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Executive summary

The extensive and very deep ?Jurassic/Cretaceous–Paleocene sedimentary basins offshore 
Disko and Nuussuaq have a significant petroleum exploration potential. At present, stratigraphic 
knowledge in this area is, however, almost non-existing and analogue studies from onshore areas 
and offshore exploration wells to the south are therefore crucial to understand the distribution and 
quality of possible source and reservoir rocks in the Disko–Nuussuaq offshore area. One of the 
main risk parameters in assessing leads in this region is the presence of an adequate reservoir 
rock. Tectonostratigraphic considerations suggest that several sand-prone stratigraphic levels are 
probably present but knowledge on their origin, regional dispersal pattern and reservoir quality is 
presently very little know both onshore and offshore.
 A sediment provenance study including zircon provenance U-Pb dating and whole-rock geo-
chemical analysis was therefore initiated by the Geological Survey of Denmark and Greenland 
with financial support from the Greenland Bureau of Minerals and Petroleum in preparation for the 
Disko West Licensing Round 2006. The main aim of this study is to try to:
1. Characterise the source areas and dispersal patterns for the various sandstone units of Cre-

taceous–Paleocene age in the Nuussuaq Basin and compare these with sandstone units in 
the West Greenland offshore exploration wells using advanced zircon provenance U-Pb dating 
(combined with preliminary zircon trace element analysis).

2. Detect possible changes in sediment source in time, e.g. local versus regional sources.
3. Investigate the quality of the various possible reservoir units using whole-rock geochemical 

analysis that potentially can provide information on sediment maturity, diagenetic processes, 
and, to a lesser extent, also provenance signatures. 

Zircon provenance

Zircon provenance data has the potential to provide important constraints on sediment sources 
as their age distribution will reflect the ages of the eroded continental crust from which the sedi-
ments originate. It is clear from our work that zircon provenance data provide a powerful tool and, 
although the zircon age distributions in the sediments display a lot of similarities, significant differ-
ences have been observed.
 65 samples (of which 4 were barren; 4262 zircon grains) from the Nuussuaq Basin and se-
lected offshore wells were separated and analysed for their zircon age distribution. The results are 
in accordance with sediment origin from the Greenland Shield area. Exotic elements are relatively 
rare, which suggests that the system has received little input from distal sources. However, there 
are important deviations from this generalisation.
 Samples from the Qulleq-1 and GRO#3 drill holes and samples from Upernivik carry Prot-
erozoic components that appear to be exotic to West Greenland basement. This component is 
characterised by coupled peaks around 1.1 and 1.6 Ga. Both of these components are found in the 
crystalline basement in the Labradorian and Grenvillian orogenic terranes. Grenvillian (and Lab-
radorian) rocks are known from north-western Labrador and Scotland – the latter have probably 
sourced the Krummedal supracrustal succession exposed in the forland of the East Greenland 
Caledonides. The Grenvillian component is generally absent in the analysed West Greenland sam-
ples, but where it is observed it tends to occur in the upper part of the stratigraphic sections. This 
suggests that this component was not sourced from reworked sediments overlying the Greenland 
Shield prior to rifting as we would expect it to be spatially and stratigraphically more widespread. 
We therefore conclude that a distal Grenvillian-Labradorian component was introduced to the 
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West Greenland Upper Cretaceous sediments. Notably, this component may prove to be impor-
tant in understanding the sediment dispersal patterns in the basins offshore West Greenland if we 
can establish its origin in either the Labrador region or the East Greenland Caledonian foreland 
and its current spatial and temporal distribution. Further work is required to resolve these issues.

The stratigraphic results from samples collected on Itsaku on Svartenhuk Halvø illustrate the 
strength of zircon provenance analysis. At this locality a hiatus separates an Upper Albian to 
Lower Cenomanian deltaic succession (Kome and Atane Formations) from an Upper Campanian 
to Paleocene marine succession (?Kangilia Formation). Zircon from the Atane Formation shows 
distinctive Archaean and Palaeoproterozoic peaks between 3.0–2.7 Ga and 1.9 Ga, respectively. 
This is in accordance with the inference that these sediments formed in a delta fed from east or 
south-east. Zircon grains from the Kangilia Formation, on the other hand, have a unique signature 
represented by a single, narrow peak around 1870 Ma. This strikingly constrained distribution 
forms a perfect match with the 1869±9 Ma date for the Prøven igneous complex situated immedi-
ately north of Svartenhuk Halvø. Although contemporaneous rocks are known from Canada to the west 
and may also be present beneath the Inland Ice to the north-east it, seems reasonable to infer that the 
sediments of the Kangilia Formation were derived from this unique source and that they are first genera-
tion sediment. Furthermore, it demonstrates a major change in the sediment transport direction in this 
region that may be related to a tectonic event in the basin during the Campanian. 

Trace element in zircon

668 zircon grains from GRO#3, Itsaku, Upernivik, Grønne Ejland and Disko were re-analysed 
for their trace element composition. Trace elements substitution in zircon may be controlled by 
temperature or pressure and trace element characterisation of zircon populations can therefore 
potentially be used to separate zircon derived from different terranes that are of the same age. This 
method is, however, still debated and further research is therefore necessary before it can be used 
as a provenance tool. The results of our investigations have, however, demonstrated contrasting 
REE systematics between the 1870 Ma zircon populations of the Kangilia Formation at Itsaku and 
the regional Archaean zircon population. Although these two populations are initially identified 
through their age distribution contrasts, the example illustrates the potential in using zircon trace el-
ement abundances to provide additional constraints for solving provenance issues such as the ori-
gin of the Grenvillian signature from either the Canadian (Labrador) side or from East Greenland. 
However, much further research is required for zircon trace elements to reach its full potential.

Stream sediments

Detrital zircon grains from stream sediments were dated to obtain a relatively unbiased age map 
of the West Greenland basement that forms a source component benchmark for the Cretaceous 
and Paleocene sediments. 50 samples were selected for zircon separation. 100-200 grains were 
normally analysed when possible and 3928 spots gave meaningful data of which 3483 spots 
meets our 90% concordance criteria. The samples were divided into four subsets from their loca-
tion south to north. These subsets form distinct age distributions were the southernmost area is 
dominated by Archaean peaks at ~2.8 and ~3.6 Ga. The ~2.8 Ga is dominated all subsets, while 
the 3.6 Ga peal quickly disappears. Subset two has a distinct ~1.9 Ga peak, which is present, 
albeit less pronounced, to the north. The overall age distribution is fitting well with those found in 
the Cretaceous–Paleocene sediments. Strikingly, however, the sediments typically carry all age 
components, which imply efficient mixing of the source components prior to sedimentation. 
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Detrital heavy minerals

Detrital heavy minerals were extracted and analysed for their size and compositional distribution. 
As with the stream sediments, this aims to create a source distribution map for provenance stud-
ies. Furthermore, these data are likely to contribute to ongoing prospecting efforts in Greenland 
and occasional occurrences of pyrope like garnet in some samples might be useful for diamond 
exploration as this mineral is an important indicator mineral for diamond source rocks.

Whole-rock geochemistry

204 whole-rock samples were analysed for their major and trace element composition. Re-
sults are difficult to interpret in a provenance sense, but a possible regional trend is south-
ward increasing sediment maturity, and that the Atane Formation seems on average more 
mature than the Itilli Formation. Importantly, the Palaeogene samples from Hellefisk-1 have 
on average low Al2O3/SiO2 contents (high maturity) and conforms with the hypothesis that 
the sediments are reworked from the Atane Formation. Furhtermore, they do not appear to 
have significant volcanic contributions as evidenced by e.g. low Sc/Th ratios, indicating the 
possibility for high-quality reservoirs in the Palaeogene succession in the region.
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Fig. 1. Tectonic setting of the Nuussuaq 
Basin and other basins offshore West 
Greenland. Red dots show poistion 
of deep exploration and stratigraphic 
wells.

Introduction

The extensive and very deep ?Jurassic/Cretaceous–Paleocene sedimentary basins off-
shore Disko and Nuussuaq have a significant petroleum exploration potential. At present, 

stratigraphic knowledge in this area is, however, almost 
non-existing and analogue studies from onshore areas 
and offshore exploration wells to the south are there-
fore crucial to understand the distribution and quality of 
possible source and reservoir rocks in the Disko–Nu-
ussuaq offshore area (Figs 1, 2). 
 
One of the main risk parameters in assessing leads 
in this region is the presence of an adequate reser-
voir rock. Tectonostratigraphic considerations suggest 
that several sand-prone stratigraphic levels are prob-
ably present but knowledge on their origin, regional 
dispersal pattern and reservoir quality is presently little 
know both onshore and offshore (Schiener 1975; Ki-
erkegaard 1998a, b).

A sediment provenance study including zircon prove-
nance U-Pb dating (combined with preliminary work on 
zircon trace element data) and whole-rock geochemi-
cal analysis was therefore initiated by the Geologi-
cal Survey of Denmark and Greenland with financial 
support from the Greenland Bureau of Minerals and 
Petroleum in preparation for the Disko West Licensing 
Round 2006. The main aim of this study is to try to: 

1. Characterise the source areas and dispersal pat-
terns for the various sandstone units of Creta-
ceous–Paleocene age in the Nuussuaq Basin and 
compare these with sandstone units in the West 
Greenland offshore exploration wells using ad-
vanced zircon provenance U-Pb dating (combined 
with preliminary zircon trace element analysis).

2. Detect possible changes in sediment source in 
time, e.g. local versus regional sources.

3. Investigate the quality of the various possible res-
ervoir units using whole-rock geochemical analy-
sis that potentially can provide information on 
sediment maturity, diagenetic processes, and, to a 
lesser extent, also provenance signatures. 

200 km 
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Geological setting

As a result of the opening of the Labrador Sea in late Mesozoic to early Cenozoic time a com-
plex of linked rift basins stretching from the Labrador Sea to northern Baffin Bay developed 
along West Greenland (Fig. 1; cf. Chalmers & Pulvertaft 2001). 

Two main phases of regional rifting and basin development have been documented during 
this time in the area; an episode of Early Cretaceous rifting, and a Late Cretaceous – Early 
Paleocene episode before sea-floor spreading started in mid-Paleocene time (Chalmers & 
Pulvertaft 2001). However, recently acquired seismic data across the Davis Strait and north-
ern Labrador Sea combined with modelling of gravity and magnetic data have shown that 
deep sedimentary basins with unknown stratigraphy are widespread in the region (Chalmers 
et al. 2001), suggesting that initial rifting 
in the region may have occurred as early 
as during Jurassic or even Triassic time.

The most extensive outcrops of Mesozo-
ic–Palaeogene rocks in the entire Labra-
dor Sea – Davis Strait – Baffin Bay region 
are those of the Nuussuaq Basin in Disko 
– Nuussuaq – Svartenhuk Halvø area in 
central West Greenland (Fig. 2). The ba-
sin may be a southern extension of the 
basin complex in Baffin Bay – Melville 
Bay region (Fig. 1); the area between 
68° and 73°N is, however, covered by 
Paleocene basalts and at present, little 
is therefore known about the deeper-ly-
ing successions in this region.

During the lower Paleocene (Danian) the 
area offshore southern West Greenland 
was subjected to major uplift and ero-
sion. Sedimentation resumed in the late 
Danian, coevally with the major phase 
of Paleocene volcanism in the Disko–
Nuussuaq area and continued into the 
Holocene with a major hiatus covering 
Oligocene in the north and mid-Eocone 
to mid-Miocene in the south (Fig. 3; Dal-
hoff et al. 2003). 

Fig. 2. Simplified geological map of the Nuussuaq Ba-
sin. Pink: Basement, Green: Cretaceous sediments, 
Black: Paleocene sediments,  Purple: Paleocene vol-
canics, Orange: Palaeogene and Neogene sedime-
nents. KQ: Kuugannguaq–Qunnilik Fault.
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The Nuussuaq Basin  

The Cretaceous–Paleocene sedimentary succession of the Nuussuaq Basin onshore West 
Greenland are best known from eastern Disko and on Nuussuaq with minor, and less well 
known, outcrops in the northern part of the region on Qeqertarsuaq and Svartenhuk Halvø 
(Fig. 1, 2). The outcrops record a complex history of rifting, subsidence and uplift commenc-
ing with an earliest Cretaceous (or earlier) rift phase followed by a phase of thermal subsid-
ence during the Cenomanian – Early Campanian. Resumed rifting began in the Early Cam-
panian and grew in the Maastrichtian – Early Paleocene, culminating in the Early Paleocene 
(Fig. 3). The early of these later rift episodes was characterised by large-scale normal fault-
ing, whereas the later episode was associated with continued extension and regional uplift 
(Dam & Sønderholm 1998; Chalmers et al. 1999; Dam et al. 1998a, 2000). The late phases 
were accompanied by widespread igneous activity and extrusion of a thick succession of 
flood basalts (Figs 3, 4; Pedersen et al. 2006, and references therein). 

Fig. 3. Simplified stratigraphic scheme of the West Greenland basins showing tectonostratigraphic events 
(TSSs) recognised in the Nuussuaq Basin and related possible reservoir (orange  text) and seal (grey 
text) units in the offshore basins.
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The exposed part of the succession in the Nuussuaq Basin can be divided into eight tectono-
stratigraphic sequences (TSS; Fig. 3); the early rift episode includes two TSSs and the late 
episode six TSSs. These sequences are mainly related to tectonic events marking discrete 
basin-fill phases (Dam et al. 2006). 

TSS 1. The oldest sediments exposed in the Disko–Nuussuaq Basin of TSS 1 represent a 
syn-rift phase of Late Albian age. It is dominated by fan-delta, wave- and fluvial dominated, 
shallow marine and deltaic deposits of the Kome Formation and the lower part of the Atane 
Formation. Locally discrete angular unconformities are present. The Kome Formation reflects 
local deposition controlled by basement highs, whereas the Atane Formation records deposi-
tion in a fluvial- and wave-dominated delta that fanned out to the west and north-west from a 
point east of Disko (Fig. 5A; Pedersen & Pulvertaft 1992). These sandstone-dominated depos-
its may be regionally present also in the offshore areas. It would be expected that reworking of 
the fluvial sandstones in the shallow marine environments occurring to the west and north-west 
would increase reservoir quality in these areas. The deepest parts of the Nuussuaq Basin (and 
the coeval offshore basins) probably contains syn-rift sediments of Jurassic (or older) age.

TSS 2. Following the initial rifting phase a long period of thermal subsidence that spans the 
Cenomanian/Turonian – earliest Campanian occurred (TSS 2). It is initiated with a major 
flooding surface represented by offshore and deep marine deposits of the Itilli Formation 
overlain by fluvio-deltaic deposits (upper Atane Formation). The transition from offshore and 
fluvio-deltaic deposition in the eastern part of the basin into deep marine deposition was 
controlled by the N–S trending Qunnilik–Kuugannguaq Fault crossing Disko and Nuussuaq 
(Fig. 5B).  On Svartenhuk Halvø contemporaneous deep-water water deposition in a slope 
setting is recorded by a thick turbidite succession assigned to the Itilli Formation (Dam & 
Sønderholm 1994; Dam et al. 2000). This unit comprises marine anoxic shales, presumably 
of Cenomanian–Turonian age, that possibly are the source for the marine Itilli oil type (Dam 
et al. 1998b). Possible reservoir rocks in the offshore basins are probably related to various 
sand-prone, deep-water turbidite facies. Widespread turbidite sandstone bodies of regional 
extent may, however, not be present since no major tectonic events causing erosion and re-
distribution of sediments occurred during this phase. 

Fig. 5. Palaeogeographic reconstruction of the Disko–
Nuussuaq area during Aptian–Albian time (A) and Ceno-
manian–Santonian time (B).
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TSS 3. In earliest Campanian time a new tectonic episode was initiated that lasted from the 
Early Campanian to the Paleocene (Dam et al. 2000). The early phase of this rifting episode 
(TSS3; Aaffarsuaq Member of the Itilli Fomation) that lasted into the Maastrichtian was char-
acterised by normal faulting, subsidence and syn-rift sedimentation. It resulted in the devel-
opment of an angular unconformity and deltaic deposition gave way to catastrophic depo-
sition in a footwall fan setting along N–S trending normal faults. In the eastern part of the 
region uplift resulted in significant erosion of previously deposited Atane Formation deposits, 
and it therefore expected that turbidite sandstone bodies of regional extent are present in 
the deep-water facies in the offshore basins to the west. Furthermore, the provenance data 
suggest the presence of an axial distribution system in the basin that has a different source 
than the Atane delta.

In Late Maastrichtian – Early Paleocene time the stress system in the region changed and 
extension took place along NW–SE trending faults. Later, large-scale igneous activity and 
subsequent magmatic underplating, resulted in regional uplift and erosion in the Paleocene. 

TSS 4–6. In the latest Maastrichtian – earliest Paleocene three major tectonic phases have 
been recognised, each associated with incision of valley systems and submarine canyons. 

The first, latest Maastrichtian phase (TSS 4; Kangilia Formation) gave rise to incision and fill-
ing of two major NW–SE trending submarine canyons. The second phase (TSS 5; Quikavsak 
Formation, Tupaasat and Nuuk Qiterleq Members) took place in earliest Paleocene and was 
associated with major uplift of the basin and valley incision into early Paleocene fault scars. 
This phase was characterised by catastrophic deposition. The third phase was associated 
with renewed uplift, and valleys were incised into the old valley system (TSS 6; Quikavsak 
Formation; Paatuutkløften Member). Crossing the Kuugannguaq–Qunnilik Fault the valleys 
pass into a major submarine canyon system. The sandy fill of this canyon system is referred 
to as the Agatdalen Formation. This phase was followed by very rapid subsidence and depo-
sition of transgressive estuarine and shoreface deposits and culminated with the extrusion of 
picritic hyaloclastite breccias. The recurrent phases of uplift and incision of submarine can-
yons and valleys in Atane Formation deposits in the eastern outcrop area resulted in major 
redistribution of sandstones into the deep-water environments to the west and major turbidite 
sandstone bodies are thus suspected to be regionally present.

TSS 7–8. Extrusion of the volcanic succession can be divided into two phases and is related 
to continental break-up (Pedersen et al. 2006, and references therein). The first phase (TSS 
7) is dominated by extrusion of olivine-rich basalts and picrites (Vaigat Formation) and later 
by more evolved, plagioclase-phyric basalts (Maligât Formation). As the volcanic front moved 
towards east, large lakes were formed between the volcanic front in the west, and the cra-
tonic crystalline basement in east, giving rise to syn-volcanic lacustrine deposits (Atanikerluk 
Formation). Magmatic activity in the Nuussuaq Basin resumed with an Early Eocene episode 
of intrusion of dyke swarms and extrusion of basalts and sparse comendite tuffs (TSS 8). 

Palaeogene offshore basins

During the Palaeogene sediment input to the offshore basins south of the Disko–Nuussuaq 
area was predominantly from the north possibly from the major river system flowing out of 
central Greenland that also sourced the Nuussuaq Basin during the Cretaceous and earli-
est Paleocene time. Lesser amounts came from the mainland of Greenland to the east, and 
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minor amounts from the west. The sediments were deposited in environments that ranged 
from fresh-water/marginal marine to upper bathyal. Proximal environments are probably gen-
erally sand-prone. Basin-floor fans, syn-tectonic wedges and turbidite channel complexes 
that could act as reservoirs have been identified throughout the region (Dalhoff et al. 2003). 
Although the earliest phases of sedimentation were coeval with volcanism to the north the 
Palaeogene sandstones in the Hellefisk-1 well show clear affinities to the Atane Formation 
sandstones based on the zircon age signature. Furthermore, whole-rock geochemical data 
show that contribution from volcanic sources to the sandstones was negligible. 
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Zircon provenance

Constraining sediment provenance through detrital zircon U-Pb age dating is well established 
and highly successful (Fedo et al. 2003 and references within). An important breakthrough 
is the realisation of high throughput micro-beam technologies such as ion probe or laser 
ablation (LA) based mass spectrometry, which enables acquisition of less biased sample 
suites that cover a greater are (Williams & Claesson, 1987; Jackson et al. 2004). LA-ICP-MS 
is particularly promising as it combines low cost and extraordinary speed with suitable ac-
curacy and precision (Frei et al. 2006). A sample is assumed to reflect the different source 
components that fed the sediments, and if different sources have different age structures, 
their relative contribution can be assessed. In principle, their relative contribution should be 
reflected by their relative occurrence in the sediment, but that assumes, for example, equal 
relative zircon abundances in all the source rocks, that preservation of each zircon contribution 
is the same and that there is no sampling bias. Such assumptions are rarely possible to comply 
with, and the relative zircon age distribution cannot simply be inverted to represent the relative 
source contributions. Nevertheless, the likelihood of identifying an age component in a sample 
is a function of its relative presence in the population and the size of the sample (i.e. n dated 
zircon grains). The more zircon grains that are analysed in any given sample, the more likely 
that all present age components are identified. This relationship can be described as 

 P = (1-f)n  (1)

where P is the probability for finding a single component in the population, f is the relative 
abundance of any given component in the population and n is the number of dated grains (Fig. 
6; Dodson et al. 1988). However, 117 grains has to be dated for a 95% confidence level that 
all present components are identified in a worst-case population (Vermeesch 2004). We have 
been aiming for 100 grains or more when possible, but a number of samples yielded consider-
ably fewer grains, or even no grains in four cases. In some cases, the available grains were 
generally too small to analyse for our 20-30 µm spot size. 

Fig. 6. The likelihood of missing a present component as a function of the number of dated grains and the 
frequency of the component in a detrital zircon sample (equation. 1). For a 95% confidence (P = 0.05) of 
identifying all components in a sample (horizontal dashed line), a 5% component abundance require at 
least 59 grains to be dated, while a 1% component abundance requires 298 grains to be dated. 
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Samples and methods

65 samples have been separated for zircon. 22 of these were separated at Lund University, 
Sweden, according to the method described by Söderlund & Johansson (2002), which yield 
>90% of the zircon present in the rock. The remaining 43 samples were separated at GEUS 
through panning in plastic gold pans. These have a set of distinct ribbons that efficiently trap 
heavy minerals such as sulphides, oxides, phosphates and zircon. Oxides such as magnetite 
are removed with a hand magnet. The heavy mineral residue is further separated through 
swirling in ethanol over a strong Nd-magnet, which creates a gradient between zircon, sul-
phides (mainly pyrite) and phosphates (mainly apatite). Zircon is then hand picked from the 
final sample. The method is under development, but already yields varied populations of 
grains. These include variably coloured and rounded grains. Some grains maintain more 
euhedral shapes, which may suggest an adjacent provenance, while well-rounded grains 
may be derived from a more distal source. Complex multifaceted (twinning) zircon grains are 
also present.

Development work is under way to produce clean enough zircon samples such that the hand-
picking can be excluded. The reason is two-fold, firstly, handpicking is a potential source of 
bias as the picker may preferentially pick large euhedral grains, which are easier to detect. 
Secondly, handpicking is a time consuming bottle-neck in large provenance projects such as 
this. Zircon separates that are clean enough to pour onto the mount will minimise picking bias 
and save substantial amounts of time.

The separated zircon grains are moulded into epoxy and polished to expose a central cross-
section of each grain. The mount is scanned on a flatbed scanner so that individual grains 
can be located. Prior to loading the mount into the instrument it is cleaned in an ultrasonic 
bath and with ethanol to remove surface Pb contamination. The grains are analysed with 
GEUS’ Element2 Laser-Ablation Sector Field Inductively Coupled Plasma Mass Spectrom-
eter (LA-SF-ICP-MS), which produces accurate and precise age dates (Frei et al. 2006). 

The laser ablation microprobe uses a focused laser to ablate a small amount of a sample 
contained in an air-tight sample cell. The ablated material is transferred to a mass-spectrom-
eter in a carrier gas via Tygon® tubing for analysis. For the spot diameter (30 µm) and ablation 
times (35 s) used in this study, the ablated masses of zircon were approximately 150-300 
ng.

Gerdes & Zeh (2006) and Frei et al. (2006) describe the analytical method in detail, but a 
brief summary is given here. We use a NewWave Research®/Merchantek® UP213 laser ab-
lation unit that is equipped with a frequency quintupled ND-YAG laser, which emits a beam 
wavelength of 213 nm. The pulse duration is 5 ±2 % RSD. We use a repetition rate of 10 Hz 
and a nominal energy output of 44 %, corresponding to a laser fluency of 8 J/cm2. All data 
were acquired using a 30 µm diameter single spot. Samples and standards were mounted 
in a low-volume ablation cell specially developed for U-Pb-dating (Horstwood et al. 2003). 
Helium is used to flush the sample cell and is mixed downstream with the Ar sample gas of 
the mass-spectrometer, which yields a washout time < 15 s. 

The ablated material is introduced into the GEUS’ Element2 (ThermoFinnigan®, Bremen) 
single-collector double focusing magnetic sector ICPMS, which is equipped with a fast field 
regulator for increased scanning speed. The total acquisition time for each analysis is 90 s of 
which the first 30 s are used to determine the gas blank. The instrument is tuned to give large, 
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stable signals for the 206Pb and 238U peaks, low background count rates (typically around 150 
counts per second for 207Pb) and low oxide production rates (238U16O/238U generally below 
2.5 %). 202Hg, 204(Pb + Hg), 206Pb, 207Pb, 208Pb, 232Th, 235U and 238U intensities were deter-
mined through peak jumping using electrostatic scanning in low resolution mode and with 
the magnet resting at 202Hg. Each peak was determined at four slightly different masses and 
integrated sampling and a settling time of 1 ms for each isotope. Mass 202Hg was measured 
to monitor the 204Hg interference on 204Pb where the 202Hg/204Hg ≡ 4.36, which can be used to 
correct significant common Pb contributions. The laser induced elemental fractionation and 
the instrumental mass bias on measured isotopic ratios were corrected through standard-
sample bracketing using the GJ-1 zircon (Jackson et al. 2004). Samples were analysed in 
sequences were an initial six standards are followed by ten samples, then three standards, 
followed by ten samples, three standards, and so on. The Plisovice zircon standard (Aftalion 
et al. 1989) has been used as an external reproducibility check, and yield long-term 2σ RSD 
precisions (n=109) of 2 %, 2.3 % and 1.1 % for the 206Pb/238U, 207Pb/235U and 207Pb/206Pb 
ratios respectively (Frei et al. 2006). Cross check of the GJ-1 standard is presented in Ap-
pendix III.

The raw data is corrected for instrumental mass bias and laser-induced U-Pb fractionation 
through normalisation to the GJ-1 zircon using the commercially available software GLITTER 
and our in-house software ZIRCHRON. Data agreement is sufficient for the level of precision 
required here and Pb-ages plot along a one-to-one slope (Appendix IV).. Data evaluation 
and presentation is done in Excel spreadsheets and take advantage of IsoplotEx v. 3.0 (Lud-
wig 1999) and AgeDisplay (Sircombe 2004).

Heavy mineral CCSEM

Mineralogical characterization of sediments is a prerequisite for the exploration and exploi-
tation of valuable sediment occurrences, such as heavy mineral deposits, and for the inter-
pretation of sediment provenance and depositional environment (e.g. Morton 1985; Mor-
ton & Hallsworth 1999; Copjakova et al. 2005; Oszczypko & Salata 2005). Mineralogical 
characterization comprises two main parameters, namely mineral assemblage and chemi-
cal composition of individual mineral groups, or even individual mineral grains. Over the 
years, it has proven useful to focus characterization on the heavy mineral fraction (here 
defined as mineral grains denser than 2.8 g/cm3) because this fraction encompasses a 
group of diverse minerals, reflecting a large range in source rock compositions, and be-
cause nearly all valuable mineral commodities, such as the Ti-minerals (i.e. rutile, leucox-
ene, and ilmenite), zircon, garnet, staurolithe, monazite etc, are found in this heavy fraction. 

Conventional methods of mineralogical characterization are based on the use of mineral sep-
arates obtained by size, gravity, magnetic, and/or other separation methods. The separated 
individual mineral fractions obtained in this fashion are then analyzed using petrography, mi-
croscopy and chemical means such as XRF or electron microprobe analysis. These methods 
are generally tedious, time-consuming, and labor intensive resulting in high cost. Therefore, 
a labor and cost efficient alternative technology for rapid mineralogical characterization of the 
heavy mineral fraction in sediments is highly welcome.

The chemical and physical characterization of both supra- and submicron particles by com-
puter controlled scanning electron microscopy (CCSEM) is already commonplace in envi-
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ronmental and forensic sciences, as well as for the determination of the degree of liberation 
of ore minerals. For example, CCSEM has been used to identify and quantify potentially 
health damaging particles transported airborne (e.g. Sitzmann et al. 1999; Powell et al. 2002,  
Laskin et al. 2005) and deposited in soils (Kennedy et al. 2002; Langmi & Watt 2003). For the 
characterization of gun shot residue (e.g. Lundrigan 2004) and impurities in coal (Zygardlicke 
& Steadman 1990, and references therein) CCSEM has become the standard off-the-shelf 
technology and it is widely applied in the ore industry for mineral liberation analysis (e.g. 
Kahn et al. 2002; Gu 2003).

CCSEM is a fully automated particle analysis technique for the determination of chemical 
and physical properties of a large number of individual particles (Lee & Kelly 1980). CCSEM 
enables the precise and accurate determination of the modal abundances of individual min-
eral fractions (e.g. ilmenite, rutile, zircon, or garnet) and their average chemical composition 
(as well as their compositional variation). It comes therefore as a surprise that CCSEM has 
not been applied in sedimentological studies that often rely on mineralogical information ob-
tained from a large number of individual mineral particles. 

Analytical techniques

All sediment samples were processed as follows: depending on the visual contents of heavy 
minerals, 30 to 90g of sediment was split from the bulk, dried and washed on a 45 microm-
eter sieve. The fraction larger than 45 micrometer was then sieved through 710-micrometer 
screen and the fraction between 45 and 710 micrometer was passed through a centrifuge 
with CHBr3 that has a density of 2.8 g/cm3. For CCSEM analysis the heavy mineral fraction 
was mounted in epoxy using a technique developed at the Geological Survey of Denmark 
and Greenland (GEUS) that ensures that the overwhelming majority of the grains do not 
touch each other (Frei et al. 2005a, b). The sample mounts obtained in this fashion are sub-
sequently cut to obtain a representative section and polished.

The sediment samples contain between 1 and 38 wt.% heavy minerals, but since most sedi-
ment bodies are strongly heterogeneous with layers and/or streaks of heavy mineral-rich 
sand of various thicknesses and abundances we will not discuss the absolute contents of the 
heavy mineral fraction in individual samples.

The basic principles of CCSEM are reported by Lee et al. (1980), Huggins et al. (1980) and 
Zygardlicke & Steadman (1990) and the application of CCSEM for the mineralogical charac-
terisation of heavy mineral sands is described in more detail by Frei et al. (2005a, b).

For CCSEM analysis of heavy mineral sand samples, the software of the scanning electron 
microscope (SEM) automatically generates randomly placed back-scattered electron (BSE) 
images (so called “frames”, with a resolution of 1024 × 1024 pixels and with magnifications 
typically ranging from 30 to 100 times) within the pre-defined limits of the sample. Subse-
quently, for every BSE image generated, mineral grains are segmented from the background 
by grey-level thresholding. The binary images are processed by a “holefill” function which fills 
out minor voids and cracks to simplify the images for subsequent analysis. Because all grains 
are embedded in a non-touching fashion, none of the de-agglomeration, segmentation, or 
separation processes commonly used in automated particle size analysis (usually achived 
by grain erosion; e.g. Gu 2003; Kahn et al. 2002) are necessary, and hence the entire grain 
surface is used for subsequent analysis.
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The processed binary images are utilized for the determination of grain size and shape pa-
rameters by image analysis and to control the beam for automated chemcial analysis. Clus-
ters of interconnecting pixels are recognized as individual grains and the electron beam 
scans across each grain for 10 seconds in order to aquire energy-dispersive X-ray (EDX) 
intensities for specified regions of interest. A guard region filter ensures omission of grains 
that are cross-cut by the margin of the generated images. For an average CCSEM session, 
about 64 to 100 frames per sample with 10–20 grains per frame are analyzed. Commonly 
> 1000 individual mineral grains per sample are analyzed in this fashion. For the purpose of 
this study, > 60.000 individual mineral grains have been analysed.

All data presented in this study have been aquired using a Philips XL 40 SEM equipped with 
a ThermoNoran System Six energy dispersive X-ray analysis system with integrated control 
of sample stage and electron beam. X-rays are counted on two energy dispersive X-ray 
detectors (ThermNoran Pioneer and ThermNoran Nanotrace) and count are summed up for 
subsequent calculation of element concentrations. The electron beam is generated using a 
tungsten filament operated at an accelerating voltage of 17 kV and a sample current of typi-
cally 50 to 60 µA. The collected X-ray data are corrected for e.g. atomic number, absorption 
or fluorescence effects by the Proza correction scheme. Prior to analysis, all samples are 
carbon-coated to facilitate conductivity. Data reduction is performed using in-house devel-
oped software packages and the results are stored in a heavy mineral sands database.

Discordance

Zircon ideally incorporates U and Th but not their decay products, isotopes of Pb, into its 
crystal structure. Zircon that remains closed with respect to U-Th-Pb will plot along a so-
called concordia curve as a function of their age. The concordia curve is characterised by 
increasing 206Pb/238U, 207Pb/235U and 207Pb/206Pb ratios with increasing age (Fig. 7). The zir-
con may however, be displaced from the concordia curve through either incorporation of 
common Pb, through Pb-loss or mixing of different age domains. Common Pb contamination 
will increase the measured 207Pb/206Pb ratio, and is the easiest cause to identify, as it is asso-
ciated with elevated 204Pb (Fig. 7). Common Pb contamination is relatively rare and normally 
confined to polishing surfaces, mineral inclusions or fractures. Pb-loss or mixed age domains 

Fig. 7. The Tera_Wasserburg 
concordia diagram illustrates 
three possible causes of zircon 
discordance, namely common 
Pb contamination, mixing of 
age domains (or ancient Pb-
loss) and recent Pb-loss. A 
single discordant U-Pb zircon 
analysis is not readily inter-
preted as the Pb-loss history 
cannot be constrained through 
e.g. discordia trends 
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are more difficult to assess. A mixed age between two different age domains within a zircon 
grain may be avoided if all grains are examined in cathodoluminescence (CL) and backscat-
tered electron (BSE) images, which are modulated by e.g. U and Th concentrations, which 
commonly vary between e.g. igneous cores and metamorphic rims. However, the penetration 
depth of the image is minute in comparison to the penetration of the laser beam, and a central 
inherited core that is not exposed at the polished surface would remain undetected in the CL 
or BSE images.

Ancient Pb-loss has the same effect on the zircon as do mixed ages, and the will be younger 
than the true age. Recent Pb-loss has no effect on the 207Pb/206Pb age and is assumed for all 
discordant data. Although assuming recent Pb-loss can be grossly incorrect, the 207Pb/206Pb 
age is a minimum age, which may sometimes be useful. The causes of discordance are 
several, and may vary infinitely as functions of e.g. relative proportions in mixed ages, and 
provide little or no useful additional information in a provenance study. We therefore use a 
arbitrarily chosen filtering criteria where all data that is more than ±10% discordant are dis-
carded.

Data visualisation

Data are mainly presented in zircon 207Pb/206Pb age histograms, which also include a proba-
bility density distribution (Sircombe 2004) – see Appendices I, II and V. As discussed above, 
we filter away the data that is more than 10% discordant. We assume recent Pb-loss only in 
data ≤10% discordant, and we exclusively use the 207Pb/206Pb ages, except for ages younger 
than 500 Ma, where we use the 238U/206Pb age. The reason for this is the small variation in 
207Pb/206Pb for, which is visually evident in Fig. 7. The histograms only show the filtered data, 
but there are two probability density distributions (PDD; Sircombe 2004) presented in each 
diagram too; one dark grey that represents the filtered data and one light grey that includes 
all data. The PDD gives a visual impression of the likelihood of finding a zircon of a particu-
lar age within a sample. Contrary to the age histograms, the PDD takes the error of each 
analysis into count, which counters bin width effects, which can affect the histograms. The 
histograms exclusively use 100 Ma bin width for equal comparison of samples. 

Visual comparison of different sample sets is useful and instructive, but a statistical test is 
desired to assess whether two samples are significantly different. The Kolmogorov-Smirnov 
(K-S) test provides a statistical method for testing if the cumulative distribution of two sam-
ples are similar or not. Importantly, the K-S test can only show if samples were not derived 
from the same source. K-S matrices are presented for each sample series and for selected 
groups. Two samples with a P-value that is <0.05 are considered dissimilar, and thus likely to 
represent different sediment sources.

Results and discussion

4262 spot analyses in 65 samples yield a general trend with a strong dominance of Green-
land Precambrian basement ages with peaks around 1.9, 2.5-3.2 and 3.6 Ga (Fig. 8). At 
face value, it seems as if there are few exotic components that were contributed to these 
sediments, although a small but significant Grenvillian component is present. Although there 
is a great deal of homogeneity between samples, there are also important differences and 
many samples lack one or several components, which is reflected in the K-S tests. It should 
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be noted that some sample suites contain samples with few zircon grains that are <10% 
discordant, which may cause apparent differences as one or several components may be 
missed (Vermeesch 2004). In these cases, we treat the data conservatively and consider 
them a single population.

Itsaku

A set of 10 samples on Itsaku (Svartenhuk Halvø) represent a stratigraphic column with the 
mid Cretaceous Kome/Atane Formation at the bottom and the Upper Cretaceous – Pale-
ocene Kangilia Formation at the top. The two formations are separated by a hiatus. Zircon 
207Pb/206Pb dates from the Kangilia Formation almost form a normal distribution, which is cen-
tred on 1870 Ma. However, it is slightly skewed and has a small tail towards Archaean ages 
(Fig. 9; Appendix I). Nevertheless, a source that is very homogenous with respect to zircon 
is required to produce such a tight distribution. The rocks of the Kome/Atane formation are 
in stark contrast to those of the Kangilia formation and display provenance components that 
include a smidge around 1 Ga, a well defined peak at 1.9 Ga and a wide Archaean palette 
between 2.5-3.6 Ga. The difference between the two formations is supported by the K-S test 
(Table 1). There are no significant differences within either formation, but they are distinctly 
different from each other; a conclusion that is readily drawn from their PDD profiles (Fig. 9). 
The Kome/Atane Formation is believed to have formed in a Mississippi style delta that was 
feed from southeast (Chalmers & Pulvertaft 2001). The strikingly constrained distribution of 
the Kangilia Formation requires a different source. In fact, the Kangilia zircon age distribution 

Fig. 8. Generalised Greenland tectonic map 
with common ages and zircon 207Pb/206Pb 
ages for the Nuuk region (including a few 
samples from the Disko Bugt area, with the 
notable 1.9 Ga peak) and the Cretaceous 
sandstones from this study. There is excel-
lent general agreement apart from some 
minor occurrences of Grenvillian age (1 Ga) 
components. See text for further discussion.
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forms a perfect match with the 1869±9 Ma date for the Prøven igneous complex situated im-
mediately north of Svartenhuk Halvø (Thrane et al. 2005). Although contemporaneous rocks 
are known from Canada to the west and may also be present beneath the Inland Ice to the 
north-east it, seems reasonable to infer that the sediments of the Kangilia Formation were 
derived from this unique source and that they are first generation sediment. Furthermore, it 
demonstrates a major change in the sediment transport direction from southeast to north in 
this region that may be related to a tectonic event in the basin during the Campanian. The 
Kangilia signature at Itsaku has hitherto not been found elsewhere.

Table 1. K-S P-values using error in the CDF for Itsaku sandstones

463388 463390 463391 463392 463393 463394 463395 463397 463398 463399
463388  0.966 0.991 0.964 0.000 0.001 0.000 0.021 0.000 0.000
463390 0.966  0.285 1.000 0.000 0.000 0.000 0.000 0.000 0.000
463391 0.991 0.285  0.270 0.000 0.000 0.000 0.000 0.000 0.000
463392 0.964 1.000 0.270  0.000 0.000 0.000 0.000 0.000 0.000
463393 0.000 0.000 0.000 0.000  0.988 0.399 1.000 0.194 0.096
463394 0.001 0.000 0.000 0.000 0.988  0.599 1.000 0.262 0.271
463395 0.000 0.000 0.000 0.000 0.399 0.599  0.837 0.988 0.722
463397 0.021 0.000 0.000 0.000 1.000 1.000 0.837  0.640 0.389
463398 0.000 0.000 0.000 0.000 0.194 0.262 0.988 0.640  0.816
463399 0.000 0.000 0.000 0.000 0.096 0.271 0.722 0.389 0.816  

 

Fig. 9 Relative age distribution 
of zircon from the Kangilia for-
mation (top) and Kome/Atane 
Formation (bottom) at Itsaku, 
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Upernivik Ø

Further south at Upernivik Ø, nine samples from the Upernivik Ø Formation are indistinguish-
able in the K-S test to the Kome/Atane Formation at Itsaku. However, an important difference 
to Itsaku is the presence of a peak at ~1.6 Ga. Collectively, the two peaks at ~1 and ~1.6 
Ga respectively seems exotic to Greenland, while these ages are abundant in the Labrado-
rian-Grenvillian (corresponding to Gothian-Sveconorwegian in the Baltic shield) orogens in 
Canada. 

Ikorfat

A single small sample at Ikorfat only yielded 22 spots that pass the concordance criteria in-
dicates that is dissimilar to all other suites (Fig. 11). This outcome likely stems from the slight 
displacement towards younger ages. However, it is premature to draw such a conclusion at 
this stage given the limited amount of data, and further work is required to confirm or dismiss 
the indication that it may represent a unique component.
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Fig. 11. Relative age dis-
tribution for Ikorfat. The K-
S test yield a P-value that 
suggest it is dissimilar to all 
other sample suites. This is 
likely due to the relatively 
high abundance of late Ar-
chaean peaks. However, 
Ikorfat represents a small 
sample (n=22 <10% dis-
cordant data) that cautions 
against the validity of the 
conclusion.
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Fig. 10. Relative age distribution 
for Upernivik Ø. It matches well 
with the Kome/Atane Formation 
at Itsaku although Upernivik may 
show a slightly stronger Grenville 
component.
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GRO#3

The sample series at GRO#3 have been grouped according to their stratigraphic divisions; 
namely 2nd, 3rd, 4th and 5th sandstone units. Unfortunately a number of samples in the upper 
strata did not yield any zircon. None of the strata is significantly dissimilar and will be treated 
as a homogenous unit in the comparison with other sample suites (Table 2; Fig. 12). Like 
Upernivik, GRO#3 has a strong Labradorian-Grenvillian component present. It is unclear 
what the origin of this component is, but the fact that e.g. GRO#3 represents a deeper marine 
and seaward relative location may suggest an exotic origin. The component tend to be more 
pronounced in the upper strata of each section, which may support the exotic origin. If it was 
sourced from old reworked sediments, we would expect to find the component perhaps more 
generally admixed or more abundant in the lower strata rather than the opposite, which is 
observed. 

Table 2. K-S P-values using error in the CDF
2nd sst 3rd sst 4th sst 5th sst

2nd sst  0.777 0.475 0.426
3rd sst 0.777  0.914 0.646
4th sst 0.475 0.914  0.850
5th sst 0.426 0.646 0.850  
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Fig. 12. Relative age distribu-
tion for GRO#3. GRO#3 has a 
significant Labradorian-Gren-
villian component that may be 
of exotic origin. The four units 
that were examined here are 
indistinguishable from each 
other and are treated as a sin-
gle group.
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Fig. 13. Relative age distribution for 
Patuut. The probability density distri-
butions are not obviously dissimilar 
as suggested by the K-S test. The 
inset cumulative distribution diagram 
shows that the outcome is due to a 
slight offset towards older ages in 
the lower Patuut section.

Patuut

The Patuut section runs through the Quikavsak Formation down through Atane Formation. 
The K-S test suggest that the two uppermost samples are dissimilar to the three in the bottom 
(Table 3), while sample GGU486829 is yielding good fits with all strata. A possible interpreta-
tion is that the two formations are sourcing subtly different components with an intermediate 
transition from one to the other. We therefore separate the upper Patuut from the lower, but 
assign sample GGU486829 to both groups, as it cannot be ascribed to one or the other. The 
Patuut samples do have some Palaeoproterozoic components, but lack Grenvillian ages (~1 
Ga). It is clearly different from the Upernivik and GRO#3 sample suites, as well as the Atane 
Formation at Itsaku, but as we will see, similar to strata from nearby sample localities. As 
seen in Fig. 8, the patterns are not obviously dissimilar as the K-S test suggests, but there is 
a displacement of ages that seems to be significant (Fig. 13).

Table 3. K-S P-values using error in the CDF
486827 486828 486829 486830 486831 486834

486827  0.998 0.695 0.000 0.000 0.000
486828 0.998  0.760 0.000 0.001 0.000
486829 0.695 0.760  0.387 0.675 0.638
486830 0.000 0.000 0.387  0.766 0.631
486831 0.000 0.001 0.675 0.766  0.347
486834 0.000 0.000 0.638 0.631 0.347  
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Kingigtoq

The sample suite at Kingigtoq contains a series of relatively small samples (i.e. <20 concord-
ant ±10% zircon grains), and although there may be slightly different origin of some strata, 
we will consider them the same until there is firmer data to separate them on a fine scale. 
Overall the Kingigtoq sample display a typical pattern with a well defined Palaeoproterozoic 
peak around 1.9 Ga and a wide palette of Archaena ages, where some are lingering beyond 
a small peak at 3.5 Ga. The presence of Palaeo- to Eoarchaean ages is emerging as a ubiq-
uitous component. Known outcrops of these ages are mainly known in the Isua-Nuuk region 
considerably farther south. Although Isua-Nuuk cannot be ruled out as the source of these 
components, the frequency of the age component may suggest a more proximal source or 
that ≥3.5 Ga rocks are more common than is currently known. It is plausible that such old 
rocks are present under the inland ice sheet. In any case, the component is in keeping with 
a sediment source from east-southeast (Chalmers & Pulvertaft, 2001).
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Fig. 14. Relative age distribu-
tion for Kingigtoq.

Table 4. K-S P-values using error in the CDF
486707 486713 486718 486722 486727 486732 486739 486746

486707  0.475 0.852 0.042 0.733 0.640 0.594 0.443
486713 0.475  0.857 0.696 0.867 0.977 1.000 0.986
486718 0.852 0.857  0.253 1.000 1.000 0.941 0.891
486722 0.042 0.696 0.253  0.084 0.232 0.820 0.461
486727 0.733 0.867 1.000 0.084  0.974 0.847 0.925
486732 0.640 0.977 1.000 0.232 0.974  0.996 0.999
486739 0.594 1.000 0.941 0.820 0.847 0.996  0.972
486746 0.443 0.986 0.891 0.461 0.925 0.999 0.972  
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Atarnikerdluk

This sample set is very similar to that of Kongigtoq and lower Patuut. An interesting feature 
is the apparent disappearance of the 1.9 Ga Palaeoproterozoic component in the middle of 
the section, which is reflected in the low P-values for sample 486761 in Table 5. Given the 
total amount of 53 grains that fulfil the concordance criteria and the Dodson equation above, 
this component should probably have been detected, but as the sample is somewhat small 
we prefer to not separate it out at this stage. The significance of its absence remains uncon-
firmed at this stage, but if supported through a larger sample, it may represent a intermittent 
change in the sedimentary conditions (Fig. 15; Appendix I). N

Table 5. K-S P-values using error in the CDF
486748 486754 486761 486767 486772 486779

486748  0.779 0.001 0.318 0.472 0.728
486754 0.779  0.002 0.683 0.536 0.757
486761 0.001 0.002  0.126 0.042 0.000
486767 0.318 0.683 0.126  0.960 0.889
486772 0.472 0.536 0.042 0.960  0.910
486779 0.728 0.757 0.000 0.889 0.910  
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Fig. 15. Relative age distribu-
tion for Atarnikerdluk. The 1.9 
Ga peak is not present in the 
middle of the section.
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Fig. 16. Relative age distribu-
tion for Pingu. This is a very 
small sample that has to treat-
ed accordingly, but it displays 
a typical Greenland basement 
provenance signature.

Pingu

Two samples from Pingu only amounts to 20 grains that fulfil the concordance criteria. Few 
constraints can therefore be drawn, but its 1.9, 2.7-3.4 and 3.6 Ga peaks are in good agree-
ment with the expected age profile from the Greenland basement (Fig. 16). A striking obser-
vation is the occurrence of four 3.6 Ga grains in this limited population, which highlights its 
wide distribution and its relatively common occurrence.

Grønne Ejland

Two samples from Grønne Ejland represent the most southern samples in the Disko Bugt 
area. They show great coherence with lower Patuut, Aternikerdluk, Kingigtoq, Pingu, and to 
a lesser degree, the Kome/Atane formation at Itsaku. Many of these samples belong to the 
Atane Formation, and there is good overall agreement, even though some locations, mostly 
along more westerly positions, record the Grenvillian-Labradorian age components.

Fig. 17. Relative age distribu-
tion for Grønne Ejland.
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Hellefisk-1

The Hellefisk drilling represents Palaeogene sediments that mainly constitute silt and sand. 
The sample suite is fairly homogenous with no systematic changes in the stratigraphic col-
umn (Table 6). It strikingly similar to the Atane Formation, and its whole rock chemistry is 
rather mature. Its correspondence with the Atane Formation may suggest that the may have 
the same provenance or that Hellefisk is derived from reworked Atane Formation rocks. We 
prefer the former explanation based on its mature nature (e.g. low Al2O3/SiO2 ratios), which 
is aided through reprocessing of previous sediments.

Qulleq-1

Qulleq-1 is the most southern drilling, where our sample suite represents begins at 2610 
m drill depth (Fig. 19). Qulleq-1 is rather similar to GRO#3 in its characteristics and it has 
a strong Grenvillian-Labradorian component (Fig. 19). A possible emerging pattern based 
on this data set is that the Grenvillian-Labradorian signatures are more abundant westward 
at any given latitude, and that it eventually disappears towards the east in the deltaic suc-
cessions. It also seems to be more abundant towards south, but this inference hinges com-
pletely on the Qulleq-1 data set. Finally, it appears to weaken or even diminish downwards in 
each stratigraphic column (Fig. 20; Appendix I). This latter observation is noted in GRO#3, 
but particularly clear in the Qulleq-1 drilling. So much so, it is statistically significant in the 
K-S test (Table 7). In addition to the distribution pattern of the Grenvillian-Labradorian prov-
enance signature, there is a sense of a zonation insofar that sample suites tend to yield high 
P-values along north-south lines.

Fig. 18. Relative age distribution 
for Hellefisk-1.
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Table 6. K-S P-values using error in the CDF
2610 2910 3300 3510 3990 4350 4770

2610  0.163 0.715 0.498 0.994 0.872 0.659
2910 0.163  0.001 0.030 0.220 0.028 0.421
3300 0.715 0.001  0.777 0.403 0.998 0.044
3510 0.498 0.030 0.777  0.310 0.942 0.112
3990 0.994 0.220 0.403 0.310  0.796 0.865
4350 0.872 0.028 0.998 0.942 0.796  0.244
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Fig. 19. Relative age distribu-
tion for Qulleq-1 2610 m.

Fig. 20. Relative age distribu-
tion for Qulleq-1 2655- m.
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Table 7. K-S P-values using error in the CDF
2610 2655 2700 2826 2919

2610  0.000 0.004 0.001 0.000
2655 0.000  0.343 0.622 0.099
2700 0.004 0.343  0.118 0.151
2826 0.001 0.622 0.118  0.957
2919 0.000 0.099 0.151 0.957  --
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Summary

It seems clear from these results that zircon U-Pb provenance is a powerful tool that yield 
useful results on both regional and local scale. The overall pattern in the Cretaceous-Palaeo-
gene sediments in West Greenland is a typical Greenland Precambrian basement signature 
with abundant peaks at 1.9, 2.7-3.0 and 3.6 Ga, which largely reflect the continental crust 
evolution in Greenland. There are few exotic components, which may suggest a relatively 
closed system with respect to influx of zircon bearing components.

The overall transport direction is in accordance with sedimentary models that suggest deltaic 
successions mainly fed from east to southeast. A striking example that illustrates the power 
of the method and a flip in the depositional environment is the Kangilia Formation at Itsaku. 
A single, narrow peak around 1870 Ma represents it. This strikingly constrained distribution 
forms a perfect match with the 1869±9 Ma date for the Prøven igneous complex situated 
immediately north of Svartenhuk Halvø. Although contemporaneous rocks are known from 
Canada to the west and may also be present beneath the Inland Ice to the north-east it 
seems reasonable to infer that the sediments of the Kangilia Formation were derived from 
this unique source and that they are first generation sediment. Furthermore, it demonstrates 
a major change in the sediment transport direction in this region that may be related to a 
tectonic event in the basin during the Campanian.

A small but significant peak at ~1100 Ma suggests a distal component that is not readily 
explained by derivation from the West Greenland basement. This component seems to be 
associated with a 1600–1700 Ma occurrence. Two possible sources can explain the dual 
peaks; an East Greenland or a Canadian. If an East Greenland origin is favoured, it might 
be expected that this signature is associated with Caledonian ages between 380 and 480 
Ma, which have not yet been identified. Given the large number of grains analysed it should 
be expected that even a very small contribution would have been detected (cf. Vermeesch 
2004). Furthermore, the 1100 Ma component seems to be absent in the onshore, deltaic 
facies and appears to be found only in the deep-water facies in both onshore and offshore 
samples. This, in conjunction with an absence of a 1900 Ma peak in the southernmost off-
shore well Qulleq-1 is most easily fit with a transport model along the Greenland west coast 
from south towards north.

Stream sediments

Detrital zircon grains from stream sediments were dated to characterise the local age dis-
tribution of catchment areas. The purpose is two-fold, firstly it aims at obtaining a relatively 
unbiased age map of the West Greenland basement and secondly, it forms a source compo-
nent benchmark for the Cretaceous and Palaeogene sediments. The approach is the same 
as for the sediments and we filter data that is more than 10% discordant. Up to ~300 grains 
were picked from 50 samples although three were barren, and two lost in the analytical proc-
ess due to instrumental problems. 100-200 grains were normally analysed when possible 
and a total of 3928 spots gave meaningful data of which 3483 spots meets the concord-
ance criteria. The sample set was divided into four subsets according to their GGU numbers 
as the series are geographically separated (Table 8). Subsets are organised from south 
to north. The first subset is from the southernmost part of the study area just north of the 
Godthåbsfjord. Archaean gneisses that range from 3850 to 2600 Ma (Hollis et al. 2006) are 
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Fig. 21. Probability density distributions for stream sediment sample subsets.

expected to dominate this area. Further north, the Archaean basement was reworked during 
the Nagssugtoqidian-Rinkian orogens, which adds a magmatic and metamorphic age peak 
at 1900 Ma (Connelly et al. 2000). 

Table 8. Geographical subdivision of stream sediment samples
Subset Samples

1 301730 – 309416
2 368216 – 382034
3 330765 – 330963
4 501009 – 501551

Subset 1 is dominated by Archaean peaks, which is entirely expected (Fig. 21). There are two 
apexes that have their loci at ~2800 and 3650 Ma respectively. There are hints of an Eoar-
chaean component as old 3900 Ma, but that remains to be confirmed by more detailed work. 
In subset 2, the fairly pronounced occurrence of >3600 Ma ages, seen in subset 1, is almost 
gone. In fact, most samples lack the component entirely, and tend to have fairly unimodal age 
profiles (e.g. 380987; Appendix II). Sample 368273 (Appendix II) stand out with significant 
peaks between 3500-3700 Ma. Subset 2 displays a well defined, albeit broad, peak has its 
apex at ~1900 Ma (Fig. 21), which is expected from the Nagssugtoqidian-Rinkian orogens 
(Connelly et al. 2000). The component is not present in some samples, but important in 
others (e.g. 381011; Appendix II). Subset 3 is fairly unimodal with ages ranging between 
2600-3000 Ma (Fig. 21). This Is in accordance with less pronounced effects of the Nagssug-
toqidian-Rinkian orogens. The pattern of subset 3 is more or less replicated in subset 4, but 
a slight bimodality with a poorly resolved ~2900 Ma component, which is hinted in all subset, 
is more strongly supported here (Fig. 21)

-·· ~ \. 
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Overall, the composite age distributions of the stream sediments conform with expectations, 
and map out known ages of tectonic events fairly well. It is also evident that the Cretaceous 
and Paleogene sediments reflect these components, but also require regional mixing of Pro-
terozoic to Eoarchaean components to explain their pattens (e.g. 463393; Appendix I).  

Zircon trace elements

Zircon incorporated a number of trace elements in addition to U and Th, which enables zir-
con age dating. It may be hypothesised that their absolute or relative abundances will vary 
as functions of e.g. petrogenetic processes or source characteristics. A lot of focus has 
been devoted to zircon trace element geochemistry since the early nineties (Hinton & Upton, 
1991), but its usefulness remain debated (Hoskin & Ireland, 2000; Belusova et al. 2006). We 
have re-analysed 668 grains for their trace element compositions to explore the potential in 
zircon trace elements. The data is available in the excel file ‘Zircon trace element table.xls’. 
The data was acquired using the LA-SF-ICP-MS system described above, and the analyti-
cal procedure is principally similar to that described above. Concentrations were calculated 
assuming stochiometric SiO2 concentrations of 32.78 wt%, and all analyses were externally 
normalised to the NIST 610 glass.

There are no systematic correlations with age as is expected from a uniformitarian paradigm, 
and the intention is to identify process-specific characteristics that can be related to e.g. arc 
related magmatism versus late orogenic magmatism. 

Focus in zircon trace element geochemistry has largely been on rare earth elements (REE), 
Ti and P substitution. REE are three valent except for reduced species of Eu2+ or oxidized 
species of Ce4+ and their decreasing ionic radius with increasing mass number is reflected 
by increasing compatibility into zircon. These properties are reflected such that typical zircon 
REE profiles have steep positive slopes, commonly with negative Eu-anomalies (Eu/Eu*) 
and positive (Ce/Ce*; Fig. 22), where at least the negative Eu/Eu* anomaly may be modu-
lated by residual plagioclase during crustal melting to produce granite. It is notable in the cur-
rent data set that there is no such thing as a typical zircon profile, and the data span a wide 
range of REE signatures (Fig. 23).

Interestingly, zircon tend to show less variation in their heavy REE concentrations than the 
do in their light REE. This leads to flatter slopes in more enriched samples, and another fea-
ture are the vanishing Eu/Eu* and Ce/Ce*. Unsurprisingly, REE is correlated with P (Fig. 24), 
which will balance the charge deficiency that the three valent REE produce when they sub-
stitute for Zr4+. Xenotime is a REE+Y phosphate that is isostructural with zircon, and it may 
be assumed that there is a solid solution series between xenotime and zircon. However, as 
seen in Fig. 24, there is REE+Y overabundance in many grains, and some other explanation 
is required for a large number of grains. One hypothesis may be an intermediate component 
between xenotime and another REE phosphate; monazite (Fig. 24). Xenotime and monazite 
have very contrasting REE slopes, where xenotime is the one similar to zircon. An added 
monazite component may thus, to some extent, explain the shallower slope in some of the 
REE enriched zircon grains (Fig. 25). It seems that many features of zircon REE geochemis-
try are not principally controlled by tectonic or petrogenetiice signatures, which complicates 
its use in provenance studies as point source plutons may be envisaged to display a range 
of zircon compositions.
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Fig. 22. Typical zircon pro-
files display steep positive 
slopes with positive Ce/Ce* 
and negative Eu/Eu* anoma-
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Fig. 23.All REE profiles (n=668) determined in this survey show a wide range.

It is notable that the current data set is derived fromdetrital zircon, and as such the grains are 
not easily grouped in more detail than their ages allow. Clearly that is insufficient for the pur-
pose of fully understand how zircon trace element data may be utilised. However, the Kangil-
ia Formation zircon at Itsaku are useful with respect to zircon trace elements in provenance 
studies. It may be argued on basis of the 207Pb/206Pb age structure that these grains were 
derived from a point source. We infer that this source is the Prøven igneous complex, which 
is exactly the same age as the detrital age distribution peak apex; namely 1870 Ma (Thrane 
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et al. 2005). On this assumption we treat these grains as a single population (n=140) that 
represent an average sample of the Prøven complex. These zircon grains cover the same 
range of correlated P and REE+Y variations as the entire sample set, which reinforces the 
notion that zircon REE systematics are foremost controlled by crystal chemical processes. 
However, they display two features that can be deduced on the notion that they represent a 
single population Firstly, it seems as if they may display somewhat lower Ce/Ce* for a given 
Eu/Eu* when contrasting them to all other grains (Fig. 26). This may reflect a more evolved 
source that has undergone plagioclase removal through crystal fractionation or as a melting 
residual during crustal melting. The latter solution may is more attractive as it is in keeping 
with a potentially unique feature of the Prøven complex as a late orogenic crustal melt that 
can be contrasted against the general syn-orogenic Archaean geological evolution.

A further possible test is Ti in zircon thermometry (Watson et al. 2006). This is based on the 
notion that Ti4+ substitute for Zr4+ when it is buffered (a=1). Here we not that Ti is positively 
correlated with P and that unreasonably high temperature estimates are obtained for zircon 
with elevated P content. It may be possible to obtain a correction for Ti overabundance due to 
P, but we prefer to filter that data out as such corrections will be associated with large errors 
and since we lack the necessary data set to obtain a correction factor. Zircon crystallisation 
temperatures were calculated for data that have less than 300 p.p.m. P, which we used as the 
cut-off value (Fig. 26). We then contrasted the Kangilia Formation zircon from Itsaku against 
all other grains in our data set. The average Kangilia temperature estimate is 845 ±93C° (1σ; 
n=93), A hint of a contrast is visible in Fig. 27, and a K-S test that assumes 93C° 1σ external 
(analytical + geological as determined for Kangilia) reproducibility confirms that the Kangilia 
zircon thermometry is statistically different from the Archaean population, but indistinguish-
able from similarly aged Palaeoproterozoic zircon (Fig. 28). 
 
The divison of the zircon into these different groups implies that each population was derived 
in similar geological envionments, which is reflected in theis temperatures temperatures. 
Zircon grains that are similar in age to those of the Kangilia Formation were pooled into a 
separate Palaeoproterozoic group. Fig. 23 shows the cumulate distribution function (CDF) 
that takes account of assigned errors, and a matrix with P-values in the K-S test, and indi-
cates that the Kangilia Formation is significantly different from the Archaean pool. On the 
other hand, it is not statistically dissimilar from the Palaeoproterozoic pool. Likewise, the 
Palaeoproterozoic pool is indistinguishable from the Archaean, possibly describing some 
transitional geological or pooling effect. Importantly, the Palaeoproterozoic component in 

Fig. 24. P plotted against 
REE+Y, which are major compo-
nents in xenotime and monazite. 
There is a clear positive correla-
tion between P and REE+Y and 
most grains are overabundant in 
REE+Y with respect to xenotime. 
Mixing curves for median zircon-
monazite and zircon-xenotime 
are plotted.
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Fig. 26. Ce anomalies (Ce/Ce*) plotted against Eu-anomalies (Eu/Eu*) for all acquired data. Zircon that 
are assumed to be derived from the 1870 Ma Prøven complex plot along a steeper negative correlation with 
lower Ce/Ce* for a given Eu/Eu*.
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Fig. 25. P is plotted against chondrite normalised PrN/GdN ratios, which are reflecting the slope of the REE 
profile. A higher ratio corresponds to steeper negative slopes. Natural monazite and xenotime data are 
plotted for reference, and used to calculate mixing curves between median zircon-monazite and zircon-
xenotime. Some zircon plot on either trend, but the bulk of the P-enriched grains form an intermediate trend. 
Note that these trends assumes a common explanation for all types of zircon as these are geologically 
unrelated.
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Fig. 27. P is plotted against Ti temperature for a filtered (left) and unfiltered data set. Many grains that yield 
unrealistically high temperature estimates are associated with elevated P contents.

samples that display a wide palette of both Archaean and Proterozoic ages may be the same 
as the point source component in Kangilia, or it may merely demonstrate the presence of 
other intrusions of the same type as that feeding the Kangilia Formation.

Our initial work on trace elements in zircon indicate the potential, but much further work is 
required. A problem is the necessary pooling of data, which may not always be justified as 
it is difficult to ascribe a zircon grain to a particular group. It is evident from the Kangilia For-
mation zircon, which we ascribe to a point source, that there may be great variability within 
a component, and two apparently dissimilar grains may in fact have been derived from the 
same source. Strictly speaking, each grain represents its own sample that has to be con-
trasted against all other. Additional constraints and a hierarchical pooling order may be useful 
in eventually ascribing individual grains to separate populations. A way forward may be pools 
that are defined by known provenance age components, that are then further divided on the 
basis of trace element geochemistry, other stable and radiogenic isotope systems such as 
oxygen and lutentium-hafnium. 

Fig. 28. Ti in zircon ther-
mometry for zircon from 
Kangilia Formation, which 
is assumed to be derived 
from the Prøven igneous 
complex. The Kangilia 1σ 
reproducibility (±90 C°) is 
the assigned error to each 
individual analysis. 
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Heavy mineral CCSEM data

The results of the CCSEM work is appended electronically on DVD. A first observation of 
this data set show interesting and systematic variations in garnet compositions (Fig. 28). 
Pyrope like garnet is found in the northernmost and southernmost parts of the study region. 
Pyrope is particularly interesting as its Cr-rich variety is an important indicator mineral for 
kimberlite, which is the main source rock of diamonds. The differences in garnet composition 
in the stream sediment has a twofold use. Firstly, as the catchment areas of these sediments 
are well constrained, the search for economically important occurrences of e.g. kimberlite is 
aided. Secondly, much like zircon, garnet is resistant to erosion and if geographically unique 
signatures can be mapped out in stream sediments, sediment provenance studies will see 
added constraints when used in conjunction with zircon ages. Further evaluation work of this 
large data set is needed, but is expected to yield interesting results.
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Appendix I – Cretaceous and Palaeogene samples

Compilation of all zircon U-Pb samples, which have been ordered from north to south, and 
from top to bottom at each respective location.
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Appendix II – Stream sediment samples

Compilation of all stream-sediment zircon U-Pb samples organised by GGU sample 
number.
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Appendix III – Standard reproducibility

Standard reproducibility of the GEUS primary standard GJ-1.
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Appendix IV – Software comparison

Comparison of 207Pb/206Pb ages for the same data set reduced by the commercially avail-
able software GLITTER and the In-house GEUS software ZIRCHRON. The data scatter 
along a one-to-one slope, which would be expected. The scatter is explained by slightly 
different interval selections and from the inherent differences in the methodology of the two 
software packages. GLITTER does not account for common lead as monitored by 204Pb, 
while ZIRCHRON subtracts any common lead component assuming that the lead was incor-
porated at the time of zircon crystallisation and that the lead composition conforms with the 
lead evolution curve of Stacey & Kramers (1975; Earth Planet. Sci. Letters, 26, 207–221).
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Appendix V – GIS data representattion

The zircon  207Pb/206Pb age data are availabe as a GIS-theme from GEUS where age dis-
tribution of individual samples is shown as a pie-diagram with linked pdf-files showing the 
actual age distribution diagram.
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