Developing a 3-D model for the Skaergaard intrusion in
East Greenland: constraints on structure, mineralisation

and petrogenetic models
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The Skaergaard intrusion (Fig. 1) is probably the most stud-
ied layered gabbro intrusion in the world (Wager & Deer
1939; Wager & Brown 1968; McBirney 1996; Nielsen
2004). The intrusion is ¢. 54.5 Ma old and was formed dur-
ing the Palacogene opening of the North Adantic Ocean,
intruding into the base of the East Greenland flood basalts.
The intrusion is relatively small with a volume of ¢. 300 km?
(Nielsen 2004). Spectacular magmatic layering and system-
atic evolution in the compositions of liquidus phases and esti-
mated melt compositions (e.g. Wager & Brown 1968) have
made the intrusion the most studied example of the develop-
ment of the ‘Fenner trend’ of iron enrichment in basaltic liquids
(e.g. Thy ez al. in press; Veksler in press).

The identification in the late 1980s of significant plat-
inum-group elements (PGE) and gold (Au) occurrences in
the intrusion (e.g. Bird ez al. 1991; Nielsen e# al. 2005) has
led to continued investigation and exploration drilling. The
Skaergaard intrusion is suggested to hold ¢. 33 million ounces
(1000 tonnes) of PGE and ¢. 13 million ounces (400 tonnes)
of Au (Nielsen et /. 2005). The mineralised zone is located
in a ¢. 100 m thick zone of anomalous PGE and Au enrich-
ment in the upper part of the Middle zone (Bird ez a/. 1991;
Nielsen ez al. 2005) of the Layered series. The mineralised
zone consists of a succession of bowl-shaped, stratiform and
very tightly controlled levels of palladium (Pd) enrichment
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Fig. 1. The Skaergaard intrusion is located in the Kangerlussuaq region in

the Palacogene magmatic province in East Greenland.

referred to as Pd1 to Pd5 (Fig. 2; Nielsen ez al. 2005). The
bottom level, Pd5, is developed from margin to margin of the
intrusion, whereas the overlying levels Pd4 to Pdl are
increasingly restricted in width, and the entire succession of
Pd levels is only developed in the central part of the intru-
sion. The structure of the mineralised zone can be compared
to a set of bowls with upward-decreasing diameters. Gold is
always concentrated in the uppermost palladium levels or in
a level above the top palladium level, irrespective of the num-
ber of developed Pd levels. More detailed descriptions are
provided by Nielsen ez /. (2005).

The exploration drill cores provide material and structural
information from previously inaccessible parts of the intru-
sion (Nielsen ez al. 2005). The 3-D image presented in Fig. 4
is based on drill-core information (petrographical, petro-
physical, geochemical etc.) and surface information. It allows
an unprecedented insight into the internal structure of the
upper part of the intrusion and offers a possibility of refine-
ment of volume estimates and quantitative modelling of the
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Fig. 2. Characteristic variation in whole-rock Pd concentration in the central
parts of the Skaergaard mineralised zone (core DDH 90-22, from Bernstein
& Nielsen 2004).
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zones and subzones of the intrusion. A constrained structural
model will in turn allow evaluation and revision of crystalli-
sation models for the basaltic liquid in the magma chamber.

3-D modelling of the intrusion and the
mineralised zone

The initial aim of the 3-D modelling was a visualisation of
the intrusion and the associated PGE and Au mineral occur-

Fig. 4. Satellite image showing the area of the mineralised zone so far cov-

ered by the 3-D model (purple area) with the geological boundaries trans-
ferred from the geological map of the Skaergaard intrusion (McBirney 1989).
MBS, Marginal Border Series (wall rocks); UBS, Upper Border Series (roof
rocks); Layered series (LS; floor rocks) consisting of LZ, Lower Zone; MZ,
Middle Zone; UZ, Upper Zone. Islands in UBS: the younger Basistoppen Sill.
The two white lines show the location of the 2-D cross-sections (Fig. 5).

Abbreviations also apply to Table 1 and Fig. 6.
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Fig. 3. ASTER satellite image with topography
(1.5 x vertical exaggeration; see text for
explanation). The green line shows the outer
boundary of the Skaergaard intrusion, and the
blue dots show the locations of the collars of
drill holes.

rences. Geographical information sys-
tem software was used for the compila-
tion of the surface data used for the model. These data,
together with subsurface data, were subsequently imported
into modern 3-D mining and resource software (Gemcom
GEMS®), which was used for the construction of the 3-D
model of the intrusion and its mineralised zone.

The detailed topographical model needed for the model-
ling (Fig. 3) was constructed from satellite Aster data (resolu-
tion 30 x 30 m). Aster scenes and the 1:20 000 scale geol-
ogical map of the intrusion and adjacent area were draped on
the terrain model.

Forty-one cores with a total length of 23 425 m have been
drilled since 1989. The deepest holes reached levels of ¢. 1200 m
below the collars of the drill holes. The petrographic variation
in all these cores is described in drill-hole logs in company
reports in the archives of the Geological Survey of Denmark
and Greenland. These logs were digitalised and compiled.
The courses of the drill holes (taking azimuth and dip into
account) were visualised in 3-D, and assays for PGE and Au
displayed together with the petrographic information. All the
information was subsequently assessed for each drill hole,
and the delineation of specific lithologies and mineralised
sections was interpolated manually by the geologist software
operator from one drill hole to another and from drill holes
to surface exposures of the mineralised zone. Triangulation
surfaces were constructed mathematically by the GEMS soft-
ware from the delineations and united into wire-frames that
represent 3-D solids (geological bodies). The delineation and
resulting solids were validated by the software. Dykes in the
intrusion were also modelled as solids. Mapped-out fault
planes were visualised as 3-D surfaces.

In intrusion-wide images the mineralised zone is a very
narrow structure. The 3-D model is best seen ‘live’, and we
have chosen, as examples, to show the initial results of the
imaging of the mineralised zone in two vertical 2-D panels
through the intrusion (Figs 4, 5). In Fig. 5 the mineralised
zone is shown as the zone between the lower boundary of the
lowermost Pd-levels (Pd5, cut-off at ¢. 1 gram per tonne Pd)
and the top of the Au-rich part of the mineralised zone
(Pd1/Au or Au + 1 levels, cut-off at ¢. 0.8 gram per tonne
Au).



Results

The west—east section of Fig. 5A shows the mineralised zone
to be bowl-shaped with a central depression of ¢. 400 m. The
magnitude of the depression is in broad agreement with the
margin-to-margin depression of ¢. 700 m modelled by
Nielsen (2004) and Nielsen et /. (2005). The difference in
the magnitude of the depression reflects that the 3-D model
does not reach all the way to the margins of the intrusion. As
expected, the imaging also shows that the vertical distance
between the lower and upper boundaries of the mineralised
zone increases towards the centre of the intrusion, in agree-
ment with the structure of the mineralised zone proposed by
Nielsen e al. (2005). The demonstrated bowl-shape of the
mineralised zone, and thus the layered gabbros, corroborates
the model suggesting concentric crystallisation of the gabbro
on the floor, walls and below the roof of the intrusion
(Nielsen 2004). The north—south section (Fig. 5B) shows the
general 20° dip of the layered gabbros and the mineralised

zone.

Application of 3-D modelling to the
evolution of the Skaergaard intrusion

Nielsen (2004) developed a structural model for the intru-
sion solely on the basis of field observations and analogies.
Compared to the classic and traditional accumulation mod-
els, the apparent concentric crystallisation in the 300 km?
magma chamber reduces the volumes of the most evolved
zones and subzones in the intrusion and thus the proportions
of the products of the crystallisation process.
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Fig. 5. West—east (A) and north—south (B) cross-sections through the Skaer-
gaard intrusion. The blue and green lines show the lower and upper bound-
aries of the Skaergaard mineralised zone (see text for definition). The
bowl-shape and the increasing stratigraphic width of the mineralised zone

towards the centre of the intrusion are seen (see also Nielsen et al. 2005).

The model was used for a mass balance-based estimate of
the bulk composition of the intrusion, which turned out to
be a composition very similar to that of the contemporane-
ous flood basalts. The data in Nielsen (2004) can also be used
for the calculation of the line of liquid descent (LLD) of the
bulk liquid (Fig. 6; Table 1). Toplis & Carroll (1995) mod-
elled the LLD for the Skaergaard intrusion on the basis of
experimental investigations. As shown in Fig. 6 the trend of
the supposed Skaergaard liquid of Toplis & Carroll (1995)
has the same shape as the one calculated using mass balance
(Table 1). The data in Fig. 6 are projected from the SiO, cor-
ner above the plane in the figure, and the difference between
the Toplis & Carroll (1995) and the LLD suggested here is a

reflection of differences in the starting compositions.

Table 1. Compositions of liquids during the fractionation of the Skaergaard magma

Bulk L1 L2 L3 L4 L5 L6 L7

SK-TFDN LZb LZc MZ UZa UZb UZc MG
% solidified 0.00 32.74 55.26 62.56 75.81 85.57 93.43 95.00
SiO, 47.88 47.03 45.92 46.52 48.19 50.73 58.45 62.08
TiO, 3.03 3.74 4.86 4.63 3.74 2.65 1.40 1.07
ALO, 13.87 11.93 11.24 11.15 10.75 10.42 11.35 12.39
Fe,O, 2.00 2.34 2.70 2.72 2.80 2.78 212 1.63
FeO 13.32 15.63 17.97 18.12 18.64 18.53 14.13 10.88
MnO 0.22 0.26 0.29 0.30 0.32 0.34 0.29 0.20
MgO 6.29 6.18 4.62 415 3.16 1.83 0.56 0.63
CaO 10.16 9.62 8.78 8.55 7.89 7.37 5.89 4.64
Na,O 2.56 2.48 2.61 2.71 2.94 3.18 3.78 4.18
K,0 0.40 0.44 0.55 0.61 0.79 1.07 1.63 1.99
P,O, 0.27 0.35 0.47 0.54 0.78 1.10 0.42 0.31
Sum 100.00 100.00 100.01 100.00 100.00 100.00 100.02 100.00
Mg No. 0.457 0.413 0.314 0.290 0.232 0.150 0.066 0.094

Based on bulk liquid SK-TFDN in Nielsen (2004). The composition of the liquid as it evolves is calculated by subtraction of average composi-
tions of correlated LS, MBS and UBS subzones (McBirney 1989) in the mass proportions in Nielsen (2004).The spread sheet with the calcula-
tion is available on request.The composition of the liquid of a specific zone refers to the composition of the liquid at the base of the indicated
zone. Bulk composition is corrected so that the end-result matches the composition of average melanogranophyre (MG). Fe,O,/FeO has been

set at 0.15.The abbreviations are explained in Fig. 4.
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The LLD of the Skaergaard intrusion is of utmost scien-
tific interest. Well-constrained deviations from the expected
can be reflections of processes that have not been taken into
account in the modelling of the fractionation process. The
lack of balance in the SiO, distribution, as reflected in the
common quartz-normative compositions of the Upper Bor-
der Series of the intrusion (Naslund 1984), was suggested to
reflect chemical stratification of the cooling magma (Hoover
1989). But what process would have been responsible for the
chemical stratification? SiO,-enrichment in the upper part of
the magma chamber could be due to liquid immiscibility
(e.g. Jakobsen ez al. 2005) or dynamic conditions. Only with
well-constrained mass balances and geophysical models for
the shape of the magma chamber can numeric models for the
evolution of the Skaergaard intrusions be developed and the
relative importance of all the suggested processes in the evo-
lution of the melt evaluated.

All well-constrained internal boundaries and the details of
the mineralised zone (bulk chemistry, lithologies and mine-
ralogy) in the Skaergaard intrusion will be included in the
3-D model in the coming years. This will allow refinement of
the 3-D distributions and volumes of different lithologies,
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Fig. 6. Skaergaard liquid lines of descent and immiscible liquids in the (Ab
+ Or-An—(Wo + En + Fs) projection from Veksler (in press), who used the
LLD compositions shown in Table 1. Black dots: model liquids in the same
sub-zones of the layered series calculated by mass balance (Table 1. Circles:
trapped Skaergaard liquids (McBirney & Naslund 1990). Thick dashed curve:
experimental line of liquid descent (Toplis & Caroll 1995). The dashed lines
show the boundary between plagioclase and pyroxene crystallisation fields
at different Mg numbers (Mg/Mg + Fe; see Veksler in press for details).

including the mineralised zone, lead to more advanced mass-
balance models for the Skaergaard intrusion, and provide
more general constraints for modelling of the crystallisation
and fractionation processes in basaltic magma chambers.
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