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1. Introduction

The SeiFaBa project (‘Seismic and petrophysical properties of Faroes Basalt’, 2002—2006)
was funded by the Sindri Group as part of the programmes for licensees within the Faroese
area and addressed the problem of seismic imaging in basalts with special focus on the
subaerially extruded flood basalts. This study reports properties from three Faroese wells
(see cross plots of well data in Appendix A): The Glyvursnes-1 (GL-1) well was drilled to
700 m by SeiFaBa outside Térshavn in 2002 (Figs 1.1, 1.2; Waagstein & Andersen 2004).
During the same operations, the existing 660 m deep Vestmanna-1 (VM-1) well was
reamed and logged. The purpose of the experiments at these wells is to provide a link from
the hand-specimen scale of the core-log, through the slightly larger averaging of borehole
logs to seismic scales. A full range of wireline logs are also available for the Faroese Lopra-
1/1A (LP-1) borehole that was drilled to 2.2 km in 1981 and deepened to 3.6 km in 1996
without reaching the base of the volcanic rocks (e.g. Hald & Waagstein 1984; Christie et al.
2002). Geochemical analysis and ultrasonic measurements have been carried out on sam-
ples from the three Faroese drillhole by the SeiFaBa project (Japsen & Waagstein 2005;
Olsen 2005; Olsen et al. 2005).

An acoustic logging program was run in three wells in west Iceland in December 1998. The
logging program and VSP surveys were a co-operation between Norsk Hydro, the Icelandic
energy authorities (Orkustofnun) and Schlumberger. Orkustofnun selected three existing
geothermal boreholes in western Iceland, each c. 1 km deep that penetrated different geo-
logical sequences dominated by hyaloclastites (HH-1 at Haukholt in the Hreppar district),
flood basalts (LL-3 at Laugaland in the Holt district) and a mixed environment (LA-10 in
Thorlakshoéfn) (see Fig. 1.3 and further details in Appendix B). The logs became available
for the SeiFaBa project after Orkustofnun became partner in the project in 2005.

The lavas on the Faroes are 59-55 million years old and are divided into the Lower, Middle
and Upper Basalt formations; the UBF, MBF and LBF, respectively (Rasmussen & Noe-
Nygaard 1970; Waagstein 1988; Larsen et al. 1999; Waagstein et al. 2002). The lavas on
Iceland are of late Cenozoic age (J6hanneson & Saemundsson 1998) and the three wells
studied penetrate volcanic rocks of Pliocene to Holocene age (Fridleifsson & Gudlaugsson
1998; Vilmundardottir et al. 1999a, b).

In this report we compare and discuss well log and core data from the Faroese wells and
log data from the Icelandic wells. Our emphasis is on sonic properties, and how they relate
to depth, composition, and pore space properties. We find that the acoustic properties for
all data sets are fairly well-described in terms of a single set of mineral end-point properties
expressed as mineral density and elastic moduli. The main deviation from the general data
trend is probably related to alteration of the basalt matrix accompanied with filling of vesi-
cles with zeolites and clay. Such deviations are observed for the Middle and Lower Basalt
Formations on the Faroes.
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2. Well data and stratigraphic interpretation

2.1 Faroese wells

An extensive logging program was run in the Glyvursnes and Vestmanna boreholes in
2002, comparable to that previously run in the Lopra well (1981, 1996) (see plots of the log
data in Appendix A). It includes optical televiewer, caliper, natural gamma, resistivity, neu-
tron porosity, density, full wave sonic, spectral gamma (of poor quality) and tempera-
ture/conductivity. The processing of the full wave sonic log for these two wells was difficult.

The stratigraphy of the basalts in the GL-1 and VM-1 wells was established from the full
core in these wells (Waagstein 1983; Waagstein & Andersen 2004). The Vestmanna and
Glyvursnes boreholes penetrate the lowermost 550 m and the uppermost 450 m of the
1,400 m thick MBF, respectively. In both sections the MBF is characterised by compound
flows composed of thin flow-units of variable porosity and by rare thin beds of tuff. The
overlying section at about 230 to 285 m in GL-1 consists of a few relatively thick plagio-
clase-phyric flow-units which are morphologically more similar to the flows of the LBF, al-
though the latter are near-aphyric.

The Glyvursnes, Vestmanna and Lopra boreholes represent sections of increasing age and
depth of burial. The Glyvursnes core displays variable degrees of mineralisation of vesicles
and voids, while the Vestmanna core is more completely mineralised (Jgrgensen 1984).
The depth of burial is clearly reflected by increasing paleotemperatures as estimated from
the zeolite parageneses found in Vestmanna and Lopra (Jgrgensen 1984; Waagstein et al.
2002).

A detailed stratigraphy of basalt flows, sediment/tuff layers and dolerite dykes was estab-
lished for the Lopra-1 hole drilled in 1981 based on drill cuttings and cores and compared
with the density, porosity, resistivity and gamma ray log-response (Hald & Waagstein 1984;
Nielsen et al. 1984). A more extensive logging program including a full wave sonic log was
run in the deepened hole from 200 m to TD. The new logs have been used to establish a
detailed stratigraphy for the flood basalt sequence between 200 m and 2500 m by dividing
the lava flows into massive and porous parts (Boldreel 2006). The porous upper part of a
flow is characterised by high values of the neutron porosity log, low values of density, low
P- and S-velocities and intermediate values of the caliper, this in contrast to the rather mas-
sive part characterised by high values of density, high P- and S- wave velocities and low
values of the neutron porosity. The basal zone is seldom identified due to the small vertical
extent of the zone. In addition 52 intervals with >1% potassium were mapped at the flow
boundaries and interpreted as altered basalt or tuffaceous sediments. These intervals were
also identified from the high values of neutron porosity and caliper in combination with low
values of density, P- and S-velocity. Two dolerite dikes intruding the basalt column were
identified by having the highest values of density, P- and S-velocities and lowest values of
the neutron porosity. Preliminary rock physics analysis of the Lopra-1 data was presented
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by Japsen et al. (2005) and a similar analysis of log data from the three Faroes wells by
Mavko & Japsen (2005).

Ultrasonic measurements were carried out on several core samples from the three Faroes
wells. P- and S-wave velocities were measured on 43 1.5” samples: 13 from VM-1, 25 from
GL-1 and 5 from LP-1 (Olsen 2005; Olsen et al. 2005). Conventional core analysis covering
gas permeability, He-porosity and grain density determination was also carried out. The
velocities were measured at different hydrostatic pressure conditions to reach the in situ
pressure condition where all minor fractures are closed (100, 200 and 300 bar). All samples
here measured in a water saturated state and some also in a gas saturated state. Here we
compare only results for water saturated samples at 300 bar. A preliminary analysis of ul-
trasonic and geochemical properties of cores samples from the Glyvursnes-1 and Vest-
manna-1 was presented by Japsen & Waagstein (2005).

2.2 Icelandic wells

Three Icelandic wells drilled for production of geothermal energy (see Appendix B) were
logged in a cooperation project between Norsk Hydro, Orkustofnun and Schlumberger. The
field work was conducted from December 1 to 9 1998 (Kanestrgm 1999). A suite of logs
were acquired in the three wells: dipole sonic imager (DSI), litho-density log (LDL), com-
bined seismic imager (CSl), temperature (CPLT) and caliper (TCS), but no neutron porosity
log (see plots of the log data in Appendix A).

The HH-1 well has a TD of 1320 m. Because of high temperature at TD (170° C) the log-
ging stopped at 1120 m. The drilled section consists of 85% hyaloclastite. According to the
geological report for the borehole, the well is located in ‘one of the hottest low-temperature
systems’ in Iceland, the Hreppar district, S. Iceland (Vilmundardéttir et al. 1999a). The geo-
thermal gradient is about 140°C/km. The lithostratigraphy rest solely on analysis of cuttings
and no thin sections were available for e.g. analysis of hydrothermal alteration. The volcan-
ics at Haukholt are belong to the Hreppar Formation and are mainly of Pleistocene age (c.
2 m.y. old), but the deepest rocks are of late Pliocene age (c. 3 m.y. old). The drillhole
penetrated hyaloclastites with lava interbeds, the latter signalling interglacials in most
cases. A considerable part of the rocks are reworked hyalocrystalline tuffs, interbedded
with primary volcaniclastic rocks and lavas. The rocks exposed at the surface contain cha-
baite and analcime in lava vesicles, implying that the surface rocks are within the chaba-
zite-thomsonite alteration zone (40-70°C). The presence of this zeolite zone on the surface
witnesses that erosion in the order of 4-500 m has taken place.

The LA-10 well was drilled in 1987 and logged to TD in 1998 (995 m). The drilled section
consists of 45% submarine and 45% subaerial Pleistocene basalt. According to the geo-
logical report for the borehole, the well is located in Thorldkshéfn on the eastern flank of the
active riftzone in W Iceland, the Reykjanes-Langjokull rift zone (Fridleifsson & Gudlaugsson
1998). The upper 70 m are composed of highly permeable pillow lava originating from on-
shore post-glacial lavaflows which were rapidly quenched by flowing into the sea. Shallow-
marine sediments are interbedded with and underlying the pillow lava formation. The un-
conformable ‘basement’ underneath is composed of late Pleistocene lavas and hyaloclas-
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tites. Very little amount of water can be obtained by pumping. The geothermal gradient is
90°C/km. Chabasite is the most common low-temperature zeolite (498-682 m).

The LL-3 well was drilled in 1977 and logged to TD in 1998 (1091 m). The drilled section
consists of 95% subaerial basalt. According to the geological report for the borehole, the
well is located in the Laugaland area on the western flank of the active eastern rift zone in
SW Iceland (Vilmundardottir et al. 1999b). The nearest active volcano is Mount Hekla, 40
km to the NE. The bedrock belongs to the oldest part of the Hreppar Formation of Late Plio-
cene — Early Pleistocene age (3.2 — 0.8 Ma). The bedrock in the Laugaland area is consid-
ered to be 3.0 — 2.5 m.y. old. The Hreppar Formation is composed of lava flows with inter-
beds of hyaloclastites from glaciations periods and also some sedimentary beds. In the
older parts of the formation, interglacial lava flows dominate over hyaloclastites as it is
documented by the borehole where only thin (<30 m) beds of hyaloclastites are present.
The borehole penetrated a regular pile of subaerial lavaflows containing less than 5%
sedimentary interbeds, hyaloclastites, breccia and dikes. The water yield of the rock is
poor, but two main water-conducting geothermal systems can be identified: The upper sys-
tem (50-220 m) has a temperature of 60-75°C and the lower system (635-920 m) has a
temperature of 90-92°C. The well is not intersected with water-conducting fracture zones.
The secondary minerals place the rocks in the mesolite/scolesite alteration zone.

2.3 Quality control of well log data

The density and acoustic logs were quality-controlled and edited (Gommesen 2005; Gom-
mesen & Ahmed 2005). The well logs are characterized by shallow readings in the bore
hole and may therefore be influenced by, for example, borehole rugosity (calculated as the
caliper values minus the bit size). Furthermore the logs were analysed for apparent mal-
functions, such as cycle skipping in the sonic readings, and for missing readings. Gener-
ally, the log readings are deleted at the top of the hole, around the casing shoes or when
the logging stops. The log readings are in some cases also deleted in the very bottom of
the hole.

Density and sonic tool readings may be affected by e.g. washouts. An efficient approach to
detect logging intervals affected by poor bore hole conditions is through cross plot analysis.
From cross plots of e.g. bulk density versus Vp or Vp versus Vs (or Poisson’s ratio) outliers
may be identified, and be compared to the responses of the remaining curves of the log
suite to identify any abnormal elastic behaviour. Especially for the LP-1 well, poor bore hole
conditions are related to abnormal log readings. By comparing bulk density versus Vp and
Vp versus Vs with the rugosity of the bore hole, we observe that readings of Vp are stable
whereas readings of bulk density and Vs are very sensitive to the hole conditions, eventu-
ally resulting in low values of density and Vs (picking too late shear wave arrivals), respec-
tively.

The quality of the Icelandic well log data is generally good. However, data that deviates
from the general trends are observed in HH-01 and LL-03. Noteworthy is also that there is
no resistivity and neutron porosity data available for the three wells. Calliper log is also
missing for LA-10.
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Figure 1.1. Geological map of the Faroe Islands showing the location of deep boreholes
and the distribution of the three Palaeogene basalt formations (modified after Waagstein
1998).
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Figure 1.2. Stratigraphical position of deep boreholes in the Faroe Islands (modified after
Waagstein 1988).
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Figure 1.3. Location of the three Icelandic wells (from Kanestrgm 1999). Further details in
Appendix B.

GEUS 8



3. Basic observations

Plots of well logs and cross plots of well log data from the three Faroese wells (flood ba-
salts) and the three Icelandic wells (different environments) are shown in Appendix A.

3.1 Properties estimated from core data

3.1.1 Well-defined Vp-¢ and Vp-Vs relations irrespective of basalt forma-
tion

The plots of the ultrasonic data measured on core samples indicate that the data set repre-
sent rocks of broadly identical composition with regards to their acoustic properties — irre-
spective of basalt formation. Vp plot along well-defined trends versus porosity and do not
show great variations with respect to well (basalt formation) nor basalt facies, only data
from sediment samples may deviate, the Vp-Vs trend is very well-defined (Figs 3.1a,b,
3.2a,b). The relation between Vp and Vs is particularly sensitive to differences in rock com-
position (and fluid content), but such differences are not apparent from the plots.

3.1.2 Scattered trend of Vp versus density

However, there is a significant scatter when Vp is plotted versus density for the samples
(Figs. 3.1c, 3.2c). If we assume a single relation between Vp and porosity, this result indi-
cates a significant scatter in the grain densities of the individual samples because

P = Py (1_¢)

where p is density (g/ccm), pg is grain density and ¢ is porosity (see Fig. 4.1c). There is
indeed a large scatter in the measured values of grain density that varies from 2.7 to almost
3.1 g/ccm for the investigated samples. The dependency of density on grain density is illus-
trated by Fig. 3.3a that shows that lower bound of Vp-density data is defined by samples
with maximum grain density and that data points with lower density for a given velocity are
characterized by a smaller grain density. Fig. 3.3b highlights the considerable span in grain
densities from 2.7 to 3.1 g/ccm and that even samples from massive cores span a wide
range of grain densities. Low grain densities are likely to represent altered samples with a
high percentage of light minerals such as clay (e.g. 2.55 g/ccm) and zeolites (e.g. Narolite
2.25 g/ccm) in contrast to the main constituents of basalt pyroxene (3.3 g/ccm) and plagio-
clase (c. 2.6 g/ccm) (data from Mavko et al. 1998).

There is a strong bias in the selection of the samples towards massive lava flows because
these units are easier to investigate (due to the low porosity) and because they were se-
lected to investigate the properties of the different flow units; moreover samples of lava
crust and breccia were difficult to investigate due to large vesicles. Consequently, altered
rock material that is likely to occur more frequently in the crust of lava flows and in breccia
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are not well presented in the data set. Examples of altered rocks are the crustal sample G-
35 (grain density of only 2.7 g/ccm, Vp c. 5 km/s, depth 346 m) and the two samples of
massive flow units, G-36 and G-77 (grain density less than 2.9 g/ccm, Vp greater than 6
km/s, depths 353 and 669 m) (cf. Olsen 2005; Olsen et al. 2005). In thin section sample G-
35 is seen to be characterized by vesicles filled with zeolites and clay whereas the plagio-
clase is altered and the plagioclase is fresh (R. Waagstein pers. comm.).

3.2 Properties estimated from Faroese log data

e In GL-1 the gamma ray is low (<20 API) and fairly constant and systematically
higher for the sediments. The P-wave sonic is highest in the massives and lowest in
the sediments. The bulk density is systematically lower than in Lopra-1, indicating
systematically higher porosity, and possibly a change in mineralogy. The density
also shows smaller fluctuations than were observed in Lopra-1. Distinct changes in
the character of the logs occur at 45 m and 300 m whereas the interface between
the Upper and the Middle Basalt Formations is at 355 m (Waagstein & Andersen
2004).

e In VM-1 the gamma ray is constant and low (c. 10 API), but systematically higher in
the sediments than in the basalts, as with the other wells. The density and density
fluctuations are smaller than in Lopra-1, similar to Glyvursnes-1. Again, the P-wave
sonic is highest in the massives and lowest in the sediments. The Vp/Vs ratio in
Vestmanna-1 is much more uniform than in either Lopra-1 or Glyvursnes-1, though
there are abrupt Vp/Vs spikes.

¢ In LP-1 we observe that the gamma ray log varies over a wide range (<40 API) and
that it is systematically higher in the sediments than in the various basalt layers.
Apparently the gamma level varies from flow unit to flow unit. The bulk density
shows large fluctuations with depth, indicating primarily large variations in porosity.
However, the upper limit of density is fairly uniform with depth and probably indi-
cates that the density asymptotically approaches the mineral density as the porosity
approaches zero. The sonic Vp is highest for the massive basalts, intermediate for
the basalt topflows, and lowest for the sediments.

We observe a general velocity increase with depth in well GL-1 below c. 350 m within the
MBF (below the level of the thick high-velocity flow units). This change is partly due to shift
to a higher Vp-rho trend and partly due to increased density (reduced porosity) which add
up to an increase in velocity to match the high Vp values found in VM-1 for the MBF. This
will be discussed more in the following sections.

3.3 Properties estimated from Icelandic log data

¢ In HH-1 (85% hyaloclastites) the gamma ray is low through most of the drilled sec-
tion (<20 API), but is markedly higher (c. 40 API) in the tuffaceous interval around
800 m which is also characterized by low densities. Bulk densities vary from 2 to
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more than 3 g/ccm and are typically low in the tuffs (small density variations). The
upper density limit of c. 3 g/ccm probably indicates low density zones with porosity
near zero. Vp closely follows the variations in density and the trend of the Vp-Vs ra-
tio is well defined around a mean value that decreases slightly with depth from 2
near the surface to c. 1.8. There is no clear lithological discrimination in terms of the
Vp-Vs ratio and this observation supports that the sediments are reworked tuffs and
volcanic rocks.

e In LA-10 (45% submarine, 45% subaerial basalts) the gamma ray values are low (<
20 API) throughout the drilled section, but vary in a stepwise manner with depth.
Density varies from 2 to 3 g/ccm with large variations across short depth intervals
corresponding to the characteristic porosity variation over individual lava flows. The
density variation is small over tuff units. Vp variations reflect closely variations in
density and is thus controlled by porosity. There is a wide scatter in the Vp-Vs ratio
that probably reflects bad velocity (Vs) readings.

e In LL-3 (95% subaerial basalts) the gamma ray are fairly high (10-30 API) and scat-
tered. Density varies over short distances with a total range from 2.2 to 3 g/ccm
only a tuff unit near the surface has a constant, low density. Vp closely mimics
these variations that are due to the porosity profile across individual flows. The
general level of the Vp-Vs ratio drops from near 2 at the surface to 1.8 at the base
of the well.

3.4 Comparison of Faroese and Icelandic log data

3.4.1 Two Vp-density trends

Based on the Faroese and Icelandic log data we can distinguish two main Vp-rho relations
for flood basalts:

e a trend of relative low Vp compared to rho. This trend is observed for the UBF in
the GL-1 well where e.g. Vp<4 km/s for 2.6 g/ccm (Fig. 3.4a) and for the LL-3 well
(Appendix A).

e a trend of relative high Vp compared to rho. This trend is observed for the LBF in
the LP-1 well where e.g. Vp~5.3 km/s for 2.6 g/ccm (Appendix A).

Moreover, the properties of the MBF appear to be transitional between the two trends. The
GL-1 data from this interval represents both the high and the low trend (Fig. 3.4b), whereas
the VM-1 data represent a very high Vp-rho trend (Fig. 3.4c). For the GL-1 well we observe
a clear variation of Vp with depth below c. 550 m (Fig. 3.6). However, towards the base of
VM-1, we observe a ‘reversal’ of the Vp-rho trend within the thin sequence of the LBF
penetrated by the well.

The difference between the two trends means that identical values of density give different
Vp. Somehow the structure of the basalt appear to be ‘stiffer’ in the deeper stratigraphic
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level and it is thus tempting to suggest that the difference between the two trends repre-
sents a change related to diagenetic changes at depth and this will be investigated in the
following.

3.4.2 High gamma-level correlates with low Vp relative to density

For intervals with large variations in gamma it is clearly seen that high gamma readings
corresponds to relatively low Vp (for given rho) (Figs 3.7, 3.8). We observe this for the LL-3
well (250-300 m) where a marked interval with high gamma has smaller values of Vp than
the interval just above where gamma is smaller and density identical (Fig. 3.7). No relation
with the scattered Vp/Vs data can be seen in this well. High gamma for low Vp accompa-
nied with low Vp-Vs may also be observed on crossplots of Vp versus density for well LP-1
(1500-1800 m) (Fig. 3.7).

The observed relations: high gamma — low Vp — high Vp/Vs are similar to those seen for
sandstone where quartz has low gamma and shale high gamma values. Shale reduces Vp
and even more Vs and hence increases Vp/Vs (e.g. Han et al. 1986). From the blocky ap-
pearance of the gamma log for LL-3 (and LP-1) it seems likely that these variations are
related to the primary composition of the flows.

3.5 Comparison of Faroese log and core data

We can use the core data to investigate the relations between the log data because there is
agreement between the log and core data from the Faroese wells. The log measurements
in the wells have been estimated at the same depths as where the core samples were
taken: e.g. density, Vp and Vs. The log readings are compared with the lab data and show
a high degree of consistency (Figs 3.9a-c). There is almost a 1:1 correlation for the density
data in contrast to the bias between the two datasets shown by Japsen & Waagstein
(2005). This improvement is due to the recalibration of the density logs in GL-1 and VM-1
as described by Waagstein & Japsen (2005). The correlation between Vp and Vs for the
two datasets is also very good, even though Vp for the core data are slightly biased to-
wards higher velocities whereas the Vs data are closer to a 1:1 correlation (see Japsen &
Waagstein 2005 for further details). The bias of the Vp data may be due different scales
because the finer sampling of spikes in the core material than for the log measurement.
There is no difference in the correlation between the core and log data between Gly-
vursnes-1 and Vestmanna-1.

A comparison of log and core data in a plot of Vp versus density reveals a strong bias in
the selection of the core samples relative to the log data for the entire logged sections in
the GL-1 and VM-1 wells (Figs 3.10, 3.11): The low-density part of the relatively high Vp-
density trend for the MBF in the two wells is only represented by one sample (G-35). The
match between the two datasets is affected by the slight shift towards higher velocities for
the core data. The analysis of the Vp-density relation for the core data shows that the outly-
ing samples towards low densities are characterized by low grain density. Hence we can
conclude that the relatively high Vp-density trend defined for the log data in these wells for
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the MBF also must be characterized by low grain densities (and hence low densities). This
means that the basalt of the MBF must be significantly altered — partly due to presence of
light minerals such as clay and zeolites and partly due to alteration of the rock matrix.
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Figure 3.1. Plots of ultrasonic data for water saturated core samples measured at 300 bar
(colorcoded by well). (a) Vp versus porosity. (b) Vp versus Vs. (c) Vp versus density. The
well-defined trends seen in the plots of Vp versus porosity and Vs indicate that the data set
represent rocks of broadly identical composition irrespective of basalt formation (well).
However, the scatter seen in the plot of Vp versus density indicate variations in grain den-
sity are important for a fixed velocity-porosity data point. Upper Hashin-Shtrikman bound
shown for reference (Japsen & Waagstein 2005).

GEUS 14



Lava core

.
L] ®  Lava crust
65} .- & Sediment
. ‘ ®  Lava breccia
: | Vuggy lava
6- % !
]
* o8
5.5} -
. ‘.
0] .
E 5
= L
z * .
8 %
T 45} - -
a -
4 *
*
®
35}
®
3
%
°
25 1 A | L " 1
a 0.05 0.1 0.15 0z 025 03 035 04
Porosity
e T -
® Lava core
® Lava crust .
65+ & Sediment . ...
® Lava breccia ’ L]
Vuggy lava -
5 %
o
5.5} -
.. L4
@
[
E 5
= . ®
8 &
T 45} *
d »
4 *
.
B
35}
3l .
-
25— i 1 | |
1 15 2 25 3 35 4
S-velocity (km/s)
e T
® Lava core
® Lava crust L
H . ]
851 & Sediment ) . i
®  Lava breccia b L
sH Vuggy lava | 2 L :
as?®e
5.5}
-*
.
5l
P2 i L] -
.
g 45 L] ..
g, L ]
4 .
. L
351
3t *
25}
2 1 | i i |
2 22 24 26 28 3
Density (g/cem)

Figure 3.2. Plots of ultrasonic data for water saturated core samples measured at 300 bar
(colorcoded by lithology). (a) Vp versus porosity. (b) Vp versus Vs. (c) Vp versus density.
The well-defined trends seen in the plots of Vp versus porosity and Vs indicate that the
data set represent rocks of broadly identical composition irrespective of lithology. However,
the scatter seen in the plot of Vp versus density indicate variations in grain density are im-
portant for a fixed velocity-porosity data point (e.g. massive core data). Upper Hashin-
Shtrikman bound shown for reference (Japsen & Waagstein 2005).
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Figure 3.3. Plots of ultrasonic data for water saturated core samples measured at 300 bar
colorcoded by grain density. (a) Vp versus porosity. (b) Vp versus Vs. (c) Vp versus den-
sity. Data for the basalt samples define a fairly well-defined velocity versus porosity trend
and tight Vp-Vs trend whereas there is a pronounced scatter in the plot of velocity versus
density. This scatter corresponds to a clear separation in grain densities. The upper bound
of the data trend is represented by the upper Hashin-Shtrikman model (thin black line)
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(Japsen & Waagstein 2005).
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Figure 3.4. Vp versus density for (a) well GL-1, UBF. (b) well GL-1, MBF. (c) well VM-1,
MBF. The log data plot along two trends of Vp versus density: a trend of relatively low Vp
compared to rho (cf. Fig. a) and a trend of relative low Vp compared to rho (cf. Fig. c). The
data for MBF in well GL-1 represents the overlapping trends (Fig. b). This transition repre-
sents a reduction in grain density rather than different relations between Vp and porosity
(cf. Fig. 3.10).
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Figure 3.5. Comparison between data from (a) the GL-1 and (b) the LL-3 wells in plots of
velocity versus porosity and (c) Vp-Vs data from the LP-1 (red) and LL-3 (blue) wells. Note
the identical data trends for the two wells (the cluster of high-velocity data around a porosity
of 20% represent altered basalt of the MBF). The reference lines in Figs a and b are com-
puted for the MUHS, median and MLHS model described in the text.
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Figure 3.9. Plot of log versus water saturated core data at 300 bar estimated at the same
depth. (a) Density. (b) Vp. (c) Vs. There is good consistency between the two data sets, but
especially Vp for the core data are shifted towards high velocities relative to the log data.
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Figure 3.10. Plot of Vp versus density for water saturated core data at 300 bar (all samples)
and log data for (a) The Glyvursnes-1 well. (b) The Vestmanna-1 well. (c) The low-density
part of the relatively high Vp-density trend for the Middle Basalt Formation in the two wells
is only represented by one sample.
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circles illustrates the difference in the two data sets that is also demonstrated in Fig. 3.9.
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well. The plots demonstrate the bias in the sampling of the core data relative to the entire
drilled section with respect to density properties. The difference between the red and green
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Figure 3.12. Plot of Vp versus Vs for water saturated core data at 300 bar (red circles) and
log data estimated by interpolation at the same depth as the core sample (green circle)
compared with log data (blue dots) for (a) The Gluvursnes-1 well. (b) The Vestmanna-1
well. The plots demonstrate the uniformity in the sampling of the core data relative to the
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core data. The difference between the red and green circles illustrates the difference in the
two data sets that is also demonstrated in Fig. 3.9.
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4. Rock physics modelling

4.1 Matrix densities

4.1.1 Faroese basalt

Matrix (or grain) density, pny, (g/ccm), of 40 core samples from the 3 Faroese wells have
been estimated, giving an average value of 3.00 g/ccm for samples of massive lava flows
(Olsen 2005; Olsen et al. 2005). Plots of grain density variations show that the variation in
grain density is systematically related to bulk density and to alteration of the rock as dis-
cussed below (Figs. 3.3, 4.1). We observe that the highest grain densities mark a lower
bound in the plot of Vp versus density and thus that only the highest grain densities may be
considered representative for the unaltered matrix. In Fig. 4.1a we observe a number of
data points with a grain density of almost 3.1 g/ccm, but these values may also indicate
anomalous high contents of heavy minerals and are thus not necessarily representative for
the bulk properties of the unaltered basalt. In Fig. 4.1b we compare measured values of
He-porosity with the bulk densities of the samples with the data points colorcoded by grain
density with indication of the relation between density and porosity for a grain density of
3.05 g/ccm. This value may be taken as a fair approximation of the property of the unal-
tered basalt with the higher values as outliers above the line and increasingly lower values
corresponding to more altered rock, below the line. A grain density of 3.05 g/ccm compares
well with the 3.07 g/ccm estimated by Mavko et al. (2004) as the empirical upper limit of the
log densities of the LBF in the LP-1 well. There are no indications of systematic variations
in acoustic properties between the three basalt formations, nor between the three Faroese
wells (Figs 3.1, 3.2). However, the matrix density exceeds 3.05 g/ccm in some of the drilled
intervals; e.g. in well VM-1 where bulk densities reach 3.1 g/ccm between 440 and 490 m
depth (see Appendix A).

From Fig. 4.1a we see that the samples of lava crust have the same range of maximum
grain densities as massive lavas, which is to be expected because lava crust and core are
part of the same lava flow. Apparently, both lava crust and core may be severely altered as
indicated by the low grain densities of two core samples (G-36 and G-77, c. 2.87 g/ccm)
and one crust sample (G-35, 2.7 g/ccm). It is possible that the high-porous lava crust is
more prone to alterations because ground water may flow more easily here, but we adopt
the same grain density as for the massive lava flows 3.05 g/ccm. This value is also as-
sumed for breccia and for transitional and undefined lithologies as well as hyaloclastites.
For sediments we assign the mean sample value of 2.8 g/ccm. For the dolerites in well LP-
1 the matrix density appear to slightly smaller than for the surrounding basalt and we as-
sign these rocks a matrix density of 3.02 g/ccm (see Appendix A).
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We can calculate porosity, ¢, from bulk density, p, by the following expression:

¢ _ Pm P
Pm ~ Pw
where we substitute the above values for the matrix (or grain) density, pm, and where p, =1
g/ccm is the density of fresh water saturating the basalt. For bulk densities above 3.05
g/ccm we assign zero porosity. The resulting minimum porosities for e.g. the LP-1 well are
very close to 0% (see Fig. 4.2). This is a reasonable result considering the tightness of the
massive basalt flows and the measured minimum He-porosities of c. 1 for the core samples
(Olsen 2005; Olsen et al. 2005). Note that variations in grain density of 0.02 g/ccm will re-
sult in maximum variations in the estimation of porosity of 1 p.u. and are thus not important
for the analysis presented here.

In the LP-1 well high gamma readings were used as one parameter to distinguish sedi-
ments based on the log parameters (Boldreel 2006). We have assigned a low matrix den-
sity for all sediments and we thus get very low porosities for the data interpreted to be sedi-
ments in the LP-1 possibly indicating that this matrix density is too low or that too many
data points have been interpreted as sediments (see Fig. 4.3 where not only data points for
basalt flows are shown). Similarly low porosities are not estimated for sediments in the GL-
1 and VM-1 (see plots of velocity versus porosity in Appendix A).

4.1.2 Icelandic basalt

Grain densities of Icelandic basalts have been studied by the Icelandic energy authorities.
According to email correspondence with Omar Sigurdsson from ISOR in Reykjavik, the
following observations have been made (there are no core samples from well LL-3):

Fresh basalt lavas:
e mean grain density 3.06 g/ccm with std 0.05, min = 2.95 g/ccm, max = 3.15 g/ccm
(16 samples from various locations).
e mean grain density 3.07 g/ccm with std 0.01, min = 3.05 g/ccm, max = 3.09 g/ccm
(85 samples from Oskjuhlid).

Basalt lavas with small alteration as zeolites and smectite:
e mean grain density 2.88 g/ccm with std 0.09, min = 2.69 g/ccm, max = 3.00 g/ccm
(36 samples from various locations).

Basalt intrusions with similar alteration:
e mean grain density 2.89 g/ccm with std 0.08, min = 2.73 g/ccm, max 3.00 g/ccm (18
samples).

Reported densities from the Iceland-Research-Drilling Project (IRDP) well in Reydarfjordur,
east Iceland (e.g. Drury 1985) for lavas are 3.02 g/ccm with std 0.18 (part of those lavas
could have zeolite alteration). Density for basaltic intrusions in that well was reported to be
3.04 g/ccm with std 0.16.
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A typical grain density for fresh Icelandic basalt lava measured on core samples is thus
3.06 g/ccm, so 3.05 g/cecm is a very reasonable pick (Omar Sigurdsson pers. comm.).

According to the geological reports for the Icelandic wells reworked tuffs and lavas are
termed sediments (e.g. Vilmundardéttir et al 1999a). We therefore assign the grain density
of unaltered basalt (3.05 g/ccm) to this lithology. This choice agrees with plot of Vp versus
density for well HH-1 where most data points for sediments plot along the trend for basalt,
but scattered points for sediments plot towards relatively low densities and thus probably
corresponds to chemically altered basalt matrix with low grain density (Appendix A).

4.2 Ellipsoidal inclusion model based on data from Lopra-1

In this section, we analyze the observations by comparing them with rock physics models.
One set of models represents the pore space as a collection of ellipsoidal inclusions, rang-
ing from flat penny-shaped cracks to spherical pores. The equations that we implement are
for the self-consistent formulation of Berryman (1995). The effective rock bulk and shear
moduli of an N-phase composite are given by:

N .
.lei(Ki— Ksc)P'=0

N .
2, Xilki—psc)Q =0

where i refers to the ith material, Xj its volume fraction, P and Q are geometric factors given

in Table 4.1, and the superscript * on P and Q indicates that the factors are for an inclusion
of material i in a background medium with self-consistent effective moduli K;C and ugc.
These equations are coupled and must be solved by simultaneous iteration.

In the modelling, spherical pores are represented with an aspect ratio of 1; these are the
stiffest possible shapes, leading to high velocities for a given porosity. In basalts, these
would correspond well to vesicles. Successively smaller aspect ratios represent flattened
spherical pores (oblate spheroids), which are successively more compliant. Aspect ratios
less than about 0.1 are often referred to as “penny-shaped” cracks. In our application, we
assume two phases, mineral and water.

In using these inclusion models, it is important to remember that they are quite idealized,
and should not be interpreted too literally. In real rocks there are seldom ellipsoidal pores,
though the approximation is probably better in vesicular volcanics than most others. Also,
the ellipsoidal models do not explicitly allow for pore connectivity. Nevertheless, these
models are useful elastic analogs, and we believe that the trends predicted by them, such
as from stiffer pores to more compliant pores, are valid. In our discussion below, the fact
that sonic data are consistent with a penny-shaped crack model does not mean that there
must be cracks in the rocks. Poorly cemented, compliant grain contacts will yield the same
elastic behaviour.
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When comparing theoretical curves for the ellipsoidal inclusion model with well log data, we
find that the results are very sensitive to the assumed mineral properties. Figure 4.2 shows
plots of Vp versus Vs, Vp versus phi, and Vs versus phi for Lopra-1 data for massive lava
flows and crust. The porosities were estimated from measured bulk densities using a matrix
density 3.05 g/ccm. Superimposed are the predictions of the ellipsoidal inclusion model, for
average pore aspect ratios of [1, 0.3, 0.1, 0.03, 0.01]. For these curves, we assumed the
following matrix properties:

Km =83.4 GPa, G, = 40.1 GPa and pn, = 3.05 g/ccm (eq. 1)

where K is bulk modulus and G is shear modulus. The values corresponds to Vp = 6.7 km/s
and Vs = 3.63 km/s.

The zero-porosity end-member was estimated from varying the mineral end-point value of
Vp while keeping the Vp-Vs ratio fixed at 1.847 — the average log-value measured for the
massive lava flows in the LP-1 well. The model is very sensitive to the mineral end-point
properties, and other mineral end-point values were also tested, but the above choice was
selected because it resulted in consistent estimates of aspect ratio based on both Vp and
Vs data (it does not make physical sense that the P-waves are seeing different pore aspect
ratios than the S-waves). In Figure 4.2 we observe that the data cloud for the massive lava
flows (phi<15%) plot between the lines of aspect ratios of 0.03 and 0.3, even though the
line of 0.1 plot slightly lower in the plot of Vp compared to that of Vs. The mineral-end point
for the curves match the low-porosity end of the data cloud. The plot of Vp versus Vs also
shows a nice agreement between data and model: there is agreement between the mineral
end-point and the curves for small aspect ratios define a lower bound for the data trend
indicating that stiffer pore shapes result in higher Vp-Vs ratios. The model curves capture
the overall trend of the Vp versus Vs data. The mineral properties selected for the model
represent an intermediate value in between the values for the main constituents of basalt,
pyroxene (K =110 GPa, G = 63 GPa, p = 3.31 g/ccm) and plagioclase (K = 76 GPa, G = 26
GPa, p = 2.63 g/ccm) (data from Mavko et al. 1998).

In Appendix A we compare the inclusion model established for the Lopra data with the log
data for the other wells. For the GL-1 and the VM-1 wells we observe a general good
agreement between the data and the model given by equation (1) for the plots of Vp, Vs
and porosity. For the VM-1 well we see a good agreement between the mineral end-point
and the data cloud with porosities close to zero and furthermore, that the predicted aspect
ratios are similar for both Vp and Vs. This is highlighted by the plot of Vp versus Vs where
the VM-1 data plot in a narrow range that coincides with the model and the LP-1 data.
However, the GL-1 data appear to be biased towards relatively high values of Vs (espe-
cially for high velocities). Relatively few GL-1 data points plot near the mineral end-point.
The three Icelandic wells plot very similarly relative to model in the plots of Vp and Vs ver-
sus porosity and in particularly in the plots of Vp versus Vs. The predicted high porosities of
the Icelandic rocks reveals that the high-porosity rocks (irrespective of lithology) tend to
have higher aspect ratios than the low porosity rocks. This behaviour is not understood.
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4.3 Modified Hashin-Shtrikman bounds based on data from
Lopra-1and LL-3

Walls et al. (1998) found that a modified upper Hashin-Shtrikman (MUHS) model predicts
the velocity-porosity behaviour of chalk as estimated from well log data from the Ekofisk
field. Even though chalk and basalt are two rocks with nothing in common as lithologies,
they share the property that the data trend is upwards concave in the velocity-porosity
plane: The velocity-porosity gradient is large for small porosities, but small for high poros-
ities and this result in the characteristic bended trend for e.g. the GL-1 and LL-3 wells that
span a wide range of porosities (Fig. 4.3). This behaviour may be modelled by modified
Hashin-Shtrikman bounds. See plots of velocity versus porosity for all wells in Appendix A
where data points for all lithologies are shown in the same colour to emphasize that most
data points fall within the modified upper and lower Hashin-Shtrikman bounds.

The model describes how the dry bulk and shear moduli, K and G increase as porosity is
reduced from a maximum value, ¢max, t0 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 the geometries of the constituents (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 defined for porosity up to a maximum value
less than 100%. Here we refer to the high-porosity end member (Kymax, Gomax) @s the maxi-
mum porosity (pmax) 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, Gs) are the moduli of the solid at zero porosity. The modi-
fied upper Hashin-Shtrikman model is given by the dry-rock bulk and shear modulus,

K MUHS and G MUHS |

S

-1
KMUHS _l:K ¢/¢max +1¢/¢max:| 4G

4 4 3
+ 3G, K, + 3G

¢ max
-1
GMUHS _ ¢/¢max +1_¢/¢max _Zs’ (eq. 2)
G¢max +Z, G, +Z,
G, 9K, +8G
where Z,=—2.—2 2
6 K,+2G,

The modified lower bounds for the dry rock effective bulk and shear moduli (K-S, G-MHS)
can be found from the modified lower Hashin-Shtrikman model (MLHS):
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-1

KMLHS _ ¢/¢max + 1_¢/¢max _ 4

K g max +%G¢max K, +%G¢max 3 ™ gmax
-1
GMLHS _ Pl Grax N 1-¢/ @y Z, (eq. 3)
G¢max + Z¢ max Gs + Z¢max
9K +8G
where Z,, . = gmax = *gmax ¢ max
6 K¢maX + 26¢max

From this model we can calculate the modified upper and lower bounds on the moduli of
the dry rock for a given porosity and then estimate the moduli for the saturated rock using
Gassmann'’s relations (see Mavko et al. 1998) and the appropriate fluid properties (e.g. pw
=1 g/ccm and K,=2.25 GPa for brine), and finally calculate Vp and Vs.

We chose the matrix properties given by equation (1) as the low-porosity end-member and
estimate the high-porosity end-member by comparison with data from the LP-1 and LL-3
wells (see Appendix A). A consistent fit between model and data from these wells is found
for the following properties:

Kemax = 5.55 GPa, Gymax = 3.2 GPa, gmax = 45% (eq. 4)
Ks =83.4 GPa, Gs = 40.1 GPa and ¢ = 0%

From the velocity-porosity plots of this model compared to log data (Appendix A) we see
that most data points fall within the upper and lower bounds. In particular the model
matches data for both the LP-1 and LL-3 wells that were used to define the model parame-
ters, but the similarity between the data for these very different flood basalt series is strik-

ing.

The calculated velocity-porosity data typically plot in between the modified upper and lower
Hashin-Shtrikman bounds, and we can thus calculate a median model defined by its dry
moduli (K™HS GMMHS) a5 the mean of the upper and lower bounds:

K MMHS _ (K MUHS +K MLHS)/Z, G MMHS _ (G MUHS +G MLHS)/Z, (Eq 5)

This model may eventually be used as a velocity-porosity transform. From the plots of the
modified Hashin-Shtrikman models in Appendix A it is apparent that there is quite an ambi-
guity in the relation between velocity and porosity estimated from bulk density; e.g. Vp=5.3
km/s corresponds to calculated porosities ranging from c. 10% to c. 20% for the lower and
the upper bound respectively. However, a significant part of this range in porosities is due
to variations in grain densities (see the Discussion section) where the apparently high po-
rosities corresponds to altered basalt with low grain densities. The real porosity for these
altered basalts is thus less than estimated from a fixed grain density of 3.05 g/ccm. From
the study of core samples we know that the relation between He-porosity and velocity is
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very well-defined. Sonic velocity is thus a good measure of porosity and the suggested
median velocity-porosity model may thus provide reasonable estimates of basalt porosity
from sonic data.
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Figure 4.1. Plots of ultrasonic data for water saturated core samples measured at 300 bar.
(a) Vp versus colorcoded by lithology. (b) Vp versus grain density with indication of well
names. (c) Density versus He-porosity colorcoded by grain density. Straight line shows
relation for grain density of 3.05 g/ccm. Both massive lava and lava crust show a range of
grain densities, but the variation is not specific for any well.
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Table 4.1. Coefficients P and Q for some specific shapes. The subscripts m and i refer to
the background and inclusion materials [from Berryman (1995)].
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5. Discussion

5.1 Influence of basalt alterations on the physical properties

The analysis of log and core data from the three Faroes wells has shown

1. Consistency between the log and core data (almost 1:1 correlation between esti-
mates of Vp, Vs and density at identical depths; Fig 3.9).

2. One data trend irrespective of basalt formation and borehole expressed as Vp-¢
(core data) and as Vp-Vs (core and log data) (Figs 3.2a, b, 3.1a, b).

3. A scattered Vp-density trend for core data (Figs 3.2c, 3.1c). Strong correlation be-
tween spread in density and grain density indicates that alteration of the rock matrix
affects Vp-density relation (Fig. 3.3).

4. Two Vp-density trends for log data: A low trend characterizing the UBF in GL-1 and
a high trend characterizing the MBF in VM-1. The MBF in GL-1 represents the tran-
sition between the two trends and the LBF in VM-1 plots along the low trend (Figs
3.4).

These observations show that the two Vp-density trends established from the well log data
are related to alterations in the rock matrix: The low trend represents basalt with unaltered
matrix with high grain density and the high trend represents altered basalt with a low grain
density (Fig. 3.10). However, the two Vp-density trends represent the same Vp-porosity
trend (Fig. 3.3a) where we observe that the scatter in porosity for a given velocity does not
correspond to any clear variation in grain density.

The filling of vesicles with zeolites is a likely candidate for explaining these changes in the
physical properties in basalt. Zeolites are framework silicates that are derived from low-
temperature alteration of basalt and are redistributed by percolating water. Specific zeolites
assemblages thus reflect distinct temperature conditions and the distribution by percolating
water may explain why specific zones may be protected from growth of zeolites due to spe-
cific hydraulic conditions.

The possible changes due to alteration of basalt are illustrated schematically by Fig. 5.1.
Altered samples (indicated by black circles) are characterized by low grain density due to
the presence of light minerals such as clay and zeolites in the vesicles and probably also
due to the alteration of the minerals in the matrix. In the plot of Vp versus density the al-
tered samples deviate from the data trend as indicated by the horizontal black arrow (Fig.
b), whereas the same samples do not deviate significantly from the data trend in the plot of
Vp versus porosity. How can we explain these differences in terms of the physical changes
of the sample due to the alteration processes?
e The infilling of vesicles with zeolites reduces porosity (horizontal red arrow in Fig.
a), but also leads to a better grain contacts and thus to an increase in velocity (ver-
tical red arrows in Figs a and b). If the formation of zeolites is due to influx of mass

GEUS 36



into the sample, the density of the sample will increase due to the replacement of
brine with zeolite (vertical red arrow in Fig. b).

e The alteration of the matrix minerals removes mass and thus leads to a reduction of
the bulk density (horizontal blue arrow in Fig. b) and probably reduces the sonic ve-
locity of the mineral and thus of the matrix (vertical blue arrow in Figs a and b). The
alteration of the matrix minerals does however, probably not lead to changes in po-
rosity.

The dominant net effect of these processes is to move the altered sample along the veloc-
ity-porosity trend as porosity is reduced (strong alteration may apparently move a data
point slightly towards lower porosities; indicated by the horizontal black arrow in Fig. a).
The addition of zeolites thus leads to reduction of porosity and increase in velocity. If the
addition of zeolites is due to influx of mass, the density of the rock will increase (net re-
moval of mass will reduce density). This means that the outlying data points in the plot of
Vp versus density must represent samples with relatively high velocity compared to density
(rather than relatively low density compared velocity), because addition of zeolites in-
creases velocity and only changes density of low-porosity basalts slightly.

5.2 Comparison of the properties of the UBF and the MBF

In Figure 5.3 we compare the suite of logs obtained from the GL-1 and VM-1. The GL-1
section represents the transition from UBF to MBF whereas the VM-1 section represents
the transition from MBF to LBF. The VM-1 logs are plotted 300 m below the GL-1 logs to
emphasize an intermediate part of the MBF which is not penetrated by the two wells, but
which is known elsewhere on the Faroes (cf. Petersen et al. 2006). We observe that the
MBF in GL-1 represents a gradual increase of velocity with depth from the low velocities in
the UBF (apart from velocity peaks representing thick lava flows) to the high velocities in
the MBF in VM-1, below which there is a drop in velocity for the LBF in VM-1. Concordant
with this increase in Vp we observe an increase in density (both minimum and maximum)
even though the numerical value of the increase is less prominent than that of the corre-
sponding velocity. This is however, not surprising because of the steep density-velocity
gradient for high-density basalt (e.g. Fig. 3.2c).

In Figure 3.4 we compare the log data from the GL-1 and VM-1 wells in plots of Vp versus
density subdivided for the UBF and the MBF in the two wells. We observe the previously
discussed shift from the low Vp-density trend for the UBF in GL-1 to high trend for the MBF
in VM-1 with the MBF in GL-1 as a transition between the two. The differences in the log
pattern shown in Figure 5.3 indicate that the shift from the low Vp-density trend to the high
trend is accompanied by a general increase in density and velocity. This underlines that the
net effect of the alteration of the basalts accompanied by zeolite infilling is an increase in
velocity. The increase in density with depth does not reflect stratigraphic variations in the
lava-flow thickness within the MBF because the mean flow thickness of the MBF in GL-1
and VM-1 is identical 2.2 m and not much different from the mean thickness of 3.4 m for the
UBF in GL-1 (Waagstein & Andersen 2004).
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The change in physical properties with depth does thus most likely reflect influx of mass
into the deeper basalt sequences due to redistribution of mass related to diagenetic proc-
esses. The two basic observations of depth-related shifts

a. to a higher velocity-density trend, and

b. to a generally higher velocity level,
supports the interpretation that light material (e.g. zeolites) are added and causes an in-
crease in bulk density (and a reduction in grain density) and thus higher sonic velocity. The
added material may eventually be derived from alteration of basalts at more shallow levels.

5.3 A model for estimating grain density from velocity-density
data

We can evaluate the influence of varying grain density on the velocity-density relation if we
assume a simple velocity-porosity transform. In Fig. 3.2a we see that the velocity-porosity
relation for basalt samples may be approximated by a linear relation; e.g. passing through

Vp=6.5 km/s for zero porosity and 3.75 km/s for a porosity, ¢, 0f 0.2. We get
Ve, =6.5-13.75-¢ (Eq. 6)

This relation can be transformed into a relation between velocity and density, p, (and grain
density, pg) by introducing the following expression for porosity where the density of water
is 1 g/ccm:

Pm — P
p=LoL
pm_l

In Figure 5.4 the predicted relation between velocity and density is plotted for a range of
grain densities between 2.7 and 3.05 g/ccm. Note the general good fit between the data-
points and the model that predict rocks with smaller grain densities to plot the left in the
diagram. We can thus explain the scatter of the datapoints in a plot of velocity versus den-
sity as due to differences in grain density. Application of the model may be used to estimate
grain densities from log data.

5.4 Comparison of the properties of the UBF and Icelandic
flood basalt

In Figure 5.5 we compare the suite of logs obtained from the Faroese well GL-1 and the
Icelandic well LL-3. The LL-3 drillhole penetrated 95% flood basalts of Plio-Pleistocene age
whereas the GL-1 section represents the transition from UBF to MBF of Palaeogene age.
We observe that the densities measured in the Icelandic well cover a wide range with an
upper limit close to 3 g/ccm throughout most of the well, whereas the densities in the
Faroese well show a more narrow range and that they only reach 3 g/ccm in limited depth
intervals within the UBF and that densities are well below that value in the MBF. This pat-

GEUS 38



tern is repeated by the sonic log which reaches 6 km/s throughout the section penetrated
by the LL-3 well whereas this value is only reached in narrow zone in the GL-1 well.

We can also compare the data from the two wells in the velocity-porosity plane where we
observe that the data from the UBF and Icelandic flood basalts follow the same trend (Fig.
3.5). The densities in the UBF in the GL-1 well range from 2.4 to 3 g/ccm whereas the Ice-
landic data range from 2.2 to 3 g/ccm. For the high densities we observe that the bulk of
data points in the Icelandic well are close to 3 g/ccm where as the centre of the data cloud
for GL-1 is closer to 2.9 g/ccm, This small deviation in densities are however, reflected in a
pronounced difference in sonic velocities: The maximum values for GL-1 are generally be-
low 6 km/s, whereas they plot between 6 and 6.5 km/s for the LL-3 well. This means that
only a small increase in density causes a strong response in velocity and this is also seen
as the steep trend of the data cloud for the LL-3 well for densities above 2.8 g/ccm.

How can we understand that the maximum velocities in the Faroese flood basalts in GL-1
are smaller than those of the Icelandic flood basalts in LL-3? The analysis indicates that the
grain densities and moduli of the basalt matrix in the two drilled sections must be close to
the same value because they plot along the same Vp-porosity trend (the similarity of the
grain densities for unaltered basalt is independently supported by core data as discussed
above). This implies that the smallest porosities are reached in the Icelandic basalts be-
cause more data points are close to 3 g/ccm and hence that velocities above 6 km/s are
more frequently reached. Part of the explanation behind this observation appears to be that
the flow units in the Icelandic basalts have a greater thickness than the Faroese Upper
Basalt Formation. The plot of the logs in the GL-1 well (Appendix A) shows a number of
thick flows indicated by intervals of high density (e.g. around 250 m) but the mean flow
thickness for the UBF is only 3.4 m (e.g. around a depth of 300 m) (Waagstein & Andersen
2003). The flows in the LL-3 well are however, in the order of 10 m throughout the well
(Appendix A) and hence low porosities and velocities above 6 km/s are more frequently
reached. An additional contribution to the high velocities in the LL-3 well may be due to
compositional differences; cf. Vp>6 km/s for densities close to 3 g/ccm in the upper 100 m
of that well, whereas Vp< 6 km/s for comparable densities in GL-1 around a depth of 250
m.
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Figure 5.1. Schematic illustration of the influence of basalt alteration on physical properties.
(a) Vp versus porosity. (b) Vp versus density. (c) Lab data for basalt samples colorcoded by
grain density. Black circles indicate 3 samples with minimum grain densities and their den-
sity deviation from the data trend is indicated by black arrows. Expected changes due to
infilling of zeolites are marked by red arrows and changes due to alteration of the matrix
minerals by blue arrows relative to a data point on the data trend. The upper bound of the
data trend is represented by the upper Hashin-Shtrikman model (thin black line) based on
the core data (Japsen & Waagstein 2005).
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Figure 5.3. Composite plot of logs from the GL-1 and VM-1 wells. The GL-1 section repre-
sents the transition from UBF to MBF whereas the VM-1 section represents the transition
from MBF to LBF. The VM-1 logs are plotted 300 m below those from GL-1 to emphasize
the intermediate part of MBF which is elsewhere on the Faroes, but which is not penetrated
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an increase in density (both minimum and maximum).
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6. Summary

We have analysed the acoustic properties of basalts based on sonic log data from three
Faroese and three Icelandic boreholes and ultrasonic laboratory measurements on 43 1.5”
core samples from the three Faroese boreholes. The Faroese boreholes are Lopra-1/1A
(LP-1), Vestmanna-1 (VM-1) and Glyvursnes-1 (GL-1); respectively 3.6, 0.6 and 0.7 km
deep. The Icelandic boreholes are the geothermal wells HH-1, LA-10 and LL-3; respectively
1.3, 1.0 and 1.1 km deep. The Faroese drillholes cover the Palaeogene basalts of the
Lower, Middle and Upper Basalt Formations (UBF, MBF and LBF, respectively) and the
rocks are mainly subaerial flood basalts apart from hyaloclastites below c. 2.5 km depth in
the LP-1 well. The Icelandic wells penetrate volcanic rocks of Plio-Pleistocene age and
cover a mixed environment: HH-1 (95% hyaloclastites), LA-10 (45% submarine and 45%
subaerial basalts) and LL-3 (95% subaerial basalts).

We find a tight correlation between sonic Vp and He-porosity based on core data irrespec-
tive of basalt facies and well (only data for sediment samples deviate) and this supports the
result of previous studies that porosity is the primary control on sonic velocity in basalt. The
core data also reveal a well-defined relation between Vp and Vs, which is to be expected
from rocks of broadly similar composition. However, there is a significant scatter in plots of
Vp versus density and this scatter is related to the range of grain (matrix) densities from 2.7
to 3.1 g/ccm estimated for the samples. Low grain densities represent altered samples with
high content of light minerals and this is confirmed by visual inspection of a thin section of a
highly altered sample where zeolite and clay and pyroxene is altered whereas plagioclase
remains fresh.

We can distinguish two main Vp-density relations for flood basalts based on the log data:
(1) a trend of relatively low Vp compared to density (the UBF in the GL-1 well; the flood
basalts in the LL-3 well) and (2) a trend of relatively high Vp compared to density (the LBF
in the LP-1 well). The properties of the MBF are transitional between the two trends. The
GL-1 data from this interval represents both the high and the low trend, whereas the VM-1
data represent a very high trend. However, towards the base of VM-1, we observe a ‘rever-
sal’ of the Vp-density trend within the thin sequence of the LBF penetrated by the well.

There is agreement between the log and core data estimated at identical depths: There is
almost a 1:1 correlation for the density data (note that the core data were used to calibrate
the density log) and the correlation between Vp and Vs for the two datasets is also very
good, even though Vp for the core data are slightly biased towards higher velocities. There
is however, a strong bias in the selection of the core samples: The low-density part of the
relatively high Vp-density trend for the MBF is only represented by one sample. But the
analysis of the Vp-density relation for the core data shows that the outlying samples to-
wards low densities are characterized by low grain density. Hence we can conclude that
the relatively high Vp-density trend defined for the log data in these wells for the MBF also
must be characterized by low grain densities. This means that the low Vp-density trend
represents basalt with unaltered matrix with high grain density and the high trend repre-
sents altered basalt with a low grain density.
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The transition from the low Vp-density trend of fresh basalts to the high trend of altered
basalts within the MBF occurs concurrently with an increase of the sonic velocity and den-
sity with depth even though there is no increase in the flow thickness. This shows that the
transition from fresh to altered basalt is accompanied by an increase in velocity and density
and thus probably also by net influx of mass leading to higher densities (growth of zeolites).
Two opposite processes probably takes place: (1) The infilling of vesicles with zeolites re-
duces porosity, but may also lead to better grain contacts and thus to an increase in veloc-
ity. If the formation of zeolites is due to influx of mass into the sample, the density of the
sample will increase due to the replacement of brine with zeolite. (2) The alteration of the
matrix minerals removes mass and thus leads to a reduction of the bulk density and proba-
bly reduces the sonic velocity of the mineral and thus of the matrix. The alteration of the
matrix minerals does however, probably not lead to changes in porosity. The dominant net
effect of these processes is to increase velocity as porosity is reduced. This means that
data points along a high Vp-density trend represents samples with relatively high velocity
compared to density (rather than low density compared velocity), because filling of prore
space with light materials increases velocity and only changes density of low-porosity ba-
salts slightly.

Maximum values of velocity and density of Icelandic flood basalts are generally higher than
for the unaltered Faroese basalts of the UBF. This is observed both on plots of these pa-
rameters versus depth and on plots in the velocity-porosity plane where we observe that
the data from the UBF and Icelandic flood basalts follow the same trend. The latter obser-
vation indicates that the grain densities and moduli of the basalt matrix in the two drilled
sections must be close to the same value. Thus the smallest porosities are reached in the
Icelandic basalts, and this probably reflects that the flow units in the Icelandic basalts have
a greater thickness (several flows in the order of 10 m thickness) than the Faroese UBF (a
few thick flows, but a mean flow thickness of only 3 m).

Matrix (or grain) density for the core samples varies systematically with bulk density and
alteration of the rocks. We observe that the highest grain densities mark a lower bound in
the plot of Vp versus density and thus that only the highest grain densities may be consid-
ered representative for the unaltered matrix. A grain density of 3.05 g/ccm is a fair ap-
proximation of the property of the unaltered basalt with higher values (almost 3.1 g/ccm)
interpreted as outliers related to anomalous content of heavy minerals and lower values
(minimum 2.7 g/ccm) corresponding to more altered rock. For sediments in Faroese wells
we assign the mean sample value of 2.8 g/ccm. A typical grain density for fresh Icelandic
basalt lava measured on core samples is 3.06 g/ccm, so 3.05 g/ccm is a reasonable pick
(Omar Sigurdsson pers. comm.), and we also apply that value for volcanic sediments in
Icelandic wells. For the dolerites in well LP-1 the matrix density appear to smaller than for
the surrounding basalt and we assign a matrix density of 3.02 g/ccm for these rocks in all
wells. We can convert measured log density to porosity based on these values for the ma-
trix density for different lithologies and a pore water density of 1 g/ccm.

We estimate the mineral end-point properties of flood basalt with zero porosity by compar-
ing log data from the LP-1 well with the self-consistent formulation of Berryman (1995)
where the models represents the pore space as a collection of ellipsoidal inclusions, rang-
ing from flat penny-shaped cracks to spherical pores. The fact that sonic data are consis-
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tent with a penny-shaped crack model does not mean that there must be cracks in the
rocks. Poorly cemented, compliant grain contacts will yield the same elastic behaviour.
When comparing theoretical curves with well log data, we find that the results are very sen-
sitive to the assumed mineral properties, and that the following matrix properties yield con-
sistent values of aspect ratios based on both Vp and Vs data (Vp and Vs versus porosity,
Vp versus Vs): K = 83.4 GPa, G = 40.1 GPa and p = 3.05 g/ccm where K is bulk modulus,
G is shear modulus and p is density. Comparison of the inclusion model with the log data
for the both Faroese and Icelandic wells reveals good agreement between the mineral end-
point and the data points with porosities close to zero and furthermore, that the predicted
aspect ratios are similar for both Vp and Vs. However, the GL-1 data appear to be biased
towards relatively high values of Vs. The three Icelandic wells plot very similarly relative to
the model in the plots of Vp and Vs versus porosity and in particularly in the plots of Vp
versus Vs.

A modified upper and lower Hashin-Shtrikman model has been estimated to predict the
velocity-porosity behaviour of basalt because the data trend is upwards concave in the ve-
locity-porosity plane (a characteristic bended trend for the wells that span a wide range of
porosities) (see Walls et al. 1998). The model describes how the dry bulk and shear moduli,
K and G increase as porosity is reduced along either a lower or an upper bound from a
maximum value, ¢max, to mineral end-point properties at zero porosity. We have tested a
model with the following properties at the maximum porosity of 45%: K = 5.55 GPa, G = 3.2
GPa, and find that most data points for all wells fall within the upper and lower bounds de-
fined by this model. There is however, a considerable ambiguity in the relation between
velocity and porosity estimated from bulk density. A significant part of this range in poros-
ities is due to variations in grain densities where the apparently high porosities correspond
to altered basalt with low grain densities. Sonic velocity is thus a proxy for the porosity of
basalt and a median model defined by the mean of the upper and lower bounds may thus
provide reasonable estimates of basalt porosity from sonic data.
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Appendix A. Cross plots of log and core data

Lithology classification in the studied wells.

Lithology Color LP-1 | GL-1 |VM-1 |LL-3 HH-1 | LA-10
Undefined Yellow 1

Transition Yellow 2 2

Sediments Green 3 3 3 3 3 3
Top flows / crust | Red 4 4 4

Breccia Red 5 5

Massives / core Blue 6 6 6

Dolerites Magenta |7 7 7 7
Hyaloclastites Cyan 8 8 8 8
Tuff Yellow 9 9 9
Basalt undefined | Blue 5 5 5
(no value) Black

Assumed matrix (or grain) densities:
Sediment, Faroes: 2.8 g/ccm,
Sediment, Iceland: 3.05 g/ccm (reworked tuffs and lavas),

Dolerite: 3.02 g/ccm,
Basalt: 3.05 g/cem (irrespective of facies)
Legend

[1, 0.3, 0.1, 0.03, 0.01]: Predicted aspect ratios of the ellipsoidal inclusion model for
K =83.4 GPa, G = 40.1 GPa and the assumed values of matrix density (eq. 1).

MUHS: Modified upper Hashin-Shtrikman model (eqgs 2, 4)
MLHS: Modified lower Hashin-Shtrikman model (egs 3, 4)
median: mean of the upper and lower models (eqgs 4, 5)
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Appendix B. Stratigraphy of Icelandic wells
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Location of the LA-10 well in Thorlakshofn (red circle). 1:1 detail of the Geological Map of
Iceland (J6hanneson & Saemundsson 1998).
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Location of the HH-1 well at Haukholt i Hreppum (upper red circle) and the LL-3 well at
Laugaland (lower red circle). 1:1 detail of the Geological Map of Iceland (Jéhanneson &
Saemundsson 1998)}\
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Borehole LL-03, Laugalandi i Holtum, Geological re-
port

Elsa G. Vilmundardattir
Steinar Thér Gudlaugsson
Gudmundur O. Fridleifsson
Orkustofnum 1999, 05-99008

Abstract

The report is a shortened geological account on borehole data from well LL-03 in Lau-
galand i Holtum. It is prepared as part of a VSP-experiment carried out by Norsk Hydro in
three Icelandic wells in 1998. Well LL-03 was drilled in 1977 to 1308 m depth to provide hot
water to a district heating system. The borehole was selected for the experiment mainly
because it provides easy access to a typical, regularly developed pile of basaltic lavaflows.
The Laugaland area is located on the western flank of the active Eastern rift zone in South
Iceland. The bedrock belongs to the oldest part of the Hreppar formation and is considered
to be 2.5-3.0 m.y. old. Based on correlation between boreholes, the dip at Laugaland is
estimated to be 1-4° to the NW. Two nearly vertical dykes striking NE-SW have been de-
tected in the vicinity of well LL-03 by surface magnetic measurements. Two fracture zones,
one striking N15°E and the other N75°E, have also been detected by surface resistivity
measurements. The rocks penetrated by the borehole are mostly basaltic lavaflows with
thin red, sedimentary interbeds. Hyaloclastites are quite rare in the well and mostly com-
posed of reworked tuffs and breccias. The secondary minerals place the field in the meso-
lite/scolesite alteration zone.

Table 1. Well LL-03, overview.

Year drilled 1977

Total depth 1308 m

Drillbits used 15"to 16 m, 7 7/8" to 1308 m
Casing 14" t016.2 m

Cemented interval

884.2 mto 932.6 m

Borehole geology

Regular pile of subaerial lavaflows contain-
ing less than 5% sedimentary interbeds,
hyaloclastite, breccia and dikes

Cuttings Every 2 m

OS logs Temperature, caliper, natural gamma ray,
neutron-neutron and normal resistivity (16"
and 64")

Logs by Borehole compensated sonic (BCS), dual

Geoforschungszentrum induction log (DIL), natural gamma ray and

Potsdam borehole televiewer (BHTV)
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Borehole LN-10, Thorlakshdfn, Geological report

Gudmundur O. Fridleifsson
Steinar Th. Gudlaugsson
Orkustofnum, 1998, 05-98071

Abstract

The report is a shortened geological account on borehole data from well LN-10 in Thorlak-
shofn. It is prepared in relation to Norsk Hydro’s 1998 VSP-experiment. Two other wells in
Iceland will be studied in the project. Well LN-10 was drilled in 1987 to 1096 m depth in an
attempto to acquire geothermal water for fishfarming but results were negative. Geologi-
cally Thorlakshofn is sited on a postglacial lava on the eastern flank of the active rift zone in
western Iceland. The drilling and design of LN-10 is described along with lithological and
geophysical logs and temperature profiles of the well, acquifers or feed points encountered
during drilling, injection packer and pumping tests as well as chemistry of the water. LN-10
yields 27°C hot brackish water from acquifers below 150 m depth, but a very limited
amount of water can be obtained by pumping. According to well test and model a steady
watertable will be reached within a day for a pumping rate of 10 I/s. A neighbouring well,
LN-8, is also shortly described for comparison and complementation.
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Table 1. Borehole LN-10

Year drilled

1987

Drillbit to

1096 m

Borehole geology
based on cuttings

2-20 m Relatively coarse-grained fresh basalt lava

22-28 m Cuttings lacking

28-58 m Unaltered pillow lava formation

58-60 m Thin sedimentary layer with molluscs

60-114 m Pillow lava formation

114-146 m Layered shallow marine sediment

146-206 m Relatively unaltered coarse-grained lava flows
206-222 m Pillow lava base from the same lava as above
222-252 m Layered sedimentary tuff, with sand and silt lenses
252-272 m Two coarse-grained olivine tholeiite lava flows sepa-
rated by a thin, brown and dense sedimentary layer

272-290 m Again, an exceedingly dense and fine-grained sedi-
mentary tuff

290-304 m Lava flow, scoriaceous at top

304-316 m Layered basaltic sediment

316-344 m Apparently 2-3 lava flows

344-372 m Layered fine-grained tuff sediment

372-404 m Pillow lava underlain by tuffaceous sediment
404-472 m Coarse-grained lava flows

472-498 m Layered dense sedimentary tuff

498-682 m Lava pile

682-700 m Tuff layer, cemented

700-1075 m Lava pile.
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Borehole HH-01, Haukholt i Hreppum, Geological
Report

Elsa G. Vilmundardattir
Gudmundur O. Fridleifsson
Steinar Thér Gudlaugsson
Orkustofnum, 1999, 05-99009

Abstract

The report provides geological background information for the interpretation of a VSP-
experiment carried out in 1998 by Norsk Hydro in well HH-01 at Haukholt in South Iceland.
Well HH-01 was selected for the experiment mainly because it provides easy access to a
typical pile of volcano-clastic rocks formed subaquatically/subglacially. Haukholt is located
within volcanics belonging to the Plio-Pleistocene Hreppar formation. At Haukholt, the vol-
canics dip approximately 8° to the NW and some 400-500 m have been eroded from the
original depositional surface. Well HH-01 encountered an exceptionally high, near linear
geothermal gradient of 130-140°C/km indicating a stagnant (convection free) fluid system.
The succession of rocks penetrated by the well consists of primary hyaloclastite formations,
reworked (sedimentary) tuffs and lavas. Based on the analysis of cuttings, 59 rock units
have been identified. They have been grouped into 13 volcanic formations: five lava forma-
tions (totalling 330 m in thickness), four primary hyaloclastite formations (480 m) and four
formations of reworked tuff (536 m). A cursory study of the hydrothermal alteration minerals
indicates that the wellhead is located within the chabazite-thomsonite alteration zone,
whereas most of the remaining succession falls within the mesolite-scolecite zone. The
deepest part of the well, below 1265 m, lies within the laumontite zone.
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Table 1. Well HH-01, overview

Year drilled 1997 and 1998

Rigs Ymir and Azi

Total depth 1346 m

Drillbits used 10 %" to 5.4 m (cussion) Ymir

9 7/8” to 101.5 m (cussion) Ymir
7 Y4 to 452,5 m (cussion) Ymir
7" to 606.5 m (cussion) Azi

6 %" to 1346 m (rotary) Azi

Casing 10 34" to 5.4 m cemented

8 5/8"t0 101.1 m cemented
Cemented interval None below casing
Borehole geolog 0-100 m Lavas

100-350 m Hyaloclastites

350-374 m Lavas

374-478 m Hyaloclastites with lava interbeds
478-530 m Lavas

530-790 m Reworked tuffs and volcanoclastic sediments
790-900 m Hyaloclastites

900-932 m Lavas

932-1046 m Volcanoclastic sedimentary rocks
1046-1168 m Lavas

1168-1312 m Volcanoclastic sedimentary rocks
1312-1328 m Hyaloclastite

1328-1346 m Volcanoclastic sedimentary rocks

Cuttings Every 2 m

OS logs Temperature
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