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Abstract 

The Qassiarsuk (formerly spelled Qagssiarssuk) complex is located in a roughly E - W  trending graben 
structure between Qassiarsuk village and Tasiusaq settlement in the northern part of the Precambrian Gardar 
rift, South Greenland. The complex comprises a sequence of alkaline silicate tufts and extrusive carbonatites 
interlayered with sandstones, and their subvolcanic equivalents, which represent possible feeders for the 
extrusive rocks. The Rb-Sr, Sm-Nd and Pb isotopic characteristics of 65 samples of extrusive carbonatite- and 
silicate tufts and carbonatite diatremes have been determined by mass spectrometry. The Qassiarsuk complex 
can be dated to c. 1.2 Ga by Rb-Sr and Pb-Pb isochrons on whole-rocks and mineral separates, agreeing with 
previous isotopic ages for the volcanic rocks of the Eriksfjord formation in the Eriksfjord area of the Gardar 
rift, but not with previous, indirect age estimates of >1.31 Ga for assumed Eriksfjord equivalents in the 
Motzfeldt area further east. Recalculated isotopic compositions at 1.2 Ga indicate that the Qassiarsuk 
carbonatite- and alkaline-silicate magmas were comagmatic and derived from a depleted mantle source 
(eNd>4, esr<-13, time-integrated, single- stage 238u/e~ ~< 7.4). The mantle-derived magmas were 
contaminated with crustal material, equivalent to the local, pre-Gardar granites and gneisses and sediments 
derived from these. The crustal component has a depleted mantle Nd model age of 2.1-2.6 Ga; at 1.2 Ga it was 
characterized by esr = +76, end = -8.4, time-integrated, single- stage 238u/Z~ = 8.2-8.3. Strong decoupling 
of the Pb from the Sr and Nd isotopic systems suggests that the contamination happened only after carbonatitic 
and alkaline-silicate magmas had evolved from a common parent, by processes such as liquid immisicibility 
and/or fractional crystallization. Post-magmatic hydrothermal alteration (oxidation, hydration of mafic 
silicates, carbonatization of melilite) may have contributed further to the contamination of the carbonatite and 
alkaline silicate rocks of the Qassiarsuk complex. 
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Introduction 

ALTHOUGH ultimately formed from mantle-derived 
parent magmas, carbonatites evolve by complex, and 
not always clearly unders tood processes. 
Mechanisms which have been suggested for the 
generation of carbonatite magma from a carbonate- 
bearing silicate parent magma include fractional 
crystallization, liquid immiscibility, and combina- 
tions thereof (e.g. Andersen, 1986, 1987, 1988; 
Church and Jones, 1995; Kjarsgaard and Hamilton, 
1988, 1989; Le Bas, 1989; Peterson, 1989a, b, 1990). 
However, the relationship between a carbonatite and 
its mantle source may be obscured by element 
exchange with the country rocks, caused by 
contamination of the magma during ascent and 
crystallization (Andersen, 1987) or by post- 

magmatic, hydrothermal alteration processes 
(Andersen, 1983, 1984). 

Radiogenic isotope data on carbonatites are useful 
both as potential indicators of mantle composition 
and -evolution (e.g. Bell and Blenkinsop, 1989; 
Kwon et al., 1989) and as tracers of open-system 
processes in carbonatite magmas (e.g. Andersen, 
1987). Especially for Precambrian carbonatites, the 
use of radiogenic isotope data to characterize 
petrogenic processes is complicated by the need to 
constrain the age of crystallization. Unfortunately, 
the poor resistance to surface weathering and some of 
the typical compositional characteristics of carbona- 
tites make isotopic dating difficult. These include 
high Sr- and low Rb- concentration, high REE 
concentration levels, but little fractionation of Sm/ 
Nd, and absence of good U-Pb mineral chronometers. 
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Commonly, age determination is made on associated 
igneous silicate rocks, which are less troubled by 
such effects (e.g. Bruecner and Rex, 1980; Verschure 
et aL, 1983; Andersen and Sundvoll, 1986; Dahlgren, 
1993). However, accumulation of apatite from 
phosphate-bearing carbonatite magmas cause consid- 
erable fractionation of U from Pb, making the 
mineral or whole-rock Pb-Pb system useful for 
direct dating of carbonatites (Andersen and Taylor, 
1988; Jahn and Cuvellier, 1994; Andersen, 1996a). 

Although one currently active carbonatite volcano 
is known (Oldoinyo Lengai, Tanzania; e.g. Dawson, 
1962, 1989), extrusive carbonatites are less common 
through the geological record than their intrusive 
equivalents. The Qassiarsuk (formerly spelled 
Qagssiarssuk) complex in the Gardar Rift of South 
Greenland (Stewart, 1970), is an example which 
gives a unique opportunity to study well-preserved 
Precambrian extrusive and sub-volcanic carbonatites 
and their associated alkaline silicate rocks. Although 
parts of the Qassiarsuk complex were carefully 
mapped by Stewart (1970), the full areal extent of 
the carbonatites was recognized only during recent 

fieldwork (Andersen, 1996b). Stewart (1970) and 
Knudsen (1985) presented some major and trace 
element data from Qassiarsuk, but no radiogenic 
isotope data have so far been published. This paper 
presents the first St, Nd and Pb isotope data on the 
Qassiarsuk complex, constraining the age and 
petrogenesis of the carbonatites and their associated 
alkaline silicate rocks. A revised account of the 
geology,  volcanic strat igraphy,  petrography,  
geochemistry and petrology of the Qassiarsuk 
complex will be published separately (A.P. Jones 
and T. Andersen, work in preparation). 

Geological setting 

The volcanic and sub-volcanic rocks of the 
Qassiarsuk complex crop out within a roughly EW 
trending graben structure, extending from Qassiarsuk 
village on the Eriksfjord in the east to Tasiusaq inlet 
(Fig. 1), and possibly even to the North Sermilik 
fjord (west of the map limit in Fig. 1) in the west 
(Andersen unpublished field data). The well-known 
'Qassiarsuk Triangle' described in detail by Stewart 
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FIO. 1. Simplified geological map of the Qassiarsuk-Tasiusaq graben, Gardar Rift, S. Greenland, with localities of 
samples used in this study. Dykes and minor faults omitted. The pre-Gardar basement is left blank. Geological 

mapping by the present author, with some data from Stewart (1970) and A.P. Jones (pers. comm.) 
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(1970) makes up the easternmost part of this graben. 
The volcanic rocks of the Qassiarsuk complex have 
been equated with the the MussartOt volcanic 
Member of the Eriksfjord Formation (Poulsen, 
1964; Emeleus and Upton, 1976; Allaart, 1983; 
Kalsbeek et al., 1990); the sandstone below the 
volcanic rocks will then belong to the basal Maj~t 
sandstone Member (Allaart, 1983). The graben is 
limited against Ketilidian basement to the south by a 
prominent and continuous E - W  'master fault', and 
to the north by a zone of intersecting E - W  and 
NE--SW faults. The entire area is penetrated by 
numerous doleritic to syenitic dykes trending close to 
N60~ accompanied by minor faulting. Dyke 
injection and N E - S W  faulting in general postdate 
the carbonatite volcanism, and probably also the 
subsidence of the E - W  graben structure (A.P. Jones, 
personal communication). 

The Qassiarsuk volcanic sequence is a well- 
defined unit within the sandstones, and can be 
mapped semi-continuously from Qassiarsuk at least 
as far west as the NW shore of Tasiusaq (formerly: 
Tasiussaq) inlet (Fig. 1). The thickness gradually 
decreases westwards, from c. 40 m in Qassiarsuk 
(Stewart, 1970) and in the central part of the graben 
to less than l0 m west of Tasiusaq. Thinner, 
discontinuous horizons of carbonatite tuff can be 
found above this main unit. An exaggerated estimate 
of a thickness of volcanic rocks of c. 375 m in the 
Qassiarsuk triangle was reported by Allaart (1983), 
but was probably influenced by unrecognized 
tectonic repetitions and by differences in dip 
between individual fault-blocks (Stewart, 1970). 

A sequence of sandstones and interlayered igenous 
rocks of uncertain stratigraphic position crops out in 
the soutwestern part of the graben, SE of Tasiusaq. 
This area is separated from the rest of the graben by a 
prominent EW fault and contains a thick unit of 
carbonatite tuft', one large diatreme, and two major 
flat-lying intrusions, one of which is carbonatitic, the 
other doleritic. 

Basaltic lavas cropping out in the east at the shore 
north of Qassiarsuk pier and in the west at the south 
shore of Tasiusaq inlet have not been studied in 
detail. The 'Qassiarsuk shore basalts' have an 
uncertain stratigraphic position (Stewart, 1970); the 
basalts at Tasiusaq are situated stratigraphically 
below the alkaline silicate and carbonatite tufts of 
the SW segment of the graben (Andersen, unpub- 
lished field data). 

The sandstones below the main volcanic sequence 
are penetrated by diatremes, which probably 
represent feeders for volcanic rocks. The diatremes 
range in composition from pure carbonatite through 
silicocarbonatite to melilitite/alntite (Stewart, 1970) 
and trachyte-fonolite. A few alkaline silicate 
diatremes have been recognized within the 

Ketilidian basement north of the graben. Diatremes 
still further north (Stewart, 1970; Allaart, 1983) have 
not been investigated during the present study. 

Material studied 

The present study is based on samples collected by 
the author in 1992 and 1994, supplemented by 
samples from the collections of the Geological 
Survey of Denmark and Greenland, Copenhagen 
and Dr A.P. Jones, University College, London. 

Carbonati tes  

The carbonatites range in composition from calcite 
carbonatite to iron-poor dolomite carbonatite and 
ankerite ferrocarbonatite. In terms of microstructure, 
massive, globular and laminated varieties can be 
distinguished. The massive carbonatites consist of 
coarse-grained sparry carbonate, enclosing totally 
oxidized pseudomorphs after mafic silicates, which 
today are composed of hematite, chlorite and 
serpentine. No primary igneous textures can be 
identified. This rock type has many textural and 
mineralogical features in common with the 'rc~dberg, 
( ' red-rock ' )  from the Fen complex, Norway 
(Andersen, 1984), and has probably formed by 
similar processes, i.e. by post-magmatic alteration 
of pre-existing carbonatite. In some of the samples, 
calcite has most probably replaced melilite and/or 
alkali feldspar, as shown by the existence of multi- 
grain pseudomorphs which have preserved the 
outlines of the primary minerals and which contain 
occasional relics of silicates. 

The laminated carbonatites consist of well- 
preserved plate-shaped carbonate crystals, building 
up a flow-laminated microstructure. The carbonate 
crystals of the laminated carbonatite differ from the 
pseudomorphs after silicate minerals in consisting of 
a single, optically continous calcite crystal. 

The globular carbonatite is found both as an 
extrusive rock (the lapilli-tuff of Stewart, 1970) and 
in diatremes. The rock is built up from millimetre- 
sized pellets consisting of platy carbonate crystals set 
in a fine-grained, opaque to semi-opaque matrix. The 
groundmass consists of anhedral, sparry carbonate, 
mixed with sand-sized, well-rounded grains of 
quartz. Some of the samples also contain pellets of 
silicate material; a gradual transition between 
carbonatite and alkaline silicate end-members may 
possibly exist. 

Stewart (1970) used the presence of platy carbonate 
crystals as an indication that the carbonate had formed 
by replacement of melilite. Although this can clearly 
he observed in some samples, the textural argument 
for the former presence of melilite is not valid in 
general, as both a platy carbonate mineral habit and 
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flow-laminated microstructures are common in 
carbonatites of undisputed volcanic or primary 
intrusive origin (e.g. Barker, 1989; Keller, 1989). 

Alkaline silicate rocks 

The alkaline silicate rocks which have been 
examined in this study are melilitites with or 
without relict  ol ivine,  aln6itic lamprophyres,  
containing primary mica in addition to melilite, 
pyroxene and olivine (Stewart, 1970) and tufts of 
trachytic to phonolitic composition. In the diatremes 
and minor sub-volcanic intrusions/feeder pipes 
massive and globular varieties are found. The 
massive melilitite consists of euhedral melilite 
laths, with a strongly altered, fine-grained interstitial 
material. The globular variety and the melilitic tuff 
contains lapilli consisting of melilite-laths set in a 
fine-grained, opaque or semi-opaque matrix. The 
groundmass consists of strongly altered silicate 
material with minor amounts of carbonate. The 
melilite is always partly replaced by carbonate.The 
trachytic-phonolitic tuff contains lapilli of nearly 
opaque devitrified glass with euhedral phenocryst of 
potassium feldspar, set in a groundmass of detritial 
quartz grains cemented by devitrified glass. 

Micas for Rb-Sr mineral dating were separated 
from five samples of aln6itic lamprophyre selected 
from the collection of Dr A.P. Jones. These samples 
were crushed manually in a steel percussion mortar to 
sub-mill imetre size, and flakes of mica were 
separated by hand-picking. 

Apatite-rich rocks 

The apatite-rich samples used in the present study 
were selected from a suite of phosphorus rich rocks 
from the Qassiarsuk Triangle studied by Knudsen 
(1985), and comprise carbonatite lavas and tufts, and 
an apatite-rich facies from an aln6itic lamprophyre 
intrusion. The samples were provided by the 
Geological Survey of Denmark and Greenland 
(GEUS), Copenhagen. Whole-rock P205 contents 
range from 3 to 35 weight percent (Table 1, data from 
Knudsen, 1985, Table 7). 

Country rocks 

To evaluate the influence of the local country rocks 
on the isotopic systems of the Qassiarsuk igneous 
rocks, three composite country-rock samples were 
collected. GRAN is a composite of granitic rocks, 
collected along the trail from Qassiarsuk to Tasiusaq, 
in the basement north of the graben structure. QSS is 
a composite of the sandstone immediately below the 
volcanic rocks, collected at Qassiarsuk village, 
whereas TSS is a composite of sandstones above 

the main tuff sequence, collected in the Tasiusaq 
area. Sample 48 is a slightly metasomatized granitic 
gneiss ('fenite') collected near the contact to a 
diatreme NW of Tasiusaq. 

Radiogenic isotope geochemistry 

Analytical methods 

Rb, Sr, Sin, Nd and Pb were separated from finely 
crushed and homogenized whole-rock powders and 
from hand-picked mineral separates by standard ion 
exchange procedures. Sr, Nd and Pb isotopic ratios 
were determined by mass spectrometry, using a fully 
automated Finnigan MAT 262 mass spectrometer in 
the Laboratory of Isotope Geology, Mineralogical- 
Geological Museum, Oslo. Nd isotopic compositions 
are normalized to 146Nd/144Nd = 0.7219. During the 
period the present analyses were made, the Johnson 
and Matthey batch no. $819093A Nd203 gave 
143Nd/144Nd = 0.511101 -I- 0.000013. The NBS 
987 Sr standard yielded 87Sr]S6Sr = 0.710228 _+ 
0.000050. The isotopic composition of lead was 
determined using the phosphoric acid-silica gel 
method on single rhenium filaments. Lead isotope 
ratios were corrected for mass fractionation off-line, 
using a correction factor of 0.095 %/AMU derived 
from multiple runs of the NBS SRM 981 common 
lead standard (composition from Todt et al., 1984). 
Rb, St, Sm and Nd concentrations were determined 
by isotope dilution, using aliqots spiked in 87Rb, 84Sr, 
149Sm and laSNd or 150 Nd. A VG354 mass 
spectrometer was used for the isotope dilution 
analyses. 

Isochron calculations have been made using the 
Isoplot 2.57 software package (Ludwig, 1991), multi- 
stage lead modelling and other calculations by 
interactive spreadsheet programs written by the 
present author. For age calculation of poorly-fitted 
isochrons with elevated MSWD, models 2 and 3 of 
Ludwig (1991) were used, which include estimates of 
initial isotopic heterogeneity in the isochron calcula- 
tion. Lead isotopes are discussed in terms of a two- 
stage model of global lead evolution (e.g. Faure, 
1977), identical to that used by Andersen and Munz 
(1995). In this model, the age of the Earth = 4.57 Ga, 
and lead has evolved from an initial meteoritic 
composition (Tatsumoto et al., 1973) in a reservoir 
with a time-integrated 23Su/2~ given as the IX~ of 
a single sample or the single-stage model Ix 
calculated for a lead isochron, until formation of 
the Qassiarsuk complex at t. Lead was then extracted 
from different sub-reservoirs, and the samples 
evolved in individual, closed and homogeneous 
systems with constant 238u/Z~ (Ix2) until the 
present. When t is given, each sample is character- 
ized by unique 121 and IX2 values. 
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Trace element concentrations 

The trace element geochemisty of the Qassiarsuk 
complex will be the subject of a separate study (Jones 
and Andersen in prep.). In this paper, only the trace 
element concentrations determined by isotope dilu- 
tion as part of the radiogenic isotope study will be 
considered. The carbonatites and the apatite-rich 
rocks are characterized by high strontium contents 
(570 to 3800 ppm) coupled with Rb concentrations 
below 200 ppm. The REE contents are variable (40 to 
750 ppm Nd), and the samples are enriched in light 
relative to heavy REE, expressed by a fsm value for 
individual samples {fSm = (1475m/143Nd)sample / 
(1475m/la4Nd)cHu R - -  1} ~< --0.3. The alkaline 
silicate rocks have lower REE concentrations (< 150 
ppm Nd), lower Sr (< 1800 ppm) but comparable Rb 
concentrations. The Sr and Nd concentrations and the 
degree of relative LREE enrichment (expressed by 
- 1  < fs,n < O) are correlated along single trends (Fig. 
2a, b). Although the alkaline silicate rocks and the 
carbonatites plot at opposite ends of these trends, 
there is moderate overlap between the two groups, 
and there is thus no gap in trace e lement  
concentrations between the alkaline silicate rocks 
and the carbonatites. 

The rubidium-strontium system 

Whole-rocks. The carbonatites are characterized by 
low STRb/86Sr, whereas the STRb/86Sr of the alkaline 
silicate rocks ranges from near zero to 2.5 (Table 1, 
Fig. 3). A regression of all silicate tufts together 
results in a very poorly fitted correlation line 
(MSWD = c. 300), with an indication of an age of 
1221 ___ 19 Ma and an initial ratio of 0.7031. Time- 
corrected S7Sr/86Sr ratios at 1.2 Ga show considerable 
spread (0.70493 to 0.70272; i.e. esr = +24 to -12.8),  
indicating that the magma was indeed heterogeneous 
at the time of crystallization. The most likely reason 
for the initial strontium isotopic heterogeneity is 
crustal contamination, leading to a general increase 
of 878r/S6Sr in samples which have been affected. To 
minimize the effect of contamination on the Rb-Sr 
system, a 7-point isochron was calculated for samples 
having S7Sr/S6Sr ~< 0.7030 at 1.2 Ga. This gave a 
moderately well-fitted isochron (MSWD = 2.94) with 
an age of 1205 ___ 12 Ma and an initial ratio of 0.7029 
(Fig. 2). Most samples plot above this line, including 
many of the carbonatites, suggesting that contamina- 
tion processes may have influenced even St-rich 
carbonatite magma. 

The granite composite and the 'fenitized' granitic 
gneiss (sample 48) show uniform S7Sr/86Sr of 0.7086 
(eSr = +76) at 1.2 Ga, which is typical of a 
moderately LILE-enriched Precambrian crustal rock 
composition. Syn-intrusive metasomatism has not 
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FIG. 2. Correlation between (a) Sr and Nd concentra- 
tions, and (b) between Nd concentration and Sm 
enrichment factor for individual samples. The lower 
scale gives Nd concentrations relative to a chondritic 
value of 0.60 ppm (Boynton, 1984). The samarium- 
enrichment factor relative to chondrites is defined by: 
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ple signatures: Solid circles: Carbonatites. Solid dia- 
mond: Apatite-rich carbonatites and lamprophyres. 
Open circles: Alkaline silicate rocks. Triangles: Country 

rocks. 

affected the Sr isotope system of the 'fenite'. The two 
sandstone composite samples and one of the 
carbonatite diatremes have unrealistically low time- 
corrected 87Sr/86Sr ratios (0.6976 and 0.7015), and 
are probably influenced by loss of  radiogenic 
strontium by recent surface weathering. 

Mica separates. Four of the five phlogopite 
separates from aln6itic lamprophyre intrusions plot 
along an imperfectly fitted regression line (MSWD = 
23) with a date of 1234 __+ 34 Ma and an intitial ratio 
of 0.7043 ___ 0.0004 (Table 1, Fig. 4). This date is 
indistinguishable from that of the whole-rock line, 
but the corresponding initial ratio is significantly 
higher. One phlogopite separate plots well above this 
regression line. The Rb-Sr systematics of the micas 
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FIG. 3. Rb-Sr isochron diagram. The 'Silicate rock isochron' has been calculated from 7 samples of silicate tuff, 
whose 875r/86Sr ratio at 1.2 Ga ~< 0.7030. Three points falling below this isochron (the two sandstone composites 
and carbonatite 92/8) have unrealistically low 875r/86Sr at 1.2 Ga (< 0.702), and have probably lost radiogenic 

strontium by recent surface weathering. Sample symbols as in Fig. 2. 

from lamprophyres indicate crystallization from 
melts with elevated and heterogeneous strontium 
isotopic composition, most likely caused by variable 
crustal contamination of a low-87Sr/86Sr mantle- 
derived magma. The Qassiarsuk lamprophyre micas 
are thus unlike the phlogopites from damtjernite in 
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Fic. 4. Rb-Sr isochron diagram for mica separates from 
aln0itic lamprophyres. Solid line: 4-point isochron for 
mica separates. Dash-dot line: Silicate rock isochrou, 
from Fig. 2. Dotted line: Reference isochron for a 

contaminated lamprophyre. 

the Fen complex, Norway, which show only 
moderate differences in initial 87Sr]86Sr between 
individual intrusions, allowing the igneous complex 
to be dated by a composite mica Rb-Sr isochron 
(Dahlgren, 1987, 1993). 

The lead isotope system 
Like their counterparts in several other carbonatite 
complexes, the Qassiarsuk carbonatites and asso- 
ciated apatite-rich rocks show a large spread of the 
U/Pb ratio, probably caused by differentiation during 
crystallization of apatite and calcite from carbonatite 
magma (Andersen and Taylor, 1988). The resulting 

206 204 spread in present-day Pb/ Pb from c. 16.3 to 155 
(Table 1, Fig. 5) is of the same order of magnitude as 
the variation in the Fen and Aln0 carbonatites 
(Andersen and Taylor, 1988; Andersen, 1996a). 
When all carbonatites and apatite-rich rocks are 
regressed together, an imperfectly fitted line (MSWD 
= 29) is obtained, with an age of 1182 __+ 19 Ma 
(Model 2 age, Ludwig, 1991). When only six of the 
apatite-rich rocks are included, the fit is significantly 
improved (MSWD = 4.4), but the age remains 
unchanged (1176 -I- 8 Ma, Model 1 of Ludwig, 
1991). The single-stage model-I x of this regression 
line is 7.77. The three composite country-rock 
samples plot well above this line, along a generally 
parallel trend (Fig. 5b). 
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FIG. 5. Pb-Pb systematics of the Qassiarsuk rocks. 
Sample signatures as in Fig. 2. (a): Uranogenic lead 
correlation diagram. The isochron is based on 6 samples 
of apatite-rich carbonatite and lamprophyre. (b): Detail 
of a, showing the carbonatite isochron (heavy, from a). 
Ranges of variation for 2.2 Ga continental crust (vertical 
ruling), representing the local crustal contaminant, and 
of a 1.2 Ga mantle-source with Ix1 = 7.4 (diagonal 
ruling) are shown, with a possible mixing line between 
the two components (opposing arrows), which would 
produce initial lead isotopic composition of the main 
group of samples (IX~ /> 7.7). The samples falling 
significantly below this line cannot have experienced 
much contamination during ascent through the crust and 
by post-magmatic alteration. The star indicates the 
preferred composition of the mantle source for the 
Tugtut6q younger giant dyke and the K0ngnfit Fjeld 
intrusion (Taylor and Upton, 1993). c: Thorogenic lead 
correlation diagram, showing lack of linear correlation 
of thorogenic and uranogenic lead, due to significant 
fractionation of U from Th during formation of the 

Qassiarsuk complex. 
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The  a l k a l i n e  s i l i c a t e  rocks  show m o r e  
'unsupported'  scatter of  2~176 than the 
carbonatites, at generally less radiogenic composi- 
tions (2~176 < 23.1). Points scattering above the 
carbonatite-apatite rock line can be explained by 
crustal contamination, but the points falling distinctly 
below the line must be due to other processes. A 
group of samples, including sample 19 (silicate tuff), 
which is uncommonly unradiogenic in the urano- 
genic lead isotopes (2~176 = 16.192, 2~176 
= 15.016), plot close to a reference isochron with 
model-Ix of 7.4-7.5, which must reflect a much less 
radiogenic initial lead than the samples on the main 
correlation line. 

The variation in thorogenic lead is considerable, 
though less extreme than in uranogenic lead, with 
2~176 from 35 to above 50 (Fig. 5c). The 
relative variation is largest among the apatite-rich 
rocks and the carbonatites, and it is uncorrelated with 
the 2~176 ratio. This merely reflects fractiona- 
tion of the U/Th ratio during crystallization of the 
carbonati te magma, and does not have any 
geochronological consequences, contrary to what 
was suggested by Dahlgren (1993). 

The samarium-neodymium system 

The carbonatites and alkaline silicate rocks show 
restricted and overlapping ranges of 147Sm]144Nd 
(0.082-0.148; Table 1). Recalculated 143Nd/144Nd at 
1.2 Ga ranges from 0.51127 (eNd = +3.6) to 0.51077 
(eyd = --6.2). This can be compared to initial Nd 
isotopic compositions of 0.51121• l (er,~o = +2.4) 
for 1.17-1.20 Ga lavas from the Ulukasik Member of 
the Eriksfjord Formation reported by Paslick et al. 
(1993). 

The granitic country rock composites, the sample 
of 'fenite' from Tasiusaq (sample 48) and the two 
sandstone composites show rather uniform Nd 
isotopic compositions at 1.2 Ga, with 144Nd/144Nd 
= 0.51063 to 0.51069 (eNd = --8.9 to --7.8). This can 
be recalculated to depleted mantle model ages (De 
Paolo, 1981 -model) of 2.1-2.6 Ga, suggesting that 
the local crustal protolith dates back to the early 
Proterozoic, and that the sandstones have been 
derived from a source comparable to the underlying 
granite. 

D i s c u s s i o n  

The age of the Qassiarsuk volcanic sequence, and its 

regional significance 

The three isochron ages determined for minerals and 
rocks from the Qassiarsuk complex all fall close to 
1.2 Ga, with variable uncertainty and quality of fit. 
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Crustal contamination has certainly caused hetero- 
geneity in the initial strontium composition which, 
due to the restricted spread in Rb/Sr ratio, has not 
been overshadowed by accumulated radiogenic 
strontium. By limiting the time-corrected SVSr/S6Sr 
at 1.2 Ga to less than a certain value (0.7030), and 
rejecting all samples falling above this limit as 
contaminated, a better isochron, which is less 
influenced by crustal contamination, is obtained 
(1205 ___ 12 Ma). It should, however, be noted that 
this age-estimate is based on a boundary condition 
(the limit of 1.2 Ga recalculated strontium composi- 
tion) which is somewhat arbitrary and lacking in 
geological justification. 

The lead isotopic system of the Qassiarsuk 
carbonatites is also affected by crustal contamination, 
leading to scatter around the Pb-Pb isochron. The 
regression lines calculated for these rocks correspond 
to a special case of U-Pb scenario 2a of Whitehouse 
(1989), in which a meaningful age may be obtained 
despite poor initial isotopic homogenization, because 
the initial isotopic heterogeneity is totally over- 
shadowed by accumulated radiogenic lead. The 
isochron calculated for the apatite-rich rocks alone 
(1176 + 8 Ma) gives the best fit, and is regarded as 
the best estimate of the age of the Qassiarsuk 
carbonatite. 

This age of the Qassiarsuk complex (and thereby 
of the Mussart0t volcanic Member of the Eriksfjord 
Formation) is indistinguishable within uncertainty 
from Nd mineral isochron ages of 1.17 4- 0.03 Ga 
and 1.20 4- 0.03 Ga obtained for mafic lavas of the 
overlying Ulukasik volcanic Member by Paslick et 
al. (1993). This suggests that deposition of the 
Eriksfjord sandstones and volcanic rocks has been a 
comparatively rapid process, with deposition of a 
large proportion of the entire succession taking 
place within the age resolution of the dating 
methods used (i.e. within 8 to 30 Ma). Deposition 
of the Eriksfjord Formation within such a short 
period of time is in conflict with the observation that 
lavas and sediments correlated with the Eriksfjord 
Formation are cross-cut by intrusions belonging to 
the 1.31-1.35 Ga Motzfeldt centre of the Igaliko 
complex (Blaxland et al., 1978; Allaart, 1983, 
Paslick et al., 1993; Kalsbeek et al., 1990), which 
suggest an onset of volcanism and sedimentation 
more than 100 Ma before the formation of the 
Qassiarsuk complex. If the assumption of 1.31 - 
1.35 Ga Eriksfjord-equivalents in the area NE of 
Motzfeldt is correct, it implies that the tectonomag- 
matic evolution of the Gardar rift may be more 
complex than previously assumed, with distinct 
periods of volcanism in the Motzfeldt area and in 
the area west of Eriksfjord. Alternatively, the 
intrusions cross-cutting the Eriksfjord-Formation 
equivalents at Motzfeldt may be younger than the 

1.31- 1.35 Ga rocks dated by Blaxland et al. (1978) 
and Paslick et  al. (1993). 

Petrogenesis  o f  the Er iks~ord  magmas  

The present radiogenic isotopic study cannot identify 
the actual processes by which magma formed and 
evolved into carbonatite and alkaline silicate 
fractions at Qassiarsuk. However, the observations 
that both end-member components (i.e. carbonatite 
and alkaline silicate rocks) fall on continuous trace 
element trends (Fig. 2), and that the most 'primitive' 
initial radiogenic isotope compositions in each group 
overlap (Figs. 3, 5) suggest that they are indeed 
comagmatic, and that the carbonatite magma may 
have formed from a carbonate-bearing silicate parent 
magma by processes such as fractional crystallization 
or liquid immiscibility. The source region in the 
mantle has a clear depleted mantle signature (i.e. end 
> 0, esr < 0, single-stage p. < 8), as is the case with 
most carbonatites throughout the geological record 
(see reviews by Bell and Blenkinsop, 1989 and Kwon 
et al., 1989). Producing magmas which are enriched 
in CO2 and LREE from a depleted mantle source 
requires some pre-melting metasomatic re-enrich- 
ment of the mantle source in these components, 
which may be a general process in the generation of 
carbonati tes and related igneous rocks (e.g. 
Andersen, 1987). 

Crustal  contaminat ion vs. mantle  heterogenei ty  

The variation in initial Sr, Nd and Pb isotopic 
signature can in principle be caused by two processes: 
(1)- Melting of a heterogeneous mantle source, 
followed by imperfect homogenization of the magma 
during ascent, or (2): Crustal contamination (including 
post-magmatic alteration; Andersen, 1984). In the 
above discussion of Sr and Pb isochrons, a crustal 
contamination model was explicitly chosen. Although 
the present data do not justify an assumption of a 
unique and homogeneous isotopic signature within the 
mantle source region, the fact that the ascending 
magmas have penetrated a thick continental crust of 
early Proterozoic age, and that many samples show 
evidence of mechanical mixing with sand and the 
mineralogical effects of hydrothermal alteration (e.g. 
hydration and oxidation of mafic silicates, carbonati- 
zation of melilite) suggest that local contamination has 
obscured any evidence of mantle-derived heterogene- 
ities in the Qassiarsuk magmatic system. This is 
further supported by the irregular variation of the 
initial isotopic characteristics within sample series 
taken from closely related rocks; see, for example, the 
considerable range of end and esr for samples 30, 31 
and 32, which come from a thin (2 -3  m) unit of tuff 
SW of Qassiarsuk village (the 'sandy tuffisite' of 
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Stewart, 1970). Such patterns of isotopic variation are 
less easily explained by heterogeneities inherited from 
the mantle source than by variable extent of 
contamination with local crustal material. 

Characterization of the end-member components 

The crustal component. The granite composite, the 
fenite sample (48) and the two sandstone composites 
are uniform in terms of neodymium isotopic 
composition at 1.2 Ga, suggesting that the average 
local crust had an ~Na of c. - 8 .  The strontium 
composition of the granitic gneiss and fenite, i.e. ~s~ 
= c. 76, indicates the strontium isotopic composition 
of this reservoir, as the sandstone composites have 
suffered late-stage loss of radiogenic strontium. The 
two-stage lead evolution model suggests g~-values of 
8.2 to 8.3 for the granitic gneiss and sandstone 
composites (Table 1), which is compatible with a 
moderately LILE-enriched continental crust of early 
Proterozoic age, and the best estimate of the U-Pb 
characteristics of the crustal reservoir. The position 
of this reservoir in the uranogenic lead correlation 
diagram at 1.2 Ga is indicated by ruling in Fig. 5b. 

The mantle-derived component. Because contam- 
ination will shift initial Sr, Nd and Pb compositions 
towards the contaminant, only limiting estimates of 
the isotopic composition of the mantle-derived parent 
magma, and thereby of the mantle source, can be 
given from the present data. The maximum ~Nd 
(+3.6) and minimum ~sr ( -13)  and g~ (7.4) define a 
minimum for sya, and maxima for es~ and time- 
integrated ~3Su/2~ for the mantle source. The 
permissible ranges for the Nd and Sr isotopic 
composition of the mantle source are compatible 
with previously published data on rocks of the Gardar 
rift (Blaxland et al., 1978; Paslick et al., 1993; Pearce 
and Leng, 1996). The position of the mantle source in 
the uranogenic lead diagram is illustrated by diagonal 
ruling in Fig. 5b. This low-l.h mantle signature differs 
significantly from the mantle source composition 
deduced for the c. 1.2 Ga Tugtut6q younger giant- 
dyke intrusion by Taylor and Upton (1993); it is, in 
fact, more similar to the least radiogenic leads 
observed in the Kflngn~t Fjeld intrusion, which 
Taylor and Upton (1993) attributed to contamination 
with a LILE-depleted Archaean crustal component. 
The present lead isotopic data on the local crustal 
composites do not give any indications of the 
presence of depleted, Archaean material in the 
Qassiarsuk-Tasiusaq region, and the low p.~ (< 7.7) 
therefore cannot be due to contamination, but must 
be a primary feature inherited from the mantle 
source. An evaluation of the consequences of these 
findings for the lead isotope systems of the KOngnat 
Fjeld and Tugtut6q intrusions is beyond the scope of 
the present paper. 

Contamination, differentiation and magmatic 
evolution 

In plots of initial isotopic composition vs. inverse 
e lementa l  concentra t ion,  bulk contamina t ion  
(mixing)  be tween  i so top ica l ly  d is t inct  end- 
members, which affects both isotopic composition 
and trace element concentrations, shifts the composi- 
tions along straight lines connecting uncontaminated 
magma composition and the contaminant (Faure, 
1986), e.g. along the black arrows in Fig. 6. On the 
other hand, magmatic differentiation processes 
(fractional crystallization, liquid immiscibility) will 
affect only the element concentrations, as indicated 
by the open arrows in Fig. 6. The range of strontium 
isotopic composition in the Qassiarsuk complex 
(Fig. 6a) can be fully explained by either mixing of 
batches of  magma having different strontium 
concentrations with a uniform crustal end-member, 
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composition for the different source regions represented 
in the Qassiarsuk complex. The solid arrows are possible 
two-component bulk mixing lines, the open arrows 
represent possible changes of trace element concentra- 
tion brought about by closed-system magmatic differ- 
entiation processes. The broken arrow in b represents a 
possible contamination traject for a magma mixed with 
low-Nd sand during eruption. See the text for further 

discussion. Symbols as in Fig. 2 
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or by mixing between uniform mantle- and crustally 
derived components, followed by differentiation of 
different batches of contaminated melts. The same 
two mechanisms may account for the variation in the 
neodymium system (Fig. 6b). It should, however, be 
noted that bulk mixing between a magma and low-Nd 
sand apparently does not have a significant effect on 
the neodymium system (a hypothetical bulk contam- 
ination trend is shown as a broken arrow in Fig. 6b). 
This may be somewhat  unexpected,  given the 
presence of 'sandy'  tufts, which are thoroughly 
intermixed with local sand. The quartz-dominated 
sand is, however, too low in Nd to affect the isotopic 
composition of Nd in rocks with several tens of parts 
per million of Nd. The observed contamination trends 
in the Nd system must therefore have been formed 
before final emplacement  of the diatremes or 
extrusion of the tufts. 

The Sr and Nd data do not define the relative 
timing of magmatic differentiation and contamina- 
tion processes in the Qassiarsuk magmatic system. 
However, comparing the behaviour of lead and 
neodymium gives an answer to this question. Fig. 7 
shows that the effects of contamination on the lead 
and neodymium systems in the Qassiarsuk complex 
are strongly decoupled from each other. As in the 
case of Sr and Nd (Fig. 6), the sensitivity of the lead 
system to contamination is dependent on concentra- 
tion as well as isotopic composition; samples with 
elevated lead concentration are least sensitive to 
contaminat ion of the lead system. The sample 
showing the least radiogenic lead isotopic composi- 
tion and lowest gl (sample 92/19), also has low Nd 
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FIG. 7. Decoupling of the lead and neodymium isotopic 
systems in the Qassiarsuk complex. The shaded bars 
indicate the lowest /~l and highest eNd seen in the 
Qassiarsuk complex, and represent the least contami- 
nated magmas, defining minimum-depletion limits for 

the mantle source. Sample symbols as in Fig. 2. 

(32 ppm) and Sr (376 ppm) concentrations compared 
to other samples, and a low calculated gz-value. Sr 
and Nd are strongly contaminated, whereas the lead 
composition is unaffected. As well as indicating a 
low U-concentration, low !a2 may indicate elevated 
Pb concentration, or a combination of both. The 
preservation of the lead mantle signature in 92 and 
the other low ill samples, and the general lack of 
linear correlation between ENd and lal in Fig. 7 
therefore indicates that magmatic differentiation had 
taken place before contaminat ion  with crustal 
material. 

Modelling of contamination trends 

Strontium and neodymium. Fig. 8 shows Sr-Nd 
bulk contaminat ion  trends for the Qassiarsuk 
magmatic system at 1.2 Ga, assuming mixing of a 
depleted mantle derived component and the local 
crust, using a global depleted mantle end-member 
composition compatible with the limits derived 
above (Table 2). The two trends illustrated represent 
a 'carbonatite magma'  composition (a), which is high 
in both Sr and Nd, and an 'alkaline mafic- to 
ultramafic magma' end-member (b), much lower in 
both elements. As can be seen, bulk contamination 
can account for the ranges in intitial Sr and Nd 
composition of the carbonatites and alkaline silicate 
rocks, but the amounts of crustal material required 
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FIG. 8. I~Sr--I~Nd diagram for the Qassiarsuk rocks, with 
mixing curves calculated for typical mantle derived 
'carbonatite' (a: high St, moderate Nd) and silicate (b: 
moderate Sr and low Nd) magmatic components and a 
local crustal component. The mixing-parameters are 
defined in Table 2. The mixing curves are marked at 

10% intervals. Sample symbols as in Fig. 2. 
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TABLE 2. Mixing parameters 
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End-member ppm Sr esr ppm Nd eNd ~1 

Mantle-derived carbonatite magma 2000 
Mantle-derived mafic to ultramafic magma 600 

Pre-Gardar continental crust 

- 13.2 250 4.4 7.4 
-13.2 10 4.4 7.4 

500 76 l0 -8.4 8.2 

along the 'carbonatite trend' (30 to 70 percent by 
weight) may be too high to make bulk contamination 
a realistic process. An element-selective exchange 
process with the country-rocks during ascent is much 
more likely, perhaps acting in concert with bulk 
contamination. In the Fen complex, Norway, 
selective contamination of the strontium and lead 
systems was related to metasomatic alteration of 
feldspathic wallrocks along the magma conduit 
(Andersen, 1986, 1987), and further exchange with 
the country-rocks took place during post-magmatic 
hydrothermal alteration (Andersen, 1984, 1987). 
Clearly, both of these processes may have operated 
in the Qassiarsuk complex as well. 

Lead.  With the exception of the apparently 
contamination-resistant low-gl samples, most carbo- 
natites, apatite-enriched rocks and alkaline silicate 
rocks have gl-values in the range 7.7 to 7.9. Other 
carbonatite complexes show strong evidence of 
crustal influence on the initial lead isotopic 
composition (Fen: Andersen and Taylor, 1988; Aln6: 
Andersen, 1996a). Initial leads compatible with g~ = 
7 .7-7 .9  can easily be produced by mixing a low-pq 
mantle component (/,q = 7.4) with lead derived from 
the local crust (gl = 8.2-8.3). For short time- 
differences, it is not possible to distinguish between 
the effects of contamination of a magma and early 
post-magmatic hydrothermal alteration (Andersen 
and Taylor, 1988). The preferred 1.2 Ga mantle 
source composition of Taylor and Upton (1993), 
shown as a star in Fig. 5b, coincides with the least 
radiogenic carbonatites and the gl = 7.77 isochron 
from Qassiarsuk. As only samples below the isochron 
retain a reliable memory of the mantle source 
composition, this coincidence must be regarded as 
fortuitous. 

Conclusions 

The volcanic rocks exposed within the classical 
Qassiarsuk triangle of Stewart (1970) continue at 
least 2.5 km to the south and 7 kilometres westwards, 
to the north shore of Tasiusaq inlet, and possibly all 
the way to North Sermilik fjord. A main volcanic 
sequence, amounting to 40 m in thickness in the east 

gradually decreases to less than 10 m at the 
westernmost outcrops recognized in this study. This 
makes the Qassiarsuk volcanics a more volumetri- 
cally important feature of the Eriksfjord Formation 
than previously recognized. The volcanic rocks are 
over- and underlain by sandstones, and have been 
correlated with the Mussart0t volcanic member. A 
series of carbonatitic diatremes in the underlying 
sandstones south and west of Qassiarsuk have 
probably acted as feeders for the extrusive carbona- 
tites. 

The volcanic rocks predate a dense swarm of 
Gardar dykes, striking N60~ and faulting related to 
these dykes. Rb-Sr and Pb-Pb isochrons on 
carbonatites and alkaline silicate rocks give dates 
close to 1.2 Ga (1176 + 8 Ma, whole-rock Pb-Pb, 
1205 + 12 Ma, Rb-Sr, whole rocks, 1234 + 34 Ma, 
Rb-Sr on mica separates from lamprophyres), 
indistinguishable from the Nd mineral isochron 
ages (1.17-1.20 Ga) on the Ulukasik volcanic 
Member reported by Paslick et al. (1993). This 
suggests that the entire sequence of sedimentary and 
volcanic rocks of the Erikfsjord Formation was 
deposited within a comparatively short time period. 

Carbonatite- and alkaline silicate magmas at 
Qassiarsuk have isotopic and trace element signa- 
tures indicating that they are comagmatic, derived 
from a CO2-bearing, mafic mantle derived parent 
magma. The initial isotopic signature (at 1.2 Ga) of 
the carbonatites and alkaline silicate rocks suggests 
that the parent magma was derived from a LILE- and 
LREE depleted mantle source (eNd > 4, esr < --13, I,t 
~< 7.4), which may have been metasomatically 
enriched in CO2 and other incompatible trace 
components prior to partial melting. The mantle- 
derived melts have gone through a stage of magmatic 
differentiation, forming carbonatitic and alkaline 
silicate magmas, which were later contaminated 
with local, pre-Gardar continental crust. 

Whereas the Sr and Nd isotopic signatures of the 
mantle source are similar to what has been found in 
other studies of the Gardar igneous rocks (Blaxland 
et al., 1978; Paslick et al., 1993; Pearce and Leng, 
1996), the very unradiogenic initial Pb isotopic 
composition seen in the least contaminated rocks 
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from Qassiarsuk (2~176 = 16.19, 2~176 = 
15.02) is compatible with a mantle source with gl = 
7.4, significantly less radiogenic than the mantle 
source inferred for the younger Tugtut6q giant dyke 
by Taylor and Upton (1993). The reason for this 
difference is unknown, but merits further research. 
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