled by porosity, but also by cementa
tion resulting in relatively large moduli and by admixtures of clay and fine silica which re
sults in relatively small moduli. Based on a concept of framebuilding contra suspended 
solids (iso-frame values, IF), we model P-wave moduli, M, and S-wave moduli, G, of dry 
and wet plug samples by an effective medium model using chemical, mineralogical and 

textural input ( M = p VP 2 , C = PV., 2 where p is bulk density; Fig. 2). We use a modified 

upper Hash in Shtrikman mixing-model assuming a critical porosity of 70%. The textural and 
mineralogical data may potentially be assessed from logging data on spectral gamma ra
diation, density, acoustic velocity and water saturations in a hydrocarbon zone. 

In chalk of reservoir quality, elastic moduli are predictable (Fig. 3): The solid phase 
has roughly uniform composition, and as porosity decreases from 45% to 25%, the IF-value 
increases from 0.5 to 0.6. At intermediate porosity (25%-18%) IF-values vary between 0.5 
and 0.9: Samples with high IF-values have pore-fil ling cementation, whereas samples with 
low IF-values have high amounts of suspended submicron-size quartz in the pore space. 
Low-porosity samples (13%-16%) have relatively low IF-values (around 0.6) and are 
packed with pore-fill ing smectite. 
(Fabricius et al. this report) 
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Figure 2. Elastic modulus data and elastic models versus porosity. 
a. Dry samples. b. Water saturated samples. 
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The models fit the wet P-wave modulus data, whereas especially the dry S-wave moduli 

tend to be higher than predicted. The model based on image analysis has the advantage of 
being based on petrographic data. 
Circles: P-wave modulus data. Squares: S-wave modulus data. 
Thin lines: model based on dry P-wave and density data. 
Thick lines: model based on image-analysis data calibrated to dry P-wave data. 
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Figure 3. Composition of solid phase of chalk samples versus porosity. The thick line de
notes the IF-value of each sample. The area below the thick tine represents the solid phase 
modeled as solid frame with spherical pores, whereas the area above the line represents 
the solid modeled as being in suspension. Large grains include calcitic microfossils, por
filling carbonate cement, as well as ctasts of quartz, feldspar and kaolinite. Fine silicates 
include smectite, kaolinite and quartz. 

Influence of porosity and pore fluid on acoustic properties of 
chalk: AVO-response from oil 

We find that the velocity=porosity relation of the plug data are in agreement with the empiri
cal, modified upper Hashin-Shtrikman (MUHS) model established by Walls et al. {1998) for 
chalk from the Ekofisk field for porosities between 10% and 40%. In pure chalk intervals, 
this model furthermore, matches log-estimated values of the shear modulus which are un
affected by flu id content according to Gassmann's relations. 

Due to higher porosities in the South Arne field we extend the range of the model to 
45% porosity based on the ultrasonic data (Fig. 4). The model predicts the shear modulus 
to be smaller than observed from logging data for porosities above c. 40%. Erroneous log
determination of Vs may be the cause of this difference when S-wave traveltimes becomes 
very long. 

Variations of the bulk modulus, K, as a function of water saturation are predicted by 
the model combined with Gassmann's equations, and we find that the sonic log data repre
sent chalk where the oil has been partly flushed by invasion of mud filtrate; 

( 2 2 
K "" P v,, - 413 · Vs ) . We use the difference between logging data- and model-estimates 

of the shear modulus to correct the model by scaling it according to clay content as esti
mated by the water saturation. The water saturation in e.g. the Rigs-2 well can be regarded 
as a measure of the impurities in the chalk because the chalk is water-wet and the water 
saturation is close to irreducible saturation (Fabricius et al. 2002). 

A characteristic depth-wise pattern of the Poisson ratio, v, with pronounced peaks at 
top Ekofisk and top Tor and low values in the high-porous Tor reservoir is derived for the 
Rigs-2 well from the forward modeling of the acoustic properties of the virgin zone based 
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Fig. 5. Log data and predictions based on the corrected MUHS model for the chalk section 
in the Rigs-2 well. 
a. Clay content (from gamma log), porosity and water saturation, Sw and Sxo. Sxo (dots) 

is estimated from the relation between the measured sonic data and the corrected 
MUHS model. 

b. Vp and Vs. Data and predictions of the corrected MUHS model based on porosity and 
Sw. Brine-estimate for Vs not shown. 

c. Poisson ratio. Data and predictions of the corrected MUHS model. Brine-estimate not 
shown. 

In the high-porosity oil zone of the Tor Formation, the oil is predicted to be almost com
pletely flushed as indicated by the closeness of the measured Vp(Sxo) (blue curve) and the 
predicted Vp(brine) (green curve) whereas Vp(virgin zone, Sw) is predicted to be low. 
MUHS: Modified Upper Hashin-Shtrikman. 
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AVO-inversion of seismic data 

AVO attributes were calculated from inverted 2D seismic lines (near- and far-offset data) 
extracted from the South Arne 3D survey. The inversion was carried out for the two-way 

time window 1. 9-3. 6 s and was targeted on the chalk interval. Log data from the 1-1 x, Rigs-
1, -2 and SA-1 wells were used in the inversion process. These data comprise Vp- and Vs
logs based on the corrected, modified upper Hashin-Shtrikman model described above plus 
density logs, check shot and deviation data. Using a least-squares wavelet estimation 
method with constrain on the phase, wavelets were estimated for each offset stack and for 
each of the wells. The wavelet estimated from the 1-1 x well was preferred based on inver

sion tests. 
Low-frequency components of the acoustic impedance variations with depth are not 

present in seismic data. Since this information is essential to the interpretation, it should be 
accounted for in the seismic inversion. Simple low-frequency impedance models were con
structed by extrapolation of the angle-dependent impedance well logs through the 3D vol

ume tied to seismic horizons, followed by low-pass filtering. The inversion results are good 
in terms of match with the angle-dependent impedance well logs. 

AVO-attributes were computed from the angle-dependent impedance inversions com

bined with low-frequency information: Acoustic impedance, shear impedance and Poisson's 
ratio were extracted at the location of the 1-1 x, Rigs-1, -2 and SA-1 wells. The A VO-results 
are good in terms of match with the well log data. Low values of Poisson's ratio at the loca
tion of Rigs-2 is in agreement with the presence of light oil in the high-porous chalk of the 
South Arne field (Fig. 6). 

(Bruun this report) 
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Figure 6. Two-way time section with A VO-inversion of seismic data and inserted Jog re
sponse for the Rigs-2 well computed from forward modeling of the corrected, modified up
per Hashin-Shtrikman model NE-SW orented cross section. 

a. Acoustic impedance, b. shear impedance, c. Poisson ratio. 
Very good agreement is observed for both acoustic and shear impedance. Note the peaks 
in the tight zones near top chalk and top Tor, There is good agreement between the fog
and AVO-pattern of Poisson's ratio, e.g. the peak at top Tor and the low values within the 
Tor Formation. This pattern cannot be resolved by the fog if the acoustic properties are 
estimated from the sonic log because the water saturation near the well bore is unkown. 
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Modelling seismic response from chalk reservoirs resulting 
from changes in burial depth and fluid saturation 

We have investigated changes in seismic response caused by changes in degree of com
paction and fluid content in North Sea Chalk reservoirs away from a well bore by forward 
modelling. The investigated seismic response encompasses reflectivity changes, AVO and 
acoustic impedance based on well data from the South Arne and Dan fields, Danish North 
Sea and these results are compared to seimic field records . Depth of burial (changes in 
effective stress) and changes in hydrocarbon saturation are the two main variables to use 
for seismic response prediction away from the well bore (Fig. <ov-0<}. The three main 
modelling tools used for the modelling are 1) rock physics, 2) saturation modelling and 3) 
compaction/de-compaction modelling. 

1) Rock physics theory is applied to obtain all necessary elastic parameters for the 
application of the Zoeppritz equations. The challenge is not only to predict the shear 
velocity, but also to account for the changes in fluid content via application of 
Gassmann's equations. An approach akin to the one suggested for the Ekofisk 
Field by Walls et al. (1998) is applied for the prediction of changes in degree of 
compaction. 

2) Hydrocarbon saturation in North Sea Chalk is strongly affected by capillary forces 
due to the small scale of the pores and transition zones in the order of 50 m are not 
uncommon. We use the EOR and similar saturation models, which have proved ro
bust for the prediction of saturation profiles in Danish Chalk reservoirs. 

3) Compaction modelling relies on a new exponential porosity-depth trend, where ab
normal fluid pressures are accounted for. This trend is based on a normal velocity
depth trend established for the North Sea Chalk. The porosity-depth trend appears 
to be sufficiently fine-tuned to allow fairly precise predictions of abnormal fluid pres
sures from observed average porosity. Based on this, the relative contribution to 
porosity preservation by abnormal fluid pressure and early hydrocarbon invasion 
may be estimated. 

Based on these assumptions we find that reflectivity is correlating with porosity, acoustic 
impedance is more susceptible to porosity variation than to hydrocarbon saturation, and the 
poisson ratio may be rather sensitive to hydrocarbon saturation. 
(Vejb~k et al. this report) 
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Figure 7. Poisson ratio versus acoustic impedance caused by modelled Sw changes (sev
eral free water level positions) in the Rigs-2 well. X- and Y-axis are identical in plot a and b, 
but colours show porosity and Sw. Points in the upper right are from outside the chalk. Note 
that acoustic impedance is more sensitive to porosity changes, than to saturation changes 
whereas the Poisson ratio is more susceptible to saturation changes. 
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MODELING ELASTIC MODULI OF IMPURE CHALK 
by Ida L. Fabricius*, Christian H0ier**, Peter Japsen**, and Uffe Korsbech* 

*DTU, **GEUS 

ABSTRACT 

ln impure chalk the elastic moduli are not only controlled by porosity, but also by cc

mentation resulting in relatively large moduli and by admixtures of clay and fine silica 

which results in relatively small moduli. Based on a concept of framebui ldi ng contra 

suspended solids, we model P-wave and S-wave moduli of dry and wet plug samples by 

an effective medium model using chemical, mineralogical and textural input. We use a 

Modified Upper Hashin Shtrikman model assuming a critical porosity of 70%. The 

textural and mineralogical data may potentially be assessed from logging data on spec

tral gamma radiation, density, acoustic velocity and water saturations in a hydrocarbon 

zone. 

The studied chalk was interpreted as fo llows: ln chalk of reservoir quality, elastic 

moduli are predictable. The solid phase has roughly uniform composition, and as po

rosity decreases from 45% to 25%, IF-value increases from 0.5 to 0.6. At intermediate 

porosity (25% - 18%) IF-value varies between 0.5 and 0.9. Samples with high TF have 

pore-fi lling cementation, whereas samples with low IF-value have high amounts of sus

pended submicron-size quartz in the pore space. The samples with low porosity (13% -

16%) have relatively low IF-value (around 0.6) and are packed with pore-filling smec

tite. 

INTRODUCTION 

We have succeeded in building an effective medium model for impure chalk based on 

petrographic data. This is not a straightforward task, because the relationship between 

porosity and elastic moduli of carbonates depends on several factors. According to 

Marion and Jizba ( l 997) these factors are mineralogy, pore-shape and fluid type. 

Elastic moduli of impure chalk 1 



The problem of fluid type is in our case probably minor because Gassmanns relations 

apparently may be used even for ultrasonic data on chalk (R0gen at al. in rev.). The 

problem of pore shape is related to porosity type. ln chalk the porosity is predominantly 

intcrgranular. Jn high-porosity chalk, pores are ill-defined, and may be best described as 

the irregular continuous space around the irregular but well defined particles. When 

chalk is subjected to cementation, pores become more and more regular and well de

fined, while particles fuse to a progressively stiffer frame. During cementation the chalk 

wi ll thus approach the spherical pore model of an Upper Hashin Shtrikman Bound 

(Hashin and Shtrikman, 1963). 

The question of mineralogy may in our case be simplified to a question of proportion 

between the dominant low-Mg calcite, quartz, kaolinite, and smectite. 

This does not solve the problem, however. Even small amounts of clay may signifi

cantly reduce elastic moduli of sandstone (Han et al., 1986), so that the texture (the spa

tial organization of mineral particles) has significant influence. In a recent study, Avseth 

et al. (2000) have shown how texture and degree of cementation both control the elastic 

moduli of sandstone. 

In the case of impure chalk we must then find out how the impurities are arranged, are 

they floating freely in the pore-space or are they part of the solid frame? As we will 

show below, they may be either. We also need a means of assessing degree of cemcnta

tion, and thus stiffness of the chalk frame. In order to solve the problem we apply the 

concept of iso-frame (IF-value), (Fabricius, 2002) which defines to which extent the 

chalk has achieved a stiff structure with spherical pores as defined by a modified Upper 

Hashin Shtrikman model (Nur et al. , 1998). 

We study of the relationship between chalk composition and elastic moduli in 24 plug 

samples of Danian chalk from the South Arne field in the Danish North Sea (Macker

tich and Goulding, 1999). We furthermore demonstrate the use of wire-line logging data 

to assess composition and degree of cementation. 
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METHODS 

Velocity data 

P- and S-wave moduli were measured on dry and water saturated 1 ½ inch plug samples 

(Table 1, Figure l). Samples were dried at I l0°C and left to equilibrate at room 

conditions to constant humidity before dry data were recorded; for smectite bearing 

samples this resulted in up to 34% water saturation. In order to obtain wet data, smectite 

poor samples were saturated with calcite-equilibrated tap water. Smcctitc rich samples 

were saturated with synthetic formation brine, but contains up to 8% atmospheric air, due 

to low permeability (Table 1). The ultrasonic measurements were done at a hydrostatic 

confining pressure of 75 bar in accordance with the procedure described in Regen et al. 

(in rev.). 

Other physical core data 

For all plugs, He-porosity and gas permeability, along with grain density were measured 

by standard methods. 

In order to correlate core data to gamma ray-logs, the concentrations of U, Th and K 

were measured on powdered samples by a Nal-crystal gamma spectrometer; and in order 

to interpret the water saturation data, the specific surface of the samples were measured 

by N2 adsorption (BET). 

Textural and mineralogical data 

We estimated the mineralogical and textural composition of each sample. The minera

logical composition was derived from X-ray diffractograms of bulk sample and insoluble 

residue, carbonate content by titration, Mg, Al, Si, K, Ca, Fe, and Ba by Atomic Adsorp

tion Spectrophotometric analysis of filtrate as well as remanence, P by spectrophotometry 

(Dr. Lange), and S by combustion in LECO-oven. 

Mineralogical and textural data were derived from thin section petrography, backscatter 

electron microscopy, qualitative energy dispersive microprobe analysis, and petrographic 

image analysis of electron micrographs at two magni fications (Figure 2). Large grains 

(more than 2 microns in cross section), and large pores (more than 0.5 microns in cross 

section) were determined by fi ltering based on the method of Borre ( 1998). Specific pe

rimeter of the calcite-pore interface was determined according to the method of Borre et 
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al. ( 1997). Image analysis included assessment of the amount of silicates in suspension in 

the pores, as well as assessment of the amount of silicate grains in the solid frame. 

Effective medium model 

We constructed an effective medium model for the elastic moduli of the samples based 

on mineralogical and textural data. Large si licate grains, as well as large calcite grains 

and calcite cement were considered part of the solid frame, whereas small si licate

particles were considered to be suspended in the pore flu id. We modeled the porosity to 

be spherical holes with part of the solid phase suspended in the pore fluid (air and water), 

and calculated to which extent the small calcite particles may be modeled as being a part 

of the solid frame (IF-value for the fine-grained calcite), and to which extent they may be 

modeled as being in suspension in order to fit dry P-wave modulus data (model (I)). To

gether with the fraction of large particles this wil I define the total fraction of solid in the 

frame or iso-frame (IF) value of a sample (Fabricius, 2002). In order to obtain an IF-value 

based on petrographic data alone, we correlated the IF-value for the fine-grained calcite to 

the specific perimeter of the fine-grained calcite as measured by petrographic image 

analysis. We may now turn around and assess the IF value of the fine-grained calcite from 

image analysis data and calculate the IF for the total sample from mineralogical and pet

rographic data alone (model (2), Figure 3, 4). 

In order to asses to which extend the IF value applies more generally, the lF-s of model 

(1) and (2) were used to calculate wet P-wave moduli, as well as S-wave modu li. These 

predictions fit reasonably well to the measured data (Figure I). 

Model (2) thus involves the fo llowing steps when porosity is known: l) from minera

logical and petrographic analysis assessing amount of large calcite (microfossils and car

bonate cement), large silicates (quartz, kaolinite, and feldspar clasts), suspended silicates 

(quartz, kaoli nite, and smectite), as well as specific interface between fine-grained calcite 

and pores; 2) calculate TF for fine-grained calcite from specific interface, together with 

large grains this will also define IF for the total sample; 3) calculate elastic modulus for 

the suspension. For dry samples air, water and suspended solids were mixed according to 

a hornogenous Reuss model. For wet samples, water and suspended solids were mixed 

according to Reuss model, whereas the air should be mixed with the fluid in accordance 

with a patchy Voigt model (Figure 5); 4) mixing this suspension with the fran1e building 

mineral s according to an Upper Hashin Shtrikman bound (Hashin and Shtrikman, 1963) 

as generalized by Berryman, and by modifying the bound under assumption of a critical 
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porosity (Nur et al., 1998, citations in Mavko et al. , 1998). A critical porosity of 70% was 

in the present case chosen in accordance with ODP data (Fabricius, 2002). 

Log-interpretation 

The concept of IF-value allows us to model degree of cementation from logging data, 

alongside a more conventional interpretation of bulk composition (Figure 6). 

Solid composition was estimated from spectral gamma-ray Th data and from water satu

ration data. The Th-log was chosen because it correlates well with core-sample Th-data. 

We did not use the Kand U signal of the spectral gamma-ray log as well as the natural 

gamma ray log because these logs in the present case have I ittle character and do not cor

relate with gamma-spectral core-data. The core-sample Th-data correlates roughly to total 

clay content and to non-carbonate fraction of the core samples. 

Fluid saturations were determined by the Archie method by assuming defaul t petro

physical constants for carbonate: a = 1, m = 2, and n = I. Hydrocarbon density 0.633 

g/cm3
, brine density: 1.054 g/crn3

, and brine resistivity of 0.0225 Ohmm and 0.0260 

Ohmm respectively for Rigs- I and Rigs-2 (J. Jensenius pers. comm.). In the presence of 

more detailed knowledge of the relationship between chalk composition and petrophysi

cal parameters, these may be adjusted accordingly. 

For the studied wells, the water saturation gives information on chalk texture because 

almost the entire logged chalk interval is in the zone of irreducible water saturation. In 

this case we may assume that in the water wet chalk, the water covers the particle surfaces 

and rests at particle contacts (Fabricius et al. 2002). The water saturation was recalculated 

to water volume pr. solid volume, and correlated to specific surface by BET (also recal

culated to surface area pr. solid volume). BET correlates to the content of smectite in core 

samples. 

We may thus estimate content of oi l, water, smectite, total clay and insoluble residue. 

Jn accordance with the petrographic data we assume that smectite is totally in suspension, 

whereas the remaining clay and insoluble residue are 50% in suspension and 50% in the 

frame. We may now determine the IF value via adjusting the proportion of calcite in the 

frame to fit P-wave modulus calculated from densi ty and sonic logging data. 

In Rigs-1 water saturations are relatively high, and we may use the logging data di

rectly. ln Rigs-2 water saturations are low and invasion may severely affect the sonic sig

nal (Gommesen et al. 2002). Therefore, the sonic velocity of the virgin zone was modeled 
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from porosity and fluid saturation data together with a relationship between porosity and 

elastic moduli based on core data and in accordance with the relationship for logging data 

of Walls et al. ( 1998). 

RESULTS 

Core data 

Elastic moduli calculated from ultrasonic velocities in the chalk core samples may now 

be given a textural interpretation (Figure l, 4, Table 1 ). 

In the porosity interval from 45% to 25% elastic moduli show a steady increase. The solid 

phase does not vary much in composition, but the IF-value increases gradually from 

around 0.5 to around 0.6. The frame building part of the solid contains a low to moderate 

amount of large grains of silicates and partially cemented calcitic microfossils (Figure 

2a); the suspended part of the solid includes apparently authigenic submicron-size quartz, 

srnectite-illite, and kaolinite. 

In the porosity interval from 25% to 18% elastic moduli are more variable but tend to be 

high. lF value varies between 0.5 and 0.9 with an average around 0.7. Samples with high 

elastic moduli (and high IF) are characterized by a microfossil-rich texture (Figure 2b) 

and pore- fi lling cementation (Figure 2c). Samples with low elastic modu li (and low lF) in 

this porosity interval are characterized by high amounts of suspended apparently auth i

genic submicron-size quartz in the pore space (Figure 2f). 

For low porosity (13% - 16%), elastic moduli tend to be lower than would be expected 

by extrapolating the trend from high-porosity chalk; IF is around 0.6. These samples all 

contain pore-filling, poss ibly al lochtoneous smectite (Figure 2d), accompanied by large 

kaol inite clasts (Figure 2e). Smectite rich samples have high specific surface as measured 

by BET. 
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Logging data 

We may now apply the lF model to log interpretation of the chalk interval of Rigs-! and 

Rigs-2 (Figure 6). 

In both wel ls the porosity varies considerably, but in general porosity is higher in Rigs-2 

than in Rigs I. The lower porosities in Rigs l are accompanied by higher proportions of 

calcite in the solid frame. The proportion of calcite in the solid frame may be interpreted 

as degree of cemcntation, so that Rigs 1 in general appear more cemented than Rigs 2. In 

clay rich intervals the porosity may be low without the proportion of calcite in frame (i.e. 

degree of cementation) is correspondingly high. 

DISCUSSION AND CONCLUSIONS 

We found that elastic P-wave and S-wave moduli calculated from ultrasonic core sam

ples of impure chalk can be modeled from the mineralogical and textural composition of 

the solid phase as well as the pore fluid composition. The model is the same for S- and P

waves for dry as well as wet samples (Figure 1 ). 

ln accordance with petrographic data, a part of the solid is modeled as suspended in the 

pore flu ids. This suspension is then modeled as the soft component in a stiff frame com

posed of the remaining solid according to a Modified Upper Hash in Shtrikman bound un

der assumption of a critical porosity of 70%. 

Core data 

In order to do this, we applied the concept of IF-value which describes to which extent 

the solid of the sample may be regarded as a frame with spherical pores. In line with this 

concept, Anselmetti and Eberli ( 1997) found that carbonate samples with vuggy porosity 

tend to be stiffer than carbonate samples with other types of porosity. We see IF as a 

measure of degree of cementation and in accordance with this concept, samples with high 

IF indeed were seen to be heavily cemented and to have high elastic moduli . 

Jn the studied samples, part of the calcite is modeled as being in suspension although it 

physically is attached to other particles. A link between the actual pore-shape and the IF 

model is the specific perimeter of the calcite-pore interface as measured by petrographic 

image analysis of electron micrographs. 
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The impurities of the chalk include quartz, kaolinte, and smectite. Quartz and kaolinite 

occur partly as solid clasts which we consider as part of the frame, partly as suspended 

pore-tilling sub-micron-size particles. The ultra :fine-grained quartz is apparently authi

genic and may be sourced from dissolved opaline fossi ls. That these fossils have existed 

is indicated by the presence of molds. Smectite also occur in two textural ways. High

porosity samples may contain apparently auth igenic smectite-illite, whereas low-porosity 

samples may be packed with apparently allochtoneous smcctitc. These low porosity 

smectite rich samples have relatively low IF and relatively low elastic moduli. 

Logging data 

Sonic logging data have been widely used as an indicator of porosity type, e.g. the ve

locity- deviation log of Anselmett and Eberli () 999). In the studied chalk the porosity is 

mainly of intergranular type, although intrafossi l porosity and moldic porosity occur fre

quently but in minor amounts. 

Via the IF concept we suggest that the sonic log may be used as an indicator of cemen

tation. This requires that we first assess the mineralogical composition and fluid satura

tions of the chalk, then estimate to which extent the non-carbonates are in the solid frame 

and to which extend in suspension (in the present case this was done from studies of core 

samples), and finally that we by iteration find which IF's fit the elastic modulus-log. 

The mineralogical composition was in this case assessed from the spectral gamma Th

Jog and from the water saturation. The Th log was used for a rough estimate of total clay 

as wel l as for total non-carbonate fraction. In the present case the integral gamma and 

spectral U and K-logs proved of little use, but this may depend logging equipment and on 

choice of drilling mud. The use of water-saturation log as a smectite indicator is only 

valid because we could assume that the water saturation is irreducible. In the absence of 

these specific smectite data, we might have overcome the problem by adjusting the pro

portion of the total clay that we assume are in suspension. 
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F10. I. Elastic modulus data and elastic models. Circles denote P-wave modulus data, squares denote S-wave modulus 
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calibrated to model (I ). (a) Dry samples (b) Water saturated samples. Model (I ) fits the wet P-wave modulus data, 

whereas especially the dry S-wave moduli tend to be higher than predicted. Model (2) fi ts less well but has the advantage 

of being based on petrographic data. 
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FIG. 2. Backscatter electron micrographs of epoxy-impregnated and polished samples. Black indicates pore-space, various 

shades of grey reflect densities of the minerals. The black bars measure I Omicrons. (a) Rigs I, 9250.39 A: MD, chalk 

mudstone with 30.9% porosity. Of the bulk volume 4.8% is large calcite, 4.4% is large intra-fossil porosity and molds. 

Model ( 1) and (2) both indicate an lF value of 0.6. (b) Rigs 2, 2824.00 m MD, chalk wackestone with 24. 7% porosity. Of 

the bulk volume 16.2% is large calcite grains and cement, 4.4% is large intra-fossil porosity, 26.2% is disperse sub

micron size pore-filling quartz, and I. I% is disperse sub-micron size pore-filling kaolinite. Model ( 1) indicates an IF 

value of 0.6, model (2) an IF value of0.5. (c) Rigs I, 9287.32 ft MD, white chalk wackcstonc with 20.4% porosity. Of the 

bulk volume 53.9% is large calcite grains and cement, 9.3% is large intergranular pore space. The calcite cement covers 

zoned dolomite/ankerite crystals. Model (I) and (2) both indicate an IF value of0.9. (d) Rigs I, 9 11 J ft MD, chalk 

mudstone with 13.8% porosity. Of the bulk volume 6. 1 % is clasts of quartz and albite, 5.6% is pore fill ing smectite. 

Model ( I) indicates an IF value of0.5, model (2) an IF value of0.6. (e) Rigs I, 91 14 ft MD. Kaolini te clasts constitute 

6.9% of the bulk volume in the chalk mudstone with 14.1% porosity. (f) Rigs l, 9153.20 ft MD. Disperse sub-micron size 

pore-filling quartz constitute 9.2% of the bulk volume in the chalk mudstone with 19.5% porosity. 
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Fro. 3. !so-frame (IF) model for chalk. (a) Backscatter electron micrograph of the epoxy-impregnated and polished sample 

Rigs l, 9210.0 ft MD, chalk mud stone with 28. 1 % porosity. The black bar measures I 0 microns. Of the bulk volume 

5.9% is fine grained silicates. (b) By petrographic image analysis the fine-grained calcite (including a pyrite crystal) is 

marked as white and the pore space as black. The fine grained silicates arc symbolized by grey circles. The specific 

perimeter of the white phase is calculated to be 2.9 micron·'. From correlation with elastic data, this specific perimeter 

corresponds to an IF value of0.65 for the fine-grained calcite. When taking large pores and grains (not visible at this 

magnification) and fine-grained si licates into account, we obtain an IF value of0.6 for the sample. (c) Model: of the sol id 

phase 70% is forming a frame with spherical pores. The remaining solids are suspended in the fluid within the pores. 
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FIG. 4. Composition of solid phase of chalk samples. The thick line denotes the IF value of each sample. The part of the 

solid phase modeled as a solid frame with spherical pores is below the thick line. The part of the solid mode led as being in 

suspension is above the thick line. Large grains include calcitic microfossils, as well as clasts of quartz, feldspar and 

kaolinite. Fine silicates include (apparently athigenic) smectite, kaolinite and quartz. 
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FIG. 6. Bu lk composition of chalk interval as interpreted from logging data. The well Rigs I has higher water content and 

smectite content than Rigs 2, where the smcctite log disappears in the curve separating water and total clay. Rigs l 

apparently is more cemented as indicated by a higher proportion of the calcite being part of the solid frame. 
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Ory samples Wet samples Composition of solid phase (1) (2) 

Core Non- Total Smee- Susp. Susp. Silica- Large IF IF 
depth 0 k BET ~ Paw s. Vp Vs Sw Vp Vs cart>. day tite Quartz Kaol. le gr. Calcite 

% mD m2/g g/cm3 gfml % m/s mls % m/s m/s % % % % % % % 
Rigs 1 

ft 

9111 13.8 0.7 12.2 2.71 1.073 6.8 3020 2192 92.2 3132 1536 35.3 16.0 7.2 8.7 6.9 6.2 10.2 0.5 0.5 
9114 14.1 0.5 11.6 2.71 0.998 30.4 2659 1868 34.7 15.9 6.7 11.1 0.0 11 .0 8.2 04 0.5 

9114-h 14.0 3.1 12.9 2.71 0.998 34.1 3452 2155 41.4 21.2 8.5 9.2 6.4 9.3 7.2 0.6 0.5 
9116-h 14.9 15.0 10.2 2.70 1.073 11.8 3746 2375 102.6 3791 1871 32.6 13.5 5.8 9.6 5.8 5.2 6.8 0.6 0.5 

91 17 14.3 0.4 10.2 2.71 1.073 12.3 2004 103.0 3378 1702 30.8 14.4 6.0 4.5 5.5 9.3 6.4 0.4 0.5 

9117-h 14.8 0.7 10.9 2.73 1.073 11 .8 3556 2256 31.7 14.6 6.0 5.6 0.4 12.6 8.8 0.6 0.6 
9138 15.8 0.1 7.5 2.70 0.998 7.7 3029 2137 102.4 3565 1904 20.0 9.3 3.3· 3.2 1.4 7.0 9.1 0.5 0.6 

9153-h 19.5 0.4 5.8 2.71 0.998 3.6 4024 2486 99.0 4051 2210 23.2 4.1 1.4· 10.6 0.0 6.0 6.9 0.7 0.6 

9154 24.7 0.2 3.2 2.71 0.998 1.9 3620 2250 97 9 3619 2015 19.8 2.3 o.8· 8.5 0.0 6.4 17.7 0.7 0.6 

9176 34.5 0.8 2.5 2.71 0.998 0.5 2893 1844 98.8 2993 1615 8.8 1.5 0.4· 3.3 0.5 2.5 10.3 0.5 0.6 

9193 14.6 0.0 3.3 2.71 0.998 5.0 4070 2590 95.2 4230 2412 21 .2 3.7 0.7' 7.1 0.0 9.0 3.0 0.7 0.7 

9210 28.1 0.3 4.0 2.71 0.998 1.7 3350 2124 98.3 3413 1879 9.2 3.0 0.6· 3.7 1.6 1.0 2.9 0.6 0.6 

9216 23.9 0.2 4.5 2.72 0.998 2.0 3361 2176 97.4 3521 1925 17.5 3.2 o.8· 5.1 0.0 8.2 3.9 0.6 0.7 

9230 34.6 0.6 2.7 2.69 0.998 0.3 3035 1890 99.6 3051 1640 12.3 1.6 0.4• 4.0 0.7 4.8 3.2 0.6 0.6 

9250 30.9 0.6 2.6 2.70 0.998 0.6 3187 1972 97.8 3213 1765 11 .0 1.6 0.6' 7.5 0.6 0.0 6.9 0.6 0.6 

9274 18.8 0.1 2.5 2.71 0.998 2.0 4117 2529 99.8 4197 2378 26.2 4.2 1.6· 13.0 0.0 7.2 37.8 0.8 0.7 

9287 20.4 0.3 2.5 2.72 0.998 0.9 4296 2597 97.7 4437 2486 14.1 4.7 1.7" 0.0 0.0 10.1 67.7 0.9 0.9 

Rigs2 
m 

2800 41 .6 1.9 3.2 2.70 0.998 0.5 2304 1622 98.8 2506 1394 23.6 5.1 0.6· 15.3 3.6 0.0 9.3 0.4 0.5 

2802 25.6 0.1 4 .0 2.70 0.998 0.9 3576 2264 93.4 3574 2045 23.9 5.6 o.r 6.5 0.0 12.0 9.7 0.7 0.7 

2806 38.7 1.3 3.0 2.69 0.998 0.4 2578 1702 99.4 2680 1447 19.7 2.7 0.4• 13.8 1.6 0.2 6.6 0.5 0 .5 

2814 39.8 1.4 2.9 2.70 0.998 0.2 2546 1645 99.3 2662 1396 10.8 2.5 0.3· 5.9 1.2 u 4.3 0.5 0.5 

2818 43.9 3.2 2.7 2.71 0.998 0 .. 2 2386 1541 98.4 2506 1293 11.7 2.3 0.3· 7.1 1.2 0.5 7.2 0.4 0.5 

2824 24.7 0.2 3.7 2.67 0.998 0.3 3408 2232 99.8 3509 2010 42.1 4.1 0.1· 30.9 1.3 1.0 21.5 0.6 0.5 

2826 20.3 0.2 1.7 2.70 0.998 0.8 4230 2611 98.5 4291 2452 21 .7 1.1 0.2· 14.5 0.0 3.3 24.8 0.8 0.6 

TABLE. 1. Core plug data. -h indicates a horizontal sample, 0 is He-porosity, k is gas permeability, BET specific surface by N 2 adsorption, p is density, 
Sw is water saturation, vp and vs are P- and S-wave ultrasonic (700 kHz) velocities measured at a hydrostatic confining stress of 75 bar. Experimental 
errors for Vp is c.± 25 m/s for vs c. ±15 m/s. Composition of solid phase is interpreted from X-ray diffraction, chemical analysis, image analysis of 
backscatter electron micrographs and qualitative energy-dispersive microprobe analysis. IF's are from model (l) and (2). *smectite-illite. 
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Abstract 

We have found A VO-inversion to provide direct evidence for presence of light oil in the 

high-porous chalk of the South Arne field. We estimated the elastic properties of chalk 

at three different scales on the South Arne field, North Sea, by analysing ultrasonic core 

data, downhole log-readings and results of A VO-inversion based on near- and far-offset 

stack seismic data (Amplitude Versus Offset). We find that the velocity-porosity 

relation of the plug data are in agreement with a modified upper Hashin-Shtrikman 

model established for chalk from the Ekoftsk fie ld and due to higher porosities in the 

South Arne fie ld we extend the range of the model to 45% porosity. In pure chalk 

intervals, this model furthermore, matches log-estimated values of the shear modulus 

which are unaffected by fluid content according to Gassmann's relations. The model 

thus predicts the variations of the bu lk modulus as a function of water saturation. We 

find that the sonic logging data represent chalk where the oil has been partly fl ushed by 

invasion of mud filtrate. We use the di fference between logging data- and model

estimates of the shear modulus to correct the model by scaling it according to clay 

content as estimated by the water saturation that is controlled by silicate content and 

particle sorting in the zone of irreducible water saturation in water-wet chalk. Forward 

modeling of the acoustic properties of the virgin zone thus results in a characteristic 

depth-wise pattern of the Poisson ratio with low values in the high-porosity intervals. 

This pattern agrees with the inverted seismic data, whereas these features are not 

captured if the acoustic properties of the virgin zone are derived from the sonic logs and 
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estimates ofresidual oil in the flushed zone because of almost complete invasion where 

porosity is high. 

Introduction 

Understanding the influence of pore fluids on acoustic properties of sediments is a 

central issue for evaluating seismic data; e.g. in amplitude versus offset techniques 

which depend on the discrimination of fluid content from variations in P- and S

velocities (e.g. Castagna & Backus 1993). Much research has been focused on 

describing such effects in sandstone, whereas few studies have been published on the 

rock physics of chalk (e.g. Walls et al. 1998; Japsen et al. 2000; 2002; Fabricius et al. 

2002; Gommesen et al. 2002; R0gen 2002; Gommesen 2003). In the North Sea, chalk 

is an important reservoir rock and more information could be extracted from seismic 

data if fundamental physical properties of chalk were better understood. A phase

reversal due to the presence of gas in chalk was documented by Megson ( 1992), but so 

far, presence of oil in chalk has not been demonstrated to have effect on surface seismic 

data. The need for a better link between chalk reservoir parameters and geophysical 

observables has only increased since the discovery of the Halfdan field proved major 

reserves outside four-way dip closures (Jacobsen et al. 1999, Vejbrek & Kristensen 

2000). 

We have investigated the acoustic properties of chalk of the Danian Ekofisk 

Formation and the Maastrichtian Tor Formation in the Danish South Arne field where 

porosities up to 45% are found in the Tor reservoi r at c. 3 km depth due to overpressure 

caused by compaction disequilibrium (Mackertich & Goulding 1999; Scholle 1978; 

Japsen 1998). We find that it is possible to describe the velocity-porosity relation for 

relatively pure chalk in terms of a modi tied upper Hashin-Shtrikman bound and 

Gassmann 's ( 1951) relations as suggested by Walls et al. ( 1998). The model predicts a 

pronounced change in the relation between P- and S-velocities (and thus a drop in the 

Poisson ratio) for oil-bearing chalk with porosities above c. 35%. This span in Poisson 

ratio makes it probable that the light oil in the high-porous chalk of the South Arne fie ld 

may be detected through A VO-inversion of surface seismic data. But the link between 

the surface seismic data and the reservoir is hampered by invasion of mud filtrate into 

the zone where the sonic log is registered (Gommesen et al. 2002). We find that the 
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acoustic properties of the reservoir agree with those estimated from A YO-inversion if 

we compute a synthetic sonic log from the modified upper Hashin-Shtrikman model 

with porosity and water saturation of the virgin zone as input. 

Data 

Measurements on core plugs 

Ultrasonic measurements (700 kHz) were carried out on 34 chalk samples from the 

South Arne field under both dry and saturated conditions; wells SA-1, Rigs- I and Rigs-

2 (Fig. I; see also R0gen et al. 2002; Japsen et al. 2002). In order to prevent over-dry 

conditions, the samp]es were kept at room-moisture for two months after being dried at 

I 10°C. The water saturation in the saturated plugs was generally between 97% and 

103% (related to minor weight errors), but low permeability prevented total saturation 

in three samples (Sw=92%- 95%). Three samples regained high water content after 

drying, as reflected in high smectite content (Sw=7%- l 2%; smectite content 3%-7%). 

P- and S-wave velocities were determined from measured sample lengths and 

readings of travel times. The plugs were measured at 75 bar hydrostatic confining 

pressure corresponding to the magnitude of the effective stress at reservoir conditions. 

Density, p [g/cm3
], grain density, p8,, porosity,~ [fractions] and permeabi lity, k (Darcy] 

were also determined. Mineralogical composition of the samples was modelled on the 

basis of X-ray diffraction data, chemical analysis of insoluble residue and of filtrate 

after treatment with hydrochloric acid, backscatter electron microscopy of epoxy

impregnated polished samples, as well as qualitative energy dispersive microprobe 

analysis. 

Very good correlation is observed between P- and S-velocity and porosity for 

saturated samples. Three samples with high clay content have outlying values relative to 

these trends. 

Log data 

Well log data from six wells in the South Arne field were quality controlled and for the 

chalk sections we calculated porosity and shale volume, as well as water saturation and 

densi.ty of the virgin zone. Four wells have readings of compressional and shear 

velocities, Yp and Ys, and out of these wells data for the near-vertical Rigs-2 well was 
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selected for further analysis because we have good core data for this well and because it 

is situated outside the "gas cloud" on seismic sections. 

Porosity, <I>, was estimated from log-readings of the bulk density, Pbulk, assuming 

full invasion of the mud filtrate and thus we converted density to porosity based on mud 

filtrate densities rather than of mixtures of brine and hydrocarbons (Fig. 2). These 

estimates of porosity were found to match porosity measured on core samples from the 

Rigs- I and -2 wells. 

Water saturation, Sw, was estimated for the virgin zone from a range of pore 

water resistivity values based on the LLS and LLD logs. A shallow resistivity log was 

however not available and the saturation, Sxo, in the zone invaded by mud filtrate could 

thus not be estimated directly. 

Shale volume was calculated from the gamma log based on a calibration to the 

measured gamma ray level in the sealing shale sequence relative to the purest chalk 

interval in each well. However, the relation between the gamma response and the clay 

content in the chalk may be rather arbitrary and the presence of e.g. smectite and si lica 

are not recorded by the gamma log. 

Bulk density, p, of chalk for a given water saturation was calculated as a function 

porosity: 

P ;;;; P oil (1 - Sw)~ + Pbrine · Sw · ~ + Pmatrix (I - ~) 

for the density of oil, brine and chalk matrix in the reservoir of the South Arne field 

(Table 1). 

Seismic data 

Near- and far-offset data were available from a 30 survey covering the South Arne 

field. The two sub-cubes are generated as partial stacks offset defined. 

Theory 

Fluid substitution using Gassmann 's equations 

The bulk and the shear moduli, Kand G [0Pa], of a rock are related to Vp and Vs 

[lan/s] and density [g/cm3
] by the fo llowing expressions: 

( 
2 / 2 2 K ;;;; p VP - 4 3. ~ ) , G ;;;; pVS . 
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We can transform the moduli of the rock for the initial fluid saturation (fluid I) to 

moduli of the rock saturated with a new fluid (fluid 2) using Gassmann's ( 1951) 

relations (see Mavko et al. 1998): 

Ksat2 = K,n · Al( I + A), Gsat I = Gsm 2 where 

K111 Kt1 2 --....:....--+---=-=--
</)(Km -Kn1 ) rp(Km -Kn2) 

( I ) 

Ksllll, K 8812 are the bulk modulus of rock with the original and new pore fluid; Km is the 

bulk modulus of mineral material making up rock; Kn 1, K112 are the bul k modulus of the 

original and the new pore fluid ; Gsa11, Gsot2 are the shear modulus of rock with the 

original and the new pore fluid. In particular we see that the shear modulus is predicted 

to be unaffected by fluid content. Gassmann 's equations are established for 

homogenous mineral modulus and statistical isotropy. The equations are valid at 

sufficiently low frequencies such that the pore pressures induced by the sonic wave are 

equilibrated throughout the pore space. Gommesen et al. (2002) found that Gassmann's 

theory may be applied to chalk at logging frequencies 

and Mavko & Japsen (this report) concluded that Gassmann's relations can be used to 

understand ultrasonic velocity-variations in chalk samples (cf. Japsen et al. 2002). We 

therefore apply Gassmann's relations to calculate the effects on the acoustic properties 

of chalk estimated from logging data when one pore fluid is substituted by another. 

Properties of mixed fluids aml materials 

We can calculate the exact bulk modulus, Kn, of mixtures of flu ids, Kn 1, Kn 2 

(brine/hydrocarbons or brine/air) as a Reuss average if the fluids form a homogenous 

mixture (Fig. 3): 

11 Kfl = Sflif K/1 1 +(t -SJ/ 1)/ K/1 2 (2) 

where Sn I is the relative saturation of fluid I (e.g. brine, Sw), Even small amounts of the 

light component (e.g. hydrocarbon or air) reduce the bulk modulus of the mixed fluid 

significantly because the average modulus is calculated from the inverse values of the 

individual moduli. 

The properties of mixtures can be estimated as a Voigt average as an 

approximation to the patchy saturation "upper bound" where the flu ids are not evenly 

di stributed: 

(3) 
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Here the average modulus is more dependent on the denser constituents. We assume 

Reuss mixing to be the best approximation based on the conclusion of Mavko & Japsen 

(this report) that fine-scale mixing is dominant at logging frequencies in chalk. 

Modified upper Hashin-Shtrikman (MUHS) model 

Walls et al. (1998) found that a modified upper Hashin-Shtrikman model predicts the 

velocity-porosity behaviour of chalk estimated from well logs from the Ekofisk field 

(porosities from I 0% to 40%). The model describes how the dry bulk and shear moduli, 

Kand G increase as porosity is reduced from a maximum value, ~max, to zero porosity. 

The upper and lower Hashin-Shtrikman bounds give the narrowest possible range on the 

modulus of a mixture of grains and pores without specifying anything about the 

geometries of the constituents (Hash in & Shtrikman 1963). The upper bound represents 

the stiffest possible pore shapes for porosity ranging from 0% to I 00%, whereas the 

modified upper bound is defined for porosity up to a maximum value less than 100%. 

Here we refer the high-porosity end member as the maximum porosity rather than as the 

critical porosity which is defined as the porosity limit above which a sedimentary rock 

can only exist as a suspension (Nur et al. 1998). The low-porosity end-members, Ks 

and Gs, are the moduli of the solid at zero porosity found by extrapolation of the data 

trend at non-zero porosities. The modified upper Hashin-Shtrikman model, MUHS, is 

given by the dry-rock bulk and shear modulus, KMuHs and GMUIIS : 

KMUIIS =[ </J / </Jmax +!:::_(/J/</Jmax]- I _ 4 G 
K 4G K 4G 3 s 

+! mnx + 3 s s + 3 .r 

GMUfJS = [ </J / <Pm~ + J - </J / <P,rrnx ]-I _ Z 
G;mox +Z., G,+ Z, s • 

The end-member moduli of the dry rock found by Wa lls et al. (1998) were 

K~rnax = 4 GPa, Gtmax 4 GPa for ~mox = 40%, and 

Ks=65 GPa and Gs=27 GPa for <I> = 0% 

(4) 

Once these end-member parameters are estimated we can calculate the moduli of the 

dry rock from the MUHS model and given porosity and estimate moduli for the 

saturated rock using Gassmann 's relations and the appropriate fluid properties, and 

finally calculate V rand V s, 
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Extended MUHS model based on ultrasonic V-<j> data 

Ultrasonic data from core samples from the South Arne field are in good agreement 

with the model of Walls et al. ( 1998), which is defined for porosities less than 40% (Fig. 

1). However, chalk porosities between 40% and 45% occur on the South Arne field as 

estimated from both log data and core samples. For this reason we extrapolated the 

range of the MUHS model from 40% to 45% by estimating the high-porosity end

member at 45% porosity while keeping the low-porosity end-member unchanged 

(equations 4, 5): 

K~rnax = l .5 0Pa, µ~max =2.5 0Pa for <l>max = 45% (6) 

This extrapolated model is in agreement with the acoustic properties of the south Arne 

plug samples with porosities between 40% and 45% (Fig. I). We tried to extrapolate 

the MUHS model to 50% porosity, but even with K~max as low as 0.2 0Pa the Vp

prediction was above that of the Walls et al. model and the measured values for the plug 

samples. The upper Hashin-Shtrikman formalism that reflects stiff pores shapes does 

thus not apply to the high porosity ( 45%-70%) pelagic carbonate deposits for which the 

increase of velocity with porosity reduction is limited (e.g. Urmos & Wilkens 1993). 

We can apply the MUHS model to compute elastic moduli and Poisson's ratio for 

chalk as a function of porosity for the range of water saturations encountered on the 

South Arne field (Fig. 4), where the Poisson ratio, v [-], is defined as: 

v = 3K - 2G = v: 1 v,2 - 2 
2(3K + G) 2cv: !V/- 1) 

We see that even minor amounts of oil shift the bulk modulus down as expected from 

the assumed fine-scale Reuss mixing of the fluids (Fig. 3). The shear modulus is, 

however, unaffected by fluid properties as predicted by Gassmann's relations and 

consequently we predict pronounced variations in the Poisson ratio at high porosities. 

For pure brine, the Poisson ratio is almost constant ~0.31 for l 0% <<I>< 36%, but 

increases along a banana shaped curve to 0.35 for <1>=45% (cf. Gommesen 2003). For 

pure oi l, the Poisson ratio decreases to 0.14 for <!>=45% and we thus get a pronounced 

span in Poisson's ratio for porosities above c. 35% between heavy brine and light oi l 

(density 1.035 and 0.633 g/cm3
). This span in Poisson ratio predicted by the MUHS 

model makes it probable that the light oil in the high-porous chalk on the South Arne 

field might be detected through A VO inversion of surface seismic data. 
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Sonic measurements in chalk affected by mud invasion 

The acoustic properties of high-porosity chalk depend critically on fluid content, 

and we expect that the acoustic signal travels in the zone close to the well bore. Because 

there is no shallow resistivity log available, we cannot fo llow the procedure of 

Gommesen et al. (2002) and compare the acoustic signal to a model based on the 

saturation in the invaded zone. We do, however, not know if invasion was significant, 

and thus whether the acoustic waves registered by the sonic logs in the Rigs-2 well 

travelled through the invaded zone where the water saturation, Sw, is known from the 

deep resistivity log. We will examine the sonic data by comparing them to the MUHS 

model for brine at reservoir conditions using Gassmann 's relations (eq. 6; Table I). The 

MUHS model is in agreement with both ultrasonic data from the South Arne fie ld and 

with the log data from the near-by Ekofisk field. 

We find that the logging data are influenced by the presence of hydrocarbons (Fig. 

5A): Bulk modulus and Poisson's ratio are low compared to the MUHS model due to 

presence of low-density oil. The shear modulus (which is unaffected by fluid content 

according to Gassmann theory) plots close the MUHS trend for <I> < c. 40% (see below). 

Note that the high-porosity chalk appears to be almost completely flushed as the bulk 

moduli are close to the MUHS model for <1>>40%. 

If the sonic log data are transformed from water saturation as estimated by Sw to 

brine conditions assuming no invasion, the result appears to be overcorrected (Fig. SC): 

The bulk modulus plots above the MUHS model for high porosities. We therefore find 

that the sonic logs in the Rigs-2 well are measured in chalk where oil is present but in 

smaller amounts than indicated by Sw due to invasion of mud filtrate ( cf. Gommesen et 

al. 2002). 

Erroneous S-velocities from log data for porosities above c. 40% 

The S-velocities measured by the dipole log in the Rigs-2 we11 are almost constant and 

increasingly higher than those predicted by the extended MUHS model for porosities 

above c. 40% (Ys less than 1.3 km/s) - and thus higher than Vs measured on the chalk 

samples (see p lot of G versus cp, Fig. 5). At 45% porosity, the shear velocity based on 

lab data is only 1.1 km/s whereas the value from the log data remains c. 1.3 km/s 

(0=2.4 and 3.5 0Pa, respectively). We suggest that this difference is due to erroneous 
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log-determination of Vs when S-wave traveltimes becomes so long that the S-arrivals 

are masked by minor P-waves or by direct arrivals in the borehole mud. 

Acoustic properties of the virgin zone 

We want to estimate the acoustic properties of the virgin zone with water saturation Sw 

to compare with the seismic data that reflect rock properties unaffected by invasion of 

mud filtrate. We are, however, confronted with two obstacles: First and most 

importantly, that the sonic log is measured in the mud-invaded zone where we do not 

know the water saturation, Sxo. Second, that the recording of the shear velocities appear 

to be erroneous for porosities above c. 40%. Two approaches may be fo llowed: 

• Either to estimate Sxo from empirical relations of irreducible water saturation in 

chalk and transform the sonic data to Sw-conditions using Gassmann's relations 

(Fig. 6) 

• or to estimate the acoustic properties from forward modeling using the MUHS 

model and Gassmann's relations with~ and Sw as input. The bulk moduli 

estimated from the model and from the data may be used to quantify Sxo using 

Gassmann's relations (Fig. 7). 

Virgin zone properties estimated from sonic data and Land's equation/or resid"al oil 

The water saturation of the flushed zone, Sxo (equivalent to the residual oil content) 

may be estimated from Land 's formula (Land 1968): 

s = l - 1-SIV, 
X() 1 + C(l - sw,,) 

(7) 

where Sw, is the ini tial water saturation (=Sw, the saturation of the virgin zone), Swir is 

the irreducible water saturation and C=2.5 for the South Arne fie ld (Flemming Iff, pers. 

comm.). We can calculate Swir from the normalised capillary pressure curve method 

developed for the tight chalk in the North Sea (the equivalent radius method, EQR; 

Engstrnm 1995): 

where A and Bare constants. We compute Sxo for the Rigs-2 well based on these two 

equations where we distinguish between the Ekofisk and Tor formations where Swir is 

higher for the Ekofisk Formation (Fig. 6); A=0.1264 1, B=2.45422 (Ekofisk Fm) and 
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A=0.06596, B=2. I 9565 (Tor Fm) (P. Frykman, pers. comm.). The mean water 

saturation is predicted to increase from 17% to 76% in the flushed zone of the Tor 

Formation and Sxo is seen to mi rror Sw so that relatively more oi l is removed from the 

more oil-saturated intervals. Based on this estimate of Sxo we can do fluid substitution 

to any saturation using Gassmann's relations and Reuss fluid mixing law (eqs 1, 2). 

Resulting acoustic response 
We assume that the measured Vp- and Vs logging-data (blue curves) reflect the 

conditions of the :fl ushed zone with Sxo estimated by Land's equation, and do fluid 

substitution to compute the acoustic properties of the chalk saturated with the fluids of 

the virgin zone (red curve) and with pure brine (green curve) (F ig. 6b). The P-velocity 

of the invaded zone and of the virgin zone are not predicted to differ much because the 

flu id properties are rather identical for medium saturations due to the assumed Reuss 

mixing of the fluids (Fig. 3). A bigger change in Vp is predicted from the data curve to 

the brine curve (green). This is to be expected from the assumed Reuss fluid mixing 

because minor amounts oflight fluids reduce the bulk modu lus of the brine notably. 

Virgin zone properties estimated from the MUHS model with ~ and Sw as input 

Forward mode ling may be used to calculate the acoustic response corresponding to the 

measured porosity and the water saturation, Sw, in the virgin zone (Fig. 7). The 

modeling is done in three steps where step 2 may be included to correct the moduli of 

the most shaley interva ls: 

1. Calculate the properties of the dry rock from the MUHS model with the porosity 

log as input (eq. 6). 

2. Correct the moduli in the intervals with impure chalk as estimated by Sw by 

scaling the low-porosity end-member of the MUHS model (see below; eq. 8). 

3. Calculate the properties of the virgin zone where the water saturation is given by 

Sw using Gassmann's relations and the Reuss mixing law (eqs 1, 2). 

Corrected MUHS model 

In Fig. 8 we see the result of the uncorrected MUHS model (steps I and 3) and the 

corrected MUHS model (steps I to 3) compared with the measured data. The big 

difference in the bulk modulus between the model (of the virgin zone) and data (from 

the flushed zone) is caused by removal of oil by mud invasion. However, the shear 

Influence of fluids on acoustic properties of chalk, 10 



modulus is unaffected by fluid content and the model-estimate of G is close to the data

estimate. We compute the difference in the estimates of the shear modulus as 

6G = G MUIIS - Gc1a1a for the uncorrected MUHS model (Fig. 9). We get large differences 

expressed as 6G up to 10 GPa where porosity is low (and moduli large) and where 

water saturation is high. The clay content estimated from the gamma log reveals, 

however, no correlation with the mismatch between model and data. Furthermore, we 

get minor differences expressed as 6G down to - 2 GPa for porosities above 40%. 

The too low S-velocities (6G<0) modelled at high porosities may be explained by 

erroneous log-measurements of shear velocities as discussed above. Our interpretation 

of the too high S-velocities (~G>0) modelled at low porosities is that velocity is 

reduced due to a content of clay, which causes the assumption of a calcite mineral 

matrix to be too inaccurate. The clay content estimated from the gamma log does 

however not correlate with 6G, partly because this log may be erroneous, e.g. due to use 

of oil-based drilling mud and partly because non-carbonate constituents as quarts and 

smectite have no or insignificant gamma response. We thus assume that the water 

saturation can be regarded as a measure of the impurities in the chalk which in this well 

where the water is irreducible (Fig. 7). 

The water saturation may be regarded as irreducible because the water saturation 

does not increase with depth (apart from the deepest I O m of the Tor Formation), so that 

the water saturation reflects the size of the particle-pore interface and amount of particle 

contacts (Fabricius et al. 2002). The controlling factor for the degree of water 

saturation in the chalk thus becomes clay content and particle sorting. A clear 

distinction between the Eko:fisk and the Tor formations is revealed by Sw but not by the 

gamma log (Fig. 7). The distinction between these formations is also evident from the 

well-known lower permeability of the Ekofisk Formation that may be attributed to the 

higher content of silicates in the Ekoftsk formation (Regen 2003). The relatively low 

moduli for cha lk with high shale content is also evident from the plug data with values 

of 6G and 6K up to - I 0.5 and - I 0.0 GPa around 15% porosity (Fig. I). 

In order to correct the MUHS model (eq. 6) for the effect of clay-softening we 

have chosen a simplistic, but apparently effective approach (Figs 9a2, b2): We have 

scaled the low-porosity end-members, Ms, of the MUHS model (eq. 5) by the 'clay' 

content, cl, taken as cl = Sw - 0.2. For a given value of Sw, we calculated Ms as a kind 
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of Hill average by computing the arithmetic average of the upper and lower Hashin

Shtrikman bounds, HSu and HSL (see Mavko et al., 1998): 

(8) 

where the bounds are calculated as a mixture defined by cl between the 'no-clay' end

member moduli for pure chalk given by Wal ls et al. ( 1998): Mchalk=(65 GPa, 27 GPa) 

and the end-member moduli for pure 'clay' equals those for clay given by Table l: 

Mc1ay=(25 GPa, 9 0Pa). This procedure effectively scales Ms between Mchulk for Sw<0.2 

and (30 0Pa, 11 0 Pa) for Sw=l . The correction reduces the too high predictions of G to 

match the data values in the low-porosity zones where Sw reaches maximum values (cf. 

Figs 7, 8). 

Water saturation estimated from sonic data 
The bulk modulus, Ksat, of the flushed zone is known from the sonic data whereas the 

dry-rock modulus, K dry, of the chalk can be estimated from the corrected MUHS model 

(eq. 8; fig. 8). To avoid erroneous Ys-data we use Vs from the corrected MUHS model 

to compute Ksai for ~>40%. We can thus rearrange Gassmann 's relations expressed in 

tenns of Ksut and K<1 ry to give us the effective bulk modulus, kn, of the pore fluid in the 

flushed zone (eq. 1; see Mavko et al. 1998): 

k 
,l,V A - B K . Kd,y = yJL\. where A = ,a, B = 

JI 
III l + rj}(A - B)' K,,, - K,01 ' K,,, - Kd,y 

Substituting this result into the Reuss equation for fine-scaled fluid mixing in the 

reservoir (eq. 2), we get the saturation of the flushed zone, Sxo: 

S = kbrilw(koif - k JI) 

xo k JI (koif - k brinc ) 
(9) 

where koi1 and kbrine are the bulk moduli of the oil and the brine of the reservoi r (Table 

I). Only values of Sxo in the interval from O to I are valid (234 out of 306 data points 

for the Rigs-2 well). Sxo is predicted to be 81% in the Tor Formation which is in very 

good agreement with the 76% obtained by Land's equation (eq. 7). However, Sxo has a 

large scatter and the indicated mean value includes values above 90% water saturation 

over much of the Tor reservoir where porosity exceeds 40% (Fig. 7). 
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Resulting acoustic response 

Also in this case we assume that the measured Vp- and Vs-data (blue curve) reflect the 

conditions of the flushed zone with water saturation given by Sxo, which may be 

estimated over part of the reservoir by the above equation (Fig. 7). However, we 

estimate the acoustic properties of the chalk in the virgin zone (red curve) from the 

corrected MUHS model based on the porosity log and Sw (Fig. 7b). The P-velocity of 

the flushed zone does not differ much from that predicted for brine (green curve) 

because of the almost complete mud invasion. A s ign ificant difference in Vp is now 

predicted between the virgin zone and the flushed zone. 

A VO-inversion based on Jogs from the MUHS model 

A VO attributes were calculated from inverted 2D seismic lines (near- and far-offset 

data) extracted from the South Arne 3D survey. The inversion was carried out for the 

two-way time window 1.9- 3.6 sand was targeted on the chalk interval (cf. Cooke & 

Schneider 2003). Log data from the 1-1 x, Rigs- I, -2 and SA-1 wells were used in the 

inversion process. These data comprise Vp- and Vs-data based on the corrected MUHS 

model described above plus density logs, check shot and deviation data. Using a least

squares wavelet estimation method with constrain on the phase, wavelets were 

estimated for each offset stack. The wavelet estimations was carried for each of the 

wells (Fig. I 0). The I-1 x well has no shear log data so Vp/Vs=2 was used in the 

calculations. The wavelet estimated from the T- 1 x well was preferred based on invers ion 

tests. 

Low-frequency components of the acoustic impedance variations with depth are 

not present in seismic data. Since this information is essential to the interpretation, it 

shou ld be accounted for in the seismic inversion. Low-frequency near- and fa r-angle 

impedance models were constructed by extrapolation of the angle-dependent impedance 

well logs through the 3D volume tied to seismic horizons, followed by low-pass 

filtering (cf. Castagna & Backus 1993). The final inversion results models 93.7% of the 

seismic energy for the near-offset stack and 93.4% for the far-offset stack. The 

inversion results are good in terms of match with the angle impedance well logs. 

A VO-attributes were computed from the angle-dependent impedance inversions 

combined with low-frequency information (Bach et al. 2003): Acousti c impedance, 

shear impedance and Poisson's ratio were extracted at the location of the Rigs-2 well. 
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The A VO-results are good in terms of match with the well log data. Low values of 

Poisson 's ratio at the location of Rigs-2 is in agreement with the presence of 1 ight oi I in 

the high-porous chalk of the South Ame field (Fig. 11 ). 

Discussion and conclusions 

We have extended the Modified Upper Hashin-Shtrikrnan trend established by Walls et 

al. (.1998) for chalk on the Ekofisk field based on log data. This trend describes an 

empirical relation between porosity and the dry-rock moduli of chalk and hence velocity 

of saturated chalk through application of Gassmann 's relations. Ultrasonic data for 

relatively pure chalk samples of the Ekofisk and Tor formations from the South Arne 

field match the trend and due to the higher porosities on the South Ame field we can 

extend the range of the MUHS model from I 0%-40% to I 0%-45% (eq. 6). Shaley 

chalk samples, e.g. with a smectite content of 3%-7% have significantly smaller moduli 

and a higher Poisson ratio than the general data trend. Modeling of the acoustic 

properties of chalk as a function of water saturation predicts a pronounced drop in 

Poisson ratio for oil-bearing chalk with porosities above c. 35%. 

Comparison of the MUHS model with son ic data from the South Arne field clearly 

show that the data records the conditions of a zone close to the well bore where drill ing

mud has flushed the reservoir and the water saturation, Sxo, thus is higher than the 

saturation, Sw, in the virgin zone as estimated from the deep resistivity log. Lacking 

sha llow resistivity data to assess the water saturation in the flushed zone we have 

investigated two approaches to estimate the acoustic properties of the virgin zone in 

order to compare the resul t with invers ion of sur face seismic data: 

1. Estimation of Sxo from Land's (1968) prediction of the irreducible water 

saturation in chalk fo llowed by transformation of the sonic data to Sw

conditions using Gassmann's relations (eq. 7). 

2. Estimation of the acoustic properties from forward modeling using the MUHS 

model and Gassmann's relations with ~ and Sw as input. The bulk modulus 

depend on fluid content and we use differences between the sonic data and the 

MUHS model to quantify Sxo using Gassmann 's relations and Reuss' fine-sca le 

fluid-mixing law. The shear modulus, G, is unaffected by fluid content and we 

observe good agreement between MUHS model and data in pure chalk. We use 

the differences between data- and model-estimates of G to establish a corrected 
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MUHS model where we scale the low-porosity end-member of the MUHS trend 

according to shale content as estimated by Sw. We do so because the MUHS 

model predicts too high shear moduli where porosity is low and water saturation 

is high, whereas we see no correlation with clay content estimated from the 

gamma log. The water saturation can thus be regarded as a measure of the 

impurities in the chalk in this well where the chalk is water-wet and the water 

saturation is irreducible. The controlling factor for the degree of water saturation 

thus becomes clay content and particle sorting. The MUHS model predicts the 

shear modulus to be smaller than observed from logging data for porosities 

above c. 40%. We suggest that this difference is due to erroneous log

determination of Vs when S-wave traveltimes becomes very long. 

A characteristic depth-wise pattern of the Poisson ratio with pronounced peaks at top 

Ekofisk and top Tor and low values in the high-porous Tor reservoir results from 

forward modeling of the acoustic properties of the virgin zone (Fig. 12). This pattern is 

in good agreement with the inverted seismic data (Fig. I I), but these features are not 

captured in the approach based on Land's (1968) equation. We therefore find that 

Land 's equation underestimates the mud-invasion of the high-porous part of the 

reservoir. We find that the best way to estimate the acoustic properties of the virgin 

zone is to use the extended Modified Upper Hashin-Shtrikman velocity-porosity 

relation for chalk presented here. A VO-inversion of the seismic data based on such 

synthetic sonic logs reveals a zone of very low Poisson ratio that correlates with the oi I 

reservoir in the Tor Formation. A VO-inversion thus provides direct evidence for 

presence of oil in high-porous chalk saturated with the light oil of the South Arne field. 
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Table 1. Elastic properties. Bulk and shear modulus, Kand G, and density, p. 

K G p 

[GPa] [GPa] [g/cm3
] 

Calcite 71 30 2.71 

Clay 25 9 2.70 

Brine 2.96 .• 0 l .035. 

l lydrocarbon 0.52 .. 0 0.633' 

Mineral properties after Mavko et al. (1998). Fluid properties estimated for the 

Rigs-2 well. 

* Densities estimated at reservoir level at the South Arne field (J. Jensenius 

pers.comm.) 

•• Values for fluids at the crest of the South Arne field estimated with Batzle-Wang 

algorithm FOR T=l00°, P=44 MPa, Oil grav ity=33 API, Gas gravity=0.8 I 5 (Alister 

Colby pers.comm.). GOR=l685 scf/BBL in order to match the hydrocarbon density. 
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Fig. 1. Acoustic properties of 34 saturated chalk samples versus porosity. 

a. P-velocity, Vp. 

b. S-velocity, Vs. 

c. Poisson 's ratio. 
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Porosity (%) 
"° 

Good agreement is observed between the South Arne core data and the MUHS model 

based on log data from the Ekofisk field (full line; eq. S; Walls et al. 1998;). We suggest 

an extrapolation of the model from 40% to 45% porosity that agrees with the plug data 

(dashed line; eq 6). Both lines for brine at reservoir conditions. Acoustic properties 

measured on core samples saturated with tap water at 75 bar confining pressure and 

transformed to the brine properties at reservoir conditions in the South Arne field using 

Gassmann 's relations (Table l). MUHS: Modified Upper Hashin-Shtrikman. 
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Figure 2. Porosity logs for the Rigs-2 well and data points for core porosity. Note the 

agreement between core porosity and the density log, PHrrho, which was estimated 

from log-readings of the bulk density, Pbulk, assuming full invasion of the mud fi ltrate. 

This indicates that Pbulk measures in the zone fu lly invaded by mud filtrate. The neutron 

porosity log, NPHI, underestimates porosity due to the presence of hydrocarbons. 
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Fig. 4. Acoustic properties of chalk as a function of porosity and water saturation, Sw, 

predicted from the MUHS model and Gassmann 's relations assuming fine-scaled Reuss 

mixing of the fluids (eqs 6, l, 2). 

a. Bulk and shear modulus, Kand G. 

b. Poisson ratio. 

Note the pronounced variation in Poisson ratio for porosities above c. 35% between 

pure brine and pure oil (density l.035 and 0.633 g/cm3
; Table I). MUHS: Modified 

Upper Hashin-Shtrikman. 
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Fig. 3. Acoustic properties as a function of water saturation for chalk with 40% 

porosity. 

a. Bulk and shear modulus, K and G. 

b. P- and S- velocities, Vp and Vs, 

c. Poisson ratio. 

Flushing of the reservoir increases the bulk modulus of the oil-brine mixture along a 

Reuss curve . 

Minor variations in the estimation of Sxo result in major changes in the acoustic 

properties as indicated by the dashed lines. Dry-rock properties from MUHS model and 

flu id properties for the South Arne field (eq. 6; Table 1) 

Legend: 

Sw: Water saturation of the virgin zone. 

Sxo': Saturation of the mud-invaded reservoir according to Lands equation for res idual 

oil (eq. 7; Fig. 6). 

Sxo": Saturation of the mud-invaded reservoir estimated from sonic data and the 

MUHS model (cq. 9; Fig. 7). 

Upper bound: Voigt fluid mixture (eq. 3). 

Lowert bound: Reuss fl uid mixture (eq. 2). 

MUHS: Modified Upper Hashin-Shtrikman. 
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C. Substitution to brine conditions assuming no invasion: 
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Fig. 5. Acoustic properties of the chalk in the Rigs-2 well versus porosity. 

a. Bulk and shear modulus, K and G. 

b. Poisson's ratio. 

Note that the estimated shear moduli - that are unaffected by fluid content - plot on the 

MUHS trend for q,>40%. This suggests that the MUHS model is valid for log data for 

the South Arne chalk and that the shear velocity log data probably are erroneous for 

q,>40% where Vs is predicted to be less than 1.4 km/s. 

A. Original data. Bulk moduli plot below the MUHS model due to presence of 

hydrocarbons whereas shear moduli plot on the trend. Note that for q,>40% the 

Figures: Influence of fluids on acoustic properties of chalk 6 



bulk moduli are close to the MUHS model for brine conditions and this indicates 

that the high-porosity chalk is almost completely flushed. 

B. Substitution to brine conditions assuming invasion according to Land 's equation 

(eq. 7) . Bulk moduli plot close to the MUHS model for ~ up to 40% indicating 

that Land 's equation works well at medium porosities. 

C. Substitution to brine conditions assuming no invasion. Bulk moduli plot above 

the MUHS model indicating that Sw overestimates the oil-content in the flushed 

zone. 

Legend: 

Full lines: MUHS model for brine at reservoir conditions (equations 1, 6; Table 1). 

MUHS: Modified Upper Hashin-Shtrikman. 
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Fig. 7. Log data and predictions based on the corrected MUHS model fo r the chalk 

section in the Rigs-2 well ( eqs 6, 8; Fig. 8). 

a. Clay content (from gamma log), porosity and water saturation, Sw and Sxo. Sxo 

(dots) is estimated from the relation between the measured sonic data and the 

corrected MUHS model (eq 9). 

b. Vp and Vs. Data and predictions of the corrected MUHS model based on porosity 

and Sw. Brine-estimate for Vs not shown. 

c. Poisson ratio. Data and predictions of the corrected MUHS model. Brine-estimate 

not shown. 

In the high-porosity oil zone of the Tor Formation, the oi l is predicted to be almost 

completely flushed as indicated by the closeness of the measured Vp(Sxo) (blue curve) 

and the predicted Vp(brine) (green curve) whereas Vp(virgin zone, Sw) is predicted to 

be low (cf. Fig. 3). MUHS: Modified Upper Hashin-Shtrikman. 
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fig. 6. Log data and predictions based on Land 's estimate of residual oil for the chalk 

section in the Rigs-2 well (eqs 6, 8; Fig. 8). 

a. Clay content, porosity and water saturation, Sw and Sxo. Sxo is estimated from 

Land 's equation (eq 7). 

b. Vp and Vs. Data and predictions based on fluid substitution from Sxo. Brine-

estimate for V s not shown 

c. Poisson ratio. Data and predictions of the Land model. Brine-estimate not shown. 

In the high-porosity oil zone of the Tor Formation, Sxo is predicted to be reduced to c. 

75% and due to the Reuss mixing of the fluids the acoustic properties of invaded zone 

and of the virgin zone do not differ much. This is indicated by the closeness of the 

measured Vp(Sxo) (blue curve) and the predicted Vp(virgin zone) (red curve) whereas 

Vp(brine) (green curve) is predicted to be significantly higher (cf. Fig. 3). 
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Fig. 8. Log response predicted for the virgin zone from the corrected and the 

uncorrected MUHS-model compared with data from the invaded zone (eqs 6, 8). 

a. Shear modulus. 

b. Bulk modulus. 

Note the good agreement between the shear modulus estimated from data and from the 

corrected MUHS model. Poor sorting and clay content may explain the difference 

between the estimated shear modulus from uncorrected MUHS model and from the data 

in the tight zones (Figs 7, 9). The difference between the two estimates of the bulk 

modulus is caused by removal of oil by mud invasion in the zone investigated by the 

sonic log. MUHS: Modified Upper Hashin-Shtrikman. 
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Fig. 9. Error in prediction of the shear modulus, 6G=GMuHs - Gdn1a and .6.Gc=GMUHS_c -

Gdata where GMuHs and GMuHs_c are estimated from the MUHS model and the corrected 

MUHS model ( eqs 6, 8). 

al- c l. LlG versus poros ity, water saturation and clay content estimated from the 

gamma log. 

a2-b2 . .6.Gc versus porosity and water saturation. 

The error in the MUHS model correlates with Sw and this indicates that the water 

saturation reflects the degree of impurity of the chalk in this reservoir where the chalk is 

water wet and the water saturation irreducible (see Fig. 7). J he clay content estimated 

from the gamma log does not correlate with LlG. MUHS: Modified Upper Hashin

Shtrikman. 
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Fig. l 0. Near offset stack: Least squares wavelet estimation in well I-Ix. 

Left: Synthetic seismic trace obtained by convolution of the optimum wavelet (length 

36 samples) with the near offset angle reflectivity log from the well inserted into the 

seismic data. 

Top right: Amplitude spectra in the wavelet estimation window of the seismic trace at 

the well location and the synthetic seismic trace. 
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Bottom right: Relative misfit energy, Akaike's FPE, cross-correlation and relative 

number of parameters for the wavelet suite. Left-hand axis refers to the curves of 

relative misfit energy and Akaike's FPE. Right-hand axis refers to the curves of cross

correlation and relative number of parameters. 

Bottom: Wavelet suite. The lengths of the predicted wavelets range from 20 samples to 

44 samples (80 ms to 176 ms, horizontal axis). 
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Fig. 11 . Two-way time section with A VO-inversion of seismic data and inserted log 
response for the Rigs-2 well computed from forward mode ling of the corrected MUHS 
model, NE-SW (Fig. 7). 

a. Acoustic impedance, b. shear impedance, c. Poisson ratio. 
Very good agreement is observed for both acoustic and shear impedance. Note the 
peaks in the tight zones near lop chalk and top Tor, There is good agreement between 
the log- and A VO-pattern of Poisson 's ratio, e.g. the peak at top Tor and the low values 
within the Tor Formalion. This pattern cannot be resolved by the log if the acoustic 
properties are estimated from the sonic log because the water saturation near the well 
bore is unkown (Figs 6, 12). 
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Fig. 12. Poisson's ratio versus measured depth estimated for the virgin zone based on 

Land 's equation and on the corrected MUHS model (eqs. 7, 8). Forward modeling 

based on the MUHS model results in a low ratio in the high-porous Tor reservoir and 

pronounced peaks at top Ekofisk and top Tor in agreement with the inverted seismic 

data (F ig. 11). These features are not captured in the approach based on Land 's equation 

because this model underestimates the fl ushing of the reservoir. 
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FLUID SUBSTITUTION IN CHALKS: EFFECTS OF 

SATURATION SCALES 

Gary Mavko and Peter Japsen 

ABSTRACT 

In this paper we discuss some aspects of ultrasonic fluid substitution in chalks. We find that 

Gassmann 's relations can be used to understand the variations of velocity with saturation in our 

samples, even though the velocity data are ultrasonic (high frequency). This suggests that in 

these samples there are no significant high frequency dispersion effects from the squirt-flow or 

Biot mechanisms that would invalidate the use of the Gassmann 's relations. There is, however, 

evidence for patchy saturation in the ultrasonic data with a characteristic patch size less than 

1/lO mm. This is observed in limited Vp and Vs versus Sw data. We also find that fluid 

substituting to full brine saturation using a modified patchy mixing ru le gives veloci ties more 

consistent with empirical trends than assuming a fine-scaling mixing rule. lt is likely that fine

scale mixing is dominant at logging frequencies in chalks. Another finding is that the dry-rock 

ultrasonic data tend to be inconsistent, in a Gassmann sense, with data from the water-bearing 

samples. Specifically, the dry rock velocities are " too fast. " 

INTRODUCTIO.N 

ln this paper we discuss some aspects of ultrasonic fl uid substitution in chalks. One 

important finding is that Gassmann 's ( l951) relations can be used to understand the variations 

of velocity with saturation in our samples, even though the velocity data are ultrasonic (high 

frequency). This suggests that in these samples there are no sign ificant high frequency 

dispersion effects from the squirt-flow (Mavko and J izba, 1991) or Biot (1956) mechanisms 

that would invalidate the use of the Gassmann's relations. There is, however, evidence for 

patchy saturation in the ultrasonic data (Domenico, 1975; Dutta and Ode, I 979; Knight and 
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Nolen-Hoeksema, 1990; Mavko and Nolen-Hoeksema, 1994; Mavko and Mukerji, 1998). 

Patchy saturation is another fo rm of velocity dispersion, and its presence means that care must 

be taken to choose an appropriate mixing law for the air-water mix in the rocks, before applying 

Gassmann 's re! ations. 

Another find ing is that the dry-rock ul trasonic data tend to be inconsistent, in a Gassmann 

sense, with data from the water-bearing samples. Specifi call y, the dry rock velocities are "too 

fast," an observation reported by other workers for I imestones (Cadorct, 1993) and sandstones 

(Murphy, 1982; Knight and Dvorkin, 1992; Tutuncu, 1992). Third, we find evidence of patchy 

saturation during drainage of chalk samples at water saturation above c. 70% and ultrasonic 

frequencies. This corresponds to a characteristic patch size of much less than 1 mm for the 

chalk and it is thus likely that tine-scale mixing is dominant at logging frequencies in chalks . 

We will begin with short discussions of previous observations of patchy saturation and 

anomalous dry-rock data. Then, we present evidence for saturation effects in our chalk data. 

PREVIOUS OBSERVATIONS OF PATCHY SATURATION BEHA VIOR 

IN SANDSTONES AND LIMESTONES 

It is now well-recognised (e.g. Mavko and Mukerj i, 1998) that in rocks with mixed fluid 

phases, velocities depend not only on saturations but also on the spatial distributions of the 

phases within the rock. When the gas, oil, and brine phases are mixed uniforml y at a very small 

scale in a rock, the different wave- induced increments of pore pressure in each phase wi ll have 

time to diffuse and equilibrate during a seismic period. In this case we can replace the mixture 

of fluids with an average fluid whose bulk modulus, KJl.,;,1 , is given by the Reuss ( 1929) iso

stress average: 

l S,.11,1•r S,,;/ s/{OS --=--+-+--
K fl11id K 1villu r K oil K f.llS 

(I ) 

where K //11 /d l<uu ,K/{(JY are the bulk moduli of the individual phases and sfl11it/So,l •s gas are the 

saturations. This K11111,, can, in turn, be substituted into Gassmann 's relations to describe the 

effect of the flu id mix on the overall rock bulk modulus: 
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Kw, - Kd,y + K j /1111/ . -

K K - K K ,1,{,K K ) ' µ .ffll - f.lt1,y 
111/11err1/ - "'' ' mineral - d,y 'f'\'. mi,wrt1/ - j/11/cl 

where Kd,y, K.,,_,,. and K,,,,.,,,ra, are the bulk moduli of the saturated rock, the dry rock and the 

mineral; µ d,y and J.t,,,, are dry and saturated rock shear moduli ; and rjJ is the porosity. 

Mavko and Mukerji ( 1998) showed that equation ( I) represents a lower bound; i.e. , a fi ne 

scale mix of pore fluids gives the lowest possible rock bulk modulus (or P-velocity) for a given 

rock and given set of saturations. An important assumption of equation ( I) is that the pore 

pressure increments are equal in the gas, oil, and water phases - hence, the name " iso-stress' ' 

average. 

An approx imate upper bound (Mavko and Mukerji, 1998) on velocity (neglecting very high 

frequency effects such as squirt-flow) can be approximated using a Voigt average fluid mix: 

(2) 

and putting the resulting K /luld into Gassmann 's relations. The Voigt average is sometimes 

called the "iso-strain" average, which in a pure mixture of flu ids is not particularly relevant. 

However in a porous medium, widely segregated fluid phases can be shown to mimic isostrain 

behaviour (Mavko and Mukerji, 1998). 

What do we mean by a " fine-scale" mix of the fluid phases? A simple diffusion analysis 

suggests that during a seismic period, pore pressures can equilibrate over spatial scales smaller 

than Le~ J KK Jh,id fl , where / is the seismic frequency, K is the permeability, and 

r; and K fluid are the viscosity and bulk modulus of the most viscous t1uid phase (Mavko and 

Mukerji , 1998; Sengupta, 2000). If the saturation scales are finer than ~ Le, then diffusion 

allows the pore pressures in the various phases to be equil ibrated, and equation (I) should be 

valid . In contrast, saturations that are heterogeneous over scales larger than ~ l e will have 

wave-induced pore pressure grad ients that cannot equilibrate, and equation ( 1) will fail. We 

refer to thi s latter state as "patchy saturation." Table I illustrates a few examples of this 

scaling. 
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Table 1. Diffusion length or patch size for some values of permeability and seis mic 
frequency (viscosity, ri= I cPoise ; bulk modulus, Knuid = 2.2 GPa ). 

Frequency./ Permeability, K L~ 
700 kHz 1 mD 0 0004 m 

100 Hz 1000 mD 0.3 m 

100 Hz I00mD 0.1 m 

100 Hz 1 mD 0.01 ITI 

10 Hz lO00mD 1.0 m 

Ex.am pies of Patchy Behaviour 

Figure l shows low frequency P- and S-wave velocities versus water saturation for 

Massilon sandstone, measured by Murphy ( 1982) using the resonant bar technique. The shear 

velocity Vs was measured in torsional mode at frequencies of 385-653 Hz, and extensional 

wave velocity Vr,: was measured at 599-997 Hz. P-wave velocity Vi~ was calculated from Vs 

and V.c: . Saturations were achieved through drying, beginning with a full y saturated state. 

These data agree quite well with the fine-scale mixing model, i.e., Kfl,,,d from equation ( 1) into 

Gassmann 's equation, which is shown plotted. Exceptions are the data very close to Sw=0, 

which we discuss below. Some estimates of the velocities for patchy saturation are plotted for 

comparison, including the method based on the Voigt average fl uid modulus, described above. 

The curve labelled as the "patchy upper bound" is another approximation, based on the Hill 

average, and discussed in detail in Mavko and Mukerj i ( l 998) and Sengupta (2000). 

Figure 2 shows low frequency P- and S-wave velocities versus water saturation for 

Estaillades limestone, measured by Cadoret ( 1993), also using the resonant bar technique, near 

I kHz. The closed circles show data measured duri ng increasing water saturation via an 

imbibition process combined with pressurisation and depressurisation cycles designed to 

desolve trapped air. As with Murphy's Massilon sandstone data, these irnbibition data fit the 

fine-scaling mixing (lower bound) model very well, except for the few data points near Sw=0. 
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Figltre I. Low frequency data from Murphy ( 1982), showing excellent agreement with the uniform 
effective fluid model (lower bound). 
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Figure 2. Low freq uency data from Cadoret ( L993). Closed circles show data during imbibition and are 
in excellent agreement with the uniform effective fluid model (lower bound). Open circles show data 
during drainage, indicating heterogeneous or patchy fluid distributions for saturation greater than about 
80%. The Voigt approximation does a good job of estimating the patchy upper bound. 
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The open circles (Figure 2) show data measured during drainage. At saturations greater 

than 80%, the Vp fall above the unifonn saturation line but below the patchy upper bound, 

indicating a heterogeneous or somewhat patchy fluid di stribution. The Vs data fall aga in on 

the unifonn fluid line, as expected, since patchy saturation is predicted to have no effect on Vs . 

On the other hand, other sources of dispersion, such as the Biot and squirt mechanisms (Mavko 

and Jizba, 1991) would cause both Vp and Vs to lie above the uniform saturation lines. 

Cadoret ( 1993) used X-ray CAT scans to confinn that, indeed, the imbibition process created 

saturations uniformly distributed at a fine, sub-millimetre scale, while the drainage process 

created saturation patches at the several centimetre scale. Using the measured permeability of 

~250 mD, we estimate a critical diffusion length l e ,;:;; 2 cm . Thus we believe that during ini tial 

drainage, large centimetre-scale patches appeared, causing Vp to fall near the upper bound. 

With decreasing saturation, the characteristic patch size quickly decreased to less than 

l e~ 2 cm, causing Vp to fa ll near the lower bound at saturations less than 80%. 

Figure 3 shows the velocities fo r Estaillades I imestone from Figure 2, with an additional set 

of velocities measured at 50 kHz. Because the frequency is much higher, we expect the 50 kHz 

velocities to be contaminated by the ultrasonic dispersion mechanisms; as a result, they exceed 

the low frequency bounds at saturations > 80%. At l 00% saturation, the distinction between 

patchy and uniform disappears. Hence, using the method of Winkler (L986), we take the 

difference between the measured Vp and the Gassmann predicted V1, at ful l saturation as an 

estimate of the high frequency dispersion, L1Vp ~ 150 mls . Subtracting this 150 mls (~5%) 

from each of the data leaves a rough estimate of the patchy effect, replotted as the "corrected" 

values. 
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Figw·c 3. Data from Cadoret ( I 993). "+" symbols show high frequency data at 50 kHz. The corrected 
velocities are obtained by removing high frequency dispersion effects estimated from the measured and 
Gassmann predicted velocities at 100% saturation. Open and closed circles are resonant bar data, near I 
kHz. 

In summary, we interpret the three sets of data in Figure 3 as follows : the low frequency 

imbibition data, fall ing along the lower bound are consistent with saturations always unifom, at 

scales smaller than Le~ 2 cm; the low frequency drainage data are consistent with patches 

comparable to l cf'::$ 2 cm at water saturations above 80% and smaller than l e-;::; 2 cm at lower 

water saturations; the ultrasonic data are consistent with patches larger than Le';::!. 0.3 cm at 

saturations greater than 60%; furthermore, the ultrasonic data show evidence of high frequency 

dispersion of the type that might be caused by the squirt-flow or Biot mechanisms. 

The Problem With Very Ory Data 

Figure 4 illustrates other features of the saturation problem. The data are from the same 

limestones as in Figures 2 and 3, measured by Cadoret ( 1993) using the resonant bar technique 

at I kHz. The very dry (dried in a vacuum) rock velocity is approximately 2.95 km/s. Upon 

initial introduction of moisture (water), the velocity drops by about 4%. This apparent 

softening of the rock occurs at tiny volumes of pore flu id, equivalent to a few mono-layers of 

liquid if distributed uniformly over the internal surfaces of the pore space. These amounts are 
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hardly sufficient for a fl uid dynamic description as in the Biot-Gassmann theories. Similar 

behaviour has been reported in sandstones by Murphy ( 1982), Knight and Dvorkin ( 1992), and 

Tutuncu ( 1992). 

3.2 
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> moist rock Effective fluid 

2.6 modulus model 

2.5 

2.4 
(after Cadoret, 1993) 

0 0.2 0.4 0.6 0.8 1 

Water Saturation 
Figure 4. Velocity versus water saturation for a limestone measured at resonant bar frequencies (~ I kHz), 
from Cadoret ( 1993). The abrupt change of velocity at very low saturations has been attributed to the 
disruption of surface forces with the fir st few monolayers of water. 

This velocity drop has been attributed to softening of cements (sometimes called "chemical 

weakening"), to clay swelling, and to surface effects. ln the latter model, very dry surfaces 

attract each other via cohesive forces, giving a mechanical effect resembling an increase in 

effective stress. Water or other pore flu ids disrupt these forces. A fairly thorough treatment of 

the subject is found in the papers of Shanna and Tutuncu (Shanna and Tutuncu, 1992; Tutuncu, 

1992; Tutuncu and Sharma, I 992; Sharma et al. , 1994 ). 

After the first few percent of water saturation, additional fluid effects are primarily elastic 

and fluid dynamic and are amenable to analysis, for example, by the Biot-Gassmann and squirt 

model s. 

A number of authors (Cadoret, 1993; Murphy et al., 1991) have pointed out that classical 

fluid mechanical models such as the Biot-Gassmann theories perform poorly when the 

measured very dry rock values are used for the "dry rock" or "dry frame." These models can, 

however, be fairly accurate if the extrapolated "moist" or "wet" rock modulus (Figures 4 and 5) 

is used instead. For this reason, and to avoid the artefacts of ultra-dry rocks, it is often 

recommended to use samples that are at room conditions or that have been prepared in a 
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constant humidity environment as estimates of the Gassmann "dry frame" data, and to not use 

the vacuum dry data. 

Figure 5 shows a similar example for a clean sandstone, from Murphy ( 1982). Here the 

jump in velocity at very dry conditions is enormous. Again, using the very dry data in fluid 

substitution calculations would give nonsense results. However, using the ' 'wet intercept", or 

measured data at ~ I% water saturation gives Gassmann-consistent results. 
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"wet intercept" 800 J'llllllil!!IL~L.J ................ U11._-...11!!!!! ... -1l..l 

600 
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Water Saturation 

Figure 5. Velocity versus water saturation for a sandstone measured at resonant bar frequencies (~ I kHz), 
from Cadoret ( 1982). The abrupt change of velocity at vety low saturations has been attributed to the 
disruption of surface forces with the first few monolayers of water. 

Chalk Data 

Ultrasonic measurements (700 kHz) were carried out on 77 dry chalk samples and 54 

samples saturated with water; out of these 51 samples were investi gated under both dry and 

saturated conditions. The chalk samples were from the Dan and South Arne fields in the Danish 

North Sea (22 from Danian Ekofisk Formation and 55 from the Maastrichtian Tor Formation. 

To prevent over-dry conditions, the samples were kept at room-moisture for two months after 

being dried at I l0°C. The water saturation in the saturated plugs was generally between 97% 

and I 03% (related to minor weight errors), but low permeabi lity prevented total saturation in 

three Ekotisk and one Tor samples (Sw=92%- 95%; plug num bers B003, B 102, C022). Six 

Ekofisk samples were characterised by having regained high water content after drying, and 
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this may be indicative of high clay content (Sw=7%-12%, plug numbers 8 003, 80010, 8 012 

B0036; Sw=30%-34%, plug numbers B007, B008 but these samples fe ll apart when they were 

saturated). The remaining 71 dry samples had a mean water saturation of 0.3%. Measurements 

were also carried out under partially saturated conditions during drainage on two samples 

(Sw=25%, 50%, 75%; plug numbers C062, C I 00). 

P- and S-wave velocities were determ ined from measured sample lengths (c. 2 cm) and 

automated readings of travel times for the max imum amplitude in the fi rst major loop of first 

arrival events. The max imum am plitude was used rather than the first break because it is less 

affected by noise. Part of the plugs were measured at 25, 50 and 75 bar hydrostatic confining 

pressure where 75 bar corresponds to the magnitude of the effective stress at reservoir 

conditions. The increase of velocity with pressure was found to be limited (c. 4% when going 

from 25 to 75 bar) and velocities were thus only measured at 75 bar for the remaining part of 

the samples. Values of density, p (g/cm3
], grain density, Psr, porosity, $ [-) and permeability, k 

[Darcy] were also determined. 

Evidence for patchiness On Ultrasonic Chalk Data 

Figure 6 shows an example of ultrasonic P- and S-wave velocities vs. water saturation for 

one of our core plugs. The dots are the ultrasonic measurements, and the solid curves are the 

pred icted velocities assuming fine-scale mixing, equation (l). 

For both the P- and S-wave velocities in Figure 6, the measured zero saturation values are 

"too dry" and "too fast" relative to the other saturation points, similar to what we discussed in 

fo r the limestone in Figure 4 and the sandstone in Figure 5. Hence, for our calculations we 

followed the procedure of Cadoret ( 1993) and inferred values for "nearly dry" Vp and Vs by 

extrapolating the data points back to zero saturation. The resulting points are used as the dry 

frame velocities in Gassmann 's relations. We predict the velocities at higher water saturation 

values relative to the nearly dry values using the fine-scale mixing assumption, using equation 

(l ) to get a K11utd for the air-water mix, and then put Kfl,,1,1 into Gassmann 's relations. The 

results are shown by the solid black curves. Similar to Figure 3 for limestones, we see here that 

the S-wave velocities are modelled very well using the fine-scale mixing law; the P-wave 

velocities agree with fine-scale mixing at low saturations, but show evidence of patchiness for 

Sw greater than about 70%. The characteristic patch size for this sample becomes only 0,04 

Nuld substiilltion in chalks 10 



mm (Table I), and this suggests that fine-scale mixing will be dominant at the lower 

frequencies used in sonic logging. 
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Figure 6. Comparison of ultrasonic meastu-ements of velocities vs. saturation on a North Sea chalk 
sample, compared with the line-scale mixing model, for core plug 62. (j>=40%, permeability = 1.4 
mDarcy. 

Fluid Substitution to Full Water Saturation 

In total, we had ultrasonic data on 77 chalk core plugs. In most cases only two saturations 

were avai lable, typically Sw near zero or near one, but seldom completely dry or completely 

saturated. [n order to look for systematics in Vp vs. porosity, Vs versus porosity, and Vp versus 
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Vs, it is desirable to take all measured velocities to a common flu id saturation. r n our case, we 

prefer complete water saturation, since the dry rock velocities are problematic. 

Since we have evidence of patchiness in the velocity vs. saturation data (Figure 6), the 

question is, what fluid mixing law is appropriate for the fluid substitution to fu ll saturation? In 

this section, we compare the results using the Reuss average fine-scale mixing rule, equation 

(I), and a "modified patchy" mixing rule, pub I ished by Brie et al ( 1995): 

(3) 

where K1111 i,J is the bulk modulus of the gas-water mix, K.,,,w, and KK"' are the moduli of the 

water and gas phases, and S,..,,10, is the water saturation. The exponent e is an empirical 

parameter. When e=I, equation (3) reduces to the Voigt model, equation (2) fo r a patchy gas

water mix. When e becomes very large, K/1,,id ➔ KK"'' somewhat resembling the behaviour of a 

Reuss average, equation ( 1), fo r a fine-scale gas-water mix. Hence, equation (3) is an 

interpolation between fine-scale and patchy mixing behaviour. The Brie mixing nile, with a 

typical value of e ==3, is plotted in Figure 7, compared with the Voigt and Reuss curves. The 

Brie mixing model captures some of the behaviour observed in Figures 3 and 6 - essential ly 

fine-scale mixing behaviour at low water saturations, and patchiness at high water saturations. 
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Figure 7. Effective fluid moduli for air-water mixes, comparing the Reuss, Voigt, and Brie mixing laws. 
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Figure 8 shows results of the fluid substitution calculations. At the top, are the measured 

ultrasonic Vp vs. Vs relative to Greenberg-Castagna (GC) empirical lines (Greenberg and 

Castagna, 1992), with the original mixed saturations. The so lid green line is the GC empirical 

trend for water-saturated limestone,, and the dashed green line is for dry carbonates, compL1ted 

from the GC water-saturated line using the Gassmann relations. The measurements cluster into 

two trends, mimicking the empirical lines, though at systematically smaller VpNs ratios. The 

middle plot of Figure 8 shows the results of fluid substitution to 100% water using the Reuss 

(fine-scale) mixing assumption. We see that all of the nearly dry data are now fall ing near 

(slightly below) the empirical trend , though many of the high-Sw data are now overcorrected, 

falling well above the empirical trend for water-saturated limestone. Effectively, the data still 

fall along two trends. Final ly, the bottom plot in Figure 8 shows the results of fluid substitution 

to 100% water using the Brie mixing model , with e=3. We see that almost all of the 

transformed points are now tightly clustered along a very narrow trend, just below the 

limestone trend. Similar results would have been achieved if had applied Voigt mixing- law to 

the high-Sw data, 
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Figure 8. Ultrasonic Vp vs. Vs for 77 samples of North Sea chalk. Top: Original saturations. Middle: Fluid 
Substituted to Sw= L, assuming a Reuss mix.ing rule. Bottom: Substituted to Sw= l, assuming a patchy Brie mixing 
n1le with e=3. Empirical relations for unspecified limestone from Greenberg and Castagna (.1992). The trend for 
dry limestone is derived from the Castagna line using Gassmann's relations .. 
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Figure 9 again shows the results of fluid substitution to 100% water using the Brie mixing 

model , but now comparing two salinities. The red dots are the same as in Figure 8 where the 

water is assumed to have very low salinity, essentially fresh water. The black dots correspond 

to reservoir fluids (Kfluid = 2.96 0 Pa and Rhofluid = 1.35 glee). Now we see that the 

velocities with the representative reservoir fluids fall very close to the GC empirical trend for 

limestone. The brine salinity and the lithology of the samples studied by Greenberg-Castagna 

is, however, not known, and the li thology may well be different from the pelagic chalk of the 

North Sea samples. 
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Figure 9. Fluid substitution to S I for ultrasonic data. Red: Low salinity water; Black: high salinity. 

Figure I O shows results of the same fluid substitution calculations as in Figure 8, but now 

plotted as VpNs vs. INp, a typical display for detecting fluids. At the top are the data at 

original mixed saturations, again relative to Greenberg-Castagna empirical lines. The sol.id 

green line is the empirical trend for water-saturated carbonates and the dashed green line is for 

dry carbonates. Again, the measurements cluster into two trends, corresponding to high and 

low water saturations. The middle plot of Figure lO shows the results of fluid substitution to 

100% water using the Reuss (fine-scale) mixing assumption. Again, we see that the high-Sw 

data are overcorrected, falling wel l above the empirical trend for water. Finally, the bottom 

plot in Figure 8 shows the results of fluid substitution to 100% water using the Brie mixing 

model, with e=3. We see that nearly all of the transformed points are tightly clustered along a 

very narrow trend, below Castagna' s limestone trend. 
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Figure 10. Ultrasonic Vp/Vs vs. 1/Vp. Top: Original saturations. Middle: Fluid Substituted to Sw=I, 
assuming Reuss mixing. Bottom: Substituted to Sw-1, assuming patchy Brie mixing rule. 
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SUMMARY 

In this paper we discussed some aspects of ultrasonic fluid substitution in chalks. We found 

that Gassmann's ( 1951) relations can be used to understand the variations of velocity with 

saturation in our samples, even though the velocity data arc ultrasonic (high frequency). Th is 

suggests that in these samples there are no significant high frequency dispersion effects from 

the squirt-flow or Biot ( 1956) mechanisms that would invalidate the use of the Gassmann's 

relations. There is, however, evidence for patchy saturation in the ultrasonic data with a 

characteristic patch size less than 1/10 mm. This is observed in limited Vp and Vs versus Sw 

data. We also find that fl uid substituting to full brine saturation using a modified patchy mixing 

rule gives velocities more consistent with empirical trends than assuming a fine-sca ling mixing 

rule. It is likely that fine-scale mixing is dominant at logging frequencies in chalks. 

Another finding is that the dry-rock ultrasonic data tend to be inconsistent, in a Gassmann 

sense, with data from the water-bearing samples. Specifically, the dry rock velocities are "too 

fast." 
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Abstract 

Changes in seismic rc·sponse caused by changes in degree of com pact ion ,rnd flui d 

co11 te11t in North Sea. Chalk reservoirs awa.y from a well bore arc i11vcstigatcd by for

ward modelling. The investigated seismic response e11compasscs rcfledivity ch anges, 

AYO a.n<l acoustic impcdr1.ncc. Synt.hct ic sciim1 ic sections, impc<l,mcc cross Hcctions 

and AYO respon se a re presented as cakula.ted on the basis of sdcctcd wells from 

the South Arne and Dan F'i clds, Dani sh North Sea and compared to field records. 

The two m a.in va.ri ,:i,blcs to use for seism ic: rcspo11sc pred iction a.way from the wdl 

bore is <lcpth of burial (changes in effective stress) an<l changes in hy<lrocarbo11 sa.t 

uration (Fig. 0). 'Three nrn,i11 modelling tools r\.rc used for the modelling: J) Rock 

physics, 2) Satura.tio11 modelling a.11 d 3) Com pa.ctio11 / de-compact ion mode lli 11g . 
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Compact 

~'igurc 0: Main variables to in vestigate away from a W(•II bore arc 
drn.ng<~s in degree of compaction, anti changes in HC 8;i,turatior1. 
T he latter is obtained through satmat ion height modelli11g via 
the free water level (FWL) 

2 

Rock phyHic:s theory is applied to obta.i n a.JI necessary parameters for the complete 

set of elast ic pa.rnnictcrs for the appli c.-1,t ion of the Zoepprit~ equations. The chal

lenge is not only to predict. the slwar velocity, but also to account for the changes 

in flu id content via. a.pplicatio11 of the Gassmn,1111 equation, An apprna,ch akin to 

tlic O11e suggested for the b:lwfisk Field by Walls d. a.I. ( I D98) is applied for the 

prediction of d1c\11gcs in degree of compa.ct ion. 

Hydrocarbon satura,tion in North Sea Cha lk is strougly a1foctcd by capillary forc1 :s 

due to the small seal<• of the pores and t ram,i t ion ;,,ones ill the ord(-!r of 50 ni "-l'C not 

uncomrno11 . Por this reason , potent S"-tura.tion modelling is needed in order crc,1,tc 

realistic input for t he seismic modelling. 'vVc use satura,t ion height rnodcls similar 

to the Eql:{. model (Engstnmt 1995L wltich have proved robust fo r t he predict.ion of 
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satura.t.ion profiles i11 Dan ish CILalk reservoirs. 

Co111padiot1 modell ing rdi< 'S or1 simp le <'Xpo11c11 tial clecay of pornsity with depth, 

where alrnonnal fl uid pressures arc accounted for . A new set of com pact ion pa

ra.meters is presented . T hcs<' pn.rametcrs arc based on a. study 011 tl1c North Sea 

Chalk based 011 some 850 wells. T he pan1.rnctcrs ap pc,tr to be sulficiontly firw-tunod 

to allow fairly precise predict ions of n.b11onna.l flu id pressures from observed avcr-

1igc porosity. l:3 ascd ou t h is, t he rclat.i vc contr ibution to porosity pre:;crvat ion by 

abnormal fl uid prcssurn a.ud ca,rly hydrocarbon invasion m,1y be estimated. 

Some conclusions based on modelling; results include: R eflectivity is correlat ing 

wit h po rosity, acoustic impeda11ce is n1orc suscept ible to porosity varia.t io 11 t lrn,n to 

hyd rocarbon satu rat iou, an<l the poisso11 ratio may be rather scnsiti ve to hydrocar

bon satu ration. 

Introduction 

Zero offset seism ic response at a well site may be read ily modelled provitled reliable 

cali brated sonic and dm1sity logs arc available. H shea r vd ocity logs arc a,vaila.bk 

ampl it ude ver::rns offset (AVO ) res ponse m a,y al so be modelled. Howcvcr 1 q11cstio11s 

ma.y al' isc ,1,s to what cause changes in the response a.way from the Wf'll site. T his 

paper develop methods for crca.t ing forward models oJ the seism ic response away 

from th<· well site. The models arc developed for Nort h Sea Chalk a ud appli<id to 

two wells: l{,igs-2 and M- lOx cll' illcd in t he South - Arne and Dan ftd<ls respect ively 

(F ig. I). T he models arc aim ed at studyi ng effects of hypotlwtical changes in 

degree of comµa.ction ,wd hyd rocarbon saturation a.way from a well bore. We a,irn 

to use rca.listic saturation models, whi ch mc1,kcs i t impossible to study cha11ges in 

compaction without concurrent changes in hydrocar bon saturation. T his is because 

cha.l k reser voi rs a.re usually st,rnngly aJfocted by capillary forces which vary with 

porosity. However, this ,ill ows us to study more realistic scenarios. 
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fields referred to in thi s pa.pet·. 

Compaction modelling 

4 

Compac.:tion modelling is <lone Gy applying empirical compact ion laws where ex

cess fluid pressure is c:~ccouat.cd for i11 a. si111plisti c way . This approach is favoured 

over <lctcrm in is t ic modelling, because pressure cl<!vclopmcnt is very hard to model 

due to inherent uncertaint ies iu the gcologkal dcvdoptn<'n t of ba.sinwidc hydnl,ll lic 

con ncd i vity. 

The goal of the compact ion modcll i11g is to calculate µorosity logs as a, funct ion 

of cha,ngcs in 6uria,l depth and/or changes in effect.iv<' st t'<!SS caused by cha11gcs in 

excess fluid pressure . 
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!:fa.sic a.ssunip tioas arc: 

• In the absence of over-pressuring nn<l early di ag<>ncsis, porosity decay follows 

a simple cxponc11 tia.l law a.ccordi11g to dept h. 

• Depth is considcr<'U a proxy for cff<'ct.iv<' st r<'ss in the ;1bs<'11C<' of overpressure. 

• Ocviat,ions in porosity from the average fuJJctio11 arc due to V<'ry early d iagc:n

csis or Inter over-pressuring for too tight a nd too porous i11t.crvr1.ls respectively. 

• The overpressure as of today has not dissipa.tcd sign ificant ly since onset: Over

pressure ,,arrests" porosity as it is at the time of onset. 

• Very t ight chalk has been cemen ted shortly after burial, and follows a. lower 

porosity decay curve than sta.ndard {'I'his has however proved to be irrckva.nt 

for the c;ases studied here) . 

The basic approach follows the original proposition by Athy ( 1930) ,tnd is detailed 

in e.g. SclaJ,cr ctnd Chri st ie (1980) and J cuscu et al. (1984) : 

(I) 

where <po is the surface porosity i11 frad ions, z is depth of burial and a is the c.lcc,;ay 

parameter. Some relevant parameters arc listed in table I . This equation ca.u be· 

developed t.o allow corrcctio11 of the layer thickness as a fun ction of burial or cha,nge 

in cff ecti vc stress and thereby prc~crvc rock mass ( e.g. Scla.tcr and Christie 1980; 

Jensen et a.l. Hl84) . However, since we arc interested i11 clurnges away from r• well 

site, and uot in what, ha.s happened to the succm;sion at the well s ite, we chose not 

to change thi ckness during our compact ion/ dc-<.:ornpaction calculat ions except for 

the sample subside nce and pornsity ckveloprncnt curves shown i11 Figs 3, '1, 5 a. 11 d 6. 
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r n the ca.se of chaJk SdaJ,er and Chris tie ( 1980) suggest va,lues of 0. 7 for </>o and 

0.00071 rn- 1 fo r a. The rcciprorn,l of the <lccay par;1,tr1<' tcr, t he decay length ( redu c

tion to 37% of surface porosity) is equal to 1'108.5 m. These.: va.lucs con cspo11d to 

average nonn al prc:ssurcd chaJk, but a.rT not consistent witlt V<' locity da ta (J aµseu 

2000). A w rnpa.ction trend for North Sea chalk was const ructed by t,nrni,,fonniHg the 

rev ised normal velocity dcpt), trend of ,Ji-i.psen (l9H8, 2000) i11to a porosity-depth 

trend. The nonnal velocity dcpUL trend for cha.lk was ba.scd 011 an ;ura.lysis of data, 

from 845 wells throughout t he Nort h Sea Ba.l:ii 11 a.nd ODP data. a nd burial anomalies 

relat ive to the trend were fouucl to agree with est imates of erosion a.long the basin 

margins a11d with rnea.sured overpressure i11 the centre of the bas in. The trend was 

t rnnsfonnc<l iuto a, porosity depth t.rcn<l by co11vcrti11 g velocity to porosity via a 

constructed velocity porosity trend for chalk (Fig. 2). The velocity porosity 

t rend was <'stabli shcd as a 8C<.:ond order polynomial fi t to two segments: 

a. The• modified Ha8hin Shtrikman model for chalk with poro8ities in the rn11gc 

from l 0% to 43% :rnggcstcd by J apscn cL a,l. (2000) arid 

b. A stndght line c:onttcding the cnclpoi11 t of scgrncnt a. at 43% (velocity 2720 

rn/s) to the parameters correspondi11g t,o the criti cal porosity of chalk at 70% 

( velocity I $,">0 m/s) . 

</>u a l /a source 

Ncogcnc· 0.5G 3.91 E-04. 2560.2 
Palacogenc 0.7 1 5.108-04 1960.0 
Chalk z < 768.2 0.70 5.50F:-01t J 818.2 
Chalk z > 768.2 0.97 9.72E-o✓l 1029.3 

Table I: Com paction constants. 

The normal pressure chalk porosity depth t rend derived this w,i,y is app roximated 

with a. bi-segment exponc nt ia.l model as listed in Table J, 
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Subaldence modelling or Rlgs-2 
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RIGS-2: Mod1Dtd avamge porosity Clavalopmanl through time 
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~'igure 5: Simplist ic porm,ity dcvd oprncr1t rno<lcl for the Rigs-2 site. 
Ovcrprc1;suring a1Tcst1; porosity decay i1t tlw Palacogcnc at ~ I 0 Ma, 

but m odelling suggests that HC effects a rrest porosity decay in the 
Cha.lk much C!il.rlier. 

g 

O ve r-pressu rin g is assu med in depth inter vals where the porosity exceeds the 

porosity expected at the present depth according to the normal compact ion t rend. 

It is assumed that excess pore pressure has uot d issipated a t lill :;incc onset . The du

rat iori of ovcr-prcss11ri11g is t he shortest possible w.ith thi s ass umption. This method 

is hereafter called "pn·ssurc prcs<·rving thcompnction" . A11 a ltcrn a.tivc approach 

would be to assu111e that overp ressure, a nd thus abnormal poros ity, has bcc- 11 build

ing up gradua lly since deposition , hereaft er rderrc<l tu as "gra.d ua.l pressure build -up 

clccompact ion " . T he t wo assumptions may be co11 sidcrccl as c11cl-mcrnbcrs of possi

ble ;u;tuaJ scena rios, bu t. ncit.hcr h,in dlcs the ca.sc where higher overpressure in the 

past has dissipated to some ext('11 t . 
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Porosity development ot M•10x 

r 

Figure 6: Simplistic porosity development model for the M- 1 Ox site. 
Overprcssuring arrr.sts porosity decay a.t ~ 8 Ma, and HC cff<,<.;ts a,rc") 
a pparently not important for Chalk porm;ity preservation. 
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Buria.l graphs show rapid burial nttes 011ly i11 the Ncogene and very rn o<lest buri 

al rates in Crct,accous - l\dacogene t imes (F igs. 3 a.ntl 4). Relat ive traaqui! ity 

1u Pal,1,c!ogc11c times makes it likely that poss ible earlie r ovcr-prcssm c may liave 

di ssipa ted a.nd present ovcr-prcs8ure to be primari ly causc!<l by ra.pid Ncogcnc depo

sit ion. The observed excess pore p ressu re is t herefo re assumed to have i11itiatcd very 

late, a1Ld only fow rn ill ion years before present. This is further su pportccl by t he 

apparent corresponde11cc be tween thickness of Neogene deposits a.nd nrn.gnitudc of 

ovmpressurc (J apscn 2000). The pressu re preserving de-cornp,;1dion approximation 

therefore seems t.o be the b<)st choice as the short t ime a.vailo.ble reduces the problem 

oJ 1noddliri g pressure dissipation . 
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Jn tlH' case ol' over-pressuring, the average pn::,;cntly obse rvable porosity (<Pobs 

i11 t he interval is h igher than prc<lictc<l by t he standard porm;ity dcca,y fun ct ion 

(equation 1), The porosity is assumed to be prese rved si11 cc onset of ovcr-pn!ssuring , 

T he exa.d depth wh<•r<' ef>o&s is <>r1 t he 11 orrnal compaction curve iH given by: 

1 f. ( <P"bs ) Zobs = - ,og --
- a <l>o 

(2) 

where Zobs is the <lepth where t he unit left the normal compaction trend. 011 the 

basis of the following equation , average burial anom alies ( Zcino) a,rc corn puted for each 

st ratigraphic unit where effects of minor lithological is rninimi~c<l l,y averaging : 

I [ ( ) ] 
l I </Jobs 

zllf10 = - L z - - Log -;:-
n - a 'l'O 

n 

(3) 

where z is present observation depth and n is the number of porosity log samples in 

the interval. 

During compaction or dcwrnpaction a depth shift (6 z) is imposed. The logged 

porosity is then changed under the assumpt.ion t. lrnt each sample ha~ each t h<'ir 

porosity depth trends . Por each i-mrnplc in the porosity log ;-1,n individu al s urfa,cc 

porosity (<Po' ) is calculated r1,ccordi11g to: 

(4) 

where z~no = z,mo + tiz is t he depth shift and tiz is t he compaction /cle-compactio11 

value ex pressed as a depth :;hift, It is 11otc<l that t he surface porosity is corrected 

according to the dcpt.b where the average poro:;ity is 011 the normally pressured ckpth 

trend , and not the prcsc11t. depth. This approach irnplic:-. t,ha,t poro:-. ity deviations 

on the log am i11hcri tccl from surface condition and reflect prim ary li t hological am.I 

depositional differences . Diagcndic processes that may a,dd rna,tcri a.l of cause local 

redistribution of material arc thu:; neglected, 

An example ol' such depth shifts is di scussed below a,IJ(.l shown in Fig, 12, 
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The bul'ial t1.nomalics m ay be di rectly converted in to an estimated excess pres:rn rc 

as t his is the nrnin ea.use for the porosity a.nornaly (Ja.psc·n l !-)!-)8 ). If the overpressure 

(C:::.p ) is ,tssurnrd to be ea.used by Ncogrnc rapid drposit,io11 (1'.h · burial cinornaly) , 

then i t is equi valC' 11 t t,o the cffC'ct i ve st ress (a- ) <'XCl'tcd by thi s column: 

(1 = f::::.p = (Pr - /Jbr) · g · Za no (5) 

where g is the gravity constant,. If densit. ics of Ute rock (Pr ) a,Ttd brine (Pbr ) a rc 

equa l to 2000 and J 0001< g/ rn:i, then ,'I. buria l anomaly of I 00 m is rough ly eq t1iva lc:11t 

to 1 MPa.. 

Burial modelling of the Rigs-2 w ell site 

111 orde r to elucidate the conditions a t the Rigs-2 well backst rippiug lta.s bce11 p<'r• 

forrrl<'d. Depths ;wd compact ion pa.ra.md c rs for thi s well a rc listed in tciblc 3. 'T'hc 

well cnw unt,ercd excess pressures at 1300 m inc reasing to a.pp. 7.4 MPa a t 1600 rn , 

121\ilPa. at 2600 m, and 14.8 MPa. in the C halk sectiou (Tabk 2) . 111 our ca.scs the 

buri,d an omalies a rc ca lcula t ed as given in ta.blc 2 wi t h pararnd crs given in tab!<- 3. 

R igs-2 

Below near base 'l'ortonian 
Hdow t op Aub 
Below top A cetas 
Clta,lk 

Huria.l 
anomaly (m) 

381 
730 
1180 
J 6-5tl 

Approxim ate 
Prc::;surc (MP,t) 

3.8 
7.3 
l l.8 
Hi.5 

Observations 
(MPa.) 

12 
] 4.8 

Tabk 2: Huri a l anomalies and excess fluid press ure fo r the Rigs-2 well. Cakulak d 

buri al anomalies are converted to over-pn•ssurc a.-; described in t lw t0.xt. 
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The subsidc·ncc graph calculated thi s wc1.y (Fig. :1) displays moderate burial rates 

until approxima.tdy 15 Ma b.p., wltc- re a considerable incrca1,c is 11ote<l. At approx

ima.tdy 10 Ma b.p. porosity is arrested in t it<! Palacogene due to ov<·r-prcssur ing 

(Fig. 5). Porosity i11 the Chalk is modelled to be arrested rrn1ch ca.rli1•r wliich reflect 

early hyd rocarbon i11vasio11 rather than over-pressu ring. A similar modelled porosity 

development for the M-IOx shows 110 earlier cessation of porosity decay i11 the chalk 

reflecting later hydrocarbon charging of t li<' Oa,11 Field as compared to the South 

Arne F'icld (Fig. fi). 

Rock unit Base u11it Rase unit. Surface poros ity Decay length 
' f'WT Sec. m. b, rn.s.l. </>o m. I /a 

Qu c1.ternary 11a 1,53,5 0.56 25G0.16 
P iaccn~ian l)cl 7~M.0 0.56 2560.1 6 
'.0anclea11 na 809.tl 0.56 2560.16 
Mcs:;,i 11i a11 ua 902. 11 0.56 2560.16 
Tortonia.n I A30 1'11 1.63 0.56 2,560 .1 6 
Aub 1. )05 1772."I 0.71 1960.02 
Aceras 2.705 2715.6 0.71 1960.02 
8ko!i:;k l·'rn. 2. 7,1 I 2796. J 0.96 1029.:H 
Tor F'm. 2.7G6 2829.1 O.Y68 I 029.:34 

'1\il>lc 3: Depths a11<.l compact ion cow, tants [or the ltigs-2 well. Note that this 

listing mode means that for in:;tancc Top Chalk is at 2. 705 sec. 

The observed pressure in the Rigs-2 well is, however, about LO% lower than the 

estimatt: based on porosity observations. If the ,wornalous high porosity in the 

well is attribut<~d to oHwl' factors th,1.n over-pressuring, then this other effect may 

be contrib uti ng with 10 % compared to prc·ssures . 'L'li is othct effect ma,y be <•arl y 

hydrocarbou inva.siou, wbich frequently has been suggested as a c:ausc fo r porosity 

preservation a.bov<' 11 on na.l (e.g. Hrnmwdl et. .-d. 1998). 

In the Central Graben in gmwral t here S<'Clrl to b<' roughly the s,-nnc excess pressure 

in the wa.t,cr z.oncs 01' the lower PalacogC'nc sc•ct.io11 a,nd the Chalk. As seen in table 

2, the calculated excess pressure for tl1e chalk is cxcc-cding the Low1)r Paheogcne 

pressure by :t7 MPc\. and observed pressure diffcn:ncc is 2.8 MPa. Only 0.7'1 l\llPa 

of this difference is at tributable to a <lircct pressure <~ffect from the hy<lrnca rbo11s, 

so the pre8Sl11'C increase in the r.ha.lk suggests latera.l 8Upport from deeper levels. 
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\!V i thin the d1alk a uiffcrc11 cc of 0.9 M P,-i is i-,cc1 1 bctwcc•n observed a nd calculated 

excess press ure . lt is therefore estimated that the a bnorrna.lly high porm,ity is due to 

a combi nat ion of ove rp ressure an d preserving effects of the invaded hydrocarbous. 

It ma.y be estima ted that ra pid Neogene de posit ion contributes wit h J :>. MPa., the 

hydrocar bon col um n constrib11 tcs with 0.74 MPa, and latcr<1.l µrcssurc support con

tr ibutes 2 MPa to the observed pressures and porosity preser vation. The porosity 

preservat ion owing to the presence of hydrocarbons could ha ve been re placed by 

on ly a, fu rther ~ 2 i\ll Pa. 

Saturation modelling 

In order to model the saturat ion realistica lly, the st rcm g capi lla ry effects in t he chalk 

must, h<• taken into a,ccount. We apply the satu ra,tion height model deve loped by 

Hess (2001 ). In thi s method t he satu rat ion is calculat ed direct ly from t he cap illary 

p l'<'ssure ( Pc) aud the capillary entry press ure ( Pee ): 

S'w = 

where A aml H am g iven by : 

(6) 

(7) 

H = 0.10 + I.OS • </> 

whern <I> is the porosity (in fract ions). Comta.11t s c1 and c2 diffe rs fo r the Tor a nd 

8 kofisk fo rmat ions as gi ven in tab le 11. 
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The capillary entry prcssut·c is given by an equation oJ tlw form: 

(8) 

where constants c:_i and c,1 arc diffcrc11t for tlw Tor and 8kofisk Forn1al iom; as given 

in table 1. 

form ation C1 C2 C:3 C4 

l~koflsk -0.75 2.70 7.5 -1.2 
Tor -l.10 4.35 7.0 -0.7 

Table tl: Cow;tants for the Slituratio11 height model. 

The capillary pressure is obtained from the height above free water level ( F'W L ): 

Pc= (1-'WL- z ) · 6-7, · Cap (9) 

where z is the depth, 6-71 is the pressure gradient differen ce between oil ;-1.nd w;tter, 

and Cap is the conversion factor of interfacial tension in the Hg/air system to the 

oil/watur system at reservoir wnditions. In the case of the Rigs-2 well the following 

values for the pi:1.ra.rnctcrs arc assumed: 

6-p = 0.182p8i/ ft = 0.0413bar-/m ( I 0) 

C 
CiCos00 w 28 

ap = ---- = - = 0.07G 
CiCos011q/uir 367 

(11.) 

These parameters produce an 11,cccptablc fit to observed Sw, if a FW L at 2900 m 

(b.m.s.1.) is assumed (Fig. 7). During rnodcll i11g of seismic respons<' to changes irL 

hy<lrocarbo11 s,1turn.tion (Sw), the above sa.turat ion height model is app lied. Chauges 

in 8w ca11 occur in the model by imposing cha11ges in FW L, such that realistic ver

tical differences i11 8w arc cakulatccl. If a.ltcrnaJ,ivdy the rno<lel is a.imccl at study ing 

duwgc:, in compaction the above sa,t11ration height model will a.11torna.tica.lly impose 

Sw changes clue to the porosity dependency. 
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Well rigs-2, kb= 36.6 

2770, 

2820. 

J--_.;;~ - ...--1-~ ~-~---i-..,.-J.;__----t-"'-=-.,,=:===l'op Ct Knoll(2829.I) 

~ 
2870. ~ ............... ~ ~~ 

1.5 2.6 60. 

RHOb 

160. 2600.0 0.4 0 .8 0 .0 
OTS[us/1] 
OTP[us/f] Phi 

Pigurc 7: Rigs-2 Log da,ta. 

0.4 0.8 
Sw (modeQ 

Sw (log) 
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Rock Physics and Fluid substitution 

We: cstimu,tc cla,'itic propert ies and changes thereof in the drn.lk ,ts ~1. com;eyu c 11 cc 

of changes in hydrocarbon satu rn,t ion a11d <l<'grcc of compa,ction. 'rhe relationships 

for elasti c modu li a11d velocity vers us porosity arc described usiug rnodified Hashin 

Shtrikman bou nds a.11d Cass rn a1111 ,s relations in a n a pproach similar to t he one 

s uggested by Wall:; et al (HJD8). 

Fluid substitution 

We assume t he low-frcqtlC'rt cy theory fo r Iluicl subst itu tion by Uassrna,nn ('I 95 1) to 

be fulfilled for elast ic measurements witlt log tools. It is thus a~c;sumed that t he chalk 

is sufficiently pr.rmr.ablc to allow pore fluid pressures to equilibrate instan taneously 

when sound waves propagates through the rock. T hi s is not fulfilled for isolates pores 

11,11 <l low pc:rmca.bility rocks a,t, high frcqucm;y, but will a;utorn ,itically be fu lfi lled for 

seismic data, if Ga.ssma,nn 's theory applies to log data,. The Gassma11n theory gi vcs 

the following rdatioru;hip between rock moduli: 

( 12) 

and (}8at = Gdry where }{ dry ,1{ 11,it , I<o a11d K11 a re bulk moduli of the dry rock, 

the saturated rock, the mineral components and the pore Iluid respectively, Gsat 

1tnd Gc1.ry a rc shear moduli of the saturated a ri d dry rock respectively and r/> is t he 

porosity. Bulk and shear moduli arc related to recorded compressional velocity (Vp), 

shca.r vc:locity (Vs ) urn.I dem, ity (p) accon.liug t o: 

J{ = p(V2 - ~V2 ) 
'P ;3 II 

( 1 :J) 

and 

O= pV/ 

We apply this theory for subst itut ing one lluid with another) 111 which case tit<' 

Gassmann fon11ula can be develop to: 

wlwrc 

a.11 d 

1
, , _ Ho· A 

\ 11a t2 - l + A 

J< J/1 j{ J /'2 

</J( }{o - K 111) + ef>( J<o - K 112) 

( 14) 

whern subscripts .'!at ] and sat2 r<~for to the sat. 11 r1-~tcd rnck before and after subst i

tution. 
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F'luid prope rties (s ubscripts fl I and fl2 ) arc calcu lated from t he properties of 

fonn,it ion water and hydrocarbons using Rc•uss type Ih1id mixturrs: 
, l 

Aft=(• / 1' ( 1 S' )/1' .J'IIJ \ w + - • W \ iic 
( 15) 

w}wrc Sw is t he wa.tnr 8atura.tion , a.nd subscripts w a.nd he refer to wa.ter 1t11d 

hydrocarbon corn po11cnts r~spectivrly. This fo rmula assu mes t hat the two flu ids arc 

pc rfoct ly m ixed considering the influence on wave propagation, which dnpc ncl on 

frequency. Labora tory experi me 11ts show t hat t hi s assn mpt ion first begin to fail at, 

ultrasoui c frequencies (Pabricius et a l. , this report; Mavco a.Il(.l J apscn , t h is report). 

The consequence of the Reuss forrnula.t io11 is t hat the weak/softer fluid component 

will dominate the overa.ll acoustic response such that small hydrocarbon sat ura tiom; 

will ha.vc a. la,rge effect . 

Effects of compaction/ decompation 

Changes in rock moduli resul ting from ch anges in porosity are calcu lated on the 

bHsis nJ a modified Hashin Shtrikrna11 model similar to the one proposed by W,dls 

et a l. ( 1998) for Ekofisk r'idcl clatit. T'lw model describes how bu l.k and shear moduli 

chan ge wit h porosity in a.n in tc:rvc1,l bdwc:en 7,ero porosity ,tnd a, rn a.xinium porosity 

( r/>mu.c ) encompassing the variation in t he available data set. Data a re allowed to 

vary between t he modified upper H11.s hi11 - Shtrikrnan (MU HS) according to: 

1,-UHS = [ </>l<l>mux + 1 - </>l <Pm«:J; ] - I - ~c 
c f I I r 4 C' I ' 4 C' ') o \ li,n + ;j O \ 0 + J O , l 

( 16) 

G~j}S = [ </J/<?ma.c + 1 - </>/</J.n11,1:,; ] - I _ Z 
Ctim + Zo Ou + Zo 

0 

Zo = Go 9Ku + 8Cu 
6 Ko + 2Go 

corresponcling to the presurrrnbly st iffest possible va.ri cty, where t he subscript. lint 

refer to modu li nt t}w sdc:c:tc<l ni a.xirnu rn porosity. This sd of eq uat ions can a lso be 

developed for the lower bound which, however, is equivalent t o t he simpler Reuss 

average as may be clevclopccl from: 

( 17) 

/' _ ( <f> mu.1; - r/> + J - ( cf>max .-: </>) ) - I 
, \fl - ), 1·, ), J 

'l'max · \ /im '1'm1,1x · \ o 

The upp ·r bouucl <lcscript ion is appli ed <luring changes ia porosity, where st n1,t i-

graphical property differences arc accommodated through adjustments of the c11cl 

members (I<0 and /{Ji.,,.). During decornpaction t he porosity may exceed <Pmux in 

which case the further cha.nge is sd to fo llow t he lower (Reuss) bouud. 
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Seismic mode l 

We obtai 11 r,ero offset seismic sect.ions a.nd AYO ga.thcrs ba,...,cd on the modelled logs 

as descr ibed a.bov<'. 1icro offset sy11thctic data arc obtain ed from the rciledivit.y 

series t hat are calculatPcl from the P-wavc velocity ( V,,) and dcm;ity (p) logs a.s given 

by cquntio11 2:2. 'L'lii s rc·flcctivit,y se ri es is co11volved with a Ricker wavdct. A R.ickcr 

wavelet with a dominating frct1ucncy of 50 Hi was found to produce an acceptable 

ma.tch to field d~ttn. P-wavc reflectivity fo r offset gathers (R(0 )) is calculated 011 

the basis of first order reflectivity equations from the Zocppr iti c411atio11 s as given 

L,y Spratt et al. ( J!:)93): 

where 

a.ad 

R(0 ) = RppO + (R,,po - 2' Rsso)Sir?0 + 0' · 6.p S'in2 0 
/Ju 

] 

2 

( 18) 

a11d }4pu and H.880 1-1,rn r,crn offset reflection coefficients for P and S-wavcs a,s given 

by equat ion 22. /Ja ii, a,veragc density and 6.p = p2 - p1; the density difference a.cross 

t,he interface. 

Offset calculations a rc l>ased on a.n a.ssumed 2500m streamer, which with fairly 

constant overburden velocit ies around 2000 m/scc will produce incidm1cc r1.nglcs (H) 

below 22.5° at top chalk level. Rcfract,io11 in t,hc chalk ovmburdcn is co11sidered 

negligible due t,o rat her homogeneous velocit ies and is co11 scqucntly disregarded. 

~'or standard n11alyses of ampli tude versus offset (AYO) we apply thr· Shitc•y (l 98!'i 

in Casta11gua 1993) approx imat ion: 

(
1 - 2<J) Ao = Ho - 2(1 + Ho) 1 _ (J (20) 
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and 

(21) 

and the zero offset P-wa.v<· rcfl<'ctivity (R.ppo) is : 

(22) 

where: t.lw impedance is given by fp = Vv · p. Substituting Vv with Vs gives t.hc S-w,1.vc 

reflectivity R ssO · (1 is t he poiss011 rat io as givc:11 by: 

The last term in equation 19 is dropped as it is insig11ificant for moderate angles of 

incidence (0i). We m;e t.}w first, two tcrrn in equation 19 for t!tc: in tcirccpt vcirsus 

slope plots given in Figs xx and xx. We a lso use t lte poisson ratio (a, equat.ion 23) 

to crossplot with a.coust ic irnpc·da.ncc to ill u::.trate effects of porosity and saturation 

changes. 
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Seismic model examples 

We exemplify moddli 11 g ol' compact.io11 and saturation cha.ugcs wit h data, from the 

Rigs-2 well , South Arne 1-<'i<,ld (Table '1 ). Scismi(' exam ples a.re giv1:11 in the ,ippcndix. 

Input clat,L to the modr lling a,rc logs, where k<'y logs like Vp, V$, a n<l dens ity arc 

restored to virgin conditions. Due to a missing sha llow resisti vity log, thi s restorat ion 

proved to be most rdia.bly pcrfonr,cd 11si11 g rock phys ical calculations as descri bed 

in J apscn e t al ( this report) . T his results in an irnpli cid self-consistency t ha t ca uses 

modelled property ch a,ngcs cakula.tcd in this report to p<~rform somewhat, bette r 

than if restorat ion was based on shallow resist ivity da,ta (sec <liscussior, in. Japsen et 

,1,). th is ·rr!7><n ·t) . 

Moduli of the fonn at iotL cornpm,e nts have bent cstimatc:d during laboratory mea

surcm c.:uts ( Pi.Ll>ricius c.:t al. this report) and arc listed in Table '1. 

Component Bulk Modulus Shear Modulus Density 
}( G fJ 

CaJcit<: 71.0 :rn.o 2.71 
Silicates 25.0 9.0 2.70 
lim: ~ = 45 1.5 2.5 
Brine.: 2.96 0 1.0:33 
Oil 0.52 0 0.()33 

'rablc 5: Moduli aud dcnsit, ies ol' fo rrnat iou rnmporwnts 
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To dcrnonstra.tc t;hc c;-1,pa,bilit,ics of the modelling tools, two scenarios arc tested: 

a,. The fr<'<.' wat.er l<'vd is changed frorn 2795 rn l>.rn.s.l. over the ideal 2900 rn to 

2990 in steps of 5 rn corrcspo11 ding to 110 cases ( or t. races) . 

b. The prcs<'nt. effective stress in the chalk is ch;-wgc<l corr<:sponding to depth 

sbift:,; of -900 n1 to 900 111 i11 stcprs of 30 rn corresponding to 60 cases (or 

traces). 

Change in free water level 

A range of synthct. ic i;cisrnogrami; arc modelled by on ly changing the free water level 

a.11d via saturat ion height modelling change the fl uid composition. The r;i,nge is from 

279,j m to 2()90 rn .b.s.l. co1Tcspcm di ng t,o 11, cha.11g<! from JOO % water saturat ion to 

approximately irreducible water saturation (Fig. 8. The best fit l·'WL rditt ive 

to logged Sw is in the middle of this range, so rn a.ximum modelled hydrocarbon 

sa.turat,ion far exceeds obsrrvcd satu rat ions. 

A set of ploti; illustrating pois:,;on ratio vcrsus acoustic impedance shows that Sw 

changes affects both of these properties (Fig. 10). Howcvcr 1 it is d car that acow,t ic 

impedance is more sensitive to porosit,y changes, tha.11 to s;.it ura.t ion cha,11ges whereas 

the poisso11 raJ.io is more susceptible to saturation changes. These tendencies wou ld 

be more a,mpliiicd if gas was usc<.l rather than oil in the modelling, a.11Cl acoust ic 

i rn ped,111cc effects from s,it u ra.tion d1anges would become more significant. Also is 

the poisso11 ratio11 becoming more sensit ive to sa.turation wi th incrc;-u, ir1g porosi ty. 

Another in tcrcstiug cffcd i:; S<'cn on the Top ChaJk and Top Tor reflectors (at 2. 7LI l 

sec; table 3i Fig. 9). The Top Tor reflector is chaxactcriscd by downward decreasing 

irnpcda.n cc . It is seen that the amp li htdc of this reflector increases abru pt ly (more 

negat ive) as oil enters the formation. As PW L deepens (satura,t ions increases) it 

gaiui; amplitude until low to uwdcra.tc oil saturations. l·' rom moderate to high oil 

sat uration it slowly d<'crca.Be a.gain. T lds is a co 11 sE.·qucncc of the satura.bon hcight 

model, which causes Tor Formation hydrocarbon satuntt ion t,o i11crc:,tsc fa,ste r than i11 

the ~~kofisk Formation i 11 spite of lower ca.pilla.ry pressures at low overall hydrocarbon 

sa.turatiou. Tliis is a couscquence of low<'l' capillary entry prc'ssur<'s in the Tor 

Ponna.t ion. 

rl'he Top Chalk reflector is also affected by increas ing oil saturation ( 1,' ig. 9). It 

is se<:n to loose a.rnplitudc with incr<:i-tsi ng oil sA.tura.tion, a.ncl a.t saturat ions slightly 

higher tha.11 obscrvc<l i11 the wel l, a, rcvcn,a.l is predicted. 
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Figure 8: Witter sat uration profiles calcu lated by changing the free 
water level (FvVL). Note that different propert ies in Tor and ~~kofisk 
fonrrn.tions causr t he Tor to hold lower saturations for shallow F\tVL 
than ~:kofisk in spite ol' lower c;a,pi ll ary prcs:rn rc. 
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Poisson ratio versus Acoustic impedance: Porosity efl,cts 
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Figure 11: Slope (afte r Shuey 1985) ve rsus intercept for sa.tura.t ion 
change models. Chalk inte rval only. 
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Change in effective stress 

' l'lw wmpaction /de-cornpactiou cxc-rcisc is ill ust rated with tlw porosity logs shown 

iu (Pig. 12). Au i11tcrcsting effect is that the varability in the porosity t races is 

a,rnpliftcd du ring de-compaction, and r:;ub<luecl during compaction which is in ac

c:or<la.ncc with ob8crvations i11 seismic <la.ta (e.g. l:hitzc et al 2000). Modelli11g 

a change in effect ive strc:si.. inevitably results in saJura,tion changes such t lrn.t lrn;s 

porosity means higher water sat.ura,t ion. Thii.. relat ionship can be sc;cn to be almost 

exponential (Fig. 12). 

The syntlietic: porosity and Sw logs also show that t lie observed Sw is closer to 

irreducible water saturat ion iu the 'L'ol' Format ion thau in the Ekofisk Forrnation iu 

spite of lower capillary pressures in Tor . This is seen from the fact that an only 

rwgligibk: reduct ion i11 Sw occurs in the Tor alt hough porosity is almost doubled 

during decornpatiou. The Sw reduction during de-compaction in Ekofisk is more 

conspicuous. Duri ng compaction this diffcnccs, whi ch originates from c.mtry pressu re 

differences, is further amplifcd. 

Another interesting observat ion is t ha,t a.mplitudes 0 11 the porosity log (as well 

as the satmatiori log) arc iucrca.scd during dccompatio11 a nd subdued du ring com

pact io11. This is a con1,c;que11ce of the des ign of the cornpa.ction/clc-cornpact ion 

model. This effect ea.uses amplit.udc changes i II the seismic model a,nd corresponds 

to gcricn1,I sci8mic observat ions in the ChaJk (Hri tzc et al. 2000). 
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positio11 are shown i colour . Very deep buria.l is seen to subdue l'cflcc
t ivi ty as well as gradient changes . 
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Abstract 

Changes in seismic response caused by changes in degree of compact ion and flu id 

content i11 North Sea. Chalk reservoi rs itway from a well bore arc investiga,tcd by for

ward modelling. The investigated seismic respon se c ne.;ompa.sscs rdledivity changes, 

AVO and acoustic impcda 11 ce . Synthetic seismic sections, impc<laucc cro88 8cct ions 

and AYO response arc presented as c,1,lc11 l;itcd on the basis of selected wells frorn 

t he Sout!L Arne and Dan Fields, Dan ish orth Sea and compared to field records. 

The two main vari ables to ttS<' for scisrn ic n·sponsc predict.ion awa.y fron1 t he well 

bore is depth of burial (cha nges in effect ive 1:,trcss) a.nd d-11wgcs in hydroca rboTt sat

Ul'at io11 (Fig. O). Three m,1.i11 modd )i 11 g tools a rc used for the rnodclli11g: J) Rod:. 

phys ics, 2) Saturatio11 rno<lelli 11 g and ~l) Co111pact io11 / d<•-cornpad ion modelling . 
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Dcco1 n pn.ct 

Dec) FWL = low Sw Hi h FWL = hi h Sw 

Compact 

Figure 0: Mai n varia,bles to in vestigate away from a well bore are 
changes in degree of corn paction , an<l changes in HC s/\.t uration. 
The lattc:r is obtaincc!cl through saturat ion height modelling via, 
the free wcttn level (FWL) 

2 

Rock physics tltcory is applied to obtain all nccci;sary parameters for t lw cornplcte 

set of elast ic parameters for t he applicat ion of Hw Zocppri t:-: equatious, Tlw chal

lenge is not only to predict the shear velocity, but also t,o accoun t for the changes 

in lluid content via applicat i.011 of t,he Gassrnm1n equation. Au approach aki11 to 

the one suggested fo r tl1c ~~kofisk Field by Walls et al. ( 1998) is a.ppliecl for th,: 

pred iction of changes in degr<'e of cornpa,d io n . 

Hydrocarbon saturatiou in North Sea Chalk is st.rongly aJf<'dC'd by ca,p illa,ry forces 

due to t it<~ small sea.le- of the porci-, c1.n d t ra,nsit ion iones i11 th<' onkr o[ 50 m arc not 

uncommon. F'or this reason, potent saturnt.ion moddli11g is needed in order crc,ite 

rC'alisti c input for the seismic model ling. We us<' saturation height models simi lar 

to the EQR modd (Engstr~m 1995), which have proV<'d robust for the predict ion of 
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sat uration profiles in Dan ish CILalk reservoirs. 

Compaction mod,·lli ng rdics 0 11 simple C'X po11ential decay o[ porosity with clcptli , 

where abnorrnal fluid prcssmcs are a.ccountcd for . A new set of co11 1JH1.ction pa

rameters is prcsentcJ. ' l'hc!:H! pitramctcrs arc based or1 a. study on the North Sea 

Ch,1,lk based on some 850 wells. T he pa1·a.mckrs ap pear to be sullicicnt,ly fi11c- t11 11ccl 

to allow fairly precise pred ictions of ab normal fl uid prcssurci,; from observed aver

age porosity. Based on this, the relat ive co11t ribu t ion to poros.ity preservat ion by 

abnonna.l flui d prcssnrc an<l early hydrncarbon invasion may be estimated . 

Some conclusions based on modell iug rci-m lts include: Reflectivity is correlat ing 

with porosity, acoustic impedance is more susceptible to porosity vari at ion than to 

hydrocarbon sa.tu ration, a.ml the poissou rat io may be! ra.tlwr sensi tive to hy<lroca.r

bo11 saturation. 

Introduction 

Zero offset seismic rcHponHc a.t ;1 wel l sit(~ may be readily nt()dcllcd provided reliable 

calil.n·ated sonic t1.11d density logs arc available. If shear velocity logs arc a.v:1.ila.blc 

ampli tude ve rsus offset (AYO) res ponse may also be modelled. Howevcr1 questions 

m ay Mis<' as to what cause changes in t}1c response away from the wdl site. This 

paper ckvdop mdlt0d8 for creat i11g forward models of the scisrn ic n:8ponsc away 

from the well site. T he rn odels an· developed l'oi- North Sea Chalk a nd applied to 

two wells : Rigs-2 and 1\11-1 Ox d ri lled in the South - Arne 1u1<l Dan fields respect ively 

(Fig. 1). The models are a.irncd at studying effects of hypothetical changes in 

degree of compaction and hydrocarbon satm;1,t ion a.way from a well bor<"!. We aim 

to use realistic saturat ion models, which makes it impossible to study changfls in 

compact ion withou t co11 cut-rc11 t, chang<>s in hydroca,rl.,on saturation. T his is bcca.usC' 

chalk reservoirs arc usually strongly nifccted by capilhHy fo rces which vary wit.It 

pornsit.y. However, this allows us to study n101·c realistic scenarios. 
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Pigun· ] : 'l'op Cli alk t ime structure map with loca,tions of wells and 
fields rcfrrrcd to in this paper. 

Compaction modelling 

Compaction modelling is done by apply ing em pirical compact.ion la.ws where ex

cess fluid prcsHu rc is accounted for in a simpli::;tic; way. T his approach is favoured 

over dete rministi c modelling, becaus<~ pressure dcvdopmnnt, is very ha rd to rnodd 

due to inh<' rcnt un certaint ies in th e geological dcvcloprnc11t of basinwidc hydr,wli c 

co1111 ecti vity. 

The goaJ of the compact ion modelli ng is l,o cak u latc poros ity logs as ,1, fun ct ion 

of chaugcs i11 burial clcp t.h a,nd / or cha.11 gcs in effective sLr<)S8 causG<l by cha nges in 

excess lluid prcss urG. 
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Basic a:-;surnpt,ions arc: 

• In tlw absC'ncc of ovrr- prcssuri 11g and early di agen<•sis, porosity decay follow:-; 

a simple· c·xponcutial law according t,o d<'pth. 

• Ocptlt is co11s iclcrccl a proxy fo r <•ffect ivC' stress in t.hc abscnr<' of ovc•rprcssurn. 

• Dev iations in porosity from t he aV<'ragC' function a rc due to very early d iagl' ll · 

cs i:-; or later ovcr-prrssuring for too t ight, ,tnd too porot1s in tervals r<:spcctivcly. 

• The overpressure as of today h as not. dissipated significantly sin ce onset: Ovcr

prc88lll'C "arrests" poro8ity as it is at the t ime of onset . 

• Very ti ght cha.lk has been cem ented s hortly aftrr burial, and fo ll ows a, lower 

porosity decay curve than standard (Thi s lrn,s howeve r p roved to be irrelevant 

for the cases studied here). 

T he basic approach follows t he origi11 a l proposit ion by Athy (19:J0) a,nd is detai led 

in e.g. Sclater and Christ ie (HJ80) and J ensen et al. (19811): 

,I. ,t... -a •.; 
'I'= 'I'll ' e ( I) 

where </>0 .is the smface porosity in fractio ns, z is dcpt,h of burial and a is the decay 

parameter. Some ['('i<-va.nt para.m<'ten; arc li sted in t1tble 1. This equation can be 

developed to allow corn!dion of t he layer thick ness as a fun ction of burial or change 

in effect ive stress and t hereby preserve rock mass (e.g. Sclntn and Christ ie I 080; 

Jensen d. aJ. H)8~ ). Howcvc·r, si11 ce we a.re in te rested in changes awa,y from a well 

site, aud not in what has happened t,o the succession a t the well site, we chose 11ot. 

to clrnngc thi ckness during our cornpaction/ dc-cornpi_tdion calculations except for 

the st\rn plc s ubsidence a11d porosity development curves show11 in Figs 3, 4, 5 and 6. 
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In the case of chalk Sclatcr a 11 cl Christie ( 1980) suggest values of 0. 7 for </>0 m1<.l 

0.0007 1 m- 1 for a. The· rf'ciprocal of the decay pararrwt.<'r , t.hc dr•c,"1._y lcm gt h ( r<:J uc

tio11 to 37% of surface porosity) is <'qua.l to I ~O '.!J rn. 'l'ltcsc values corrcspo11d to 

average normal pressured chalk , bu t a.re 11ot <.:011sistent with velocity data (Japsc11 

2000). A compaction trcn<l for Nort lt Sc,t d ti-tlk Wi-ts com;tructcd b_y t ra.11sfortniug the 

revised norinal velocity dcptl1 trend of Japsc11 ( 1998, 2000) into a porosity-dcpdL 

trcud. Tit<' uornral velocity depth trend for chalk wns based on i\.11 a.11alysis of data 

from 845 wells throughout tlw North Sc~ct Basin and 001' data and burial anomalies 

rdat iv' to the t rend were fou nd to agree with cst irnat,cs of crnsion ;dong the basin 

margins and with measured overpressure in the centre of the basin. T he: trcTl <l was 

transfonrwd into a porosity - depth tmnd by converting velocity to porosity via a 

co11 strncted velocity - porosity t rend fo r chalk ( Fig. 2) . T he velocity porosit,y 

t.rcn<l was est abli shcd a.s a second order polynomial !it t,o two scgmcnti-;: 

a. The rnoclificcl Hashi11 Sht rilrn1 an model for chalk with porosit ies in tlrn ra11gc 

frorn I 0% to 43% sugges ted by J a,pi-;cn d al (2000) and 

b . A straight li ne connecting the endpoint of segment a,, at 13% ( velocity 2720 

m/s) to t he pararnctcl's corrcsponcli11g to the crit ical porosity of chalk at 70% 

(velocity 1550 m/s). 

r/>u a I/ a. sou rce 

Ncogc11c 0.56 3.91 ~-04 2$60.2 
Pala.eogenc 0.71 5.108-0tJ HJ60.0 
Chalk :: < 768.2 0.70 5.50 1~-04 18 18.2 
Chalk z > 768.2 0.97 9.728-01 1029.3 

Table l : Compaction constants. 

The nonnal pressure chalk poros ity depth trend <lcrivc'<l thi s wa.y is apprnximatcd 

with a. bi-s<!grrwnt cxponc11tia.l tnodd as listed i11 'L'a.ble I . 
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Chalkporosity depth trends 
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Subsidence modelling of Aigs-2 
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Vig11rc: '.J: Modelled subsidence a.t the l{igs-2 well , South Arne Field 
(i;ce Fig. 1 for loca,tion); 

Subsidence modelling of M•10x 

3001-=======::::::::i~i:::========, 

-1200 

40 eo 100 

Figmc '1: MoJdlcd subsi<lc11cc· ,1,t the M-1 Ox well, Dau ~~iclcl. 
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RIGS-2: Modelled average porosity dovelopmenl through tlmt 

Pft~ lkolMI i:'o,mMIOfl 

r.-.""tlon 

20. '° IOCI 

Figure 0: Simplisti c porosity development model for th e Rigs-2 si te. 
O verprcssuriug an csb; porosity decay in the Palacogcne at ~ I O Ma, 
bu t 111odelli11g sugges ts that, HC effects a rrest pornsity decay i11 t he 
Chalk much earlie r. 

9 

Over-pressuring is assurnrd in depth in tervals where the porosity excce<ls the 

porosity cxprcted a.t the prcse11 t depth according to the uorma.l compa.c:tion trend. 

It is assumed that excess µore pressure has not dissipated n.t a.ll since onset . The clu 

rn,tiou of over-pn:ssurin g is the slwrtGst, possible with thi s assumptio11. This rrwthod 

is hereafter called "pressure prcscrvi11g <le-cornpa.ct io11 '' . An alternat ive approacl1 

woul<l be to ass ume tha t overpressure, and thus ab normal porosity, has bc·cn bui lcl

iHg up graduaJly since depos it ion, hcrcaft.cr rcforrc·J tons "gnu.lual p ressure build-up 

decorn pt1.ctio 11 ". The two assumptions may be considered a.s encl-members of poss i

bk actual scenarios , but rwiHwr ba11cllc:s t he case where higli cr overpressure i 11 t he 

[Hist has dissipa,tc<l to some· c·xt<·11 t. 
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Porosity development al M-I OX 

o.._ ___________________ ._..J 

20 "" 100 

Figure G: Simplist ic porosity dcvclopmcr1t rnodd for t he M- L0x site. 
Overpressuring a1T<!sb, poros ity decay at ~ 8 Ma, and H C effects arc 

apparently not important for Chalk porosity preservation. 

10 

Buria l gra,phs show rapid buri al ra.tcs o nly in the I cogc nc a,nd very modest bu ri 

a,l rates in Cretaceous Palacogcne times (Figs . 3 and 4). Relat ive t ra11qui lity 

1n Pala.eogcuc t ime:::,; ma.kcs it likely that possible earlier over-pressure may have 

di ss ipated aud present over- press ure· to be primarily c,wsc:d by ra.pid Ncogcne depo

sition. T lw obse rved excess pore pr<•ssu1·c is therefore assum ed to have init iate'<.! very 

late, and only few mi llion yca.rs before present. This is furt he r supported by the 

a,pparcnt co1-r<!spo11dc11cc bctwccu thickness of Ncogc11c deposits and magnitude of 

ovcq>rcssun: (Ja,pscn 2000) . The press ure preserving tie-compaction a pprox imation 

therefore seems to be t he best dwicc as t he short time a,va,ilablc reduces the prnblc m 

of modelling prcssm c <l h;sipa.t io11. 
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[ n the case of over-prcss u ri,11g1 the avcragf' presently observable porosi t,y ( <Pobs 

) in the iutcr val is higher t,lmn predicted by the stauda.rc.l porosity <.lc.:cay fu11 ctio11 

(equat ion 1). T he porosity is ass umed to be prcsNvccl since 011s<'t of over-pressuring. 

The exact <lcpth whc·n· 'Po&s is on th<' norn1al C:Olll].H-u:t.ion curve is given by: 

L - ( </>obs ) 
Zo&11 = - log ---;;:-

-a If'() 

(:2) 

where Zobs is t ltc depth where tlw uni t left the 11onnaJ com paction t rend, 011 thf' 

ba:,is of the followi ng equation, average burial anomalies ( Zuno) arc computed for each 

stra.t,ign-1.phic m1it where' effects of minor lithological is minimized by avNaging: 

I [ ( )] 
J l fPoba 

Zuno = - L Z - - Log -;:-
n -a 'l'O 

" 

(3) 

where ;; is present observation tlcpt lt anti n is t he nu mber of porosity log samples iu 

the interva l. 

During compact ion or dccompact io11 a, dc·ptlt shift (.6:: ) i:, imposed. The logged 

porosity is t llC'u changed under the assumption that each sample has <'a.eh their 

porosity depth t rends. For ea.eh sa,rnpl c in the porosity log a.11 indi vidual surfacf' 

porosity (~0,)is calculated according to: 

where z:,io = Zuno + I::,. :: is the depth shift a 11cl J::,.z is the co1npact ion/ clc-com paction 

val ue cxpn:si-wd ;i,s a depth shiJt . rt is noted tha t the s\lrfacc porosity is cmrcdc<l 

according to the depth where the avcra,ge porosity is on the normally prnssurcd depth 

trend, and not tlw present depth. This approach implies tha,t porosity cl<)V ia.tions 

01 1 the• log arc inherited from sur face co11<litio11 ,1,nd reflect. prim ary lithological a.11 d 

deposit ional differences. Diagcnet ic processes that may add mat,cria.l oJ ea.use local 

redist ribution of rn1:1,t.crial arn thus 11cglcc tcd. 

An cxmnplc of such <lcpth shifts is disrnss<·d below a rt <l shown in l·'ig. 12. 
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The buri al a.11ornal ics rna.y be di rectly co11 vcrt<•cl i11t.o a,11 <•stimatcd cxc:css pn•ss1m ' 

as this is t. hc' main muse for the porosity a nomaly (Japsc'n I 9D8). If thr ovc'r1n·css ur<' 

(.6p ) is assumed to l)(' caused by Neoge11c1 rapid deposit.i on (the burial anomaly), 

t,hcn it is c-qui vak1d to the dfect,ivc stress (r,) cxcrtc<l by tlii s col umn: 

(J = D..p = (p,. - ()br) ' 9 · Zuno (5) 

where g is the gravity tollst,aut. 11' dc:Hsit ic·s of t lw t'O<"k (p,. ) a11d brine (p,.,,. ) arc 

equal to 2000 a11<l 1 000Hg/rn\ then a, bmia.l anomaly of JOO rn is roughl y c·cpiiva.lc:nt 

to l MPa . 

Burial modelling of the Rigs-2 well s ite 

ln ordc-r t,o duciclat<· the condi t ions a.t the: R.i gs-2 well ba,ckstrip ping IL,tS been µcr

forrn cd. Depths and compaction panunrtcrs for this well arc li sted in table 3. The 

well encountered excess pressures ,1,t 1:300 in i 11 crcasi11 g to app. 7.4 MPa at 1600 m , 

J:2MPa at, 2G00 m, and 1,1.8 MPa, in the Chalk section (Table 2). l.11 our cases the 

burial a 11onrn.lics are calcu] a,tecl as givc11 in table 2 with parameters give11 in t.ablc :3. 

R igs-2 HuriaJ Approxim ate 0 bscrvat iom; 
a.n mrrnly ( rn ) Pressu re (fvl P;1) (M Pa) 

Hclow near base Torto11 ian 38] ~3 .8 
1:3c low top Au b no 7,3 
Below top Aceras 1180 11.8 
Cha.lk l65'1 Lo.5 

Tal>lc 2: Buri .. d a.nomalics i:t11 d excess Iluicl pressure for the Rigs-2 well. Ca.lc11fatc:d 

burial anomalies arc converted to over-pressure a,s tlcscri l,cd i II the trxt. 
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The Hubi;idc'ncc gra,ph c,1,lc11latrd t,hiH wa.y (Fig. '.3) diHpla,ys moc.fora,tc• bmi,d rates 

un t il a.pp roximatrly I G la. b. p. , wh<'r<' a. co11Hidcra.blc i11crca.se is 11 oted. At approx

imately 10 Ma. b.p. porosit y is a.tTcstcd in t.hc Pala<'oge·11<' due· to over-pressuri ng 

(Fig. 5) . Porosity i11 t he Chalk is moJc·lh)d to be ;1rrcstcd rnucl1 earlic•r which r<'flc-ct. 

ca.rly hy<lroca,rbon invasion rather I ha.n over-pressuring. A si111i la.r rno<ldlcd porosity 

development for t he M- IOx sliows 110 c);.1.rlic·r n·ssa.t. io11 ol' porosity decay iu the chalk 

reflect i11g lat.c·r hyd rocarbon cha.rgi ng of Uw Dan Fidel as corn p,1.rcd to the SoutlL 

Arne Field (F ig. 6) . 

Rock unit Base unit Base un it Surface porosity Dcca.y length 
'!'WT Sec. rn . b.rn .s.l. <Po rn . 1/a 

Qu,1.tcrnary II c1 1153.fi 0.5fi 2[>60 .1 6 
Piaccn~ian lLa. 7~M.0 0.56 2560.16 
Za.11 d ean 11a 809.'1 0.5G 2560. 16 
Mes:sini a.11 11a 902.4 0.36 2560.16 
Tortonian 1.430 1,111.63 0 . .:i6 2560.16 
Aub 1.80,'j 1772.'I 0. 7 l 1960.02 
Accr,18 2.70,j 271IS.6 0.7 1 H)60.02 
8kofisk Pm. 2. 7111 2796.1 0.968 1029.34 
Tor F'rn. 2. 7(i(i 2s2q.1 0.9GS I 029.3~ 

Table 3: Depths and compaction consta.nts for the l{igs-2 well. Note that this 

li sting mode means tha.l for iushincc 'l'op UlrnJk is a,t. 2.705 sec. 

The observed pressure in the H.igs-2 well is, however, about 10% lower tluw the 

est imate based on porosity observations. ff t.he a.nornalous high porosity in the 

well is attributed to other fac tors than over-pressuring, t hen t l!is other effect rnay 

be cont ributing with 10 % compared to pressures. This other effect may be early 

hydroca,rbon in vasion, which frequently ha,s bccTI i-; 11ggcstcd as a. c;ws<: for poros ity 

prcscrvatio11 above norma.l (e.g. Bramwell et. a.l. I !~98) . 

fn the (>ntral Graben in general thr•rc sce~m to be• roughly the s;1n1 c <!xc·c:ss pn~s:s11n: 

i11 the water wncs ol' the lower Pn,la<'og<'n<' sc·ct io11 and the CltaJ k. As seen i11 ta.blc 

2, the calculated excess pressure for the chalk is cxcc<·ui 11g the Low<'r Palacogc11c 

press ure by 3.7 ~1[ f> ;-1, a,nd obscrvc•d prcssmc Jiffc:rrn1cc is 2.8 MPa .. 0 11ly 0.74 MPa. 

oft.his differr11 cc is attributable to a direct press ure rffcct from t he hy<lroca.rbons, 

so the pressure iucrr•a.sf' i ll t he chalk suggests la.tcra,l support from deeper levels. 
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Within th<' ch,\,lk 1\, diffcre11cc of 0.9 MPa is seen between observed a11d calcula,tc,d 

excess pn~ss ure. lt is therefore rst,irnc1,t<,d tl1r1t the ab normally high porosity is <lu c to 

a cornbi11 ation of overpressure and preserving eff<.:dr:. of the i11 va<led hydroni,rbons. 

It may bC' rn,t irnaf'c,d that. r;-tpid N('()grn1c deposit ion contributes with 12 MPa, the 

hydrocarbon c:011111111 constri bu tcs wi th 0.7~ MPa am.I littcrnl pressure sup port con

tributes 2 MPa, t,o the obscrv<~d pressures a11d porosity pr·escrvation. Thr porosity 

preservation owing to the prci-,e11cc of hydrocarbons cou ld have bcc1i rcp la.ced by 

only a, furt,lwr ~ 2 MPa.. 

Saturation modelling 

la order to model the saturation rc'a.listica.lly, the st rong capillary dl'ccts in t he chalk 

must b< '. ta,ke11 in to account. We ap ply the satu ra,tio11 hcigl1t, model clcvclopc<l by 

Hess (2001 ). In thi s method tlw :;a,t ura,tion is calculated dircct.ly from HH: capilla ry 

pressure (1', ) and t he capilla ry entry pressure ( Pee ): 

Sw = (6) 

where A and H a. re given by : 

(7) 

R = 0. JO + U)5 · <P 

where efi i8 the porosity (in fract ions) . Constants c1 and G-i d iffers for t he Tor and 

Ekofisk formations as gi vcn in table 11. 
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T he ca,pilla,ry cnt.ry prcss 111'<' is givc' n Ly a11 equation of the form: 

I ) _ C , ,J..C4 
cc - ;J If/ (8) 

whC'rc cons t.a.11ts C;J and c1 ;u·<' di fferent for th<' Tor i:tnd l~kofisk l•'onnations as gi vcn 

i 11 table tl. 

ronna.tio11 C1 (;2 C:3 C,i 

~kofisk -0.75 2.70 7.5 -1.2 
Tor - 1. 10 11.35 7.0 -0.7 

Ta,bk 4: Constants for the satm a.tion lwigltt model. 

The capillary pressure is obtained from the height a.Love free water level (FW /,): 

1'c = (PW L - z) · 6.p · Cap 

where z is the c.lcpt.h, 6.p is the pressure! gradient <lilforcncC' Lctwee11 oil and water , 

aml Gap is the convcn;ion factor of intcrfacial tcnsio11 i11 t he Hg/air system to the 

oil/w11,ter system at reservoir condi t ions. 111 the case of the Rigs-2 wdl the following 

va.lucs fo r the para.meters a.re assumed: 

6.p ;;;;;; 0. 1827Mi/ f t = 0.0413bar-/m (JO) 

( ' c,Co.s00 w 28 
; (1,7) = ---- = 367 = 0.07() 

aC osO 1/g/"il' 
( 11) 

These pn.ra.metc-rs produce n.n a.cceptn.ble fit to observed Sw, if a PW Lat :.2900 m 

{b.m.s.l.) is assumed (Fig. 7). During ntodclling of seismic response to changes in 

hydrocarb011 saturat ion (Sw), the above saturation height model is appli ed. Changes 

in S'w can occm in tlte model by imposing changes in l•' W IJ, such t li n.t realisti c ver

t icn,l differences in Sw a,rc ca.lculatcc.l. If alternatively the model is aimed a.t studying 

cha11gcs in compacti011 thC' abov<' satura.t ion height model will automa.tka.lly i m pmw 

8w changes due to t h<' porosity <l<)pcndct1c_v. 
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Well rigs-2, kb= 36.6 

2770. 

2820, 

.1-- ---=::=.ar.-._..- +.,?--f ~-F----+---,._..s::=------l-..;;;,;=-,-,....,,,=-:=l'opc,. Knoll (2829.1) 

"\ 
2870, L-~~-----'~-....... --? ....... _ ............................... ..-.......................... -.-...... -.-...-

1.5 2,5 60, 

RHOb 

160, 26<0.0 0.4 0 .8 0.0 
DTS(us/f] 
DTP[us/1) Phi 

F igure 7: l{igs-2 Log <l,iL,1,. 

0.4 0.8 
Sw (modtl) 

Sw(log) 
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Rock Physics and Fluid substitution 

We es timate elastic properti es a11d changes thereof in the chalk a,'l a. conse<7 uc·nn' 

of drn,Hges i II hy<lroca.rboll sa turatiou and degree of compaction, Th<· rd1itio11ships 

for elast ic modu li and veloci ty vers us porosity arc described using modified Hashin 

Shtrikn1an bounds and Gass rnan11 's relations i11 ,rn approach sim ila,r to the one 

suggested by Wa,11s et al (1998) . 

Fluid substitution 

We assume the low-frequency theory for 1luid substitu tion by Gass111ar111 {1951) to 

be Julfillcd fo r elas t ic measurnmcnts witl1 log tools. Lt is t hus ass umed that the chalk 

is sufficient ly perrneaolc to aJlow pore Iluid prc's!rn res to cc1ui li b r,1te insta ntaneously 

when sotrnd waves propagates through the rock. This is not fulfilled for isolates pores 

and low pr.rmmbility rocks at l1i gh fn:qu <!ncy1 bn t will .:1,ntoma,tically be folfi lled for 

seismic data if C assmanu 's theory appli es to log da t a. The Cassmann theory g ives 

the following rclationsliip between rock moduli : 

( 12) 

and G s,1t = G,1r 11 where J,'.a ,. 11 ,Kst1t , Ko and K11 arc bulk mod uli of th<' dry rock, 

t he S,th1ratcd rock, t he min e ral components and t he pore Huid res pectively, G aat 

and G dry a.re shear modu li of the saturated and dry rock rcspccti vcly and </> is the 

porosity. Bulk and s hea r moduli a.re related to rr.corded com pressional velocity ( Vp), 

shear vclocit,y (11;; ) and density (p ) acrnrdiug to: 

l{ = p(V/- i V.,2 ) ( L3) 

a11d 

We apply t hi s theory for substituting 011 c fluid with anoth<·r, 1n which <.:a.s<' the 

Ga.ssma.11tL forn 1ula. c a,11 be develop to: 

whcrn 

and 

1"o ·A 
f{sat2 = ---

1 + A 

l{/1 1 j{ Jl2 

</>(Ko - K11L) + </>(l<o - I<11i ) 

( 14) 

where subscripts sot I <1.nd .rnt2 refer to the saturated rock before and after subst i

t,utio11. 
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Fluid propcrti<'s (su bscri pts .flJ and fl'2) n.rn c;,dculatcd frolll tltc properties ol' 

forn1 a.t ion watc1· and hydrocarbom; using Reuss type flu id rn ixtu rc>s : 
, I 

I, I I = S' / / • ( S' ) / J , , W \ w + l - , W ' he 
( J 5) 

where Sw is the water sa.tura.t io11 , ,1.11 d subscripts w 11,nd he refer to water a.nd 

hydrocar bon components rcspcctivdy. T his form ula. a.ssurncs tha.l tlw two fluids a.re 

pcrfoct ly mixed considering the influc11 c<· 0 11 wave propa.g,.1,t ion, which cle1><'11d on 

frcqum1c:y. Lauor;.i tory cxpcrimeut.s show that thi s assumpt ion fo·st bcgi11 to fail at. 

ult rasonic frequencies (Fabricius et a l. , t.11is report; l\llavco and Japsen, this report). 

T he consequence of the l:lcuss formulation is that the W<'ak/softcr !lui J. com ponent 

will dominate the overall ;u;oust ic response such that sm,dl liydrocarbo11 saturatio11s 

will lrn.ve a large effect. 

Effects of compaction/ decompation 

Changes in rock modu li rcsulti11g from cha.ngcs i11 poros ity arc cakulatccl 011 the 

basiH oI a modified 1-1 ashi11 Sht ri kman model similar to the On<' proposed by \~.l,1,lls 

et a.I. (1998) fo r t~kolisk Field data. 1'hc model <lcscribcs how bulk and s ltca.r moduli 

d umge with porosity iu an interval between :,,;ero porm,ity and a max imum poros ity 

(<l>ma:c ) encompassing the v1-l.l' iat io11 i11 t he a.vaila.bk dc:ita set . Data arc allowed to 

var_y between the mo<lificd upper Hashiri Shtrikrnau (fv(UHS) according to: 

l ·Ufl .'J _ [__jj</>mu.c + I -<f>/ef>m11:c ] - I _ !a, 
\ c f f - J , ~ C' J, + <I C' ,, - 0 

\ 1-im + 3 ·' 0 \ o :.s O •J 

(J6) 

c~J? = [ f I <l>rrrn~ + I - </> I fPma:c ] - I - Zo 
( , 1im + Zo Go+ Zo 

when : 
'7 _ Go 9f<o + SGu 
h'u - 6 I ' ')G ' o + ~ 1 0 

w n cspo11di11g to the prci;u rna.bly stiffest possible va.ridy, where the subscri pt lim 

refer to moduli at t lic· s<•lcctccl maximum porosit.y. T his set of equ a.tiom, ca.11 a.lso be 

developed fo r tlw lower bo11nd which, however, is <•qui vale 11 t to the simpler !{cuss 

avera.gc as may b<' dnv<'lop<'d from: 

( 17) 

Wli<' l'C 

j , ( cf>urn:c - if; + l - , ( <Pmui: -: <P) ) - I 
\ Jt = ,, 

<f>mu.c · I, /im (/)mt1:r; · Ao 
The upper bound dcso ipt ion is applied du ring clta.11gcs in porosity, wlt<~re strati-

grn.phical prop(~rty differences arc accommodated through a.<lj ust rn c11ts of the end 

members (!{0 and /{lim) . During deco11tpacti o11 ttw porosity may exceed <Pmu,; 111 

which case the [11rthcr change is set to follow t lw lower ( Reuss) bo1111 d. 
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Seismic model 

We obtain i ero offset scisrnic scct io11 s a11d AVO gathc·rs based Oil t he 1110<.ldkd logs 

as described above. Zc•ro offHcl. synt lid ic data ;1,rc obtainc·d from the· rdlcctivity 

series tJrn,t arc calculaJc<l from t lte P-wavc velocity (11v) and clc11 sity (p) logs as given 

by equat ion 22, T his reflect ivity seri es is convolved witli a Ricker w<1,vdrt, A Kicker 

wa w•lct wi th a domi11a.t ing frpque ncy of 50 Hi was found to produce an acccptablc• 

rn atd1 to field d a.1,t, P-wavc rc•Ilcct ivi ty fo r offset gathers (R(0 )) is cakulatc<l 0 11 

the basis of first order reflectivity equations from the Zocpprit ?. equatio11 s as given 

by Spratt et al, ( 1993): 

where 

and 

R(0 ) = Rppo + ( Rppo - 2' Raso)Sin2
(-} + 0', 6,.p S'iri2 0 

/>a 

I 

2 

and Rppo and R,,o arc 7.ero offset reflect ion codfi c:icnts fo r P an d S-wavcs as givc11 

by cq11atio11 22. Pu is average dcmiity and 6,.p = p2 - p 1; the dcw;it.y d iffcrcm:c acro:;s 

the interface, 

Offset, calculat ions arc based on an assumed 2500m st ream er, which with fairly 

cot1 sta11t overburden vc:locit ics a.round 2000 tt1 /8cc will produce in cidence a ngles ( C➔) 

bdow 22.5° a t top chalk level. Rd ra,dion in t he cha lk overburden iH considc:rcd 

negligible due to ra.t her homogeneous velocit ies a nd is consequent ly disregarded. 

F'or s ta.Hda.rd analyses of amplitude versus offset (AYO) we apply the Shuey ( J985 

in Casta.ngna l 993) approxim ,i t ion: 

R (0 ) L> (A /:..> 6.u ) ,,. 20 l 6. Vp('! ' 20 ~,. 20) ( I<) pp - I ~ H ppO + 0 l.ppll + ( _ 2) 2 .') 1-/'L • l + , \I. ( I n, • I - ,') i7I • I [) 
1 0- 2 pa 

whcr<' 

Ao = Ho - 2 ( I + Ho) (
I - 2(J) 
I - c, 

(20) 
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and 

(2 1) 

a,nd the y,cro offset P-wa,V<' rrflcd.ivil.y ( Rppo ) is: 

R 
_ 1µ2 - l p 1 

ppo - J I 
p2 + p'l 

(22) 

where the impc<l,tncc is given by / P = VP· p. Substituting VP with V8 gives the S-wavo 

reficct. ivity R88o, a is the poisson ra.tio as given by: 

l(YE)2 _ t 
'2 v, O' = _.,..._ __ 

(YE)2- 1 
V, 

(23) 

The last term in cqua.t,ion 19 is dropped c\8 it is insign ilic1-wt. for rnodcra,tc angles oJ 

incidence~ (01). We 1..1:se the fi rst two te rm in <'qua.t io11 19 fo r the intercep t versu8 

slope plot,s given in Pigs xx and xx. We also use the poisson ratio (O" , equation 2:3) 

to crossplot wi th acoustic impccla,nco to illustrate effects of porosity and saturat ion 

cha11gcs . 
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Seismic model examples 

We exemplify modelling of n>rt1padion and H,i.t.urat ion changes wit h data. from t he 

H.igs-2 well, Sou tit Arne Field (Ta.bk 11 ). Seismic <'Xarnples a rc givc~n i11 t he appendi x. 

Input dat a to tlw n1odclli11g a.re logs, where key logs like' Vp, V8 , a11Cl density a.re 

restored to virgi11 condi t ions . D1w Lo a missing shallow resist ivity log, this restorat ion 

proved to be~ most reliabl y performed using rock physical calculatiorni as described 

in Japscn et al. ( this rrport) . This results in a n implicid self-consistency th a t, causes 

modelled prope rty changes calculated in this report to perform somewhat better 

than if restoration was based on shallow resisti vity dat a, (sec <li sc11ssion in Japscn et 

al. thi..<J 1·c1Hn·t) . 

Moduli of the fonnation componm1ts have been estimated during laboratory rnci-t

s urerncnts (hibrici us et al. this rn7J01·t) and a.re 1.istccl in Table 4 . 

Corn ponc 11 t Bulk MoJulus Shear ModuluH 1)()11 Sity 
f.: C fJ 

Calcite 71.0 30.0 2.71 
Si li c,1.tcs 2,5.0 9. 0 2.70 

lim : </> = 115 1.5 2.5 
Brine 2.96 0 1.035 
()j( 0.52 0 0.6:J3 

Ta.bk 5: Moduli c1.11d densit ies of format ion compo1w11t.s 
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To dcrnon strat.e t lw capabilit ic•i, of the modelling tools, two scenarios arc tes t.cc.I: 

a. Tltc free water level ii, changed l'rorn 2795 111 b.n1.s.l. ove r t he ideal 2900 lI1 to 

2990 i11 s teps of .j m corresponding to 40 cai,cs (or trac<'s) . 

b. The present cffc•ct ivc stn·ss i11 the chalk is drnnge<l corrcspo11cling to depth 

i;hift,s of -000 m to 900 in in steps of 30 m corresponding t.o 60 cases (or 

traces). 

Change in free water level 

A r,tn gc of synthetic scismogntm s a.r<: mo<lc:llcd by only changing the free water level 

and via. saturat ion he ight mode lling cha11 ge t.hc {lu id composit ion. T he rn11 gc is from 

2795 m to 2990 m . b. s.l. w rres pondi ng to a change from I 00% water sa.t,ura.tion to 

a pproximately irreducible water satura tion ( Fig. 8. 'l'ho best fit ~"'WL rel at ive 

to logged Sw is in the m iddle of t hi s r..inge, so max illlum modelled liydroca,rbon 

saturat ion far exceeds ob8crvcd s,1.t uratio ns. 

A set. of plots i ll ustrati ng poi sson ratio versus c1,cou8tic impedance Hhows th;1,t Sw 

changes a ffects both of thc8c propert ies ( ~' ig . J 0). However, it is clear that a,coust ic 

impedan ce is more: Hensitivc to pornsity changes, tlrn,n to saturation changes whe reas 

the poisson rat io is more susceptible to sa,turaJ,ion changes. These tendencies wo uld 

be more a.mpli[icd if gas was used rath<'r t li a n oi l i,1 the rnodcll i11 g, a.ml acoustic 

impedance effects from saturation dtanges would bccot11c n1orc significant. Abo is 

t,hc poisson ratio 11 becoming more sensitive to saturati011 with incrca,s ing porosity. 

Another inkrcsting effect is seen 011 the Top Ch alk and Top Tor reflectors (a.t 2.7111 

8cc; tab le 3; Fig. 9). The Top Tor reflector is ch..iractcri sed by clownwa,rd decreasing 

im pedance. lt is s<~c11 t h,1t the ampli t ude of thi s reflector increases a brup tly (more 

negative) as oil cntcrn the fonnat io11. As PW l deepens (sat urations increa.Hcs) it 

gains ampli t ude un ti l low to moderate oil saturat iom;. F'rorn modna.t.c to high o il 

saturation it slowly clccrec1,sc a.ga,in. This is a consequence of t li c satu ration height 

rnodd, which caus<'s Tor ~'orrna.tion hydrocarbon sa.t,ur,ttion to irr crease fa,H tcr tha.n in 

the Ekofisk forrna tion iu i,pi te of l()wcr capillary prc8SUl'C8 at low overall hydrocarbon 

saturation. This is a co11 sc'quc•11cc of lower capill a ry entry press mes in tltc Tor 

Format ion. 

T he 'l'op C halk reflector is also affected Ly increasing oil saturation ( Fig. !}). Tt 

is seen to loose am plitude· wit h i11 crcasi11 g oil sa.t urat ion , a,ml at saturat ions sligl1 t ly 

higher tha,n observed in the well , a revcrsaJ is predicted. 



Modelling seiswic rcspo11se 

Saturntion 

--·· - ••·•O 
- 00 -00 

- •• ·OO 
01 ,08 

01 · 01 

07 •07 

oe -0.1 

• •••o• • ••-o• 
• ••-o• · •··•· - O• •O• 
• • , .o, •. , .. , 
. .. . o, •.... , •. , .. , •. , .. , --·· 
9w 
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Poisson ratio versus Acoustic imped~nct: Porosity effects 
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AVO; Slopt · lnteroopt 

Gradient 

~' igurc 11: Slope (a.ft.<T Shuey l!J85) versus inkn:cpt for sat urat ion 
change m odels . Cha.lk inte rva.l 0 11 ly. 
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Change in effective stress 

The cornpactio11 / dc-compac:t io11 CX<'rt isc is ill u:st ratcd wit h t he porosity logs shown 

in (Pig. J 2) . A11 intcrest,ing effect, is that the varabilit_y in tJw porosity tr,1,c:cs is 

a.mpliGcd during <lc·-rompactio11 , a,11<l sul.H.luc<l <luring c·om1Hu.:t io11 wltich is i11 ac

cordance with observalions i11 se ism ic data (e.g. Rri t;1,o et al. 2000). Modc:lling 

a change i11 clfcct ivc stn:ss incvita.bly resu lts in saJ,urn.tio11 cha.11 ges sud 1 that less 

porosity means higher water saturation . This relationship can be seen to be almost 

cx poncnt. ia,l (Fig. 12). 

The synthetic: porosity and Sw logs also show Urnt tbc observed Sw is close r to 

irred ucible wa.tcr saturation i11 tltc 'I'or Format ion than in the 8 kofisk Porrnat,ion in 

spite• of lown capillary pressures in Tor. T hi s is seen from the fact t,lrn.t ;ir1 on ly 

negligible reduction in S w occurs i11 t he T'or although porosity is alm.ost doubled 

d uring dccompat ion . The Sw reduction during de-compaction iu Ekofisk is more 

co11 spic11ous. During c:ornpactio11 t his d iffc!rt C(!S, which originates from e11try press ure 

cliffcrcn<:G ', i:;; fu rth<·r a,rnplifod. 
Another intc rc~st ing observation is t ha.t t1,mplitudes on t he porosity log (as well 

as t ltc saturation log) 01.rc increased du ri ng dccornp,it ion a11d subdued d11 ri 11g com

pact ion. This is a. co11scquc11 cc of the <lcsig11 of the corn pactio11 /dc-compact ion 

model. This effect causes amplitude changes in the seism ic 1Hodcl and co1Tc•spoucls 

to geueral seism ic observations i11 the Ch alk ( Brit:te et al. 2000). 
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i 

r .__ ________ ___, 

Pigurc l 2: Depth shift oft he Ri gs-2 well. "light panel shows log t races 
concsponcliug to dccornpact ion in blcick and compact ion in gn:cn. 
Correspo11ding satm a.t ion changes resulting from pornsity dmr1gcs a rc 
i:.hown to t he ldt i11 t lic :;arne colours. 
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Poisson ratio V&<$U8 acoustic Impedance: Porosity effects 
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Fig Al : Zero-offset uaccs based on original log data (no FWL or compaction changes) shown as 6 central 
traces. Traces to the right and lcfi are field data. 
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Elastic moduli of chalk as a reflection of porosity, sorting, and irreducible water saturation 
Ida/,. Fabricius"', 'l 'echnlcal University of DenflWrk, Gary Mavko, Stanford Unlver.,·ity, Chris/ fan Mo1;1msen, 
@degaard Al.5, and Peter Japsen, Geological Survey of Denmark and Greenland (GE US). 

Summa1-y 

We studied elastic moduli for oil -bearing chalk by inter
preting logging data from th ree wells in the South Ame 
fteld , Danish North Sen. We assumed n water-wet chalk 
and that water saturation is irreducible because the water 
saturation does not increase with depth, so that water 
saturation renects the si ✓.e or particle-pore illlcrfacc and 
amount of particle contacts. Wmer saturation may thus be 
regarded as n measure or clay content and particle sort ing, 
Over a ver1icnl interval of 150 m, compaction causes 
porosity to decrease wi th depth and concurrent sti lTening 
causes elastic moduli to increase. Chalk of good sorting 
compacts and gradually stiffens at high porosities, whereas 
chalk of poor sorting compacts and stiffens at relatively low 
porosities. 

l11troducclon 

Clay-bearing sandstones tend to have lower elastic modul i 
for a given porosity than clean sandstone (Dvorkin et al . 
2002). We look for equivalent effects of clay in chalk, and 
studied logging data from three wells each penetrating 
vertical sections or c. 80 m chalk or Cretnceous and 
P.aleogene age from thti South Arne oi l field in the Danish 
North Sea (Mackertich and Goulding, 1999), Kaolinite is a 
typical clay mineral in this field so we expect that the 
natural gamma log is a poor indicator of clay. The logged 
chalk intervals are oil-bearing and because the water 
saturation does 1101 increase with depth, we assume that the 
wntcr saturation is irreducible in the cntiro dopth interval, 
although it varies between less th:u1 5% and more th:u1 
90%. Note that high irreducible water saturations are not 
uncommen in clay-bearing chalk. 

In a water-wet chalk, the water phase covers pore walls and 
pile up in pore comers. The irreducible wntcr saturation is 
then a refl ection of the s11.e or the interface between solid 
and pores and the number of particle contacts. These 
properties depend on clay content and sorting, We will thus 
use the water saturation as a proxy for sorting imd study the 
influence of sorting (clay content) on elastic modul i by 
comparing the modulus-porosi ty relationships of chalk with 
di ITerent water saturation. 

Method 

Porosity and water saturation of the three wells were 
calculated from logs by standard practice. Acoustic P-wave 
velocities, v.,, and shear wave veloci ties, v8, as well as 
densities, rho, were assumed to represent the zone near the 
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Figure I: Elastic bounds for P-wavc modulus. M. of calcite -water 
mixtmcs: A lower, Reuss bound, corresponds to 1111 solid in 
suspension (Reuss. 1929): a MUHS (Modified Upper H11shin
Shtrikma11) bound. corresponds lo densest packing of particles, for 
n critical porosily of 70% {Nur Cl al. 1998). The space between 
these bounds contains a series of lr (iso-frame) curves, 
rcprcscming MUHS bounds for mixtures of a consmnt ratio (IF) of 
1he mineral In 1hc solid frame wi11\ 1hc remaining pan of the 
mineral in aqueous suspension (fnbricius. 2002). 
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Figure 2; Elastlc bounds for shear modulus. G. of ca lcite - water 
mixtures versus porosi 1y, cqu iv:1 tcnt 10 those shown i 11 Figure I. 
The sheur modulus bounds give a good scp,1111tion between IF 
curves lit low porosities. 

well bore invaded by mud filtrate. P-wave modulus, M, and 
shear modulus, G, were calculated accordingly: 

M = rho • v.,2 

G = rho • vs2 
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Figure 4: P-wavc modulus. M. and shear modulus. G. versus porosity for chalk with 20% -40% wuter saturatiom (Sw). Al l dma arc substituccd 10 
a reference brine al reservoir conditions using Oassmanns equations. The log datu represent a vertical depth interv:11 of 140 m. l.ight dots ore fron1 
chc upper 70 m of the intervnl. dark dots rrorn the lower 70 rn. Occp snmplcs cend 10 have higher IF value 1lu111 slu1llowcr. Oma pass from IF 0. 7 
10 fF 0.8 Ill around 28% poroshy. 

In order to study how the sol id phase controls the elastic 
moduli , all data were substituted mathematically to 
represent one pore saturating reference brine by using 
GassmMns relations as ci ted in Mnvko et al. ( 199!!). 

TI1e resulting M Md O data were compared to modelcd 
elastic bounds for mixtures of calcite and brine. The model 
involves definition of iso-frame (IF) curves of equal indu
ration (Figures I and 2}. The advantage of using IF 11alues 
is that they describe high induration even at a high porosity 
where elastic moduli are modest, and low induration at low 
porosities and relatively high elastic moduli. 

P-wave modulus and shear modulus were chosen rather 
than bulk modulus for two reasons: 1) Vs and Vp are used to 

calculate shear modulus respeclively P-wave modulus 
independently, whereas shear and P-wnve data are 
combined when calculating bulk modulus. 2) Bulk modulus 
tend 10 have narrower bounds, which may be useful for 
prediction of modulus from porosity, but is less beneficial 
when we want to study the effect of li thology by using IF
curves, where a good separation between IF-curves is 
desirable. 

Resulls and discussion 

Daca from the three wells were combined into one data set 
where vertical depth ranges over a 150 m interval. All 
resulling data were separated into five groups representing 
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20% water saturation intervals (Figures 3 • 7). In each of 
these groups. samples from the shallowest half of the 
involved depth interval were compared to data from the 
deepest half(cicccpt for the small group of highly water 
saturated samples) in order to detect possible effects related 
to depth-dependent compaction. In all soturatlon lnt.crvals, 
data from the deepest interval tend to have lower porosities 
nnd higher moduli , or rather higher IF-values than data 
from the shallowest interval. This is probably the effect of 
compaction. 

For high porosities and shallow depths al l data tend to fall 
close 10 the IF 0.7 curve whereas they increase to around IF 
0.8 for low porosities nnd deeper depth. The dain reaches IF 
0.8 at din'crent porosities as a refl ection of water saturation 

(soning or clay content): at c. 35% porosity for the samples 
wi th lowest water saturation (low clay content) down to c. 
14% porosity for the samples wilh highest water saturation 
(high clay conlent) (Figures 3 - 7). 

This rcsul t is to be expected because poorly sorted 
sediments will have lower porosity at a given burial stress 
than well sorted sedim\lnts. Low porosity clay-rich chalk 
may thus have higher elastic moduli than a well sorted 
porous chalk The t,vo sediments may still have Lhe same IF 
value if buried to the same elTective depth, so that they are 
subject to similar burial stress. An opposite eITect would 
have been seen if an increasing water saturation reflected a 
transi1ion zone with increasing degree of ccmcnu11ion. 
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Conclusions 

Elastic modul i for the chalk of three oil wells were 
compared by using logging data, and by assuming that the 
acoustic logs and the densi ty log represent the zone invaded 
by filtrate from the dri lling mud. We did mathematical 
substitution to one pore nuid by using Gassmanns 
equations. We assume the water saturation in lhe lhree 
wells to be irreducible. Water saturation varies between less 
than 5% to more than 90%. probably as a rc0cction of 
sorting (clay content) 

• We can describe tho indumtion of chalk by comparing 
measured elastic modul i to those predicted from the 
iso-fran1e (IF) model of Fabricius (2002) involving 
modified upper Hashin-Shtrikmann bounds for 
mixtures of a constant proportion of the calci te in the 
sol id frame and the remaining calcite in aqueous 
suspension. 

• Depth-wise, the elastic moduli of chalk approaches the 
values of solid frame and obtain higher IP val uc. 

• Chalk with low (irreduci ble) water saturation is 
regarded to be well sorted and indurates al relatively 
high porosi ly. 

• Chalk with high (irreducible) water saturation is 
regarded to be poorly sorted and indurates al relati vely 
low porosity. 

• A trend relating porosity and induration shiOs from 
higher porosities to lower as (i rreducible) water 
saturation increases, and thus in the opposite direction 
from what should be expected from an effect of pore 
0uid or of saturation related cementalion. The effect 
thus probably is directly related 10 sorting and clay 
content. 
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In impure chalk the elastic moduli is not only controlled by porosity, but also·by cementation 
resulting in relatively large moduli and by admixtures of clay and fine silica which results in 
relatively small moduli. Based on a concept of framebuilding contra suspended solids, we 
model P-wave and S-wavc moduli of dry and wet plug samples by one effective medium 
model using chemical, mineralogical and textural input. The model is a Modified Upper 
Hash in Shtrikman model assuming a critical porosity of 70%. The textural and mineralogical 
data may potentially be assessed from logging data on spectral gamma radiation and water 
saturations in a hydr~carbon zone. 
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Figure 1. P-wave and S-wave moduli of 1 ½ inch plug samples. Dry samples were left to equilibrate 
with atmospheric air at room conditons and contain up to 34% water. Wet samples have salt water 
saturations down to 92%, where low permeability prevented total saturation. 
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Figure 3. Model of sample composition based on chemical, mineralogical, and petrographic data. 
Based on Image analysis the components are split into solid frame-supporting and loose "suspended" 
fractions by an IF model (see Fig. 2). Wet chemical analysis was done on carbonate fraction and on 
residue, X-ray diffractometry on bulk samples and on residue. Petrography was done in light 
microscope on thin sections and by backscatter electron microscopy of polished sections combined 
with energy dispersive rnicroprobe analysis of single mineral grains. Petrographic Image analysis was 
done on electron micrographs by the free software UTHSCASA Image Tool. The content of large 
grains was determined on images measuring 333 by 333 microns. Large grains are here defined as 
being more than 2 microns In cross section. Large kaolinte and large quartz occur as massive clasts, 
for simplicity feldspar is counted as quartz. Large calcite is bloclasts or areas fused by cementation, 
for simplicity zoned dolomite/ankerite crystals are counted as calcite. Pyrite is sporadic and 
disregarded. Suspended kaolinite, smectite and quartz occur as highly porous pore filling material of 
submicron size crystals. Small calcite crystals were modeled as solid or suspended on the basis of 
specific perimeter measured on 33 by 33 micron images according to the procedure of Borre et al. 
(1997). 

Conclusions • 
Elastic P-wave and S-wave moduli of impure chalk can be modeled from the mineralogical 
and textural composition of the solid phase as well as the pore fluid composition. In the 
studied samples, the elastic moduli are increasing smoothly with decreasing porosity in the 
porosity interval 45% to 25% representing relatively pure chalk with little cement. Calcite 
cemented samples from the deepest part of the section have porosities around 20% and 
relatively high elastic moduli, whereas clay and quartz rich samples from the upper part of the 
section have porosities below 20% and relatively low elastic moduli. 

The model is the same for S- and P- waves for dry as well as wet samples. 

In accordance with petrographic data, a part of the solid is modeled as suspended in the pore 
fluids. This suspension is then modeled as the soft component in a stiff frame composed of 
the remaining solid according to a Modified Upper Hashin Shtrikman bound under 
assumption of a critical porosity of 70%. 
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In impure chalk the elastic moduli is not only controlled by porosity, but also by cementation 
resulting in relatively large moduli and by admixtures of clay and fine si lica which results in 
relatively small moduli. Based on a concept of framebui lding contra suspended solids, we 
model P-wave and S-wave moduli of dry and wet plug samples by one effective medium 
model using chemical, mineralogical and textural input. The model is a Modified Upper 
Hash in Shtrikman model assuming a critical porosity of 70%. The textural and mineralogical 
data may potentially be assessed from logging data on spectral gamma radiation and water 
saturations in a hydrocarbon zone. 
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Figure 3. Model of sample composition based on chemical, mineralogical, and petrographic data. 
Based on image analysis the components are split into solid frame-supporting and loose "suspended'' 
fractions by an IF model (see Fig. 2). Wet chemical analysis was done on carbonate fraction and on 
residue, X-ray diffractometry on bulk samples and on residue. Petrography was done in light 
microscope on thin sections and by backscatter electron microscopy of polished sections combined 
with energy dispersive microprobe analysis of single mineral grains. Petrographic image analysis was 
done on electron micrographs by the free software UTHSCASA Image Tool. The content of large 
grains was determined on images measuring 333 by 333 microns. Large grains are here defined as 
being more than 2 microns In cross section. Large kaolinte and large quartz occur as massive clasts, 
for simplicity feldspar is counted as quartz. Large calcite is bioclasts or areas fused by cementation, 
for simplicity zoned dolomite/ankerite crystals are counted as calcite. Pyrite Is sporadic and 
disregarded. Suspended kaolinite, smectite and quartz occur as highly porous pore fill ing material of 
submicron size crystals. Small calcite crystals were modeled as solid or suspended on the basis of 
specific perimeter measured on 33 by 33 micron images according to the procedure of Borre et al. 
(1997). 

Conclusions • 
Elastic P-wave and S-wavc moduli of impure chalk can be modeled from the mineralogical 
and textural composition of the solid phase as well as the pore fluid composition. In the 
studied samples, the elastic moduli are increasing smoothly with decreasing porosity in the 
porosity interval 45% to 25% representing relatively pure chalk with little cement. Calcite 
cemented samples from the deepest part of the section have porosities around 20% and 
relatively high elastic moduli, whereas clay and quartz rich samples from the upper part of the 
section have porosities below 20% and relatively low elastic moduli. 

The model is the same for S- and P- waves for dry as well as wet samples. 

ln accordance with petrographic data, a part of the solid is modeled as suspended in the pore 
fluids. This suspension is then modeled as the soft component in a stiff frame composed of 
the remaining solid according to a Modified Upper 1-lashin Shtrikman bound under 
assumption of a critical porosity of 70%. 
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Summary 

Ultrasonic P- and S-velocities were measured for 34 chalk 
samples from the Ekofisk and Tor formations in the South 
Arno field, Nonh Sea. Vp and Vs correlate strongly with 
porosity for both dry and saturuted samples. Outlying val
ues arc found for three samples of the Ekofisk formation 
that rosaincd a hish water content after dryins, and this 
may be indicative ofa high clay content. 

The mean change in Vp and Vs from saturated 10 dry sam
ples is a drop of 0. 1 S km/s and an increase of 0.2 1 km/s, 
respectively, for 31 of the samples. These changes corre
spond to 62% of the drop in Vp predicted by Gassmann's 
relations, whero.,s the increase in Vs is 154% of that pre
dicted by Gassmann. The main reason for these deviations 
from Gassmann-theory is that the shear modulus in averase 
is 0.5 GPa hisher for the dry pluss than for the saturated 
plugs whereas Gassmann-thcory predicts the shear modulus 
to be unchanged by nuid content. However, 94% of the 
change in the bulk modulus is in average predicted by 
Oassmann's relations. The shear modulus is found to be 
constant when measured for two samples at satura ted and 
partly saturated conditions. The factors that cause the in
creased modul i of the dry samples is not understood, but 
further laboratory investigations arc under way. The acous
tic properties of the partly satu rated chalk can, however, be 
estimated by applying Gassmann's re lations to data for the 
saturated samples. 

lntt·oduction 

Understanding of nuid effects on the acoustic properties of 
sediments is a central issue for evaluating seismic data; e.g. 
amplitude versus offset techniques depend 011 the discrimi
nation of fluid content from variations in P- and S
velocities. Much research has been focused on describing 
these effects in sandstone, whereas few studies have been 
published on the rock physics of chalk. In the North Sea, 
chalk is an important reservoir rock and more information 
could probably be extracted from seismic data if funda
mental physical properties of chalk were better understood. 
We have thus measured P- and S-velocities on dry and 
water saturated chalk samples and compared these results 
to predictions based on Gassmann 's theory on the acoustic 
properties of porous rocks. 

Gassm1111n theO•'Y 

We can predict the elastic properties of the dry rock from 
dma for the water saturated rock usins Gassmann's rela
tions (sec Miwko et al. 1998): 

K,01(l!j.i.. + l - r/>) - K0 

Kdry c; = Ko•; ft K,., I ,I, ' G,,,, = Gd,y 
7<j, + Ko - - 'f' 

K•rll • effective bulk modulus of dry rock predicted from G11ss· 
1111111n 's relotions 

K,,. = clT'cct ivc bulk modulus of rock wiLh pore nuid 
Ko • bulk modulus of mineral nrnterinl 11111king up rock 
Kn = effective bulk modulus of1>orc nuid 
<, • porosity 
Gt1,y • cITce1ivc shear modulus of dry rock 
G.., • cffccLivc shear modulus of rock wi th pore nu id 

We can thus predict Kd,y-o from measured values of K,,,., 
G.n, and ~ with Ko=77 0 Pa for calcite and K11=2.25 GPa for 
water. p. and S-velocities for the dry rock, V1,,d'l"o and V s. 
dry-o, are expressed as: -------

Vp dry o = .J(Kdry a + G,a,)f P , VS - dry--0 - ,Jc ,o, f p , 

where p=(l-~}Psr is dry rock density [g/cm3]; pll" is meas
ured grain density for the rock. We can compare the Gass
mann predictions for the dry rock with data measured on 
dry rock samples (Kdry, Gdry, V1,,t1ry, V s-dry)· We can com
pute the measured dj[erence, 6P, between the value of any 
parameter, P, for the dry pluB, P.wy, and the corresponding 
w1lue for the saturated plug, P,.. : 

t1P • Pdry - Pw, 

and the predicted difference. 6P0, between the value pre
dicted for the dry plug, Pc1ry-o, and value measured for the 
saturated plugs: 

A/G = l',i,y r, - I''"' . 

The error in the prediction, E(P,1ry-o), of the dry condition 
becomes: 

F:(P,1ry n ) = Pr1ry n -Pdry · 

finally, we can calculate a 'G11ssmann Index ', lo [%) to 
describe to which degree we observe the change predicted 
by Gassmann-thcory by dividing the measured difference 
with predicted difference: 

l0 =6Pl 611i •l00 

provided that 6P0 is different from zero. A Gassmann In
dex may thus only be calculated for Yv, v. and K. 
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Figure I; Yp and V, versus porosity for 34 samples al wa1or saturated 1111d dry conditions (lcO and right, rcspcc1ivcly). Note the good correlation 
between velocity and parosity, npru-t from the out lying values for three Ekofisk samples (indicated with crosses), 

Data 

Ultrasonic measurements were carried out on 19 Ekofisk 
and 15 Tor Fonn:ition samplos from three wells on the 
South Arne field, North Sea (Mackertich & Goulding, 
1999). The measurements were made for both dry and wa
ter saturated samples, and both p. and S- velocities were 
determined at an effective confining pressure of 7,5 MPa 
corresponding to approximate reservoir conditions. To 
prevent over-dry conditions, the samples were kept at 
room-moisture for two months after being dryed at 110°C. 
Accurate readings of travel times were assured by applying 
an algorithm that identifies the maximum amplitude in the 
fi rst major loop of first arrival events. The maximum am• 
plitude was used rather than the first break because it is less 
affected by noise. 

Very good correlation is observed between velocity and 
porosity for both dry and saturated samples (Figure I), 
Three samples from the Ekofisk Formation have outlying 
values relative to these trends, These samples are charac
terized by having regained high water content after drying, 
and this may be indicative of high clay content 

To investigate the dependence of acoustic properties of 
chalk on fluid content, velocities were measured on two 
samples for water saturations at 0%, 25%, 50%, 75% and 
100%, The ultrasonic measurement were carried out on the 
samples at dry conditions, fo llowed by measurements on 
the fu lly saturated and subsequently on the samples during 
drainage. 
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Results 

Whereas Gassmann 's relations predict no dilTerencc be
tween the shear moduli for the dry and saturated rock, we 
observe that the shear modulus is higher for dry plugs than 
for saturated plugs (Figure 2), In average, the shear 
modulus for the dry samples is 0.5 GPa higher than those 
for the saturated samples (Table I; 31 samples excluding J 
outliers). Moreover, the difference is found to increase as 
porosity is reduced. 

On the contrary, we observe a decrease in the bulk modulus 
for the dry samples relative to saturated samples that is in 
the order of the decrease predicted by Gassmann theory. 
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Figure 3: DilTcrcncc between velocities for dry and saturated plugs 
versus porosi1y. DifTcrcncc between Gossrnonn-prediction of diy 
rock velocities (from wet measurement) und measured wet rock 
velocities, (upper figure). Measured diffcrcnco bctwcc11 dry and 
wet rock velocities (lower figure). 

The mean decrease in the bulk modulus is -5.1 GPa and this 
is as much as 94% of the predicted decrease. The mean 
error in predicting dry bulk modulus from saturated rock 
datn is - 0.3 GPa. 

The difference in Vs between dry and saturated plugs is 
predicted to be reduced with smaller porosities as the den• 
sity of the rock approaches the density of the matrix. How
ever. we observe a slightly increasing difference for the 
smaller porosities due to high values of the dry shear 
modulus (Figure 3). Correspondingly, the difference in V1, 

between dry and saturated plugs is less than predicted. This 
is due to the higher than expected values of both bulk and 
shear modulus for the dry samples. 
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We find mean errors of -0.08 and -0.07 km/s in the predic
tions ofVp and Ys for the dry samples based on data for the 
saturated samples. So where we expect Yr to decrease with 
a mean value of -0.23 km/s we observe only a drop of -0. l 5 
krn/s, whereas we expect Ys to increase with 0.14 km/s and 
observe 0. 21 km/s. Expressed as the ratio between the 
measured and the predicted difference we observe only 
62% of the drop in V" predicted by Gassmann, whereas the 
increase in Vs is 154% of that prcdictccl by Gassmann. TI1e 
main reason for these deviations from Gassmann-theory is 
that the shear modulus in average is 0,5 GPa higher for the 
dry plugs than for the saturntecl plugs whereas Gassnmnn 
predicts these values lo be equal. The bulk modulus in av
erage is 0. 3 GPa higher for the dry plugs than for the satu• 
rated plugs 

Velocities were measured on two samples for water satura
tions at 0, 25, 50, 75 and 100%, and the shear modulus for 
both samples was found to be about 0.5 GPa higher for the 
dry measurement than for the almost constant values meas
ured at non-zero saturations (Figure 4). High shear modulus 
is thus measured for the dry samples even though the sam
ples were lefl at room-moisture for two months to regain 
moisture equilibrium. 

1S 
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Figure 4: Shear modulus versus water saturation, Sw, for Lwo chalk 
samples. The shear modulus is almos t unnlTcctcd by Sw for non-
1.cro saturations, but increases by c. 0.5 0Pa for Sw• 0 relative to 
the non-1.cro s111urntions for both sornplcs. 1110 factors Lhnt cause 
the increased moduli of ~1 c dry s:unplcs is not understood, but 
further laborntory investigations ore under wny. 

Mean value., K C v,, Vs 
Predicted cliff., -HGPn 0 GPn -0.23 km/s 0.14k111/s 
/\Po 
Measured di fr. , -5. 1 GPa 0.5 GPa -0. 15 km/s Cl.21 km/s 
/\P 
ErTOr in prcdic• -0.3 GPa -0.5 GPa -0.08 km/s -0.07 km/s 
lion <P,, ...,,) 
Meas. d ilf ./ 94% . 62% 154% 
Prcd. difT .. lo 

Table I : Difference between parameters measured for 3 I dry nnd 
slllurntcd smnplcs. Comparison between Gassmann prediction of 
chy rock properties from measurements on saturntcd samples and 
measurements on dry samples. Outlying values for three samples 
arc not included (soc Figure I). 

Conclusions 

Gassmann's relations predict differences in ultrasonic ve
locities for dry and water saturated chalk samples quite 
well , and increased values of the dry rock moduli is the 
main cause of the difference between data and Gassmann 
theory. The shear modulus is constant for saturated and 
partly saturated samples. The factors that cause the in• 
creased moduli of the dry samples is not understood, but 
further laboratory investigations are under way. 

The fair agreement between ultrasonic measurements on 
chalk and Gassmann's relations 1s interesting because these 
relations are established for low frequonci8S, and because 
th is agreement is not always found for elastics. 11 is fre
quently assumed that Gassrnann should not be used for 
ultrasonics, because of velocity dispersion effects such as 
squirt dispersion due to microcracks and heterogeneity of 
pore stiffness. Maybe the relative applicabi lity of Gass
rnann observed here is related to the homogeneity of the 
chalk. 
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Modelling seismic response from North Sea Chalk reservoirs resulting from 
changes in burial depth and fluid saturation 
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Changes in seismic response caused by changes in degree of compaction and fluid content in 
North Sea Chalk reservoirs away from a well bore arc investigated by forward modell ing. The 
investigated seismic response encompasses reflectivity changes, A VO and acoustic 
impedance. Synthetic seismic sections, impedance cross sections and A VO response are 
presented as calculated on the basis of selected wells from the South Arne and Dan Fields, 
Danish North Sea and compared to field records. 
The two main variables to use for seismic response prediction away from the well bore is 
depth of burial ( changes in effective stress) and changes in hydrocarbon saturation. Three 
main modelling tools are used for the modelling: 1) Rock physics, 2) Saturation modelling 
and 3) Compaction/de-compaction modelling. 
Rock physics theory is applied to obtain all necessary parameters for the complete set of 
elastic parameters for the application of the Zoeppritz equations. The challenge is not only to 
predict the shear velocity, but also to account for the changes in fluid content via application 
of the Gassmann equation. An approach akin to the one suggested for the Ekotisk Field by 
Walls et al. ( 1998) is applied for the prediction of changes in degree of compaction. 
Hydrocarbon saturation in North Sea Chalk is strongly affected by capi llary forces due to the 
small scale of the pores and transition zones in the order of 50 mare not uncommon. For this 
reason, potent saturation modelling is needed in order create realistic input for the seismic 
modelling. We use the EQR and similar saturation models, which have proved robust for the 
prediction of saturation. profiles in Danish Chalk reservoi rs. 
Compaction modelling relies on simple exponential decay of porosity with depth, where 
abnormal fluid pressures are accounted for. A new set of compaction parameters is presented. 
These parameters are based on a study on the North Sea Chalk based on some 850 wells. The 
parameters appear to be sufficientl y fine-tuned to allow fai rly precise predictions of abnormal 
fluid pressures from observed average porosity. Based on this, the relative contribution to 
porosity preservation by abnormal fluid pressure and early hydrocarbon invasion may be 
estimated. 
Modelling results of value in the search for subtle traps include: Reflectivity is correlating 
with porosity, acoustic impedance is primarily reflecting porosity variation rather than 
hydrocarbon saturation, and the poisson ratio may be rather sensitive to hydrocarbon 
saturation. 

Walls, J. D., Dvorkin, J., and Smith, B. A. 1998: Modeling Seimic Velocity in Ekoftsk 
Chalk. 1998 SEG Expanded abstracts, 4 p. 
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Selection of samples 
Ida L. Fabricius, DTU and Christian H0jer, GEUS 

This note contains a brief description of the procedure applied in selecting twentyfour core 
samples from the Ekofisk Formation of the South Arne field. We also summarise existing data 
for the sampled material with respect to porosity, permeability, lithology and biostratigraphy. 

Selection of wells 

Rigs- I and Rigs-2 were selected for sampling based on comparison of logging data from these 
wells and from the other possible wells: Baron-2, I-1, and South Arne-1. South Arne-I has 
only incomplete logging data and little core from the Ekofisk Formations and was 
immediately excluded. For the remaining wells, the available core-intervals are shown on 
Figure 1 and 2. The Ekofisk Formation is well covered with core material in the Baron-2 and 
Rigs-I wells. In I-1 the cores have incomplete recovery in the relatively thin Ekofisk 
Formation, whereas in Rigs-2 only the lower part of the Ekofisk Formation was successfully 
cored. 

Because we could only select relatively few samples, we decided to sample only two wells, 
which must be well correlatable in order to allow comparison of samples from the same 
stratigraphic level in the two wells. As a basis for evaluating the correlatability, we used the 
neutron porosity log, density log, and natural gamma-ray log for each of the four wells 
(Figures l and 2). The neutron porosity log in combination with the density log should give a 
good measure of porosity, and the natural gamma-ray Jog should give an indication of the 
relative amount of clay minerals. On this basis we chose to sample the cores from Rigs- I and 
Rigs 2, where the porosity logs show simi lar overall patterns in the Ekofisk Formation, but 
different overall levels of porosity (Figure 2). 

The log-correlation, though, is not confirmed by the Nanno-plankton ages: The zone NNTp4 
pars. apparently is represented by a larger depth range in Rigs-2 as compared to Rigs- I , 
whereas zones NNTp2-3 pars. appear to be represented by the larger depth-range in well 
Rjgs-1 (Table I, Figure 3 and 4, Simon Petroleum Technology ltd. ( 1995), Network 
Stratigraphic Consulting ltd. (l 999), E. Sheldon, GEUS, pers. corn.). 

Selection of samples 

We selected 24 samples from the chalk cores from the wells Rigs-1 and Rigs-2 in the South 
Arne field (Table 1 ). All samples are from the Ekofisk Formation and are selected so as to 
obtain the largest variation in porosity, clay content and stratigraphic level (Figures 3 and 4). 
They are 1 ½" plugs previously used for conventional core analysis, and the conventional core 
analysis report was used as a basis for selection of samples together with core scanning and 
logging data. 

E&R DTU 1 
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Rlgs-2 

Core analysis data in file Remeasurement, this project 

Plug Depth Inferred log Porosity Grain ~~sity Permeability Pcxosily Grain Density Bulk Volume Pore volume ,cm,,., no. (m, md, KB) deoth Cm. KB (% ) (a/cm CmD> (%) Co/cmi (cm3) 
C 015' 2800.00 2803.1 41.33 2.685 1.90 verti.cal 41 .55 2.696 15.21 

C022 2802.00 2805.1 23.90 2.697 0.13 vertical 25.62 2.700 27.38 

cror 2806.00 2809.1 28.90 2.698 1.27 vertical 38.74 2.692 25.34 

C062 2814.15 2817.57 38.79 2.701 1.44 vertical 39.75 2.700 27.15 

C074' 2818.04 2821 .46 44.73 2.724 3.23 vertical 43.86 2.709 15.21 

C093 2824.00 2827.42 25.20 2.683 0.17 vertical 24.69 2.670 27.23 

C 100 2826.00 2829.42 19.75 2.692 0.23 vertical 20.29 2.695 29.44 

The same sample was used for petrography and for sonic measuremeol 
* Simon Petroleum Technology lid. 1995: Amarada (Rigs-I ) Hess 5604/29-4 well biosrratigrapby. lnterval 3390'-10130' Danish Nonh Sea 
•• Network Stratigraphic Consulting lid, 1999: Wells Rigs-2 & Rigs-2A. Biostratigraphy of the inter\'als 2,775m -2,.975 m (T.D.) & 2,817m-2,980m. 
*"'* E..B. Nielsen, GEUS,1999 . 
..,,.,. E. Sheldon. G-EUS per& corn. 
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Sample Characterization Fabricius, Nguyen, Korabech 

This report contains results from geological characterization of 24 samples from the Ekofisk 
Formation of Rigs-I and Rigs-2. The applied methods are described. 

1. - 2. Samples 

The following samples from the Paleocene of Ri gs- I (B) and Rigs-2 (C) in the Soulh Arne 
field were selected for analysis in the study of rock physics of impure chalk (Table 1, 
Fabricius & H0ier, 2002). 

Table 1 

Rlgs-1 

Plug 
no. 

B 003 

B 007 

B 008 

B 010 

B 011 

B012 

B036 

B054 

8055 

B 082 

B 102 

B 122 

B 130 

B 146 

B 170 

8196 

B 213 

Rlgs-2 

Plug 
no. 

C 015' 

C 022 

C 037' 

C 062 

C 074' 

C 093 

C 100 

Core data, this project Biostratigraphy• 

Inferred log Grain Bulk Pore 
Thin section 

Depth 
depth (ft, 

Porosity 
Densl!Y Volume volume 

Nannofossil zones description 
(ft, md, KB) KBI (%) lalcm3

\ /cm3) lcm3
\ 

... 
9111 .00 9120.71 Vertical 13.81 2.705 21 .22 2.93 NNTp5 pars. mudstone 

9114.00 9123.71 Vertical 14.09 2.705 23.63 3.33 NNTp4-5 pars. mudstone 

9114.32 9124.03 horizontal 14.03 2.707 24.93 4.03 NNTp4-5 pars. mudstone 

9116.30 9126.01 horizontal 14.93 2.704 21 .59 3.22 NNTp4-5 pars. mudstone 

9117.00 9126.71 Vertical 14.33 2.711 23.81 3.41 NNTp4-5 pars. mudstone 

9117.32 9127.03 horizontal 14.76 2.726 25.86 3.82 NNTp4-5 pars. mudstone 

9137.51 9147.22 Vertical 15.81 2.704 27.12 4.29 NNTp4-5 pars. mudstone 

9153.20 9162.91 horizontal 19.45 2.709 28.47 5.54 NNTp4 pars. mudstone 

9154.00 9163.71 Vertical 24.73 2.710 27.89 6.90 NNTp4 pars. mudstone 

9176.00 9186.53 Vertical 34.47 2.706 28.30 9.76 NNTp3-4 pars. mudstone 

9193.00 9203.53 v ertical 14.61 2.714 22.12 3.23 NNTp3-4 pars. wackestone 

9210.00 9220.53 Vertical 28.07 2.710 23.45 6.58 NNTp2-3 pars. Mudstone 

9216.00 9226.53 v ertical 23.93 2.717 25,71 6.15 NNTp2-3 pars. mudstone 

9230.00 9240.53 Vertical 34.58 2.694 20.39 7.05 NNTp2-3 pars. mudstone 

9250.39 9260.92 Vertical 30.90 2.704 26.70 8.25 NNTp2 pars. mud stone 

9273.50 9283.83 Vertical 18.79 2.711 26.92 5.06 ?NNTp1 -2 pars. packstone 

9287.32 9297.65 Vertical 20.43 2.716 27.91 5.70 ?NNTp1 pars, wackestone 

Core data, this project Biostratigraphy .. 

Depth Inferred log Grain Bulk Pore 
Thin section 

Porosity Nannofossil zones description 
(m, md, depth (m, 

(%) Densl!Y Volume volume ... 
KB) KB\ /a/cm3l lcm3

\ l cm3
\ 

2800.00 2803.1 Vertical 41.55 2.696 15.21 6.32 NNTp4 pars. mudstone 

2802.00 2805.1 Vertical 25.62 2.700 27.38 7.02 NNTp4 pars. wackestone 

2806.00 2809.1 vertical 38.74 2.692 25.34 9.82 NNTp4 pars. mudstone 

281 4.15 2817.57 Vertical 39.75 2.700 27.15 10.79 NNTP4 pars. wackestone 

2818.04 2821.46 Vertical 43.86 2.709 15.21 6.67 NNTP4 pars. mud stone 

2824.00 2827.42 Vertical 24.69 2.670 27.23 6.72 ?NNTp1•2 pars. wackestone 

2826.00 2829.42 Vertical 20.29 2.695 29.44 5.97 ?NNTp1 -2 pars. wackestone 

The same sample was used for petrography and for sonic measurement. 
Simon Petroleum Technology ltd .. 1995: Amarada (Rigs-1) Hess 5604/29,4 well biostrati9raphy. Interval 3390'-10130' 
Danish North Sea. 
Network Stratigraphic Consulting ltd .. 1999: Wells Rlgs-2 & Rlgs-2A. Blostrallgraphy of the intervals 2,775m -2,975 m 
(T.D.) & 2,817m-2,980m. 
E. Sheldon, GEUS pers. corn. 
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Analytical procedure as preparation for chemistry, X-ray, and BET 

Before chemical and rhysical characteri zaLion, each cleaned and dried chalk samples was 
subjected to the fo llowing procedures: 

l. Crushing of sam1>les 

Coarse crushing: c. 5 g of total chalk sample was crushed in agate mortar to size below 2 mm. 
Fine grinding: remaining sample was ground in agate ring mortar ( iebTechnik) for I min. al 
960 rot./min. 

BET was measured on coarsely crushed as wel l as finely ground samples. 

The finely ground samples were used for: 

Carbonate content 
insoluble residue 
disso lution by 2 M HCI for chemical analysis (Si, Al, K, Mg, Ca, P, Fe, Ba) 
sulfur and carbon by combustion in total elemental carbon analy7.er 
X-ray diffraction (bulk) 

2. Carbonate remova l by HCI 2 M (insoluble residue) 

c. 0.5 g- 20 g (depends on concentration of carbonate) dry, fine ly ground sample was 
weighed (to 2 decimals) directly into plastic cenLrifugal container, and 50 ml distilled water 
was added, HCI 2 M was gradually added until all carbonate was disso lved and pH reached 2, 
and the sample rested overnight. Next the sample was centrifuged at 3000 rot.Im in, clear fluid 
was removed, the sample was washed in distilled water unti l no indication of chloride, and the 
sample finally was dried to constant weight at 50°C. 

After removal of al I carbonate the inso luble residue was used for: 

dissolution by UB02 for chemical analysis (Si, Al, K, Ca, Mg, Fe, Ba) 
sulfur and carbon in total elementa l carbon analyzer. 
X-ray diffraction (oriented sample) water-saturated - ethylene-glycol saturated al 
60°C- heated to 350°C • and to 550°C 
B.E.T. 

3. - 6. Chemical Analysis 

Results from the chemical ana lysis are summarized in Table 2. 

3. Carbonate content by titration 

c. 0.3 g dry , finely ground sample was weighed (to 4 decimals) directly in a conical llask, 
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175 ml dist. water and 25.00 ml HCI 0.5000M were added together with c. 10 glass balls. 
Delicate boiling for 20 minutes to remove carbon dioxide totally. After cooling to room 
temperature, surplus HCI was titrated back with NaOH 0.5M to faint red color by 
phenolphthalein indicator. 
The concentration of NaOH was checked daily. 

4. Dissolution for chemical analysis 

4.1 HCI dissolution of total sample 
C. 0.5 g finely ground chalk sample was weighed (to 4 decimals) and placed in a I 00 ml 
volumetric tlask, moistened with I ml dist. water, followed by gradual addition of I O ml HCI 
2M, whereupon the flask was shaken and rested overnight. 
Then followed addition of water to fixed volume, and filtering through OOR fil ter paper. 
Finally measuring of concentration in filtrate of Si, Al , K, Mg, Ca, Fe, Ba by atomic 
absorption spectral photometry, Perkin-Elmer model 5000 and P by Dr. Lange 
spectrophotometer. 

4.2 LiB02 dissolution of insoluble. residue 
c 0. I 5 g dry, finely ground sample was weighed (to 4 decimals) directly into Pt- crucible and 
mixed with lg LiBO2 + 0.4g H38O3. The crucible was heated slowly to 800°C and complete 
melting, and temperature was kept for 40 minutes. 
After cooling, the melt was heated and transferred to beaker by a mixture of 20 ml dist. water 
and I O ml HNO3 I: I until all was dissolved. 
The contents of the beaker was moved quantitatively to a 100 ml volumetric flask and 
distilled water was added to fixed volume. 
This solution was used for measurement of Si, Al, K, Mg, Ca, Fe, Ba by atomic absorption 
spectral photometry, Perkin-Elmer model 5000. 

5. Phosphor in chalk sample 

Analysis was done directly in 10 mm disposable cuvette. 0.250 ml sample solution from 4.1 
above (HCI dissolution of total sample) was diluted by 2.750 ml dist. water. 
0.040 ml ascorbic acid- reagent was added - shaken, addition of 0.080 ml acidmolybdate 
reagent - shaken. 
The solution rested 45 min. , absorbance measured by Dr. Lange spectrophotometer at a 
wavelength of 800 nm. 
A series of standard solutions with known P-content was prepared from KH2PO4, the standard 
series must be within the measuring interval (0.1 mg P/1 - 0.5 mg P/1). 

6. Sulphur and carbon by Total elemental carbon analyzer, Leco-CS-225 

A suitable amount of sample (normally 0.15g - 0.25g) finely ground and dried, was weighed 
in Leco-crucible. Then one scoop Lecocel-11- and Tin Alpha AR-076-accerlerator were added. 
AR-888 was used as standard. 
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7. X-ray diffractomet ry 

X-ray dil'fraclometry was done on bulk chalk sample as wel l as on the insoluble residue, and a 
qualitative inLerpretation was done (Tab le 3). 

7.1 On finely ground sample (bulk) 
c. 0.5 g finely ground total chalk sample was placed in a hole in a brass container, the surface 
of powder was srnoothcd by glass plate, and X-rny analysis was done. 

7.2 On insoluble residue 
c. 0.03 g ins. residue was pulverized and mixed with 1.5 ml dist. water by a pipette. The 
suspension was placed on object glass and left to dry overnight, and X-ray analysis was done. 

7.3 Glycolation 
The sample from 8.3 was glycolated at 60°C for two days in desiccator and X-ray analysis 
was done. 

7.4 Heating 
The sample was heated to 350°C and X-ray analysis was done. The sample was subsequently 
heated to 550°C and X-ray analysis was done. 

A Philips 1730/ 10 X-ray diffractometer was used using Cu K-a. radiation and automatic 
divergent s lit. 

16 

- 12 
~ 
,s 
O') 
C: 

-g 8 
·c: 
O') 

Q) 

~ 
Cl! 
0 
0 4 

0 
0 4 8 12 16 

fine grinding [m2/g] 

8. 8 .E.T (specific surface) 

A suitable amount of sample (for chalk: 
l g - 2g) was transferred into a BET
tube, which had been dried and weighed 
dry already. 
The sample was subsequently degassed 
under nitrogen at 70°C for 5 hrs. The 
tube with the sample was cooled and 
weighed. 
B.E.T was measured by a Micromeritics 
Instrument, model Gemini Ill 2375 by 
using He gas for measurement of free
space multi pointer with nitrogen as 
adsorbing gas. 

Figure 1. Fine grinding results in too high BET. 

Data are listed in Table 4. We find thot 
grindi ng in agate ring mortar results in 
too high spcci fie surface (f'igure I), so 
data from coarse grindi ng was used in 
subsequent analysis. The BET of the 
total sample is primarily controlled by 
the B E'I. · of the non-carbonate fraction 
(Figure 2). 
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Table 2 Wet chemical data. total sample Wet chemical data. insoluble residue 

Plug no. CO2 SiO2 MgO K2O Fe Cao Al2O3 s p ins. Res. SiO2 MgO K2O Fe Cao Al2Os s 
% % % % % % % % % % % % % % % % % 

3 26.26 0.11 0.23 0.06 0.23 34.18 0.14 0.25 0.07 35.29 63.7 1.504 1.602 2.988 0.091 11 .74 0.809 
7 27.17 0.09 0.26 0.06 0.28 34.73 0.12 0.14 0.07 34.71 64.7 1.480 1.582 2.512 0.100 12.16 0.429 

8 24.04 0.36 0.39 0.07 0.51 30.81 0.38 0.21 0.07 41 .40 61 .3 1.659 1.795 2.666 0.118 13.99 0.538 
10 28.49 0.08 0.26 0.03 0.14 36.56 0.10 0.20 0.06 32.56 64.8 1.353 1.483 2.502 0.100 10.89 0.613 
11 29.15 0.07 0.29 0.04 0.30 37.54 0.11 0.13 0.08 30.81 62.8 1.478 1.563 2.530 0.119 12.54 0.460 

12 28.64 0.07 0.29 0.04 0.29 36.40 0.10 0.66 0.07 31 .72 59.1 1.487 1.589 4.000 0.104 12.50 2.250 

36 34.14 0.04 0.36 0.04 0.28 43.80 0.07 0.09 0.07 20.00 61.5 1.292 2.020 2.196 0.068 13.45 0.493 

54 33.14 0.02 0.23 0.03 0.22 42.51 0.05 0.10 0.05 23.22 74.3 0.528 0.895 1.039 0.046 5.15 0.468 

55 34.62 0.02 0.19 0.02 0.21 44.22 0.03 0.05 0.03 19.78 77.1 0.344 0.581 0.686 0.036 3.27 0.317 

82 39.13 0.02 0.29 0.01 0.23 49.83 0.02 0.03 0.05 8.83 73.1 0.477 0.804 0.787 0.030 5.07 0.327 

102 33.68 0.05 0.19 0.02 0.28 43.11 0.04 0.03 0.05 21 .16 74.1 0.342 0.542 0.485 0.033 5.85 0.221 

122 39.12 0.07 0.19 0.03 0.21 50.36 0.05 0.03 0.06 9.18 66.8 0.652 1.128 1.027 0.037 10.96 0.509 

130 35.54 0.14 0.19 0.04 0.24 45.45 0.09 0.08 0.06 17.50 76.5 0.444 0.826 0.836 0.041 5.88 0.468 

146 38.35 0.04 0.18 0.02 0.16 48.78 0.03 0.05 0.05 12.29 77.9 0.323 0.613 0.657 0.037 4.29 0.439 

170 38.56 0.05 0.17 0.02 0.17 49.07 0.03 0.04 0.05 11 .00 75.1 0.351 0.666 0.713 0.021 3.96 0.041 

196 31.92 0.09 0.75 0.03 0.47 39.62 0.06 0.17 0.07 26.22 76.5 0.286 0.553 0.911 0.014 4.51 0.170 

213 37.27 0.07 0.87 0.02 0.33 46.72 0.04 0.20 0.08 14.10 68.3 0.500 0.981 1.742 0.041 9.77 0.195 

15 33.10 0.04 0.22 0.03 0.24 41 .88 0.04 0.08 0.05 23.57 74.8 0.252 0.506 0.636 0.015 7.83 0.471 

22 32.51 0.09 0.35 0.04 0.37 41 .36 0.06 0.14 0.07 23.86 72.0 0.269 0.530 0.769 0.023 8.43 0.578 

37 34.75 0.04 0.20 0.02 0.21 44.25 0.03 0.07 0.04 19.66 76.5 0.185 0.374 0.564 0.017 4.88 0.451 

62 38.41 0.03 0.27 0.01 0.23 48.89 0.03 0.09 0.05 10.79 70.9 0.272 0.561 1.021 0.021 8.61 0.924 

74 38.17 0.03 0.21 0.02 0.17 48.81 0.03 0.07 0.06 11.73 71 .8 0.281 0.594 0.785 0.021 6.89 0.635 

93 24.36 0.09 0.41 0.04 0.34 30.57 0.06 0.28 0.08 42.13 79.2 0.211 0.443 0.744 0.021 3.34 0.698 

100 33.85 0.02 0.38 0.02 0.19 43.25 0.02 0.08 0.20 21 .69 82.7 0.116 0.292 0.478 0.015 1.77 0.453 
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Table 3 
Plug Calcite Quartz Smectite Smectite-illite kaolinite Feldspar lllite Ankerite chlorite? pyrite 

3 xxxx xxxx XX 15.2-+ 17.0 XX X * • 

7 xxxx xxxx XX 15.5-+ 17.3 XX X X XXX . 
8 xxxx xxxx XX 15.5 -+ 17.7 XXX X 

.. • 
10 xxxx XXX XX 15.0 -+ 16.7 XX .. * • 
11 xxxx xxxx XX 15.0 -+ 18.0 XX * .. 

XXX . 
12 :xxxx xxxx XX 15.5-+ 17.0 XX 

.. " XXX * XXX 

36 xxxx xxxx XX 12.3 -+ 14.0 XX X X XXX 
. 

54 xxxx xxxx • 11.6 - 9.8,13.0 XX 
. 

55 xxxx xxxx • .. 
82 xxxx XXX XX XXX 

102 xxxx XXX XX * 

122 xxxx XXX XX * • 

130 xxxx XXX X 11.8 -+ 10.0, 12.8 XX • * XXX 

146 xxxx XXX X 

170 xxxx XXX X .. 
196 xxxx XXX X * XXX 

213 xxxx XXX *11 .8 -+ 10.0,13.8 X • • XXX X 

15 xxxx XXX XXX * XXX 

22 xxxx XXX XXX XXX 

37 xxxx XXX XX * 

62 xxxx XXX 

74 xxxx XXX XXX * . XXX 

93 xxxx xxxx XX XXX 

100 .xxx:x xxxx X 

xxxx strong lines in bulk sample 
xxx single weaker lines in bulk sample 
xx major component in insoluble residue (several strong lines) 
x minor component in insoluble residue (several weaker lines) Trace in insoluble residue (single weak line) 
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Table 4 BET coarse - agat mortar BET fine - ring mortar BET insoluble residue 
single ooint multi point single point multi point single ooint multi point micropore area 

chalk average st.dev. average st.dev. average st.dev. average st.dev. average st.dev. average st.dev. average st.dev. 
samole m2/a m2/g m2/g m2/g m2/Q m2/Q m2/g m2/g m2/Q m2/a m2/a m2/a m2/a m2/g 

3 11 .99 0.06 12.20 0.06 14.63 0.06 14.86 0.06 39.51 0.18 40.04 0.20 7.40 0.31 
7 11.43 0.03 11 .64 0.03 13.70 0.06 13.92 0.06 40.30 0.36 40.86 0.38 7.19 0.15 
8 12.68 0.05 12.92 0.05 15.44 0.01 15.70 0.01 43.72 0.35 44.25 0.34 9.37 0.22 
10 10 .04 0.13 10.24 0.13 11.14 0.66 11.35 0.66 37.14 0.09 37.73 0.09 5.21 0.03 
11 10.05 0.07 10.24 0.07 11.99 0.05 12.20 0.05 40.69 0.39 41 .31 0.40 6.27 0.21 
12 10.68 0.07 10.88 0.06 12.27 0.06 12.48 0.06 39.68 0.38 40.27 0.38 6.39 0.22 
36 7.32 0.01 7.49 0.01 8.66 0.00 8.83 0.00 38.23 0.27 39.12 0.26 1.23 0.08 
54 5.66 0.12 5.78 0.12 6.44 0.01 6.56 0.01 19.43 0.03 19.89 0.03 0.57 0.00 
55 3.13 0.00 3.19 0.00 4.03 0.01 4 .11 0.01 12.04 0.04 12.37 0.04 
82 2.39 0.01 2.47 0.01 3.20 0.00 3.31 0.00 11.25 0.08 11.63 0.08 
102 3.25 0.02 3.31 0.02 4.74 0.01 4.82 0.01 14.44 0.02 14.73 0.01 
122 3.96 0.03 4.02 0.03 4.67 0.04 4.76 0.04 19.54 0.07 20.00 0.07 
130 4.43 0.03 4.51 0.03 5.16 0.02 5.24 0.02 18.11 0.00 18.56 0.01 
146 2.66 0.00 2.71 0.00 3.77 0.01 3.85 0.01 9.55 0.07 9.83 0.07 
170 2.54 0.00 2.61 0.00 3.50 0.02 3.59 0.02 9.03 0.02 9.32 0.02 
196 2.44 0.02 2.50 0.02 3.15 0.02 3.22 0.02 7.62 0.06 7.81 0.06 
213 2.42 0.06 2.48 0.06 3.20 0.01 3.28 0.01 13.05 0.01 13.45 0.02 
15 3.09 0.01 3.23 0.01 3.67 0.01 3.81 0.01 7.79 0.04 8.08 0.04 
22 3.87 0.06 3.95 0.06 5.18 0.02 5.27 0.02 11 .72 0.03 12.01 0.03 
37 2.85 0.04 2.98 0.04 3.49 0.00 3.62 0.01 7.12 0.01 7.42 0.00 
62 2.85 0.00 2.93 0.00 3.62 0.01 3.72 0.01 8.81 0.03 9.10 0.03 
74 2.62 0.01 2.72 0.01 3.37 0.01 3.47 0.01 8.56 0.01 8.92 0.02 

93 3.59 0.02 3.69 0.02 4.77 0.01 4.89 0.01 8.17 0.03 8.40 0.03 

100 1.67 0.03 1.73 0.03 2.40 0.01 2.47 0.01 5.81 0.07 5.97 0.07 0.00 0.05 
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Figure 2. Correlation of BET for bulk sample and insoluble residue becomes obvious 
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Figure 4. Modeling of BET based on assumed values for each mineral phase. 
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The microporosity as measured 61 BET (Table 4) appears to be a renection of smectite 
content and closely related to the amount of water a dry sample wi II adsorb from the 
atmosphere (Figure 3). 

The BET of the total sample may be seen as a combination of the contribution from calcite 
and a contribution from the insoluble residue. In the smectile rich upper section of Rigs- I, the 
specific surface of the insoluble residue is larger than what can be accounted for in the BET of 
the total sample, resulting in apparent negative speci fic surface of calcite. The speci fic surface 
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of the non-carbonate fraction must thus have grown during the procedure of removing 
carbonate. r n the remaining samples the calculated specific surface of calcite fa lls in the range 
from 0.2 to 2.2 m2/g. 

From the modeled content of mineral phases (see below, section 11) we may model the 
contri bution from each phase to the specific surface (Figure 4). We assumed the following 
specific surfaces: illite: 65 m2/g, fine quartz: 5 m2/g, large quartz and feldspar: 0 m2/g, 
kaolinite (large and small): 15 111

2/g. The choice of values is partly based on R0gen and 
Fabricius (2002). These choices result in a specific surface of smectite of 160 - 215 m2/g, and 
of illite-smectite of 6 - 285 m2/g. The large range of the latter value is probably a reflection of 
the rather coarse assumptions made in the modeled content of mineral phases. 

The specific surface of the bulk sample correlates well with smectite content and total clay 
content (Figure 5). When the specific surface is recalculated to specific surface of pores we 
obtain a rather coarse relationship to water saturati on from logs (Figure 6). But although we 
cannot obtain an exact correlation between core and logging data, the result indicates that we 
may have a possibi lity of assessing content of smectite (or total clay) from the water 
saturation in the irreducible zone. 

9. Spectral Gamma ray analysis 

Th, U, and K in small samples of finely ground chalk were measured in a Na t well crystal 
gamma detector (Table 5). 
Total gamma radiation was calculated as: 

Total GR = 0.37 x Th + 1.0 x U + 1.33 x K 

The corrected gamma radiation (leaving out the uranium signal) was calculated as: 

CGR = 0.37 x Th + 1.33 x K 

The gamma radiation reflects the composition of the samples as modeled below (section I I). 
The K signal correlates fa irly with non-carbonates and excellently with total clay as well as 
with smectite (Figure 8). We see no obvious correlation with non-carbonate or clay in the U 
signal (Figure 8). The Th signal correlates fairly with non-carbonates and total clay (Figure 
8), whereas total GR and CGR both correlate well with non-carbonates, smectite, and total 
clay (Figure 8). 
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Table 5 
Total 

mass g Th ppm +/. Th U ppm +/- u K % +/. K gamma 

Rigs 1 

3 15.84 2.7 0.5 0.6 0.2 0.57 0.02 2.36 

7 20.61 2.5 0.5 0.6 0.2 0.56 0.02 2.27 

8 20.87 3.6 0.5 0.9 0.2 0.69 0.02 3.15 

10 22.12 2.6 0.5 0.6 0.2 0.52 0.02 2.25 

11 18.68 2.7 0.5 1.1 0.2 0.48 0.02 2.74 

12 21 .54 2.5 0.4 0.6 0.2 0.51 0.02 2.20 

36 15.06 2.4 0.4 0.9 0.1 0.41 0.02 2.33 

54 16.96 1.1 0.4 1.1 0.1 0.23 0.02 1.81 

55 16.2 0.4 0.4 0.2 0.1 0.12 0.02 0.51 

82 13.17 0.5 0.5 0.2 0.2 0.08 0.02 0.49 

102 14.41 0.8 0.6 0.3 0.2 0.11 0.02 0.74 

122 14.92 1.7 0.5 0.3 0.2 0.13 0.02 1.10 

130 16.62 1.5 0.5 0.1 0.2 0.15 0.02 0.85 

146 13.3 2 0.4 0.3 0.1 0.04 0.02 1.09 

170 13.79 -0.2 0.4 0.6 0.1 0.08 0.02 0.63 

196 15.96 1.4 0.4 0.5 0.1 0.14 0.02 1.20 

213 16.55 1 0.4 0.5 0.1 0.14 0.02 1.06 

Rigs 2 

15 15.54 2.3 0.4 0.2 0.1 0.11 0.02 1.20 

22 13.76 1.8 0.4 0.8 0.1 0.14 0.02 1.65 

37 14.97 2.1 0.4 0.6 0.1 0.04 0.02 1.43 

62 14.47 1.9 0.4 0.1 0.1 0.09 0.02 0.92 

74 16.31 1.9 0.5 0.1 0.1 0.08 0.02 0.91 

93 11 .24 2.9 0.4 2.1 0.1 0.17 0.02 3.40 

100 17.48 1.5 0.4 0.6 0.1 0.1 0.02 1.29 

The Th-signal of the core samples correlate well with the well logs. So the content of total 
clay and non-carbonates may be estimated from the Th logs (Figure 9). One has to remember 
that the sample measurements only concern a volume of I 0-18 ml whereas the borehole log 
results represent 1-2000 times larger volumes.A good correlation between composition and 
gamma-signal should be expected from the K-log and also for the total GR log and the GR 
log, but in the present case K-rich drilling mud was used, so these logs do not correlate well 
with core data (Figure I O and I I). 
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Figure 9. Natural gamma radiation representing Th in Rigs-1 and Rigs-2: Black 
curves are Th signal from borehole SNG logs, grey curves are Th signal from core 
scanning (C. H0ier, GEUS) and circles represent measurements on powdered core 
samples. In Rigs-1 the three data sets correlate well, in Rigs-2 the Th-log multiplied 
by 0.7 correlates well with the core samples. 
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Figure 10. Natural gamma radiation representing Kin Rigs-1 and Rigs-2: Black 
curves are K signal from borehole SNG logs, grey curves are K signal from core 
scanning (C. H0ier, GEUS) and circles represent measurements on powdered core 
samples. In Rigs-1 the core scan and core data correlate roughly. In neither Rigs-1 
nor Rigs-2 do the core data correlate with the logging data. 
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10. Backscatter electron micrographs and Petrographic image analysis 

Backscatter electron micrographs were recorded by the Philips XL-40 Scanning Electron 
Microscope at GEUS, Copenhagen (see section 13. Backscatter Electron Micrographs) The 
images were sampled as square images at two magni fications: 333 by 333 microns and 33 by 
33 microns. On each sample four sets of images were sampled at regular intervals along a 
vertical line. The 333 by 333 micron images give information of the bulk composition of the 
sample, whereas the 33 by 33 micron image give information on the fine grained matrix of the 
bimodally sorted chalk. Each image is composed of 1024 by I 024 square pixels, so that the 
pixel dimensions are 0.32 by 0.32 microns at the low magnification and 0.032 by 0.032 
microns at the high magnification. Mineral phases were identified from morphology aided by 
qualitative energy dispersive secondary X-ray spectrometry (EDAX). 

Images analysis was done by the free software UTHSCASA Image Tool. 
The procedure was as fol lows: On the 333 by 333 micron images the amounts of large 
porosity and of pyrite were assessed from the grey level distribution of the raw image. Large 
porosity is thus pores of a diameter of above c. 0.5 microns in cross section. 

In order to asses the amount of larger silicate grains and of larger calcite grains, each image 
was first smoothed by twice applying a 9 by 9 averaging filter be fore assessing the amount of 
silicate grains and calcite grains from the grey level distribution . By the smoothing procedure, 
grains measuring less than two microns in cross section will obtain a relatively low grey level 
from averaging with fine pores, and will not be recorded. 

The 33 by 33 micron images were used for measuring the composition of the matrix and for 
measuring the specific circumference of the calcite crystals composing the nannofossils and 
fossil debris. In order to smooth away the noi.se at pore-crystal interfaces, the images were 
first smoothed by applying a 9 by 9 averaging filter one time. On the smoothed image the 
amount of visible pores (more than 0.1 micron in cross section), the amount of invisible pores 
and fine silicates ( clay and quartz), and the amount of calcite were assessed from grey level 
distribution. The calcite phase was then selected as one grey level and the remaining image as 
another grey level. This binary image was then used for measuring the specific circumference 
of the calcite crystals by applying a 3 by 3 cross filter according the procedure of Borre et al. 
(1997). 

11. Model of composition 

The mineralogical composition of the samples was mode led based on X-ray diffraction, wet 
chemical analysis, thin section microscopy, backscatter electron microscopy, and EDAX-data 
(Table 6). The strategy was as fo llows: 

I) All Ba goes to barite, 
2) remaining S in insoluble residue goes to pyrite, 
3) remaining Fe in insoluble residue goes to Fe bearing smectite (glauconite), 
4) remaining Mg in insoluble residue goes to smectite (saponite), 
5) remaining K in insoluble residue goes to illi te (muscovite), 
6) remaining Al in insoluble residue goes to kaol inite, 
7) remaining Si in insoluble residue goes to quartz, 
8) P in filtrate goes to apatite, 
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Table 6 pyrite glauconite Saponite lllite kaolini'te quartz apatite anhydrite ankerite Calcite sum 

Plug no (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) 

3 0.5 5.8 1.5 1.9 6.9 15.0 0.3 1.0 2.0 59.7 94.6 

7 0.3 5.3 1.4 2.0 7.1 15.0 0.3 0.6 2.3 61 .1 95.4 

8 0.4 6.5 2.0 3.2 9.5 15.5 0.3 0.9 3.7 53.8 95.9 

10 0.4 4.6 1.2 1.9 5.8 14.8 0.3 0.8 1.7 64.1 95.6 

11 0.3 4.7 1.3 1.8 6.6 12.6 0.3 0.6 2.5 66.1 96.8 

12 1.3 4.6 1.3 2.0 6.6 11.9 0.3 2.8 2.4 62.4 95.8 

36 0.2 2.5 0.7 2.4 3.7 7.9 0.3 0.4 2.7 77.4 98.3 

54 0.2 1.0 0.4 1.4 1.3 15.3 0.2 0.4 1.9 75.1 97.3 

55 0.1 0.6 0.2 0.8 0.7 14.2 0.2 0.2 1.7 78.3 96.9 

82 0.1 0.3 0.1 0.5 0.5 5.8 0.2 0.1 2.2 88.3 98.2 

102 0.1 0.4 0.2 0.9 2.1 14.0 0.2 0.1 2.0 76.3 96.4 

122 0.1 0.4 0.2 0.8 1.6 4.7 0.3 0.1 1.7 89.3 99.2 

130 0.2 0.5 0.2 1.1 1.3 11.9 0.3 0.3 1.8 80.4 98.0 

146 0.1 0.2 0.1 0.6 0.7 8.8 0.2 0.2 1.5 86.4 98.8 

170 0.0 0.5 0.1 0.4 0.6 7.5 0.2 0.2 1.4 86.9 97.9 

196 0.1 1.4 0.1 0.5 2.1 18.1 0.3 0.7 5.3 69.7 98.3 

213 0.1 1.6 0.1 0.4 2.7 7.4 0.4 0.8 5.3 82.2 100.9 

15 0.2 0.4 0.2 0.9 3.6 15.3 0.2 0.4 1.9 74.0 97.1 

22 0.3 0.5 0.2 1.0 3.9 14.6 0.3 0.6 3.0 72.9 97.2 

37 0.2 0.2 0.1 0.6 1.8 13.8 0.2 0.3 1.7 78.3 97.1 

62 0.2 0.2 0.1 0.5 1.8 6.5 0.2 0.4 2.1 86.5 98.4 

74 0.1 0.2 0.1 0.6 1.4 7.4 0.3 0.3 1.6 86.4 98.4 

93 0.6 0.4 0.3 1.6 1.8 31.4 0.4 1.2 3.2 53.2 94.0 

100 0.2 0.1 0.1 0.5 0.4 17.4 0.9 0.4 2.4 76.4 98.8 
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Figure 12. Composition of bulk volume of samples as measured by petrographic image analysis. 
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9) S in fi l trate goes to anhydr ite, 
I 0) Mg and Fe in filtrate goes to ankerite, 
11 ) remaining Ca in fil trate goes to ca lcite. 

Fabricius, Nguyen, Korabech 

The model is rather coarse. For instance ideal "glauconite" or " illi te" does not exist. Pure 
sapon ite is probably not in the samples, but must together with '' illite" be seen as a measure of 
smecti te-i lli te. No allowance is made for feldspars although they are relatively frequent. 
The textural composition was modeled from image analysis data (Figure 12), and on the basis 
of dry P-wave modulus data, the fine grained calcite was modeled as being in suspension or as 
being part of the sol id frame according to an iso- frame or IF model (Fabricius 2002, Table 7). 
The calculated 11~-values were correlated with the speci fic perimeter of the calcite phase as 
measured by petrograph ic image analysis (Figure 13). The resulting total composition of the 
samples is illustrated in Figure 14. 

Figure 13. I so-frame (IF) model for chalk. (a) Backscatter electron micrograph of the 
epoxy-impregnated and polished sample Rigs 1, 9210.0 ft MD, chalk mudstone with 
28.1% porosity. The black bar measures 10 microns. Of the bulk volume 5.9% is fine 
grained silicates. (b) By petrographic image analysis the fine-grained calcite 
(including a pyrite crystal) is marked as white and the pore space as black. The fine 
grained silicates are symbolized by grey circles. The specific perimeter of the white 
phase is calculated to be 2.9 micron·1

. From correlation with elastic data, this specific 
perimeter corresponds to an IF value of 0.65 for the fine-grained calcite. When taking 
large pores and grains (not visible at this magnification) and fine-grained silicates into 
account, we obtain an IF value of 0.6 for the sample. (c) Model: of the solid phase 
65% is forming a frame with spherical pores. The remaining solids are suspended in 
the fluid within the pores. 
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Table 7 Bulk volume fraction. model adiusted to dry P-wave modulus data 
In frame Susoended Pores Specific. 

large large large small 
quartz calcite kaolinite smectite large matrix 

micro pores 
perimeter 

calcite Quartz kaolinite calcite holes holes of grains 
Plug (%) (%) {%) (%) (%) (%) (%) (%) (%) (%) (%) (1/microns) 

3 8.8 6.1 0.0 24.2 8.6 26.2 6.8 5.6 1.0 2.0 10.8 5.24 
7 7.0 3.8 6.9 17.2 10.7 35.3 0.0 5.0 0.5 0.5 13.1 5.06 
8 6.2 6.1 3.0 34.5 9.1 14.4 6.4 6.3 0.3 0.6 13.1 5.13 
10 5.8 4.9 0.0 43.3 9.1 12.1 5.5 4.3 0.3 0.8 13.8 5.04 
11 5.4 7.7 1.1 21.4 4.2 36.3 5.2 4.3 0.4 0.8 13.1 5.05 
12 7.5 6.2 6.2 33.1 5.5 21 .9 0.4 4.5 0.8 0.8 13.2 4.03 
36 7.7 4.3 2.1 25.7 3.0 37.9 1.2 2.3 0.5 1.1 14.2 3.52 
54 5.6 4.1 1.2 48.7 9.2 10.9 0.0 0.9 1.2 1.2 17.1 4.63 
55 13.3 4.6 0.6 32.1 6.8 17.4 0.0 0.5 1.9 4. 1 18.8 4.88 
82 6.8 1.7 0.0 26.2 2.3 28.1 0.4 0.2 5.5 7.3 21 .7 4.51 

102 2.6 6.3 2.0 50.6 6.5 17.0 0.0 0.4 1.9 1.6 11.1 2.03 
122 2.1 0.8 0.0 41.4 2.8 23.3 1.2 0.3 3.3 4.4 20.3 2.86 
130 3.0 5.5 1.1 36.0 4.1 26.0 0.0 0.4 1.9 6.8 15.3 2.33 
146 2.1 3.3 0.0 32.1 2.7 24.6 0.5 0.2 2.0 4.6 28.0 3.28 
170 4.8 0.0 0.0 35.8 5.5 22.2 0.4 0.4 4.4 10.8 15.8 3.73 
196 30.7 4.4 1.8 24.9 11.1 7.1 0.0 1.2 3.8 3.7 11 .4 2.26 
213 53.9 6.1 2.2 7.5 0.0 8.6 0.0 1.3 9.2 5.8 5.4 2.44 
15 5.5 0.0 0.0 17.8 9.5 23.2 2.3 0.2 8.9 13.5 19.2 6.21 
22 7.2 6.4 3.2 33.8 5.2 18.2 0.0 0.4 3.2 5.6 16.8 3.77 
37 4.0 0.0 0.1 24.1 9.0 22.9 1.0 0.2 7.1 15.3 16.3 5.48 
62 2.6 0.3 0.3 24.5 3.8 27.8 0.8 0.1 3.5 5.4 30.8 5.16 
74 4.0 0.1 0.1 20.8 4.2 26.0 0.7 0.1 7.4 7.6 28.8 6.63 
93 16.2 0.4 0.4 28.1 26.2 2.4 1.1 0.3 3.3 5.0 16.4 3.52 

100 19.7 2.5 0.3 40.4 12.1 4.6 0.0 0.1 4.3 3.3 12.8 4.53 
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Figure 14. Resulting model for composition of bulk sample. 
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13. Backscatter Electron Micrographs 

This section contains selected backscatter micrographs for each sample. The images to the left 
measure 333 by 333 microns. The images to the right represent the central 33 by 33 microns 
of the left images. 

Rigs- I plug sample 3. 

Sample: 
Grey, bioturbated mudstone, carbonate microfossils, open and cemented tests, sil icic 
microfossils, pyrite. 

BSE: 
lntergranular and intrafossil porosity. The space between calcite grains are packed with Fe
bearing clay. Apparently authigenic clay is found in hollow microfossils. 
White areas represent pyrite. Black areas in the small magnification images probably 
represent areas where grains have been plucked out during sample preparation. 
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Rigs- I plug sample 7. 

Sample: 
Grey, bioturbated mudstone, carbonate microfossi ls with open and cemented tests, si licic 
m icrofossi Is, pyrite. 

BSE: 
lntergranular and intra foss il porosity . 
The space between calcite grains are packed with Fe-bearing clay. 
Clasts of quartz (center of upper right image) and kaol in ite (lower right image), as well of 
feldspar and siderite. Zoned ankerite crystals with varying concentrations of Fe (upper right 
image). 

White areas represent pyrite. Black areas in the sma ll magni fication images probably 
represent areas where grains have been plucked out duri ng sample preparation. 
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Rigs- I plug sample 8. 

Sample: 
Grey, bioturbated, mudstone, carbonate microfossils with open and cemented tests, silicic 
microfossils, pyrite. 

BSE: 
lntergranular and intrafossi l porosity. 
The space between calcite grains are packed with Fe-bearing clay. 
Clasts of quartz (right part of upper right image) and fe ldspar. Apparently auth igen ic clay is 
found in hollow microfossils. 

White area represents framboidal pyrite. 
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Ri gs-I plug sample I 0. 

Sample: 
Grey, bioturbated, mudstone, carbonate microfossils with open and cemented tests, silicic 
microfossils, pyrite 

BSE: 
lntergranular and intrafoss il porosity. 
The space between calcite grains contains clay. Clasts of quartz and feldspar, single zoned 
ankerite crystals. 
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Rigs- I plug sample 11 . 

Sample: 
Grey, bioturbated, mudstone, carbonate microfossil s with cemented tests, single open tests, 
silicic microfossils, pyrite, 

BSE: 
I ntergranu lar porosity. 
The space between calcite grains contains clay. Clasts of kaolinite and feldspar, single zoned 
ankerite crystals. White spots are pyrite crysta ls. 
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Rigs- I plug sample 12. 

Sample: 
Grey, bioturbated, mudstone, carbonate microfossils with cemented tests, single open tests, 
silicic microfossi ls, pyrite. 

BSE: 
lntergranular porosity. 
The space between calcite grains contains clay. Clasts of kaolinite, quartz and fe ldspar. White 
areas are pyrite crystals. 
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Rigs- I plug sample 36. 

Sample: 
Light grey, bioturbated mudstone, carbonate microfossils with cemented tests, single open 
tests, silicic microfossils, pyrite. 

BSE: 
lntergranular and intra fossil porosity. 
Clasts of kaolin ite, quartz and feldspar, zoned ankerite crystal. 
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Rigs- I plug sample 54. 

Sample: 
Light grey, mudstone, carbonate microfossil s with cemented tests, single open tests, stylol itc, 
pyrite. 

BSE: 
lntergranular and intrafossil porosity. 
Clasts of quartz, kaolin ite and feldspar. Sub-micronsize quartz in hollow micro fossi l, large 
zoned ankerite crystal. 
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Ri gs- I plug sample 55. 

Sample: 
White, rnudstone, carbonate microfoss ils with cemented and open tests, floati ng clay, silicic 
microfossils. 

BSE: 
lntergranular and intrafossil porosity. 
Submicron size quartz and clay in pore space. 
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Rigs- I plug sample 82. 

Sample: 
White, mudstone, carbonate microfossils, cemented and open tests, noating clay, silicic 
microfossils. 

BSE: 
[ntergranular, intrafossil and moldic porosity. 
ln pore-sapce: zoned ankerite, submicron size quartz seemingly partly replaced by larger 
quartz crystals, apparently authigenic kaolinite. 
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Rigs- I plug sample I 02. 

Sample: 
Whi te, wackcstone, carbonate microfossils w. cemented tests, single open, silicic 
microfossils. 

BSE: 
lntergranu lar and intrafoss il porosity 
Zoned ankerite crystal, porefi ll ing kaolini te in microfossi ls. Submicronsize quartz in matrix 
pores. 
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Rigs- I plug sample 122. 

Sample: 

White, mudstone, carbonate microfossils with cemented and open tests, silicic microfoss ils. 

BSE; 
lntergranular, intrafossil and moldic porosity. 
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Rigs-I plug sample 130. 

Sample: 
white, mudstone, bioturbated, carbonate microfossils with cemented tests, single open tests, 
silicic microfossils. 

BSE 
lntergranular and intrafossi l porosity. 
Clasts of kaolinite and quartz. 
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Rigs- I plug sample 146. 

Sample: 
White, mudstone, carbonate microfossils with cemented and open tests, floating clay, 
stylolite, pyrite 

BSE: 
Jntergranular and intrafossil porosity . Clasts of quartz, submicronsize quartz filling mold ic 
pore. 
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Rigs- I plug sample 170. 

Sample: 
White, mudstone, carbonate microfossils with cemented tests, single open tests, sil icic 
microfossi Is. 

BSE; 
lntergranular, intrafossil and moldic porosity. 
Spotwise pore-fil ling clay. 
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Rigs- I plug sample 196. 

Sample: 
Light grey, bioturbated, packstone, carbonate microfossi ls with cemented tests, single open, 
pyrite. 

BSE: 
lntergranular and intrafossi l porosity. 
Porefi lling kaolinitc, partly as submicron size particles partly as larger crystals (upper left) . 
Porefilling quartz, partly as submicron size particles partly as larger crystals (lower left) . 
Zoned ankerite crystals (lower right). 
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Rigs- I plug sample 2 13. 

Sample: 
White, wackestone, carbonate microfossi ls with cemented tests, single open tests, silicic 
microfossils, low-porosity vertical fractures, partly flaser structure. 

BSE: 
lntergarnular (intercrystal) porosity. 
Porefi lling carbonate cement, zoned ankerite crystals. Kaolin ite as submicronsize free 
particles and as larger crystals (clasts?) . Micronsize quartz and single feldspars. 
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Sample Characterization Fabricius, Nguyen, Korabech 

Rigs-2 plug sample 15. 

Sample: 
White, mudstone, carbonate microfossi ls w ith cemented and open tests, silicic microfossils. 

BSE: 
lntergranular and intrafossi l porosity . 

ubmicron size quartz in pore space. 
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Sample Characterization Fabricius, Nguyen, Korsbech 

Rigs-2 plug sample 22. 

Sample: 
Whi te, wackestone, carbonate microfossil s with cemented and open tests. Stylolite. 

BSE: 
Intergranular and intrafoss il porosity. 
Kaolinite in pore space. Zoned ankerite. 
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Sample Characterization Fabricius,Nguyen, Korabech 

Rigs-2 plug sample 37. 

Sample: 
Off white (oil stained?), mudstone, calcareous microfossils, cemented and open tests. 

BSE: 
lntergranular, intrafossil and moldic porosity. 
Submicron size quartz and kaolinitc in porespace. 
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Sample Characterization Fabricius, Nguyen, Korsbech 

Rigs-2 plug sample 62. 

Sample: 
Oil stained, wackestone, calcareous microfossils with cemented and open tests, sil icic? spines, 
stylolite. 

BSE: 
lntergranular, intrafossil and moldic porosity. 
Submicronsize quartz in poreapace, micronsize kaolinite. 
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Sample Characterization Fabricius, Nguyen, Korsbech 

Rigs-2 plug sample 74. 

Sample: 
Off white (oil stained?), bioturbated, mudstone, calcareous microfossils, cemented and open 
tests, s il ic microfossils incl. spines. 

SSE: 
lntergranular, intrafossil and moldic porosity. 
Submicron size in pore space and larger quartz clasts (replaced siliceous fossils, lower 
images). Micron size kaolinite crystals. 
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Sample Characterization Fabricius, Nguyen, Korsbech 

Rigs-2 plug sample 93. 

Sample: 
Off white (oil stained?), wackestone, calcareous microfossi ls, cemented tests, silicic 
microfossils, pyrite. 

BSE: 
lntergranular and intrafossi I porosity. 
Submicron - micron size quartz and kaolini te in pore space. 
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Sample Characterization Fabricius, Nguyen, Korsbech 

Rigs-2 plug sample 100. 

Sample: 
whi te, bioturbated, wackestone, calcareous microfossil s, cemented and open, sili cic 
microfoss ils. 

BSE: 
lntergranular and intrafoss il porosity. 
Poreti II ing quartz. 
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1. Introduction 

By request of the Rock Physics Project (EFP-2001), GEUS Core Laboratory has carried out special core 
analysis on p lugs from Ekofisk formation in the South Arne field, which include the wells: Rigs-1 
and Rigs-2. 

The ana lytical programme was specified by Peter Japsen and included the followin g services: 

• P and S wave measured on dry p lugs at reservoir overburden pressure 
• P and S wave measured on sahtrated plugs at reservoir overburden pressure 
• P and S wave measured on partly sa tura ted plugs at reservoir overburden pressure 
• Re-analysing of P and S wave from "GEUS rapport2000/19" using the arrival picker 

GEUS Core Laboratory received 17 plugs from Rigs-1 and 7 p lugs from Rigs-2. Prelimjnary reports 
has been fornrarded to the Rock Physics Project during year 2001. 

GEUS Core Laboratory 
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Z. Sampling and analytical procedure 

rhe laboratory received a total of 24 1.5" diameter plugs from GEUS core Magasi:n. 

~.l Plug history 
11,.e plugs from Rigs 1 and 2 have earlier been hot soxhlct deaned, dried at 110 ''C, and meas ured for 
:onventional core analysis data by GEUS core laboratory. Data can be seen in lab le 2.1. 

~-2 Conventional core analysis and trimming of plugs 
£'he 1.5" diameter plugs wen:! trimmed to a length of 1.0" and dried at 110 °C. The porosity and grain 
iensity were re-meMured on the trimmed plugs. Data can be seen in table 2.2. 

~-3 Ultrasonic measurements 
£'he transit time for the P- and S-wave was measured by a Tektronix Model TDS3012 2-channel 
iigital phosphor oscilloscope, which was connected to a PAR spike-generator and a modified 
~utoLab 500 Ultrasonic core holder from New England Research. The P- and 5-wave transducer has 
1 centre frequency at 700 kHz. 

'- and 5-waves were measured on dried and .fuJl saturated plugs at 75 bar hydrostatic confining 
,ressure. The confining pressure was increased continually during a time period of 1 ½ hour us ing a 
iP-5400 high pressure pump system from Quizix. The P- and 5-waves measurements were saved 
I igitally for later analysis. When unloading the core holder, the confining pressure was decreased 
:ontinually from 75 to Obar during a time period of 1 ½ hour. 

'.ne system delay time was determined by measuring trcms it time without any p lugs and on 3 
,luminium plugs with different lengths. The system delay time was found to be 12.685*10.(' sec. for 
he P wave and 23.714*10-6 sec. for the S wave. 

~.4 Dry plugs 
11e oven dried plugs were left at room conditions for 2 weeks to allow equilibration with the 
ttunidity in the air. This was done to p revent Lhe plug from been "over-dry" before measuring. The 
aturation was monitored by a balance and calculated by mass balance. Data can be seen in table 2.2. 

~.5 Saturated plugs 
\.fter measuring P and S waves on the dried plugs, the p lugs were saturated with chalk saturated lap 
vater by vacuum saturation for one day and then high pressure sa turation for 2 days (100 Bar). Data 
an be seen in table 2.2. 

!.5 De-saturation of p lugs to 75%, 50% and 25% 
. fully saturated plugs were placed on a balance a t room condi tion. In time the water evaporated and 
nass ba lance was used for the calculations. 

GEUS Corn Laboratory 
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2.6 Analysing of the ultrasonic signal 
n1e first amplitude extrema of the ultrasonic: signal has been pick by a program named "first arrival 
::>icker" made by 0degaard . Se section 4. 

2.7 Re-analysing of data from "GEUS rapport 2000/19" 
fhe ultrasonic mcasmcments on plugs from South Arne were reanalysed using the first arrival 
?icker. The da ta is lis ted in section 5. 

2.8 List of tables and figures 
fable 2.1 Conventional core analysis from report "GEUS 1996/26" and 11GEUS 1996/77" 

Well Plug no. Plug Type Depth Porosity Gas Perm. Gr.Dens. 
Feet or m eter % mD ,;:./cc 

rugs-1 3 Vertical 9111.00 14.14 0.73 2.716 
Rigs-1 7 Vertical 9114.00 14.47 0.53 2.708 
Rigs-1 8 Horizontal 9114.32 14.17 3.05 2.706 
Rigs-1 10 I Iorizontal 9116.30 15.07 15.0 2.707 
Rigs-1 11 Vertical 9117.00 14.57 0.38 2.708 
Rigs-1 12 Horizontal 9117.32 14.29 0.74 2.7'22 
Rigs-1 36 Vertical 9137.51 16.20 0.12 2.712 
Rigs-1 54 Horizontal 9153.20 19.48 0.37 2.704 
Rigs-1 55 Vertical 9154.00 24.05 0.18 2.698 
Rigs-1 82 Vertical 9176.00 33.97 0.83 2.699 
Rigs-1 102 Vertical 9193.00 14.39 0.04 2.700 
Rlgs-1 122 Vertical 9210.00 27.81 0.32 2.707 
Rigs-1 130 Vertical 9216.00 21.34 0,20 2.707 
Rigs-1 146 Vertical 9230.00 31.94 0.60 2.697 
Rigs-1 170 Vertical 9250.39 30.72 0.57 2.700 
Rigs-1 196 Vertical 9273.50 17.15 0.11 2.699 
Rigs-1 213 Vertical 9287.32 19.93 0.31 2.707 -- ·- -
Rigs-2 15 Vertical 2800.00 41.33 1.90 2.685 
Rigs-2 22 Vertical 2802.00 23.90 0.'13 2.697 
Rigs-2 37 Vertical 2806.00 28.90 l.27 2.698 
Rigs-2 62 Vertical 2814.15 38.79 ·1.44 2.701 
Rigs-2 74 Vertical 2818.04 44.73 3.23 2.724 
Rigs-2 93 Vertical 2824.00 25.20 0.17 2.683 
Rigs-2 100 Vertical 2826.00 19.75 0.23 2.692 - ---

GEUS Core Laboratory 



Table 2.2 P lug data measured at 23 °c. 

Well Plug Depth Porosity Gr.density Perm. Bulk Pore Length Weight Dry Saturation Sat. Saturation Fluid 
no. vol. vol. weight weight density 

feeVmeter % g/ml mD ml ml mm g g % g % g/ml 
Rigs-1 3 9111.00 13.81 2.705 0.7 21 .22 2.93 18.69 49.47 49.67 7 52.37 92 1.073 
Rigs-1 7 9114.00 14.09 2.705 0.5 23.63 3.33 21 .00 54.91 55.92 30 - - 0.998 
Rigs-1 8 9114.32 14.03 2.707 3.1 24.93 3.50 22.43 58.02 59.21 34 - - 0.998 
Rigs-1 10 9116.30 14.93 2.704 15.0 21 .59 3.22 18.84 49.66 50.04 12 53.21 103 1.073 
Rigs-1 11 9117.00 14.33 2.711 0.4 23.81 3.41 20.93 55.29 55.71 12 59.06 103 1.073 
Rigs-1 12 91 17.32 14.76 2.726 0.7 25.86 3.82 22.98 60.09 60.54 12 - - 1.073 
Rigs-1 36 9137.51 15.81 2.704 0.1 27.1 2 4.29 23.80 61.75 62.08 8 66.13 102 0.998 
Rigs-1 54 9153.20 19.45 2.709 0.4 28.47 5.54 25.50 62.12 62.32 4 67.59 99 0.998 
Rigs-1 55 9154.00 24.73 2.710 0.2 27.89 6.90 24.54 56.9 57.03 2 63.64 98 0.998 
Rigs-1 82 9176.00 34.47 2.706 0.8 28.30 9.76 24.81 50.19 50.24 1 59.81 99 0.998 
Rigs-1 102 9193.00 14.61 2.714 0.0 22.12 3.23 19.45 51 .27 51 .43 5 54.34 95 0.998 
Rigs-1 122 9210.00 28.07 2.710 0.3 23.45 6.58 20.82 45.71 45.82 2 52.17 98 0.998 
Rigs-1 130 9216.00 23.93 2.717 0.2 25.71 6.15 22.88 53.14 53.26 2 59.12 97 0.998 
Rigs-1 146 9230.00 34.58 2.694 0.6 20.39 7.05 18.08 35.94 35.96 0 42.95 100 0.998 
Rigs-1 170 9250.39 30.90 2.704 0.6 26.70 8.25 23.45 49.89 49.94 1 57.94 98 0.998 
Rigs-1 196 9273.50 18.79 2.711 0.1 26.92 5.06 23.83 59.27 59.37 2 64.31 100 0.998 
Rigs-1 213 9287.32 20.43 2.716 0.3 27.91 5 .70 24.73 60.31 60.36 1 65.87 98 0.998 
Rigs-2 15 2800.00 41.55 2.696 1.9 15.21 6 .32 13.68 23 .. 97 24.00 0 30.20 99 0.998 
Rigs-2 22 2802.00 25.62 2.700 0.1 27.38 7.01 24.48 55.13 55.19 1 61.67 93 0.998 
Rigs-2 37 2806.00 38.74 2.692 1.3 25.34 9.82 22.50 41 .78 41 .82 0 51 .52 99 0.998 
Rigs-2 62 281 4.15 39.75 2.700 1.4 27.15 10.79 24.25 44.17 44.19 0 54.87 99 0.998 
Rigs-2 74 2818.04 43.86 2.709 3.2 15.21 6.67 13.48 23.13 23.14 0 29.68 98 0.998 
Rigs-2 93 2824.00 24.67 2.670 0.2 27.23 6.72 24.14 54.75 54.77 0 61 .44 100 0.998 
Rigs-2 100 2826.00 20.29 2.695 0.2 29.44 5.97 26.09 63.25 63.30 1 69.12 98 0.998 



3. Flow chart of the analytical procedure 

Well: 

Rigs-1 and Rigs-2 

I 

Trimming of plugs and drying 
at 110°c 

I 
Measuring 

Porosity and grain density 

I 

Ultrasonic velocity on "dry" 
plugs 

I 

Saturation of p lugs 

I 
Drying 2 plugs to Ultrasonic velocity on sa turated 

75%, 50% and 25% plugs 
brine saturation 

I 
Ultrasonic velocity on 
partly satura ted plugs 

- -
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4. Analytical methods 

The following is a short description of the methods used by GEUS Core Laboratory. For a more 
detailed description of methods, instrumenta tion and principles of calculation the reader is referred 
to API recommended practice for core analysis p rocedure (API RP 40, 1998). 

4.1 Ultrasonic measurements 
The ultrasonic velocity is calculated from the following equation. 

. . Sample length(m] 
Ultrasoni c velocity [ m/s] = - ···· - -- - -

Transit time[s] -system delay[s] 

The twnsil time of a plug is measured using an osci lloscope, which is connected to a spike-generator 
and an ultrasonic core holder. The system delay time is the transit time of the system w ithout any 
plugs. It can be d etermined by measuring the transit time without any plugs or measuring the transit 
time for unifom, plugs with known length and extrapolate to 0. 

System delay time S1 = 0.3229x + 23.715 

S2 = 0.3217x + 23.714 R2 = 0.9997 

R2 = 0.9996 -?< 
" ( 

' ' 
40 1 
30 .... , p 0.1576x + 12.685 
25 <."k,_ R2 ~ 0.9994 

20 l 
15 

10 L 
~ - -- r--

0 5 10 15 20 25 30 35 40 

Length (n'TI\) 

Figure 4.1 Determination of the system delay time. 

The system is tested against 2 reference plugs giving the following result. 

Aluminium 6061 plug: P-vclocily S1-vclocity S2-velocity 
m/s m/s m/s 

Measured 6417 3'112 3120 
Reference 6396 3125 3125 
Difference(%) -0.32 0.42 0.15 

-
Acrylic plug: P-vclocity S1-velocity S2-velocity 

f-
m/s m/s m/s 

Measured 2745 1391 1387 
Reference 2750 1392 1392 
Difference(%) 0.19 0.08 0.35 

GEUS Core Laboratory 
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4.2 The arriva l picker 
To reduce the inaccuracy and subjectivity of manual picking in the ultrasound signal, a first a rrival 
picker program was develop by 0degaard A/S. An additional advantage of the proposed approach 
is that more scientific solid uncertainty information can be obtained. 

Picking Lhe signal: 
The program looks for two consecutive local extrema with amplitudes of opposite sign. The search 
can be limited to a given time Lnterval and lo a given polarity, i.e. the sign of the first exlrama. In a 
typical ultrasonic signal the desired event will give the maximum output in the following non-linear 
object function : 

)!i~stE~tremaAmplitudc - 2 * SecondExtremaJ\mplitude I 
HeadAmplitudc 

Where the HeadAmplitude dcnot<!s the maximum absolute amplitude of the signal in an interval 
ending just before the onset of the half period containing the first extrema. The length of the interval 
has been set to 5 mean periods, i.e. 5 divided by the mean frequency. The precise time of the first 
extrema is found using (Newton-Raphson) local optimisation starting from the solution determined 
p reviously an d using (sine) interpolation between the samples. 

The global tm.ccrtainty: 
In order to describe how easy it is to identify the desired event, the global uncertainty is defined as 
the ratio of the object function betwcc~n its second largest value and its largest value. The global 
uncertainty takes values between O and 1, where O represents a very easy case and 1 means that two 
or more picks were equally good, in fact equally bad. 

The local uncertainly (Error-band) : 
In order to describe how m uch the picked time could be wrong due to that additive noise has moved 
the chosen extrema of the observable signal, the local uncertainty is computed. The chosen 
HeadArnplitude is used as a noise estimate in that computation. 

4.3 Gas permeability 
The plug is motm ted in a Hassler core holder, and a confin ing pressure of 400 psi applied to the 
sleeve. The specific permeability to gas is measured by flow ing nitrogen gas through a p lug of 
known dimensions at differential pressures between O and 1 bar. No back p ressure is applied. The 
readings of the digital gas permeameter are checked regularly by routine measurement of permeable 
steel reference p l\lgs. 

4.4 He-porosity and grain density 
The porosity is measured on cleaned and dried samples. The porosity is determined by subtraction 
of the measured grain volume and the measured bulk volume. The I Ielium technique, employing 
Boyle's Law, is used for grain volume determination, applying a double chambered Heliwn 
porosimeter with digital readout, whereas bulk volume is measured by submersion of the plug in a 
mercury bath us ing Arch imedes principle. Grain density is calculated from the grain volume 
measurement and the weight of the deaned and dried sample. 

4.5 Precision of analytical data 
Conventional core analysis: 

GEUS Core Laboratory 
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The table below gives the precis ion (= reproducibility ) a l U,e 68% level of confidence (+/-1 s tandard 
deviation) for routine core analysis measurements performed at GEUS Core Laboratory. 

Measurement Range, mD Precision 

Grain density 0.003 g/cc 

Porosity 0.1 porosity-% 

Gas Permeability 0.001-0.01 25% 
0.01-0.1 15% 

> 0.1 4% 

4.6 Precision of ultrasonic data 
The uncertainty of the plug length is 0.1 mm and this leads to the error given in the column "Error
length''. The precision of picking the right signal is listed in column "Uncertainty'' and error due to 
the noise is listed in column "En or-picking" in both ~LS and m/s. The column "Error-total" is the 
error added from ''Error-length" and "Error-picking". See the table 4.1 below. 

Table 4.1 Precision of ultrasonic data - Ekofisk formation 
Well Plug Wave Snturation Lenitth First Velocity Error- Error- Error• Error-total Uncertainty 

type arrival pieklng picking length 
no. mm I0-6 sec m/s 10-6 sec m/s m/s m/s Vnluc: 0 -1 

Rigs- I 3 p DRY 18.69 18.87 3020 0.020 10 16 26 0.06 

Rigs- I 3 SI DRY 18.69 32.24 2192 0.012 3 12 15 0.03 

Rigs-I 3 S2 DRY 18.69 32.24 2192 0.021 5 12 17 0.06 

Rigs-1 3 p WET 18.69 18,65 3132 0.018 10 17 26 0.06 

Rigs-I 3 S I WET 18.69 35.94 1528 0.092 12 8 20 0.35 

Rigs• ! 3 S2 WET 18.69 35.83 1543 0.1 10 14 8 22 0.45 

Rigs- I 7 p DRY 21.00 20.58 2659 0.017 6 13 18 0.06 

Rigs- I 7 SI DRY 21.00 34.99 1863 0.024 4 9 13 0.10 

Rigs- I 7 S2 DRY 21.00 34.93 1873 0.022 4 9 13 0,07 

Rigs-I 8 p DRY 22.43 19.18 3452 0,013 7 15 22 0.05 

Rigs- I 8 SI DRY 22.43 33.89 2205 0. 163 36 10 46 0.26 

Rigs-I 8 S2 DRY 22.43 34. 12 2155 0.021 4 10 1'1 0.04 

Rigs-1 10 p DRY 18.84 17.71 3746 0,018 14 20 34 006 

Rigs- I 10 SI DRY 18.84 31.65 2374 0.015 5 13 17 0,06 

Rigs- I 10 S2 DRY 18.84 31.64 2376 0,023 7 13 19 0.06 

Rigs- I 10 p WET 18.84 17.65 3791 0.013 10 20 30 0.04 

Rigs- I 10 SI WET 18.84 33.35 1956 0.056 11 10 22 0 15 

Rigs- I JO S2 WET 18.84 34.26 1786 0. 11 5 20 9 29 0.28 

Rigs- I 11 p DRY 20.93 - . 0.267 - - . . 
Rigs- I 11 SI DRY 20.93 34.23 1991 0.025 5 10 14 008 

Rigs-I 11 S2 DRY 20.93 34.09 2016 0.025 s 10 14 0.06 

Rigs-I 11 p WET 20.93 18.88 3378 0.031 17 16 33 0.08 

Rigs- I II St WET 20.93 36.04 1698 0,083 12 8 20 0.42 

Rigs-I II S2 WET 20.93 35.98 1706 0082 11 8 20 0.36 

Rigs-I 12 p DRY 22.98 19.15 3556 0. 11 9 66 IS 82 0.33 

Rigs- I 12 SI DRY 22.98 33.80 2279 0. 100 23 10 33 0.94 

Rigs-I 12 S2 ORY 22.98 34.00 2234 0.086 19 10 29 0.95 

GEUS Core Laboratory 
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Table 4.1 Precision of ultrasonic data - Ekofisk fonnation (continued) 
Well Plug Wave Saturation Length First Velocity Error- Error- Error- Error- Uncertainty 

type nrrival picking picking lengtll totnl 
no. mm 10-6 sec m/s 10-6 sec m/s m/s m/s Value: 0 - I 

Rigs-I 36 p DRY 23.80 20.54 3029 0.0IJ 5 13 18 0.04 

Rigs-I 36 SI DRY 23.80 34.84 2138 0.019 4 9 13 0.04 

Rigs- I 36 S2 DRY 23.80 34.85 2136 0.03 1 6 9 15 0.07 

Rigs-I 36 p WET 23.80 19.36 3565 0.022 12 15 27 0.07 

Rigs- I 36 SI WET 23.RO 36.19 1908 0.041 6 8 14 0.16 

Rigs-I 36 S2 WET 23.80 36.24 1899 0.047 7 8 15 0.12 

Rigs-I 54 p DRY 25.50 19.02 4024 0.012 8 16 23 0.04 

Rigs- I 54 SI DRY 25.50 34.25 2420 0.033 8 9 17 0.14 

Rigs-I 54 S2 ORY 25.50 33.97 2486 0.012 3 10 13 0.03 

Rigs- I 54 p Wl::T 25.50 18.98 405 1 0.010 7 16 22 0.04 

Rigs- I 54 SI WF.T 25.50 35.34 2193 0.033 6 9 15 0.07 

Rigs- I 54 S2 WET 25.50 35. 17 2226 0.031 6 9 15 0.06 

Rigs- I SS p DRY 24.54 19.46 3620 0.010 5 15 20 0.04 

Rigs- I 55 SI DRY 24.54 34.61 2252 0.0 17 4 9 13 0.04 

Rigs- I 55 S2 ORY 24.54 34.63 2248 0.015 3 9 12 0.03 

Rigs- I 55 p WET 24.54 19.47 3619 0.01 I 6 15 21 0.04 

Rigs-I 55 S I Wr.T 24.54 35.87 2019 0.02 1 4 8 12 0.05 

Rigs- I 55 S2 WIZT 24.54 35.92 20 11 0.026 4 X 12 0.09 

Rigs-I 82 p DRY 24.81 21.26 2893 0.010 3 12 15 0.03 

Rigs- I 82 Sl DRY 24.81 37.22 1837 0.01 4 2 7 9 0.03 

Rigs-I 82 S2 DRY 24.81 37. 12 1850 0.032 4 7 12 0.08 

Rigs- I 82 p WET 24.81 20.97 2993 0.0 10 4 12 16 0.04 

Rigs- I 82 SI WET 24.81 39.20 1602 0.015 2 6 8 0.03 

Rigs-I 82 S2 WET 24.81 38.96 1627 0.026 3 7 9 0.06 

Rigs- I 102 p DRY 19.45 17.46 4070 0.013 11 21 32 0.05 

Rigs- I I 02 SI DRY 19.45 31.22 2590 0.014 5 13 18 0.04 

Rigs-I 102 S2 DRY 19.45 31.22 2590 0.026 9 13 22 0.06 

Rigs-I 102 p WET 19.45 17.28 4230 0.010 9 22 31 0.04 

Rigs- I 102 S I Wl2T 19.45 31.77 2415 0.023 7 12 19 0.08 

Riss- I 102 S2 WET 19,45 31.78 24 10 0.019 6 12 18 0.05 

Rigs-I 122 p DRY 20.82 18.90 3350 0.015 8 16 24 0.06 

Rigs- I 122 SI DRY 20.82 33.53 2121 0.030 6 10 17 0. 10 

Rigs- I 122 S2 DRY 20.82 33.50 2127 0.026 6 10 16 0.06 

Rigs- I 122 I' WET 20 82 18.78 3413 0.01 I 6 16 23 0.04 

Rigs-I 122 Sl WET 20.82 34.79 1880 0.021 4 9 13 0.05 

Rigs- I 122 S2 WET 20.82 34.81 1877 0.032 5 9 14 0.09 

Rigs-I 130 p DRY 22.88 19.49 3361 0.026 13 15 28 0.08 

Rigs- I 130 Sl DRY 22.88 34.25 2171 0.025 5 9 15 0.13 

Rigs-I 130 S2 DRY 22.88 34.21 2180 0.019 4 10 13 0.04 

Rigs• I 130 p WET 22.88 19. 18 3521 0.010 6 15 21 0.03 

Rigs- I 130 SI WET 22.88 35.61 1923 0.041 7 8 15 0. 17 

Rigs-I 130 S2 WET 22.88 35.59 1927 0.046 R 8 16 0.17 

Rigs-I 146 I' DRY 18.08 18.64 3035 0.022 1 l 17 28 0.07 

Rigs- I 146 Sl DRY 18.08 33.27 1892 0.075 15 10 25 061 

Rigs- I 146 S2 DRY 18.08 33.29 11!88 0.060 12 10 22 0.1 8 

Rigs-I 146 I' WET 18.08 18.61 3051 0.017 9 17 26 0.05 

Rigs-I 146 SI WET 18.08 34.68 1648 0.036 5 9 IS 0. 15 

Rigs• I 146 S2 WET 18.08 34.79 1632 0.040 6 9 15 0.13 
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Table 4.1 Precision of ultrasonic data - Ekofisk formation (continued) 
Well Plug Wave Saturation Length l<' irst Velocity Error- Error• Error- F.rror- Uncertainty 

type arrival pie.king picking length toul 
no. mm 10-6 sec m/s 10-6 sec m/s m/s m/s Value: 0-1 

Rigs• I 170 p DRY 23.45 20.04 3187 0.021 9 14 23 0.07 

Rigs• I 170 SI DRY 23.45 35.60 1972 0.060 10 8 18 0.24 

Rigs- I 170 S2 DRY 23.45 35.37 2011 0.071 12 9 21 0.21 

Rigs- I 170 I' WET 23.45 19.98 32 13 0.020 9 14 22 0.06 

Rigs- I 170 SI W!-;T 23.45 36.93 1774 0.062 8 8 16 0.3 1 

Rigs-I 170 S2 WET 23.45 37.07 1755 0.194 26 7 33 0.70 

Rigs- I 196 p ORY 23.83 18.47 41 17 0.021 15 17 33 0.08 
Rigs- I 196 S I DRY 23.83 33.15 2525 0.026 7 11 18 O.o7 
Rigs-I 196 S2 DRY 23.83 33.12 2532 0.032 9 11 19 0.10 

Rigs-I 196 p WET 23.83 18.36 41 97 0.017 12 18 30 0.06 

Rigs- I 196 SI WfiT 23.83 33.77 237 1 0.016 4 10 14 0.03 

Rigs-I 196 S2 WET 23.83 33.71 2384 0.023 6 10 16 0.05 

Rigs- I 213 p DRY 24.73 18.44 4296 0.036 27 17 45 0.09 

Rigs- I 213 SI DRY 24.73 33.28 2585 0.033 9 10 19 0.09 

Rigs- I 213 S2 DRY 24.73 33.19 2609 0.05 1 14 11 25 0.12 

Rigs-I 213 p WET 24.73 18.26 4437 0.026 21 18 39 0.o7 

Rigs- I 213 SI WET 24.73 33.60 2501 0.045 12 10 22 0.21 

Rigs-I 213 82 WET 24.73 33.72 2471 0.046 12 10 21 0.15 

Rigs-2 15 p DRY 13.68 18.62 2304 0.033 13 17 30 0.07 

Rigs-2 15 SI DRY 13.68 32.62 1536 0.044 8 11 19 0.07 

Rigs-2 15 S2 DRY 13.68 32. 15 1622 0.053 10 12 22 0.09 
Rigs-2 15 p WET 13.68 18.14 2506 0.016 7 18 26 0.04 

Rigs-2 15 S i WET 13.68 33.53 1394 0.130 19 10 29 . 
Rigs-2 15 S2 WET 13.68 33.25 1435 0.201 31 10 41 . 

Rigs-2 22 p DRY 24.48 19.53 1253 0.010 I 5 6 0.04 
Rigs-2 22 S I DRY 24.-18 34.52 2265 0.019 4 9 13 0.04 

Rigs-2 22 S2 DRY 24.48 34.53 2262 0.016 3 9 13 0.03 
Rigs-2 22 p WET 24.48 19.53 3574 0.012 6 15 21 0.04 

Rigs-2 22 S I WF.T 24.41! 35.70 2043 0.019 J 8 12 0.0'1 

Rigs-2 22 S2 Wt:::T 24.48 35.67 2047 0.025 4 8 13 0.07 

Rigs-2 37 p DRY 22.50 21.4 1 2578 0.016 5 11 16 0.05 

Rigs-2 37 St ORY 22.50 36.99 169S 0.026 3 8 l 1 0.07 

Rigs-2 37 S2 DRY 22.50 36.87 1710 0.034 4 8 12 0.13 

Rigs-2 37 p WET 22.50 21.08 2680 0.012 ,, 12 16 0.04 

Rigs-2 37 SI WET 22.50 39.28 1445 0.02 1 2 6 8 0.07 

Rigs-2 37 S2 WET 22.50 39.25 1448 0.028 3 6 9 0.08 

Rigs-2 62 p DRY 24.25 22.21 2S46 0.014 4 IO 14 0.05 
Rigs-2 62 SI DRY 24.25 38.47 1643 0.026 3 7 10 0.06 

Rigs-2 62 S2 DRY 24.25 38.44 1646 0.022 2 7 9 0.04 

R.igs-2 62 f> 0.25 24.25 22.95 236 1 0.017 4 10 14 0.04 

Rigs-2 62 SI 0.25 24.25 39.64 1523 0.0 12 I 6 7 0.02 

Rigs-2 62 S2 0.25 24.25 39.79 1508 0.018 2 6 8 0.04 

Rigs-2 62 p 0.5 24.25 23.21 2304 0.0 12 3 9 12 O.o3 
Rigs-2 62 St 0.5 24.25 40.24 1468 0.025 2 G 8 0.05 

Rigs-2 62 S2 0.5 24.25 40.14 1477 0.024 2 6 8 0.05 

Rigs-2 62 I' 0.75 24.25 23. lR 2310 0.018 4 10 14 0.05 

Rigs-2 62 SI 0.75 24.25 40.63 1433 0.017 I 6 7 0.05 

Rigs-2 62 S2 0.75 24.25 40.57 1438 0.026 2 6 8 0.05 

Rigs-2 62 p WET 24.25 21.79 2662 O.Cll I 3 II 14 0.04 

Rigs-2 62 SI WET 24.25 41. 19 1387 0.029 2 6 8 0.07 

Rigs-2 62 S2 WET 24.25 40.98 1404 0.033 3 6 8 0.08 
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Table 4.1 Precision of ultrasonic data - Ekofisk formation (continued) 
Well Plug Wnve Snturation Length First Velocity Error- Error- Error- Error- Uncertain ty 

type arrival picking 1>kking length total 
no. mm 10-6 sec m/s IU-6 sec m/s m/s m/s Value: 0 -J 

Rigs-2 74 p DRY 13.48 18.33 2386 0.012 5 18 23 0.04 

Rigs-2 74 SI DRY 13.48 32.49 1536 0.021 4 11 15 0.05 

Rigs-2 74 S2 DRY 13 .48 32.43 1547 0.021 4 II 15 0.05 
Rigs-2 74 I' WET 13.48 18.06 2506 0.010 5 19 23 0.03 
Rigs-2 74 SI WET 13.'18 31\.17 1289 0.027 3 10 13 0.05 
Rigs-2 74 S2 WCT 13.48 34.10 1297 0.045 6 10 IS 0.13 

Rigs-2 93 p ORY 24.14 19.77 3408 0.012 6 14 20 0.04 

Rigs-2 93 SI DRY 24.14 34.52 2234 0.016 3 9 13 0.04 

Rigs-2 93 S2 DRY 24.14 34.53 2231 0.020 4 9 13 0.05 
R.igs-2 93 p WET 24.14 19.56 3509 0.060 31 15 45 0. 19 
Rigs-2 93 S I WCT 24.14 35.74 2007 0.025 4 8 12 0.07 
Rigs-2 93 S2 WET 24. 14 35.70 2014 0.()23 4 8 12 0.04 

Rigs-2 100 p nRY 26.09 18.85 4230 0.016 11 16 27 0.06 
Rigs-2 100 S I DRY 26.09 33.71 26 10 0.022 6 10 16 0.09 

R.igs-2 100 S2 DRY 26.09 33.70 26 12 0.021 5 10 15 o.os 
Rigs-2 100 r 0.25 26.09 18.96 4155 0.010 6 16 22 0.03 

Rigs-2 100 SI 0.25 26.09 33.98 2541 0.020 s 10 15 0.04 
Rigs-2 100 S2 0.25 26.09 33.97 2543 0.017 4 10 14 0.04 
Rigs-2 100 p 0.5 26.09 18.96 4157 0.020 13 16 29 0.06 
Rigs-2 100 SI 0.5 26.09 34.12 2507 0.014 3 10 13 0.03 
R.igs-2 100 S2 0.5 26.09 34.11 2509 0.024 6 10 15 0.08 
Rigs-2 100 I' 0.75 26.09 18.90 4195 0.010 7 16 23 0.03 
Rigs-2 100 SI 0.75 26.09 34.25 2476 O.0l!l 4 9 14 0.07 
Rigs-2 100 S2 0.75 26.09 34.24 2478 0.018 4 9 14 0.04 

Rigs-2 100 p WET 26.09 18.76 4291 0.013 9 16 26 0.05 
Rigs-2 100 SI WET 26.09 34.36 2451 0.016 4 9 13 0,03 

Rigs-2 100 S2 WET 26.09 34.35 2453 0.023 5 9 15 0.05 

System AJul p ORY 14.94 15.06 6280 0.01 I JO 42 72 0.04 
System Alu! SI DRY 14.94 28.61 3052 0.036 2J 20 43 0.14 

System Alu l S2 DRY 14.94 28.60 3058 0.032 20 20 41 0.14 

System Alu2 p DRY 24.93 16.69 6232 0.013 20 25 45 0.04 

System Alu2 SI DRY 24.93 3 1.84 3067 0.03 1 12 12 24 0.09 
System Alu2 S2 DRY 24.93 31.81 3079 0.023 9 12 21 0.07 

System Alu3 p DRY 35.90 18.28 6411 0.012 13 18 31 0.04 
System Alu3 SI DRY 35.90 35.22 3120 0.042 12 9 20 0.13 
System /\Ju.3 S2 DRY 35.90 35.17 3133 0.076 21 9 30 0.23 

System Transducer p ORY . 12.65 . 0.009 . . . 0.04 
System Transducer SI DRY . 23.65 . 0.025 - - . 0.06 
System Transducer S2 DRY . 23.64 . 0.024 . . - 0.06 

Ref. ALU-6061 p DRY 25.40 16.64 6417 0.01 I 17 25 43 0.03 

Ref. ALU-6061 Sl DRY 25.40 31.!l!l 31 12 0.032 12 12 24 0.09 
Ref. ALU-6061 S2 DRY 25.40 31.85 3120 0.03 1 12 12 24 0.09 

Ri.:f. Ac:rylii.: p DRY 25.44 2 1.95 2745 0.014 4 11 IS 0.04 
Rd. Acrylii.: SI DRY 25.44 42.00 1391 0.028 2 s 8 0.08 
Ref, Acrylic S2 DRY 25.44 42.05 1387 0.050 4 5 9 0.11 
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Table 4.2 Precision of ultrasonic data - Tor formation 
Well Plug Wnve Saturation Length First Velocity Error- Enor- Error- Error• Unccrlllinly 

type arrival picking picking lcn~th total 
no. mm 10-6 sec mls 10-6 sec m/s m/s m/s Value: 0-1 

Rigs- I 216 p ORY 19.9 17.34 4305 0.047 44 22 66 0.14 

Ri~s-1 216 SI DRY 19.9 31.39 2576 0.064 22 13 35 0. 12 

Rigs-I 216 S2 DRY 19.9 31.27 2629 0.055 19 13 32 0. 13 

Rigs-I 220 p DRY 27.9 21.09 333 1 0.018 7 12 J9 0.06 
Rigs-I 220 SI DRY 27.9 37. 13 2072 0.019 3 7 10 0.05 

Rigs•! 220 S2 DRY 27.9 37.20 2066 0.018 3 7 10 0.04 

Rigs·! 220 I) WET 27.9 21.08 3335 0.021 8 12 20 0.06 

Rigs-I 220 St WET 27.9 39.00 1820 0,032 4 7 10 0.07 

Rigs-1 220 S2 WET 27.9 38.94 1830 0.032 4 7 10 0.06 

Rigs-I 236 r ORY 25.6 20.85 3152 0.081 32 12 44 0.37 

Rigs-I 236 SI DRY 25.6 36.85 1944 0065 10 8 17 0.26 

Rigs-I 236 S2 DRY 25.6 36.23 2045 0 066 11 8 19 0. 13 

Rigs-I 240 p DRY 27.9 23.55 257 1 0.034 8 9 17 0.1 I 

Rigs-I 240 SI DRY 27.9 40.3 1 1674 0.019 2 6 8 0.03 
Rigs-I 240 S2 DRY 27.9 40.21 1687 0.022 2 6 8 0.04 

Rigs-I 244 p DRY 25.1 2 1.48 2865 0.023 7 J I 19 0.06 
Rigs- I 244 SI DRY 25.1 37.73 1785 0,029 4 7 11 0.06 
Rigs-I 244 S2 DRY 25.1 37.43 1828 0.047 6 7 14 008 

Rigs- I 260 p DRY 26 23.35 2448 0,049 11 9 21 0,3 1 

Rigs- I 260 SI DRY 26 39.90 1604 0,028 3 6 9 0.13 

Rigs-I 260 S2 DRY 26 39.62 1635 0.070 7 6 13 0.3 1 

Rigs-I 260 p WET 26 22.61 2632 0.085 23 10 33 0.12 

Rigs-I 260 SI WET 2(i 42.62 1373 0.064 5 5 10 0.26 
Rigs-I 260 S2 WET 26 44.42 1256 0, 124 8 5 12 0.60 

Rigs- I 264 p DRY 26.8 23.74 2433 0,024 5 9 14 0.08 
Rigs-I 264 SI DRY 26.8 40.66 1578 0.029 3 6 9 0.06 
Rigs- I 264 S2 DRY 26.8 40.58 1589 0,049 5 6 II 0,12 

Rigs- I 264 J> WET 26.8 23.12 2577 0.023 6 10 15 0.07 

Rigs-I 264 SI WET 26.8 43.62 1344 0052 3 5 9 0. 13 

Rigs-I 264 S2 Wl-:T 26.8 43.72 1340 0.075 5 5 10 0.22 

Rigs-I 274 p DRY 22.8 21.23 2683 0-021 7 12 18 0.06 
Rigs-I 274 SI DRY 22.8 36.66 1759 0.035 5 8 12 0.08 

Rigs-I 274 S2 ORY 22.8 36.64 1765 0.041 6 8 13 0,09 

Rigs-2 121 p DRY 26.8 25.55 2086 0.059 10 8 17 0.1 1! 
Rigs-2 121 SI DRY 26.8 42,77 1401 0.043 3 5 8 0.09 
Rii;s-2 121 S2 DRY 26.8 42.40 1431 0.044 3 5 9 0.07 

Rigs-2 121 11 WET 26.8 23.68 2441 0.023 s 9 14 0.07 

Rigs-2 121 SI WET 26.8 45.12 1248 0.049 3 5 8 0.16 
Rigs-2 121 S2 WET 26.8 45. 11 1250 0.133 8 5 13 0.27 

Rigs-2 128 p DRY 27.2 25.89 2064 0.056 9 8 16 0.27 

Rigs-2 128 SI DRY 27.2 43.59 1365 0.092 6 5 II 0.61 
Rigs-2 128 82 DRY 27.2 43.36 13113 0.064 5 5 10 0,75 

Rigs-2 128 p WET 27.2 24.2 1 2366 0,053 11 9 20 0.12 
Rigs-2 128 SI WI.ff 27.2 47.64 1134 0,132 6 4 10 0.51 

Rigs-2 128 S2 WET 27,2 47.65 1136 0.207 10 4 14 0.39 
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Table 4.2 Precision of ultrasonic data-Tor formation (continued). 
Well Plug Wave Saturation Length First Velocity Error- ~: rror- 1£rror- Error- Uncertainty 

type arrival picking picking length tot11 I 
no. mm 10-6 sec mls 10-6 sec m/s nt/s mfs Vnlue: 0 -1 

Rigs-2 136 p DRY 26. 1 25.34 2072 0.033 6 8 13 0.11 
Rigs-2 136 SI DRY 26.1 42.58 1382 0.040 3 5 8 0.09 
Rigs-2 136 S2 DRY 26.1 42.5 1 1390 0.046 3 5 9 0.09 
Rigs-2 136 p WET 26.1 23.48 2429 0.025 6 9 15 0.08 
Rigs-2 136 SI WET 26.1 45.03 1224 0.062 4 s 8 0.22 

Ril.!s-2 136 S2 w1,;r 26. 1 45. 11 1221 0.11 1 6 5 11 0.20 

Rigs-2 151 p IJRY 25.7 24.42 2198 0.026 5 9 14 0.06 
Rjgs-2 151 SI DRY 25.7 41.88 1413 0.035 3 5 8 0.07 
Rigs-2 151 S2 DRY 25.7 41.33 1460 0.027 2 6 R 0.04 
Rigs-2 151 p WET 25.7 23.09 2480 0.028 7 10 16 0.07 
Rigs-2 151 SI WET 25.7 44,27 1249 0.056 3 5 8 0.10 
R.igs-2 151 S2 WET 25.7 43.84 1278 0.078 5 5 10 0. 14 

Rigs-2 162 p DRY 24.7 23.37 2323 0.040 9 9 IR 0.11 

Rigs-2 162 SI DRY 24.7 41.27 1405 0.146 12 6 17 0.30 

Rigs-2 162 S2 DRY 24.7 40.08 1511 0.040 4 6 10 0.08 

Rigs-2 176 f' DRY 25.6 22.20 2704 0.059 17 11 27 0.13 
Rigs-2 176 St DRY 25.6 38.36 1744 0.072 9 7 15 0.23 
Rigs-2 176 S2 DRY 25.6 38.70 1709 0.085 10 7 16 0.37 

Rig,~-2 200 p DRY 18.9 22.26 1979 0.042 9 10 19 0.13 
Rigs-2 200 SI DRY 18.9 38.20 1300 o.oss 5 7 12 0.54 

Rigs-2 200 S2 DRY 18.9 38.28 1296 0.038 3 7 10 0.07 
Rigs-2 200 p WET 18.9 20.89 23 I I 0.020 6 12 18 0.07 
Rigs-2 200 SI WET 18,9 40.30 11 36 0.094 6 6 12 0.50 

Rigs-2 200 S2 W£l 18.9 40.83 I 103 0.08S 6 6 11 0.20 

Rigs-2 204 p DRY 26.8 26.42 1959 0.028 4 7 11 0.09 
Rigs-2 204 SI DRY 26.8 43.62 1345 0.030 2 5 7 0.13 

Rigs-2 204 S2 DRY 26.8 43.95 1326 0.050 3 5 8 0.11 

Rigs-2 204 p WET 26.8 24.07 2364 0.025 5 9 14 0.0R 
Rigs-2 204 S I WET 26.8 46.30 I 186 0.073 4 4 8 0.13 
Rigs-2 204 S2 WET 26.8 46.24 1191 0.113 6 4 10 0.15 -
Rigs-2 212 p DRY 26.5 25.57 2063 0.016 3 8 10 0.05 
Rigs-2 212 SI DRY 26.S 42.64 1397 0.025 2 s 7 0.07 
Rigs-2 212 S2 DRY 26.5 42.82 1387 0.03 1 2 5 8 006 
Rigs-2 212 p WET 26.5 23.63 2429 0.019 4 9 13 0.06 
Rigs-2 212 SI WliT 26.S 45 24 1229 0.043 2 5 7 0. 10 
Rigs-2 212 S2 WET 26.5 45 23 1232 0.077 4 5 9 0. 14 

SJ\-1 755 p DRY 25.9 19. 11 4041l 0.043 28 16 43 0.16 

SJ\-1 755 SI DRY 25.9 34.32 2428 0.027 6 9 15 0.07 
SA-I 755 S2 DRY 25.9 34.41 2415 0.028 6 9 16 0.05 
SA- I 755 p WET 25.9 19.06 4079 0.02 1 13 16 29 0.08 
SA-I 755 SI WET 25.9 35.20 2242 0.057 11 9 20 0.12 

SA- I 75S S2 WF.T 25.9 35.24 2242 0.034 7 9 15 0.07 

SA- I 759 p DRY 22.9 19.64 3309 0.032 IS 14 30 0.10 
SA-I 759 SI DRY 22.9 34.78 2063 0.024 4 9 13 0.06 
SA-1 759 S2 DRY 22.9 34.85 2056 0.021 4 9 13 0.04 

SA-I 760 p DRY 26.3 20.27 3485 0.050 23 13 37 0.54 

SA-I 760 SI DRY 26.3 35.85 2160 0.023 4 8 12 0.42 

SA-I 760 S2 DRY 26.3 35.87 2162 0.052 9 8 18 0.20 
SA- I 760 p WET 26.3 20.03 3597 0.016 8 14 21 0.06 
SA-I 760 SI WET 26.3 36.95 198 1 0. 11 9 18 8 25 0.64 

SJ\-1 760 S2 W.cT 26.3 36.94 1987 0.106 16 8 24 0.33 

GEUS Core Laboratory 



15 

Table 4.2 Precision of ultrasonic data - Tor formation (continued). 
Wrll Plug Wave Saturation Length First Velocity Error- Error- Error- Error- Uncertainty 

ty1)e arrival picking picking length total 
no. mm I 0-6 sec m/s 10-6 sec mls m/s m/s Vnlue: 0 -1 

SA- I 761 p DRY 26.2 - - - - . . . 
SA-I 761 Sl DRY 26.2 . . . . . - . 
SA- I 761 S2 DRY 26.2 36.72 20 13 0.109 17 8 25 0.5 1 

SA- I 761 p DRY 26.2 19.53 1342 0,010 I s 6 0.04 

SA- I 761 p WET 26.2 20.28 3466 0.023 11 I J 24 0,08 

SA- I 761 SI WET 26.2 37.79 1855 0.091 12 7 19 0.45 

S/\-1 761 S2 WET 26.2 37.80 1859 0.200 27 7 34 0.70 

SA- I 763 p DRY 25.7 20.01 3518 0.040 19 14 33 0.17 

SA- I 763 SI DRY 25.7 35.47 2175 0,030 6 8 14 0.08 

SA- I 763 S2 DRY 25.7 35,50 2175 0.057 10 8 19 0.12 

SA- I 763 p WhT 25.7 19.85 3598 0,018 9 14 23 0.06 

SA-I 763 SI WET 25.7 36.63 1981 0,100 15 8 23 0.29 

SA- I 763 S2 WET 25.7 36.69 1976 0.064 10 8 17 0. 14 

SA- I 767 p DRY 24.2 19,70 3466 0.028 14 14 28 0.10 

SA- I 767 SI DRY 24.2 35.09 2121 0.027 5 9 14 0.07 

SA-l 767 S2 DRY 24.2 35. 14 2118 0,029 5 9 14 0.06 

SA-I 767 p WET 24.2 19.58 3529 0.013 7 IS 21 0.04 

SA-I 767 SI WET 24.2 36.02 1961 0.026 4 8 12 0.07 

SA-I 767 S2 WL::T 24.2 36. 10 1953 0.043 7 R 15 0.08 

SA- I 771 p DRY 23.3 19.73 3327 0.027 13 14 27 0.09 

SA- I 77 1 Sl DRY 23.3 35.03 2054 0,027 5 9 14 0.08 

SA- I 771 S2 DRY 23.3 35.29 2014 0.039 7 9 15 0.09 

SA- I 771 p WET 23.3 19.59 3396 0.023 12 15 26 0.08 

SA- I 771 SI WET 23.3 36.63 1801 0.033 5 8 12 0.07 

SA- I 771 S2 WET 23.3 36.33 1849 0.039 6 8 14 0.08 

SA- I 774 p DRY 22.2 18.71! 3663 0.019 11 16 28 0.07 

SA-I 774 SI DRY 22.2 33.73 2208 0.018 4 10 14 0.04 

SA- I 774 S2 DRY 22.2 33.59 2246 0.021 5 10 15 0.04 

SA- I 779 r DRY 24.3 18.84 3967 0.018 11 16 28 0.08 

SA- I 779 SI DRY 24.3 33.83 2390 0.021 5 10 15 0.06 

S/\-1 779 S2 DRY 24.3 34,02 2353 0.024 6 10 15 o.os 
SA-I 780 r DRY 24.6 19.98 3382 0.016 8 14 21 0.06 

S/\-1 780 SI DRY 24.6 35.40 2095 0.016 3 9 II 0.04 

SA- I 780 S2 DRY 24.6 35.58 2069 0.026 4 8 13 0,06 

SA- I 782 p DRY 24.2 19.28 3683 0.024 13 IS 29 0.08 

SA- I 782 SI DRY 24.2 34.34 2264 0,037 8 9 17 0. 11 

S/\-1 782 S2 DRY 24.2 34,53 2233 0.028 6 9 IS 0.06 

SA-1 783 p DRY 23.R 18.69 3980 0.060 41 17 57 0.22 

S/\• I 783 Sl DRY 23.8 33.63 2386 0.052 13 10 23 0.13 

SA- I 783 S2 DRY 23.8 33.40 2451 0.062 16 10 26 0. 17 
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Table 4.2 Precision of ultrasonic data - Tor formation (continued). 
Well Plug Wave Satu- Length First Velocity Error- Error- Error- Error- Uncertaint 

type ration arrival p ickjng picking length total y 
no. mm 10·6 sec m/s 10-6 sec m.ls m/s m/s Value:0 ·1 

System Alul r DRY 14.9 15.07 6346 0.012 33 42 75 0.04 

System Alul Sl DRY 14.9 28.50 3094 0.028 18 21 39 0.08 

System J\lu1 S2 DRY 14.9 28.55 3083 0.019 12 21 33 0.05 

System Alu2 p DRY 24.9 16.64 6365 0.011 19 26 41 0.03 

System Alu2 S1 DRY 24.9 31.84 3051 0.042 16 12 28 o. 18 

System Alu2 S2 DRY 24.9 31.87 3052 0.034 13 12 25 0.08 

Sy:,tem Alu3 p DRY 35.9 18.31 6417 0.014 16 18 34 0.04 

System J\lu3 S1 DRY 35.9 35.24 3103 0.034 9 9 18 0.12 

System Alu3 S2 DRY 35.9 35.24 3112 0.016 4 9 13 0.04 

System Transd ucer I' ORY 0 12.70 . 0.012 - . - 0.04 

System Traru;ducer S1 DRY 0 23.65 . 0.030 - . . 0.08 

System Transducer S2 DRY 0 23.67 . 0.012 . - . 0.03 

System ALU-6061 p DRY 25.4 16.69 6399 0.011 18 25 44 0.04 

System ALU-6061 Sl DRY 25.4 31.91 3083 0.038 14 12 26 0.14 

System J\LU-6061 S2 DRY 25.4 31 .9'1 3096 0.030 12 12 24 0.07 

System Acrylic p DRY 25.4 22.07 2721 0.018 5 11 16 0.06 

System Acrylic S1 DRY 25.4 41.99 1389 0.028 2 s 8 0.06 

System Acrylic S2 DRY 25.4 42.01 1390 0.030 2 s 8 0.06 
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5. Results of special core analysis 

The res ults of the special core analysis are shown in the following tables and figures: 

The dry ultrasonic velocities from the EKOFISK formation are presented in table 5.1 
The saturated ultrasonic velocities from the EKORSK formation are presented in table 5.2. 
The dry ultrasonic velocities from the TOR formation arc presented in table 5.3 
The sahu-ated ultrasonic velocities from the TOR fonnation are presented in table 5.4 
The data from the partial saturated plugs are presented in table 5.5 

The ultrasonic velocity have been plotted as fo llows: 

• P,51,52-wave velocity on DRY plugs vs. Porosity 
• P,S1,S2-wave velocity on WET plugs vs. Porosity 
• P-wave velocity vs. S-wavc velocity for all plugs 
• P and S-waves measured dry vs. saturated measurements 

All presented data can also be found in the CD-ROM. 
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5.1 Data tabulation. 

Table 5.1: Ultrasonic velocities measured on DRY plugs from the South Arne field - Ekoflsk 
fo rmation. 

!'-waves SI-waves S2-wavcs P/S 
Well plug Deplh Porosity Gr. Dens Velocity Error Velocity Error Velocity Error 
name 110 . feel or % g.lec 111/s m/s 111/s m/s m/s m/s 

meter 
Rigs-I 3 9111.()() 13.R I 2.705 3020 26 2192 15 2 192 17 1.38 

Rig~-! 7 9114.00 14 .09 2.705 2659 l8 1863 13 1873 13 1.42 

Rii:s•l 8 911 4.32 14.03 2.707 3452 22 - - 2155 14 1.60 
R.igs-1 10 911 6.30 14.93 2.704 3746 34 2374 17 2376 19 1.58 
Riss-I II 9 11 7.00 14.33 2.7 11 - - 1991 14 20 16 14 -
Rigs-I 12 9117.32 14.76 2.726 3556 82 2279 33 2234 29 1.58 

Rigs-I 36 9137.51 16.64 2.727 3029 !R 2138 13 2136 15 1.42 

Rigs-I 54 9153.20 19.45 2.709 4024 23 - - 2486 13 1.62 

Rigs- I SS 9154.00 24.73 2.710 3620 20 2252 13 2248 12 1.6 1 

Rigs-I 82 9 176.00 34.47 2.706 2893 15 1837 9 1850 12 1.57 

Rigs-I 102 9193.00 14.61 2.7 14 4070 32 2590 18 2590 22 1.57 

Rigs- I 122 9210.00 28.07 2.710 3350 24 2121 17 2127 16 1.58 

Rigs- I 130 92 16.00 23.93 2.7 17 3361 28 2171 15 2180 13 1.54 

Rigs-I 146 9230.00 34.67 2.703 3035 28 1892 25 1888 22 1.61 

Rigs- I 170 9250.39 30.90 2.704 3187 23 1972 18 . - l.62 

Rigs• I 196 9273.50 18.79 2.711 4 11 7 33 2525 18 2532 19 1.63 

Rigs- I 213 9287.32 20.43 2.716 4296 45 2585 19 2609 25 1.65 

Rigs-2 15 2800.00 41.55 2.696 2304 30 . - 1622 22 1.42 

Rigs-2 22 2802.00 25.62 2.700 3576 6 2265 13 2262 13 1.58 

Rigs-2 37 2806.00 38.74 2.692 2578 16 16% 11 1710 12 I.S I 

Rigs-2 62 28 14.15 39.75 2.700 2546 14 1643 10 1646 9 1.55 

Rigs-2 74 28 18.04 43.86 2.709 2386 23 1536 15 1547 15 1.55 

Rigs-2 93 2824.00 25.1 8 2.685 3408 20 2234 13 2231 13 1.53 
Rigs-2 I 00 2826.00 20.29 2.695 4230 27 26 10 16 2612 15 1.62 
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Table 5.2: Ultrasonic velocities measured on WET plugs from the South Arne field - Ekofisk 
fo rmation. 

P-waves S1-waves S2-waves P/S 

Well plug Depth Porosity Gr. Velocity Velocity Velocity 
Dens 

name no. feet or % glee m/s m/s m/s 
meter 

Rigs-1 3 9111.00 13.81 2.705 3132 26 1528 20 1543 22 2.04 

Rigs-1 7 9114.00 14.09 2.710 - - . - - . -
Rigs-1 8 9114.32 16.16 2.700 . . . . . . -
Rigs-1 10 9116.30 14.93 2.704 3791 30 1956 22 1786 29 2.03 

Rigs-1 11 9117.00 14.33 2.711 3378 33 1698 20 1706 20 1.98 

Rigs-1 12 9117.32 14.76 2.726 . . . - - . . 
Rlgs-1 36 9137.51 15.81 2.704 3565 27 1908 14 1899 15 1.87 

Rigs-1 54 9153.20 19.45 2.709 4051 22 2193 15 2226 15 1.83 

Rigs-1 55 9154.00 24.73 2.710 3619 21 2019 12 2011 12 1.80 

Rigs-1 82 9176,00 34.47 2.706 2993 16 1602 8 1627 9 1.85 

Rigs-1 102 9193.00 14.61 2.714 4230 31 2415 19 2410 18 1.75 

Rigs-1 122 9210.00 28.07 2.710 3413 23 1880 13 1877 14 1.82 

Rigs-1 130 9216,00 23.93 2.717 3521 21 1923 15 1927 16 1.83 

Rigs-1 146 9230,00 34.58 2.694 3051 26 1648 15 1632 15 1.86 

Rigs-1 170 9250,39 30,90 2.704 3213 22 1774 16 1755 33 1.82 

Rigs-1 196 9273,50 18,79 2.711 4197 30 2371 14 2384 16 1.77 

Rigs-1 213 9287,32 20.43 2.716 4437 39 2501 22 2471 21 1.78 

Rigs-2 15 2800,00 41,55 2.696 2506 26 1394 29 - - 1.80 

Rigs-2 22 2802.00 25,62 2,700 3574 21 2043 12 2047 13 1.75 

Rigs-2 37 2806.00 38.74 2,692 2680 16 1445 8 1448 9 1.85 

Rigs-2 62 2814.15 39.75 2,700 2662 14 1387 8 1404 8 1.91 

Rigs-2 74 2818.04 43.86 2.709 2506 23 1289 13 1297 15 1.94 
Rigs-2 93 2824.00 24.67 2.670 3509 45 2007 12 2014 12 1.75 

Rigs-2 100 2826.00 20.29 2.695 4291 26 2451 13 2453 15 1.75 
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Table 5.3: Ultrasonic velocities measured on DRY plugs from the South Arne field - Tor 
formation. 

P-waves S I-waves S2-waves 

Well plug depth Porosity Gr. Dens Velocity Velocity Velocity P/S 

name no. meter or % glee m/s tlVS m/s 
feel 

Rigs- I 2 16 9291.00 14.09 2.73 1 4305 66 2576 35 2629 32 1.65 

Rigs- I 220 9294.00 31.66 2.703 333 1 19 2072 10 2066 10 1.61 

Rigs• I 236 9307.00 36.42 2.710 3152 44 . . 2045 19 1.54 

Rigs- I 240 93 11.00 37.71 2.715 2571 17 1674 8 1687 8 1.53 

Rigs- I 244 9314 00 37.58 2.715 2865 19 1785 11 1828 14 l.59 

Rigs-I 260 932600 40.78 2.710 2448 21 1604 9 1635 13 1.51 

Rigs-I 264 9329.00 40.01 2.713 2433 14 1578 9 1589 11 1.54 

Rigs-I 274 9337.74 36.58 2.7 10 2683 18 1759 12 1765 13 1.52 

Rii:s-2 121 2832.00 41.80 2.707 2086 17 1401 8 1431 9 l.47 

Rigs-2 128 2834.00 42.53 2.707 2064 16 1365 I I 1383 10 1.50 

Rigs-2 136 2836.00 41.20 2.706 2072 13 1382 8 1390 9 1.49 

Rigs-2 151 2840.12 43.44 2.717 2198 14 1413 8 1460 8 1.53 

Rigs-2 162 2843. 12 43.03 2.706 2323 18 . . 1511 10 1.54 

Rigs-2 176 2847.00 40.39 2.714 2704 27 1744 15 1709 16 1.57 

R.igs-2 200 2854.00 44.94 2.673 1979 19 1300 12 1296 10 1.52 

Rigs-2 204 2855.00 41.1 3 2.689 1959 11 1345 7 1326 8 l.47 

Rigs-2 212 2857.00 42.30 2.697 2063 JO 1397 7 1387 8 1.48 

SA-I 755 3389.24 24.21 2.714 4048 43 2428 I 5 241 5 16 1.67 

SA-I 759 3399.20 27.43 2.729 3586 30 215I 13 2140 IJ 1.67 

SA-I 760 3401.20 28.80 2.713 3485 37 2160 12 2162 18 1.61 

SA- I 761 3403.52 30.5() 2.7 19 . . . . . . . 
SA- I 763 3407.31 26.S6 2.?02 3518 33 2175 14 2175 19 1.62 
SA-1 767 341 4.60 29.71 2.703 3466 28 2121 14 2118 14 1.64 

SA- I 771 3419.96 3 1.42 2.714 3327 27 2054 14 2014 15 1.64 

SA- I 774 3426.25 27.75 2.72 1 3663 28 2208 14 2246 15 1.6S 

SA-I 779 3436.36 23. 18 2.710 3967 28 2390 IS 2353 15 1.67 

SA- I 780 3437.35 30.69 2.717 3382 21 2095 11 2069 13 1.62 

SA-1 782 3440.70 27.65 2.717 3683 29 2264 17 2233 15 1.64 

SA- I 783 3441.68 18.62 2.718 3980 57 2386 23 2451 26 1.65 
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Table 5.4: Ultrasonic velocities measured on WET plugs from the South Arne field - Tor 
formation. 

P-waves SI-waves S2-wavcs 

Well plug Depth Porosity Gr. Dens Velocity Velocity Velocity P/S 

name no. Meter or % glee m/s m/s m/s 
feet 

Rigs-I 220 9294.00 31.66 2.703 3335 20 1820 10 1830 10 1,83 

Rigs- I 260 9326.00 40.78 2.710 2632 33 1373 10 . . 1,92 

Rigs-I 264 9329.00 40.01 2.713 2577 15 1344 9 1340 10 1.92 

Rigs-2 121 2832.00 41.80 2.707 2441 14 1248 8 1250 13 1.95 

Rigs-2 128 2834.00 42.53 2.707 2366 20 1134 10 11 36 14 2.08 

Rigs-2 136 2836.00 41.20 2.706 2429 15 1224 8 1221 11 1.99 

Rigs-2 15 1 2840. 12 43.44 2.717 2480 16 1249 8 1278 10 1.96 

Rigs-2 200 2854.00 44 94 2.673 23 11 18 1136 12 11 03 11 2.06 

Rigs-2 204 2855 00 41.1 3 2.689 2364 14 1186 8 11 91 10 1.99 

Rigs-2 212 2857.00 42.30 2.697 2429 13 1229 7 1232 9 1.97 

SA· l 755 3389.24 24.21 2.714 4079 29 2242 20 2242 15 1.82 

SA-I 760 340 1.20 28.80 2.713 3597 21 198 1 25 1987 24 1.81 

SA-I 761 3403.52 30.50 2.719 3466 24 1855 19 1859 34 1.87 

SJ\-1 763 3407.31 26.56 2.702 3598 23 1981 23 1976 17 1.82 

SJ\-1 767 3414.60 29.71 2.703 3529 21 1961 12 1953 15 1.80 

SA- I 771 3419.96 31.42 2.714 3396 26 1801 12 1849 14 1.86 

T bl a e 5.5: Ul trasonic velocities measured at varie d saturations on 2 p ues. 
P-wavcs SI-waves S2-Wavcs 

Well plug Sat. J'orosity Velocity farer Velocity Error Velocity Error Vp/Ys 

name nu. % % m/s 1n/s 1n/s m/s m/s m/s 

Rigs-2 62 0.2 39.75 2546 14 1643 10 1646 9 1.55 

Rigs-2 62 25.2 39,75 2361 14 1523 7 1508 8 1.56 

Rigs-2 62 49,9 39,75 2304 12 1468 8 1477 8 1.56 

Rjgs-2 62 75.0 39.75 2310 14 1433 7 1438 8 1.61 

Rigs-2 62 99.3 39.75 2662 14 1387 8 1404 8 1.9 1 

Rigs-2 100 0.8 20.29 4230 27 2610 16 2612 15 1.62 

Rigs-3 100 25.0 20.29 4155 22 254 1 15 2543 14 1.63 

Rigs-2 100 50.0 20.29 4157 29 2507 13 2509 IS 1.66 

Rigs-2 100 75.0 20.29 4195 23 2476 14 2478 14 1.69 

Rigs-2 100 98.5 20.29 4291 26 2451 13 2453 15 1.75 
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Figure 5.1: P,Sl,S2 waves vs. porosity on DRY plugs from the Ekofisk and Tor fonnation. 
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Figure 5.2: P,S1,S2 waves vs. porosity on WET plugs from the Ekofisk and Tor formation. 
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6. Documentation of data. 

All the ultrasonic measurements were saved digitally and are stored on the CD-ROM. The data can 
be found in the ''Measured sonic data" folder. The data is stored as a comma separa ted value rile 
(*.csv) and as a scrccru.hot uf the oscilloscope in gif format (''".gif) 

The picked maximum by the arrival pkkcr is shown in the "plots" folder. The picked maxi mum is 
marked by a blue line. 

The analysed of data can be seen in the "Tor.xls" and "Ekofisk.xls" cxcc197 files. 

The filename convention uf the fi les from Ekofisk is the follQwins: 
The well name is given by R1 (Rigs-1) or R2 (Rigs-2). The plug number is listed as the number. The 
type of velocity measurement is given as p (P-wavc) or s1 (S1-wave) or s2 (S2-wave) and then the 
conditions of the plug is given as d (dry) ors (saturated). 

E.g. "Rl3s1s.csv" is the data file from: well: Rigs-1, plug 3, S'l-wave, sa turated plug. 

The filename convention for the files from Tor is the following: 
The plug number is given as a number. The type of velocity measurem ent is given as P (P-wavc) or 
S1 (S1-wave) or S2 (S2-wave). The applied hydrostatic presstire is given as 75 (75 bar) and then the 
conditions of the plug is given as W (Wet) or not marked if is a dry meas urements. 

E.g. "759S275.csv" is the data from: plug 759, S2-wave, 75 bar hydrostatic sleeve pressure, dry plug. 
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Summary 

The work dc1:,cribcd in this report ii; a. part of the EFP 2001 Rock Physics of Impure Chalk 
project. 

2D lines (near and far offset) extracted from a :rn seismic survey covering the South Arne 
in t he Danish part of the North Sea. were inverted for calculation of AYO attributes. The 
inversion was carried out for the t ime window 1.900- 3.600 and was targeted on the chalk 
interval. 

Well log data were provided for the wells Rigs-1, lligs-2, 1-1:x. and Sa-1 by the project. The 
well logs comprise sonic, shear, density, porosity, gamma ray logs check shots and deviation 
data. The welJs Rigs-1, Rigs-2 and 1-lx are near vertical and were treated as such. The well 
Sa-1 are treated as deviated. 

Using a least squarns wavelet estimation method wit h constrain on the phase, wavelets 
were estimated for each of the two offset stacks. The wavelets were estimated from well I-lx. 

Low-frequency components of the acoustic impedance variations are not present in the 
seismic data. Since this information is essential to the interpretation , it should be accounted 
for in the seismic inversion. Simple low-frequency impedance models for use in the offset 
stack inversions were constructed by extrapolating the angle impedance well logs through the 
3D volume by using seh,mic horizons, followed by low-pass fi ltering. 

The final inversions model 93.7 % of the seismic energy for the near offset stack and 93.4 
% for the far offset stack. 

T he offset stack inversions are both generally rated as good in terms of match with t he 
acoustic impedance logs from the wells. 

The AYO attributes were computed from the near and fa.1· offset stack angle impedance 
inversions with low-frequency information. The resulting AVO attributes values where ex
tracted at wBII positions and delivered as ASCII tables. The results delivered where from the 
wells Rigs-I, Rigs-2, I-lx and Sa.-1. 

The avo results consist of: 

1. Acoustic impedance. 

2. Shear impedance. 

3. Poisson's ratio. 
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The AVO results are generally rated as good in terms of match with the logs from the 
wells. 

Low values of Poisson ratio indicates the presence of oil clearest in the high-porous chalk 
at the well Rigs-2. 
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CHAPTER 1 

Introduction 

This report describes the results of an ISIS global seismic inversion requested by EFP2OO1 
and carried out by 0degaard A/S. Near and far offset stacks were inverted for calculation of 
AVO attributes in the interval Top Chalk to Base Chalk. 

1.1 Seismic data 

Near and far offset 2D inlines were extracted from a. 3D seismic survey covering the South 
Arne field in the Danish North Sea. 

The seismic inversions were targeted on the interval Top Chalk to Base Chalk. Figure 1.1 
shows the outline of the seismic data and the inverted 2D inlines. 

1.2 Well data 

Sonic, density, porosity and gamma ray logs and check shots plus deviation data were supplied 
for the six wells Rigs-1, Rigs-2, I-lx and Sa-1. Shear sonic logs were available for a ll wells 
except well Sa,..1. For the wells Rigs-1, Rigs-2 and Sa-1 fluid substituted logs was generated 
by GEUS using a MUHS approach (Walls et al. (1998)). The surface locations of the wells 
are given in Table 1.1. 

Well UTM-X(m) UTM-Y(m) 
Rigs- 1 575581 6216839 
Rigs-2 575835 6217754 
I-lx 577802 6212763 
Sa-1 576617 6215654 

Table 1.1: The surface locations of the wells. 

1 
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1.3 Horizon data 

Four interpreted horizons were available for the seismic data cube. T hese were Top Chalk, 
Top Tor, Base Tor and Base Chalk . 

1.4 Goal of the project 

The goal of the AVO inversions was to calculate AVO attributes at well locations and compare 
them with estimated and MUHS corrected well logs in the Top Chalk - Base Chalk interval. 
This is to test the possibi lity of light oil detection in chalk reservoirs by AYO inversion. 

1.5 Seismic inversion approach 

The near and far offset 2D lines were processed separately and were performed in the following 
steps: 

• The far offset seismic data were a ligned to the near offset using a statistical alignment 
method (See Section B.8). 

• Logs from the wells were evaluated and calibrated against the near and far offset 2D 
seh1mic data (Sections A.1 and 2.1) . 

• Suites of wavelets were estimated from the wells using a least squares estimation method 
and wavelets for the near and far offset stack inversions chosen (Sections A.3 and 2.2 
and 2.2.1). 

• T wo 3D low-frequency angle impedance models were calculated using the well logs and 
the interpreted horizons (Sections B.5 and 3.2). These low-frequency models were used 
for the near and far offset stack inversions . 

• For each of the offset stacks, the opt imum inversion para.meters were determined (Sec
tions B.3 a.nd 3.3) , and the seismic 2D inlines were inverted for near and far angle 
impedance with low-frequency information (Section 3.4). 

• AYO attributes, Poisson's ratio, acoustic impedance a.nd shear impedance were cal
culated at the well location from t he near and fa.r offset inversion results wi th the 
low-frequency information (Section 3.5). 

References 

Walls, J. D. , Dvorkin, J . & Smith, B. A. 1998. Modeling seismic velocity in Ekofisk Chalk. 
SEG 68th annual conference. 1016-1019. 
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CHAPTER 2 

Wavelet estimation results 

This chapter describes the log calibration and the wavelet estimation. 

2 .1 Log alignment 

Once the optimum wavelets have been found for the seismic inversions of the offset stacks 
(see Section 2.2), the logs from the other wells were calibrated using the optimal wavelet (see 
Section A.l). Where necessary, visual t ies between the logs and the closest seismic trace were 
applied in order to stretch, squeeze or shift the logs. T he visual ties for each well were found 
by comparing the seismic trace at the well location with the synthetic seismic trace obtained 
by convolving the optimum wavelet for the inversion with the angle reflectivity log from the 
well. The visual ties for each well are listed in Table 2.1. 

Rigs-1 Rigs-2 1-lx Sa-1 
2.0004 2.020 1.900-tl.912 2.50042.504 2.600-t2.608 

2.600-t2.604 
2.900-t2.904 
3.040-t3.048 

Table 2.1: Visual ties applied to the well logs during calibration witl1 the offset stacks using 
the optimum near-stack and far-stack wavelets derived from well 1-lx. All numbers are in s 
TWT. 

Figures D.1 to D.8 in Appendix D shows the raw well log data and the final calibrated 
and resampled logs for each well at target level. 

2.2 Least squares wavelet estimation 

Wavelet estimation was carried out for the two offset stacks (sec Sections C.5 to C. 7) at all 
the well locations using the least squares estimation method described in Section A.3. 

4 



CHAPTER 2. WAVELET ESTIMATION RESULTS 5 

A number of different ci;tirnation windows were tested for each welJ. The wavelet experi
ments were performed for wavelet lengths from 40 to 176 ms using a step length of 4 ms. The 
main criteria for selecting the opt imum wavelet are described in Section A.3. The wavelet 
was constrained to a constant phase. 

The es timated wavelets were taken forward to tci;t inveri;ions. The rcsnlti; of the test 
inversions indicated that wavelets estimated in well I-lx had t he better invcrsioni; capabiUt iei;. 

The op timum offset sta-ek wavelets from well I-lx a.re specified in Table 2.2 a.nd shown in 
Figures 2.1 and 2.2. 

Well Estimation Wavelet length Relative misfi t Cross-
window on log energy correlation 

[s TWT) [ms] 
I-lx (near) 2.536- 3.004 144 0.3943 0.779 
I-lx (far) 2.600- 3.000 44 0.3415 0.814 

Table 2.2: Specification of the optimum wavelets from well I -lx and their fitting properties. 

Figures 2.1 and 2.2 show the suites of wavdets estimated from well I-lx which contain 
the optimum wavelets for the near and far offset stacks. The following is also presented : 
Curves of Akaike's FPE and the relative rnii;fit energy; the phase ,md amplitude spectra of 
the optimum wavelets; the amplitude i;pcctra in the wavelet estimation window of the seismic 
traces at the well locations and the synthetic S<!ismic traces. The near offset stack wavelet 
is zero phase-like and the far offset wavelet is minimum phase-like. Both wavelets have SEG 
normal polarity (a positive reflection coefficient corresponds to a white trough on the seismic 
data). The wavelet s estimated from well 1-lx are considered good and stable wavelets for 
inversion purposes. 

2.2.1 Wavelet validation 

Figures 2.3 2.4 show, the synthetic seismic traces obtained from all wells using the optimum 
wavelets estimated in well 1-lx for the near and far offset st a~ks. 
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CHAPTER 3 

Seismic A VO inversion results 

This chapter describes the inversion parameters used for the final seismic inversions and the 
results delivered to EFP2001. 

3.1 Inversion window 

Near and far offset 20 inlines passing trough the wells were inverted for angle impedance 
between 1.900 and 3.200 s TWT. 

3.2 Prior knowledge 

For the absolute angle impedance inversion results, i.e. the inversion results including low
frequency information, a low-frequency angle impedance model was created for each offset
stack. The low-frequency angle impedance model was constructed using the calibrated angle 
impedance logs from the four wells and the four interpreted horizons available, Top Chalk, 
Top Tor, Base Tor, and Base Chalk (see Sections B.5 and C.7) . 

A suite of tests was performed to find the optimum low-pass filter for construction of the 
low-frequency models for use in the final near and far offset stack inversions. The low-pass 
filter used to build the final low-frequency models is shown in Figure 3.1. 

3.3 Determination of inversion parameters 

Table 3.1 shows the values of the seismic inversion parameters (see Section B.3) which were 
determined by a parameter study and used in the final inversions. The inversion results are 
stable in the neighborhood of the selected parameter values. 
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Figure 3.1: The low-pass fi lter used for genera.ting the angle impedance low-frequency models. 

Inversion parameter Value Value 
Near stack Far stack 

Signal-to-noise ratio, RSNR 4.000 4.000 
Horizontal continuity, RALPHA 0.120 0.080 
Deviation of prior model, RSIGMA 0.150 0.100 
Threshold for reflection coeff. , Rl 0.02 0.015 

Table 3.1: Seismic inversio1l parameter values used for the ISIS global seismic inversions. 

3.4 Inversion results 

Table 3.2 shows the amount of energy of the seismic volumes modelled by the final inversions. 

Data Energy modelled [%] 
Near stack 93.7 
Far stack 93.4 

Table 3.2: The amount of energy modelJed in the final seismic inversions. 

Extracts from the seismic data and the final inversion results a.re presented in Figures 3.3 
to 3.0. The presentation consists of: 

• Near and far off.set stack seismic data extracted along part of in-line 23097 (see Fig
ures 3.2 and 3.6). 

• Near and far offset stack seismic data, synthetic seismic traces and residual traces 
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extracted along part of in-line 23097 (see Figures 3.3 a.nd 3. 7). The synthetic seismic 
traces are derived by convolution between the wavelet and the reflectivity volume deter
mined from the angle impedance inversion result with low-frequency information. The 
residual traces arc equal to the difference between the seismic data and the synthetic 
seismic traces. 

• Angle impedance inversion result with low-frequency information extracted along part 
of in-line 23097 for the near and far offset stack data (see Figures 3.4 and 3.8). 

• Angle impedance inversion result with low-frequency information, angle impedance in
version result without low-frequency information and the low-frequency model extracted 
along pa.rt of in-line 23097 for the near and far offset stack data (see Figures 3.5 and 
3.9). 

• Angle impedance logs from well Rigs-2 for the near and far offset stack data inserted into 
the angle impedance inversion results with low-frequency information (see Figures 3.10 
and 3.11). Similar plots for wells Rigs-1, I-lx and Sa-1 are presented in Appendix E. 

3.5 Estimated Poisson 's ratio, acoustic impedance and shear 
impedance volumes 

Figures 3.12- 3.14 show the Poisson's ratio log, the acoustic impedance log and the shear 
impedance log of well Rigs-2 inserted into the corresponding volume estimated from the near 
and far offset stack inversion results with low-frequency information. Similar plots for wells 
Rigs-1, I- lx and Sa-1 in Appendix F. 

3.6 Conclusions on AVO results 

T he estimated AVO attributes are generally validated as good to acceptable. Their quality 
reflects t he quality of the angle stack inversion results and thereby the quality of the input 
offset stack. 

The AVO results shows that is is possible to detect light oil in the chalk reservoir by AVO 
inversion. 



x -rne11600 
ln-line23097 

2.2 

2.3 

2A 

2.5 

~2.6 
.!!. 

~ 2.7 

2.8 

2.9 

3.0 

3.1 

11624 
23097 

11649 
23097 

11674 
23097 

11699 
23097 

11725 
23097 

11750 
23097 

11775 
23097 

11800 
23097 

11825 
23097 

11850 
23097 

Sse lWaJk 

Figure 3.2: Near offset stack: Seismic data extracted along in-line 23097. The horizons are shown in green. The box marks the outline 
of the sections shown in Figure 3.3. 

0 
::c 
> 
'tl 
>-3 
(:J 
;:ii:! 

w 

en 
~ 
en 
~ 
0 

~ 
0 
2 
< 
(:J 

~ 
0 z 
;z 
(:J 
en 
C 

~ en 

...... 
w 



CHAPTER 3. SEISMIC AVO INVERSION RESULTS 

X-line 11624 
ln-line23097 

2.5 

2.6 

E2.7 

~ 2.8 

3.0 
2.5 

2.6 

E2.1 

~ 2.8 

2.9 

11642 
23097 

11 661 
23097 

11680 
23097 

11699 
23097 

11717 
23097 

11736 
23097 

11755 
23097 

11774 
23097 

op Chalk 
op Tor 
ase lrbalk 

3. o ..lill.lmmm.mlillil~IIIIIl:lill.U.:l.llil!.Ll.l.W~J.I.WJw.l.LIULllWID~lll.Wllillliillll.Jlilll!.~Ul..l!!LlllillliilJ~!m.UllWI 
2.5 

2.6 '' 

:§:2.7 " . 

~ 2.8 . 

2.9 

Residual traces 
3.0 "' '"" '"" 

11111 

i 
' ~ 

op Chalk 
op Tor 
ase {Cd)alk 

Figure 3.3: Near offset stack: Seismic data. (top), synthetic seismic (centre) a.nd residual 
traces (bottom) extracted a.long pa.rt of in-line 23097. The horizon a.re shown in green. 
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Figure 3.10: Near offset stack: Near angle impedance log from well I-lx insel'ted into the angle 
impedance inversion result with low-frequency information. Tlrn angle impedance section 
shown has been extracted along part of in-line in-line 23097. Tl1e log is repeated five times. 
To the right of the angle impedance section, curves of tl,c following are plotted: the calibrated 
angle impedance log, the low-frequency angle impedance model at the well location and tJ,e 
angle impedance tra.cc estimated by tlie inversion at tlrn well location. 
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F igure 3.11 : Far offset stack: Fat· angle imp edance log from well Rigs-2 inserted into the angle 
impedance inversion result witl1 low-frequency information. The angle impedance section 
shown luJ.S been extracted along part of in-Jine 3066. The log is repeated five times. To the 
riglit of the angle impedance section, curves of tbe following a.re plotted: the calibrated angle 
impedance log, the low-frequency angle impedance model at the well location and the angle 
impedance trace estimated by the i11Version at the well location. 
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Figure 3.12: Poisson 's ratio estimated from the offset stack inversion results: Poisson 's ratio 
log from well Rigs-2 inserted into estimated Poisson 's ratio wi th low-frequency information. 
The Poisson's ratio section shown has been extracted along part of in-line in-line 23097. The 
log is repeated five times. To the r ight of the Poisson 's ratio section, curves of the following 
a.re plotted: the calibrated Poisson's ratio log and the Poisson 's ratio tra.ce estimated a.t the 
well location. 
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Figure 3.13: Acoustic impedance estimated from tl1e offset stack inversion resul ts: Acous
tic impedance log from well Rigs-2 inserted into estfrnated acoustic impedance with low
frequency information. The acoustic impedance section shown has been extracted along part 
of in-line in-line 23097T11e log is repeated five times. To the right of the acoustic impedance 
section, Clll'ves of the following are plotted: the calibrated acoustic impedance log and the 
acoustic impedance trace estimated at the well location from the angle stack inversion results. 



CHAPTER 3. SEISMIC AVQ INVERSION RESULTS 

X-line 11634 
In-line 23097 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.8 

3.00 

Rigs-2 Zs 
11665 
23097 

3.48 3.98 4.49 
Shear Impedance [ 1 QGkgim2s] 

1Ifil§109:27 Tue Mar 11 2003 

11696 
23097 

---=:ii:!311- ---....;Top Tor 
--.......,-=:e=-----Mase U'halk 

1e+06 78+06 

5.00 = ~❖~1~~r 

25 

Figure 3.14: Shear impedance estimated from the offset stack inver.<,ion results: Shear im
pedance log from well Rigs-2 inserted into estimated shear impedance with low-frequency 
informatior,. Tlie shear impedance section shown bas been extracted along part of in-line 
in-line 23097. The log is repeated fi.vo times. To the right of the shear impedance section, 
curves of the following ai·e plotted: the calibrated shear impedance log and the shear impe
dance trace estimated by tlle inversion at the well location from the angle stack inversion 
results. 
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List of final products delivered 

Report 02.24017.01: Seismic AVO inversion of 2D seismic data for 
use in the EFP 2001 Rock Physics Of Impure Chalk project using 
the ISIS Software Package 
Report delivered to EFP2001 March 2003 
Final results of ISIS AVO inversion 
In total, three ASCII tables, containing the AVO inversion results 
trough the chalk interval were delivered to EFP2001. 

The files rigs-1 .avo.data, rigs-2.avo.data and sa-1.avo.data 
contains 

• MD 

• T VDSS 

• Poisson ratio. 

• Acoustic impedance. 

• Shear impedance. 

Results delivered 
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APPENDIX A 

Wavelet estimation theory 

This chapter out lines the theory behind the log calibration and the wavelet estimation. 

A.1 Log calibration 

The purpose of the log calibration is usually to create: 

1. A reflectivity series with t he same sampling rate as the seismic data for use in the 
wavelet estimation. 

2. An acoustic impedance series for use in construction of the low-frequency model. 

Using available check-shots, the sonic and density logs are converted from the depth 
domain to the two-way travel-time domain. T he acoustic impedance series is computed by 
multiplication of the calibrated density log and the velocity log derived from the calibrated 
sonic log. The reflectivity series is then derived by differentiating the acoustic impedance 
series. If necessary, visual ties are added to shift, stretch or squeeze the logs. Visual ties are 
determined by comparing the calibrated logs directly with the seismic data, or by comparing 
the seismic trace at the well location with the synthetic seismic trace derived by convolving 
a wavelet with the calibrated reflectivity log. Visual t ies may be required for the following 
reasons: 

l. T he well logs a.re measured at much higher frequencies than the seismic data. Con
sequently, the well log velocities can be up to 10% higher than the refiection seismic 
velocities. T his error is largely compensated for by using check-shots. 

2. The filters used in the seismic processing may introduce a static t ime shift into the 
seismic data. It is therefore sometimes necessary to apply a compensatory static shift 
using the visual ties. 

3. The seismic migration does not perfectly move the reflectors back to their correct po
sition as the migration velocities and the migration algorithms are imperfect. T his will 
introduce a varying time shift dependent on depth and dip of the reflectors. 
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4. T he normal move-out correction for the check-shots is imperfect, particularly for deep 
and dipping reflectors. 

Once the optimum wavelet for the inversion has been chosen, synthetic seismic traces arc 
calcula ted by convolving the wavelet with the reflectivity series derived from the well logs. 
The resulting synthetic t races are compared with the seismic traces at the well locations. 
The well Jogs arc then finally calibrated (stretched and sque zed) for optimum match. 

A .2 Deviated wells 

In order to compare logs from a deviated well with the seismic data, the seismic data along 
the well t rajectory are extracted from the seismic cube. The resulting seismic trace is called 
a super-trace. 

In order to evaluate the significance of individual events in a super-trace, a super-section 
passing through t he super-trace is also extracted from the seismic da ta. For plotting, super
traces and super-sections arc projected onto vertical lines or planes. 

For a deviated well, whenever the depth-to-time relations hi p is changed by applying a 
visual tie, the deviation of the well needs to be adjusted. Hence, after applying a visual tic, 
a new super-trace must be extracted from the seismic data along the uew well trajectory. 
Hence, the calibration of deviated wells involves considerably more steps than t he calibration 
of vertical wells. 

For deviated wells, the super-trace along the well trajectory i used for wavelet estimation, 
rather than the trace at the well-head location. The deviation of wells is a lso fully utilized 
when constructing 3D low-frequency impedance models. 

A.3 Least squares wavelet estimation in the time domain 

The time domain based least squares wavelet estimation process is divided into two parts. A 
least squares method is first used to estimate a suite of wavelets with different lengths. The 
optimum wavelet length is then determined by using Aka.ikc's Final Prediction Error (FPE) 
criterion (Ljung, 1987) in combination with visual inspection of the wavelet and synthetic 
seismic. Vertical variations of the wavelet (see Section ?? ) can be specified as part of the 
least squares estimation. 

The least squares method in the time domain minimizes the sum of squared differences 
(the misfit) between the seismk trace and a synt hetic trace obtained by convolution of the 
well log reflectivity series and a wavelet. Wavelets are estimated using the least squares 
method for a range of lengths and a ra nge of initia l delays. For each wavelet length, the best 
initial delay is determined by using t he misfit criterion. 

Akaike's FPE is a function of t he misfit, which decreases as a function of wavelet length, 
and the relative number of parameters, which increases as a function of wavelet length. The 
relative number of parametm·s is equa l to the length of the wavelet d ivided by t he length 
of the window with in which the misfit between the synthetic t race and the seismic data is 
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calculated. The optimum wavelet length, and thereby the optimum wavelet, is determined 
by finding the minimum value for the wavelet suite of Akaike's FPE. T he wavelet with the 
minimum value of Akaike,s FPE models as much of the coherent signal as is possible without 
modelling a significant amount of the local noise. Wavelets, which are too long and model 
large amounts of local noise, are unlikely to be representative of the seismk data away from 
the well location. 

A.4 Zero-phasing 

Zero-phasing seismic data can be implemented by first estimat ing a waw~lct using one of 
the methods described elsewhere in this report. The phase spectrum of the wavelet is then 
subtracted from the phase spectrum of the seismic data. The amplitude spectrum of the 
seismic data is left untouched. The main advantage of zero-phased seismic data is that the 
events are compressed as much as possible without modifying the amplitude spectrum and 
thereby potentially, but not nece8sarily, decreasing the signal to noise ratio. 
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APPENDI X B 

Seismic inversion theory 

B .1 Introduction 

The ISIS seismic inversion algorithm is based on a unique combination of an advanced global 
search algorithm and a non-linear cost function. A global search algorithm is employed in 
order not to get trapped in sub-optimum models close to the starting model which local meth
ods frequently are. ISIS inversion uses the convolutional model for generating the synthetic 
seismic data that are compared with the original seismic data. ISIS inversion can conse
quently be implemented on migrated full-stack, offset-stack, or angle-stack reflection seismic 
data. The wavelet in the convolutional forward model can be varied both horizontally and 
vertically. 

ISIS seismic inversion improves the resolution as the wavelet includes both amplitude and 
phase spectrum information. Further improvement in the resolut ion is due to the spectral 
expansion caused by the non- linear inversion (Cooke & Schneider, 1983). 

The inversion can be constrained by a. so-called prior model. In the simplest case, the 
prior model consists of one constant background impedance value. For such a prior model, 
the inversion gives an unbiased result called the plain ISIS result. T he prior model may 
also consist of the low-frequency components of the impedance variations, which cannot 
be resolved from the seismic data. These low-frequency components can be determined by 
extrapolating the impedance logs using horizons and faults as a gujde fo llowed by low-pass 
filtering. Seismic velocities, e.g. stacking velocities, and dip information from the seismic 
<la.La c;an aiso be used to constrain the prior model. 

B.2 ISIS seismic inversion algorit hm 

The ISIS seismic inversion algorithm uses an advanced global search algorithm to estimate 
the impedance subsurface model that minimizes a non-linear cost function containing the 
fo llowing terms: 

• Penalty for differences between the seismic data and the synthetic seismic determined 
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from the estimated impedance model by convolutional forward modelling. 

• Penalty for hori1.ontal variations in the estimated impedance model. 

• Penalty for deviation of the estimated impedance model from the prior model. 

• Penalty for the presence of significant reflectors. Significant reflectors arc places in 
the estimated impedance model where the reflection coef6cient exceeds a predefined 
threshold. 

• Penalty for vertical changes in impedance between the significant reflectors. 

The inversion algorithm therefore finds a subsurface impedance model which gives syn
thetic seismic that approximates the seismic data while also sath1fying the other comMaints 
in the cost function which provide damping of random noise, incorporation of the prior model 
and correct location of significant reflectors. 

B.3 ISIS seismic inversion input 

The inversion algorithm requires as input: the migrated seismic data, a wavelet, a prior 
model and values for four inversion parameters that appear in the cost function. These four 
inversion parameters are: 

• Signal-to-noise ratio (RSNR): controls to what degree differences between the syn
thetic seismic and the seismic data are penalized. The greater RSNR, the greater the 
penalty, so the inversion algorithm mo<lels more of the seismic energy. 

• Horizontal continuity (RALPHA) : controls to what degree horizontal variation~ in 
t he impedance model are penalized. RALPHA is the standard deviation of neighbouring 
impedance traces. The greater the value given to RALPHA, the lesser the penalty, so 
the inversion algorithm imposes less horizontal continuity. 

• Relative standard deviation of the prior model (RSIGMA): controls to what 
degree deviation of the estimated impedance model from the prior model is penalized. 
The greater RSIGMA, the lesser the penalty, so the further the estimated acoustic 
impedance model is allowed to deviate from the prior model. 

• Threshold for reflection coefficient (Rl): all points in the estimated impedance 
model with a reflection coefficient greater than Rl a.re interpreted as significant reflec
tors. The penalty for the presence of significant reflectors is strongly influenced by 
the value of Rl. The greater Rl, the greater the penalty for ea.eh significant reflector 
present in the model, but the lesser t he probable total number of significant reflectors. 

Value~ for the above inversion parameters are Cijtimatcd initially usiug available infor
mation. To find the best set of values, a parameter study is conducted. The value of each 
parameter is varied and each result evaluated by inspection of the inversion result and by 
statistical analysis. 

The allowed ranges of the four inversion parameters are given in Table B.1. 
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Parameter Lower limit Upper limit 
Signal-to-noise ratio, RSNR >0 00 

Horizontal continuity, RALPHA >0 1 
Deviation of prior model, RSIGMA >0 1 
Threshold for reflection coeff., Rl >0 1 

Table B.l: Permit ted ranges of the seismic inversion para.
meter values. 

B.4 Horizon interpolation 

32 

In order to generate the prior model it is necessary that the original horizons are interpolated 
and extrapolated such that the whole section, which is to be inverted, is covered. 

The horizons are interpolated in succession based on their degree of coverage and starting 
with the one with the highest degree of coverage. The linear interpolation of each horizon is 
guided by the nearest horizon above and the nearest horizon below that already have been 
wholly interpolated if such horizons are available. Pinching-out of horizons is handled by 
letting them follow the horizons on which they truncated. 

B.5 Addition of low-frequency information 

For a constant prior model, t he ISIS inversion result lacks the very low-frequency compo
nents as they also are missing in the seismic data. These components can only be introduced 
into the inversion result by using a non-constant prior model. Such a prior model can be 
constructed by extrapolating laterally the calibrated impedance logs using a number of in
terpreted horizons and faults as a guide and then by low-pass fi ltering the resulting model. 
Each well log is weighted by one divided by the distance squared to the well plus a constant. 
The prior model is also called the low-frequency model due to the low-pass filtering that in 
most cases is applied. 

The extrapolation of the well log values can be modified by a depth trend. It is done 
by multiplying the well log values before the weighted averaging by cxp(RDEPTH.6.T/ts) 
where the depth trend constant RDEPTH denotes the relative increase per sample, .6.T 
denotes the increase in two-way travel time when going away from the well along horizon 
~li1;es, umi l 11 <ltmoi.e:1 i.hc 8M.lllple period. The depth trend is a.ppiied oniy in between the two 
horizon slices that intersect the top and bottom of t he well log. 

In the present implementation, the depth trend constant is allowed to change when cross
ing a horizon as long as it is constant in between the horizons. Proper depth trend constants 
can be estimated by performing a statistical analysis of the depth trends of the available well 
logs. This, of course, requires that at least two well logs with significant depth differences 
between the layers when going from one well to the other are available. 

Seismic velocity data can also be used to constrain the low-frequency model. Velocity val
ues are computed for each trace by linear interpolation using the nearest defined grid points. 
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The resulting 3D velocity model is low-pass filtered laterally parallel to the interpreted hori
zons and vertically to remove anomalies. The velocit,y model is finally transformed to acoustic 
impedance using Gardner's relation. In the case of multiple crossing 2D lines, sometimes re
ferred to as t he 2.5D case, the velocity data is treated as 3D and only at the very end, 2D 
lines are extracted. T his procedure ensures that incompatibl.e information is not introduced 
where two 20 lines crosses. 

The acoustic irnpcdancc well log information, extrapolated a.long the interpreted hori
zons, is then used in combination with the velocity-deriv1~d low-frequency acoustic impedance 
model to generate a detailed acoustic impedance model, which is then low-pass filtered to 
produce the final low-frequency model. The velocity-derived low-frequency acoustic impe
dance model is used to guide the acoustic impedance changes between the well locations. 
This guidance is such that only lateral variations in the seismic velocities have an influence 
on the final low-frequency model between the wells. The degree of guidance is specified by 
a parameter, RGUIDE, for which the value zero corresponds to no guidance by the velocity
derived low-frequency acoustic impedance model and the value 1 corresponds to proportional 
or full guidance. The absolute level of the velocity-derived acoustic impedance model ha.s no 
influence between the well logs. 

Dip information from the seismic data can a lso be used to help guide the extrapolation of 
the well logs. Dips estimated from t he seismic data a.re converted to horizon like information 
called a layer sequence field. The layer sequence field is then used to guide the extrapolation 
of the well logs either with or without interpreted hor izons and faults and seismic velocity 
information (Rasmussen, 1999). 

The degree to which the resulting impedance model is low-pass filtered is represented by 
a fi lter constant: the higher t he value of the constant , the greater the degree of filtering. 
If the filter constant is too high, the final inversion result will not contain variations with 
frequencies between the lowest frequency resolvable from the seismic data and the very low 
frequencies introduced by the prior model. However, if the filter constant is too low, the 
frequency content of the prior model will overlap signHicantly with t hat of the seismic and 
the detail in the inversion result will not be independent of the well log information. 

B.6 ISIS seismic inversion results 

The primary results produced by the ISIS seismk inversion are two impedance models; one 
with and one without low-frequency information. 

The impedance result without low-frequency information enables the interpreter to carry 
out an interpretation of a fully unbiased result as neither well logs nor seismic horizons have 
been utilized. However, only the relative impedance level can be interpreted. In the inversion 
result with low-frequency information, the absolute impedance level may also be interpreted. 
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B . 7 ISIS seismic inversion for porosity 

Inversion of the seismic data for porosity is performed in exactly the same way as the inversion 
for acoustic impedance. The inputs to the ISIS seismic inversion algorithm are, however, 
different . Rather than the normal acoustic impedance wavelet , a porosity wavelet is used, 
and the prior model consists of a low-frequency porosity model. The method is described in 
more detail in Rasmussen & Maver (1996). 

B.8 Alignment 

Misalignment of events in a number of different areas can to the degree that it is representing 
errors in the different simplified models used in the seismic processing have a degrading 
influence on the results and extracting the displacement information can to the degree that 
it is not representing the above mentioned errors be valuable in itself. The areas that this 
concerns are: 

• Well log calibration: Misalignment between i:;ynthetic and original seismic data at the 
well position due to for instance migration inaccuracies can lead to loss of especially the 
high frequency components in the least square wavelet. An alignment should therefore 
be performed either manually or automatically. 

• Time lapse: Misalignment between the different seismic vintages can be due to a 
number of reasons: acquisit ion and processing inaccuracies, changed layer thicknesses 
due to compaction, changed wave velocities due to compaction, fluid, temperature, 
and/or pressure changes. The different seismic vintages should be aligned before sample 
by sample differencing. The displacement information could fur thermore be a valuable 
attribute in itself. 

• AVO: Due to inaccurate NMO, OMO, and/or migration some misalignment in depth is 
often present between the events in the different angle- or offset-stacks. The misalign
ment is less, but still present, in the inverted data as separate wavelets have been used 
for the different angle- or offset-stacks. The misalignment can degrade the results that 
are obtained by combining the different separate angle- or offset-stacks inversion results, 
e.g. Poisson's ratio and Shear impedance, and to a lesser degree the computed Acoustic 
Impedance. An alignment should therefore be performed if the misalignment is not due 
to that acoustic and shear reflection coefficients simply are not fully correlated. 

• 4C: Misalignment of the PP and PS seismic data due to for instance inaccurate esti
mated Poisson's ratio can degrade the results obtained by combining the two data sets. 
An alignment as in the AVO case should therefore be performed. 

If it for some technical or economic reason is not possible to correct the misalignment using 
an improved deterministic seismic processing scheme then one is left with the less reliable 
statistical approaches. Statistical approaches work by modifying one of the two data sets 
by a constrained mathematical transformation such that the data set in some mathematical 
sense becomes more like the other data set. The reason why statistical approaches are 
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less reliable than deterministic approaches is t hat they cannot directly distinguish between 
misalignment due to the simplified models used and misalignment bearing useful information. 
The way they attempt to distinguish the two contributions is by using a very constrained 
mathematical transformation. 

Our implementation of statistical alignment is a pme single trace algorithm meaning that 
the data. is stretched and squee7.ed vertically only, and that there is no requirements with 
respect to horizontal continuity of the vertical displacement. Furthermore are the amplitudes 
not modified. Our algorithm is fully automatic in the sense that the only interaction required 
by the user is to choose a parameter <lcscribing how much vertical displacement that is allowed 
in the search for maximum cross-correlation. 

B.9 Spectral balancing 

When comparing two signals visually or arithmetically as for instance in statistical a lignment 
algorithms, it is in some cases advantageous that they have approximately identical amplitude 
spectra. This amplitude spectra has to be the common frequency interval of the two input 
signals of the spectral balancing in order not to introduce noise in either of the two output 
signals. Denoting the amplitude spectrum as a function of the frequency f before spectral 
balancing of signal 1 as A1 (!) and of signal 2 as A2 (!), one way to obtain spectral balancing 
is to compute the filter H 1 (!), which is to be applied to signal 1, and the filter H2(J), which 
is to be applied to signal 2, as follows 

H1(/) = JA, (!)2 + A2(!)2 
Ai(!) 

The common amplitude spectrum A(J) after the spectral balancing is simply 

(B.1) 

(B.2) 

(B.3) 

which means that the common power spectrum is the harmonic mean of the two input power 
spectra. 
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APPENDIX C 

AVO inversion theory 

This chapter describes how seismic Amplitude Versus Offaet (AVO) attribute data a.re used 
in the ISIS seismic inversion. It is also described how Poisson's ratio and other petrophysical 
and direct hydrocarbon indicators are computed from the AVO inversion results. 

C.1 AVO attribute data 

T he analysis of seismic AYO variation provides the possibility of obtaining both acoustic and 
shear iniormation from acoustic data and thus obtaining information regarding pore fluid 
variation for a more detailed reservoir description. 

The implementation of inversion methods in the analysis of AVO attribute data provides 
the ability to derive estimates of the real physical parameters which control the AVO, acoustic 
impedance and shear impedance which can be compared directly with well log data. Not only 
do the volumes derived in the inversions have real physical meaning, they also benefit from 
the removal of the effect of the wavelet and damping of random noise. 

The following AVO attribute data can be inverted: 

• Intercept and gradient data. (Section C.3). 

• Angle stack data. (Section C.5). 

• Offset stack data. (Section C.6). 

The acoustic, shear and a.ogle impedance inversion results (Zp, Zs and Zo) can be inter
preted directly and direct comparison of the inversion results with well log values is possible. 

C.2 Calculation of intercept and gradient data 

The AVO attributes, intercept and gradient are commonly used to quantify the variation of 
amplitude with offset. The att ributes are calculated on the basis of the Shuey's approximation 
(Equation (C.l)) to the full Zoeppritz equations [Shuey, 1985]. 

36 
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R p(0) = I+ G sin2 (0) (C.l) 

where R 1J is the acoustic reflection coefficient, () is the angle of incidence, and I and G 
are the intercept and gradient a.,; defined in Equations (C.2) and (C.3). 

The I and G attributes a.re calculated using the NMO-corrected, true amplitude processed 
and pre-stack migrated data in conjunction with an interpreted interval velocity model which 
is used to convert offset to angle. 

C.3 AVO inversion of intercept and gradient data 

The intercept a.nd gradient data. are used to calculate acoustic and shear reflection seismic 
(Rp and Rs) (see Section C.4). These seismic data are t hen inverted for acoustic and shear 
impedance (Zp and Zs ). For the inversion of the shear reflection seismic the wavelet is 
derived using a shear reflectivity log rather than the normal acoustic; reflectivity log, and the 
low-frequency model is derived using shear impedance logs rather than acoustic impedance 
logs. The same depth-to-time relationship is used for the acoustic and shear logs from each 
well. 

The acoustic impedance (Zp) a nd shear impedance (Zs) inversion results can be inter
preted directly, or supplementary physical properties such as Vp/Vs, Poisson's ratio and fluid 
factor can be calculated from them (see Section C.8). In all cases, direct comparison of the 
inversion results with well log data is possible, and use of cross-plotting techniques enables 
quantitative lithological and pore fluid determination. 

C.4 Calculation of shear reflectivity seismic 

When inverting intercept and gradient data using the ISIS global seismic inversion package, 
a shear reflection volume (Rs) is calculated by implementing a variant of Shuey's approxi
mation [Shuey, 1985; Castagna and Backus, 1993; Smith and Gidlow, 1987] , which takes into 
account a slowly varying Vs/Vp ratio and a.n estimated exponential constant for Gardner's 
relationship. The intercept and gr adient can be exprese,ed as: 

I :::: Rp (C.2) 

G = Rp - 2 (2Vs)2 (R - ~ R p ) 
1 + a Vp s 21 + a 

(C.3) 
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where a is Gard ner's exponential constant. It should be noted that Vs/Vp in Equa
tion (C.3) refers to the low-frequency content only of the Vs/Vp variation. 

From Equations (C.2) a.nd (C.3) the following equations for acoustic reflection seismic 
(Rp) and shear reflectivity seismic (Rs) in the acoustic time domain can be derived. 

R p = I 

Rs 

C.5 AVO inversion of angle stack data 

(C.4) 

(C.5) 

A frequently used method for examining AVO effects is to compute angle stacks and analyze 
them qualitatively. In order to perform a quantitative analysis, the angle stacks can be 
inverted using the concept of the effective impedance at a constant angle of incidence. This 
impedance we have called angle impedance (see Section C.7). 

The implementation of angle impedance in ISIS, makes it possible to invert angle stacks 
as if the data were ordinarily stacked seismic data. Using angle reflectivity and angle impe
dance logs computed for the effective angle of the angle stack makes the application of the 
convolution model valid for inversion of the angle stacks. The angle reflectivity logs are used 
for the wavelet estimation (see Appendix A) . The angle impedance logs are used in the prior 
model generation (see Section B.5) and for quality-control of the inversion result. The same 
depth-to-time relationship is used for all logs from each well. 

The effect ive angle of the angle stack is the single angle correspondi ng to t he arithmetic 
mean of the reflection coefficient over the traces in the angle stack. Using an unweighted 
mean, of course, assumes that the traces in the angle stack have been equally weighted. As the 
reflection coefficient according to Shuey's approximation (Equation (C. l )) is approximately 
linear related to sin2(0) , the effective angle, 0eff, is given by 

(C.6) 

where 0min and 0max denote the minimum and maximum angle of the angle stack, respec
tively. The effective angle can be up to 16% larger than the arithmetic mean of the minimum 
and maximum angle of t he angle stack. 

Estimating a separate wavelet for each angle stack decreases the influence of many kinds 
of errors. Effects of NMO stretch, frequency variation with offset and energy variation with 
offset can be compensated for by using separate wavelets in the inversions. 

The angle impedance inversion results can either be interpreted directly, for example 
for differentiation of sands and shalcs, or can be combined to derive more classical AVO 
indicators, for instance Vp/Vs and Poisson's ratio (see Section C.8). 
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C.6 AVO inversion of offset stacks 

A variation of angle stacks is offset stacks. Offset stacks are generated by stacking receivers 
according to offset rather t han angle of incidence. For offset stacks the angle of incidence 
is a function of depth and horizontal position. Angle stacks are therefore preferred to offset 
stacks. However, it is possible to invert offset stacks using the ISIS global seismic inversion 
package. Inversion of offset stacks is done by computing the variation of the angle with depth 
and using it instead of a constant angle in all the equations originally developed for angle 
stacks. 

T he effective offset, Xcff, of an offset stack is computed in a similar way as the effective 
angle of an angle stack: 

2 _ x~in + Xfuax + XminXmax 
Xeff - 3 (C.7) 

where Xmin and Xmax denote the minimum and maximum offset of the offset stack, respec-
t ively . The effective offset can be up to 16% larger than the arithmetic mean of the minimum 
and maximum offset of the offset stack. 

Neglecting formation dip , the angle of incidence, 0 can be computed by 

v· X 
sin(0) = mt 

VrmsJ(vrmst)
2 + x2 

(C.8) 

where Vint is the interval velocity, Vrms is the root-mean-square velocity, x is the source
receiver offset, and t is the zero-offset two-way travel-time [Castagna. and Backus, 1993]. 

C. 7 Logs for angle stacks and offset stacks 

Angle impedance ( Z O) is a function of the acoustic impedance ( Z p), the shear impedance 
(Zs) a nd the angle of incidence (0) . 

T he angle impedance is based on the Shucy's approximation a nd is defined as 

(C.9) 

The constant 5.0 • 106 in Equa tion C.9 above could be replaced by any other arbitrary 
constant and the equation would still possess t he following properties: 

• The angle impedance is identical to t he acoustic impedance for normal incidence. 

• T he reflection coefficient, derived in the same way as for normal incidence but using 
a ngle impedance instead of acoustic impedance, is identical to t he reflection coefficient 
for a P-P reflection a.t the given angle. 

In the derivation of Equat ion C.9, it has been assumed that : 
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• The low-frequency Vs/Vp ratio is approximately 0.5, and that density variations a.re 
small. 

• The angle of incidence is reasonably low {less than about 33°). 

C.8 Calculation of supplementary physical properties 

Acoustic impedance (Zp) and shear impedance (Zs) inversion results can be converted to 
Poisson's ratio, Vp/Vs and fluid factor: 

Poisson' s ratio = ¥ - (Zs) 2 

(Zp)2 - (Zs)2 
(C.10) 

where Zp and Zs are the acoustic impedance and shear impedance inversion results with 
low-frequency information. 

Vp/Vs 
Zp 

Zs 
(C.11) 

where Zp and Zs arc the acoustic impedance and shear impedance inversion results with 
low-frequency information. 

Fluid factor = Zs - Zp (C.12) 

where Zp and Zs are the acoustic impedance and shear impedance inversion results 
with the same constant low-frequency value (see Appendix B). Fluid factor as defined here 
highlights changes in fluid properties, without adding any empirical relations between shear 
and acoustic velocities as in the conventional fluid factor calculation. 

From angle stack and offset stack inversion results, acoustic impedance, shear impedance, 
Vp/Vs and Poisson's ratio can be derived by estimating the optimum linear relation in the 
(log(Zo), sin2(0))-domain using all angle impedance inversion results. The Vp/Vs and Pois
son's ratio estimates are calculated from the angle impedance at O = 90° computed using 
the estimated optimum linear relation. In order to obtain reliable Vp /Vs and Poisson's ra
tio volumes it is therefore essential to use angle stacks with large differences between the 
effective angles. The estimation of Vp/Vs, Poisson's ratio and shear impedance can be ad
ditionally constrained by low-frequency angle impedance models calculated for sin2(0) = 1 
and sin2(0) = -1. The constraints are introduced to avoid unphysical fluctuations appearing 
in the estimated Vp/Vs values, Poisson's ratio and shear impedance values. 
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C.9 Lithological identification by cross-plotting 

Cross-plott ing of the well log data can be used to a.id interpretation of the inversion results. 
The well log data can be used to establish relationships between lithology and the physical 
parameters determined in the seismic inversions, e.g. acoustic impedance and Poisson 's ratio. 
T hese relationships can then be used to predict lithology from the inversion results. 

Figure C. 1 shows a cross-plot of acoustic velocity versus density with general curves for 
some common lithologies [Castagna, 1993]. Contours of acoustic impedance are drawn on 
the plot. The plot shows the following: 

• Acoustic impedances of sand and shale is similar. 

• Limestone and sand-shale lithologies can be separated in acoustic impedance. 

• Low porosity lithologies tend to have a large acoustic impedance while high porosity 
lithologies have low values of acoustic impedance. 

Figure C.2 shows a cross-plot of acoustic impedance versus Poisson 's ratio. Empirical 
sand and shale lines are plotted, and general trends of varying pore-fluid and compaction 
are indicated. Poisson's ratio is, generally, very sensitive to sand-shale and pore-fluid vari
ations, while the acoustic impedance is sensitive to porosity and pore-fluid variations (see 
Section C. l ). The plot also indicates that by using a combination of acoustic impedance and 
Poisson's ratio gas sands can be separated from water fi lled sands and sands can be separated 
from ::;hales. 

Identification of lithologies using cross-plots of log data and subsequent correlation to the 
inversion results makes it possible to make regional lithology interpretations and increase 
confidence in hydrocarbon detection. 
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VP versus Density 
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Figure C.l: Empfrical 1·elations between acoustic velocity and density for major litho/ogies 
[Cat;ta,gna., 1993]. Contours of acoustic impedance (x 106) have been plotted on top. 



APPENDIX C. AVO INVERSION THEORY 43 

Acoustic impedance vs. Poisson's ratio 
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Figure C.2: Empirical relations between acoustic impedance a.nd Poisson 's ratio for sand and 
slrn.Je. Poisson 's ratio is generally higl1ly sensitive to sand-sJJalc and pore-fluid variations, 
while tl1e acoustic impedance is sensitive to porosity and pore-fluid variations. 
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Raw and calibrated log data 

This appendix documents the log calibrations. 
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Figure D.l : The shear velocity, acoustic velocity and density well log data available for well 
Rigs-1. Tlw raw well log data. are shown in green and the resampled well logs in red. T he 
left baud axis is annotated in depth in metres. Tl,e r ight hand axis is annotated in depth fo 
s TWT. The right hand axis is annotated itl depth in s TWT after application of the vi1wal 
ties in Table 2.1. Formation tops are shown in blue. The l10rizons are shown in purple. 
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Figure D.2: The shear and acoustic velocity logs, tlw Poisson 's ratio log and the angle 
impedance logs for well Rigs-1. The left hand axis is annotated in depth in metI-es. The right 
hand axis is annotated in depth in s TWT. The r ight hand axis is annotated in depth in s 
T W T after application of the visual ties in Table 2.1. Formation tops are shown itJ blue. The 
horizons are shown in red. 
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Figure 0.3: The shear velocity, acoustic velocity and density well log data available for well 
Rigs-2. The rnw well log data a.re shown in green and the resampled well logs in red. Tlw 
left hand axis is annotated in depth in metres. Tlie rigl1t hand axis is annotated in deptl1 in 
s TWT. The right hand axis is anr1otated in depth in s TWT after applica.tion of the visual 
ties in Table 2.1. Formatio11 tops arn shown in blue. The horizons are shown in purple. 
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Figure D.4: The shear and acoustic velocity Jogs, the Poisso111s ratio log and the angle 
impedance logs for well Rigs-2. The left hand axis is annotated in depth in metres. The right 
hand axis is annotated in dep th in s T WT . The right hand axis is annotated in depth in s 
TWT after application of the visual ties in Table 2.1. Formation tops are sliown in blue. The 
horizons are shown in red. 
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'in ..... 

Figure D.5: Tlie slwar velocity, acoustic velocity and density well log data available for well 
I-lx. The raw well log data a.re shown in green and the resamplcd well logs in red. The le ft 
hru-1d axis is annotated fr1 deptl1 in metres. The right band axis is annotated in depth in s 

TWT. The right hand axis is annotated in depth in s TWT after application of the visual 
ties in Table 2.1. Formation tops are sl1own in blue. The horizons a.re shown in purple. 
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Figure D.6: The sl1ear and acoustic velocity logs, the Poisson's ratio log and the a11gle 
impedance logs for well I-lx. Tr1e left hand axis is annotated in depth iri metres. The right 
ha.nd axis is annotated in depth in s TWT. The ri[!;ht hand axis is annotated in depth in s 
TWT after application of the visual ties in Table 2.1. Formation tops a.re shown frl blue. T he 
lwrizons are shown in red. 
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Figure D.7: The sliear velocity, acoustic velocity and density well Jog data available for well 
Sa.-1. The raw well log data are showr1 in green and the rnsa.mpled woll Jogs in red. The left 
hand axis is annotated in depth in metres. The right hand axis is annotated in depth irl s 
TWT. The riglJt hand a.x.is is annotated in depth in s T WT after application of the visual 
tios in Table 2.1. Formation tops are sl10wn in blue. The horizons are shown in purple. 
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Figure D.8: The shear and acoustic velocity logs, the Poisson 's ratio log and the angle 
impedance logs for well Sa-1. The left hand axis is annotated in depth in metres. Tlrn right 
lrn,nd axis is annotated in depth in s TWT. The right band axis is annotated in depth in s 
TWT afte1· application of the visual ties in Table 2.1. Formation tops are shown in blue. The 
lwrizons are shown in red. 
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Seismic inversion results at the well 
locations 

Plots showing the angle impedance logs at the wells inserted into the final inversion results 
are presented on the following pages. 
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Figure E.l: Near offset stack: Near angle impedance log from well Rigs-1 inserted into 
tl1e angle impedance inversion result with low-frequency foformation. The angle impedance 
~cctiou slwwn has been extracted along part of in-line in-line 23043. The log is repeated 
five times. To the rigl1t of the angle impedance section, curves of the following are plotted: 
the calibrated angle impedauce log, the low-frequency augle impedance model at the well 
location and the cllJgle impedance trace estimated by the inversion a.t the well Joca.tio11. 
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Figure E. 2: Near offset stack: Near angle impedance log from well I-lx inserted into the angle 
impedance inversion result with Jow-freque11cy information. The angle impedance section 
shown has been extracted along part of in-line in-line 22920. The log is repeated five times. 
To the right of tJ1e angle impedance section, curves of the following arc plotted: the calibrated 
angle impedance log, the low-frequency angle impedance model at tlie well location and the 
angle impedance trace estimated by the inversion at the well location. 
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Figure E.3: Nea.r offset stack: Near angle impedance Jog from well Sa.-1 inserted into the angle 
irnpcdar1cc itJversion result witl1 low-frequc11cy infonnation. The angle impedance section 
sliown has been extracted along part of in-line in-line 22671. The log is repeated five times. 
To the right of the angle impedance section, curves of the following are plotted: tlie calibrated 
angle impedru1ce Jog, the low-freque11cy angle impedauce model at the well location and tl1c 
angle impedance trace estimated by tlle inversion at the well location. 
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Figure E.4: Far offset stack: Far angle impedance Jog from well Rigs-1 inserted into the angle 
impedance inversion result with low-frequency information. The angle impedance section 
shown has been extracted along pa.rt of in-line in-line 23043. Tlie log is repeated five times. 
To the right of the a.ngle impeda.r1ce sectio11, curves of the following are plotted: tlie calibrated 
angle impedance log, the low4requency angle impedance model at the well location and the 
angle impedance trace estimated by tlle inversion at the well location. 
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Figure E.5: Far offset stack: Far angle impedance Jog from well 1-lx inser ted into the angle 
impedance inversion r esult witl1 low-frequency frlforn-u1tior1. Tfie angle impedru1ce sectiot1 
shown has been extracted along part of i11-Jine in-line 22920. The log is rep eated Jive times. 
To the right of the angle impedance section, curves of the following are plotted: the calibrated 
angle impeda11ce log, the low-frequency angle impedance model at the well locatio11 and the 
angle impedance trnce estimated by the inversion at the well location. 
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Figure E.6: Far offset stack: Fa.1· angle impedance log from well Sa-1 itlserted into the angle 
impedance inversion result with low-frequency information. The angle impedance section 
sl1own has been extracted alo11g part of in-line in-line 22671. The log is repeated five time.'J. 
To the right of Hie angle impeda11ce section, curves of the following a.re plot ted: the calibi-tited 
angle impedance log, the low-frequency angle impedance model at the well location and the 
angle impedance tni.ce estimated by the inversion at the well location. 



APPENDIX F 

AVO attributes at the well locations 

Extracts from the estimated AVO attributes are presented on the following pageis 

The presentation consists of the followi ng: 

AVO attributes estimated from the near and far offset stack inversion results: 

• Figures F.1- F.3 show the Poisson's ratio logs of wells Rigs-I , 1-lx and Sa-1 inserted 
into the estimated Poisson's ratio with low-frequency information. 

• Figures F.4-F.6 show the acoustic impedance logs of wells Rigs9 1, I-lx and Sa-1 inserted 
into the estimated acoustic impedance with low-frequency information. 

• Figures F.7-F.9 show the shear impedance logs of wells Rigs-1, 1-lx and Sa-1 inserted 
into the estimated shear impedance with low-frequency in format ion. 
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Figure F.l: Rigs-1: Poisson 's ratio estimated from ttw angle stack inversion results: Poisson 1s 
ratio log from well Rigs-1 inserted into estimated Poisson's i-a,tio witll low-frequency infor
mation. Tlie Poisson 1s ratio section shown bas been extracted along part of in-line in-line 
23043. T he log is repeated five times. To the right of the Poisson 's ratio section, curves 
of the following are plotted: the calibrated Poissor1's ratio log and the Poisson 1s ratio trace 
estimated at the well Ioec1.tion. 
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Figure F.2: I-lx: Poisson's ratio estimated from the ar1gle stack inversion I'esults: Poisson 's 
ratio log from well I-lx inserted into estimated Poisson 's ratio with low-frequency information. 
Tim Poisson 's ratio section sbowll bas been extracted along part of in-line in-line 22920. T he 
log is rep eated 6.ve times. To the rigl1t of the Poisson 's ratio section, curves of the following 
a.re plotted: the calibrated Poisson 's ratio log and the Poisson 's ratio trace estimated at the 
well location. 
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F igure F.3: Sa-1: Poisson 's ratio estimated from the a.ng·Je sta.ck inversion results: Poisson 's 
ratio log from well Sa-1 inserted into estimated Poisson 's ratio with low-frequcIJcy informa.
tion. The Poisson 's ra.tio section shown lms been extracted along µa.rt of in-line in-line 22671 . 
The log is repeated five times. To the right of the Poissoll 's ratio section, curves of the fol
lowing are plotted: the calibnlted Poisson 's ratio log and the Poisso11 's ratio trace estimated 
a.t the well location. 
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Figure F.4: Rigs-1: Acoustic irnpeda.nce estimated from the angle sta.ck inversion results: 
Acoustic impedance log from well Rigs-1 inserted fato estimated acoustic impedance with 
low-frequency information. The acoustic impedance section shown bas been extracted along 
pa.rt of in-line in-line 23043. Tl1c log is repeated five times. To the rigl1t of the acoustic 
impedance section, curves of the followirlg are plotted: the calibrated acoustic impedance 
log and the acoustic impedance trace estimated at the well location from the angle sta.ck 
inversion results. 
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Figure F.5: 1-lx: Acoustic impedance estimated from the angle stack inversion results: 
Acoustic impedance log from well 1-l x inserted into estimated acoustic impedance with low
frequency in formation. Tl1e acoustic impedru1ce section shown has been extracted along part 
of in-line in-line 22920. The log is repeated five times. To the right of the acoustic impedance 
section, curves of the following are plotted: the calibrated acous tic impedance log and the 
acous tic impedance trace estimated at tlw well location from the angle stack inve1·sio11 results. 
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Figure F.6: Sa-1: Acoustic impedance estimated from tl1e angle stack inversion results: 
Acoustic impedance log from weJJ Sa-1 inserted into estimated acoustic impedance with low
frequency information. The acoustic impedance section shown bas been extracted along part 
of in-line ill-line 22671. The log is ,·epeated five times. To the right of the acoustic impedance 
section, curves of the following are plotted: the calibrated acoustic impedance log and the 
acous tic impedance trace estimated at the well location from the angle stack inversion results. 
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Figure F. 7: R.igs-1: Shear impedance estimated frorn the angle stack inversion results: Shear 
impedance log from well Rigs-1 inserted into estimated shear imped11tJce with low-frequency 
information. Tbe shear impedance section sl10wn luis been extracted along part of in-line in
line 23043. The log is repeated five times. To tlic right of the shear impedance section, curves 
of the following a.re plotted: the calibrated slwar impedru1ce log and the shear impedance 
trace estimated a.t the well location from the angle stack inversion results. 
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Figure F.8: I-lx: Shear impedance estimated from the angle stack itlversion results: Shear 
impedance log from well I-lx inserted into estimated shear impedance with low-frequency 
i11forma.tion. The shear impedance section sl1own has been extracted along pru-t of in-line in
line 22920. The log is repeated five times. To the right of the shear impedance section, curves 
of the following are plotted: the calibrated shear impedance log and the sliear imped,wce 
trace estimated at the well location from t l1e angle stack inversion results. 
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Figure F.9: Sa-1: Sliear impedar1ce estimated from the angle stack inversion results: Shear 
impedance log from well Sa.-1 inserted into estimated shear impedance with low-frequency 
information. The shear impedance sectio11 shown lrns been extracted along part of in-liue in
line 22671. The log is repeated five times. To t lw rigl1t of the shear impedance section, curves 
of t/10 followin15 arc p lotted: the calibrated shear impeda11ce log and the shear impedance 
trace estimated at the well location from the angle stack inversion results. 
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Figure 1.12: Well Rigs-2a.: Density, resistivity, sonic a.nd shear logs. 
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Figure 1.6: Well I-lX: Density, resistivity and sonic logs. 
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Figure 1.4: Well Ba.ron-2: Density, resistivity and sonic logs. 
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1.5 Density calculation 

The variability of water saturation in the rock results in a variability in the bulk density of 
the undisturbed rock given by 

RHO= RHOmin * (1 - PHI) + RHOhc *PHI* (1 - Sw) + RHOw * Sw * PHI 

where 

RHO = Rock bulk density. 

RHOmin = Rock mineral density. Kept constant at 2.71 g/ccm. 

RHOhc = Hydrocar bon density. 

PHI """ Porosity PHirho as described in Section 1.3. 

Sw = Water saturation as described in Section 1.3. 

The resulting density curves (RHOmin, RHObeHt and RI-IOma.x) arc plotted together with 
the raw bulk density curve RHOB. 

1.6 Sonic and shear measurements 

Sonic and shear measurements were compared in wells Rigs-1, Rigs-2, Rigs-2a and SA-1. As 
seen in Figure 1.15 the trends for the wells are consistent. The overall trend of the plotted 
data is slightly steeper than the relation from Castagna et al (1993). 

V p/V 8 plotted against porosity PHirho is shown in Figure 1.16. 

1.7 Notes 

In places the neutron porosity is seen to exceed the density based porosity PHirho (e.g. 
Baron-2 2890- 2950 m, I-lX 9125- 9350 ft, see F igures 1.3 and 1.5). This is probably due to 
shale-bound water in the rock. The corrected density logs show in general lower values than 
the raw bulk density log. This is due to the successful correction for mud filtrate invasion 
and also due to the presence of hydrocarbons. 

The po1·e water resistivity variation and the resulting variation in water saturation and 
density indicate the extremes within which the true rock properties should be found. 
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For the calcula tion of water saturation of the uninvaded zone, pore water resistivity values 
Rw were delivered by Amerada Hess ApS and Moorsk Olie og Gas AS. A range of pore water 
resistivity values were given as Rw (minimum), Rw (best) and Rw (maximum) (see Table 1.5). 

Well ~ v (minimum) Rw (best) Rw (maximum) 
[ohmm) [ohmm) [ohmm] 

Baron-2 0.022 0.030 0.036 
I-lX 0.022 0.027 0.036 
Rigs-1 0.022 0.023 0.030 
Rigs-2 0.022 0.026 0.030 
Rigs-2a 0.022 0.026 0.030 
SA-1 0.022 0.026 0.030 

Table 1.5: Water resistivity at reservoir level. 

The variability seen among the water saturation cu1·ves (Swmin, Swbest and Swmax) is 
given by the variation in chosen pore water resistivity values. 

1.4 Shale volume 

The shale volume was calculated from 

where 

GR = Measured gamma ray. 

GRma = Gamma ray level in pure matrix, i.e. chalk. 

GRsh = Gamma ray level in shale intervals, i.e. Tertiary sequence. 

GR.ma and GR.sh were estimated visually from t he gamma ray log. The levels are given 
in Table 1.6. 

Well GR:ih GRma. 
[API] [API] 

Baron-2 65 27 
I-lX 50 12 
Rigs-1 100 35 
Rigs-2 115 41 
lligs-2a 135 41 
SA-1 95 5 

Table 1.6: GRma. and GRsh estimated in all wells. 
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PHirho = (RHOmin - RHOB)/(RHOmin - RHOmr) 

where 

RHOmin = Rock mineral density. Kept con~tant at 2.71 g/ccm. 

RHOB = Rock bulk density. 

RHOmr = Mud filtrate density. 

Assuming full invasion RHOmr was chosen as listed in Table 1.3. 

An average porosity PHiav was calculated from PHirho and the neutron logs using 

PHiav = (PHirho - NPHI) /2 + NPHI 

3 

For wells Rigs-1 and Rigs-2 the following logs were compared with core porosity measure
ments: NPHI, PHirbo and PHiav (see Figures 1.1 and 1.2) . 

Comparison between the core porosity measurements and the given curves indicates that 
PHi rho obtains the best match in terms of absolute porosity values. Hence, it was decided to 
use PHirho in the following calculations. 

Water saturations were calculated for botb the invaded zone and the uninvaded zone. 
Initially, the water saturation for the invaded zone Sxo was calculated using Archie's equation 

Sxo = J (Rmr/(Rshallow * (PHirho)2)) 

PHirho is for this purpose calculated on the basis of the RHOmr values given in Table 1.3. 
A suite of mud filtrate resistivity (Rmr) values was then tested in order to obtain a realistic 
mud filtrate saturation estimate. The chosen Rmr values were used as input to Batzle & 
Wang (1992) (in Mavko et al, 1998) to calculate an improved mud fil trate density RHOmr, 
which was then used to calculate a new PHirho· This was then used in the final calculation 
of Sxo• 

T he wa ter saturation in the uninvaded zone Sw was found with 

Sw = /(Rw/(RJeep * (PH1rho)2
)) 

Sxo should genera lly always be larger or equal to Sw, 

The improved RHOmr and PHirho values are given in Table 1.4 together with pore water 
density RHOw for the uninva.ded zone. 

Well Rmr RHOmr RHOw 
[ohmm] [g/ccm] [g/ccm] 

Ba.ron-2 0.050 1.02 1.02 
I-lX 0.070 0.99 1.03 
Rigs-1 0.020 1.06 1.05 
Rigs-2 0.026 1.03 1.04 
Rigs-2a 0.023 1.05 1.04 
SA-1 0.028 1.03 1.04 

Table 1.4: Updated fluid properties at reservoir level. 
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Well Year Company 
Baron-2 1992 Schlumberger 
I-lX 1969 Schlumberger 
Rigs-1 1995 Schlumberger 
Rigs-2 1996 Schlumberger 
Rigs-2a 1996 Schlumberger 
SA-1 1998 Schlumberger 

Table 1.2: Year of completion and logging company for ea.eh of t}1e wells. 

1.2 Calculation of supplementary properties 

For quality control purposes, and to illustrate the potential variability of the input data, 
supplementary properties were calculated from the available well log data. The supplementary 
properties were calculated only for the target interval. T he supplementary properties are 
listed below: 

• Porosity and water saturation (Section 1.3). 

• Shale volume (Section 1.4). 

• Density (Section 1.5). 

Plots of the raw well log data and supplementary properties are shown in Figures 1.3- 1.14. 
General fluid properties available and reservoir interval depths a.re given in Table 1.3. 

Well RHOmr RHOhc Top Chalk Base Chalk 
[g/ccm] [g/ccm] [depth RKB] [depth RKB] 

Baron-2 1.06 0.63 2828 m 2950 m 
I-lX 0.98 0.63 9068 ft 9355 ft 
Rigs-1 1.08 0.63 9150 ft 9367 ft 
Rigs-2 1.08 0.63 2782 m 2867 m 
Rigs-2a 1.10 0.63 2817 m 3030 m 
SA-1 0.98 0.63 3325 m 3484 m 

Table 1.3: A va.ilable fluid density da.ta. at reservoir level. RHOmr = Mud filtrate density and 
RHOhc = Hydrncarbon density. 

1.3 Porosity and water saturation 

A detailed analysis was performed in wells Rigs-I and Rigs-2 to find the best method for 
calculation of porosity. 

Density based porosities were derived from 



CHAPTER 1 

Log QC 

This chapter describes the selection of well logs from six wells in the South Arne field and 
calculation of supplementary properties. 

1.1 Selection of well logs 

Well log data. were supplied by GEUS and Amerada Hess ApS for the following wells : 
Baron-2, I-1X, Rigs-1, Rigs-2, Rigs-2a and SA-1. Neutron, density, gamma ray, sonic, shear, 
as well as shallow and deep resistivity were selected for the well log quality control study. 
Table 1.1 summarizes t he selected well log data. No shear logs were available for wells Ba.ron-2 
and I-lX. 

Well Neutron Density Gamma ray Sonic Shear Shallow res. Deep res. 
[fraction] [g/ccm] [API] [us/ft] [us/ft] [ohmm] [ohmm] 

Baron-2 NPHI RHOB GR DTLF - MSFL ILD 
I-lX SNP RHOB GR DT - MLL LL7 
Rigs-1 NPHI RHOB SGR DTLF DTSM LLS LLD 
Rigs-2 NPHI RHOB SGR DT4P DTSM LLS LLD 
Rigs-2a NPHI RHOB SGR DT4P DT2 LLS LLD 
SA-1 NPHI RHOZ GR DTCO DTSM HLLS AT90 

Table 1.1: Well log data. 

For all well logs the study was initiated with a visual inspection. The inspection was 
focused on the Chalk interval. The logs were inspected for missing intervals, spikes, etc. 
Alignment of the well log data was controlled by doing a visual comparison of all logs with 
the sonic log. For all the wells the alignment of the well logs was found to be satisfactory. 

1 
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EFP-01 ROCK PHYSICS OF IMPURE CHALK - TECHNICAL NOTE 
2001/1 MAY, CONFIDENTIAL 

Well data summary, South Arne field 

Peter Japsen 

pj@geus.dk, Geological Survey of Denmark and Greenland (GEUS) 

This is a summary of available samples, logs and reports for wells on the South Arne Field 
where cores have been taken plus the Modi-1 well. Some formation tops are also included. 

The following wells are included: 

*Baron-2 (released} 

*1-1 (released) 
Modi-1 (24-06 2004) 
*Rigs-1 (released) 
*Rigs-2 (release date 29-07 2001) 
*SA-1 (release date 29-11 2004) 

• Spliced logs available (CD included). 

Information for the released wells are taken from GEUS web site whereas information on 
the remaining well are from confidential reports prepared by Danop or Amerada Hess. 

The Ekofisk Formation was encountered in the following interva ls according to various 
sources. 

(MD) Top Base Thickness ~core 

Baron-2 2826 m 2886 m 60m 60m 

1-1 9070 ' 9181' 34 m 18 m 

Modi-1 3065 m 3128 m 63m Orn 

Rigs-1 9132' 9291 ' 48m 48 m 

Rigs-2 2782 m 2829 m 47m 24 m 

SA-1 3317 m 3361 m 44m 30 m 
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Figure 1. South Arne field , well location sketch. 
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WELL BARON-2 

Contents 

• Technical and Administrative Data 

• Casing 

• Llthostratiq raphy( Groups) 

• Chronostratigraphy(Groups} 

• Samples 

o Cores 

o CuHinqs 
o Sidewall Cores 

• Available Well Logs 

• Available Reports 

• Lithologic column 

Technical and administrative data 

Location Offshore 

Longitude 04°15'29".43 

Latitude 56°01 '43".68 

UTM Zone 31 

UTM Easting (x) 578412.8 (m) 
UTM Northing (y) 6210137.0 (m) 

Well block no. 5604/30-3 

Reference point KB 23 m above MSL. 

Water depth 56 m below MSL. 
TD drill 5232 m below KB. 
The well is Deviated. 

Structure: South-Arne 

Spudded 01/08-1991. 

Completed 13/01-1992 
Spud classification Exploration 

Status (completion) Plugged And Abandoned. 

License 7 /89 

Operator Norsk Hydro 

Contractor Mffirsk Drilling 

Rig Mrersk Jutlander 

Casing 

top depth shoe depth diameter 
ft I m I ft m inch inch (decim) 

0.0 10.0 lo.o 0.0 110 3/4" I 10.150 
0.0 lo.o 113152.9 11961 .0 1118 5/8" 111 8.625 I 
0.0 0.0 8503.9 12592.0111 3 3/8" ]113.375 I 
10.0 10.0 11033.5 ls363.oll9 5/8" 119.625 I 
1275.6 184.0 534.8 j1 63.0 1130" _ J3o.ooo 

110393. ll316s.oll14983.6 IH567.o ll7" L1NERll1.ooo 
I 
I 
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Lithostratigraphy (Groups) 

I Toe JI Bottom I Unit I 
m. below ref. level. 

179.0 112826.0 !Post Chalk Grou~ I 
~826.0 112953.5 Jlchalk Groui;, I 
12953.5 ll3424.o I Cromer Knoll Grouo 
13424.0 115232.0 ] Jurassic units 

Chronostratigraphy (Periods) 

II Top II Bottom I Unit 
Im. below ref. level.I 

179 H2886 IITertiary And Quaternary I 
12886 ll2954 I Cretaceous 
12954 115233 l Jurassic 

Cores 

lcoreJI toe II bottom II recove~ 
(aim. below ref. level! 

I2a21.oo ll2s47.3o I 100.0 
IL]~847.30 1~872.50 j 96.0 
ILJ@872.50 112899.50 11 00.0 I 
CJ 2899.50 2926.50 ~ 
5 3085.00 13096.00 I 87.0 

Cuttings 

from 11 to II distance I 
m. below ref. level lbt cutting~ 
976.00 11980.00 JH.oo I 
1980.00 111410.00 1110.00 I 
J1420.oo I 2530.00 110.00 I 
12540.00 I 2600.00 11 0.00 I 
l2eoo.oo lls232.oo !12.50 I 

Sidewall Cores 

79 samples recovered from interval 2726.0 - 5124.0 m. below ref.level 
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Available well logs 

Company: Schlumberger 

File no. Log type, interva l, suite no., run no., scale 
1290 AMS , 2592.00-3214.00m , , 1A. 1 :500 
1296 AMS , 3150.00-3350.00m , , 2B , 1 :500 
3763 AMS , 4567.00-5224.00m , , 5D , 1 :500 
1292 CBL-VDL-GR , 2222.00-2546.00m , , 1 A, 1 :200 
3761 CBL-VDL-GR, 2743.00-3163.00m , , 38, 1 :200 
3755 CST , 3391.00-4593.00m , , 38 , 1 :0 
3765 CST. 4597.00-5115.00m , , 5D , 1 :200 
3764 CST , 4597.00-51 24.00m , , 5C , 1 :200 
1297 CST-GR, 3050.00-3150.00m,, 2A, 1 :200 
37 46 DIL-LSS-GR-SP , 2875.00-3323.00m , , 2B , 1 :200 
1302 DIL-LSS-GR-SP , 3150.00-3350.00m , , 28 , 1 :500 
3754 DIL-LSS-GR-SP , 3360.00-461 0.00m , , 3D , 1 :500 
3753 DIL-LSS-GR-SP , 3360.00-4610.S0m, , 3D , 1:200 
3768 DIL-LSS-GR-SP , 4567.00-5230.00m , , SE , 1 :200 
3769 DIL-LSS-GR-SP , 4567.00-5230.00m , , SE , 1 :500 
3772 DIL-LSS-GR-SP - Composite Playback , 2592.00-5230.00m , , 1A , 1 :500 
3773 DIL-LSS-GR-SP- Composite Playback - TVD. 2592.00-5232.00m , , 1A , 1 :500 
1287 DIL-MSFL-LSS-GR-SP , 2592.00-3214.00m, , 1A , 1:200 
1289 DIL-MSFL-LSS-GR-SP , 2592.00-3214.00m , , 1A , 1 :500 
3752 FMS-4 , 3360.00-4613.00m , , 38, 1 :200 
3751 FMS-4 - Cyberdip , 3360.00-4613.00m , , 38 , 1 :500 
3762 FMS-4-GR-AMS , 4567.00-5233.00m , , SC , 1 :200 
1294 FMS4-GR , 2592.00-3329.00m , , 2A , 1 :200 
1295 FMS4-GR - Caliper , 2592.00-3329.00m , , 2A , 1 :200 
1291 LDL-CNL-GR , 2592.00-3188.00m, , 1A , 1 :200 
1288 LDL-CNL-GR , 2592.00-3188.00m,, 1A, 1:500 
1300 LDL-CNL-GR , 3149.00-3305.00m,, 2B, 1 :200 
1301 LDL-CNL-GR , 3149.00-3305.00m,, 2B, 1 :500 
3756 LDL-CNL-GR , 3660.00-4593.00m , , 3C , 1 :200 
3757 LDL-CNL-GR , 3660.00-4593.00m , , 3C , 1 :500 
3767 LDL-CNL-GR , 4567.00-5224.00m , , 5D , 1 :200 
3766 LDL-CN L-GR , 4567 .00-5224.00m , , 5D , 1 :500 
3771 LDL-CNL-GR - Composite Playback , 2592.00-5232.00m , , 1A , 1 :500 
1298 LSS-GR , 3130.00-3312.00m ,, 2B, 1:200 
1299 LSS-GR , 3130.00-3312.00m ,, 2B, 1 :500 
1285 MWD Log , 150.00-4200.00m , , , 1 :500 
1293 RFT-HP-GR , 2840.00-3147.00m ,, 1A, 1 :0 
3758 VDL Survey, 3108.00-3348.00m , , 3A , 1:200 
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Available Reports 

File 
no. 
2133 
2372 

2375 

2378 

2379 

2380 

2384 

2385 

2386 

2387 
2388 

2389 

Author, company, title, publication date 

NORSK HYDRO : Final Well Report, June 1992. 
SCHLUMBERGER : Directional survey report - Tabulations - Depth interval: 77.28m 

- 4360.72m, August 1991 . 
SCHLUMBERGER : Formation micro scanner (FMS) Precessing report - (Logged 
15. Sept. 1991, processed 18. Sept. 1991) - MSD Tabulation, October 1991. 

SCHLUMBERGER: Stratigraphic High Resolution Dipmeter (3360m-4613m) - 4-pad 
FMS tool-processing no.1 (Logged 07 Nov 1991 , Processed 25 Nov 1991 ), Novem-
ber 1991 . 
NORSK HYDRO : Sidewall core description - run Sc - Depth Interval: 4597m-5124m, 

December 1991. 
NORSK HYDRO: Sidewall core description - run 5d - Depth Interval: 4597m-5112m, 

December 1991 . 
THE GEOCHEM GROUP/CORE ANALYSIS DIVISION : Special Core Analysis study 

- Final report, January 1992. 
ANADRILL-SCHLUMBERGER : End of well report - MWD logging report - Depth 

interval: 79m -4611m, November 1991. 
SCHLUMBERGER : Dipmeter Processing Report - MSD and LOC results - Depth 

interval: 4567, 1 m - 5232,9m, January 1992. 
EXLOG : End of well report - Mud logging report (text and enclosure), January 1991 . 
READ WELL SERVICES: VSP REPORT, May 1992. 

THE ROBERTSON GROUP : Biostratigraphy of the interval 980m - 5232m TD, 

March 1992. 
2390 NORSK HYDRO : Petroleum Geochemistry, April 1992. 
2391 Kim Zink-J0rgensen, Dan Olsen, Niels Springer, DGU : Conventional Core analysis 

- for Norsk Hyrdro - Core 1-5 - Plug Description - Core Photos - , January 1992. 
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Figure 2. Petrophysical analysis, Baron-2 (Amerada Hess, 1996). 
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Contents 

• Technical and Administrative Data 

• Casing 

• Lithostratigraphy(Groups) 

• Chronostratigraphy(Groups) 

• Samples 

o Cores 

o Cuttings 

• Well Tests 

• Available Well Logs 

• Available Reports 

• Lithologic column 

Technical and administrative data 

Location Offshore 

Longitude 04°14'59".5 

Latitude 56°03'1 O". 
UTM Zone 31 

UTM Easting (x) 577846.3 (m) 

UTM Northing (y) 6212795.0 (m) 

Well block no. 5604/29-1 

Reference point KB 122 ft above MSL. 
Water depth 187 ft below MSL. 

TD log 12848 ft below KB. 

TD drill 12823 ft below KB. 

The well is Vertical. 

Structure: South-Arne 

Spudded 12/02-1969. 

Completed 09/04-1969 

Spud classification Exploration 

Status (completion) Plugged And Abandoned . 

License Due Eneret 1962 A-Sv 

Operator Gulf 

Contractor Zapata North Sea 

Rig Zapata Explorer 

Casing 

I toe deeth II shoe deeth I diameter 

O[J[~J ft II m I inch inch (deciml 

1324.1 ll98.8 ll371 .1 1111 3 .1 1~2" 142.000 

l324.1 ll9e.e ll736.9 11224.6 1120" 1120.000 I 
l324.1 ll9e.e1Ho2e.9 ! 122e.o 13_31e" l1 3.37s I 
l324.1ll9e.a111 oe14.ol3314.495/8" 19 .625 I 
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Lithostratigraphy(Groups) 

Top II Bottom Unit 

f. below ref. level. 

1310.0 ll9o69.9 
l9o69.9 ll9354.9 

!!Post Chalk Group I 
llchalk Grou12 I 

19354.8 1111017.8 llcromer Knoll GrouQ I 

Chronostratigraphy (Periods) 

Top II Bottom Unit 
f. below ref. level. 

310 111901 Quaternary 
11 901 ll91s1 lfi'.ertiar~ I 
19181 1111540 llcretaceous I 
111 540 1112848 IQurassic I 

Cores 

lcore l~QQ llbottom llrecove~ I 
no. ~- below ref. level II I 
1 19091 .00 119121 .00 lls1 .o I 
12 19121 .00 ll9153.oo 111 oo.o I 
lLJl91 a8.ogJ921 a.oo 111 oo.o I 
[:]I921 e.oo II9276.oo llss.o I 
1~:=]9493.oo 1~41.00]192.o I 
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Cuttings 

~rom ]I~ j~istance I 
ff below ref. level llbt cuttingu 
H33.oo Igso.oo I117.00 I 
H5o.oo ll6s9o.oo 1130.00 I 
16990.00 117011.00 1121 .00 I 
17011 .00 117020.00 119.oo I 
17020.00 19000.00 130.00 
19000.00 19090.00 10.00 
l9oeo.oo ll9160.00 I 70.00 .. 

9160.00 9180.00 120.00 
9180.00 9188.00 l8.oo 
9188.00 19200.00 111 2.00 
9200.00 19490.00 111 0.00 
19490.00 119493.oo 113.oo 
9493.00 9510.00 117.00 
9510.00 10000.00 110.00 
j1 Q_OQ0.00 )11 0020.00ll20.00 
110020.00 I 1031 o.oo 1 o.oo 
110310.00 1 1 u ... , .... vv ~.oo 
110313_00 1 1 Uv-'U,UU , .00 

110320.00 I 10370.00 10.00 

1103,o.oo ll10a10.00I120.00 I 
110810.001110970.00111 0.00 I 
110970.001110976.oolle.oo I 
110976.oo 111 098o.oolg.oo I 
110980.001112200.00111 o.oo I 
12200.00 12220.00 ~ 12220.00 12820.00 0 

Well Tests 

ITo~ llsottom IITest t}'~e ] 
ff. below ref. level II I 
19185 119203 IIDST 1 I 
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Available well logs 

Company: Schlumberger 
File no. Log type, interval, suite no., run no., scale 
2659 Borehole compensated sonic log (Gamma ray). 738.00-4052.00ft , , 1 . 1 :200 
2660 Borehole compensated sonic log (Gamma ray). 738.00-4052.00ft , , 1 , 1:1000 
2635 Borehole compensated sonic log (Gamma ray) , 4031 .00-9546.00ft, . 2, 1 :200 
2636 Borehole compensated sonic log (Gamma ray) , 4031 .00-9546. 00ft .. 2 , 1: 1000 
2637 Borehole compensated sonic log (Gamma ray) . 9450.00-10986.00ft, . 3 , 1 :200 
2638 Borehole compensated sonic log (Gamma ray) , 9450.00-10986.00ft, , 3 , 1:1000 
2639 Borehole compensated sonic log (Gamma ray) , 10887 .00-12838.00ft , , 4 , 1 :200 
2640 Borehole compensated sonic log (Gamma ray), 10887.00-12838.00ft ,, 4 , 1 :1000 
2645 Continuous dipmeter, 7000.00-10990.00ft ,, 1 , 1:0 
2641 Formation density log , 7500.00-9554.00ft , , 1 , 1 :200 
2642 Formation density log, 7500.00-9554.00ft ,, 1, 1:1000 
2643 Formation density log , 9450.00-10994.00ft , , 2 , 1 :200 
2644 Formation density log, 9450.00-10994.00ft, , 2, 1:1000 
2646 Gamma ray , 8800.00-9800.00ft , , 1 , 1 :0 
2647 Induction electrical log , 738.00-3963.00ft , , 1 , 1 :200 
2648 Induction electrical log , 738.00-3963.00ft , , 1 , 1:1000 
2649 Induction electrical log , 4031 .00-9555.00ft, , 2 , 1 :200 
2650 Induction electrical log , 4031 .00-9555.00ft, , 2 , 1 :1000 
2651 Induction electrical log , 9450.00-10955.00ft ,, 3, 1 :200 
2652 Induction electrical log , 9450.00-10995.00ft, , 3 , 1:1000 
2653 Induction electrical log , 10887.00-12847.00ft , , 4, 1 :200 
2654 Induction electrical log , 10887 .00-1284 7 .00ft , , 4 , 1: 1000 
2655 Laterolog , 8550.00-9552.00ft , , 1 , 1 :0 
2656 Microlaterolog, 8500.00-10995.00ft ,, 1 , 1:0 
2657 Sidewall neutron porosity log , 8550.00-9555.00ft , , 1 , 1 :0 

Available Reports 

File no. Author, company, title, publication date 
2859 FLOPETROL : Drill stem test no. 1 (4 .-8. April 1969)., April 1969. 
2860 GEOPETROLE : PVT an analysis on oil and gas samples. , May 1969. 
2863 ROBERTSON RESEARCH : The micropalaeontology and stratigraphy, May 1969. 
2864 GULF OIL : Completion report , June 1969. 
2870 SCHLUMBERGER : Continuous dipmeter - tabulated - Depth: 7000'-10990' , March 

1969. 
2881 SEISMOGRAPH SERVICES : Well Velocity Survey , April 1969. 
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Figure 3. Petrophysical analysis, 1-1 (Amerada Hess, 1996). 
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WELL MODl-1 

Techinical and administrative data 

Location 
Longitude 
Latitude 
UTM Zone 
UTM Easting (x) 
UTM Northing (y) 
Well block no. 

Reference point 
Water depth 

Spudded 
Completed 

Offshore 
04 14'15'.75 
56 06 ' 11 ',87 
31 
576988.6 (m) 

6218404.0 (m) 
5604/29-6 

RT 38 m above MSL 
61 m 
17 May 1999 
30 June 1999 

Available well logs 

Company: Schlumberger 

File no. 
18122 
18123 
18121 

18124 

Log type, interval, suite no., run no., scale 
Vision475 LWD Triple Combo Log, 2402.00-3118. OOm,3 4, 1 :500 200 
Vision475 LWD Triple Combo Log, 2402.00-3229. OOm, 3 4 5 6 7, 1:500200 
Vision475 LWD Resistivity Log, 2402.00-3118. OOm, 3 4, 1:500 200 

Vision475 LWD Resistivi ty Log, 2402.00-3229. oom, 3 4 5 6 7, 1:500 200 

Available Reports 

File 

No. Author, company, title, publication date 
16829 Amerada Hess NS : Drilling programme. Well: Modi-1 . License 7/89, 5604/29-6, 

May 1999 

17114 Gardline Surveys Ltd. : Site survey report. South Arne Location. Danish sector 
5604/29, March 1999 

17562 Amerada Hess A/S; Dansk Operat0rselvskab 1/S : Final well report. Well Modi-
1 A. License 7/89, December 1999. 

18176 Network Stratigraphic Consulting Litimed : Biostratigraphy of the intervals 1 OOOm 
- 3124.5m and 2997m- 3237m. Wells: Modi-1 and Modi-1A, December 2000. 
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WELL RIGS-1 

Contents 

• Technical and Administrative Data 
• Casing 
• Lithostratigraphy (Groups) 
• Chronostratigraphy (Periods) 
• Samples 

o Cores 
o Cuttings 

• Available Well Logs 
• Available Reports 
• Lithologic column 

Technical and administrative data 

Location 
Longitude 
Latitude 
UTM Zone 

Offshore 
04°12'52".73 

56°05'22".05 
31 
575581 .3 (m) 
6216839.0 (m) 
5604/29-4 

UTM Easting (x) 
UTM Northing (y) 
Well block no. 
Reference point 
Water depth 
TD drill 

KB 130.0 ft above MSL. 
198.2 ft below MSL. 

10136.0 ft below KB. 
The well is Deviated 

Field: Syd Arne 
Structure: South-Arne 
Spudded 26/12-1994 
Completed 25/02-1995 
Spud classification Exploration 
Status (completion) Plugged And Abandoned 
License 7/89 

Operator Amerada Hess 
Contractor Maarsk Drilling 
Rig Mrersk Giant 

Casing 

I toe deeth II shoe deeth 

I ft I m ft I m inch 

0.0 0.0 559.1 I 170.4 30" 

0.0 [ii] 3305.1 1007.4 13 3/8" 

0.0 [ii] 8049.9 2453.6 9 5/8" 

I o.o l!iiJI 10130.9 11 3087.9 _J 7" LINER 

diameter 

II inch (decim} 

1130.000 

lw.31s 

9.625 

7.000 

EFP-01 ROCK PHYSICS OF IMPURE CHALK/ G E U S 
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Lithostratigraphy (Groups) 

Top II Bottom Unit 

It. below ref. level.I 

[328.0 ll9132.0 IIPost Chalk Graue I 
19132.0 119367.0 
19367.0 1110136.0 

jjchalk Groui:> 
I Lower Cretaceous 

I 

Chronostratigraphy (Periods) 

I Toe II Bottom I Unit 

f. below ref. level. ~ I 
328.0 119291 .0 1: ertial}' - Quaternar~'. 
19291.0 1110136.0 llcretaceous I 

Cores 

lcoreU top _JI bottom llrecove~ 
~ If. below ref. levell 

!019107.0 119169.0 11100.0 I 
[:]19169.o ll9269.6 11100.0 I 
ID 9260.0 9352.0 100.0 

ID 9352.0 9381 .0 86.0 

Cuttings 

from I to I distance 

. below ref. level bt. cuttings 

~360.0 7980.0 130.0 I 
7980.0 8000.0 ,I~~:~ I lsooo.o ll9140.0 
9140.0 19300.0 I~ 9300.0 19380.0 120.0 
19380.0 1110130.0 1110.0 I 
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Available well logs 

Company: Halliburton 

File no. Log type, interval, suite no., run no., scale 
12185 Gamma-Ray Resistivi ty memory log, 559.00-10136.00ft, 1:200 
121 84 Gamma-Ray Resistivity memory log, 559.00-10136.00ft, 1 :500 
12183 Gamma-Ray Resistivity memory log, 559.00-10136.00ft, 1:1000 

Company: Schlumberger 
File 
no. 
12168 
12167 
12201 

Log type, interval, suite no., run no. , scale 

AS-GR-AMS, 458.00-3288.00ft, 1A, 1 :200 
AS-GR-AMS, 458.00-3288.00ft, 1A, 1 :500 
Bottom hole sampling CPL T/Press/Temp/Gradio, 9250.00-9470.00ft, 1 

12202 

12188 
12198 
12199 
12169 
12187 
12182 

12192 
12196 
12180 
12190 
12166 
12165 
12181 

12186 
12164 
12163 
12191 
12189 
12200 
12195 
12193 
12194 
12203 
12197 

Bottom hole sampling CPLT/Press/Temp/Gradio - (plot sample 1 and 2), 9250.00-
9470.00ft, 1 
CSAT-GR-AMS, 4700.00-10050.00ft, 38 
Cement bond log GR-CCL, 7400.00-9836.00ft, 1, 1 :200 
Cement evaluation GR-CCL, 7400.00-9836.00ft, 1, 1 :200 
FMI-GR-AMS (Field transmitted print - not edited), 8052.00-9957 .OOft, 3E, 1 :40 
FMI-GR-AMS (MSDIP), 8052.00-9957.00ft, 3E, 1:200 
HP-RFT-GR-AMS, 4647.00-6560.00ft, 28 
HP-RFT-GR-AMS, 9174 .00-9400.00ft, 3C 
Junk Basket Bridge plug , 0.00-8500.00ft, 1 

LDL-CNL-NGS-AMS, 8052.00-10088.00ft, 3A, 1 :200 
LDL-CNL-NGS-AMS, 8052.00-1 0088.00ft, 3A. 1 :500 
MSFL-DLL-AS-NGS-AMS, 3300.00-8028.00ft, 2A, 1 :200 
MSFL-DLL-AS-NGS-AMS, 3300.00-8028.00ft, 2A, 1 :500 

MSFL-DLL-AS-NGS-AMS, 8052.00-10088.00ft, 3A, 1 :200 
MSFL-DLL-AS-NGS-AMS, 8052.00-10088.00ft, 3A, 1 :500 
NGS Ratios, 3300.00-8028.00ft, 2A, 1 :200 
NGS Ratios, 3300.00-8028.00ft, 2A, 1 :500 
NGS Ratios, 8052.00-10088.00ft, 3A, 1 :200 

NGS Ratios, 8052.00-10088.00ft, 3A, 1 :500 
Perforating record 1 11/16" enerjet, 9190.00-9500.00ft, 1, 1 :200 
Production log - CPL T - Press/Temp/Spin/Gradio, 8800.00-9599.00ft, 1 

Production log - CPL T - Press/Temp/Spin/Gradio - (Ver.1 ), 8880.00-9599.00ft, 1 
Production log- CPL T - Press/Temp/Spin/Gradio - (Ver.2), 8880.00-9599.00, 1 
Rt-Rxo (resistivity computation), 9100.00-9700.00ft, 3A, 1 :200 
TCP Gun correlation GR-CCL, 8200.00-8789.00ft, 1, 1 :200 
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Available Reports 

File 
Author, company, title, publication date 

no. 
11683 SCHLUMBERGER : Array-sonic waveform processing. Interval: 9050' - 9650'. Job 

ref.: UKJ.12290SK. Processed date: 09/03 1995. Well: Rigs-1, March 1995. 
11685 SCHLUMBERGER; GEOOUEST ; Walkaway seismic profile. WSP processing re

port. Vol. 1 (2). Well: Rigs-1, March 1995. 
11686 SCHLUMBERGER; GEOQUEST : Walkaway seismic profile. WSP processing re

port. Vol. 2 (2). Well: Rigs-1 , March 1995. 
11687 SCHLUMBERGER : Interactive FMI image analysis of a Cretaceous rock sequence. 

Processed interval: 9050' - 9600'. Run 3E. Well: Rigs-1, March 1995. 
11688 SCHLUMBERGER: MSRT / LINC with PCT. DST 1, 1A. Well: Rigs-1, February 

1995. 
11689 EXAL : Well site test report. DST 1, 1 A. Perforation interval: 9155' - 9270' and 9270' 

- 9370' MDBRT. Well: Rigs-1, February 1995. 
11690 EXPLORATION AND PRODUCTION SERVICES (NORTH SEA) LTD. : Welltest 

field report. DST 1A. Perforation: 9155' - 9270' and 9270' - 9370'. Well: Rigs-1, Feb
ruary 1995. 

11691 EXPLORATION AND PRODUCTION SERVICES (NORTH SEA) LTD. : DST 1. 
Perforation: 9155' - 9270'. Well: Rigs-1, February 1995. 

11692 OILPHASE: Oil sampling report. DST 1A. Well: Rigs-1 , February 1995. 
11693 CORE LABORATORIES [U.K.] LIMITED: Wellsite oil and gas analysis. DST 1 and 

1A. Well: 5604/29-4 , Rigs-1 , February 1995. 
11694 CORE LABORATORIES [U.K.] LIMITED : Produced water analysis. Well : 5604/29-

4, Rigs-1, May 1995. 
11695 Laier, T., DGU : Chemical and isotopic analyses of gas (cores). Well: Rigs-1, May 

1995. 
11696 Jutson, D. , DGU : Wellsite biostratigraphy interval: 8100' - 9397'(MDRT). Well: 

5604/29-4, Rigs-1, January 1995. 
11697 EXAL : Black oil PVT study. DST 1. Perforation: 9155'-9270'. Well: Rigs-1 , June 

1995. 
11 698 EXAL : Black oil PVT study. DST 1A. Perforation: 9155' - 9270', 9270' - 9370', June 

1995. 
11699 PRODUCTION LOG SOFTWARE LTD. : Production log interpretation. PLT run 1. 

Well: Rigs-1 , June 1995. 
11700 EXAL : Fluid analysis. 5604/29-4, Rigs-1, February 1995. 
12891 SCHLUMBERGER : Borehole seismic processing report. Well : Rigs-1, January 

1995. 
12896 Burgess, C., GEOLAB UK LIMITED : A geochemical evaluation of the DKCS. Well: 

5604/29-4 (Rigs-1 ), June 1995. 
12897 AMERADA HESS : Well test interpretation. DST 1, 1A. Well: 5604/29-4 (Rigs-1), 

June 1995. 
12898 Laier, T. , DGU : Analysis of pore water and mud filtrate and calculation of formation 

water chemistry. Rigs-1, July 1995. 
12899 Krogsb0II, A.; Jacobsen, F.; Nielsen, A., DGU : Conventional Core Analysis, June 

1995. 
12900 AMERADA HESS A/S : Geodetic survey listing, (MSL and RKB). Well : Rigs-1, 

August 1995. 
12902 SIMON PETROLEUM TECHNOLOGY: Biostratigraphy - interval : 3390'-10130' TD, 

August 1995. 
12904 AMERADA HESS A/S: Final well report. Rigs-1, (5604/29-4), August 1995. 
12905 Laier, T., DGU : Chemical and Isotopic analysis of gas from DST-1A. Well: Rigs-1, 

August 1995. 
12906 DANISH GEOTECHNICAL INSTITUTE : Rock mechanical and compaction tests 

and core material. Brazil tests. Unconfined compression tests. Triaxial tests. Unixial 
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compaction tests. Well: Rigs-1, September 1995. 
12907 SGR REDWOOD (U.K.) LTD.: Test report. Crude oil assay. DST 1A. Well 5604/29-

4, Rigs-1, February 1995. 
12911 SCHLUMBERGER; GEOQUEST: South Arne well test analysis. Rigs-1, February 

1996. 
12913 CORE LABORATORIES (UK] LIMITED : Produced water analysis. Well : 5604/29-

4, Rigs-1, September 1995. 
12914 SCHLUMBERGER; GEOQUEST : Fullbore formation microlmager processing and 

analysis final report. Interval: 8.054' - 9.050'. Well: 5604/29-4, Rigs-1, January 1995. 
13181 Springer, N. , GEUS: Special core analysis, September 1996. 
14713 SCHLUMBERGER; arry sonic waveform processing. Interval: 9000'- 10090', run 3. 

Well: Rigs-1, February 1997. 
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Figure 4 . Petrophysical analysis, Rigs-1 (Amerada Hess, 1996). 
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WELL RIGS-2 

Techinical and administrative data 

Location 
Longitude 
Latitude 
UTM Zone 
UTM Easting (x) 
UTM Northing (y) 
Well block no. 
Water depth 

Structure 

Offshore 
04 13'08'. 91 
56 05·51 ·. 55 

31 
575844.8 (m) 
6217756.0 (m) 
5604/29-6 
60,6m 
TD drill 
South Arne 

Available well logs 

Company: Baker Hughes Inteq 
File no. 
17828 
17829 
17827 
17826 

Log type, interval, suite no., run no., scale 
Drilling Engineering Plot, 150.00-3000.00m .. , 1 :2500 
Formation Evaluation Log, 176.00-2925.00m .. , 1 :500 
Pressure Data Plot, 250.00-3000.00m .. , 1:2500 
Temperature Data Plot, 100.00-3000.00m.,, 1 :2500 
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Company: Schlumberger 
File 
no. 
15668 
15670 

15669 

15671 
15660 

15662 

15661 

15673 

15663 

15665 

15666 

15664 

15667 

Cores 

I core II 
I no. JI 

Author, company, t itle, publication date 

DLL- OSI- MSFL- NGS- AMS- SP, 97.00-2463.40m,, 1, 1 :200 

DLL- OSI- MSFL- NGS- AMS- SP, 97.00-2463.40m., 1, 1 :500 

DLL- DSI- MSFL- NGS- AMS- SP, 2456.00-2922.00m., 2, 1 :200 

DLL- OSI- MSFL- NGS- AMS- SP, 2456.00-2922.00m., 2, 1 :500 

LDL-CNL-AMS, 97.00-2440.00,, 1, 1 :200 

LDL-CNL-AMS, 97.00-2440.00,, 2, 1 :500 

LDL-CNL-AMS, 2456.00-2900.00m,, 2, 1:200 

LDL-CNL-AMS, 2456.00-2900.00m,, 2, 1 :500 

LDL-CNL-AMS, 2456.00-2927.00m,, 2, 1 :500 

NGS- AMS, 97.00-2423.50m,, 1, 1 :200 

NGS-AMS, 97.00-2423.50m,, 1, 1 :500 

NGS- AMS, 2456.00-2884.00m,, 2 , 1 :200 

NGS- AMS, 2456.00-2884.00m., 2 , 1 :500 

top I bottom I length I 
m. below ref. level 

El'-27890.Q__j 2789.50 0.50 

I 2797_00 I 2808.00 11 .00 

13 JI 2ao9.oo II 2a22.oo 1113.00 I 
1 4 

. 
II 2a32.oo II 2868.00 11 36.00 I 
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Avai lable Reports 

File 
no. 
13185 

13213 

13214 
13215 
13216 
12217 
12218 

13220 

13221 

13222 

13223 
13225 

13226 

13227 

13228 

13229 

13230 

13270 
13978 

14711 

15189 
15263 

16113 

16120 

Author, company, title, publication date 

Bidgood, M.D., G.S.S. - Grampian Stratigraphic Services : High resolution 
biostratigraphic zonation of Rigs-2 , Rig s-2A and Rigs-28 wells; South Arne Field 
(with additional comments on Rigs-1 and 1-1 wells, March 1997. 
Dansk Operat0rselskab I/S: Drilling Programme. Well; Rigs-2. Licence 7/87, Apri l 

1996. 
Seateam: Site survey final report. Well; Rigs-2 , April 1996 
Corelab, wellsite analysis -DST-1/1A. Well; Rigs-2, July 1996 
Oilphase: Operations report - DST- 1/1A. Well: Rigs-2, July 1996 
Andrews Hydrographics : Well: Rigs-2. Survey Report, June 1996 
Schlumberger; Rigs-2. Dipol Sonic - OSI Sonic Waweform Processing - interval; 

300m - 324m, September 1996. 
Robertson ; Biostratigraphy (cores), intervals: 2828m-2867m (Rigs-2 - 2971m -

2980m (Rigs-2A)) 
Hansen, H.C.S, Danmarks og Grnnlands Geologiske Unders0gelse (GEUS) : 
Rigs-2. Core Analysis Tabulation, core 1, 2, 3, 4, September 1996 
Dahl, R. , Reservoir Laboratories A/S ; Rigs-2. Capillary pressure measurements 

by mercury injection - chalk samples, October 1996. 
The Expro Group; MDT Fluid analysis. Well: Rigs-2, August 1996. 
H0ier, C.; Jakobsen, F., Danmarks og Gr0nlands Geologiske Unders0gelse 
(GEUS), Conventional Core Analysis, December 1996. 

The Expro Group; Black Oil F>VT study- DST 1- Perforation; 2818-2934m. Well : 

Rigs-2, October 1996 
The Expro Group ; Black Oil PVT study - DST 1A - Perforation: 2818-2934m 
MDBRT, 2953-3026m MDBRT. Well: Rigs-2, September 1996. 
Amerada Hess A/S; Dansk Operat0rselskab A/S ; Final well report. Well: Rigs-2 , 

January 1997 
Schlumberger/GeoQuest : Vertical Seismic Profi le Processing report. Well; Rigs-

2. Volume 2 (2), July 1997. 
Schlumberger/GeoQuest : Vertical Seismic Profile Processing report. Well: Rigs-

2. Volume 2 (2), July 1997. 
Schlumberger/Amerada Hess A/S : Rigs-2. Verification Listing, May 1996. 
Jutson, D.; Bidgood, M., Danmarks og Gr0nlands Geologiske Unders0gelse 
(GEUS), High resolution biostratigraphic study of the Danian /Late Cretaceous 
Chalks from the Rigs-1, 2A and 28 wells, South Arne field, May 1997. 
Oilfield Chemical Technology Ltd . : Properties of SOUTH ARNE crude samples 

wax and asphaltene studies. Well : Rigs-2, April 1997. 
Mrersk Olie og Gas: Daily drill report - 7/5-96 - 6/6-1996, May 1996. 
Baker Hughes lnteq : Final well report - vol. 1 (enclosure) - Rigs-2 , 2A, 28, June 

1996. 
Bojesen-Koefod, J.A; Nytoft, H.P., Danmarks og Gr0nlands Geologiske Under
s0gelse (GEUS) : SA-1A petroleum geochemistry, May 1999. 
Andersen, G.; Springer, N., Danmarks og Gr0nlands Geologiske Unders0gelse 

(GEUS): Special core analysis for Amerada Hess A/S, June 1999 
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17324 H0ier, C., Core Laboratory, Danmarks og Gr0nlands Geologiske Unders0gelse 
(GEUS) : Special core Analysis for The Rock Physics Project (EFP-98) ENS j.nr. : 
1313/98-0007, April 2000. 

17782 Nielsen, E.B., Danmarks og Gr11mlands Geologiske Unders0gelse (GEUS) : EFP-
98 Rock Physics of Chalk: Sedimentoligical evaluation of the Tor Formation in the 
South Arne wells SA-1, Rigs-1 and Rigs-2 , December 2000. 

18059 Normann, H.P., Reservoir Laboratories A/S : Capillary pressure measurements 
by mercury injection on SA-1, Rigs-1 and Rigs-2 rock samples (Report: 
30186732-00), June 1996. 
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Figure 5. Petrophysical analysis, Rigs-2 (Danop, 1998). 
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15740 Stringfellow, R., Oilphase Sampling Services Ldt. : FPE report. Chamber MPSR
BA-0775. Well: SA-1 (Flank Pilot Hole), September 1998. 
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Available well logs 

Company: Baker Hughes lnteq 

File no. 

17817 

17818 

Log type, interval, suite no., run no., scale 
MWD. Dual Propagation Resistivity, Gamma Ray (DPR-GR). 9 7/8" Pilot Hole, 
258.00-642.00m .. , 1 :500 

MWD. Gamma Ray (GR) In 16" and 12 ¼ Hole, 642.00-996.00m .. , 1:500 

Company: Schlumberger 
File no. 

17608 

17619 

17609 

17611 

17612 

17620 

17610 

17607 

17618 

Log type, interval, suite no., run no., scale 
DSI-GR (P and S), 2100.003510.SOm, 2,1, 1:200 500 

DSI-PS/UD, 1000.00-1590.20m, 1, 1, 1 :200 500 

FMI-GR image and MSD, 55.00-3530.60m, 2, 2, 1 :40 200 

MDT-GR Pretests and sampling , 331 .2050m, 2,6, 1 :0 

MDT-GR Stress testing and sampling, 3355.40-3472.00m, 2,7, 1 :0 

NGT Ratios, 1000.00-1590.20m, 1 , 1, 1 :200 

PEx-AITH, 3307.40-3528.60m, 2, 3, 1 :200 500 

PEx-HALS-DSI , 2100.00-3528.70m, 2, 1, 1:200 500 

PI-DSI-LDL-NGS, 1000.00-1590.20m, 1, 1, 1 :200 500 
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File 
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15463 

15580 

15588 

15620 

15621 

15649 
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15739 

Author, company, title, publication date 
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Havm0ller, 0., Danish Geotechnical Institute : South Arne, Compaction, Water

floding and standard rock mechanics tests of E3, ES, T3 and T4 formations. Well: 
SA1, May 1998. 

Baker Hughes lnteq : Final report, South Arne 1-1A -1B-1C. Offshore Denmark. 

December 1997 - May 1998. Volume 1 (2): Text. May 1998. 

- : Final well report. South Arne 1-1 A-18-1 C. Offshore Denmark. December 1997-
May 1998. Volume 2(2): 16 log enclosures, May 1998. 
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1998. 

Stringfellow, R., Oilphase Sampling Services Ldt. : FPE report. Chamber MPSR
BA-0770. Well : SA-1 (Flank Pilot Hole), September 1998. 
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WELLSA-1 

Techn ical and administrative data 

Location 

Longitude 

Latitude 

UTM Zone 

UTM Easting (x) 
UTM Northing (y) 
Well block no. 

Reference point 

Water depth 
The well is 

Structure 

Spudded 

Cores 

core top II 

Offshore 
04 13'51 ". 4 
56 04'43".2 
31 
576616.8 (m) 
6215656.0 (m) 
5604/29-0 
KB 40 m above MSL 

60 m 
Deviated 

South Arne 

8 December 1997 

bottom recovery II 
no. f. below ref. level 

LII 9091 .ooJl 9121.00 88.2 

CLJI 9121 .00 11 9153.oo 56.0 

lul 9188.oo 11 9218.00 97.0 

CLJI 9218.00 11 9276.oo 11 .oJL 

~ 1 9493.00 11 9541.00 99.311 

6 I 3407.00 11 3424.oo f:32J1 7 I 3424.oo II 3440.00 I I 
CLJI 3440.00 11 3446.oo II n.o ll 

length I 
I 

9.oo I 
9.oo I 

11.60 I 
3.10] 

26.80 

16.30 

16.30 

4.60 
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EFP-01 ROCK PHYSICS OF IMPURE CHALK- TECHNICAL NOTE 
2003/1 MARCH 2003, CONFIDENTIAL 

Some Comments on Upscaling Rock Physics Relations in 
North Sea Chalks 

Gary Mavko, Stanford University 

mavko@stanford.edu 

INTRODUCTION 

In this note we discuss some issues of upscaling of rock physics relations in chalks. An 
important motivation for understanding upscaling is for comparing diverse geophysical 
measurements, for example, ultrasonic velocities on laboratory core plugs, sonic velocities in 
well logs, and 3D seismic in the field . For elastic (seismic) waves, we encounter scale 
differences in both frequency and wavelength. Frequencies range from 106 Hz in the lab to 1 O 
Hz in the field ; and wavelengths vary from ~ 10·3 m in the lab to ~102 m in the field. We often 
derive or calibrate seismic-to-rock properties transforms from cores and logs, and apply them 
for the interpretation of 30 seismic cubes. It is critical to understand when these transforms 
can be "exported" to the field, and when they need to be modified. 

Although frequency, f, and wavelength, ,,t , vary together, 

(where V is the velocity) , their impact on scaling can be fundamentally different. Frequency 
variations tend to change the physical phenomena governing wave propagation in rocks (e.g. 
Mavko et al., 1998). For example, at very low frequencies, Gassmann's (1951) relations 
describe the quasi-static effect of pore fluids, when wave-induced pore fluid pressures are 
equilibrated throughout the pore space. At higher frequencies, wave-induced fluid motion 
starts to be influenced by viscous and inertial stresses, wave attenuation increases, and the 
rock appears viscoelastic. At very high frequencies, inertially immobile pore fluids can make 
the rock stiffer and more elastic (Biot, 1956; Mavko and Jizba, 1991 ). Reviews of many 
frequency-dependent phenomena in rocks can be found in Knopoff, 1964; and Mavko et al, 
1979. Our separate report "Fluid Substitution In Chalks: Effects Of Saturation Scales," by 
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Mavko and Japsen, illustrates the importance of saturation scaling when analyzing the effects 
of saturation on velocities. 

Spatial scaling involves issues of both spatial averaging and changing physical 
phenomena. Waves propagate with speeds determined by rock properties averaged over 
roughly a wavelength. Therefore, ultrasonic waves "see" tremendous spatial heterogeneity in 
elastic moduli, while 30 seismic waves miss many of the details. Lucet (1989), for example, 
observed geometric velocity dispersion in laboratory measurements of heterogeneous 
carbonates. Mukerji et al (1997) review some of the wavelength-dependent velocity 
dispersion. 

In this report we illustrate a few examples of upscaling of seismic and rock properties in 
chalks of the rigs-2 well. We find the expected result that measurements at the 3D seismic 
scale "see'' less reservoir variability than those at the log or core scale. What determines this 
is the correlation length (or scale of spatial variability) relative to the scale of measurement 
(seismic wavelength) . At the rigs-2 well, the correlation length is on the order of 1 meter, so 
the cores and logs see similar porosities, while porosities at the seismic scale are significantly 
different. We also show some examples of rock physics relations at two different scales. 
Linear relations (such as Vp vs porosity or Vp vs. Vs) tend to be scale invariant. While non
linear relations can change from the core to log scale. 

SPATIAL SAMPLING AND SMOOTHING 

Figure 1 shows a comparison of laboratory helium porosity and log-derived porosity, taken 
from logs in the rigs-2 well. At the top, the data are compared at their measurement scales. 
The data indicate considerable vertical heterogeneity in the reservoir, with a 5-1 O porosity unit 
variation over a few meters. The correlation length of porosity as indicated by the log appears 
to be roughly 1 m. Hence, there is a reasonable agreement between the log and core 
porosities, even though core porosities are measured on the scale of 1-2 cm , while log 
densities (from which porosity is derived) are measured on the scale of tens of cm. 

At the bottom of Figure 1, we superimpose a (blue) curve representing a 1 Orn running 
average of the log porosities. Th is is a rough estimate of the porosity scale that might be 
inferred from 30 seismic inversion for porosity, when the seismic wavelength is about 40m. 
Because the spatial correlation length is so much finer than the seismic wavelength, the 
"upscaled" porosity does capture the true porosity heterogeneity in the reservoir. 
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Figure 1. Comparison of log and core porosities at well rigs-2. Depth is in meters. Top: 
helium porosities with unsmoothed log density porosity. Bottom: additional (blue) curve 
showing a 10-m running average of the log-derived porosity. 

Figure 2 shows histograms of the porosity from Figure 1, along with sonic Vp from the rigs2 

well. While the means in Vp and porosity stay essentially unchanged, the upscaling has the 
reduced the standard deviation of porosity from .07 to .05 porosity units, and the standard 
deviation of velocity from 296 to 225 m/s. 
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Figure 2. Histograms of Vp and porosity in the rigs2 well before (red) and after (blue) 10m 
smoothing. 

UPSCALING OF LINEAR ROCK PHYSICS RELATIONS 

J~ 

A common goal in rock physics is to determine seismic-to-rock properties transforms that 
can be used to interpret 30 seismic. Since these are often determined or calibrated at the log 

or core scale, an obvious question is whether or not the rock physics equation actually 
changes with scale. 

A simple criterion is whether or not the rock physics relation is linear. Figure 3 shows a 
plot of sonic Vp vs. porosity from the rigs-2 well. Although there is considerable scatter, we 
see the usual nearly-linear decrease of Vp with increasing porosity. Strictly speaking, a 
modified upper Hashin-Shtrikman bound is a better model (Walls et al, 1998), though over a 
small porosity range, a linear approximation is adequate. The red line is a least-squares fit to 
the trend, given by: 

Vp = 4450 - 3780~ 

where Vp is in units of (m/s) . The blue dots show the velocity-porosity relation after 1 Orn 
smoothing, with a least squares linear fit (blue line) that is only slightly different: 

Vp = 4390 - 3640~ 

The near invariance of the trend is a consequence of the nearly linear relation, combined 
with a linear smoothing operator. Consider any linear relation between X and Y of the form: 

Y =aX+b 

Also, consider any linear operator<>. Applying the operator to the X-Y relation gives: 
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(Y) = (aX + B) 
= a(X) + B 

Hence, a simple smoothing (upscaling) operation leaves the relation unchanged. If 

Y = f(X) , then {Y) = /({X)). Therefore, we would expect our linear seismic-to-rock 

properties transform to remain relatively scale independent. 
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Figure 3. Vp vs. porosity relation in the rigs-2 well before (red) and after {blue) 10m 
smoothing. 

FLUID SUBSTITUTION: A NONLINEAR RELATION 

One of the most common rock physics relation is the Gassmann (1951) equation for fluid 
substitution : 

K.w, 
K,,, /mtrol - K $Of 

where Kr1,,,, Ksa,, and Km,,,,,.,,1 are the bulk modul i of the saturated rock, the dry rock and the 

mineral; /-l,1,y and Aa, are dry and saturated rock shear moduli; and tjJ is the porosity. Since 
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the relation between dry and saturated moduli is nonlinear, then its application is non scale
invariant. 

Figure 4 shows a plot of Vp vs. Vs for the rigs-2 well. The red dots are brine saturated data 
at the log scale, and the blue dots are oil saturated data, computed from the brine data, point 

by point at the log scale (labeled fine-scale Gassmann to oil) . The magenta data are the result 
of applying a 1 0m smoothing to the blue points. In contrast, the green points are the result of 

first smoothing the input brine data (red points) and then applying Gassmann fluid substitution 
to the smoothed result. (Kwater = 2.96 Gpa; Rhowater = 1.35 g/cc; Koil = 0.44 Gpa; Rhooil = 
0.67 g/cc;). 

In Figure 4 we see that applying fluid substitution and then smoothing is not the same as 
smoothing first and then applying fluid substitution. This is a direct result of the nonlinearity of 

the Gassmann equation. It is generally recommended that Gassmann be applied at the fine 
(log) scale. This also means that applying fluid substitution to the results of a seismic inversion 
will suffer some scale artifacts. 
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Figure 4. The invariance of fluid substitution. Red dots: input water saturated data at the 
log scale. Blue dots: input data fluid substituted to oil at the log scale. Magenta dots: 10 
m smoothing of the fine-scale oil data (blue). Green dots: result of first smoothing the input 
(red) data and then applying fluid substitution. Solid curves are Greenberg-Castagna 
(1992) lines: blue=shale: solid green=water carbonate; dashed green=dry carbonate; solid 
black=water sand; dashed black=dry sand. 
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SUMMARY 

We find the expected result that 3D seismic scale measurements "see" less reservoir 
variability than the logs or cores. What determines this is the correlation length (or scale of 
spatial variability) relative to the scale of measurement (seismic wavelength). At rigs-2 the 
correlation length is on the order of 1 meter, so the cores and logs see similar porosities, while 
porosities at the seismic scale are significantly different. We also show some examples of 
rock physics relations at two different scales. Linear relations (such as Vp vs porosity or Vp vs. 
Vs) tend to be scale invariant, while non-linear relations, such as fluid substitution can change 
from the core to log scale. 
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EFP-01 ROCK PHYSICS OF IMPURE CHALK - TECHNICAL NOTE 
2002/4 NOVEMBER 

Extrapolation of the modified upper Hashin-Shtrikman 
model of Walls et al. (1998) 

Peter Japsen, Geological Survey of Denmark and Greenland (GEUS) 
pj@GEUS.dk 

The modified upper Hashin-Shtrikman model of Walls et al. (1998) is defined from log data 
for the Ekofisk Formation on the Ekofisk Fied with porosities less than 40%. The following 
parameters were estimated for that data set: 

t/JmeK =40%, K,1mex = 4 GPa, µ;,nax =4 GPa, Ko=65 GPa and po=27 GPa. 

Ultrasonic measurements on core samples from the South Arne field are good agreement 
with the model of Walls et al. However, chalk porosities between 40% and 45% occur on 
the South Arne field as estimated from both log data and core samples. Consequently, it is 
useful to extrapolate the range of the MUHS model of Walls et al. from 40% to 45% to be 

able to e.g. model the effect of porosity variations on the acoustic properties of the chalk. 

The following high-porosity end-member moduli at 45% represent an extrapolation of the 
MUHS model of Walls et al: 

K+max = 1.5 GPa, µ,i,max =2.5 GPa, 

Furthermore, the extrapolated model is agreement with the acoustic properties of the south 

Arne samples with porosities between 40% and 45% (Figs 1-3). 

It was tested to extrapolate the MUHS model to 50% porosity, but even with K♦max as low as 
0.2 GPa the Vp-prediction was above that of the Walls et al. model (Fig. 4). 

Legend 

Blue: 
Circles: 

saturated conditions 

Ekofisk Formation 
Dots: Tor Formation 
Crosses: outlying values (plug numbers 8003, B0010, B0036) 
Full line, blue: MUHS model of Walls et al (1998) 

Dashed line, red Extrapolation of MUHS model of Walls et al (1998) 
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Figure 1. VP versus porosity, <j>. Saturated samples at Rigs-2 reference conditions. 
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Figure 2. V5 versus porosity, <j>. Saturated samples at Rigs-2 reference conditions. 
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EFP-01 ROCK PHYSICS OF IMPURE CHALK - TECHNICAL NOTE 
2002/3 NOVEMBER 2002, MARCH 2003, CONFIDENTIAL 

Compilation of ultrasonic data for chalk plugs from the 
South Arne field , Tor and Ekofisk formations 

Peter Japsen, Geological Survey of Denmark and Greenland (GEUS) 
pj@GEUS.dk 

P- and S-wave velocities have been estimated at 75 bar for dry plugs and plugs saturated 
with tap water. Measurements were carried out on South Arne plug samples from the Tor 
Formation (H0ier 2000) and from the Ekofisk Formation (H0ier 2002) as part of the EFP-98 
Rock Physics of Chalk and the EFP-01 Rock Physics of Impure Chalk projects, respec
tively. All readings of travel times have been done by the First Arrival Picker developed by 
0degaard. The results from the saturated samples are transformed to the reservoir condi
tions of the South Arne field to make comparison with down-hole log data possible. The 
fluid substitution is carried out using Gassmann's equations with parameters from the Rigs-
2 well as reference. Reuss fluid mix is found to be valid for correcting almost dry samples to 
Sw=O% whereas Voigt fluid mix is valid for correcting for patchy saturation in almost fully 
saturated samples to Sw=100% 

This report presents a compilation of the data at the Rigs-2 reference conditions and a 
number of derived parameters with cross plots of the parameters, but on ly for the 34 sam
ples measured only at dry and saturated conditions (Figures 1 to 10). Tables of the data at 
Rigs-2 conditions sorted by plug number and porosity are given in Tables 1 and 2, respec
tively, and the original data set is given in Table 3. 

Very good agreement is observed between the data set at Rigs-2 conditions and the modi
fied upper Hashin-Shtrikman model of Walls et al. (1998) calculated at the same conditions 
(see Japsen 2002). Similar agreement is observed with the Vp-Vs relation for water
saturated limestone of Castagna et al. (1993), whereas the MUHS model of Japsen et al. 
(2000) based on Dan field data results in variations of the Vp-Vs ratio as a function of po
rosity that are not observed for the present data set. 

Data 

Ultrasonic measurements have been carried out on 50 dry and 37 saturated chalk samples 
from the South Arne field (H0ier 2000, 2002). The measurements were carried out under 
both dry and saturated conditions on 34 of these samples, and out of these samples 19 
were from the Ekofisk Formation and 15 from the Tor Formation. Values of density, p 

[g/cm3
], grain density, Pgr. porosity, ~[-]and permeability, k [Darcy) were determined. 
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Each plug is labelled by an ID of the form AXXX where A is a well reference and XXX a 
unique plug number for the well. The three South Arne wells SA-1, Rigs-1 and Rigs-2 are 
referenced A, B and C. 

Three dry Ekofisk samples had a higher than normal residual water saturation (Sw=7%-
12%; plug numbers 8003, B0010, B0036). This may be an indication of high shale content 
and data points for these three plugs are thus marked as outliers in the plots in this report. 

Measurements were furthermore carried out under partially saturated conditions on two 
samples (Sw=25%, 50%, 75%; plug numbers C062, C100) . 

Fluid substitution using Gassmann' equations 

Fluid substitutions to the brine at reservoir conditions in the Rigs-2 well were carried out for 
the 34 plugs for which measurements on both dry and saturated plugs were available. The 
data for the dry and saturated plugs were corrected to water saturation of either O or 1 , re
spectively, because these ideal conditions were not always met in the lab. 

Previous studies have shown that the difference between the properties of the dry and the 
saturated samples deviates considerably from the difference predicted by Gassmann's 
relations (Japsen 2002) The difference between the properties of the partially saturated 
samples are, however, in agreement with Gassmann theory and the properties of the dry 
samples are consequently found to be unrepresentative for the samples saturated with 
different fluids. 

The acoustic properties of two chalk samples were investigated for during draingage (Fig. 
0) . The measured bulk modulus falls between the Gassmann prediction for fluid properties 
based on Voigt and Reuss averages for air and water using the measured bulk modulus at 
100% and calcite matrix as input. The maximum saturations of the two samples are, how
ever, only 98% and 99% respectively, so the bulk modulus at 100% saturation was esti
mated. We found that the extrapolation to 100% saturation could be done by calculating the 
fluid properties of the almost saturated samples as a Voigt average and thus assuming 
patchy saturation. In contrast, the extrapolation along a Reuss bound predicted high bulk 
moduli that do not agree with the measured moduli at low saturations. The measured bulk 
moduli plot on the Reuss bound for low water saturations but depart from the bound at an 
intermediate value due to patchy saturation as it has been found in studies of other rock 
types. 

The shear modulus is almost unaffected by the degree of water saturation in the partially 
saturated plugs as predicted by Gassman's relations. But the modulus increases by c. 0.5 
GPa for Sw=O relative to the non-zero saturations for both samples due to some over-dry 
effect which has been observed for other rock types as well. 
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Figure 0. Elastic moduli versus water saturation, Sw, for two chalk samples; 
a. Bulk modulus, b. Shear modulus. 
The measured moduli agree with Gassmann-prediction based on the properties at 100% 
saturation estimated from those measured at the maximum saturation (98% and 99%): Bulk 
modulus agree if fluid properties are calculated as a Reuss average for low saturation but 
as a Voigt average at maximum saturation. The shear modulus is almost constant for non
zero saturations. 
Legend: 
Dots : 
Lines: 
Dashed line: 
Split line: 

Measured values (K, G) 
Gassmann predictions from measured value with maximum saturation 
Prediction for full fluid mixing; Sw 98% - 100% (Reuss average) 
Prediction for patchy fluid mixing; Sw 98%- 100% (Voigt average) 

Initial flu id properties 

Ultrasonic velocities in the chalk plugs were measured under both dry and saturated condi

tions. However, dry samples did not always have Sw=0 but Sw<0.34, probably due to water 
bound to clay particles and saturated plugs did not always have Sw=1 but Sw>0.93. The 
initial fluid properties during the measurement were thus calculated by considering the pore 
fluid occupying the pore space of the plug as a mixture of air and water. The effective den-

sity of the pore fluid , p111 was calculated as: 

P;n = Sw · P,. + (1 - S...)p0 ,, ~ Sw · P .. 

where the measured density of water, Pw=0.998 g/cm3 at room temperature and the density 
of air is taken to 0 GPa. 

The effective bulk modulus, Kn1, of the pore fluid was calculated as a Voigt average for the 
almost fully saturated samples: 

K111 _v = S., · K,. + (1 - S,.)Kalr r:::, Sw · K., 

and as a Reuss average for the almost dry samples: 

K /11 . R = 1/(Sw / Kw +(1 -S.., ) / K0,r) 

Where the bulk modulus of water, Kw=2.20 GPa and the bulk modulus of air is taken to 
0.000131 GPa. 
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Brine properties at Rigs-2 reservoir conditions 

The brine properties of the Rigs-2 well at reservoir condition are chosen as the reference 

for comparing the elastic properties of chalk based on ultrasonic measurement on plug 
samples from the three South Arne wells: 

Kn2 = 2.96 GPa 

Pn2 = 1.035 g/cm3 

Estimated for 110 ppm salinity at 116°C and a fluid pressure of 44 Mpa. 

Fluid substitution to Rigs-2 reservoir conditions 

We can predict the moduli of the sample at Rigs-2 reservoir conditions ( K.
111

, 2 , µ _,a,2 ) f rom 

the moduli of the sample with initial fluid saturation ( K"",
1 
,A,_,,

1
) using Gassmann's relations 

(see Mavko et al. 1998, p. 169): 

where 

r = K.,,,,1 
Ko - K"',,, 

and the properties of the calcite matrix are taken to be 

K0 = 71GPa, J1o = 30GPa. 

The density of the sample at Rigs-2 conditions is 

P.111,2 = (l - tf>)P8r+ t/> · PJ1 2 

where P gr is the measured grain density for the sample. 

For the dry plugs for which the water saturation, Sw, was non-zero the data were corrected 

to Sw=0, also using Gassmann's equations. 

Parameters 

We can calculate the elastic moduli and related parameters in terms of the estimated val

ues of Vp, Vs (km/s] and p (Mavko et al. 1998). The bulk modulus, K [GPa] is calculated as: 

K = p • (V/ - j V/ ), 

the P-wave modulus, P [GPa]: 

M = p•V/ , 

the shear modulus, µ [GPa] (also referred to as G): 

Poisson's ratio, v [-] : 
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Young's modulus, E [GPa]: 

v = (V,, I v.~ )2 - 2 

2( V,, I V.~ )2 - 2 ' 

E = 2 p . v/ ( 1 + v ), 

Lame's coefficient, J... [GPaJ: 

J = p(V/ - 2V/ ) 

and finally, the P- and S-impedances, Zp and Zs [kg/m2/s]: 

Reference models 

We can compare the results of the ultrasonic measurements with some reference models: 

• The Castagna Vp-Vs relation estimated from ultrasonic measuremetns on water

saturated limestone is shown in Figs 6 and 9 (Castagna er al. 1993): 

Vs = - 0.0SSV/ + I .0·17vP - 1.03 1 (km/s) 

• The modified upper Hashin-Shtrikman model (MUHS) with the parameters found 
from log data for the Ekofisk field is shown in all figures (Walls et al 1998): 

$max =40%, K.,max = 4 GPa, µ~max = 4 GPa, Ko=65 GPa and µo=27 Gpa, 
and its extension to 45% porosity (Japsen 2002): 

~max =45%, K~max = 1.5 GPa, µ~max = 2.5 Gpa. 
The latter trend is shown in the plots but the tvvo models are almost identical for 
1 0%-40% porosity. 

• The MUHS model with parameters estimated from log data from the Tor Formation 
at the Dan field is shown in Fig. 6 (Japsen et al. 2000): 

$max =45%, K41max = 2.6 GPa, µ.,max 3.0 GPa, Ka=62 GPa and µo=20 GPa. 

The elastic properties of the rock at Rigs-2 fluid conditions can be estimated from the 
MUHS models using Gassmann's relations. The Vp-Vs relation corresponding to the 

Castagna trend is calculated for Vp($) as estimated from MUHS model of Walls et al. 

(1998). 

Results 

Both P- and S-wave velocities are slighly higher for the saturated Tor samples than for the 
Ekofisk samples in the porosity interval around 25%-30%, whereas there is no clear dis

crimination for porosities above 40% (Figs 1a, 2a). The resulting Vp•V5 ratio is about equal 
at intermediate porosities (Fig. 6). 

The properties of the three samples with high residual water content at dry conditions are 

found to be clearly outlying, also for the saturated samples, e.g. low P- and S-velocities 
(Figs 1, 2; plug number B003, 8010, B036). The resulting Vp-Vs ratio is high for the satu-
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rated samples and low for the dry samples (Fig. 6). Poisson's ratio is negative or zero for 
two of the three outlying dry samples at original conditions and Poisson's ratio is even 
smaller at reference conditions for these samples (8003, 8036 in Tables 1 b, 3b) . The prop

erties of sample 8102 are outlying for the dry measurements, but not clearly for the satu
rated measurements (e.g. VpNs versus porosity, Fig. 6). 

Overall agreement is observed between the data for saturated plugs and the MUHS model 
of Walls et al. (1998) (porosities<40%), e.g. in the plots of Vp and Vs versus porosity (Figs 

1 a, 2a) . This agreement is furthermore seen for V s versus VP and for V p•Vs ratio versus 
porosity (Figs 6, 9) , but the extended MUHS model is seen to predict Vp-Vs-ratios that are 
rather low compared to the data at 45% porosity. 

Agreement between the MUHS model of Walls et al. ( 1998) and the Castagna V p-V s rela
tion for limestone can also be noted (Figs 6, 9) . However, the Vp-Vs ratio predicted the 
MUHS model is a bit high for small porosities relative to the data (c. 1.9 compared to 1.8) 

and the extrapolation above 40% porosity appears to be a bit low (the MUHS model is not 
defined above this porosity) . 

The Castagna line is shifted more in the direction of the data points in this plot (Fig. 6). 

Note, however, that Castagna's line is based on lab measurements of undifferentiated 
limestone samples saturated with tap water. The agreement between Castagna's line and 
the present data set may thus be accidental; e.g. the agreement is less convincing if the 
properties of the samples are calculated for tap water. 

The MUHS model of Japsen et al. (2000) does not agree well with the present data set 

(Figs 6, 9) . Note, that this model was developed for log data from the Dan field where re
sults from the previous Chalk project showed that porosity was c. 5% smaller for Dan field 
than for South Arne samples for a velocity of 3 km/s. 

The disagreement between the properties of the dry sample and the MUHS model is obvi

ous for small porosities, e.g. in the plots of V5 versus Vr, and of Vp-Vs ratio versus porosity 
(Figs 6, 9), but not immediately visible in the plots of Vp and V5 versus porosity (Figs 1 b, 
2b) . However, the shear modulus of the dry samples is relatively high at low porosity (Fig . 

3b), whereas the bulk modulus and Lama's constant are relatively low (Figs 4b, Sb). Con
sequently, the deviation between the MUHS model and the properties of the dry samples 
are particularly evident in the plot of shear modulus versus Lama's constant (Fig. 8) . The 
non-Gassmann behavior of the dry samples have previously been noted (Japsen et al. 
2002) . 
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Figures of data points for 34 samples measured at both dry and 
saturated conditions 

Legend 

Blue: 

Red: 
Circles: 
Dots: 
Crosses: 

Full line: 

saturated conditions 
dry conditions 

Ekofisk Formation 
Tor Formation 
outlying values (plug numbers B003, B0010, 80036) 

MUHS model of Walls et al (1998) 
Dashed line: Castagna's Yp-Ys relation for water-saturated limestone limestone 
Dotted Line: MUHS model of Japsen et al. (2000) 

EFP-01 ROCK PHYSICS OF IMPURE CHALK/ GEUS 8 



~ f 

'° '<t 

• C! v X 

X • • 
l() • 

~ C'i • < • 
~ 

0: 
> 0 

C'i 

•• 
I,() ,~. 
('J • 

0 
c--i 

~1 
T 1 f""f r.,. l T ' 1 r T T 

10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 

Porosity,% 
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Figure 1b. Vp versus porosity, t/J. Dry samples at reference conditions (Table 1b). 
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Figure 2b. Vs versus porosity, </J. Dry samples at reference conditions (Table 1b). 
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Table 1. Plug data corrected to reference conditions, sorted by plug num
ber 

Only plugs with measurement at both dry and saturated condititions. 
Form: Tor = Tor Formation, Eko= Ekofisk Formation 

Table 1a. Saturated samples at reference conditions, sorted by plug number 
Data corrected to Sw=1 and brine at Rigs-2 reservoir conditions using Gassmann's equa
tions and Voigt fluid mix. 

Plug Form • Vp Vs V,.Ns V K u M E ~ ZP Za 
A755 Tor 0.24 4.15 2.24 1.86 0.30 24.42 11 .54 39.80 29.90 16.73 9.38 5.15 
A760 Tor 0.29 3.69 1.98 1.87 0.30 18.75 8.70 30.36 22.61 12.95 7.99 4.40 
A761 Tor 0.31 3.57 1.86 1.92 0.31 17.91 7.59 28.04 19.96 12.85 7.62 4.08 
A763 Tor 0.27 3.70 1.98 1.87 0.30 19.09 8.82 30.85 22 .92 13.21 8.10 4.45 
A767 Tor 0.30 3.62 1.96 1.85 0.29 17.73 8.44 28.98 21 .85 12.10 7.76 4.31 
A771 Tor 0.31 3.49 1.82 1.92 0.32 17.10 7.21 26.71 18.96 12 .29 7.40 3.96 
6003 Eko 0.14 3.37 1.53 2.20 0.37 20.42 5.82 28.18 15.95 16.54 7.73 3.79 
6010 Eko 0.15 3.92 1.87 2.09 0.35 26.2 1 8.63 37.72 23.32 20.46 9.34 4.61 
6011 Eko 0.14 3.56 1. 71 2.08 0.35 21.65 7.19 31 .23 19.42 16.86 8.38 4.22 
8036 Eko 0.16 3.71 1.90 1.95 0.32 21.82 8.83 33.60 23.35 15.93 8.69 4.64 
8054 Eko 0.19 4.14 2.21 1.88 0.30 25.37 11 .59 40.82 30.18 17.64 9.62 5.25 
8055 Eko 0.25 3.72 2.01 1.85 0.29 19.45 9.26 31 .81 23.98 13.28 8.26 4.60 
8082 Eke 0.34 3.11 1.61 1.93 0.32 13.26 5.51 20.61 14.52 9.59 6.33 3.41 
B102 Eke 0.15 4.34 2.41 1.80 0.28 27.44 14.29 46.49 36.54 17.91 10.39 5.93 
B122 Eke 0.28 3.52 1.87 1.88 0.30 17.26 7.85 27.73 20.46 12.02 7.59 4.18 
B130 Eko 024 3.63 1.92 1.89 0.31 19.18 8.52 30.54 22.26 13.50 8.10 4.43 
8146 Eke 0.35 3.16 1.63 1,93 0,32 13.66 5,66 21.21 14.93 9,88 6.43 3.45 
8 170 Eke 0.31 3.33 1.76 1.89 0,31 15.19 6.76 24.20 17.66 10.68 6.97 3.83 
81 96 Eke 0.19 4.28 2.37 1.80 0.28 25.92 13.50 43,92 34.52 16.92 10.03 5.68 
B21 3 Eke 0.20 4.50 2.48 1.82 0.28 28.60 14.59 48,05 37.40 18.88 10.47 5.87 
B220 Tor 0.32 3.43 1.82 1.89 0.31 16.03 7.16 25,58 18.71 11.25 7.20 3.94 
B260 Tor 0.41 2.76 1.37 2.02 0.34 10.38 3.78 15.42 10.10 7.86 5.29 2.76 
B264 Tor 0.40 2.71 1.34 2.03 0.34 10.18 3.64 15.04 9.76 7.76 5.23 2.72 
C015 Eke 0.42 2.65 1.41 1.88 0.30 8.78 3.97 14.08 10.35 6.13 4.98 2.81 
C022 Eke 0.26 3.69 2.03 1.81 0.28 18.35 9.40 30.87 24.08 12.08 8 03 4.60 
C037 Eke 0.39 2.81 1.44 1.95 0.32 10.53 4.26 16.20 11.25 7.69 5.45 2.94 
C062 Eko 0.40 2.79 1.39 2.01 0.34 10.63 3.94 15.88 10.51 8.00 5.38 2.82 
C074 Eke 0.44 2.64 1.29 2.05 0.34 9.41 3.26 13.76 8.77 7.23 4.89 2.52 
C093 Eko 0.25 3.62 2.01 1.81 0.28 17.59 9.12 29.75 23.33 11.51 7.92 4.54 
C100 Eke 0.20 4.37 2.45 1.79 0.27 26.16 14.11 44.98 35.88 16.75 10.07 5.76 
C121 Tor 0.42 2.58 1.25 2.07 0.35 9.25 3.11 13.40 8.40 7.17 4.86 2.49 
C128 Tor 0.43 2.51 1.13 2.23 0.37 9.25 2.53 12.62 6.96 7.56 4.70 2.24 
C136 Tor 0.41 2.58 1.22 2.12 0.36 9.41 2.98 13.38 8.09 7.42 4.87 2.44 
C151 Tor 0.43 2.62 1.26 2.09 0.35 9.45 3.13 13.62 8.46 7.36 4.89 2.48 
C200 Tor 0.45 2.46 1.12 2.2 1 0.37 8.51 2.41 11 .73 6.61 6.91 4.44 2.15 
C204 Tor 0,41 2.51 1.19 2.12 0.36 8.92 2.83 12.69 7.67 7.04 4.71 2.37 
C2 12 Tor 0.42 2.57 1.23 2.10 0.35 9.21 2.99 13.20 8.10 7.22 4.81 2.43 
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Table 1b. Dry samples at reference conditions, sorted by plug number 
Data corrected to Sw=0 using Gassmann's equations and Reuss fluid mix. 
Plug Form • v, Vs V,Na \I K LI M E A, 
A755 Tor 0.24 4.05 2.42 1.67 0.22 17.68 12.05 33.74 29.45 9.65 
A759 Tor 0.27 3.59 2.15 1.67 0.22 13.32 9,15 25,52 22.34 7.21 
A760 Tor 0.29 3.48 2.16 1.6 1 0.19 11 .38 9.01 23,40 21 .39 5.37 
A763 Tor 0.27 3.52 2.18 1.6 1 0.19 12.01 9.43 24.58 22.42 5.72 
A767 Tor 0.30 3.47 2.12 1,64 0.20 11.49 8.54 22.88 20.53 5.80 
A771 Tor 0.31 3.33 2.03 1.64 0.20 10.41 7.67 20.64 18,47 5.30 
A774 Tor 0,28 3.66 2.23 1.64 0.20 13.30 9.78 26.34 23.56 6.78 
A779 Tor 0.23 3.97 2.37 1.68 0.22 17.22 11.69 32.81 28.61 9.43 
A780 Tor 0.31 3.38 2.08 1.63 0.20 10.65 8.15 21.51 19.47 5.22 
A782 Tor 0.28 3.68 2.25 1.64 0.20 13.35 9.95 26.62 23.92 6.72 
A783 Tor 0.19 3.98 2.42 1.64 0.21 17.77 12.95 35.04 31 ,26 9.13 
8003 Eko 0.14 3.03 2.20 1.38 -0.06 6.35 11 .25 21 .35 21 .22 -1.15 
8007 Eko 0.14 2.68 1,89 1.42 0.01 5.72 8.26 16.73 16,73 0.21 
8008 Eko 0.14 3.49 2.18 1.60 0.18 13,60 11.03 28.31 26,05 6.25 
8010 Eko 0.15 3.76 2.38 1,58 0.16 15.10 13.08 32,55 30,46 6.38 
8012 Eko 0.15 3.57 2.27 1.58 0.16 13.71 11 .93 29,61 27.74 5.76 
8036 Eko 0.16 3.04 2.14 1.42 0.00 7.05 10.46 20,99 20.99 0.08 
8054 Eko 0.19 4.03 2.49 1,62 0.19 17.41 13.53 35,45 32.24 8.39 
8055 Eko 0.25 3.62 2.25 1.61 0.19 13.00 10.35 26,79 24.53 6.10 
8082 Eko 0.34 2.89 1.84 1.57 0.16 6.81 6.03 14.86 13.97 2.79 
8102 Eko 0.15 4.08 2.59 1.57 0.16 17.71 15.60 38.51 36.17 7.31 
8122 Eko 0.28 3.35 2.13 1.58 0.16 10.17 8.82 21 .93 20.52 4.30 
8 130 Eko 0,24 3.36 2.18 1.54 0.14 10.33 9.80 23.40 22.34 3.79 
B146 Eko 0.35 3.04 1.89 1.61 0.18 7.84 6.30 16.24 14.91 3.65 
B170 Eko 0.31 3.19 1.97 1.62 0.19 9.29 7.28 18.99 17.31 4.44 
B196 Eko 0.19 4.12 2.53 1.63 0.20 18.58 14.10 37.38 33.76 9.18 
B213 Eko 0.20 4.30 2.60 1.65 0.21 20.46 14.59 39.91 35.36 10.73 
B216 Tor 0.14 4,30 2.60 1.65 0.21 22.23 15.86 43.38 38.44 11 ,66 
B220 Tor 0.32 3.33 2.07 1.61 0.19 9.93 7.91 20.48 18.76 4.65 
B236 Tor 0.36 3.15 2.05 1.54 0.13 7.44 7.24 17.10 16.40 2.61 
8240 Tor 0.38 2.57 1,66 1.53 0.13 4.81 4,77 11 .17 10.76 1.62 
B244 Tor 0.38 2.86 1.81 1.58 0. 17 6.46 5.55 13.86 12.95 2.76 
B260 Tor 0.41 2.45 1.62 1.51 0.11 4.02 4.21 9.63 9.36 1.21 
B264 Tor 0.40 2.43 1.58 1.54 0.13 4.19 4.06 9.61 9.22 1.48 
B274 Tor 0.37 2.68 1.76 1.52 0.12 5.25 5.32 12.35 11 ,94 1.70 
C015 Eko 0.42 2.31 1.62 1.42 0.01 2.84 4.15 8.38 8.37 0.07 
C037 Eko 0.39 2.58 1.70 1.51 0.11 4.59 4,78 10.97 10.65 1.40 
C062 Eko 0.40 2.55 1.65 1.55 0.14 4.67 4.40 10,55 10.05 1.74 
C074 Eko 0.44 2.39 1.54 1.55 0.14 3.84 3.62 8.66 8.26 1.43 
C093 Eko 0.25 3.41 2.23 1.53 0.12 9.99 10.03 23.36 22.54 3.31 
C100 Eko 0.20 4.23 2,61 1.62 0.19 18,94 14.65 38.47 34.94 9.17 
C121 Tor 0.42 2.09 1.42 1.47 0.07 2.65 3.18 6.88 6.80 0.53 
C128 Tor 0,43 2.06 1.37 1,50 0.10 2.71 2.92 6.60 6.45 0,76 
C136 Tor 0.41 2.07 1.39 1,49 0.09 2.72 3.07 6.82 6.70 0.67 
C151 Tor 0.43 2.20 1,44 1.53 0.13 3.19 3.19 7.44 7.17 1.06 
C162 Tor 0.43 2.32 1.51 1.54 0.13 3.61 3.52 8.30 7.96 1.27 
C176 Tor 0.40 2.70 1.73 1.56 0.15 5.34 4,84 11 .80 11 .15 2.11 
C200 Tor 0.45 1.98 1.30 1.52 0.12 2.45 2.49 5.77 5.58 0.80 
C204 Tor 0.41 1.96 1.34 1.46 0.06 2.29 2.84 6.08 6.03 0.40 
C212 Tor 0.42 2.06 1.39 1.48 0,08 2.59 3.01 6.60 6.51 0.59 
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z, z. 
8.33 4.98 
7.1 1 4.26 
6.72 4,17 
6.98 4.33 
6 .59 4.03 
6.20 3.78 
7.20 4.38 
8.27 4.93 
6.36 3.92 
7.23 4.42 
8.80 5.35 
7.07 5.13 
6 .29 4.42 
8.20 5.12 
8.69 5.51 
8.33 5.29 
6.93 4.89 
8.81 5.44 
7.40 4.60 
5,14 3.27 
9.46 6.02 
6.55 4.15 
6.96 4.51 
5.35 3.33 
5.96 3.69 
9.08 5.58 
9.29 5.62 

10.09 6.10 
6.15 3.82 
5.43 3.53 
4.35 2.84 
4,85 3.07 
3.93 2.60 
3.96 2.57 
4.61 3.03 
3.64 2.56 
4.26 2.81 
4.1 4 2.68 
3.63 2.35 
6.86 4.49 
9.09 5.61 
3.29 2.24 
3.21 2.13 
3.29 2.21 
3.38 2.21 
3.58 2.33 
4.37 2.80 
2.91 1.91 
3.10 2.12 
3.21 2.16 
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Table 2. Plug data corrected to reference conditions, sorted by porosity 

Only plugs with measurement at both dry and saturated conditions. 
Form: Tor = Tor Formation, Eko= Ekofisk Formation 

Table 2a. Saturated samples at reference conditions, sorted by porosity 
Data corrected to Sw=1 and brine at Rigs-2 reservoir conditions using Gassmann's equa
tions and Voigt fluid mix. 
i'lug Form ♦ v, v, v,.rv, V K µ M E A, z, z. 
B003 El\o 0.14 3.37 1.53 2.20 0.37 20.42 5.82 28.18 15.95 16.54 7.73 3.79 
B011 El\o 0.14 3.56 1. 71 2.08 0.35 21 .65 7.19 31.23 19.42 16.86 8.38 4.22 
B102 Eko 0.15 4.34 2.41 1.80 0.28 27.44 14.29 46.49 36.54 17.91 10.39 5.93 
B010 Eko 0.15 3.92 1.87 2.09 0.35 26.21 8.63 37.72 23.32 20.46 9.34 4.61 
B036 Eko 0.16 3.71 1.90 1.95 0.32 21 .82 8.83 33.60 23.35 15.93 8.69 4.64 
B1 96 Eko 0.1 9 4.28 2.37 1.80 0.28 25.92 13.50 43.92 34.52 16.92 10.03 5.68 
B054 Eko 0.19 4.14 2.21 1.88 0.30 25.37 11.59 40.82 30.18 17.64 9.62 5.25 
C100 Eko 0.20 4.37 2.45 1.79 0.27 26.16 14.11 44.98 35.88 16.75 10.07 5.76 
B213 Eko 0.20 4.50 2.48 1.82 0.28 28.60 14.59 48.05 37.40 18.88 10.47 5.87 
B130 Eko 0.24 3.63 1.92 1.89 0.31 19.18 8.52 30.54 22.26 13.50 8.10 4.43 
A755 Tor 0.24 4.15 2.24 1.86 0.30 24.42 11 .54 39.80 29.90 16.73 9.38 5.15 
C093 Eko 0.25 3.62 2.01 1.8 1 0.28 17,59 9.12 29.75 23.33 11.51 7.92 4.54 
B055 Eko 0,25 3.72 2.01 1.85 0,29 19,45 9.26 31.81 23,98 13.28 8.26 4.60 
C022 Eko 0.26 3.69 2.03 1.81 0,28 18.35 9.40 30.87 24.08 12.08 8.03 4,60 
A763 Tor 0.27 3.70 1.98 1.87 0.30 19.09 8.82 30,85 22,92 13.21 8.10 4.45 
B122 Eko 0.28 3.52 1.87 1.88 0.30 17.26 7,85 27.73 20.46 12.02 7.59 4.18 
A760 Tor 0,29 3.69 1.98 1.87 0.30 18,75 8,70 30.36 22.61 12.95 7.99 4.40 
A767 Tor 0,30 3.62 1.96 1.85 0.29 17.73 8.44 28.98 21 .85 12.10 7,76 4.31 
A761 Tor 0,31 3.57 1.86 1.92 0.31 17.9 1 7.59 28.04 19,96 12.85 7.62 4.08 
8 170 Eko 0.31 3.33 1.76 1.89 0.31 15.19 6.76 24.20 17.66 10.68 6.97 3.83 
A771 Tor 0.31 3.49 1.82 1.92 0.32 17.10 7.21 26.71 18.96 12.29 7.40 3.96 
B220 Tor 0.32 3.43 1.82 1.89 0.31 16.03 7, 16 25.58 18.71 11.25 7.20 3.94 
B082 Eko 0.34 3.11 1.6 1 1.93 0.32 13.26 5.51 20.6 1 14.52 9.59 6.33 3.41 
B146 Eko 0,35 3.16 1.63 1.93 0.32 13.66 5.66 21 .21 14.93 9,88 6.43 3.45 
C037 Eko 0,39 2.81 1.44 1.95 0.32 10.53 4.26 16.20 11.25 7,69 5.45 2.94 
C062 Eko 0.40 2,79 1.39 2.01 0.34 10.63 3.94 15.88 10.51 8.00 5.38 2.82 
8264 Tor 0.40 2.71 1.34 2.03 0.34 10.18 3.64 15.04 9.76 7.76 5.23 2.72 
8 260 Tor 0.41 2.76 1.37 2.02 0.34 10.38 3.78 15.42 10.10 7.86 5.29 2.76 
C204 Tor 0,41 2.51 1.19 2.12 0.36 8.92 2.83 12.69 7.67 7.04 4.71 2.37 
C136 Tor 0.41 2.58 1.22 2.12 0.36 9.41 2.98 13.38 8.09 7,42 4.87 2.44 
C015 Eko 0,42 2.65 1.41 1.88 0.30 8.78 3.97 14.08 10,35 6.13 4.98 2.81 
C121 Tor 0.42 2.58 1.25 2.07 0.35 9.25 3.11 13.40 8.40 7.17 4.86 2.49 
C212 Tor 0.42 2.57 1.23 2.10 0.35 9.21 2.99 13.20 8.10 7.22 4.81 2.43 
C128 Tor 0.43 2.51 1.13 2.23 0.37 9.25 2.53 12.62 6.96 7.56 4.70 2.24 
C151 Tor 0,43 2.62 1.26 2.09 0,35 9.45 3.13 13,62 8.46 7.36 4.89 2.48 
C074 Eko 0.44 2.64 1.29 2.05 0.34 9.41 3.26 13.76 8.77 7.23 4.89 2.52 
C200 Tor 0.45 2.46 1.12 2.21 0.37 8.51 2.41 11. 73 6,61 6,91 4.44 2.15 
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Table 2b. Dry samples at reference conditions, sorted by porosity 
Data corrected to Sw=0 using Gassmann's equations and Reuss fluid mix. 
Plug Form ♦ Vp Vs V,N s \I K µ M E 
B003 Eko 0.14 3.03 2.20 1.38 -0.06 6.35 11 .25 21.35 21 .22 
B008 Eko 0.14 3.49 2.18 1.60 0.18 13,60 11 .03 28.31 26.05 
B007 Eko 0.14 2.68 1.89 1.42 0.01 5.72 8.26 16.73 16.73 
B216 Tor 0.14 4.30 2.60 1.65 0.21 22.23 15.86 43,38 38.44 
B102 Eko 0.15 4.08 2.59 1.57 0.16 17.71 15.60 38.51 36.17 
B012 Eko 0.15 3.57 2.27 1.58 0.16 13,71 11 ,93 29.61 27.74 
B010 Eko 0.15 3.76 2.38 1.58 0.16 15.10 13.08 32.55 30.46 
B036 Eko 0.16 3,04 2.14 1.42 0.00 7.05 10.46 20,99 20.99 
A783 Tor 0.19 3.98 2.42 1.64 0.21 17.77 12.95 35,04 31.26 
B196 Eko 0.19 4.12 2.53 1.63 0.20 18.58 14.10 37,38 33.76 
B054 Eko 0.19 4.03 2.49 1.62 0.19 17.41 13.53 35.45 32.24 
C100 Eko 0.20 4,23 2.61 1.62 0.19 18.94 14,65 38.47 34,94 
B213 Eko 0.20 4.30 2.60 1.65 0.21 20.46 14.59 39,91 35,36 
A779 Tor 0.23 3.97 2,37 1.68 0.22 17.22 11 .69 32.81 28,61 
B130 Eko 0.24 3.36 2.18 1,54 0.14 10.33 9.80 23.40 22.34 
A755 Tor 0.24 4.05 2.42 1,67 0.22 17.68 12.05 33,74 29,45 
C093 Eko 0.25 3.41 2.23 1.53 0.12 9.99 10.03 23.36 22.54 
B055 Eko 0.25 3.62 2.25 1.61 0,19 13.00 10.35 26,79 24.53 
A763 Tor 0.27 3.52 2.18 1,61 0.19 12.01 9.43 24.58 22.42 
A759 Tor 0.27 3.59 2.15 1.67 0.22 13.32 9.15 25.52 22.34 
A782 Tor 0.28 3.68 2.25 1.64 0.20 13.35 9.95 26.62 23,92 
A774 Tor 0.28 3.66 2.23 1.64 0,20 13.30 9.78 26.34 23.56 
B122 Eko 0.28 3.35 2.13 1.58 0.16 10.17 8.82 21.93 20,52 
A760 Tor 0.29 3.48 2.16 1.61 0.19 11.38 9.01 23.40 21 .39 
A767 Tor 0,30 3.47 2.12 1.64 0.20 11.49 8.54 22.88 20.53 
A780 Tor 0.31 3.38 2.08 1.63 0.20 10.65 8.15 21.51 19.47 
B170 Eko 0.31 3.19 1,97 1.62 0.19 9.29 7.28 18.99 17.31 
A771 Tor 0.31 3.33 2.03 1.64 0,20 10.41 7.67 20.64 18.47 
B220 Tor 0.32 3.33 2.07 1.61 0,19 9.93 7.91 20.48 18.76 
B082 Eko 0.34 2.89 1.84 1.57 0.16 6.81 6.03 14.86 13.97 
B146 Eko 0.35 3.04 1.89 1.61 0.18 7.84 6.30 16,24 14,91 
B236 Tor 0,36 3.15 2.05 1.54 0.13 7.44 7,24 17.10 16.40 
B274 Tor 0.37 2.68 1,76 1.52 0.12 5.25 5.32 12.35 11.94 
B244 Tor 0,38 2.86 1.81 1.58 0.17 6.46 5.55 13,86 12.95 
B240 Tor 0.38 2.57 1,68 1.53 0.13 4.81 4,77 11.17 10,76 
C037 Eko 0.39 2.58 1,70 1.51 0.11 4.59 4,78 10,97 10,65 
C062 Eko 0.40 2.55 1.65 1,55 0.14 4,67 4.40 10,55 10,05 
B264 Tor 0.40 2.43 1.58 1.54 0.13 4.19 4.06 9.61 9.22 
C176 Tor 0.40 2.70 1,73 1.56 0.15 5.34 4,84 11 .80 11.15 
B260 Tor 0.41 2.45 1.62 1.51 0.11 4.02 4.21 9.63 9.36 
C204 Tor 0.41 1.96 1,34 1.46 0.06 2.29 2.84 6.08 6.03 
C136 Tor 0.41 2.07 1.39 1.49 0.09 2. 72 3.07 6.82 6.70 
C015 Eko 0.42 2.31 1.62 1.42 0.01 2.84 4.15 8.38 8.37 
C121 Tor 0.42 2.09 1.42 1,47 0,07 2.65 3.18 6.88 6,80 
C212 Tor 0.42 2.06 1.39 1.48 0.08 2.59 3,0 1 6 .60 6.51 
C128 Tor 0,43 2.06 1.37 1,50 0.10 2.71 2.92 6.60 6.45 
C162 Tor 0.43 2.32 1.51 1,54 0,13 3.61 3.52 8.30 7,96 
C151 Tor 0.43 2.20 1.44 1.53 0,13 3.19 3.19 7.44 7.17 
C074 Eko 0.44 2.39 1.54 1.55 0,14 3,84 3.62 8.66 8.26 
C200 Tor 0,45 1.98 1.30 1.52 0.12 2.45 2.49 5.77 5.58 
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). z, z. 
• 1 .15 7.07 5.13 
6.25 8,20 5.12 
0.21 6.29 4.42 

11.66 1009 6.10 
7.31 9.46 6.02 
5.76 8.33 5.29 
6.38 8.69 5.51 
0.08 6.93 4.89 
9.13 8.80 5.35 
9.18 9.08 5.58 
8.39 8.81 5.44 
9.17 9.09 5.61 

10.73 9.29 5.62 
9.43 8.27 4.93 
3.79 6,96 4.51 
9.65 8.33 4,98 
3.31 6.86 4.49 
6.10 7.40 4.60 
5.72 6.98 4.33 
7.21 7 .11 4.26 
6.72 7.23 4.42 
6.78 7.20 4.38 
4.30 6.55 4.15 
5.37 6.72 4.17 
5.80 6.59 4.03 
5.22 6.36 3.92 
4.44 5,96 3.69 
5.30 6.20 3.78 
4.65 6.15 3.82 
2.79 5.14 3.27 
3.65 5.35 3.33 
2.61 5.43 3.53 
170 4.61 3,03 
2.76 4.85 3,07 
1.62 4.35 2.84 
1.40 4.26 2.81 
1,74 4.14 2.68 
1.48 3.96 2.57 
2.11 4.37 2.80 
1.21 3.93 2.60 
0.40 3.10 2.12 
0.67 3.29 2.21 
0.07 3.64 2.56 
0,53 3.29 2.24 
0,59 3.21 2.16 
0.76 3.21 2.13 
1.27 3.58 2.33 
1,06 3.38 2.21 
1.43 3.63 2.35 
0.80 2.91 1.91 
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Table 3. Original plug data, sorted by plug number 

All plug data 

Form: Tor = Tor Formation, Eko= Ekofisk Formation 

Table 3a. Saturated samples at original conditions, sorted by plug number 
Plug Sw Form ♦ v, Va V,.!Va V K JJ, M E 

A755 0.99 Tor 0.24 4.08 2.24 1.82 0.28 22.89 11 .54 38.27 29.63 
A760 1.00 Tor 0.29 3.60 1.98 1.82 0.28 17.17 8.70 28.77 22.34 
A761 0.99 Tor 0.31 3.47 1.86 1.87 0.30 16.30 7.59 26.43 19.72 
A763 1.00 Tor 0.27 3.60 1.98 1.82 0.28 17.39 8.82 29.15 22.63 
A767 1.00 Tor 0.30 3.53 1.96 1.80 0.28 16.12 8.44 27.38 21 .56 
A771 1.00 Tor 0.31 3.40 1.82 1.87 0.30 15.54 7.21 25.15 18.73 
8003 0.92 Eko 0.14 3.13 1.54 2.04 0.34 16.45 5.82 24.21 15.62 
8010 1.03 Eko 0.15 3.79 1.87 2.03 0.34 23.92 8.63 35,42 23.10 
B011 1.03 Eko 0.14 3.38 1.70 1.98 0.33 18.73 7.19 28.31 19.12 
8036 1.02 Eko 0.16 3.57 1.90 1.87 0.30 19.21 8.83 30.99 22.98 
8054 0.99 Eko 0.19 4.05 2.21 1.83 0.29 23.51 11 .59 38.96 29.86 
B055 0.98 Eko 0.25 3.62 2.02 1.80 0.28 17.54 9.26 29.89 23.63 
B082 0.99 Eko 0.34 2.99 1.61 1.85 0.29 11 .59 5.51 18.94 14.27 
B102 0.95 Eko 0.15 4.23 2.41 1.75 0.26 24.90 14.29 43.96 35.99 
B122 0.98 Eko 0.28 3.41 1.88 1.82 0.28 15.45 7.85 25.92 20.15 
B130 0.97 Eko 0.24 3.52 1.92 1.83 0.29 17.14 8.52 28.50 21 .92 
B146 1.00 Eko 0.35 3.05 1.64 1.86 0.30 12.05 5.66 19.61 14.69 
B170 0.98 Eko 0.31 3.21 1.76 1.82 0.28 13.39 6.76 22.40 17.35 
B196 1.00 Eko 0.19 4.20 2.38 1.77 0.26 24.08 13.50 42.09 34.13 
B213 0.98 Eko 0.20 4.44 2.49 1.78 0.27 27.03 14.59 46.48 37.09 
8220 1.00 Tor 0.32 3.33 1.82 1.83 0.29 14.43 7.16 23.99 18.44 
8260 100 Tor 0,41 2.63 1.37 1.92 0.31 8.88 3.78 13.92 9.92 
8264 1.01 Tor 0.40 2.58 1.34 1.93 0.32 8.64 3.64 13.50 9.58 
C015 0.99 Eko 0.42 2.51 1.41 1.77 0.27 7.17 3.97 12.47 10.06 
C022 0.93 Eke 0.26 3.57 2 04 1.75 0.26 16.17 9.40 28.70 23.62 
C037 0.99 Eko 0.39 2.68 1.45 1.85 0.29 8.93 4.26 14.60 11 .02 
C062 0.99 Eke 0.40 2.66 1.40 1.91 0.31 9.07 3.94 14.32 10.32 
C074 0.98 Eko 0.44 2.51 1.29 1.94 0.32 7.90 3.26 12.25 8.60 
C093 1.00 Eko 0.25 3.51 2.01 1.75 0.26 15.63 9.12 27.79 22.91 
C100 0.98 Eko 0.20 4.29 2.45 1.75 0.26 24.42 14.11 43,23 35.49 
C121 1.00 Tor 0.42 2.44 1.25 1.95 0.32 7.71 3.11 11 .87 8.23 
C128 1.00 Tor 0.43 2.37 1.13 2.10 0.35 7.76 2.53 11 .13 6.85 
C136 0.99 Tor 0.41 2.43 1.22 1.99 0.33 7.85 2.98 11 .83 7.94 
C151 0.99 Tor 0.43 2.48 1.26 1.97 0.33 7.95 3.13 12.13 8.30 
C200 0.99 Tor 0.45 2.31 1.12 2.06 0.35 7.04 2.41 10.26 6.49 
C204 1.00 Tor 0.41 2.36 1.19 1.98 0.33 7.34 2.83 11 .11 7.51 
C212 1.00 Tor 0.42 2.43 1.23 1.98 0.33 7.69 2.99 11 .69 7.95 

EFP-01 ROCK PHYSICS OF IMPURE CHALK/ GEUS 

,. ZP Za 
15.20 9.38 5.15 
11 .36 7.99 4.40 
11 .24 7.62 4.08 
11 .51 8.10 4.45 
10.50 7.76 4.31 
10.74 7.40 3.96 
12.57 7.73 3.79 
18.17 9.34 4.61 
13.93 8.38 4.22 
13.32 8.69 4.64 
15.78 9.62 5.25 
11.36 8.26 4,60 

7.92 6.33 3.41 
15.37 10.39 5.93 
10.22 7.59 4.18 
11.46 8.10 4.43 
8.28 6.43 3.45 
8.88 6.97 3.83 

15.08 10.03 5.68 
17.30 10.47 5.87 
9.66 7.20 3.94 
6.36 5.29 2.76 
6.22 5.23 2.72 
4.53 4.98 2.81 
9.91 8.03 4.60 
6.09 5.45 2.94 
6.45 5.38 2.82 
5.73 4.89 2.52 
9.55 7.92 4.54 

15.01 10.07 5.76 
5.64 4.86 2.49 
6.07 4.70 2.24 
5.86 4.87 2.44 
5.87 4.89 2.48 
5.43 4.44 2.15 
5.46 4.71 2.37 
5.70 4.81 2.43 
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Table 3b. Ory samples at original conditions, sorted by plug number 
Plug Sw Form ♦ v, v, V,/Vs V K µ M E ;. z, Zs 
A755 0.00 Tor 0.24 4.05 2.42 1.67 0.22 17.68 12.05 33.74 29.45 9.65 8.33 4.98 
A759 0.00 Tor 0.27 3.59 2.15 1.67 0.22 13.32 9.15 25.52 22.34 7.21 7.11 4.26 
A760 0.00 Tor 0.29 3.48 2.16 1.61 0.19 11.38 9.01 23.40 21 .39 5.37 6.72 4.17 
A763 0.00 Tor 0.27 3.52 2.18 1.61 0.19 12.01 9.43 24.58 22.42 5.73 6,98 4.33 
A767 0.00 Tor 0.30 3.47 2.12 1.64 0.20 11 .49 8.54 22.88 20.53 5.80 6.59 4.03 
A771 0.00 Tor 0.31 3.33 2.03 1.64 0.20 10.41 7,67 20.64 18.47 5.30 6.20 3.78 
A774 0.00 Tor 0.28 3.66 2.23 1.64 0.20 13.30 9.78 26.34 23.56 6.78 7.20 4.38 
A779 0.00 Tor 0.23 3.97 2.37 1.68 0.22 17.22 11 .69 32.81 28,61 9.43 8.27 4,93 
A780 0.00 Tor 0.31 3.38 2.08 1.63 0.20 10.65 8.15 21 .51 19.47 5.22 6.36 3.92 
A782 0.00 Tor 0.28 3.68 2.25 1.64 0.20 13.35 9.95 26.62 23.92 6.72 7.23 4.42 
A783 0.00 Tor 0.19 3.98 2.42 1.64 0.21 17.77 12.95 35.04 31 .26 9.13 8.80 5.35 
B003 0.07 Eko 0.14 3.02 2.19 1.38 -0.06 6.35 11 .25 21 .35 21.22 -1.15 7.07 5.13 
B007 0.30 Eko 0.14 2.66 1.87 1.42 0.01 5.72 8.26 16.73 16.73 0.21 6.29 4.42 
B008 0.34 Eko 0.14 3.45 2.16 1.60 0.18 13.60 11.03 28.31 26.05 6.25 8.20 5.12 
B010 0.12 Eko 0.15 3.75 2.38 1.58 0.16 15.10 13.08 32.55 30.46 6.38 8.69 5.51 
B012 0.12 Eko 0.15 3.56 2.26 1.58 0.16 13.71 11 .93 29.61 27.74 5.76 8.33 5.29 
B036 0.08 Eko 0.16 3.03 2.14 1.42 0.00 7.05 10.46 20.99 20.99 0.08 6.93 4.89 
B054 0.04 Eko 0.19 4.02 2.49 1.62 0.19 17.41 13.53 35.45 32.24 8.39 8.81 5.44 
B055 0.02 Eko 0.25 3.62 2.25 1.61 0.19 13.00 10.35 26.79 24.53 6.10 7.40 4.60 
B082 0.01 Eko 0.34 2.89 1.84 1.57 0.16 6.81 6.03 14.86 13.97 2.79 5.14 3.27 
B102 0.05 Eko 0.15 4.07 2.59 1.57 0.16 17.71 15.60 38.51 36.17 7.31 9.46 6.02 
B122 0.02 Eko 0.28 3.35 2.12 1.58 0.16 10.17 8.82 21 .93 20.52 4.30 6.55 4.15 
B130 0.02 Eko 0.24 3.36 2.18 1.54 0.14 10.33 9.80 23.40 22.34 3.79 6.96 4.51 
81 46 0.00 Eko 0.35 3.04 1.89 1.61 0.18 7.85 6.30 16.24 14.91 3.65 5.35 3.33 
8170 0.01 Eko 0.31 3.19 1.97 1.62 0.19 9.29 7.28 18.99 17.31 4.44 5.96 3.69 
B196 0.02 Eko 0.19 4.12 2.53 1.63 0.20 18.58 14.10 37.38 33.76 9.19 9.08 5.58 
B213 0.01 Eko 0.20 4.30 2.60 1.65 0.21 20.46 14.59 39.91 35.36 10.73 9.29 5.62 
B216 0.00 Tor 0.14 4.30 2.60 1.65 0.21 22.23 15.86 43.38 38.44 11.66 10.09 6.10 
B220 0.00 Tor 0.32 3.33 2.07 1.61 0.19 9.93 7.91 20.48 18.76 4.65 6.15 3.82 
B236 0.00 Tor 0.36 3.15 2.05 1.54 0.13 7.44 7.24 17.10 16.40 2.61 5.43 3.53 
B240 0.00 Tor 0.38 2.57 1.68 1.53 0.13 4.81 4.77 11 .17 10.76 1.62 4.35 2.84 
B244 0.00 Tor 0.38 2.86 1.81 1.58 0.17 6.46 5.55 13.86 12.95 2.76 4.85 3.07 
B260 0.00 Tor 0.41 2.45 1.62 1.51 0.11 4.02 4.21 9.63 9.36 1.21 3.93 2.60 
B264 0.00 Tor 0.40 2.43 1.58 1.54 0.13 4.19 4.06 9.6 1 9.22 1.48 3.96 2.57 
B274 0.00 Tor 0.37 2.68 1.76 1.52 0.12 5.25 5.32 12.35 11.94 1.70 4.61 3.03 
C015 0.00 Eko 0.42 2.30 1.62 1.42 0.01 2.84 4.15 8.38 8.38 0.07 3.64 2.56 
C037 0.00 Eko 0.39 2.58 1.70 1.51 0.11 4.59 4.78 10.97 10.65 1.40 4.26 2.81 
C062 0.00 Eko 0.40 2.55 1.64 1.55 0.1 4 4.67 4.40 10.55 10.05 1.74 4.14 2.68 
C074 0.00 Eko 0,44 2.39 1.54 1.55 0.14 3.84 3.62 8.66 8.26 1.43 3.63 2.35 
C093 0.00 Eko 0.25 3.41 2.23 1.53 0.12 9.99 10.03 23.36 22.54 3.31 6.86 4.49 
C100 0.01 Eko 0.20 4.23 2.61 1.62 0.19 18.94 14.65 38.47 34.94 9.17 9.09 5.61 
C121 0.00 Tor 0.42 2.09 1.42 1.47 0.07 2.65 3.18 6.88 6.80 0.53 3.29 2.24 
C128 0.00 Tor 0.43 2.06 1.37 1.50 0.10 2.71 2.92 6.60 6.45 0.76 3.21 2.13 
C136 0.00 Tor 0.41 2.07 1.39 1.49 0.09 2.72 3.07 6.82 6.70 0.67 3.29 2.21 
C151 0.00 Tor 0.43 2.20 1.44 1.53 0.13 3.19 3.19 7.44 7.17 1.06 3.38 2.21 
C162 0.00 Tor 0.43 2.32 1.51 1.54 0.13 3.61 3.52 8.30 7.96 1.27 3.58 2.33 
C176 0.00 Tor 0.40 2.70 1.73 1.56 0.15 5.34 4.84 11,80 11 .15 2.11 4.37 2.80 
C200 0.00 Tor 0.45 1.98 1.30 1.52 0.12 2.45 2.49 5.77 5.58 0.80 2.91 1.91 
C204 0.00 Tor 0.41 1.96 1.34 1.46 0.06 2.29 2.84 6.08 6.03 0.40 3.10 2.12 
C212 0.00 Tor 0.42 2.06 1.39 1.48 0.08 2.59 3.01 6.60 6.51 0.59 3.21 2.16 
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Table 3c. Partly saturated samples at original conditions 
Plug Sw Form ♦ v~ Va V~N 1 V K 1,1 M E A. z~ z. 
C062 0.25 Eko 0.40 2.36 1.52 1.56 0.15 4.34 3.96 9.62 9.11 1.70 4.08 2.62 
C062 0.50 Eko 0.40 2.30 1.47 1.56 0. 15 4.41 3.95 9.69 9.14 1.78 4.20 2.69 
C062 0.75 Eko 0.40 2.31 1.44 1.61 0.19 4.98 3.97 10.27 9.40 2.33 4.44 2.76 
C100 0.25 Eko 0.20 4.16 2.54 1.63 0.20 19.02 14.21 37.96 34.12 9.55 9.14 5.59 
C100 0.50 Eko 0.20 4.16 2.51 1.66 0.2 1 20.00 14,15 38.87 34.35 10.57 9.35 5.64 
C100 0.75 Eko 0.20 4.19 2.48 1.69 0.23 21.65 14.11 40.47 34.78 12.25 9.65 5.70 
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Discussion on the elastic properties of wet and dry 
chalk samples 

Klaus Bolding Rasmussen, 0degaard A/S 

Peter Japsen, GEUS 
Gary Mavko, Stanford University 
kbr@oedegaard.com, pj@geus.dk, mavko@stanford.edu 

Fra: Klaus Bolding Rasmussen 

Sendt: 3. Januar 2002 14:13 

It is well known that the Gassmann theory predicts that the wet and dry shear moduli are 
identical in the low frequency limit. Some of you, especially Peter Japsen, have for some 
time asked about my arguments for that the wet shear modulus theoretical should be larger 

than or equal to the dry shear modulus for higher frequencies. I have to admit that I have 
not found a unquestionable proof in the literature, but below I have described a number of 

indications that support the hypothesis. Anyway, if the hypothesis is not correct then I 

would like to know where the mistakes are in the indications. And if the hypothesis is in
deed correct then I would like an explanation of why the wet shear modulus is significant 

smaller the dry shear modulus for the GEUS core measurements. 

Indication 1: 
Any modulus quantity is defined as the ratio of some stress component to some strain 
component. Adding fluid to the dry rock frame and keeping the strain component un
changed requires that a larger or equal stress component is applied because now the fluid 
in addition to rock frame has to be moved. Consequently, any modulus quantity, including 
the shear modulus, has a wet value that is larger than or equal to the dry value. 

Indication 2: 
Biot's relation for the frequency dependent shear velocity on page 164 in RPH (The Rock 

Physics Handbook, 1998, Gary Mavko et. al.) can be written as 
WetShearModulus = DryShearModulus / (1-FluidDensity"2/(Density*q)) 
The high-frequency limiting solution on page 162 in RPH can be written as 

WetShearModulus = DryShearModulus / (1-porosity*FluidDensity/(Density*alpha)) 
The definitions of the constants q and alpha are given in RPH, but it should be remarked 

that 1/q is zero for zero frequency or zero porosity. For all frequencies, the wet shear 
modulus is consequently larger than or equal to the dry shear modulus. 
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Indication 3: 
The squirt or local flow model , see Section 6.7 and 6.8 in RPH, predicts that the change in 
the shear modulus has the same sign as the change in the so-called "wet frame bulk 
modulus", see the equations with 4/15 on page 185 and 188 in RPH. It follows from the 
other equations in RPH that the "wet frame bulk modulus" has a wet value that is larger 
than or equal to the dry value. Consequently, the wet shear modulus is larger than or equal 
to the dry shear modulus. They are only equal for zero porosity. 

Indication 4: 
The wet and dry shear moduli are identical at zero frequency according to Gassmann. The 
difference between the two shear moduli can at all other frequencies be found using Kram
ers-Kronig, see Section 3.7 in RPH. The wet shear modulus is larger than or equal to the 
dry shear modulus because the (shear) attenuation for all frequencies is larger in the wet 
case than in the dry case due to the viscous movement between the fluid and the rock 
frame. 

In order to illustrate the potential problem with the GEUS shear core measurements I have 
attached a plot representing the 18 DAN plugs that have had performed both wet and dry 
measurements. It shows the difference in travel time in the wet case as predicted by 
Gassmann and as measured. A value of zero corresponds to identical dry and wet meas
ured shear modulus, a positive value corresponds to a larger wet than dry measured shear 
modulus, and a negative value corresponds to a larger dry than wet measured shear 
modulus. It is seen that only a single plug (no. 2) has a positive value. Does anybody know 
if that plug is special in any way ? The other plugs all take negative values in the order of 
magnitude of -1 us corresponding to approximately a half period of the ultrasonic pulse. By 
the way, the EFP-98 measurements show a similar behaviour. It is consequently much 
more than what can be explained by the inaccuracy by arrival picking, being manual or 
automatic. Neither does the explanation seem to be the porosity and grain density meas
urements as they both seem to be very accurate and trustworthy. My best explanation so 
far is that the saturation of the plugs introduces some extra system delay time for shear 
waves of at least 1 us as compared to the dry case. That would also explain why the prob
lem did not occur for the reference plugs. So that is the background for why I proposed 
Christian H"'ier to determine the system delay time for shear waves by using a wet porous 
material cut in different lengths. 

Any comments on the above text would be appreciated. I really consider this to be very 
important with respect to the trustworthiness of the shear measurements because 1 us error 
in the system delay time corresponds to approximately 10% error in the velocities I 
Regards, Klaus 
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Figure 1. Plot of data for 18 DAN plugs with both wet and dry ultrasonic data. The differ
ence in travel time in the wet case as predicted by Gassmann and as measured. A value of 
zero corresponds to identical dry and wet measured shear modulus, a positive value corre
sponds to a larger wet than dry measured shear modulus, and a negative value corre
sponds to a larger dry than wet measured shear modulus. It is seen that only a single plug 
(no. 2) has a positive value. 

From: pj@geus.dk 
Date: Sun, 6 Jan 2002 14:41 :34 

Hi Klaus and everybody else 
Thank you for your response on the differences of moduli of dry and wet chalk samples. 
It is certainly worth discussion that the core measurements generally 

give a higher shear modulus for dry than for wet samples (whereas Gassmann pre
dict these moduli to be identical) . 
give a relatively higher bulk modulus for dry than for wet samples (the wet-dry dif
ference is less than gassmann prediction) 
that these effects are most pronounced for samples with moderate porosities (20-
30%), 
whereas samples high porosities give results corresponding to Gassmann predic
tion. 
for the samples with moderate porosity these effects are more pronounced for 
samples from the Dan field than from the SA field . 
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Take Dan sample M003 (phi=23%) as an example 

dry 
wet 
data:d-w 

Gass:d-w 
Deviation 

Vp Vs K G 
3,39 2, 12 11 ,37 9,35 
3,52 1,89 17,59 8,29 
-0, 13 0,23 -6,21 1,06 

-0,26 
-0,13 

0,10 
-0,12 

-6,58 
-0 ,36 

0 
-1,06 

data 
data 
data dry - wet 

Gassm., dry-wet(predicted from dry) 

What we see is that both K and G are less for the wet sample than predicted by Gassmann 
(from dry data) (last two numbers in the table : -0,36 and -1,06) . Without fully understanding 
your four 'indications' based on RPH, I agree that it seems unlikely that removal of water 
should make the sample stiffer, but what about looking at it the other way round : that add
ing water to the dry sample makes the framework softer (both Kand G). 
Like this we would have two effects: 

• the pure substitution of fluids from the pore volume (surrounded by passive frame) 

• a change of the grain contacts due to the presence of water. 
This might even explain why the deviation from Gassmann theory is stronger for moderate 
porosities. Comments are more than welcome, Peter 

PS. Regarding the outlying values for Dan sample M002, Christian and I judged the shear 
wave measurements for the wet sample to be too uncertain (it was not included in the final 
EFP-98 report) . 

Fra: Klaus Bolding Rasmussen 

Sendt: 8. januar 2002 14:57 

Hi, I do not see any significant dependence on porosity in the plot I attached to my email 
dated 3 Jan 2002. The samples with high porosity do NOT give results corresponding 
Gassmann prediction (constant shear modulus). I have attached a similar plot for the re
analysed (i.e. picked with the new auto picker and approved by Christian Hoeier) SA data, 
and it shows the SA data, including the high porosity data (>40%), do not have constant 
shear modulus. My conclusion is still that there is a problem somewhere in the data, for all 
porosities and for both the DAN and the SA field ! 

In the lack of a better explanation I have previously proposed that the reason could be 
some extra system delay time for shear waves in the wet case as compared to the dry 
case. The physical reason for this could be a tiny fluid layer between the plug and the 
transducers. I admit that it seems as a highly unlikely explanation because of the high 
pressure of 
75Bar. I have therefore also now abandoned that explanation for the one below which 
makes a lot more sense. THIS MEANS THAT THE PROPOSED DETERMINATION OF 
THE SYSTEM DELAY TIME FOR A POROUS WET SAMPLE COULD BE IRRELEVANT. 

The problems can be explained by that the dry samples were TOO DRY, see RPH page 
169 and 203. I understand that care have been taken to avoid this problem, but I am afraid 

EFP-01 ROCK PHYSICS OF IMPURE CHALK/ GEUS, MAVKO, 0DEGAARD 4 



the precautions has not been sufficient, at least not with respect to the shear measure
ments. The velocity drop can be estimated as the difference between the measured dry 
rock velocities and the Gassmann predicted dry rock velocities. The plot for the 18 DAN 
plugs using the mineral (tiny porosity) values Vp=6300m/s and Vs=3400m/s is attached. 
This means that both the P and the S measured dry rock velocities are in the order of mag
nitude 100 m/s too large I THAT IS MUCH MORE SEVERE WITH RESPECT TO PRE
DICTING SEISMIC PROPERTIES THAN THE INACCURACY DUE TO ARRIVAL PICKING 
I One way around the problem could be to make measurements at varying saturations as 
explained in RPH page 203. 
Regards, Klaus 

Gassoann rluld substi tut ion 
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Fra: pj@geus.dk 
Sendt: Tue, 8 Jan 2002 

Hej Klaus, Tak for din respons - som jeg endnu ikke har set ordentligt igennem. For at g0re 
vores sammenligninger nemmere kunne du sa ikke lave et plot med error=measured - pre
dicted for K og G. Jeg tror problemet er st0rst i det domaane. - og sa synes jeg da der er et 

ponzisitetstrend i dit andet plot. 
mvh Peter 

Fra: Klaus Bolding Rasmussen 

Sendt: 8. januar 2002 16:17 

Hej Peter, Der er 2 grunde til, at jeg i f0rste omgang lavede sammenligningen i l0betids

domaanet 
1) Formodningen var pa forhand, at den st0rste usikkerhedsfaktor var picking af l0betider. 

Det var faktisk en af ltrsagerne til, at jeg lavede picker programmet ! Ved at teste 
Gassmann i lrzibetidsdomaanet ses umiddelbart, at usikkerheden i pickingen ikke kan 
forklare uoverensstemmelsen i Gassmann. 

2) Den nasste forklaring for uoverensstemmelsen i Gassmann var den eventuelt ekstra 
drzidtid for det vade tilfaalde. Det tror jeg nok ikke rigtig pa mere, men jeg kan forsta, at 

Christian H0ier er lige pli trapperne med nogle mltlinger, der kan afklare dette emne. 
Dette emne ville ogsa vaare mest simpel at analyse i l0betidsdomaanet. Problemet med 

at lave sammenligningen i modulus domcenet er, at man ikke umiddelbart har nogen ide 
om, hvor stor en afvigelse man kan forvente. Hvad er en stor og hvad er en li lle afvigel
se i modulus domcenet ? I 0vrigt er grunden til, at jeg i f0rste omgang koncentrerede 

mig om shear modulusdelen af Gassmann, at den er meget simplere end bulk modulus 
delen, hvor P og S hastigheder bliver sammenblandet, og hvor diskuterbare mineral ha
stigheder skal voolges. Bare for at eksemplificere problemet kan jeg naavne, at hvis du i 
dit M003 eksempel havde valgt 10% lavere mineral hastigheder, sa havde din konklusi

on mht. bulk modulus vaaret lige omvendt I 

Grunden til at jeg derefter lavede sammenligningen i "dry rock velocity" domaanet er, at det 

er hensigtsmasssigt til at undersrzige hypotesen om "velocity drop". 

Med hensyn til problemets st0rrelse skal det altid ses i forhold til, hvad data skal bruges til. 
Det seismiske b0lgefelt er primoort relateret til de seismiske hastigheder, ikke diverse mo
dulus, og i den forbindelse er 100 m/s i potential fejl ikke uvaasentlig ! 

Der er selvf0lgelig altid en trend i nogle givne data, bare man g0r signifikansniveauet til
straakkelig lille. Det vcesentlige er irnidlertid, at intet i data tyder pa, at Gassmann bliver 

opfyldt for store por0siteter. 
Med venlig hilsen, Klaus 
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Fra: pj@geus.dk: 
Sendt: Tue, 8 Jan 2002 

hej igen - det er en fin diskussion det her! Det er en god pointe at valget at matrix
egenskaber spiller ind. 

Men jeg vii gerne fastholde at det mest fornuftige dom93ne at sammenligne substitutions

effekten i er moduli: deter jo pa den made Gassmann er defineret pa. Og jo, Gassmann 
predikterer cendringen i moduli meget fint for h0je por0siteter (men her er den absolutte 

st0rrelse af moduli pa forhand lav) . 
mvh, Peter 

Fra: Klaus Bolding Rasmussen 
Sendt: 8. januar 2002 17:51 

Hej Peter, Jeg vii f0rst lige protestere over dit brug at ordet "defineret". Gassmann er ikke 
"defineret", men udledt eller bevist om man vii. Desuden kan Gassmann tormuleres pa en 

r93kke ligev93rdige mader eller dom93ner om man vii. En r93kke eksempler er givet i RHP 
side 168-177. En tormulering er som (bulk modulus forhold) - (shear modulus) (side 168). 

Der findes faktisk ogsa en hastigheds form (side 172). Desuden kunne man lave et vilkarlig 
antal af andre ligev93rdige formuleringer. Sa dit valg af argumentation made kunne lige sa 
vel tale for et vilkarlig andet domcene for sammenligning. Absurd I 

Jeg tror allerede, at jeg har forklaret problemerne i at sammenligne i moduli i det aktuelle 
tilt93lde, men for kort at opsummere. Nar du siger, at de opserverede forskelle i shear mo

dulus er "meget tint" for h0je por0siteter, sa har du overhovedet ikke set det i forhold den 
torskel, der kan torklares vha. feks usikkerheden i pickingen. Med andre ord hvad er din 
begrundelse for at kalde det "meget fint'' ? Som vist i det sidste at mine plots, sa d93kker 
dine ord "meget tint" altsa over en fej l i t0r Vp og Vs at st0rrelsesordnen 100 m/s. Det er 
netop en fejl i den st0rrelsesorden, der opserveres i figuren pa side 203 i RPH, og som de i 

RPH n93vnte torskere overhovedet ikke har kunnet acceptere. 
Med venlig hilsen, Klaus 

Fra: Gary Mavko 
Sendt: 10. januar 2002 23:43 

I agree with everyone! 

I think the reasoning by Klaus is theoretically correct. I also do not see any way that elastic 
models such as KT, Gassmann, or Biot can predict the shear modulus getting stiffer when 

dry. Nevertheless, we fairly often observe a lower water saturated shear modulus than dry 
shear modulus in laboratory measurements . 

There are at least two explanations: 

1. Measurement uncertainties. Picking shear arrivals is often difficult. One of the things we 

have seen here is the following: Shear transducers always generate a P-wave which ar
rives before the S-wave. In dry rocks, the P-wave is sometimes more attenuated. When 

EFP-01 ROCK PHYSICS OF IMPURE CHALK / GEUS, MAVKO, 0DEGAARD 7 



the rock is saturated, the P-arrival can be stronger, making accurate picking of the S 
more difficult. 

2. Incompleteness of the models. John W. Tukey, one of the inventors of the FFT, once 
said that "All models are wrong; but some are useful." Virtually all of the rock physics 
models that we use are based on two very severe assumptions: linear elasticity and only 
mechanical effects. There is strong experimental evidence that additional effects are 
present that are not being modeled. For example, when water is added to a rock, some 
minerals soften or swell. The most common is clay that swells, which can look a little bit 
like an increase in pore pressure. A related observation is that very dry rocks are usually 
elastically stiffer than a rocks exposed to humidity. A number of people have modeled 
this with electrostatic and surface Van Der Waals forces. 

In summary, I think we can have a nice discussion/debate on the topic when we get to
gether. Gary 

Fra: Klaus Bolding Rasmussen 
Sendt: 11. januar 2002 10:49 

Hi Gary, Thank you for answering. 
1. As already explained in my previous email the deviations from Gassmann are systematic 

and in the order of magnitude of one half period of the ultrasound pulse. Therefore, I do 
no think that measurement uncertainties due to interference from the P-arrival can be 
the main explanation. 

2. I do not know, if you have read my last email dated Tue, 8 Jan 2002 ! But in that email, I 
argue that the deviations seem to be due to the very dry problem that you also men
tioned. Fortunately, Christian Hoeier is just about to finish some measurements on two 
plugs at varying saturation, such that this hypothesis can be examined. 

See you in Copenhagen, Klaus 
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EFP-01 ROCK PHYSICS OF IMPURE CHALK - TECHNICAL NOTE 
2002/1 DECEMBER, CONFIDENTIAL 

Analysis of acoustic well log data from the South Arne 
field 

Peter Japsen & Rasmus Rasmussen, Geological Survey of Denmark and 

Greenland (GEUS) 

pj@geus.dk, rr@geus.dk 

Fluid substitution based on Gassmann theory has been performed on log data from 4 wells 
on the South Arne field (Rigs-1, -2, -2a, and SA-1 ). It is found that the sonic logs reflect 

conditions that are more affected by invasion of mud filtrate than indicated by the available 
resistively tools but not affected by complete invasion as the zone registered by the density 
tool. Furthermore, it is suggested that the MUHS model of Walls et al. (1998) can be used 

to estimate the bulk and shear moduli of chalk in the South Arne area for given brine prop
erties. Invasion of mud filtrate is found to be almost complete in reservoir sections with po

rosity above 40% 

Deviations between the shear modulus estimated from the data and from the MUHS model 

correlate with porosity and water saturation, Sw, when the chalk is water-wet and the water 

saturation irreducible: in the SA-1, Rigs-2. -2a wells but not in the Rigs-1 well where the 
drilled chalk section is relatively close to the free water level. Sw can thus be used as a 

measure of the clay content in the chalk when it is well above the free water level (see 
Fabricius et al. 2002). 

For a full discussion see Japsen et al. (this report). 

Data and parameters 

Well log data from the South Arne field were quality controlled and porosity, water satura
tion, shale volume, and density of virgin zone were estimated for the drilled chalk sections 
(Mogensen & Fabricius 2002). Fluid substitution procedure based on Gassmann theory is 

presented here for the wells where shear-wave log data are available (Rigs-1, -2, -2a, and 
SA-1). Furthermore, the wells Baron-2 and l-1x were analyzed by Mogensen and Fabricius 
(2002), but as no shear-wave data were recorded in these wells a standard fluid substitu

tion procedure can not be applied. The sonic data from the Rigs-2a well do not appear to 
be well edited as the resulting VpNs log is noisy, but the general trend of the data is in 
agreement with data from the other wells. 

EFP-01 ROCK PHYSICS OF IMPURE CHALK/ GEUS 1 



Porosity, cl>, was estimated from log-readings of the bulk density, Pbutk, assuming full inva
sion of the mud fi ltrate and thus we converted density to porosity based on mud filtrate 

densities rather than of mixtures of brine and hydrocarbons. These estimates of porosity 
were found to match porosity measured on core samples from the Rigs-1 and -2 wells. The 

effect on density of ignoring residual oil for e.g. Sw""0.1 is marginal (c. 0.02 g/cm3 for cl> "" 

40% and a density contrast between brine and oil of 0.4 g/cm3
). 

Gommesen et al. (2002) found that the sonic tool measures the acoustic properties chalk in 
the mud-invaded zone close to the well bore, rather than the virgin zone saturated with a 
mixture of brine and hydrocarbon. The water saturation in the invaded zone, Sxo, was esti
mated by Mogensen & Fabricius 2002 based on the shallow resistivity log available. How

ever, this tool does not appear to measure the water saturation in the fully invaded zone. 
See below. Furthermore, a range of water saturations (Swmin, Swbest and Swmax) were 

estimated for the univaded zone from a range of pore water resistivity values. The calcula
tions resulted in some values of Sw exceeding 1, an effect probably due to water bound in 
clay. Here we put Sw =1 . 

Shale volume was calculated from the gamma log based on a calibration to the measured 
gamma ray level in the sealing shale sequence relative to the purest chalk interval in each 

well. However, the relation between the gamma response and the clay content in the chalk 
may be rather arbitrary and the presence of e.g. smectite and silica are not recorded by the 

gamma log. 

Density, p, of chalk for a given water saturation was calculated as a function porosity: 

p = p oil (1 - Sw)</J + Phrine . s\V . </J + Pmatrix (1 - </J) 
for the density of oil, brine and chalk matrix in the reservoir of the South Arne field (Table 
1 ). 

EFP-01 ROCK PHYSICS OF IMPURE CHALK/ GEUS 2 



Table 1. Elastic properties 

a. reference K G p 
values [GPa] [GPa] [g/cm3

] 

Calcite 71 30 2.71 
Clay 25 9 2.70 

Quartz 37 45 2.65 
Brine 2.96 0 1.035 
Hydrocarbon 0.52 0 0.633 

b. individual K G p 
wells [GPa] [GPa] [g/cm3

] 

Brine, SA-1 2.91 0 1.035 
Brine, Rigs-1 3.12 0 1.061 
Brine, Rigs-2 2.96 0 1.035 

Mineral properties after Mavko et al. (1998). 
" Densities estimated at reservoir level at the South Arne field (Jensenius pers.comm. 
cited in Mogensen & Fabricius 2002 . 

.. Values for fluids at the crest of the South Arne field estimated with Batzle-Wang algo

rithm in PetroTools: T=100°, P=44 Mpa, 
Oil gravity=33 API , Gas gravity=0.815 (Alister Colby pars.comm.) 

GOR=1685 scf/BBL in order to match the hydrocarbon density. 

[GOR=1400 (Jensenius pars.comm.) gives p= 0.657 g/cm3
, K=0.58 GPa, Vp=0.94 

km/s] 

Fluid substitution using Gassmann's equations 

The bulk and the shear moduli, Kand G (GPa], of a rock are related to Vp and Vs [km/s] 
and density [g/cm3

] by the following expressions: 

K = p(V/- 413• V/ ) , G = pV/ . 

We can transform the moduli of the rock for the initial fluid saturation (fluid 1) to moduli of 
the rock saturated with a new fluid (fluid 2) using Gassmann's (1951) relations (see Mavko 
et al. 1998): 

G - G sat I - sat 2 where 

( 1) 

K,at, , Ksa12 are the bulk modulus of rock with the original and new pore fluid; Km is the bulk 
modulus of mineral material making up rock; K111, K02 are the bulk modulus of the original 
and the new pore fluid; Gsat1, G8812 are the shear modulus of rock with the original and the 
new pore fluid. In particular we see that the shear modulus is predicted to be unaffected by 
fluid content. Gassmann's equtions are establihsed for homogenous mineral modulus and 

statistical isotropy. The equations are valid at sufficiently low frequencies such that the pore 
pressures induced by the sonic wave are equilibrated throughout the pore space. We apply 
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Gassmann's relations to calculate the effects on the acoustic properties of chalk estimated 
from logging data when one pore fluid is substituted by another. 

Properties of mixed fluids 

We calculate the bulk modulus, Kn, of mixtures of fluids, Kn 1, Kn 2 (brine/hydrocarbons or 
brine/air) as a Reuss average if the fluids form a homogenous mixture: 

I / K jl = S/IJKj/ l+( l - S111 ) I K1,2 (2) 

where S11 , is the relative saturation of fluid 1 (e.g. brine, Sw), Even small amounts of the 
light component (e.g. hydrocarbon or air) reduce the bulk modulus of the mixed fluid signifi

cantly because the average modulus is calculated from the inverse values of the individual 
moduli. 

Modified upper Hashin•Shtrikman (MUHS) model 

Walls et al. (1998) found that a modified upper Hashin-Shtrikman model predicts the veloc
ity-porosity behaviour of chalk estimated from well logs from the Ekofisk field (porosities 
from 10% to 40%). The model describes how the dry bulk and shear moduli, Kand G in

crease as porosity is reduced from a maximum value, <l>max, to zero porosity. The upper and 

lower Hashin-Shtrikman bounds give the narrowest possible range on the modulus of a 
mixture of grains and pores without specifying anything about the geometries of the con

stituents (Hashin & Shtrikman 1963). The upper bound represents the stiffest possible pore 

shapes for porosity ranging from 0% to 100%, whereas the modified upper bound is de
fined for porosity up to a maximum value less than 100%. Here we refer the high-porosity 
end member as the maximum porosity rather than as the critical porosity which is defined 
as the porosity limit above which a sedimentary rock can on ly exist as a suspension (Nur et 
a/. 1998). The low-porosity end-members, Ks and G5 , are the moduli of the solid at zero 
porosity found by extrapolation of the data trend at non-zero porosities. The modified upper 
Hashin-Shtrikman model, MUHS, is given by the dry-rock bulk and shear modulus, 

K Mu11s and GMuus: 

K MVIIS = [ </J /,/J.nax + 1 - </J / <Pmax ]•I _ 4 G 
K 4G K,, 4G 3 s 

; rnax + 3 s s + 3 ,v 
(3) 

G MUIIS = [ </J I <Pmax + I - </J I <Pmax ]-1 -z where z = G, . 9 K,, + 8G. 
G;,mox + Z$ G

1
+ Z, 

s
' s 6 Ks + 2G, 

The end-member moduli of the dry rock found by Walls et al. (1998) were 

K~max = 4 GPa, G+max 4 GPa for <l>max = 40%, and 
(4) 

Ks=65 GPa and G5=27 GPa for <I> = 0% 
Once these end-member parameters are estimated we can calculate the moduli of the dry 
rock from the MUHS model and given porosity and estimate moduli for the saturated rock 
using Gassmann's relations and the appropriate fluid properties, and finally calculate Vp 
and Vs. 
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Extended MUHS model based on ultrasonic V-4> data 

Ultrasonic data from core samples from the South Arne field are in good agreement with 
the model of Walls et al. (1998), which is defined for porosities less than 40%. However, 
chalk porosities between 40% and 45% occur on the South Arne field as estimated from 
both log data and core samples (see Japsen et al. this report). For this reason we extrapo

lated the range of the MUHS model from 40% to 45% by estimating the high-porosity end
member at 45% porosity while keeping the low-porosity end-member unchanged (equa

tions 3, 4): 

K(!imax = 1.5 GPa, µ♦max =2.5 GPa for ~ max = 45% (5) 
This extrapolated model is in agreement with the acoustic properties of the south Arne plug 
samples with porosities between 40% and 45%. 

Virgin zone properties estimated from sonic data and Land's equation for 
residual oil 

The water saturation of the flushed zone, Sxo (equivalent to the residual oil content) may 
be estimated from Land's formula (Land 1968): 

s = 1 - 1 - s .. ,r (6) 
·•

0 I + C(l - S,.;r) 
where Sir is the irreducible water saturation and C=2.5 for the South Arne field (Flemming 

lff, pers. comm.). We can calculate Swir from the normalised capillary pressure curve 
method developed for the tight chalk in the North Sea (the equivalent radius method, EQR; 

Engstrnm 1995): 

where A and B are constants. We compute Sxo for the Rigs-2 well based on these two 
equations where we distinguish between the Ekofisk and Tor formations where Swir is 
higher for the Ekofisk Formation; A=0.12641, 8=2.45422 (Ekofisk Fm) and A"'0.06596, 

8=2.19565 (Tor Fm) (P. Frykman, pers. comm.). In the case of the Rigs-2 well Swir::::Sw 

because the drilled chalk section is above the oil-water transition zone and the water satu
ration in the virgin zone thus represents the irreducible water saturation. However, the in

crease in Sw over the lower 1 O m of the Tor Formation may reflect the transition to the wa
ter zone. Based on this estimate of Sxo we can do fluid substitution to any saturation using 

Gassmann's relations and Reuss fluid mixing law (eqs 1, 2). 

Virgin zone properties estimated from the MUHS model with <p and Sw as 
input 

Forward modeling may be used to calculate the acoustic response corresponding to the 
measured porosity and the water saturation, Sw, in the virgin zone. The modeling is done in 
three steps where step 2 may be included to correct the moduli of the most shaley inter

vals: 
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1. Calculate the properties of the dry rock from the MUHS model with the porosity log 

as input (eq. 5). 

2. Correct the moduli in the intervals with impure chalk as estimated by Sw by scaling 

the low-porosity end-member of the MUHS model (see below; eq. 7). 

3. Calculate the properties of the virgin zone where the water saturation is given by 

Sw using Gassmann's relations and the Reuss mixing law (eqs 1, 2). 

Corrected MUHS model 
In order to correct the MUHS model (eq. 5) for the effect of clay-softening we have chosen 

a simplistic approach: We have scaled the low-porosity end-members, Ms, of the MUHS 

model (eq. 4) by the 'clay' content, cl, taken as cl = Sw - 0.2 (see Japsen et al. this report). 

Note that this approach only will be valid if the chalk is well above the free water level. For 

a given value of Sw, we calculated Ms as a kind of Hill average by computing the arithmetic 

average of the upper and lower Hashin-Shtrikman bounds, HSu and HSL (see Mavko et al., 
1998): 

(7) 

where the bounds are calculated as a mixture defined by cl between the 'no-clay' end

member moduli for pure chalk given by Walls et al. (1998): Mohaik=(65 GPa, 27 GPa) and 

the end-member moduli for pure 'clay' equals those for clay given by Table 1: M018y=(25 

GPa, 9 GPa). This procedure effectively scales Ms between Mchalk for Sw<0.2 and (30 GPa, 

11 GPa) for Sw=1. The correction reduces the too high predictions of G to match the data 

values in the low-porosity zones where Sw reaches maximum values. 

Water saturation estimated from sonic data 
The bulk modulus, Ksat, of the flushed zone is known from the sonic data whereas the dry

rock modulus, Kdry, of the chalk can be estimated from the corrected MUHS model (eq. 7). 

To avoid erroneous Vs-data we use Vs from the corrected MUHS model to compute Ksat for 

<1>>40%. We can thus rearrange Gassmann's relations expressed in terms of Ksat and Kdry to 

give us the effective bulk modulus, kt1, of the pore fluid in the flushed zone (eq. 1; see Mav

ko et al. 1998): 

k ;;;;; #: A - B where A ;;;;; KS/II B ;;;;; Kc1,y 
f1 <r m I + /4(A - B) ' K - K ' K K 

'{J m ,WI NI- dry 

Substituting this result into the Reuss equation for fine-scaled fluid mixing in the reservoir 
(eq. 2), we get the saturation of the flushed zone, Sxo: 

S = kbri11c (koll - kjl ) (8) 

xo k_/1 (koil - k bril1f:) 

where koil and kbnne are the bulk moduli of the oil and the brine of the reservoir (Table 1 ). 

Only values of Sxo in the interval from Oto 1 are valid. 

Results 

• SA-1 (Figs 1-4, 17): The depth-wise pattern of the Poisson ratio is generally found 

to be the same for both the MUHS and the Land method (Fig. 4). This is because 
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the Land-prediction of Sw works when the porosity is moderate (<35%) (and be
cause the MUHS-model works as well). There is almost no distinction between Vp 

in the flushed and in the virgin zone, a distinction is only seen in the plot of Poisson 
ratio. But the results show that an increase of Sw from 20% to 75% due to invasion 

is compatible with sonic data because even quite large deviations from Sw=0¾ 
creates very small changes in the acoustic properties due to the fine-scaled Reuss

mixing. 
There is generally good agreement between the corrected MUHS- and the data
estimate of G (Fig. 3). In the uppermost part of the logged section there is a major 

discrepancy, but the data quality is dubious. The deviation, ~G, correlate with po

rosity and Sw, but hardly with the clay content estimated from the gamma log (Fig. 
17). 

• Rigs-1 (Figs 5-8, 18): In this well, the drilled chalk section is too close to the free 
water level for the corrected MUHS model to be applicable. The water saturation is 
high (generally more than 50% in the Ekofisk Formation) but this is inaccordance 
with the EQR model for the porosities in this well (Ole Vejbcek, pers. comm.). This 
results in a major deviation in the Ekofisk Formation between the corrected MUHS

and the data-estimate of G (Fig. 7). The large scatter in the plot of L\G versus Sw 

for high values of Sw underlines that the correction to the MUHS model leads to 
overcorrection. The estimation of Poisson's ratio is, however, less affected by the 

correction that is applied to both Kand G, and hence to both Vp and Vs (Fig. 8). 
Land's model underestimate the invasion in the Tor Formation and thus overesti

mate the Poisson ratio. No correlation between ~G and clay content as estimated 

by the gamma log (Fig. 18). 

• Rigs-2 (Figs 9-12, 19): This data set is discussed in detail in Japsen et al. (in 
prep.), but the main result is that Land's equation underestimates the invasion in 
the high-porosity sections and thus overestimates the Poisson ratio in reservoir. 
Only the corrected MUHS model predicts low values of the Poisson ratio in agree
ment with the AVO-inversion (Fig. 12). 
Deviations between the corrected MUHS- and the data-estimate of G correlates 
with porosity and Sw (Fig. 19). Sw can be taken as a measure of the clay content in 
this well because the chalk is water-wet and the water saturation irreducible. No 

correlation between ~G and clay content as estimated by the gamma log. 

• Rigs-2a (Figs 13- 16, 20): The quality of the logs of Vp and Vs is not the best as 
seen in the large scatter in the Poisson ratio versus depth (Fig. 13, blue curve). The 
general result is, however, identical to that for the Rigs-2a well: Land's equation 
underestimates the invasion of the high-porosity zones and does thus lead to too 
high values of the Poisson's ratio in the virgin zone (Fig. 16). The data-values of G 
are relatively high in most of the Tor Formation where porosity is high; this could be 
due to erroneous measurements of the shear velocity where it becomes very low. 
The Sw-corrected MUHS-estimate of G agrees well with the data-estimate (Fig. 

15), and 6G correlates well with porosity and Sw, but not with the clay content es
timated by the gamma log. 
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Fig. 1. SA-1: Log data and predictions based on the corrected MUHS model for the chalk 
section in the Rigs-2 well (eqs 5, 7; Fig. 3). 

a. Clay content (from gamma log), porosity and water saturation. Sw and Sxo. Sxo 
(dots) is estimated from the relation between the measured sonic data and the cor
rected MUHS model (eq 8). 

b. Vp and Vs. Data and predictions of the corrected MUHS model based on porosity 
and Sw. Brine-estimate for Vs not shown. 

c. Poisson ratio. Data and predictions of the corrected MUHS model. Brine-estimate 
not shown. 

In the high-porosity oil zone of the Tor Formation, the oil is predicted to be almost com
pletely flushed as indicated by the closeness of the measured Vp(Sxo) {blue cuNe) and the 
predicted Vp(brine) (green cuNe) whereas Vp(virgin zone. Sw) is predicted to be low. 
MUHS: Modified Upper Hashin-Shtrikman. 
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Fig. 2. SA-1 : Log data and predictions based on Land's estimate of residual oil for the chalk 
section in the Rigs-2 well (eqs 5, 7; Fig. 3). 
a. Clay content, porosity and water saturation, Sw and Sxo. Sxo is estimated from Land's 

equation (eq 6). 
b. Vp and V5. Data and predictions based on fluid substitution from Sxo. Brine-estimate for 

Vs not shown 
c. Poisson ratio. Data and predictions of the Land model. Brine-estimate not shown. 
In the high-porosity oil zone of the Tor Formation, Sxo is predicted to be reduced to c. 75% 
and due to the Reuss mixing of the fluids the acoustic properties of invaded zone and of the 
virgin zone do not differ much. This is indicated by the closeness of the measured Vp(Sxo) 
(blue curve) and the predicted Vp(virgin zone) (red cuNe) whereas Vp{brine) (green cuNe) 
is predicted to be significantly higher. 
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Fig. 3. SA-1: Log response predicted for the virgin zone from the corrected and the uncor
rected MUHS-model compared with data from the invaded zone (eqs 5, 7). 
a. Shear modulus. 
b. Bulk modulus. 
Note the good agreement between the shear modulus estimated from data and from the 
corrected MUHS model. Poor sorting and clay content may explain the difference between 
the estimated shear modulus from uncorrected MUHS model and from the data in the tight 
zones (Figs 1, 17). The difference between the two estimates of the bulk modulus is 
caused by removal of oil by mud invasion in the zone investigated by the sonic log. MUHS: 
Modified Upper Hashin-Shtrikman. 
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Fig. 4. SA-1: Polsson 's ratio versus measured depth estimated for the virgin zone based on 
Land's equation and on the corrected MUHS model (eqs. 6, 7). Forward modeling based on 
the MUHS model results in a low ratio in the high-porous Tor reservoir and pronounced 
peaks at top Ekofisk and top Tor. These features are not captured in the approach based 
on Land's equation because this model underestimates the flushing of the reservoir. 
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Fig. 5. Rigs-1 : Log data and predictions based on the corrected MUHS model for the chalk 
section in the Rigs-2 well (eqs 5, 7; Fig. 7). 

d. Clay content (from gamma log), porosity and water saturation, Sw and Sxo. Sxo 
(dots) is estimated from the relation between the measured sonic data and the cor
rected MUHS model (eq BJ. 

e. Vp and Vs. Data and predictions of the corrected MUHS model based on porosity 
and Sw. Brine-estimate for Vs not shown. 

f. Poisson ratio. Data and predictions of the corrected MUHS model. Brine-estimate 
not shown. 

In the high-porosity oil zone of the Tor Formation, the oil is predicted to be almost com
pletely flushed as indicated by the closeness of the measured Vp(Sxo) {blue curve) and the 
predicted Vp(brine) (green curve) whereas Vp(virgin zone, Sw) is predicted to be low. 
MUHS: Modified Upper Hashin-Shtrikman. 
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Fig. 6. Rigs-1: Log data and predictions based on Land's estimate of residual oil for the 
chalk section in the Rigs-2 well (eqs 5, 7; Fig. 7). 

a. Clay content, porosity and water saturation, Sw and Sxo. Sxo is estimated from 
Land's equation (eq 6). 

b. Vp and Vs. Data and predictions based on fluid substitution from Sxo. Brine
estimate for Vs not shown 

c. Poisson ratio. Data and predictions of the Land model. Brine-estimate not shown. 
In the high-porosity oil zone of the Tor Formation, Sxo is predicted to be reduced to c. 75% 
and due to the Reuss mixing of the fluids the acoustic properties of invaded zone and of the 
virgin zone do not differ much. This is indicated by the closeness of the measured Vp(Sxo) 
(blue curve) and the predicted Vp(virgin zone) (red curve) whereas Vp(brine) (green curve) 
is predicted to be significantly higher. 

EFP-01 ROCK PHYSICS OF IMPURE CHALK/ GEUS 14 



8 ,---------, 
~ 

8 J;i.- ,_ -
; ~ -~ 

~ 
f; ~ 

0. ., 
" . 
1 -

J L -.... 
8 "' 
I 

Sxo (claca) 

Sw(MUHS) 

Sw (MUHS corr.) 

8 

~ 
,o I& 20 

Moduli (GPtl) Moduli (GPa) 

Fig. 7. Rigs-1: Log response predicted for the virgin zone from the corrected and the uncor
rected MUHS-model compared with data from the invaded zone (eqs 5, 7). 

a. Shear modulus. 
b. Bulk modulus. 

Note the good agreement between the shear modulus estimated from data and from the 
corrected MUHS model. Poor sorting and clay content may explain the difference between 
the estimated shear modulus from uncorrected MUHS model and from the data in the tight 
zones (Figs 5, 18). The difference between the two estimates of the bulk modulus is 
caused by removal of oil by mud invasion in the zone investigated by the sonic log. MUHS: 
Modified Upper Hashin-Shtrikman. 
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Fig. 8. Rigs-1: Poisson's ratio versus measured depth estimated for the virgin zone based 
on Land's equation and on the corrected MUHS model (eqs. 6, 7). Forward mode/Ing based 
on the MUHS model results in a low ratio in the high-porous Tor reseNoir and pronounced 
peaks at top Ekofisk and top Tor. These features are not captured in the approach based 
on Land's equation because this model underestimates the flushing of the reseNoir 
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Fig. 9. Rigs-2. Log data and predictions based on the corrected MUHS model for the chalk 
section in the Rigs-2 well (eqs 5, 7; Fig. 11 ) . 

g. Clay content (from gamma log), porosity and water saturation, Sw and Sxo. Sxo 
(dots) is estimated from the relation between the measured sonic data and the cor
rected MUHS model (eq 8). 

h. Vp and Vs. Data and predictions of the corrected MUHS model based on porosity 
and Sw. Brine-estimate for Vs not shown. 

i. Poisson ratio. Data and predictions of the corrected MUHS model. Brine-estimate 
not shown. 

In the high-porosity oil zone of the Tor Formation, the oil is predicted to be almost com
pletely flushed as indicated by the closeness of the measured Vp(Sxo) {blue curve) and the 
predicted Vp(brine) (green curve) whereas Vp(virgin zone, Sw) is predicted to be low. 
MUHS: Modified Upper Hashin-Shtrikman. 
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Fig. 10. Rigs-2: Log data and predictions based on Land's estimate of residual oil for the 
chalk section in the Rigs-2 well (eqs 5, 7; Fig. 11 ). 

d. Clay content, porosity and water saturation, Sw and Sxo. Sxo is estimated from 
Land's equation (eq 6). 

e. Vp and Vs. Data and predictions based on fluid substitution from Sxo. Brine
estimate for Vs not shown 

f Poisson ratio. Data and predictions of the Land model. Brine-estimate not shown. 
In the high-porosity oil zone of the Tor Formation, Sxo is predicted to be reduced to c. 75% 
and due to the Reuss mixing of the fluids the acoustic properties of invaded zone and of the 
virgin zone do not differ much. This is indicated by the closeness of the measured Vp(Sxo) 
{blue curve) and the predicted Vp(virgin zone) (red curve) whereas Vp(brine) (green curve) 
is predicted to be significantly higher. 
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Fig. 11. Rigs-2: Log response predicted for the virgin zone from the corrected and the un
corrected MUHS-model compared with data from the invaded zone (eqs 5, 7). 

a. Shear modulus. 
b. Bulk modulus. 

Note the good agreement between the shear modulus estimated from data and from the 
corrected MUHS model. Poor sorting and clay content may explain the difference between 
the estimated shear modulus from uncorrected MUHS model and from the data in the tight 
zones (Figs 9, 19). The difference between the two estimates of the bulk modulus is 
caused by removal of oil by mud invasion in the zone investigated by the sonic fog. MUHS: 
Modified Upper Hashin-Shtrikman. 
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Fig. 12. Rigs-2: Poisson 's ratio versus measured depth estimated for the virgin zone based 
on Land's equation and on the corrected MUHS model (eqs. 6, 7). Forward modeling based 
on the MUHS model results in a low ratio in the high-porous Tor reservoir and pronounced 
peaks at top Ekofisk and top Tor. These features are not captured in the approach based 
on Land's equation because this model underestimates the flushing of the reservoir. 
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Fig. 13. Rigs-2a: Log data and predictions based on the corrected MUHS model for the 
chalk section in the Rigs-2 well (eqs 5, 7; Fig. 15). 

a. Clay content (from gamma log), porosity and water saturation, Sw and Sxo. Sxo 
(dots) is estimated from the relation between the measured sonic data and the cor
rected MUHS model (eq 8). 

b. Vp and Vs. Data and predictions of the corrected MUHS model based on porosity 
and Sw. Brine-estimate for Vs not shown. 

c. Poisson ratio. Data and predictions of the corrected MUHS model. Brine-estimate 
not shown. 

In the high-porosity oil zone of the Tor Formation, the oil is predicted to be almost com
pletely flushed as indicated by the closeness of the measured Vp(Sxo) (blue curve) and the 
predicted Vp(brine) (green cwve) whereas Vp(virgin zone, Sw) is predicted to be low. 
MUHS: Modified Upper Hashin-Shtrikman. 
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Fig. 14. Rigs-2a: Log data and predictions based on Land's estimate of residual oil for the 
chalk section in the Rigs-2 well (eqs 5, 7; Fig. 15). 

a. Clay content, porosity and water saturation, Sw and Sxo. Sxo is estimated from 
Land's equation (eq 6). 

b. Vp and V5. Data and predictions based on fluid substitution from Sxo. Brine
estimate for Vs not shown 

c. Poisson ratio. Data and predictions of the Land model. Brine-estimate not shown. 
In the high-porosity oil zone of the Tor Formation, Sxo is predicted to be reduced to c. 75% 
and due to the Reuss mixing of the fluids the acoustic properties of invaded zone and of the 
virgin zone do not differ much. This is indicated by the closeness of the measured Vp{Sxo) 
(blue curve) and the predicted Vp(virgin zone) (red curve) whereas Vp(brine) (green curve) 
is predicted to be significantly higher. 

EFP-01 ROCK PHYSICS OF IMPURE CHALK/ GEUS 22 



8.------------, 
I 

8 

I 

8 

a 

8 
I ..,..,...,..,...,...,...,..,...,..,...,..,......,_,...,_...,.......,...,.. 

10 1& 20 0 10 ,. 20 

Moduli (0Pa) Modull(OPa) 

Fig. 15. Rigs-2a: Log response predicted for the virgin zone from the corrected and the 
uncorrected MUHS-model compared with data from the invaded zone (eqs 5, 7). 

a. Shear modulus. 
b. Bulk modulus. 

Note the good agreement between the shear modulus estimated from data and from the 
corrected MUHS model. Poor sorting and clay content may explain the difference between 
the estimated shear modulus from uncorrected MUHS model and from the data in the tight 
zones (Figs 13, 20). The difference between the two estimates of the bulk modulus is 
caused by removal of oil by mud invasion in the zone investigated by the sonic log. MUHS: 
Modified Upper Hashin-Shtrikman. 
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Fig. 16. Rigs-2a: Poisson 's ratio versus measured depth estimated for the virgin zone 
based on Land's equation and on the corrected MUHS model (eqs. 6, 7). Forward modeling 
based on the MUHS model results in a low ratio in the high-porous Tor reservoir and pro
nounced peaks at top Ekofisk and top Tor. These features are not captured in the approach 
based on Land's equation because this model underestimates the flushing of the reservoir. 
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Fig. 18. Rigs-1: Error in prediction of the shear modulus, L.IG=GMuHs - Gaate where GMuHs is 
estimated from the MUHS model (eq. 5) . 
.dG versus porosity, water saturation and clay content estimated from the gamma log. 
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Fig. 19. Rigs-2: Error in prediction of the shear modulus, L1G=GMuHs - Gdata where GMuHs is 
estimated from the MUHS model (eq. 5). 
LIG versus porosity, water saturation and clay content estimated from the gamma log. 
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Fig. 20. Rigs-2a: Error in prediction of the shear modulus, L\G=GMuHs - Gdata where GMuHs 
is estimated from the MUHS model (eq. 5). 
LIG versus porosity, water saturation and clay content estimated from the gamma log. 
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EFP-01 ROCK PHYSICS OF IMPURE CHALK - TECHNICAL NOTE 
2001/2 OCTOBER 

Some thoughts on upscaling rock physics relations 

Gary Mavko 
mavko@stanford.edu, Stanford University 

We have been most successful finding physically and geologically reasonable rock physics 
relations at a small scale. For example, Gassmann's fluid substitution is most valid at 
scales smaller than a few tens of centimeters and at low frequencies. Another example is 
the relation of velocity-porosity to geologic parameters such as depositional energy and 
diagenesis. These are often most clear at the core and sonic logging scales. The key is that 
we have more success when we can focus on a single lithofacies, which tends to be more 

resolvable at small wavelengths. 

The question, of course, is how do these relations look at the seismic scale? When we go 
from core to log to seismic, we encounter two things: a drastic decrease in frequency, and 
an increase in spatial sampling as the wavelength increases. Going to lower frequency is 
beneficial, since we approach the range where Gassmann is more reliable. The longer 

wavelength means that we have often have to interpret spatial averages, which can look 

very little like the individual fades below resolution. 

We will approach this problem in several ways: 

1. Theoretical Upscaling. We will look at a few relevant rock physics equations that relate 
seismic observables to rock and fluid properties. We will apply smoothing operators directly 
to the equations to explore the implications. Obviously, linear relations will indicate no 
change when a linear operator is applied. Nonlinear relations may change completely. 

2. Log-based upscaling. This will be a more spatially realistic approach to the above. The 
idea is to identify relevant rock physics relations at the log scale. Then, smooth the logs 
over a moving window with a length comparable to the seismic wavelength. Finally, we will 
repeat the same crossplots to explore if and how they change. Prelim inary work has sug
gested that an important parameter is the ratio of the wavelength to the vertical geologic 

correlation length. 

3. Wave-equation upscaling. We will take a Monte-Carlo approach. We will begin with log 
data which will reveal the relevant rock physics relations and the spatial statistics of the 
rock parameters. We will do full-waveform synthetic seismic calculations to get the more 
realistic prediction of attributes, such as amplitude. We will then repeat the process over 
many Monte Carlo realizations. The full-waveform synthetics will do the upscaling. The 
Monte-Carlo simulation will help us to explore the natural variability of the rocks, as indi

cated in the logs. 
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Summary 

We have estimated the elastic properties of chalk at three different scales on the South 
Arne field , North Sea, by analysing ultrasonic core data, downhole log-readings and results 
of AVO-inversion based on near- and far-offset stack seismic data (Amplitude Versus Off

set). Here we present main results from papers and reports enclosed in this volume. 

Fluid substitution in chalks: Effects of saturation scales 

We investigated some aspects of ultrasonic fluid substitution in chalks, and we found that 
Gassmann's relations can be used to understand the variations of velocity with saturation in 
our samples, even though the velocity data are ultrasonic (high frequency). This suggests 
that in these samples there are no significant high frequency dispersion effects from the 
squirt-flow or Biot mechanisms that would invalidate the use of the Gassmann's relations. 
There is, however, evidence for patchy saturation in the ultrasonic data with a characteristic 
patch size less than 1/10 mm. This is observed in limited Vp and Vs versus water saturation 
data (Fig. 1 ). We also find that fluid substituting to full brine saturation using a modified 
patchy mixing rule gives velocities more consistent with empirical trends than assuming a 
fine-scaling mixing rule. It is likely that fine-scale mixing is dominant at logging frequencies 
in chalks. Another finding is that the dry-rock ultrasonic data tend to be inconsistent, in a 
Gassmann sense, with data from the water-bearing samples (Japsen et al. 2002). Specifi
cally, the dry-rock verocities are "too fast." 

(Mavko & Japsen this report) 
Plug62 

27001..---~--- r 

26(1(1 l _ ... .,., ,., .. -·~.,. 
2500 

f -- ox11apotai8d "nearly dry· point 
-2400 
~ 

2300 

2200 
Fino Scolo Saturation Modol 

11>50 

1600 

1$1i(I 

1500 

Pkig 62 

- ob3erved point - ·100 dry· 

- extrapolated ·noarty dfy" point 

'l 
o'.4 o.s o'.e '"°0o 02 0.4 oz 

~ ~ 
08 

Figure 1. Comparison of ultrasonic measurements of velocities vs. saturation on a South 
Arne chalk sample, compared with the fine-scale mixing model. Note the departure in VP 
from the fine-scale mixing curve at high saturations. But the characteristic patch size for 
this sample is only 0,04 mm, and this suggests that fine-scale mixing will be dominant at 
the lower frequencies used in sonic logging. Core plug 62, (jJ=-40%, permeability = 1.4 
mDarcy. 
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Modeling elastic moduli of impure chalk 

In impure chalk the elastic moduli are not only controlled by porosity, but also by cementa
tion resulting in relatively large moduli and by admixtures of clay and fine silica which re
sults in relatively small moduli. Based on a concept of framebuilding contra suspended 
solids (iso-frame values, IF), we model P-wave moduli, M, and S-wave moduli , G, of dry 
and wet plug samples by an effective medium model using chemical, mineralogical and 

textural input ( M = pV/ ,G = pV/ where p is bulk density; Fig. 2). We use a modified 

upper Hashin Shtrikman mixing-model assuming a critical porosity of 70%. The textural and 
mineralogical data may potentially be assessed from logging data on spectral gamma ra
diation, density, acoustic velocity and water saturations in a hydrocarbon zone. 

In chalk of reservoir quality, elastic moduli are predictable (Fig. 3): The solid phase 
has roughly uniform composition, and as porosity decreases from 45% to 25%, the IF-value 
increases from 0.5 to 0.6. At intermediate porosity (25%- 18%) IF-values vary between 0.5 
and 0.9: Samples with high IF-values have pore-filling cementation, whereas samples with 
low IF-values have high amounts of suspended submicron-size quartz in the pore space. 
Low-porosity samples (13%-16%) have relatively low IF-values (around 0.6) and are 
packed with pore-fi lling smectite. 
(Fabricius et al. this report) 
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Figure 2. Elastic modulus data and elastic models versus porosity. 

a. Dry samples. b. Water saturated samples. 
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Porosity ('lit) 

The models fit the wet P-wave modulus data, whereas especially the dry S-wave moduli 
tend to be higher than predicted. The model based on image analysis has the advantage of 
being based on petrographic data. 
Circles: P-wave modulus data. Squares: S-wave modulus data. 
Thin lines: model based on dry P-wave and density data. 
Thick lines: model based on image-analysis data calibrated to dry P-wave data. 
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Figure 3. Composition of solid phase of chalk samples versus porosity. The thick line de
notes the IF-value of each sample. The area below the thick line represents the solid phase 
modeled as solid frame with spherical pores, whereas the area above the line represents 
the solid modeled as being in suspension. Large grains include calcitic microfossils, por
filling carbonate cement, as well as clasts of quartz, feldspar and kaolinite. Fine silicates 
include smectite, kaolinite and quartz. 

Influence of porosity and pore fluid on acoustic properties of 
chalk: AVO-response from oil 

We find that the velocity-porosity relation of the plug data are in agreement with the empiri
cal, modified upper Hashin-Shtrikman (MUHS) model established by Walls et al. (1998) for 
chalk from the Ekofisk field for porosities between 10% and 40%. In pure chalk intervals, 
this model furthermore, matches log-estimated values of the shear modulus which are un
affected by fluid content according to Gassmann's relations. 

Due to higher porosities in the South Arne field we extend the range of the model to 
45% porosity based on the ultrasonic data (Fig. 4) . The model predicts the shear modulus 
to be smaller than observed from logging data for porosities above c. 40%. Erroneous log
determination of Vs may be the cause of this difference when S-wave traveltimes becomes 
very long. 

Variations of the bulk modulus, K, as a function of water saturation are predicted by 
the model combined with Gassmann's equations, and we find that the sonic log data repre
sent chalk where the oil has been partly flushed by invasion of mud filtrate ; 

2 2 
K = p(VP - 413 · Vs ) . We use the difference between logging data- and model-estimates 

of the shear modulus to correct the model by scaling it according to clay content as esti
mated by the water saturation . The water saturation in e.g. the Rigs-2 well can be regarded 
as a measure of the impurities in the chalk because the chalk is water-wet and the water 
saturation is close to irreducible saturation (Fabricius et al. 2002). 

A characteristic depth-wise pattern of the Poisson ratio, v, with pronounced peaks at 
top Ekofisk and top Tor and low values in the high-porous Tor reservoir is derived for the 
Rigs-2 well from the forward modeling of the acoustic properties of the virgin zone based 
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on the corrected, modified upper Hashin-Shtrikman model (Fig. 5; 

v = (V,;IV/- 2)/(V}!V} - l) / 2). This pattern agrees with the inverted seismic data, 

whereas these features are not captured if the acoustic properties of the virgin zone are 
derived from the sonic logs and estimates of residual oil in the flushed zone because of 
almost complete invasion where porosity is high (Fig. 6). We have thus found AVO
inversion to provide direct evidence for presence of light oil in the high-porous chalk of the 
South Arne field. 
(Japsen et al. this report) 
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Fig. 4. Acoustic properties of chalk as a function of porosity and water saturation, Sw, pre
dicted from the MUHS model and Gassmann's relations assuming fine-scaled Reuss mix
ing of the fluids. 

a. Bulk and shear modulus, Kand G. b. Poisson ratio. 
Note the pronounced variation in Poisson ratio for porosities above c. 35% between pure 
brine and pure oil (density 1.035 and 0.633 glcm3

) . MUHS: Modified Upper Hashin
Shtrikman. 
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Fig. 5. Log data and predictions based on the corrected MUHS model for the chalk section 
in the Rigs-2 well. 
a. Clay content (from gamma log), porosity and water saturation, Sw and Sxo. Sxo (dots) 

is estimated from the relation between the measured sonic data and the corrected 
MUHS model. 

b. Vp and V5. Data and predictions of the corrected MUHS model based on porosity and 
Sw. Brine-estimate for Vs not shown. 

c. Poisson ratio. Data and predictions of the corrected MUHS model. Brine-estimate not 
shown. 

In the high-porosity oil zone of the Tor Formation, the oil is predicted to be almost com
pletely flushed as indicated by the closeness of the measured Vp(Sxo) (blue curve) and the 
predicted Vp(brine) (green curve) whereas Vp(virgin zone. Sw) is predicted to be low. 
MUHS: Modified Upper Hashin-Shtrikman. 
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AVO-inversion of seismic data 

AVO attributes were calculated from inverted 2D seismic lines (near- and far-offset data) 
extracted from the South Arne 3D survey. The inversion was carried out for the two-way 

time window 1.9-3.6 sand was targeted on the chalk interval. Log data from the l-1x, Rigs-
1, -2 and SA-1 wells were used in the inversion process. These data comprise Vp• and Vs• 

logs based on the corrected, modified upper Hashin-Shtrikman model described above plus 
density logs, check shot and deviation data. Using a least-squares wavelet estimation 
method with constrain on the phase, wavelets were estimated for each offset stack and for 
each of the wells. The wavelet estimated from the 1-1x well was preferred based on inver
sion tests . 

Low-frequency components of the acoustic impedance variations with depth are not 

present in seismic data. Since this information is essential to the interpretation, it should be 
accounted for in the seismic inversion. Simple low-frequency impedance models were con
structed by extrapolation of the angle-dependent impedance well logs through the 3D vol
ume tied to seismic horizons, followed by low-pass filtering. The inversion results are good 
in terms of match with the angle-dependent impedance well logs. 

AVO-attributes were computed from the angle-dependent impedance inversions com
bined with low-frequency information: Acoustic impedance, shear impedance and Poisson's 
ratio were extracted at the location of the 1-1x, Rigs-1, -2 and SA-1 wells. The AVO-results 

are good in terms of match with the well log data. Low values of Poisson's ratio at the loca
tion of Rigs-2 is in agreement with the presence of light oil in the high-porous chalk of the 
South Arne field (Fig. 6). 
(Bruun this report) 
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Figure 6. Two-way time section with A VO-inversion of seismic data and inserted log re
sponse for the Rigs-2 well computed from forward modeling of the corrected, modified up
per Hashin-Shtrikman model NE-SW orented cross section. 

a. Acoustic impedance, b. shear impedance, c. Poisson ratio. 
Very good agreement is observed for both acoustic and shear impedance. Note the peaks 
in the tight zones near top chalk and top Tor. There is good agreement between the log
and A VO-pattern of Poisson 's ratio, e.g. the peak at top Tor and the low values within the 
Tor Formation. This pattern cannot be resolved by the log if the acoustic properties are 
estimated from the sonic log because the water saturation near the well bore is unkown. 
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Modelling seismic response from chalk reservoirs resulting 
from changes in burial depth and fluid saturation 

We have investigated changes in seismic response caused by changes in degree of com
paction and fluid content in North Sea Chalk reservoirs away from a well bore by forward 
modelling. The investigated seismic response encompasses reflectivity changes, AVO and 
acoustic impedance based on well data from the South Arne and Dan fields, Danish North 
Sea and these results are compared to seimic field records. Depth of burial (changes in 
effective stress) and changes in hydrocarbon saturation are the two main variables to use 
for seismic response prediction away from the well bore (Fig. <ov-0<). The three main 
modelling tools used for the modelling are 1) rock physics, 2) saturation modelling and 3) 
compaction/de-compaction modelling. 

1) Rock physics theory is applied to obtain all necessary elastic parameters for the 
application of the Zoeppritz equations. The challenge is not only to predict the shear 
velocity, but also to account for the changes in fluid content via application of 
Gassmann's equations. An approach akin to the one suggested for the Ekofisk 
Field by Walls et al. (1998) is applied for the prediction of changes in degree of 
compaction. 

2) Hydrocarbon saturation in North Sea Chalk is strongly affected by capillary forces 
due to the small scale of the pores and transition zones in the order of 50 m are not 
uncommon. We use the EQR and similar saturation models, which have proved ro
bust for the prediction of saturation profiles in Danish Chalk reservoirs. 

3) Compaction modelling relies on a new exponential porosity-depth trend, where ab
normal fluid pressures are accounted for. This trend is based on a normal velocity
depth trend established for the North Sea Chalk. The porosity-depth trend appears 
to be sufficiently fine-tuned to allow fairly precise predictions of abnormal fluid pres
sures from observed average porosity. Based on this, the relative contribution to 
porosity preservation by abnormal fluid pressure and early hydrocarbon invasion 
may be estimated. 

Based on these assumptions we find that reflectivity is correlating with porosity, acoustic 
impedance is more susceptible to porosity variation than to hydrocarbon saturation, and the 
poisson ratio may be rather sensitive to hydrocarbon saturation. 
(Vejb~k et al. this report) 
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MODELING ELASTIC MODULI OF IMPURE CHALK 
by Ida L. Fabricius*, Christian H0ier**, Peter Japsen**, and Uffe Korsbech* 

*DTU, **GEUS 

ABSTRACT 

In impure chalk the elastic modul i are not only controlled by porosity, but also by ce

mentation resulting in relatively large modul i and by admixtures of clay and fine silica 

which results in relatively small moduli. Based on a concept of framebui lding contra 

suspended solids, we model P-wave and S-wave moduli of dry and wet plug samples by 

an effective medium model using chemical, mineralogical and textural input. We use a 

Modified Upper Hashin Shtrikman model assuming a critical porosity of 70%. The 

textural and mineralogical data may potentially be assessed from logging data on spec

tral gamma radiation, density, acoustic velocity and water saturations in a hydrocarbon 

zone. 

The studied chalk was interpreted as fo llows: In chalk of reservoir quality, elastic 

moduli are predictable. The solid phase has roughly uni form composition, and as po

rosity decreases from 45% to 25%, IF-value increases from 0.5 to 0.6. At intermediate 

porosity (25% - 18%) IF-value varies between 0.5 and 0.9. Samples with high IF have 

pore-fi lling cementation, whereas samples with low IF-value have high amounts of sus

pended submicron-size quartz in the pore space. The samples with low porosity (13% -

16%) have relatively low IF-value (around 0.6) and are packed with pore-fi lling smec

tite. 

INTRODUCTION 

We have succeeded in building an effective medium model for impure chalk based on 

petrographic data. This is not a straightforward task, because the relationship between 

porosity and elastic moduli of carbonates depends on several factors. According to 

Marion and Jizba ( 1997) these factors are mineralogy, pore-shape and fluid type. 
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The problem of fluid type is in our case probably minor because Gassmanns relations 

apparently may be used even for ultrasonic data on chalk (R0gen at al. in rev.) . The 

problem of pore shape is related to porosity type. ln chalk the porosity is predominantly 

intergranular. In high-porosity chalk, pores arc ill-defined, and may be best described as 

the irregular continuous space around the irregular but well defined particles. When 

chalk is subjected to cementation, pores become more and more regular and well de

fined, while particles fuse to a progressively stiffer frame. During cementation the chalk 

will thus approach the spherical pore model of an Upper Hash in Shtrikman Bound 

(Hashin and Shtrikman, 1963). 

The question of mineralogy may in our case be simplified to a question of proportion 

between the dominant low-Mg calcite, quartz, kaol inite, and smectite. 

This does not solve the problem, however. Even small amounts of clay may signifi 

cantly reduce elastic moduli of sandstone (Han et al. , 1986), so that the texture (the spa

tial organization of mineral particles) has significant influence. In a recent study, A vseth 

et al. (2000) have shown how texture and degree of cementation both control the elastic 

moduli of sandstone. 

In the case of impure chalk we must then find out how the impurities are arranged, are 

they floating freely in the pore-space or are they part of the solid frame? As we wi ll 

show below, they may be either. We also need a means of assessing degree of cementa

tion, and thus stiffness of the chalk frame. In order to solve the problem we apply the 

concept of iso-frame (IF-value), (Fabri cius, 2002) which defines to which extent the 

chalk has achieved a stiff structure with spherical pores as defined by a modified Upper 

Hash in Shtrikman model (Nur et al. , l 998). 

We study of the relationship between chalk composition and elastic moduli in 24 plug 

samples of Danian chalk from the South Arne fie ld in the Danish North Sea (Macker

tich and Goulding, 1999). We furthermore demonstrate the usc of wire-line logging data 

to assess composition and degree of cementation. 
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METHODS 

Velocity data 

P- and S-wave modul i were measured on dry and water saturated I ½ inch plug samples 

(Table 1, Figure I). Samples were dried at l 10°C and left to equilibrate at room 

conditions to constant humidity before dry data were recorded; for smectite bearing 

samples th is resulted in up to 34% water saturation. In order to obtain wet data, smectite 

poor samples were saturated with calcite-equilibrated tap water. Smectite rich samples 

were saturated with synthetic formation brine, but contains up to 8% atmospheric air, due 

to low permeabi lity (Table l). The ultrasonic measurements were done at a hydrostatic 

confining pressure of 75 bar in accordance with the procedure described in R0gen et al. 

(in rev.). 

Other physical core data 

For all plugs, He-porosity and gas permeability, along with grain density were measured 

by standard methods. 

ln order to correlate core data to gamma ray-logs, the concentrations of U, Th and K 

were measured on powdered samples by a Nal-crystal gamma spectrometer; and in order 

to interpret the water saturation data, the specific surface of the samples were measured 

by N2 adsorption (BET). 

Textural and mineralogica l data 

We estimated the mineralogical and textural composition of each sample. The minera

logical composition was derived from X-ray diffractograms of bulk sample and insoluble 

residue, carbonate content by titration, Mg, Al, Si, K, Ca, Fe, and Ba by Atomic Adsorp

tion Spectrophotometric analysis of fil trate as well as remanence, P by spectrophotometry 

(Dr. Lange), and S by combustion in LECO-oven. 

Mineralogical and textural data were derived from thin section petrography, backscatter 

electron microscopy, qual itative energy dispersive microprobe analysis, and petrographic 

image analysis of electron micrographs at two magnifications (Figure 2). Large grains 

(more than 2 microns in cross section), and large pores (more than 0.5 microns in cross 

section) were determined by filtering based on the method of Borre (1998). Specific pe

rimeter of the calcite-pore interface was determined accord ing to the method of Borre et 
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al. (1997). Image analysis included assessment of the amount of si licates in suspension in 

the pores, as we ll as assessment of the amount of silicate grains in the solid frame. 

Effective medium model 

We constructed an effective medium model for the elastic moduli of the samples based 

on mineralogical and textural data. Large silicate grains, as well as large calcite grains 

and calcite cement were considered part of the solid frame, whereas smal l si licate

particles were considered to be suspended in the pore fluid . We modelcd the porosity to 

be spherical holes with part of the solid phase suspended in the pore flu id (air and water), 

and calculated to which extent the small calcite particles may be modeled as being a part 

of the solid frame (IF-value for the fine-grained calcite), and to which extent they may be 

modeled as being in suspension in order to fi t dry P-wave modulus data (model (1)). To

gether with the fraction of large particles this will define the total fraction of solid in the 

frame or iso-frame (IF) value of a sample (Fabricius, 2002). In order to obtain an lF-value 

based on petrographic data alone, we correlated the IF-value for the fine-grained calcite to 

the specific perimeter of the fine-grained calcite as measured by petrographic image 

analysis. We may now turn around and assess the IF value of the fine-grained calcite from 

image analysis data and calcu late the IF for the total sample from mineralogical and pet

rographic data alone (model (2), Figure 3, 4). 

In order to asses to which extend the IF value applies more generally, the IF-s of model 

(I) and (2) were used to calculate wet P-wave moduli, as well as S-wave moduli. These 

predictions fit reasonably well to the measured data (Figure 1). 

Model (2) thus involves the fo llowing steps when porosity is known: I) from minera

logical and petrographic analysis assessing amount of large calcite (microfossils and car

bonate cement), large sil icates (quartz, kaolinite, and feldspar clasts), suspended si licates 

(quartz, kaolinite, and smectite), as well as specific interface between fine-grained calcite 

and pores; 2) calculate IF for fi ne-grained calcite from specific interface, together with 

large grains this wi ll also define 1F for the total sample; 3) calculate elastic modulus for 

the suspension. For dry samples air, water and suspended solids were mixed according to 

a homogenous Reuss model. For wet samples, water and suspended solids were mixed 

according to Reuss model, whereas the air should be mixed with the fluid in accordance 

with a patchy Voigt model (Figure 5); 4) mix ing this suspension with the frame building 

minerals according to an Upper Hashin Shtrikman bound (Hash in and Shtrikman, 1963) 

as generalized by Benyman, and by modifying the bound under assumption of a critical 
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porosity (Nur et al. , 1998, citations in Mavko et al., 1998). A critical porosity of70% was 

in the present case chosen in accordance with ODP data (Fabricius, 2002). 

Log-interpretation 

The concept of IF-value allows us to model degree of cementation from logging data, 

alongside a more conventional interpretation of bulk composition (Figure 6). 

Solid composition was estimated from spectral gamma-ray Th data and from water satu

ration data. The Th-log was chosen because it correlates well with core-sample Th-data. 

We did not use the K and U signal of the spectral gamma-ray log as well as the natural 

gamma ray log because these logs in the present case have li ttle character and do not cor

relate with gamma-spectral core-data. The core-sample Th-data correlates roughly to total 

clay content and to non-carbonate fraction of the core samples. 

Fluid saturations were determined by the Archie method by assuming default petro

physical constants for carbonate: a = 1, m = 2, and n = 1. Hydrocarbon density 0.633 

g/cm3
, brine density: 1.054 g/cm3, and brine resistivity of 0.0225 Ohmm and 0.0260 

Ohmm respectively for Rigs-I and Rigs-2 (J. Jensenius pers. comm.). In the presence of 

more detailed knowledge of the relationship between chalk composition and petrophysi

cal parameters, these may be adjusted accordingly. 

For the studied wells, the water saturation gives information on chalk texture because 

almost the entire logged chalk interval is in the zone of irreducible water saturation. In 

this case we may assume that in the water wet chalk, the water covers the particle surfaces 

and rests at particle contacts (Fabricius et al. 2002). The water saturation was recalculated 

to water volume pr. solid vo lume, and correlated to specific surface by BET (also recal

culated to surface area pr. solid volume). BET correlates to the content of smectite in core 

samples. 

We may thus estimate content of oil, water, smectite, total clay and insoluble residue. 

In accordance with the petrographic data we assume that smectite is tota lly in suspension, 

whereas the remaining clay and insoluble residue are 50% in suspension and 50% in the 

frame. We may now determine the JF value via adjusting the proportion of calcite in the 

frame to fit P-wave modulus calculated from density and sonic logging data. 

In Rigs- I water saturations are relatively high, and we may use the logging data di

rectly. ln Rigs-2 water saturations are low and invasion may severely affect the sonic sig

nal (Gommesen et al. 2002). Therefore, the sonic velocity of the virgin zone was modeled 
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from porosity and fluid saturation data together with a relationship between porosity and 

elastic moduli based on core data and in accordance with the relationship for logging data 

of WalJs et al. ( 1998). 

RESULTS 

Core data 

Elastic moduli ca lculated from ultrasonic velocities in the chalk core samples may now 

be given a textural interpretation (Figure 1, 4, Table 1). 

Tn the porosity interval from 45% to 25% elastic moduli show a steady increase. The solid 

phase does not vary much in composition, but the IF-value increases gradually from 

around 0.5 to around 0.6. The frame bu ilding part of the solid contains a low to moderate 

amount of large grains of silicates and partially cemented calcitic microfossils (Figure 

2a); the suspended part of the solid includes apparently authigenic submicron-size quartz, 

smectite-illite, and kaolinite. 

In the porosity interval from 25% to 18% elastic moduli are more vari able but tend to be 

high. IF value varies between 0.5 and 0.9 with an average around 0.7. Samples with high 

elastic moduli (and high IF) are characterized by a microfossil-rich texture (Figure 2b) 

and pore-filling cementation (Figure 2c). Samples with low elastic modu li (and low IF) in 

this porosity interval are characterized by high amounts of suspended apparently authi

genic submicron-size quartz in the pore space (Figure 2t). 

For low porosity ( 13% - 16%), elasti c modul i tend to be lower than would be expected 

by extrapo lating the trend from high-porosity chalk; IF is around 0.6. These samples all 

contain pore-fill ing, possibly allochtoneous smectite (Figure 2d), accompanied by large 

kaol inite clasts (Figure 2e). Srnectite rich samples have high specific surface as measured 

by BET. 
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Logging data 

We may now app ly the lF model to log interpretation of the chalk interval of Rigs- I and 

Rigs-2 (Figure 6). 

Jn both wells the porosity varies considerably, but in general porosity is higher in Rigs-2 

than in Rigs 1. The lower porosities in Rigs I are accompanied by higher proportions of 

calcite in the solid frame. The proportion of calcite in the solid frame may be interpreted 

as degree of cementation, so that Rigs I in general appear more cemented than Rigs 2. In 

clay rich intervals the porosity may be low without the proportion of calcite in frame (i.e. 

degree of cementation) is correspondingly high. 

DISCUSSION AND CONCLUSIONS 

We found that elastic P-wave and S-wave moduli calculated from ultrasonic core sam

ples of impure chalk can be modeled from the mineralogical and textural composition of 

the solid phase as well as the pore fluid composition. The model is the same for S- and P

waves for dry as well as wet samples (F igure 1 ). 

In accordance with petrographic data, a part of the solid is mode led as suspended in the 

pore fluids. This suspension is then modeled as the soft component in a stiff frame com

posed of the remaining solid according to a Modified Upper Hash in Shtrikman bound un

der assumption of a critical porosity of 70%. 

Core data 

Jn order to do this, we applied the concept of IF-value which describes to which extent 

the solid of the sample may be regarded as a frame with spherical pores. In line with this 

concept, Anselmetti and Eberli ( 1997) found that carbonate samples with vuggy porosity 

tend to be stiffer than carbonate samples with other types of porosity. We see IF as a 

measure of degree of cementation and in accordance with this concept, samples with high 

IF indeed were seen to be heavily cemented and to have high elastic moduli. 

Jn the studied samples, part of the calcite is modeled as being in suspension although it 

physically is attached to other partic les. A link between the actual pore-shape and the IF 

model is the specific perimeter of the calcite-pore interface as measured by petrographic 

image analysis of electron micrographs. 
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The impuri ties of the chalk include quartz, kaolinte, and smectite. Quartz and kaolinite 

occur partly as solid clasts which we consider as part of the frame, partly as suspended 

pore-filling sub-micron-s ize particles. The ultra fi ne-grained quartz is apparently authi

genic and may be sourced from dissolved opaline foss il s. That these fossils have existed 

is indicated by the presence of molds. Smectite also occur in two textural ways. High

porosity samples may contain apparen tly authigenic smectite-illite, whereas low-porosity 

samples may be packed with apparently allochtoneous smectite. These low porosity 

smectite rich samples have relatively low IF and relatively low elastic moduli. 

Logging data 

Sonic logging data have been widely used as an indicator of porosity type, e.g. the ve

locity-deviation log of Anselmett and Eberli (1999). In the studied chalk the porosi ty is 

mainly of intergranu lar type, although intrafossil porosity and moldic porosity occur fre

quently but in minor amounts. 

Via the IF concept we suggest that the sonic log may be used as an indicator of cemen

tation. This requires that we first assess the mineralogical composition and :fluid satura

tions of the chalk, then estimate to which extent the non-carbonates are in the solid frame 

and to which extend in suspension (in the present case this was done from studies of core 

samples), and finally that we by iteration find which IF's fit the elastic modulus-log. 

The mineralogical composition was in this case assessed from the spectral gamma Th

log and from the water saturation. The Th log was used for a rough estimate of tota l clay 

as well as for total non-carbonate fraction. In the present case the integral gamma and 

spectral U and K-logs proved of little use, but this may depend logging equipment and on 

choice of drill ing mud. The use of water-saturation log as a smectite indicator is only 

val id because we could assume that the water saturation is irreducible. In the absence of 

these specific smectite data, we might have overcome the problem by adjusting the pro

portion of the total clay that we assume are in suspension. 
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F1a. I. Elastic modulus data and elastic models. Circles denote P-wave modulus data, squares denote S-wave modulus 

data. Thin lines: model {I) based on dry f>-wave and density data. Thick lines: model (2) based on image analysis data 

calibrated to model ( I). (a) Ory samples (b) Water saturated samples. Model ( I) fits the wet P-wave modulus data, 

whereas especially the dry S-wave moduli tend to be higher than predicted. Model (2) fits less well but has the advantage 

of being based on petrographic data. 
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FIG. 2. Backscatter electron micrographs of epoxy-impregnated and polished samples. Black indicates pore-space, various 

shades of grey reflect densities of the minerals. The black bars measure I O microns. (a) Rigs I, 9250.39 ft MD, chalk 

mudstone with 30.9% porosity. Of the bulk volume 4.8% is large calcite, 4.4% is large intra-fossil porosity and rnolds. 

Model ( I) and (2) both indicate an IF value of0.6. (b) Rigs 2, 2824.00 m MD, chalk wackestone with 24.7% porosity. Of 

the bulk volume 16.2% is large calcite grains and cement, 4.4% is large intra-fossil porosity, 26.2% is disperse sub

micron size pore-tilling quartz, and 1.1 % is disperse sub-micron size pore-filling kao!inite. Model (I) indicates an IF 

value of0.6, model (2) an IF value of0.5. (c) Rigs I, 9287.32 ft MD, white chalk wackestone with 20.4% porosity. Ofthc 

bulk volume 53.9% is large calcite grains and cement, 9.3% is large intergranular pore space. The calcite cement covers 

zoned dolomitc/ankcritc crystals. Model (I) and (2) both indicate an IF value of 0.9. (d) Rigs I, 9 11. l ft MD, chalk 

mudstone with 13.8% porosity. Of the bulk volume 6.1 % is clasts of quartz and al bite, 5.6% is pore filling smectite. 

Model (1) indicates an IF value of0.5, model (2) an IF value of0.6. (c) Rigs l , 9114 ft MD. Kaolinite clasts constitute 

6.9% of the bulk volume in the chalk mudstone with 14.1 o/o porosity. (f) Rigs I, 9 I 53.20 ft MD. Disperse sub-micron size 

pore-filling quartz constitute 9.2% of the bulk volume in the chalk mudstone with 19.5% porosity. 
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F1G. 3. Iso-frame (IF) model for chalk. (a) Backscatter electron micrograph of the epoxy-impregnated and polished sample 

Rigs I, 92 10.0 ft MO, chalk mudstone with 28.1 % porosity. The black bar measures I Omicrons. Of the bulk volume 

5.9% is fine grained silicates. (b) By petrographic image analysis the fine-grained calcite (including a pyrite crystal) is 

marked as white and the pore space as black. The fine grained silicates arc symbolized by grey circles. The specific 

perimeter of the while phase is calculated to be 2.9 micron·'. From correlation with elastic data, this specific perimeter 

corresponds to an lF value of0.65 for the fine-grained calcite. When taking large pores and grains (not visible at this 

magnification) and fine-grained silicates in to account, we obtain an IF value of0.6 for the sample. (c) Model: of the solid 

phase 70% is forming a frame with spherical pores. The remaining solids are suspended in the flu id within the pores. 
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FIG. 4. Composition of solid phase of chalk samples. The th ick line denotes the IF value of each sample. The part of the 

solid phase modeled as a solid frame with spherical pores is below the thick line. The part of the solid mode led as being in 

suspension is above the thick line. Large grains include calcitic microfossils, as well as clasts of quartz, feldspar and 

kaolinite. Fine silicates include (apparently athigenic) smeclite, kaolini te and quartz. 
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on extrapolation of data from Sw = 25%. The low Sw end point matches the data for the dry 20.3% porosity sample, 
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smectite content than Rigs 2, where the smectite log disappears in the curve separating water and total clay. Rigs I 

apparently is more cemented as indicated by a higher proportion of the calcite being part of the solid frame. 
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Dry samples Wet samples Composition of solid phase (1) (2) 

Core Non- Total Smee- Susp. Susp. Silica- Large IF IF depth 0 k BET l>S>" ... PaJid s.. V p V s s., Vp Vs carb. day tite Quartz Kaol. te gr. Calcite 
% mD m2/g g/cm3 g/ml % m/s m/s % rn/s m/s % % % % % % % 

Rigs 1 
ft 

9111 13.8 0.7 12.2 2.71 1.073 6.8 3020 2192 92.2 3132 1536 35.3 16.0 7.2 8.7 6.9 6.2 10.2 0.5 0.5 
9114 14.1 0.5 11.6 2.71 0.998 30.4 2659 1868 34.7 15.9 6.7 11.1 0 .0 11 .0 8.2 0.4 0.5 

91 14-h 14.0 3.1 12.9 2.71 0.998 34.1 3452 2155 41.4 21.2 8.5 9.2 6.4 9.3 7.2 0.6 0.5 
9116-h 14.9 15.0 10.2 2.70 1.073 11.8 3746 2375 102.6 3791 1871 32.6 13.5 5.8 9.6 5.8 5.2 6.8 0.6 0.5 
9117 14.3 0.4 10.2 2.71 1073 12.3 2004 103.0 3378 1702 30.8 14.4 6.0 4.5 5.5 9.3 6.4 0.4 0.5 

9117-h 14.8 0.7 10.9 2.73 1.073 11 .8 3556 2256 31 .7 14.6 6.0 5.6 0.4 12.6 8.8 0.6 0.6 
9138 15.8 0.1 7.5 2.70 0.998 7.7 3029 2137 102.4 3565 1904 20.0 9.3 3.3• 3.2 1.4 7.0 9.1 0.5 0.6 

9153-h 19.5 0.4 5.8 2.71 0.998 3.6 4024 2486 99.0 4051 2210 23.2 4.1 1.4• 10.6 0.0 6.0 6.9 0.7 0.6 
9154 24.7 0.2 3.2 2.71 0.998 1.9 3620 2250 97.9 3619 2015 19.8 2.3 o.8• 8.5 0.0 6.4 17.7 0.7 0.6 
9176 34.5 0.8 2.5 2.71 0.998 0.5 2893 1844 98.8 2993 1615 8.8 1.5 0.4· 3.3 0.5 2.5 10.3 0.5 0.6 
9193 14.6 0.0 3.3 2.71 0.998 5.0 4070 2590 95.2 4230 2412 21.2 3.7 o.r 7.1 0.0 9.0 3.0 0.7 0.7 
9210 28.1 0.3 4.0 2.71 0.998 1.7 3350 2124 98.3 3413 1879 9.2 3.0 0.6· 3.7 1.6 1.0 2.9 0.6 0.6 
9216 23.9 0.2 4.5 2.72 0.998 2.0 3361 2176 97.4 3521 1925 17.5 3.2 o.8· 5.1 0.0 8.2 3.9 0.6 0.7 
9230 34.6 0.6 2.7 2.69 0.998 0.3 3035 1890 99.6 3051 1640 12.3 1.6 0.4· 4.0 0.7 4.8 3.2 0.6 0.6 
9250 30.9 0.6 2.6 2.70 0998 0.6 3187 1972 97.8 3213 1765 11 .0 1.6 0.6· 7.5 0.6 0.0 6.9 0.6 0.6 
9274 18.8 0.1 2.5 2.71 0.998 2.0 4117 2529 99.8 4197 2378 26.2 4.2 1.6· 13.0 0.0 7.2 37.8 0.8 0.7 
9287 20.4 0.3 2.5 2.72 0.998 0.9 4296 2597 97.7 4437 2486 14.1 4.7 1.7' 0.0 0.0 10.1 67.7 0.9 0.9 

Rigs2 
m 

2800 41.6 1.9 3.2 2.70 0.998 0.5 2304 1622 98.8 2506 1394 23.6 5.1 0.6· 15.3 3.6 0.0 9.3 0.4 0.5 
2802 25.6 0.1 4.0 2.70 0.998 0.9 3576 2264 93.4 3574 2045 23.9 5.6 o.r 6.5 0.0 12.0 9.7 0.7 0.7 
2806 38.7 1.3 3.0 2.69 0.998 0.4 2578 1702 99.4 2680 1447 19.7 2.7 0.4* 13.8 1.6 0.2 6.6 0.5 0.5 
2814 39.8 1.4 2.9 2.70 0.998 0.2 2546 1645 99.3 2662 1396 10.8 2.5 0.3• 59 1.2 1.1 4.3 0.5 0.5 
2818 43.9 3.2 2.7 2.71 0.998 0.2 2386 1541 98.4 2506 1293 11 .7 2.3 0.3* 7.1 1.2 0.5 7.2 0.4 0.5 
2824 24.7 0.2 3.7 2.67 0.998 0.3 3408 2232 99.8 3509 2010 42.1 4.1 o.r 30.9 1.3 1.0 21 .5 0.6 0.5 
2826 20.3 0.2 1.7 2.70 0.998 0.8 4230 2611 98.5 4291 2452 21.7 1.1 0.2* 14.5 0.0 3.3 24.8 0.8 0.6 

TABLE. 1. Core plug data. -h indicates a horizontal sample, 0 is He-porosity, k is gas permeability, BET specific surface by N2 adsorption, p is density, 
Sw is water saturation, Vp and v5 are P- and S-wave ultrasonic (700 kHz) velocities measured at a hydrostatic confining stress of 75 bar. Experimental 
errors for vp is c.± 25 m/s for vs c. ±15 m/s. Composition of solid phase is interpreted from X-ray diffraction, chemical analysis, image analysis of 
backscatter electron micrographs and qualitative energy-dispersive microprobe analysis. IF's are from model (I) and (2). *smectite-illite. 
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Abstract 

We have found A VO-inversion to provide direct evidence for presence of light oil in the 

high-porous chalk of the South Arne field. We estimated the elastic properties of chalk 

at three different scales on the South Arne field, North Sea, by analysing ultrasonic core 

data, downhole log-readings and results of A VO-inversion based on near- and far-offset 

stack seismic data (Amplitude Versus Offset). We find that the velocity-porosity 

relation of the plug data are in agreement with a modified upper Hashin-Shtrikman 

model established for chalk from the Ekofisk field and due to higher porosities in the 

South Arne field we extend the range of the model to 45% porosity. ln pure chalk 

intervals, this model forthermore, matches log-estimated values of the shear modulus 

which are unaffected by fluid content according to Gassmann's relations. The model 

thus predicts the variations of the bulk modulus as a function of water saturation. We 

find that the sonic logging data represent chalk where the oil has been partly flushed by 

invasion of mud filtrate. We use the difference between logging data- and model

estimates of the shear modulus to correct the model by scal ing it according to clay 

content as estimated by the water saturation that is controlled by sil icate content and 

particle sorting in the zone of irreducible water saturation in water-wet chalk. Forward 

modeling of the acoustic properties of the virgin zone thus results in a characteristic 

depth-wise pattern of the Poisson ratio with low values in the high-porosity intervals. 

This pattern agrees with the inverted seismic data, whereas these features are not 

captured if the acoustic properties of the virgin zone are derived from the sonic logs and 
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estimates ofresidual oil in the flushed zone because of almost complete invasion where 

porosity is high. 

Introduction 

Understanding the influence of pore fluids on acoustic properties of sediments is a 

central issue for evaluating seismic data; e.g. in amplitude versus offset techniques 

which depend on the discrimination of fluid content from variations in P- and S

velocities (e.g. Castagna & Backus 1993). Much research has been focused on 

describing such effects in sandstone, whereas few studies have been published on the 

rock physics of chalk (e.g. Walls et al. 1998; Japsen et al. 2000; 2002; Fabricius et al. 

2002; Gommesen et al. 2002; R0gen 2002; Gommesen 2003). In the North Sea, chalk 

is an important reservoir rock and more information could be extracted from seismic 

data if fundamental physical properties of chalk were better understood. A phase

reversal due to the presence of gas in chalk was documented by Megson ( 1992), but so 

far, presence of oil in chalk has not been demonstrated to have effect on surface seismic 

data. The need for a better link between chalk reservoir parameters and geophysical 

observables has only increased since the di scovery of the Halfdan field proved major 

reserves outside four-way dip closures (Jacobsen et al. I 999, Vejbrek & Kristensen 

2000). 

We have investigated the acoustic properties of chalk of the Danian Ekofisk 

Formation and the Maastrichtian Tor Formation in the Danish South Arne field where 

porosities up to 45% are found in the Tor reservoir at c. 3 km depth due to overpressure 

caused by compaction disequi librium (Mackertich & Goulding 1999; Scholle 1978; 

Japscn 1998). We find that it is possible to describe the velocity-porosity relation for 

relatively pure chalk in terms of a modified upper Hashin-Shtrikrnan bound and 

Gassmann's (195 1) relations as suggested by Wal ls et al. ( 1998). The model predi.cts a 

pronounced change in the relation between P- and S-velocities (and thus a drop in the 

Poisson ratio) for oil-bearing chalk with porosities above c. 35%. This span in Poisson 

ratio makes it probable that the light oil in the high-porous chalk of the South Arne field 

may be detected through A YO-inversion of surface seismic data. But the link between 

the surface seismic data and the reservoir is hampered by invasion of mud fi ltrate into 

the zone where the sonic log is registered (Gommesen et al. 2002). We find that the 
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acoustic prope1ties of the reservoir agree with those estimated from A YO-inversion if 

we compute a synthetic sonic log from the modified upper Hashin-Shtrikman model 

with porosity and water saturation of the virgin zone as input. 

Data 

Measurements on core pl11gs 

Ultrasonic measurements (700 kHz) were carried out on 34 chalk samples from the 

South Arne field under both dry and saturated conditions; wells SA- I, Rigs- I and Rigs-

2 (Fig. 1; see also Regen et al. 2002; Japsen et al. 2002). ln order to prevent over-dry 

conditions, the samples were kept at room-moisture for two months after being dried at 

I I 0°C. The water saturation in the saturated plugs was generally between 97% and 

103% (related to minor weight errors), but low permeability prevented total saturation 

in three samples (Sw=92%- 95%). Three samples regained high water content after 

drying, as reflected in high smcctite content (Sw=7%- 12%; smectite content 3%- 7%). 

P- and S-wave velocities were determined from measured sample lengths and 

readings of travel times. The plugs were measured at 75 bar hydrostatic confining 

pressure corresponding to the magnitude of the effective stress at reservoir conditions. 

Density, p (g/cm3
], grain density, PQr, porosity,~ [fractions] and permeability, k (Darcy] 

were also determined. Mineralogical composition of the samples was modelled on the 

basis of X-ray diffraction data, chemical analysis of insoluble residue and of filtrate 

after treatment with hydrochloric acid, backscatter electron microscopy of epoxy

impregnated polished samples, as we ll as qualitative energy dispersive mieroprobe 

analysis. 

Very good correlation is observed between P- and S-velocity and porosity for 

saturated samples. Three samples with high clay content have outlying values relative to 

these trends. 

Log data 

Well log data from six wells in the South Arne fie ld were quality controlled and for the 

chalk sections we calculated porosity and shale volume, as well as water saturation and 

density of the virgin zone. Four wells have readings of compressional and shear 

velocities, Vp and Vs, and out of these wells data for the near-vertical Rigs-2 well was 
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selected for further analysis because we have good core data for this well and because it 

is situated outside the "gas clot1d" on seismic sections. 

Porosity, <j>, was estimated from log-readings of the bulk density, Pbulk, assuming 

full invasion of the mud filtrate and thus we converted density to porosity based on mud 

fi ltrate densities rather than of mixtures of brine and hydrocarbons (Fig. 2). These 

estimates of porosity were found to match porosity measured on core samples from the 

Rigs-) and -2 wells. 

Water saturation, Sw, was estimated for the virgin zone from a range of pore 

water resistivity values based on the LLS and LLD logs. A shallow resistivity log was 

however not available and the saturation, Sxo, in the zone invaded by mud filtrate could 

thus not be estimated directly. 

Shale volume was calculated from the gamma log based on a calibration to the 

measured gamma ray level in the sealing shale sequence relative to the purest chalk 

interval in each well. However, the relation between the gamma response and the clay 

content in the chalk may be rather arbitrary and the presence of e.g. smectite and sil ica 

are not recorded by the gamma log. 

Bulk density, p, of chalk for a given. water saturation was calculated as a function 

porosity: 

P = Pou(I- Sw)t/J + Pbrine · Sw · t/J + Pmalrix (I - t/J) 

for the density of oil, brine and chalk matrix in the reservoir of the South Arne field 

(Table 1). 

Seismic data 

Near- and far-offset data were avai lable from a 3D survey covering the South Arne 

field. The two sub-cubes are generated as partial stacks offset defined. 

Theory 

Fluid substitution using Gassmann's equations 

The bulk and the shear moduli, Kand G (GPa), of a rock are related to Vp and Vs 

[km/s] and density [g/crn3
] by the following expressions: 

K = p(V/- 4!3•v/), G = pV,2 . 
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We can transform the moduli of the rock for the initial fluid saturation (fluid 1) to 

moduli of the rock saturated with a new fluid (fluid 2) using Gassmann's (195 1) 

relations (see Mavko et al. 1998): 

Ksat2 = Km · Al( I+ A), Gsat 1 = Gsat 2 where 

(1) 

K sath K 8012 are the bul k modulus ofrock with the original and new pore fluid; Km is the 

bulk modulus of mineral material making up rock; Kn 1, Km are the bulk modulus of the 

original and the new pore fluid; Gsat1, Gsat2 are the shear modulus of rock with the 

original and the new pore fl uid. In particular we see that the shear modulus is predicted 

to be unaffected by fluid content. Gassmann's equations are established for 

homogenous mineral modulus and statistical isotropy. The equations are valid at 

sufficiently low frequencies such that the pore pressures induced by the sonic wave are 

equilibrated throughout the pore space. Gommesen et al. (2002) found that Gassmann's 

theory may be applied to chalk at logging frequencies 

and Mavko & Japsen (this report) concluded that Gassmann 's relations can be used to 

understand ultrasonic velocity-variations in chalk samples (cf. Japsen et al. 2002). We 

therefore apply Gassmann's relations to calculate the effects on the acoustic properties 

of chalk estimated from logging data when one pore flu id is substituted by another. 

Properties of mixed fluids and materials 

We can calculate the exact bulk modulus, Kn, of mixtures of fl uids, Kn 1, Kn 2 

(brine/hydrocarbons or brine/air) as a Reuss average if the fluids form a homogenous 

mixture (Fig. 3): 

1/ K ft= Sfl/ Kf/ 1 +(1-Sfl 1) / Kfl 2 (2) 

where Sn I is the relative saturation of fluid 1 (e.g. brine, Sw). Even small amounts of the 

light component (e.g. hydrocarbon or air) reduce the bulk modulus of the mixed fluid 

significantly because the average modulus is calculated from the inverse values of the 

individual moduli. 

The properties of mixtures can be estimated as a Voigt average as an 

approximation to the patchy saturation "upper bound" where the fluids are not evenly 

distributed: 

(3) 
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Here the average modulus is more dependent on the denser constituents. We assume 

Reuss mixing to be the best approximation based on the conclusion of Mavko & Japsen 

(this report) that fine-scale mixing is dominant at logging frequencies in chalk. 

Modified upper Hashin-Shtrikman (MUHS) model 

Walls et al. (1998) found that a modified upper Hashin-Shtrikman model predicts the 

velocity-porosity behaviour of chalk estimated from well logs from the Ekofisk field 

(porosities from I 0% to 40%). The model describes how the dry bulk and shear moduli, 

Kand G increase as porosity is reduced from a maximum va lue, ~111ax, to zero porosity. 

The upper and lower Hashin-Shtrikman bounds give the narrowest possible range on the 

modulus of a mixture of grains and pores without specifying anything about the 

geometries of the constituents (Hash in & Shtrikman 1963). The upper bound represents 

the stiffest possible pore shapes for porosity ranging from 0% to I 00%, whereas the 

modified upper bound is defined for porosity up to a maximum value less than I 00%. 

Here we refer the high-porosity end member as the maximum porosity rather than as the 

critical porosity which is defined as the porosity limit above which a sedimentary rock 

can only exist as a suspension (Nur et al. 1998). The low-porosity end-members, Ks 

and Gs, are the moduli of the solid at zero porosity found by extrapolation of the data 

trend at non-zero porosities. The modified upper Hashin-Shtrikman model, MUHS, is 

given by the dry-rock bulk and shear modulus, KMUIIS and GMUIIS : 

K MUIIS =[ r/J / </Jmax + l - rj>/rf>mux]-l -4. G 
Klmax + j G_, K,, + j G_, J J 

GMUIIS = [ </>_!_imax + 1- f/ <Pmo~ i-1 - Z where Z = Gs_ . 9Ks ~ 8G. 
G~mnx + Z., G., + Z,, s • s 6 K_, + 2G_, 

The end-member moduli of the dry rock found by Walls et a l. ( 1998) were 

K9max = 4 GPa, G9mnx 4 0Pa for $rnax = 40%, and 

K5=65 0Pa and 0 5=27 0 Pa for$ = 0% 

(4) 

Once these end-member parameters are estimated we can calculate the modul i of the 

dry rock rrom the MUHS model and given porosity and estimate moduli for the 

saturated rock using Gassmann 's relations and the appropriate fluid properties, and 

finally calculate Vr and V s-
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Extended MUHS model based on ultrasonic V-cj> data 

Ultrasonic data from core samples from the South Arne fie ld are in good agreement 

with the model of Walls et al. ( 1998), which is defined for porosities less than 40% (Fig. 

1 ). However, chalk porosities between 40% and 45% occur on the South Arne field as 

estimated from both log data and core samples. For this reason we extrapolated the 

range of the MUHS model from 40% to 45% by estimating the high-porosity end

member at 45% porosity while keep ing the low-porosity end-member unchanged 

(equations 4, 5): 

K4>max = 1.5 0 Pa, µ 4>111ax =2.5 0 Pa for ~max = 45% (6) 

This extrapolated model is in agreement with the acoustic properties of the south Arne 

plug samples with porosities between 40% and 45% (Fig. l). We tried to extrapolate 

the MUHS model to 50% porosity, but even with K4>111ax as low as 0.2 GPa the Vp

prediction was above that of the Walls et al. model and the measured values for the plug 

samples. The upper Hashin-Shtrikman formalism that reflects stiff pores shapes does 

thus not apply to the high porosity ( 45%-70%) pelagic carbonate deposits for which the 

increase of velocity with porosity reduction is limited (e.g. Urmos & Wilkens 1993). 

We can apply the MUHS model to compute elastic moduli and Poisson's ratio for 

chalk as a funct ion of porosity for the range of water saturations encountered on the 

South Arne field (Fig. 4), where the Poisson ratio, v [-], is defined as: 

v = 3K -2G = v: IV,2- 2 
2(3K + G) 2(V; IV/ - 1) 

We see that even minor amounts of oi l shift the bulk modulus down as expected from 

the assumed tine-scale Reuss mixing of the flu ids (Fig. 3). The shear modulus is, 

however, unaffected by fluid properties as predicted by Gassmann's relations and 

consequently we predict pronounced variations in the Poisson ratio at high porosities. 

For pure brine, the Poisson ratio is almost constant :::::0.3 1 for I 0% <~< 36%, but 

increases along a banana shaped curve to 0.35 for ~=45% (cf. Gommesen 2003). For 

pure oil, the Poisson ratio decreases to 0. 14 for ~=45% and we thus get a pronounced 

span in Poisson's ratio for porosities above c. 35% between heavy brine and light oil 

(density 1.035 and 0.633 g/cm3
). This span in Poisson ratio predicted by the MUHS 

model makes it probable that the light oil in the high-porous chalk on the South Arne 

field might be detected through AVO inversion of surface seismic data. 
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Sonic measurements in chalk affected by mud invasion 

The acoustic properties of high-porosity chalk depend critically on fluid content, 

and we expect that the acoustic signal travels in the zone close to the well bore. Because 

there is no shallow resistivity log avai lable, we cannot follow the procedure of 

Gommesen et al. (2002) and compare the acoustic signal to a model based on the 

saturation in the invaded zone. We do, however, not know if invasion was significant, 

and thus whether the acoustic waves registered by the sonic logs in the Rigs-2 well 

travelled through the invaded zone where the water saturation, Sw, is known from the 

deep resistivity log. We will examine the sonic data by comparing them to the MUHS 

model for brine at reservoir conditions using Gassmann's relations (eq. 6; Table l ). The 

MUHS model is in agreement with both ultrasonic data from the South Arne field and 

with the log data from the near-by Ekofisk field. 

We find that the logging data are influenced by the presence of hydrocarbons (Fig. 

5A): Bulk modulus and Poisson's ratio arc low compared to the MUHS model due to 

presence of low-density oil. The shear modulus (which is unaffected by fluid content 

according to Gassmann theory) plots close the MUHS trend for ~ < c. 40% (see below). 

Note that the high-porosity chalk appears to be almost completely flushed as the bulk 

moduli are close to the MUHS model for <1>>40%. 

If the sonic log data are transformed from water saturation as estimated by Sw to 

brine conditions assuming no invasion, the result appears to be overcorrected (Fig. 5C): 

The bulk modulus plots above the MUHS model for high porosities. We therefore find 

that the sonic logs in the Rigs-2 well are measured in chalk where oil is present but in 

smaller amounts than indicated by Sw due to invasion of mud filtrate ( cf. Gommesen et 

al. 2002). 

Erroneous S-velocities from log data for porosities above c. 40% 

The S-velocities measured by the dipole log in the Rigs-2 well arc almost constant and 

increasingly higher than those predicted by the extended MUHS model for porosities 

above c. 40% (Vs less than 1.3 km/s) - and thus higher than Vs measured on the chalk 

samples (see plot of G versus <I>, Fig. 5). At 45% porosity, the shear velocity based on 

lab data is only 1.1 km/s whereas the value from the log data remains c. 1.3 km/s 

(G=2.4 and 3.5 GPa, respectively). We suggest that this difference is due to erroneous 
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log-determination of Vs when S-wave travel times becomes so long that the S-arrivals 

are masked by minor P-waves or by direct arrivals in the borehole mud. 

Acoustic properties of the virgin zone 

We want to estimate the acoustic properties of the virgin zone with water saturation Sw 

to compare with the seismic data that reflect rock properties unaffected by invasion of 

mud fi ltrate. We are, however, confronted with two obstacles: First and most 

importantly, that the sonic log is measured in the mud-invaded zone where we do not 

know the water saturation, Sxo. Second, that the recording of the shear velocities appear 

to be e1Toneous for porosities above c. 40%. Two approaches may be fo llowed: 

• Either to estimate Sxo from empirical relations of irreducible water saturation in 

chalk and transform the sonic data to Sw-conditions using Gassmann's relations 

(Fig. 6) 

• or to estimate the acoustic properties from forward modeling using the MUHS 

model and Gassmann's relations with <j) and Sw as input. The bulk moduli 

estimated from the model and from the data may be used to quantify Sxo using 

Gassmann 's relations (Fig. 7). 

Virgin zone properties estimated from sonic data and Land's equation for residual oil 

The water saturation of the flushed zone, Sxo (equivalent to the residual oil content) 

may be estimated from Land's fo rmula (Land 1968): 

S ;;;;; 1- 1-S,.; 
XO I + C(l - sw,, ) 

(7) 

where Swi is the initial water saturation (=Sw, the saturation of the virgin zone), Swir is 

the irreducible water saturation and C=2.5 for the South Arne field (Flemming l ff, pers. 

comm.). We can calculate Swir from the normalised capillary pressure curve method 

developed for the tight chalk in the North Sea (the equivalent radius method, EQR; 

Engstr0m 1995): 

where A and B are constants. We compute Sxo for the Rigs-2 well based on these two 

equations where we distinguish between the Ekofisk and Tor formations where Swir is 

higher for the Ekofisk Formation (Fig. 6); A=0.12641, B=2.45422 (Ekofisk Fm) and 
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A=0.06596, B=2. l 9565 (Tor Fm) (P. Frykman, pers. comm.). The mean water 

saturation is predicted to increase from l 7% to 76% in the fl ushed zone of the Tor 

Formation and Sxo is seen to mirror Sw so that relatively more oil is removed from the 

more oi l-saturated intervals. Based on this estimate of Sxo we can do fluid substitution 

to any saturation using Gassmann 's relations and Reuss fluid mixing law ( eqs I, 2). 

Resulting acoustic response 

We assume that the measured Vp- and Vs logging-data (b lue curves) reflect the 

conditions of the flushed zone with Sxo estimated by Land's equation, and do fluid 

substitution to compute the acoustic properties of the chalk saturated with the fluids of 

the virgin zone (red curve) and with pure brine (green curve) (Fig. 6b). The P-velocity 

of the invaded zone and of the virgin zone are not predicted to di ffer much because the 

fluid properties are rather identical for medium saturations due to the assumed Reuss 

mixing of the fluids (Fig. 3). A bigger change in Vp is pred icted from the data curve to 

the brine curve (green). This is to be expected from the assumed Reuss fluid mixing 

because minor amounts of light fluids reduce the bulk modulus of the brine notably. 

Virgin zone properties estimated from the MU flS model with rp and Sw as input 

Forward modeli ng may be used to calculate the acoustic response corresponding to the 

measured porosity and the water saturation, Sw, in the virgin zone (Fig. 7). The 

modeling is done in three steps where step 2 may be included to correct the moduli of 

the most shaley intervals: 

I . Calculate the properties of the dry rock from the MUHS model with the porosity 

log as input (eq. 6). 

2. Correct the moduli in the intervals with impure chalk as estimated by Sw by 

scaling the low-porosity end-member of the MUHS model (see be low; eq. 8). 

3. Calculate the properties of the virgin zone where the water saturation is given by 

Sw using Gassmann 's relations and the Reuss mix ing law (eqs l , 2). 

Corrected MUHS model 

ln Fig. 8 we see the result of the uncorrected MUHS model (steps I and 3) and the 

corrected MUHS model (steps 1 to 3) compared with the measured data. The big 

difference in the bulk modulus between the model (of the virgin zone) and data (from 

the flushed zone) is caused by removal of oi l by mud invasion. However, the shear 
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modulus is unaffected by fluid content and the model-estimate of G is close to the data

estimate. We compute the difference in the estimates of the shear modulus as 

t::.G = GMuus - Gd
111

,
1 
for the uncorrected MUHS model (Fig. 9). We get large differences 

expressed as t::.G up to 10 0Pa where porosi ty is low (and moduli large) and where 

water saturation is high. The clay content estimated from the gamma log reveals, 

however, no correlation with the mismatch between model and data. Furthermore, we 

get minor differences expressed as t::.G down to - 2 GPa for porosities above 40%. 

The too low S-velocities (t::.G<0) modelled at high porosities may be explained by 

erroneous log-measurements of shear velocities as discussed above. Our interpretation 

of the too high S-velocities (t::.G>0) modelled at low porosities is that velocity is 

reduced due to a content of clay, which causes the assumption of a calcite mineral 

matrix to be too inaccurate. The clay content estimated from the gamma log does 

however not correlate with t::.G, partly because this log may be erroneous, e.g. due to use 

of oil-based dri II ing mud and partly because non-carbonate constituents as quarts and 

smectite have no or insign.ificant gamma response. We thus assume that the water 

saturation can be regarded as a measure of the impurities in the chalk which in this well 

where the water is irreducible (Fig. 7). 

The water saturation may be regarded as irreducible because the water saturation 

does not increase with depth (apart from the deepest I O 111 of the Tor Formation), so that 

the water saturation reflects the size of the particle-pore interface and amount of particle 

contacts (Fabricius et al. 2002). The controlling factor for the degree of water 

saturation in the chalk thus becomes clay content and particle sorting. A clear 

distinction between the Ekofisk and the Tor formations is revealed by Sw but not by the 

gamma log (Fig. 7). The distinction between these formations is also evident from the 

well-known lower permeability of the Ekofisk Formation that may be attributed to the 

higher content of silicates in the Ekofisk formation (R0gen 2003). The relatively low 

moduli for chalk with high shale content is also evident from the plug data with values 

of t::.G and t::.K up to - I 0.5 and -10.0 GPa around 15% porosity (Fig. 1 ). 

Jn order to correct the MUHS model (eq. 6) for the effect of clay-softening we 

have chosen a simplistic, but apparently effective approach (Figs 9a2, b2): We have 

scaled the low-porosity end-members, Ms, of the MUHS model (eq. 5) by the 'clay' 

content, cl, taken as cl = Sw - 0.2. For a given value of Sw, we calculated Ms as a kind 
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of Hill average by computing the arithmetic average of the upper and lower Hashin

Shtrikman bounds, HSu and HSL (see Mavko el al., 1998): 

(8) 

where the bounds are calculated as a mixture defined by cl between the 'no-clay' end

member moduli for pure chalk given by Walls et al. (1998): Mcha1k=(6S GPa, 27 GPa) 

and the end-member moduli for pure 'clay' equals those for clay given by Table 1: 

Mc1ay=(25 GPa, 9 GPa). This procedure effectively scales Ms between M chalk for Sw<0.2 

and (30 GPa, 11 GPa) for Sw= I. The correction reduces the too high predictions of G to 

match the data values in the low-porosity zones where Sw reaches maximum values (cf. 

Figs 7, 8). 

Water saturation estimated from sonic data 

The bulk modulus, Ksat, of the flushed zone is known from the sonic data whereas the 

dry-rock modulus, Kdry, of the chalk can be estimated from the corrected MUHS model 

(eq. 8; fig. 8). To avoid erroneous Vs-data we use Vs from the corrected MUHS model 

to compute K sat for ~>40%. We can thus rearrange Gassmann 's relations expressed in 

terms of Ksat and Kdry to give us the effective bulk modulus, kn, of the pore fluid in the 

flushed zone (eq. I; see Mavko et al. 1998): 

k "'K A - B h A K.ra, B ;;;; K d,y JI = v, ,,, , w ere = , 
1 + </J(A - B) K111 - K.ra, K,,, - Kdry 

Substituting this result into the Reuss equation for fine-scaled fl uid mixing in the 

reservoi r ( eq. 2), we get the saturation of the flushed zone, Sxo: 

kbrine(ko/1 - kjl) s XO = - --------
k jl (koil - kbri11c) 

(9) 

where koil and kbrinc are the bulk moduli of the oil and the brine of the reservoir (Table 

J ). Only values of Sxo in the interval from 0 to I are val id (234 out of 306 data points 

for the Rigs-2 well). Sxo is predicted to be 81 % in the Tor Formation which is in very 

good agreement with the 76% obtained by Land's equation (eq. 7). However, Sxo has a 

large scatter and the indicated mean value includes values above 90% water saturation 

over much of the Tor reservoir where porosity exceeds 40% (Fig. 7). 
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Resulting acoustic response 

Also in this case we assume that the measured Vp- and Vs-data (blue curve) reflect the 

conditions of the flushed zone with water saturation given by Sxo, which may be 

estimated over part of the reservoir by the above equation (Fig. 7). However, we 

estimate the acoustic properties of the chalk in the virgin zone (red curve) from the 

corrected MUHS model based on the porosity log and Sw (Fig. 7b). The P-velocity of 

the flushed zone docs not differ much from that predicted for brine (green curve) 

because of the almost complete mud invasion. A significant difference in Vp is now 

predicted between the virgin zone and the flushed zone. 

A VO-inversion based on logs from the MUHS model 

A YO attributes were calculated from inverted 2D seismic lines (near- and far-offset 

data) extracted from the South Arne 3D survey. The inversion was carried out for the 

two-way time window 1.9-3.6 sand was targeted on the chalk interval (cf. Cooke & 

Schneider 2003). Log data from the I-lx, Rigs- I, -2 and SA- I wells were used in the 

inversion process. These data comprise Yp- and Vs-data based on the corrected MUHS 

model described above plus density logs, check shot and deviation data. Using a least

squares wavelet estimation method with constrain on the phase, wavelets were 

estimated for each offset stack. The wavelet estimations was carried for each of the 

wells (Fig. 10). The 1-lx well has no shear log data so Vp/Vs=2 was used in the 

calculations. The wavelet estimated from the l- 1 x well was preferred based on inversion 

tests. 

Low-frequency components of the acoustic impedance variations with depth are 

not present in seismic data. Since this information is essential to the interpretation, it 

should be accounted for in the seismic inversion. Low-frequency near- and fa r-angle 

impedance models were constructed by extrapolation of the angle-dependent impedance 

well logs through the 3D volume tied to seismic horizons, fo llowed by low-pass 

filtering (cf. Castagna & Backus 1993). The final inversion results models 93.7% of the 

seismic energy for the near-offset stack and 93.4% for the far-offset stack. The 

inversion results are good in terms of match with the angle impedance well logs. 

A VO-attributes were computed from the angle-dependent impedance inversions 

combined with low-frequency information (Bach et al. 2003): Acoustic impedance, 

shear impedance and Poisson's ratio were extracted at the location of the Rigs-2 well. 
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The A VO-results are good in terms of match with the well log data. Low values of 

Poisson 's ratio at the location of Rigs-2 is in agreement with the presence of light oil in 

the high-porous chalk of the South Arne field (Fig. 11). 

Discussion and conclusions 

We have extended the Modi fied Upper Hashin-Shtrikman trend established by Walls et 

al. (1998) for chalk on the Ekofisk field based on log data. This trend describes an 

empirical relation between porosity and the dry-rock moduli of chalk and hence velocity 

of saturated chalk through application ofGassmann 's relations. Ultrasonic data for 

relatively pure chalk samples of the Ekofisk and Tor formations from the South Arne 

field match the trend and due to the higher porosities on the South Arne fie ld we can 

extend the range of the MUHS model from 10%-40% to 10%-45% (eq. 6). Shaley 

chalk samples, e.g. with a smectite content of 3%- 7% have significantly smalJer moduli 

and a higher Poisson ratio than the general data trend. Modeling of the acoustic 

properties of chalk as a function of water saturation predicts a pronounced drop in 

Poisson ratio for oil-bearing chalk with porosities above c. 35%. 

Comparison of the MUHS model with sonic data from the South Arne field clearly 

show that the data records the conditions of a zone close to the well bore where drilling

mud has flushed the reservoir and the water saturation, Sxo, thus is higher than the 

saturation, Sw, in the virgin zone as estimated from the deep resistivity log. Lacking 

shallow resistivity data to assess the water saturation in the flushed zone we have 

investigated two approaches to estimate the acoustic properties of the virgin zone in 

order to compare the result with inversion of surface seismic data: 

l. Estimation ofSxo from Land's (1968) prediction of the irreducible water 

saturation in chalk fo llowed by transformation of the sonic data to Sw

conditions using Gassmann's relations (eq. 7). 

2. Estimation of the acoustic properties from forward modeling using the MUHS 

model and Gassmann's relations with <I> and Sw as input. The bulk modulus 

depend on tluid content and we use differences between the sonic data and the 

MUHS model to quantify Sxo using Gassmann 's relations and Reuss' fine-scale 

fluid-mixing law. The shear modulus, G, is unaffected by fluid content and we 

observe good agreement between MUHS model and data in pure chalk. We use 

the differences between data- and model-estimates of G to establish a corrected 
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MUHS model where we scale the low-porosity end-member of the MUHS trend 

accordi ng to shale content as estimated by Sw. We do so because the MUHS 

model predicts too high shear moduli where porosity is low and water saturation 

is high, whereas we see no correlation with clay content estimated from the 

gamma log. The water saturation can thus be regarded as a measure of the 

impurities in the chalk in this well where the chalk is water-wet and the water 

saturation is irreducible. The controlling factor for the degree of water saturation 

thus becomes clay content and particle sorting. The MUHS model predicts the 

shear modulus to be smaller than observed from logging data for porosities 

above c. 40%. We suggest that this difference is due to erroneous log

determination of Vs when S-wave traveltimes becomes very long. 

A characteristic depth-wise pattern of the Poisson ratio with pronounced peaks at top 

Ekofisk and top Tor and low values in the high-porous Tor reservoir results from 

forward mode ling of the acoustic properties of the virgin zone (Fig. 12). This pattern is 

in good agreement with the inverted seismic data (Fig. 11), but these features are not 

captured in the approach based on Land's (1 968) equation. We therefore find that 

Land's equation underestimates the rnud-invasion of the high-porous part of the 

reservoir. We find that the best way to estimate the acoustic properties of the virgin 

zone is to use the extended Modified Upper Hashin-Shtrikman velocity-poros ity 

relation for chalk presented here. A VO-inversion of the seismic data based on such 

synthetic sonic logs reveals a zone of very low Poisson ratio that correlates with the oi l 

reservoir in the Tor Formation. A VO-inversion thus provides direct evidence for 

presence of oil in high-porous chalk saturated with the light oil of the South Arne field. 
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Table 1. Elastic properties. Bulk and shear modulus, Kand G, and density, p. 

K G p 

[0 Pa] [0Pa] (g/cm3
] 

Calcite 71 30 2.71 

Clay 25 9 2.70 

Brine 2.96 .. 0 1.035" 

I lydrocarbon o.s2· 0 0.633. 

Mineral properties after Mavko et al. (1998). Fluid properties estimated for the 

Rigs-2 well. 

* Densities estimated at reservoir level at the South Arne fie ld (J. Jensenius 

pers.comm.) 

•• Values for fluids at the crest of the South Arne fie ld estimated with Batzle-Wang 

algorithm FOR T=l00°, P=44 MPa, Oil gravity=33 API, Gas gravity=0.8 l5 (Alister 

Colby pers.comm.). GOR=l685 scf/BBL in order to match the hydrocarbon density. 
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Fig. 1. Acoustic properties of 34 saturated chalk samples versus porosity. 

a. P-velocity, Vp. 

b. S-velocity, Vs. 

c. Poisson's ratio. 

20 30 "° Porosity (%) 

Good agreement is observed between the South Arne core data and the MUHS model 

based on log data from the Ekofisk field (full line; eq. S; Walls et al. 1998;). We suggest 

an extrapolation of the model from 40% to 45% porosity that agrees with the plug data 

(dashed line; eq 6). Both lines for brine at reservoir conditions. Acoustic properties 

measured on core samples saturated with tap water at 75 bar confining pressure and 

transformed to the brine properties at reservoi r conditions in the South Arne field using 

Gassmann 's relations (Table l). MUHS: Modified Upper Hashin-Shtrikman. 
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Porosity (%) 

Figure 2. Porosity logs for the Rigs-2 well and data points for core porosity. Note the 

agreement between core porosity and the density log, PHirho, which was estimated 

from log-readings of the bulk density, Pbulk, assuming full invasion of the mud filtrate. 

This indicates that Pbulk measures in the zone fully invaded by mud fil trate . The neutron 

porosity log, NPHT, underestimates porosity due to the presence of hydrocarbons. 
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Fig. 4. Acoustic properties of chalk as a function of porosity and water saturation, Sw, 

predicted from the MUHS model and Gassmann 's relations assuming fine-scaled Reuss 

mixing of the fluids (cqs 6, I, 2). 

a. Bulk and shear modulus, Kand G. 

b. Poisson ratio. 

Note the pronounced variation in Poisson ratio for porosities above c. 35% between 

pure brine and pure oil (density 1.035 and 0.633 g/cm3
; Table I). MUHS: Modified 

Upper Hashin-Shtrikman. 
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Fig. 3. Acoustic properties as a function of water saturation for chalk with 40% 

porosity. 

a. Bulk and shear modulus, K and G. 

b. P- and S- velocities, Vp and Vs, 

c. Poisson ratio. 

Flushing of the reservoir increases the bulk modulus of the oil-brine mixture along a 

Reuss curve . 

Minor variations in the estimation of Sxo result in major changes in the acoustic 

properties as ind icated by the dashed lines. Dry-rock properties from MUHS model and 

fluid properties for the South Arne field (eq. 6; Table l) 

Legend: 

Sw: Water saturation of the virgin zone. 

Sxo': Saturation of the mud-invaded reservoir according to Lands equation for residual 

oil (eq. 7; Fig. 6). 

Sxo": Saturation of the mud-invaded reservoir estimated from sonic data and the 

MUHS model (eq. 9; Fig. 7). 

Upper bound: Voigt fl uid mixture (eq. 3). 

Lowert bound: Reuss fluid mixture (eq. 2). 

MUHS: Modified Upper Hashin-Shtrikman. 
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A. Raw data: 
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Fig. 5. Acoustic properties of the chalk in the Rigs-2 well versus porosity. 

a. Bulk and shear modulus, Kand G. 

b. Poisson's ratio. 

Note that the estimated shear moduli - that are unaffected by fluid content - plot on the 

MUHS trend for <j>>40%. This suggests that the MUHS model is valid for log data for 

the South Arne chalk and that the shear velocity log data probably are erroneous for 

cj)>40% where Vs is predicted to be less than 1.4 km/s. 

A Original data. Bulk moduli plot below the MUHS model due to presence of 

hydrocarbons whereas shear moduli plot on the trend. Note that for cj)>40% the 
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bulk modul i are close to the MUHS model for brine conditions and this indicates 

that the high-porosity chalk is almost completely flushed. 

B. Substitution to brine conditions assuming invasion according to Land 's equation 

(eq. 7). Bulk moduli plot close to the MUHS model ror ~ up to 40% indicating 

that Land 's equation works well at medium porosities. 

C. Substitution to brine conditions assuming no invasion. Bulk moduli plot above 

the MUI rs model indicating that Sw overestimates the oi l-content in the flushed 

zone. 

Legend: 

Full lines: MUHS model for brine at reservoir conditions (equations I, 6; Table 1). 

MUHS: Modified Upper Hashin-Shtrikman. 
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Fig. 7. Log data and predictions based on the corrected MUHS model for the chalk 

section in the Rigs-2 well ( eqs 6, 8; Fig. 8). 

a. Clay content (from gamma log), porosity and water saturation, Sw and Sxo. Sxo 

(dots) is estimated from the relation between the measured sonic data and the 

corrected MUHS model (eq 9). 

b. Vp and Ys. Data and predictions of the corrected MUHS model based on porosity 

and Sw. Brine-estimate for Vs not shown. 

c. Poisson ratio. Data and predictions of the corrected MUHS model. Brine-estimate 

not shown. 

In the high-porosity oil zone of the Tor Formation, the oil is predicted to be almost 

completely flushed as indicated by the closeness of the measured Yp(Sxo) (blue curve) 

and the predicted Vp(brine) (green curve) whereas Yp(virgin zone, Sw) is predicted to 

be low (cf. Fig. 3). MUHS: Modified Upper Hashin-Shtrikman. 
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Fig. 6. Log data and predictions based on Land's estimate of res idual oil for the chalk 

section in the Rigs-2 well (eqs 6, 8~ Fig. 8). 

a. Clay content, porosity and water saturation, Sw and Sxo. Sxo is estimated from 

Land 's equation (eq 7). 

b. Vp and Ys. Data and predictions based on fluid substitution from Sxo. Brine-

estimate for Vs not shown 

c. Poisson ratio. Data and predictions of the Land model. Brine-estimate not shown. 

In the high-porosity oil zone of the Tor Formation, Sxo is predicted to be reduced to c. 

75% and due to the Reuss mixing of the fluids the acousti c properties of invaded zone 

and of the vi rgin zone do not differ much. This is indicated by the closeness of the 

measured Vp(Sxo) (blue curve) and the predicted Vp(virgin zone) (red curve) whereas 

Vp(brine) (green curve) is predicted to be sign ificantly higher (cf. Fig. 3). 
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Fig. 8. Log response predicted for the virgin zone from the corrected and the 

uncorrected MUHS-model compared with data from the invaded zone (eqs 6, 8). 

a. Shear modulus. 

b. Bulk modulus. 

Note the good agreement between the shear modulus estimated from data and from the 

corrected MUHS model. Poor sorting and clay content may explain the difference 

between the estimated shear modulus from uncorrected MUHS model and from the data 

in the tight zones (Figs 7, 9). The difference between the two estimates of the bulk 

modulus is caused by removal of oil by mud invasion in the zone investigated by the 

sonic log. MUHS: Modified Upper Hashin-Shtrikman. 
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Fig. 9. Error in prediction of the shear modulus, ~G=GMuHs - Gda111 and 6Gc=GMUHS_c -

Gdnta where GMUHS and GMUHs_c are estimated from the MUHS model and the corrected 

MUHS model (eqs 6, 8). 

al-c l. 60 versus porosity, water saturation and clay content estimated from the 

gamma log. 

a2- b2. 6-0c versus porosity and water saturation. 

The error in the MUHS model correlates with Sw and this indicates that the water 

saturation reflects the degree of impurity of the chalk in this reservoir where the chalk is 

water wet and the water saturation irreducible (see Fig. 7). The clay content estimated 

from the gamma log does not correlate with 60. MUHS: Modified Upper [ [ashin

Shtrikman. 
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Fig. l 0. Near offset stack: Least squares wavelet estimation in well I- Ix. 

It 

I' 

Left: Synthetic seismic trace obtained by convolution of the optimum wavelet (length 

36 samples) with the near offse t angle reflectivity log from the well inserted into the 

seismic data. 

Top right: Amplitude spectra in the wavelet estimation window of the seismic trace at 

the well location and the synthetic seismic trace. 
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Bottom right: Relative misfit energy, Akaike's FPE, cross-correlation and relative 

number of parameters for the wavelet suite. Left-hand axis refers to the curves of 

relative misfit energy and Akaike's FPE. Right-hand axis refers to the curves of cross

correlation and relative number of parameters. 

Bottom: Wavelet suite. The lengths of the predicted wavelets range from 20 samples to 

44 samples (80 ms to 176 ms, horizontal axis). 
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Fig. 11 . Two-way time section with A VO-invers ion of seismic data and inserted log 
response for the Rigs-2 well computed from forward modeling of the corrected MUHS 
model, NE-SW (Fig. 7). 

a. Acoustic impedance, b. shear impedance, c. Poisson ratio. 
Very good agreement is observed for both acoustic and shear impedance. Note the 
peaks in the tight zones near top chalk and top Tor, There is good agreement between 
the log- and A VO-pattern of Poisson 's ratio, e.g. the peak at top Tor and the low values 
within the Tor Formation. This pattern cannot be resolved by the log if the acoustic 
properties are estimated from the sonic log because the water saturation near the well 
bore is unkown (Figs 6, l2). 
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Fig. 12. Poisson's ratio versus measured depth estimated for the virgin zone based on 

Land 's equation and on the corrected MUHS model (eqs. 7, 8). Forward model ing 

based on the MUHS model results in a low ratio in the high-porous Tor reservoir and 

pronounced peaks at top Ekofisk and top Tor in agreement with the inverted seismic 

data (Fig. 1 l). These features are not captured in the approach based on Land's equation 
' 

because this model underestimates the flushing of the reservoir. 
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FLUID SUBSTITUTION IN CHALKS: EFFECTS OF 

SATURATION SCALES 

Gary Mavko and Peter Japsen 

ABSTRACT 

[n this paper we discuss some aspects of ultrasonic t1uid substitution in chalks. We find that 

Gassmann 's relations can be used to understand the variations of velocity with saturation in our 

samples, even though the velocity data are ultrasonic (high frequency). This suggests that in 

these samples there are no significant high frequency dispersion effects from the squirt-flow or 

Biot mechanisms that would invalidate the use of the Gassmann 's relations. There is, however, 

evidence for patchy saturation in the ultrasonic data with a characteristic patch size less than 

1/ 10 mm. This is observed in limited Vp and Vs versus Sw data. We also find that flu id 

substituting to full brine saturation using a modified patchy mixing rule gives velocities more 

consistent with empirical trends than assuming a fine-scaling mixing rule. It is likely that fine

scale mix ing is dominant at logging frequencies in chalks. Another finding is that the dry-rock 

ultrasonic data tend to be inconsistent, in a Gassmann sense, with data from the water-bearing 

samples. Specifica lly, the dry rock velocities are "too fast." 

INTRODUCTION 

In this paper we discuss some aspects of ultrasonic fluid substitution in chalks. One 

important finding is that Gassmann's ( 1951) relations can be used to understand the variations 

of velocity with saturation in our samples, even though the velocity data are ultrasonic (high 

frequency). This suggests that in these samples there are no significant high frequency 

dispersion effects from the squirt-flow (Mavko and Jizba, 199L) or Biot (1956) mechanisms 

that would invalidate the use of the Gassmann 's relations. There is, however, evidence fo r 

patchy saturation in the ul trasonic data (Domenico, 1975; Dutta and Ode, 1979; Knight and 

Fluid substltlltion in chalks 



Nolcn-Hoeksema, 1990; Mavko and Nolen-Hoeksema, 1994; Mavko and Mukerji, l 998). 

Patchy saturation is another fonn of velocity dispersion, and its presence means that care must 

be taken to choose an appropriate mixing law for the air-water mix in the rocks, before applying 

Gassmann 's relations . 

Another finding is that the dry-rock ultrasonic data tend to be inconsistent, in a Gassmann 

sense, with data from the water-bearing samples. Specifically, the dry rock velocities are "too 

fast," an observation reported by other workers for limestones (Cadoret, 1993) and sandstones 

(Murphy, 1982; Knight and Dvorkin, 1992; Tutuncu, 1992). Third, we find evidence of patchy 

saturation during drainage of chalk samples at water saturation above c. 70% and ultrasonic 

frequencies. This corresponds to a characteristic patch size of much less than l mm for the 

chalk and it is thus likely that fine-scale mixing is dominant at logging frequencies in chalks. 

We wil l begin with short discussions of previous observations of patchy saturation and 

anomalous dry-rock data. Then, we present evidence for saturation effects in our chalk data. 

PREVIOUS OBSERVATIONS OF PATCHY SATURATION BEHA VIOR 

IN SANDSTONES AND LIMESTONES 

It is now well-recognised (e.g. Mavko and Mukerji, 1998) that in rocks with mixed fluid 

phases, velocities depend not only on saturations but also on the spatial distributions of the 

phases within the rock. When the gas, oil, and brine phases are mixed unifonnly at a very small 

scale in a rock, the different wave-induced increments of pore pressure in each phase wil I have 

time to diffuse and equilibrate during a seism ic period. [n this case we can replace the mixture 

of fluids with an average tluid whose bulk modulus, K/1"'" ' is given by the Reuss (1929) iso

stress average: 

I S,w,i,r S n/I sga~ --=--+-+--
K fluid K '"'''"" K <11/ K gas 

( l) 

where K jl11/dl<o11,K/l.a,, are the bulk moduli of the individual phases and sj/11/dsai/,Sg,,. are the 

saturations. This Kfl11,t1 can, in tum, be substituted into Gassmann 's relations to describe the 

effect of the fluid mix on the overall rock bulk modulus: 
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K,,at K d,y K j111/d , _ 

K K = K - K + ,-1.{K K ) ' µw, - µ,by 
mi,u.ur,/ - !WI 11tfm:ral ,by 'f'\: ltl/flf!MI - J1"itl 

where Kc1,y, K·'°' ' and K""""m' are the bulk moduli of the saturated rock, the dry rock and the 

mineral ; µ,1,y and J.LJ(J, are dry and saturated rock shear moduli ; and r/J is the porosity. 

Mavko and Mukerji (1998) showed that equation (1) represents a lower bound; i.e., a fine 

scale mix of pore fluids gives the lowest possible rock bul k modulus (or P-velocity) for a given 

rock and given set of saturations. An imporlant assumption of equation ( 1) is that the pore 

pressure increments are equal in the gas, oil , and water phases - hence, the name " iso-stress" 

average. 

An approximate upper bound (Mavko and Mukerji, l998) on velocity (neglecting very high 

frequency effects such as squirt-flow) can be approximated using a Voigt average fluid mix: 

(2) 

and putting the resulting K fl"'" into Gassmann 's relations. The Voigt average is sometimes 

called the "iso-strain" average, which in a pure mixture of flu ids is not particularly relevant. 

However in a porous medium, widely segregated fluid phases can be shown to mimic isostrain 

behaviour (Mavko and Mukerj i, 1998). 

What do we mean by a "fine-scale" mix of the fluid phases? A simple diffusion analysis 

suggests that during a seismic period, pore pressures can equilibrate over spatial scales smal ler 

than L e :::;; J KK Jl,,;J /7 , where / is the seismic frequency, K is the penneability, and 

'f'/ and K fluid are the viscosity and bulk modulus of the most viscous fl uid phase (Mavko and 

Mukerji, 1998; Sengupta, 2000). IJ the saturation scales are finer than ~ l e , then diffusion 

allows the pore pressures in the various phases to be equilibrated, and equation (I) should be 

valid. In contrast, saturations that are heterogeneous over scales larger than ~ Le wil l have 

wave-induced pore pressure gradients that cannot equilibrate, and equation (I) will fail. We 

refer to this latter state as "patchy saturation." Table I ii lustrates a few examples of this 

scaling. 
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Table 1. Diffusion length or patch size for some values of permeability and seismic 
frequency (viscosity, 11= 1 cPoise ; bulk modulus, Knui(I = 2.2 GPa ). 

Frequency,/ Permeability, K Lr, 
700 kHz I mD 0.0004 m 

100 Hz 1.000 mD 0.3 m 

100 Hz IOOmD 0.1 m 

100 Hz lmD 0.01 m 
10 Hz 1000 mD I O m 

Examples of Patchy Behaviour 

Figure I shows low frequency P- and S-wave velocities versus water saturation for 

Massi lon sandstone, measured by Murphy (I 982) using the resonant bar technique. The shear 

velocity Vs was measured in torsional mode at frequencies of 385-653 Hz, and extensional 

wave velocity VE was measured at 599-997 Hz. P-wave velocity Vp was calculated from Vs 

and ~ ._. . Saturations were achieved through drying, beginning with a fully saturated state. 

These data agree quite well with the fine-scale mixing model , i.e., K1111M from equation ( l) into 

Gassmann 's equation, which is shown plotted. Exceptions are the data very close to Sw=O, 

which we discuss below. Some estimates of the velocities for patchy saturation are plotted for 

comparison, including the method based on the Voigt average fluid modulus, described above. 

The curve labelled as the "patchy upper bound" is another approximation, based on the Hill 

average, and discussed in detail in Mavko and Mukerji ( 1998) and Sengupta (2000). 

Figure 2 shows low frequency P- and S-wave velocities versus water saturation for 

Estai llades limestone, measured by Cadoret (1 993 ), also using the resonant bar technique, near 

I kHz. The closed circles show data measured during increasing water saturation via an 

imbibition process combined with pressurisation and depressurisation cycles designed to 

desolve trapped air. As with Murphy's Massilon sandstone data, these imbibition data fit the 

fine-scaling mixing (lower bound) model very well, except for the tew data points near Sw=0. 
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Figure l. Low frequency data from Murphy ( 1982), showing excellent agreement with the 11ni form 
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Figure 2. Low frequency data from Cadoret ( 1993). Closed circles show data during imbibition and are 
in excellent agreement with the uniform effective fluid model (lower bound). Open circles show data 
during drainage, indicating heterogeneous or patchy fluid distributions for saturation greater than about 
80%. The Voigt approximation does a good job of estimating the patchy upper bound. 
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The open circles (Figure 2) show data measured during drainage. At saturations greater 

than 80%, the v,J fal l above the unifonn saturation line but below the patchy upper bound, 

indicating a heterogeneous or somewhat patchy fluid distribution. The Vs data fall aga in on 

the unifonn fluid line, as expected, since patchy saturation is predicted to have no effect on Vs . 

On the other hand, other sources of dispersion, such as the Biot and squirt mechanisms (Mavko 

and Jizba, 1991) would cause both Vp and Vs to lie above the uniform saturation lines. 

Cadoret (1993) used X-ray CAT scans to confirm that, indeed, the imbibition process created 

saturations unifonnly distributed at a fine, sub-millimetre scale, while the drainage process 

created saturation patches at the several centimetre scale. Using the measured permeability of 

~250 mD, we estimate a critical diffusion length l e~ 2 cm. Thus we believe that during initial 

drainage, large centimetre-scale patches appeared, causing Vp to fa ll near the upper bound. 

With decreasing saturation, the characteristic patch size quickly decreased to less than 

Le~ 2 cm, causing Vp to fall near the lower bound at saturations less than 80%. 

Figure 3 shows the velocities for Estaillades limestone from Figure 2, with an additional set 

of velocities measured at 50 kHz. Because the freq uency is much higher, we expect the 50 kHz 

velocities to be contaminated by the ultrasonic dispersion mechanisms; as a result, they exceed 

the low frequency bounds at saturations > 80%. At I 00% saturation, the distinction between 

patchy and uniform disappears. Hence, using the method of Winkler (1986), we take the 

difference between the measured Vp and the Oassmann predicted Vp at fu ll saturation as an 

estimate of the high frequency dispersion, L.I Vp :=::: 150 mls . Subtracting this 150 m/s (~5%) 

from each of the data leaves a rough estimate of the patchy effect, replotted as the "corrected" 

values. 
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Figure 3. Data from Cadoret ( 1993). "+" symbols show high frequency data at SO kHz. The corrected 
velocities are obtained by removing high frequency dispersion effects estimated from the measured and 
Gassmann predicted velocities at l00% saturation. Open and closed circles are resonant ba.r data, near I 
kHz. 

In summary, we interpret the three sets of data in Figure 3 as follows: the low frequency 

imbibition data, fal ling along the lower bound are consistent wiLh saturations always unifonn at 

scales smaller than l e~ 2 cm ; the low frequency drainage data are consistent with patches 

comparable to Le/::$ 2 cm at water saturations above 80% and smaller than l e~ 2 cm at lower 

water saturations; the ultrasonic data are consistent with patches larger than l e,;::; 0.3 cm at 

saturations greater than 60%; furthermore, the ultrasonic data show evidence of high freq uency 

dispersion of the type that might be caused by the squirt-flow or Biot mechanisms. 

The Problem With Very Dry Data 

Figure 4 illustrates other features of the saturation problem. The data are from the same 

limestones as in Figures 2 and 3, measured by Cadoret (I 993) using the resonant bar technique 

at t kHz. The very dry (dried in a vacuum) rock velocity is approximately 2.95 km/s. Upon 

initial introduction of moisture (water), the velocity drops by about 4%. This apparent 

softening of the rock occurs at tiny volumes of pore fluid, equivalent to a few mono-layers of 

liquid if distributed uniformly over the internal surfaces of the pore space. These amounts are 
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hardly sufficient for a tluid dynamic description as in the Biot-Gassmann theories. Similar 

behaviour has been reported in sandstones by Murphy (1982), Knight and Dvorkin ( 1992), and 

Tutuncu (1992). 

3.2 

3.1 Limestone - resonant bar 

3 

- 2.9 
1/) -E 2.8 

.:Jt:. .......... 

~ a.. 2.7 Extrapolated 
> moist rock Effective fluid 

2.6 modulus model 

2.5 

2.4 
(after Cadoret, 1993) 

0 0.2 0.4 0.6 0.8 1 

Water Saturation 
Figure 4. Velocity versus water saturation for a limestone measured at resonant bar frequencies(~ I kHz), 
from Cadoret ( I 993). The abrupt change of velocity at very low saturations has been attributed to the 
disruption of surface forces with t11e 6rst few monolayers of water. 

This velocity drop has been attributed to softening of cements (sometimes called "chemical 

weakening"), to clay swelling, and to surface effects. In the latter model, very dry surfaces 

attract each other via cohesive forces, giving a mechanical effect resembling an increase in 

effective stress. Water or other pore fluids disrupt these forces. A fairly thorough treatment of 

the subject is found in the papers of Shanna and Tutuncu (Shanna and Tutuncu, 1992; Tutuncu, 

1992; Tutuncu and Sharma, 1992; Sharma et al., 1994). 

After the first few percent of water satu ration, additional tluid effects are primarily elastic 

and fluid dynamic and are amenable to analysis, for example, by the Biot-Gassmann and squi rt 

models. 

A number of authors (Cadoret, l993; Murphy et al. , 1991) have pointed out that classical 

fluid mechanical models such as the Biot-Gassmann theories perfonn poorly when the 

measured very dry rock values are used for the "dry rock" or "dry frame." These models can, 

however, be fairly accurate if the extrapolated "moist" or "wet" rock modulus (Figures 4 and 5) 

is used instead. For this reason, and to avoid the artefacts of ultra-dry rocks, it is often 

recommended to use samples that are at room conditions or that have been prepared in a 
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constant humidity environment as estimates of the Gassmann "dry frame" data, and to not use 

the vacuum dry data. 

Figure 5 shows a similar example for a clean sandstone, from Murphy ( 1982). Here the 

jump in velocity at very dry conditions is enormous. Again, using the very dry data in fluid 

substitution calculations would give nonsense results. However, using the "wet intercept", or 

measured data at ~ 1 % water saturation gives Gassmann-consistent results. 
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00 
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600 
0 
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patchy 
(upper bound) 

20 40 60 80 100 

Water Saturation 

Figw·e 5. Velocity versus water sattffation for a sandstone measured at resonant bar frequencies (~ I kHz), 
from Cadoret ( 1982). The abrupt change of velocity at very low satlffations has been attributed to the 
disruption of surface forces with the first few monolayers of water. 

Chalk Data 

Ultrasonic measurements (700 kHz) were carried out on 77 dry chalk samples and 54 

samples saturated with water; out of these 51 samples were investigated under both dry and 

saturated conditions. The chalk samples were from the Dan and South Arne fields in the Danish 

North Sea (22 from Danian Ekofisk Formation and 55 from the Maastrichtian Tor Formation. 

To prevent over-dry conditions, the samples were kept at room-moisture for two months after 

being dried at 110°C. The water saturation in the saturated plugs was generally between 97% 

and l 03% (related to minor weight errors), but low permeability prevented total saturation in 

three Ekofisk and one Tor samples (Sw=92%- 95%; plug numbers 8003, B 102, C022). Six 

Ekofisk samples were characterised by having regained high water content after drying, and 
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this may be indicative of high clay content (Sw=7%-l 2%, plug numbers 8003, BOO I 0, BO 12 

80036; Sw=30%- 34%, plug numbers BOO?, 8008 but these samples fell apart when they were 

saturated). The remaining 7 l dry samples had a mean water saturation of 0.3%. Measurements 

were also carried out under partially saturated conditions during drainage on two samples 

(Sw=25%, 50%, 75%; plug numbers C062, CtOO). 

P- and S-wave velocities were detemiined from measured sample lengths (c. 2 cm) and 

automated readings of travel times for the maximum amplitude in the first major loop of first 

arrival events. The maximum amplitude was used rather Lhan the firsl break because it is less 

affected by noise. Part of the plugs were measured at 25, 50 and 75 bar hydrostatic confining 

pressure where 75 bar corresponds to the magnitude of the effective stress at reservoir 

conditions. The increase of velocity with pressure was found to be limi ted (c. 4% when going 

from 25 to 75 bar) and velocities were thus only measured at 75 bar for the remaining part of 

the samples. Values of density, p [g/cm3
] , grain density, p8,, porosity, ~ [-] and permeabil ity, k 

[Darcy] were also determined. 

Evidence for patchiness On Ultrasonic Chalk Data 

Figure 6 shows an example of ultrasonic P- and S-wave velocities vs. water saturation for 

one of our core plugs. The dots are the ultrasonic measurements, and the solid curves are the 

predicted velocities assuming fine-scale mixing, equation (1). 

For both the P- and S-wave velocities in Figure 6, the measured zero saturation values are 

"too dry" and "too fast" relati ve to the other saturat ion points, similar to what we discussed in 

for the limestone in Figure 4 and the sandstone in Figure 5. Hence, for our calculations we 

followed the procedure of Cadoret (1993) and inferred values for "nearly dry" Vp and Vs by 

extrapolating the dala points back to zero saturation. The resulting points are used as the dry 

frame velocities in Gassmann's relations. We predict the velocities at higher water saturation 

values relative to the nearly dry values using the fine-scale mixing assumption, using equation 

(l) to get a KJI,,;,, for the air-water mix, and then put Kfl,"" into Gassmann 's relations. The 

results are shown by the solid black curves. Similar to Figure 3 for li mestones, we see here that 

the S-wave velocities are model led very well using the fine-scale mixing law; the P-wave 

velocities agree with fine-scale mixing at low saturations, but show evidence of patchiness for 

Sw greater than about 70%. The characteristic patch size for this sample becomes onl y 0,04 
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mm (Table I), and this suggests that fine-scale m1xmg will be dominant at the lower 

frequencies used in sonic logging. 
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figure 6. Comparison of ultrasonic m1:as11rements of velocities vs. saturation on a ortl1 Sea chalk 
sample, compared with the fine-scale mixing model, for core plug 62. t =40%, permeability = 1.4 
mDarcy. 

Fluid Substitution to Full Water Saturation 

Tn total , we had ultrasonic data on 77 chalk core plugs. r n most cases only two saturations 

were available, typically Sw near zero or near one, but seldom completely dry or completely 

saturated. fn order to look for systematics in Vp vs. porosity, Vs versus porosity, and Vp versus 
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Vs, it is desirable to take all measured velocities to a common fl uid saturation. In our case, we 

prefer complete water saturation, since the dry rock velocities are problematic. 

Since we have evidence of patchiness in the velocity vs. saturation data (Figure 6), the 

question is, what fluid mixing law is appropriate for the fluid substitution to full saturation? In 

this section, we compare the results using the Reuss average fine-scale mixing rule, equation 

( I), and a "modified patchy" mixing rule, published by Brie et al ( 1995): 

(3) 

where Kfluld is the bulk modulL1s of the gas-water mix, K,.
1110

, and Kg
08 

are the moduli of the 

water and gas phases, and S,.018, is the water saturation. The exponent e is an empirical 

parameter. When e=l, equation (3) reduces to the Voigt model, equation (2) for a patchy gas

water mix. When e becomes very large, K flmd ➔ K gos• somewhat resembling the behaviour of a 

Reuss average, equation (1), for a fine-scale gas-water mix. Hence, equation (3) is an 

interpolation between fine-scale and patchy mixing behaviour. The Brie mixing rule, with a 

typical value of e=3, is plotted in Figure 7, compared with the Voigt and Reuss curves. The 

Brie mixing model captures some of the behaviour observed in Figures 3 and 6 - essentially 

fine-scale mixing behaviour at low water saturations, and patchiness at high water saturations . 
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Figure 7. Effective fl uid moduli for air-water mixes, comparing the Reuss, Voigt, and Brie mixing laws. 
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Figure 8 shows results of the flu id substitution calculations. At the top, are lhe measured 

ul trasonic Vp vs. Vs rel ative to Greenberg-Castagna (GC) empirical lines (Greenberg and 

Castagna, 1992), with the original mixed saturations. The solid green line is the GC empirical 

trend for water-saturated limestone,, and the dashed green I ine is for dry carbonates, computed 

from the GC water-saturated line using the Gassmann relations. The measurements cluster into 

two trends, mimicking the empirical lines, though at systematically smaller YpNs ratios. The 

middle plot of Figure 8 shows the results of fluid substitution to l00% water using the Reuss 

(fine-scale) mixing assumption. We see that al l of the nearl y dry data are now fal ling near 

(slightly below) the empirical trend, though many of the high-Sw data are now overcorrected, 

falling well above the empirical trend for water-saturated limestone. Effectively, the data stil l 

fal l along two trends. Finally, the bottom plot in Figure 8 shows the results of fluid substitution 

to 100% water using the Brie mixing model, with e=3. We see that almost all of the 

transformed points are now tightly clustered along a very narrow trend, just below the 

limestone trend. Similar results would have been achieved if had applied Voigt mixing-law to 

the high-Sw data, 
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Figure 8. Ultrasonic Vp vs. Vs for 77 samples of North Sea chalk. Top: Original saturations. Middle: Flu:id 
Substituted to Sw= L, assuming a Reuss mixing rule. Bottom: Substin1ted to Sw= t. asswning a patchy Brie mixing 
rule with e=3. Empirical relations for unspecified limestone from Greenberg and Castagna (1992). The trend for 
dry limestone is derived from the Castagna line using Gassmann's relations .. 
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Figure 9 again shows the results of fluid substitution to 100% water using the Brie mixing 

model , but now comparing two salinities. The red dots are the same as in Figure 8 where the 

water is assumed to have very low salinity, essentially fresh water. The black dots correspond 

to reservoir fluids (Kfluid = 2.96 GPa and Rhofluid = 1.35 glee). Now we see that the 

velocities with the representative reservoir fluids fall very close to the GC empirical trend for 

limestone. The brine salinity and the lithology of the samples studied by Greenberg-Castagna 

is, however, not known, and the I ithology may well be di fferent from the pelagic chalk of the 

North Sea samples. 
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Figure 9. Fluid substitution to Sw= I for ultrasonic data. Red: Low salinity water; Black: high salinity. 

Figure 10 shows results of the same fluid substitution calculations as in Figure 8, but now 

plotted as VpNs vs. !Np, a typical displc1y for detecting fluids. At the top are the data at 

original mixed saturations, again relative to Greenberg-Castagna empirical lines. The solid 

green I ine is the empirical trend for water-saturated carbonates and the dashed green I inc is for 

dry carbonates. Again, the measurements cluster into two trends, corresponding to high and 

low water saturations. The middle plot of Figure I O shows the results of fluid substitution to 

I 00% water using the Reuss (fine-scale) mixing assumption. Again, we see that the high-Sw 

data are overcorrected, fall ing well above the empirical trend for water. Finally, the bottom 

plot in Figure 8 shows the results of fluid substitution to 100% water using the Brie mixing 

model, with e=3. We see that nearly all of the transformed points are tightly clustered along a 

very narrow trend, below Castagna' s limestone trend. 
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SUM'MARY 

rn this paper we discussed some aspects of ultrasonic fluid substitution in chalks. We found 

that Gassmann 's ( 1951) relations can be used to understand the variations of velocity with 

saturation in our samples, even though the velocity data are ultrasonic (high frequency). This 

suggests that in these samples there are no signi ficant high frequency dispersion effects from 

the squirt-flow or Biot (1956) mechanisms that would invalidate the use of the Gassmann 's 

relations, There is, however, evidence fo r patchy saturation in the ultrasonic data with a 

characteristic patch size less than I /I O mm. This is observed in limited Vp and Vs versus Sw 

data. We also find that fluid substituting to full brine saturation us ing a modified patchy mixing 

rule gives velocities more consistent with empirical trends than assuming a fine-scaling mixing 

rule. rt is I ikely that fine-scale mixing is dominant at logging frequencies in chalks. 

Another finding is that the dry-rock ultrasonic data tend to be inconsistent, in a Gassmann 

sense, with data from the water-bearing samples. Speci fically, the dry rock velocities are "too 

fast.' ' 

ACKNOWLEDGEMENT 

These resu lts are part of the outcome of the energy research project Rock Physics of fmpure 

Chalk which was sponsored by the Danish Energy Program (EFP-200 I), Amerada Hess A/S 

and Dong E&P. 

REFERENCES 

Batzle, M. and Wang, Z., 1992, Seismic properties of pore fluids, Geophysics, 57, I 396- 1408. 

Biot, M. A., 1956, Theory of propagation of elastic waves in a flu id saturated porous sol id I. 

Low-frequency range, J. Acoust. Soc. Amer. , 28, 168-178. 

Cadoret, T. , 1993, Ejfet de la Saturation Eau/Ga:: sur les Proprietes Acoustiques des Roches, 

Ph.D. dissertation, University of Paris, VI r. 
Domenico, S.N., I 976, Effect of brine-gas mixture on velocity in an unconsolidated sand 

reservoir, Geophysics, 41 , 882-894. 

Dutta, N. C., and Ode, H. , 1979, Attenuation and dispersion of compressional waves in fluid

filled porous rocks with partial gas saturation (White model) - Part I: Biot theory, Part rr: 
Results, Geophysics, 44, 1777-1805. 

Gassmann, F., 1951 , Uber die elastizitat por◊ser medien, Vier. der Natur Gese/lschafl: 96, 1-23. 

Fluid substllulfon in chalks 17 



Greenberg, M.L. and Castagna, J. P., l992, Shear-wave velocity estimation in porous rocks: 

theoretical formulation, preliminary verification and applications, Geophysical Prospecting, 

40, 195-209. 

Knight, R. , and Nolen-Hoeksema, R., 1990, A laboratory study of the dependence of elastic 

wave velocities on pore scale tl uid distribution, Geophys. Res. Lett., 17, 1529-1532. 

Knight, R., and Dvorkin, J ., 1992, Seismic and electrical properties of sandstones at low 

saturations, ./. Geophys. Res., 97, 17425-17432. 

Mavko, G., and Jizba, D. , 1991 , Estimating grain-scale fl uid effects on velocity dispersion in 

rocks, Geophysics, 56, 1940-1949. 

Mavko, G., and Nolcn-Hoeksema, R., 1994, Estimating seismic velocities in partially saturated 

rocks, Geophysics, 59, 252-258. 

Mavko, G. and Mukerj i, T., 1998, Bounds on low frequency seismic velocity in partially 

saturated rocks, Geophysics, vol 63., no. 3, pp 918-924. 

Murphy, W. F. 111 , 1982, Effects of microstructure and pore fluids on the acoustic properties of 

granular sedimentary materials, Ph.D. dissertations, Stanford University. 

Reuss, A , I 929, Berechnung der Fliessgrense von Mischkristallen, Zeitschrififur Angewandte 

Mathematik und Mechanik, 9, 49-58. 

Sengupta, M. 2000, f ntegrated rock physics and t1ow simulation to reduce uncertainties in 

seismic reservoir characterisation, Ph.D. Dissertation, Stanford University. 

Shanna, M.M., and Tutuncu, A.N., 1994, Grain contact adhesion hysteresis: a mechanism for 

attenuation of seismic waves, Geophys. Res. Lett., 21 , 2323-2326. 

Sharma, M.M., Tutuncu, A.N., and Podia, A L., 1994, Grain contact adhesion hysteresis: a 

mechanism for attenuation of seismic waves in sedimentary granular media, Exlended 

Abstracts SEG 64th Annual Meeting, Los Angeles, I 077- 1080. 

TL1tuncu, A.N. , 1992, Velocity Dispersion and Attenuation of Acoustic Waves in Granular 

Sedimentaty Media, Ph.D. Dissertation, The Un iversity of Texas at Austin. 

Tutuncu, A.N., and Sharma, M.M., 1992, The influence of grain contact stiffness and frame 

moduli in sedimentary rocks, Geophysics, 57, 157 1-1582. 

White, J. E., 1975, Computed seismic speeds and attenuation in rocks with partial gas 

saturation, Geophysics, 40, 224-232. 

Winkler, K., 1986, Estimates of velocity dispersion between seismic and ultrasonic frequencies, 

Geophysics, 51 , 183- 189. 

Fluid subsrltution in chalks 18 



Modelling seismic response from North Sea 
Chalk reservoirs resulting from changes in 

burial depth and fluid saturation 

0. V. Vcjb~k 1
, R. Ilasrnusscn1

, P. J ap!:lcn 1, 

.J. N'I. Pedersen 2, I. L. Fabrici us3 and G. !v'Ian,dcu 4 

NI arch 1 7, 2003 

Intended for submission to Petroleu m Geology conference, London , 2003. 
1 Geological Survey of Demnal'k antl Greenland , Ministry of the Environment (GEUS), 
0stervoldgade 10, DK. 1:350 Copenhagen, Denmark 
2 0 degaard A/S, Titangadc 15, DK-2200 Copenhagen N, Denmark 
:J Technical university of Denmark, (DTU) 
4 A1ncrada ll ess Aps, 0stcrgadc 26 B, I) K- I 100 Copenhagen K, Denmark 

Abstract 

Cli a11ges in seis mi c response caused by changes i11 degree of compaction and fluid 

content in North Sea Chalk reser voirs away from a well bore arc investigated by for

ward modclli 11g. T he in vestigated seismic res ponse encompasses re flecti vity changes, 

AYO and acoustic impedance. Synthetic seismic sections, impedance cross sect.ions 

a11d A YO response l:tt'e µres<·ut<-d as calcu)a,t<xl ou t lw bas is of selected wells from 

thee: South Arne a,nd Dan Fie lds, Da11ish Nort,!t Sea a nd compared to lidd records . 

The two main variables to use for seismic response prediction away from tlw wel l 

bore is depth of burial (changes in effect ive s tress) aud changes in hy<lroca.rbon sat

ur,1.tion ( F ig . 0). Three ma.in rncH.ldling tools ar<' usc<l for the rnoddli11 g: 1) I-lock 

physics, 2) Saturation modelling ,mcl 3) Com paction/de-compact ion rnodclling. 



Modelling seismic response 

Occo1npad 

Deep FW L = low S_w ____ __ l-_1 i...,·_h_F_ ... V_V_L_ ,,,,,_h~ig~h_S_w _ _ 

Compact 

Figure 0: Main variab les to iu v<'st,igatc away from a well born a rc 
changes in degree of compa,ctio11 , a,11 d cl1a,ngcs in H C sat urat ion. 

The latter is obta.i11 (•d through sa.t,uraJ,ion hc·ight, rnod<·lling via 
the free water kvcl (FWL) 

2 

Rock physics theory is a,pplicd to obtai n all 11cccssary pa.n1,mcters for the complet e 

set of elast ic parameters for the appli cation of the Zoc ppri t½ equa,t ions. T he drn.1-

l<!ngc is not on ly to prc<lict t h<: shc,u vc:locity, but also to a,ccount fo r the chan ges 

in fl uid content v ia i'l,ppli cat io11 of t he C:assrna.1111 equation, An ap proach akin to 

the one suggested for the· ~:lwfisk l·'idd by Walls c•t a.l. ( 1998) is applied for the 

prcd ictio11 of changes in degree of com pact ion. 

Hydrocarbon saturation in North Sea Chalk is strongly affected by c,1,pil lcuy fo rces 

due to the small scale oft he pores and trans ition :-:ones in the orclc-r of 50 Ill a rc 11ot 

uncommon. for this reason, potent sa.tmatiou modelling is needed in orcln crc•,1,tc 

realist ic inpu t. for the ~cisrn ic rnoddling. We use s ri.t u ra,t ion lwig ltt rnodch; si m ilar 

to the ~~QR rno<lcl ( ~~ng:;t rion1 J995) , which lliwc proved robust for the prrdiction of 
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scituratio11 profiles in 1);1,11is h C halk rcsN voirs. 

Compaction rnode lling relies on simple c·xponcntia,l decay of porosity wi t h dept h , 

wl1ere abnormal fluid pressu res arc accounted for. A new set. of cornpa.dion pa

n1,mct<·rs is prcsc11tc<l. T ltci:;c pantm<'Lcrs ;ire b,u-icd 011 a study 011 tir e Nort h Sea 

Chalk based Oil some 850 wells . T ltc pa ramel'.crs a ppc,u· t o be suffi cient ly fine- tuned 

to allow Ja,irly precise predictions of abnonr1,d fluid pressures from obser ved aver

age porosity. Hascd 011 thi s, the rclat i vc contribu t ion to porosity pn•sc•r va.tion by 

ab11orrnal flui d pressure aud early hyclroci\.rbon invasion rna.y b<' cst imn,tcd. 

Some conclus ions basc;<l on rnodelli11 g results incln<lc: l:lc ficct ivi ty is con·clat ing 

wi th porosity, acow,ti c. impeda nce is more susceptible to porosity variat ion than to 

hyc.lroca,rl>on sat urnt ion, and the• poisson ratio may be rather sensit ive· to hydrocar

bon saturation. 

Introduction 

Zero offset seismic response a.t a w<•ll sit e tn;1,y be rea.d ily modelled provided reliab le 

calibrated soni c a.ml dcmsity logs a rc available . If shear vdocity logs a rc availa.l>lc

a.rn pli t udc ve rsus offset ( A VO) response m ay also be modelled. However , questions 

may a. rise as to what cause changes iu tlic rcsponH<! away from t he well site . This 

p;1,pc r develop methods for creating for ward models of the se ismic response away 

from t he wc>ll site. The models a rc dcvcloµ e<l for Nort h Sea C halk and applied to 

two wells : K.igs-2 and M-10x drilled in t he Sou t h - Arne a nd Dan fields respectively 

( Fig. I ). The models arc aim ed at study ing effects of hypothetical d1,1,11 ges iu 

degree of compaction and hy<lroca,r bon satura,t ion a.way from a well bore . We a im 

to use reali stic sa,turation models, which makes it imposs ible t.o st ud y cl1 angcs i11 

compaction wi t hout concurre nt. ch.-w gci; in hydrocarbon saturation. This is bccamw 

chalk rcscrvoin, a rc us ua lly st rongly a.fl'cctcd by capilla ry forces whiclr vary vvith 

porosity. However , t his allows us to st udy more reali st ic scc11 a,rios. 
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Compaction modelling 
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Cornpad,io11 rnodell ing is done b_y a.pply i11g empirical cotnpadion laws where ex

cess flu id pressure is accou nted for i,1 a simplistic way. T his approach is favoured 

over determinist ic modelling, because pressure development is very ha,rd to model 

due to inherent u11ccrLai11tic:s in the gcologicaJ dcvdoprnc:n t. of ba.sinwidc hy<lra.ulic 

connectiv ity. 

'l'he goaJ of the compaction moddling is to calculate porosity logs as a Junct io n 

of changes in burial depth and/or changes iu effective stress caus<'cl by chang<'s in 

c·xccss flui d prcssurn. 
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Basic assumptions 1uc: 

• lu the absen<.:e of over-pressuring and rarly diagn1csis, porosity decay follows 

a, simple cxpo11c11 tial law accorcli11g t·,o depth. 

• Depth is considcrrcl a. J)l'OXY for effect ive stress i11 t lic abscnc<' of ovc·rprc·ssurc. 

• Deviations in poros ity frorn the average fun ction arc clue to very early dia,gen

esis or later over-pressuring for too t ight and too porous in tervals respect ively. 

• T·hc overpressure as of today has not dissipated sign i.ficaut ly si11 ce onset: Over

pressure "a,n·cst i:i'' porosity as it js at the time of om,ct . 

• Very t ight drnlk has been cemented shortly aJtcr buria.l , a.nd fo llows a lower 

porosity decay curve than standard (This has however proved to be i rrdcvan t 

for the cases studied here). 

T he basic app roach follows t he original proposition by Atl1y (19'.30) and is detailed 

in e.g. Sdatcr and Christ ie ( 1980) and Jensen d al. ( 1984): 

( l ) 

where </>o is the su rface porosity in fract ions , :: is depth of bmi ,1,] 1-1,nd a is the decay 

pararn ctcr. Somo relevant paranwtcl's arc li:;tcd in ta,blc 1. This equa,tion c:a,n be 

developed to a.llow correction of the layer tliickuc:;s as a Junct ion of bllrial or change 

i11 effect ive st ress 1tnd thereby preserve rock mct8S (e.g. Scl /\.tcr and Christie 1980; 

Jensen et al. 198'1) . However) since we a.re interested iu chaug<'S away from a well 

site, and uot i11 what hr1.s happened t,o t.lw succession at the well site, we chose not 

to change thickuess during our compaction/ de-compaction ca.lculatior1 s except for 

the :;ample :;ul>sitlc nc<· a rr<l porosity cleveloprncnt. cu rves sliow11 in Figs 3, 11, 5 and 6. 
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111 t he ca.s<· of cl1,dk Scla.tc~r n.nd Christie ( 1980) suggest values of 0.7 for <Po a,nd 

0.0007Jm,- J for o. The• reciprocal of t.hc ckcay para111 d<'r , Hie clcca.y lcngtli (reduc

tion to 37% of surface porosity) is <'qual to 1110 .5 m. T hese values corrcspor1d to 

average norni al prcss ut'C'CI chalk, but ar<' uot consist<•11t wi t li V<'loci ty data (Ja,psen 

2000). A corn pnc:tio11 t rend for Nort l1 S(•a chal k wa.s cot1struckd by t,ransf'orrn ing tlw 

rcvjscd nonna,l velocity depth trend of J apseu (1998, 2000) in to a porosity-depth 

trend. The 11or111al velocity depth trend for chalk was based 0 11 an an;dysis of data 

from 8115 wells throughout the North Sea Hasin a nd ODP data aml burial anomalies 

rcla.t ivc to the trend were foun d to agree with est imates of erosion along the ba,sin 

margins a.nd with meas ured overpressure in the cent.re of the basin. The t.rcn<l was 

t ransformed .into a porosity depth trend by couvcrt iug velocity to porosity via a 

constru cted veloci ty porosi ty t rend for chalk ( Vig. 2). T he velocity porosity 

t rend was established as a second order polynomial fit to two sGgrn ents: 

a. T he modified Hashia Shtrikmaa model for chalk with porosities in the range 

from 10% to 43% suggested by Japsc11 et al (2000) and 

b. A straight, line connect ing the endpoint; of segment a. a.t 43% ( velocity 2720 

m/s) to the parameters corres ponding to the critical porosit,y of chalk at 70% 

(velocity 1550 m/s). 

ef>o (I l / a. SOll l'C(' 

N<•ogcnc 0.f>G :l.911:-:-0,I 25G0.2 
Pa.lacogcnc 0. 71 5 .10 l•:-011 1960.0 
Clrnlk :: < 768. 2 0.70 5.50~-04 1 '1 l ,2 
Chalk z > 768.2 0.97 9.721~-04 1029. :l 

Table I: Compaction cousta.nts. 

The norm a.I pressure chalk porosity depth ttcnd derived this wa.y is a pproximated 

with a bi-segment cxponc11 tial model as listed in ' l'al>lc ] . 
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RI0S-2: Modelled average porosll'{ development lhrough ttme 
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Figu re 5: Simplistic porosity development model for th<' H.igs-2 site . 
Ovcrpressuring arrests porosity decay in the Palacogcnc at ~ 10 M a, 

but modelling i-;uggcsts th,1t HC effects arrest porosity decay in th<' 

Chalk much earlier. 
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Over-pressuring is assunwd in depth i11tcrvals whe re t he porosity cxcc•cds the 

porosity expected at the presen t depth accordin g to the norn1aJ compaction t reud. 

It is assumed that excess pore pressure has not diss ipated at all since onset. The du

ration of over-pressuri ng i8 t,he shortest po1;,sib lc with this assu mption. This method 

is hereafter called " pressure preserving de-com paction" . An a ltcrnat i ve ,tpproach 

would be to assurr1<' that ovcrprc~ss urc, a nd thus abnorm al porosity, has been build

ing up gradually si11cc tlc•pos it ion, hcreaJt.er rC'ferrcd to as "gradual prc·ssurc builtl -up 

decompact ion". The two a.ssumptiom; ma.y lw considc r<'d as cr1d-mernb<'rs of possi

ble actual scenarios, bu t neithe r handles the case where higher ovcrprc·ss ure in tit<' 

past has dissipated t o !:Jome extent. 
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Porosity develOl)m&nl at M• 10X 
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Figure 6: Simp li st ic porosity cfoveloprnct1 t model fo r t ltc M- 1 Ox site. 
Ovcrprcsi;uring ,11Tc:1,t1, porosity <l<'ca.y at ~ 8 Ma, au<l HU cffc:c;ts an.: 
appa1·c•ntly not. important for Chalk porosity preservat ion. 
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Burial graphs show rapid burial ra.tcs only in the Ncogc:11c a nd very modest buri

;-il rates in Cretaceous Palaeogene t imes ( Pigs . 3 and ~). Rela.t i vc tnt11qu ili ty 

111 Palacogc11c t inws makes it likely that possible <'arl ier over-pressure may haw 

dissipa.frcl and present over-pressure to be primarily caused by rapid Ncogettc clepo

sit,io11. T he observed excess pon· pressure is t herefore assu rnc <l to ha,ve initiated very 

late, and only fow million years before present. This is further supported by the 

apparent corr<:spondcn cc: between thickness oJ Ncogcnc deposits a.nd ma.gn itucfo of 

overpressure (J,ipsen 2000) . The pressure preserving de-c;ornpa.dion a,pproxima.t im1 

therefore seems to be the best choice as the short t ime avai lable reduces the problem 

ol' model li ng pr<~ssurc dissipat ion. 
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In tlu· cas<' of ovcr-pr(•ssuri11 g, th<' average presently obscrv11,blc porosity (ef>oos 

i11 the interval is higl1cr tha.11 predicted by the standard porosity decay fund.ion 

(equat ion 1). 'T'hc porm,ity is ,issu11 wc.l to bo pn·scrvec.l i; i11 cc· onset of ov<'r-prc'ssuri 11g. 

The exact depth whe re <f>ob, is 011 the normal compaction curve is give11 by: 

I l ( </>01>11 ) Zobs = - AJ_(J --
-a <Po 

(2) 

where Zobs is the depth where the unit left tL.c 11onnal cornpactio11 trend. On the 

basis of the following equat ion , average burial anomalies (z,m0 ) arc computed for cmch 

strat igraphic unit where effects of minor lithological is mi11 imizcd by avcragi1Jg: 

l [ ( )] 
J I <Pob11 

Zuno = - L Z - - Log --
n -a </>o 

n 

(3) 

where z is present obscrvatio11 dept h and n is the number of porosity log sampks i11 

the interval. 

Uuring compact ion or dccornpacti0t1 a depth shift (.6.z) is imposed. T he loggc·d 

porosity is then changed under the assurn pt,ion that ccich sample h,1s each the ir 

porosity depth tre11ds. Por each sample in the porosity log an individual surface 

porosi ty (~0,)is otlcu la,ted according t o : 

( 4) 

where z:mo = z,mo + A z is the depth shift and A z is the com paction/dc-compa.dio11 

value expressed as ,t depth shift. lt is noted that the surfa,ce porosity is corrected 

according to t.hc dcpt,h where t.lw a.vcra.gc porosity is on the nonna,lly pressured dept h 

tre11d, and not the presc11 t depth. 'l'his approach implies that porosity deviatiorn; 

on the log arc i1thcritcd from surface condition and rdlcict primary lithological and 

depositio11;i] differe11 cc:,,. Di agc·11dic processes that may add material of cause loccd 

redistrib11 t io11 of 1rn\teriaJ a.re th11s neglected. 

Au example of such depth sl1ifts is di scussed below and shown in Fig. I :2. 
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The burial anomalies may be directly con verted into a,n estimated excess pressure 

1u; this is the ma.in ea.use fo r the porosity a11orna.l y (J apsc11 1998). H the overpressure 

(ArJ) is assumed to be caused by Ncogcnc ra,pid dcprn,ition (the burial a .11 01 11. aly), 

then it is cq uivr1.le11t to the effective stress (O") <'xcrtccl by this column: 

(7 = 6p = (p,. - /Jbr) · 9 · Zu110 (5) 

where g is the gravity constant . If dc~nsitics of t he rock (p,. ) a11 d brine- (Pbr ) ar<' 

equal to 2000 and J.000Rg/rr? , then a, burial a.nornaly of 100 rn is roughly cquiva.le11t 

to I MPa. 

Burial modelling of the Rigs-2 well s ite 

In orde r to d11ciJ atc the con<litions at the Rigs-2 well backstripping has been per

formed. Depths and cornpaction parameters fo r this well arc listed in table 3. The 

well encountered excess pressures at 1300 rn increasing to app. 7.tl M Pa, ,1t 1600 m , 

12M P,~ a.t 2600 m, anc.l J1 .8 M Pa. in t lw Chalk sc·ct io11 (Table 2). fn ou r cases the 

buri al anomalies are calculated as givc11 in table 2 with paramd<'l'S givc~n in table 3. 

Rigs-2 

Hclow near base ' l'orton ia,11 
Rdow t.op Au b 
Hd ow t()p Accras 
Cha.lk 

Burial 
a11 omaly (m) 

381 
730 
1180 
1651I 

Approximate 
Pm -;s urc (MPa.) 

:J.8 
7.3 
11.8 
IG.5 

Obscrvat ious 
(MPa.) 

12 
I '1.8 

Table 2: Buria.l anomalies and excess flu id pressure fo r the H.igs-2 well. Calculated 

buri.-1,l anomali< ~s arc converted to over-p ressure as described in the text. 
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The subsiclc-11 cc graph calculated this way (Fig. 3) displays rnodNatc burial rate:. 

until apprnxirna.tdy 15 Ma. b.p. , wlwrc a consic.l<·ra,blc irnT<'asc is not,cd. At, ,tµprox

i rrrn.tely 10 Ma b.p. porosity is a.rrcstcJ i11 t he Pa,lc1.cog<'.11<' due to ovcr-pn•ssu ri11 g 

(Fig. 5). Porosity in tlic Chalk is modclkd to b<' arrrst.c<l much earlier which reflect 

early hydrocarbon in va,sion ra,thcr than ovPr-prcssu ri ng. A s.i m ila.r moc.kllcd porosity 

dcvdoprncnt [or t lH~ M-I0x shows no earl ier cessation of porosi ty <lcca.y in the chalk 

rdle<.:ting later hy<lrocarbon chargiug of the Dan Field as compared to the Sout,h 

Arne ~' icld (Fig. 6). 

Rock unit 1:3,tsc u II it 8 ase unit, Snrfn.cc porosity Decay lc11gth 
TWT S<~C. m. b.m.s.L r/>o TTI. I/a 

Quatcnuu·y 11a 453.5 0. 56 2560.1 fi 
Piaccnzian TIH 794.0 0.56 2560.16 
Zancleau rte\ 809.4 0. 5G 2560.J6 
Messi n ia.11 na 902.4 0.56 2560.16 

Tortonia.11 1.430 I tl I t.6:3 0.56 2560. 1 (i 
Aub 1.805 l 772.4 0.7l 1960.02 
Accras 2.705 21,15.6 0.71 1960.02 
Ekofo,k F'm. 2.7'1 1 2790. I 0.968 1029.31 
Tor Fm. 2.766 2829.1 0.968 I 029.:J4 

Table 3: Depths a,nd cornpadio11 constants for the Rigs-2 well. Note t lmt t hi s 

listing mode means tha.t. for iw;t;i,tH·c Top CliaJk is a.t 2. 705 S<'C. 

Th<' oln,crved pressure iu the Rigs-2 well is, howc-vcr, .-tbout I 0% lower thau tire 

m,t irnate ba.scd 0 11. porosity obs<'rvations. If the anoma.lous ltiglt porosit.y in tlte 

well is attributcc.l to other factors than ovcr-prcsi;uring, then this other effect may 

be con t ributi ug with 10 % compared to pressures. This other effect may be ea.rl_y 

hydrocarbon ir1 va.sio11, which frequent ly li,1s been suggest.eel as a cause for porrn, ity 

preservation a bove nonnal (e.g . Bramwell et al. 1998) . 

In t he C<'ritral Crabc11 in genera.I there s<·<·rtr to be roughly HI<' san1c excess prcs8un: 

in the water zo11c-s of t he lowe r Pala,cogenc section a,nd the Chalk. As Hcc11 i 11 table 

2, the ca.lculatcd excess pressure for the chaJk is cxc<•e<ling the Lower PaJa.<·og<' rt <' 

pressure by 3.7 MPa. ,rncl observed pr<~8su rc' difference is 2.8 l\11Pn. 0 11 ly 0.7'1 MPa. 

of this difference is a.ttributa.blc to a, Jircct pressure effect from the hy<lroca.rbc)11 s, 

so the prcssurf' in crease i II t he chalk suggests la,tcrn.l support from <lccpcr levels. 
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Wi thin the chalk a difference of 0.9 Ml)ct is seen between obscrvc<l mid caknla.tcd 

cxc1)ss pressure. It is there.fore <'stirn;-itcd th,1,t t he ab ri orma.lly high porosity is due t,o 

a combinat ion of overpressure a.11d preserving cffcd s of the invaded hy<lroca.rbo11s. 

It rn a,y br. cst in1,tt1•d t hat rapid Ncogcnc deposition con tribu tes with 12 f\l[ Pa, the 

hydrocarbon colurnn const ributes with 0.7'1 MPa. a.nd la.Lera.I pressure support con

tribu tci:; 2 l\,l Pa. to the ousc rvcd pressures a11d porosity preservation . The porosity 

preservation owing to the presence of hyclroc1-1.rbons cou ld }1avc bcc11 replaced by 

Oll ly a f urthcr ~ 2 M Pa. 

Saturation modelling 

In order to rnodd the sat,uratiou realist ically, t he st rong capillary effects in the chalk 

must be taJ«~n int,o account. We apply the saturation height model developed by 

Hess (2001). In this 1ncthod the saturat ion is cakula,ted diredly from the capillary 

pressure (l)c) and the capillary ent ry pressure (l )cc ): 

whr:rc• A ;-ind B a,rn given by: 

(6) 

(7) 

B = 0.10 + 1.95 · <P 

where <p is the poros ity (in fract ions). Cons t antH c1 and c2 differs for t he Tor a.nd 

~kcJfisk fonrrntions as given in ta l.,11: 4. 
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The capill,1ry entry pressure is given by c111 ec.p1atio11 of the forni: 

(8) 

whc·re constants e;1 a 11 cl c4 an· diffnrc11t. for t lw Tor and 1•:kofisk Forrn ,1.tions as given 

in table 4. 

Forrnation C1 C2 C3 C4 

Ekoflsk -0 .75 2.70 7.5 -J.2 
Tor -1.10 4.35 7.0 -0.7 

Table 4: Consta11ts for the saturat ion height model. 

The cn.pi llary pressure is obtained from the height, a,bovc free wa.tcr level (F W L): 

l'c = (FW L - z) · ~P · Cap 

where z is tlw depth, C::,.p is the pressure gradient difference between oil and water, 

and Gap is the c;ouversion factor of iutcrfacia,l tem;iou ill the Hg/air system to t h<' 

oi l/water system at rc~scrvoir conditions. In the case of the l{.igs-2 well the following 

values for the parameters ,ire· assumed: 

C::,.r1 = 0.182psi/ ft= 0.QllJ3bar/m 

C CJCo.sOc,w = 28 = 0.076 
ap = C 0 3(>'7 

(J .1 08 llg/air 
( 11 ) 

These parameters produce an acceptable fit to observed S'w, if a. FW Lat WOO m 

(b.m .s.L) ii; assumed (Fig. 7). During rnocld \i11g of seismic response to cha.ngcH in 

hydrocarbon saturation (810), the above saturation height model is applied. Changes 

in Sw cau occut' iu the n1odel by imposing dw,11ges in PW[,, i;uch tht1,t. reali st ic vcr

tiGi! diffcrc11ccs in Sw a,rc ci;tlcula.tcd . If altcrnitti vcly the model is a imed at studying 

changes in compaction thr above saturation height model will autorna.tica.lly impose 

Sw ch,1,nges du<' to tit<· porosity depcn<lc11cy. 
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Rock Physics and Fluid substitution 

We cst irnatc elastic properties a.11<l d1a11gcs thcrC'of in thc chalk as a co11scqucrn;e 

of changes i11 hydrocarbon saturation aucl degree of compaction. The rnla.tio11 shi ps 

for ch1stic modul i mid vdocity versus poro:;ity an· described using rnodifkd Has hin 

- Shtrik1111tn bour1<l1; a11<l G,1,Hs t11 ,u 111 's rcl,itio11s i11 a.11 approach similar to the one 

suggested by 'Nalls et al (1998). 

Fluid substitution 

We ;iss11rnc the low-frequency theory for Il 11 i<l substit ution by Cassm1111n (195 1) to 

be fulfilled for elast ic measurements with log tools. l t j g thus assumed tha;I the chalk 

jg sufficient ly permeable to a llow pore fluid pressures to equilibrate im~anta.ncously 

when sound w,wc:; propagates through the rock. This is not fulii lkd for isolates pores 

and low pcrrncabili ty rocks a.t high frequency, but wi ll automatically be fulfi lled for 

seismi c dat.a i f Cassmann 's theory applies to log clabi. The Gassrna,nn t licory gives 

the following relationshi p between rock moduli: 

l,'o - /, 'slit 
( 12) 

;i.nd (,'slit = O drv wl1erc J{dry ,Kst1t , No a11d 1{ 11 arc bulk rnodulj of the dry rock, 

the saturated rock, t he mincra.l components and the pore Iluid res pectively, Gsat 

a11d Gdrv a,r<! sl1c,i1· moduli or t ltc satm a,tcd a11d dry rock respectively and </> is the 

porosity. Bulk a11cl shP,tr moduli a.re rclat,c•cl to recorded comprcssionctl velocity (Vp), 

shear velocity(~) a11d density (p) accordi11g to: 

• ( 2 tJ 2) /, = fJ v,, - 3 ~ ( 13) 

and 
2 G=p~ 

We apply thi s theory for subst itu ti11 g O il <' fluid with another, 111 which ca.sc t ltc 

Cassrnann forrnula c.in be dC'vclop to: 

(1'1) 

wlicre 
J-<. flt f< /12 

<!>(J<o - l<111) + <f>(f{u - f,'112) 

and 

Osat I = U sat2 

where subscripts 8atl m,d sat2 refer to the sa.t.matcd rock before a.nd a.ft,er substi

tut ion. 
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Fluid properties (subscripts fl I and Jl2 ) arc c;i,lcula.t.cd from tl1e pror)('rti<'s of 

formation water a11d hydrncarbons using R.cu ss type' flui d mixt.mcs: 
, I. 

1' J1=s· / 1' ( I S')/J' W \ w+ - W \ 1,c 
( I 5) 

where S w is tJw water saturat ion, aud subscripts ·w and he rd c-r to water a11d 

liyclrocarbon co111po11cnts rcspcct.ivdy. This formula, assurnes tl1 a.t the two Huie.ls a r<' 

pcrfcct.ly mixed considering the i11fluencc on wa ve propagat ion , which depend 011 

frequency. Labora.tory experiments show that this a.sstm1ptio11 first begin to fai l a t 

ul trasoui c frequencies (Fabricius e t. al. , this report ; Mavco and JapHcn , this report ). 

The consequence of t.hc R (!USS fonnulat ion is that the weak/softer fluid componen t 

will dominate th<· overall acoustic response such that small hydrocarbon saturations 

will hav<! a l,trge effect. 

Effects of compaction/ decompation 

Changes i11 rock moduli result ing from changes in porosity arc calculated on t he 

basis of a IIHH.lificd Hasliin - Shtrikman model similar to the one proposed by \Valls 

et al. ( 1998) for Ekofisk Field data. The rnodd describes how bulk and shear moduli 

change with porosity iu an interval between zero porosity and a, m aximum porosity 

(r/>rrrnx ) en compassing the va ri at ion in the availa.blc data set. Da.ta a.re 1tllowcd to 

vary between the modified upper H&; lt i11 Sht rikman (MUHS) a.ccordiJLg to: 

1. ,UJJ S _ [ ef>/<f>max + J - ef>/rf>,,rnx ] - I _ !(' 
\ ej I - r 4 C' , •1 C ' ., 0 h tim+g ,o l\0+;1 ,' U .3 

(16) 

G~'lJS = [ </J/c/;mux + 1 - ef>/</>max ] - I _ Zo 
Gtim + Zo Gu+ Zo 

where 
Zu = Go 9/{o + 800 

G ICu + 2Go 
corresponding to the presuma bly stiffest· possible vari ety, where the imbscript li m 

refer to moduli at the sck ctcd maximum porosity. This set of cquat io11 s can also be 

devdop<xl fo r tlw low<' r bound which, however, is equi valent to the simplrr R<'uss 

ctvern.ge as may be ck vclopec.l from: 
I{ d, .. 11 J{ ll 

= Ko - l<,ttr 11 + f{ u - l { n 
(17) 

J' _ ( </>m,u; - </> + l - ( <Pma~ - </>) ) - I 

\ H - <Pm«x . Kum <Pmax . l-Co 
T ire upper bound descrip t ion is applie<l d11ri11 g changes in porosity, where sh-at i

gtaphical prop<'rty differcnc:c:s arc accommodated through adj ust ment,s of the end 

mcrnb<·rs ( /{0 a11d R 1im) , During clccornpaction the porosity may exceed if>mnx in 

which case the fmthcr chang<: is set to follow the lower (Reus:;) bound. 
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Seismic mode l 

We obtain zero offset seismic scctiorLs and AVO gathers based on t he rnoddk:<l logs 

as described a.bov<' . Zero offset, synthdic cla.ta arc obta.inc<l from th<' rdl<!ctivity 

series that arc calculated frorn t he P -wavc velocity (Vp) and density (p) logs m, g iven 

by equa.t io11 22. T l1i s reflect ivity series is co11volvcd witl1 a. H,id<er wavelet. A R icker 

wavelet with a domi nating frcqueucy of 50 Hz was found to produce a n acccpta,blc 

match to fo ·l<l <lata.. !'-wave reflectivity for offset gathe r:,; (R(0)) is cnkulatccl ou 

the basis of fi rst order rcJlectivity equations from the Zoeppritz eq uations as g iven 

bySpra,ttctal ( 1993): 

where 

and 

fl (0 ) = flppO + (RppO - 2' fl ,80)Sin
20 + O'. !:::i.p Siri"·e 

P<l 

I 

2 

(18) 

mid R ppo and R.850 arc :M'ro offsd refl ection codficic11ls for P and S-wa.vcs as g iven 

by cquati011 22. Pu is average density and l:::i.p = p2 - p 1; the density d ifference across 

tlw i11tcrfa.cc. 

Offset calculations arc based 011 an assumed 2500m st r<'arncr, which wit.h fairly 

com;t.a.11t overburckn velocit ies arnun<l 2000 rn/s<·c will produc<' incidence a ngles (0) 

below 22.5° at. top cha lk level. Refract ion in t he cha.lk overbu rden is considered 

negligible due to ra.thcr hornogc11co11 ::, vclofit ics and is co11scq11e11 tly disregarded. 

fo r standard analyses of am plitude vorsus offset (AVO ) we apply t he Shu<'.Y (1985 

in Casta.ngn,i 19!) '.3) a,pproxima.tion : 

where 

(I - 2a) 
Ao = Ro - :2 ( I + Bo) J _ <J (20) 
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and 

(2 I) 

a.ncI tl1c 'ilcro offset P- wa.V<' rdlcct ivity ( Rpµo) is: 

(22) 

where the illlpedanc<' is given by l p = VP• p. Substitut ing Vp wi th~ gives t.hc S-wavc 

reflect ivity R ssO· <7 is t he poi:,scrn ratio ,ts g i vcn by: 

T lw las t term in equation 19 is droppc~cl a.s it is insignifica nt for moderate a.nglcs of 

incidence (0 1 ). vVe use the first two term in equa.t. ion J 9 for the intcrc<•pt. vcnms 

slope.: plots givc.:n in ~' igs xx and xx. We a.hio use the poisso11 ratio (O" , equation 2:J) 

to crossplot with acoustic impc<la11cc to illustrate effects of porosity and satu rat ion 

d1,w gcs . 
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Se ismic model examples 

We exNnplify modelling of co111pact io11 and sat,urat,iou cha11gcs with data frorn th<· 

H.i gs-2 well, South Ant<: Field ('L'al>I<: '1). Scismic cxarnp lcs arc given i11 the appc:11dix . 

Input data to the modelling am logs, where key logs like Vp, Vs, and density a,re 

restored to virgi11 rnmli tio11s, Due to a miss ing shaJlow resist ivity log, thi s restorat ion 

proved to be mo:;t reliably performed using rock physical calculations as described 

in J apscn et al. ( this report) . ' l'liis results in A.n inip licid sclf-r.ousi st<!11 cy that causes 

rnodf'lled property changes calculated in thi s report to perform. somewhat better 

than if r<'st.orat ion was basc<l 011 shallow n·sii,t ivity da,ta (sec discussion in Japsc11 et 

al. this report). 

Moduli of t he formation components have been cst irnatcJ during laboratory mea

surements (Fa,bricius et al. this rcp01·t) and arc listed in Table 4 .. 

Compon<·nt Bulk ivl o<lul us Shear Moduhu; Density 
I( G (' 

Calcit0 71.0 30.0 2.7 1 
Silicates 2.,.0 9.0 2.70 
lim: rf; = 115 1.5 2.5 
Brine 2.9() 0 1.035 
Oil 0 . .52 0 0.633 

Table 5: Moduli ,ctnd densities of ['orrna.tion cornpon<' nts 
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To de monstrate the capabiliti es of the mode lling t ools, two scc 11 arios arc tes ted: 

a . T he free water level is ch anged from 27~)5 m l>.m.s.1. over tlw ideal 2900 m to 

2990 in steps of ;1 m corrcsponc.li11g to 40 cases (or t races). 

b. The present effect ive st ress i11 the chalk is changed conespo11di11 g to depth 

sh ifts of -900 rn t.o 900 rn i11 steps of 30 rn corrcsponc.li11g to GO cases (or 

traces) , 

Change in free wat er leve l 

A range of synthet ic seismograms a.re rnoddlcd l>y only clrnnging the free water levC'l 

a11d via satura.tion height n1ocle lling cht\.ngc the flu id composition. T he range is from 

2795 rn to 2990 rn .b.s .l. corresponding to a. ch ,wgn from ·100% water saturation to 

.-1.pproxirn,ttcly irrcc.hicible w,1,tcr saturation (F ig. ' . The best fit FWL relat ive 

to logged Sw is i11 the m iddle of this range, so maximum rno<lellc<l hydrocarbon 

saturation far <~xccccls observed saturations. 

A set. of plots illust rating poisson r at io versus a,coust ic impcda.ncc shows t hat Sw 

cha,11ges alTccts both of t hese prope rt ies (Fig. I 0). However, it is clear that acoustic 

impedance is more sensiti ve to porosity changes, than to saturatiou clianges whc·rcas 

the poisson ra t io is rnorc sust:cpt iblc to saturatio n changes. These tc11 cl<- 11 cics wou ld 

be more a mplified if gas was used rather than oil in the rnodclli11 g, ,111d acoustic 

impedance dkcts from saturat ion c.fo.uigcs would b<'cornr more s ignificant. A lso is 

tl1c poisson rat ion becoming more sc11 sit ivc to sat1.1ratio11 with increasing porosity. 

Anot her interesting effect is i:,ccn on the· Top Chalk ,w<l Top Tor rcllectors (at 2. 741 

sec; table 3; ~' ig. 9). 'l'ltc Top Tor rdkctor is characterised by downwa rd decreasing 

impedance. l t is seen t hat the amplitude of thi s reikcto r increases a brupt ly (more 

negative) as oi l enters tl1c fo rmation. As FW L dec•pclls (satura.t,ions i r1c:rca,i;cs) it 

gains arnplit,ude until low t,o moderate oil saturat ions . ~'rnrn mcH.lcratc to h ig l1 oi l 

saturation it slowly dccrcai;c• ,tgain. T h is is a co11seq11en cc of the saturation hei ght 

model , wliid1 ca uses Tor Forrna.t io11 hydroca.rbon saturatio11 to iJ1 crcasc fa.s tc•r than in 

the ~jkofisk l·'onrrnt ion in spite of lower capillary prcss tHCs at low overal l hydrocarbon 

saturati on. 'L'ltis ii; a co1 1sequcnec of lower capillary e n t ry press ures in the Tor 

Formation . 

The Top Glmlk reflector is also nffcctc-d by increas ing oil sa.turati011 ( Pig. 9). It 

is see n to loose amplitude with increasing oil sa.tura.tion, a n<l ;it saturn.t.io11 :-; slight ly 

higher t.ha.ri observed in the well, a, rcvcn;aJ i i; predicted . 
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Figul'<' 8: Water saturat ion profiles cakulatcd by chauging the free 
water level (~'WL). Note that different pro[>ertie:, in Tor and Ekofisk 
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t.han 8kofisk in spite of lower capillary prcs:,urc. 
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Poisson ratio versus Acoustic impedance: Porosity offects 
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Figure 11 : Slop<' (aJtcr Shuey I~) ' 5) versus intercept for satura.tion 
cha.nge moclcl8. Chalk inter val only. 
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Change in effective stress 

T he compa,ctio11 /dc-cornp;-u:tion exercise is illust ratc·<l with the porosi ty logs show n 

i11 ( ~' ig. 12). An interesting cff<,ct is that the va.rab ili ty in thP porosity traces is 

a rn pli fied duri11g ck-cornpactio11, and s ub dued dming compact io11 wl1ich is in a.c

cordancc with obse rvations in sC'is mic c.h tta (e.g. Hritzc et al 2000). Modelling 

a cha,ngc in d[cctivc stress inevitably results in sa.tur a ti o 11 changes such that less 

poros ity rnea11s higher water sat,uration. This relationship ca11 be seen t,o be al most 

exponential ( Fig. 12). 
The synthetic pot·osity and Sw logs also show tha.t. the observed S'w is closer to 

irreducib le wate r saturation in the Tor Form ation than in the E ko!isk F'or mation in 

spite• of lower ca.pillary press ures in Tor. T his is seen from the fact that a.n on ly 

11 egligiblc recluct io11 i11 Sw occurs in t he Tor a lthough poros ity is a lmost doubled 

during dec;ompat io11 . Thr 8w reduction clming <le-cmnpa.ction in 8kofisk is more 

conspicuous. Duri11g compact ion t his d iffcnccs, which originates from ent ry pressu re 

differences; is farther u,mplifcd. 
Another interesting observat ion is t hat am plitudes on the porosity log (as well 

,1.s the satur,1.tio11 log) are increased during dccompat ion and subuucd <l mi 11 g com

paction. This is a, consequence of the 1.ksig11 of t hC' cornp,tdion/de-cornpa.ct io 11 

model. This effect ea.uses amplit ude cha.ngc•s in tl1<! :wisrnic model a.nd corrc,,ponds 

to general seism ic observations in t lw C..:ha.lk ( HritY-<' et a l. 2000). 
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~ .__ _________ _, 

Figure 12: Dcptl1 shift. ol' the Rigs-2 wel l. Right panel shows log t races 
correspond ing to dccornpac.:tion in black and compact ion in green. 
Corresponding saturation changes res ulting from porosity drn,11gcs me: 
shown to the left in the same colours. 
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Poisson rollo versus acouslic lmpedonct: Poroshy t ffoclS 
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Fig A I: Zero-offset traces based on original log data (no FWL or compaction changes) shown as 6 central 
traces. Traces to the right and left are field data. 
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Fig. A2 : Synthetic seismic based on modelled changes in saturarion. SP-gathers are selected trorn low 
saturation models (lcfl) to high sat11ration models (right). Common offset gathers each display the entire 
modelled saturation range and represent near offset (left), mid offset and f.v offset (right). The disturbance in 
the lower left originates from the modelled oil - water contact. 
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Fig. A3: Synthetic seismic based on modelled changes in degree of compaction . The panels represent 
increasing compaction with deepest version to the right. The common offset gathers (lower set) shows the 
entire range, and upper set are selected with 150 m intervals. Note the decreasing reflectivity with increasing 
compaction . Panels are not scaled similarly to Fig. A4 . 
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Fig. A4 : Synthetic seismic based on modelled changes in degree of compaction. The panels represent 
decreasing compaction with shallowest version to the right. The common offset gathers (lower set) shows the 
entire range, and upper set are selected with 150 111 intervals. Note the increasing reflectivity with decreasing 
compaction. Panels are not scaled similarly to Fig. A3. 




