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ABSTRACT

Fragmented supracrustal rocks are typical components of Archaean high-grade gneiss terranes, such as
those in the North Atlantic Craton. Here we present the first major, trace element and Nd-Hf isotope
data for amphibolites collected in the yet poorly studied southern inner Ameralik fjord region of
southern West Greenland. In addition, new U-Pb zircon ages were obtained from the surrounding TTG
gneisses.

Based on their trace-element patterns, two different groups of amphibolites can be distinguished.
Following screening for post-magmatic alteration and outlying € values, a reduced sample set defines a
147Sm/'"**Nd regression age of 3038 Ma +310 Ma (MSWD = 9.2) and a '"°Lu/'7®Hf regression age of
2867 £160 Ma (MSWD = 5.5). Initial eNdyg7oma Values of the least-altered amphibolites range from
0.0 to +5.7 and initial eHf,9790, range from +0.7 to +10.4, indicating significant isotopic heterogeneity
of their mantle sources with involvement of depleted domains as well as crustal sources.

Surprisingly, the amphibolites which are apparently most evolved and incompatible element-rich
have the most depleted Hf-isotope compositions. This apparent paradox may be explained by the
sampling of a local mantle source region with ancient previous melt depletion, which was re-enriched
by a fluid component during subduction zone volcanism or alternatively by preferential melting of an
ancient pyroxenite component in the mantle source of the enriched rocks.

Kevyworbs: Nuuk region, Archaean, greenstone belt, supracrustal rocks, Hf isotope data.

Introduction components of Archaean high-grade gneiss
terranes and include amphibolites, ultramafic

REMNANTS of supracrustal units and layered
anorthosite intrusions are typical, but minor,

This paper is published as part of a special set in

Mineralogical Magazine, Volume 79(4), 2015, arising
* E-mail: szilas@stanford.edu out of the March 2014 NAC Conference on the North
DOI: 10.1180/minmag.2015.079.4.02 Atlantic Craton.

© 2015 The Mineralogical Society

https://doi.org/10.1180/minmag.2015.079.4.02 Published online by Cambridge University Press


https://doi.org/10.1180/minmag.2015.079.4.02

KRISTOFFER SZILAS ET AL.

rocks and metasedimentary rocks (e.g. Condie,
1994; Hoffmann et al., 2012; Mohan et al., 2012).
The major part of these terranes are up to 90%
dominated by rocks classified broadly as the
tonalite-trondhjemite-granodiorite (TTG) suite
(e.g. Barker, 1979; Jahn et al., 1981; Nutman et
al., 1996; Martin et al., 1999; Moyen et al., 2007,
Hoffmann et al, 2011a, Moyen and Martin,
2012). Depending on the degree of deformation,
the supracrustal remnants and fragmented layered
intrusions vary in size ranging from small metre-
sized enclaves to km-scale supracrustal belts (e.g.
Jackson, 1984; Martin, 1986; Nutman et al., 1996,
2007; Polat et al., 2007; Hoffmann et al., 2012;
Szilas et al, 2012a,b). In many cases, the
geological relationships between these frag-
mented rafts and the surrounding TTG gneisses
are unclear due to ductile deformation and
intrusion of later granites during post-magmatic
tectonometamorphic events. Therefore, it is not
clear if the supracrustal units can be linked to the
TTG suites as potential protolith rocks that melted
to produce the TTG (e.g. Adam et al., 2012;
Nagel et al., 2012).

Zircon geochronology can help to unravel the
relationships between different granitoid compo-
nents. However, as zircon U-Pb geochronology is
predominantly limited to felsic lithologies, the
dating of supracrustal fragments is restricted to
felsic and andesitic volcanic rocks and metasedi-
mentary rocks that contain detrital zircon grains.
Mafic and ultramafic rocks, however, typically
crystallize at temperatures below that of
magmatic zircon saturation (Watson and
Harrison, 1983) and the majority of the zircons
in these rock types crystallized during meta-
morphic events. Another way to date such
metamorphosed mafic and ultramafic lithologies
is with the application of whole-rock isochrons as
it has been used successfully in previous studies
(e.g. Ashwall et al, 1983; Bhaskar Rao er al,
1996) or direct dating of baddelyite, which is,
however, not always present in mafic rocks. /n
situ Hf-isotope analyses of zircon from granitoids
have become an increasingly popular tool for
understanding crustal evolution and granitoid
source materials (Belousova et al., 2010;
Dhuime et al., 2012; Neraa et al, 2012).
However, granitoids are not directly mantle-
derived, but can be the result of partial melting
of pre-existing mafic crust (e.g. Rapp and Watson,
1995; Foley et al., 2002; Clemens et al., 2006)
and thus it is critical to establish what the Hf
isotope compositions are for regional supracrustal
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belts and mafic enclaves in order to test whether
or not these inclusions in the gneisses in fact
represent the source rocks for such granitoids.

In this study, we collected amphibolites from
supracrustal fragments of a poorly studied area
supposed to be dominated by Mesoarchaean
gneisses and supracrustal remnants, inferred to
be part of the Tasiusarsuaq terrane (e.g. Nutman
and Friend, 2007) or the Tre Brodre terrane (Yi et
al., 2014), to investigate their age, their relation-
ship to the surrounding TTG gneisses and to place
constraints on their geodynamic setting.
Therefore, we measured major and trace
elements, as well as Lu-Hf and Sm-Nd isotope
compositions of these rocks. In addition, two TTG
samples were dated by U-Pb zircon geochro-
nology to unravel the age relationship between the
gneisses and supracrustal units in the area.

Geological background

The Nuuk region of southern West Greenland
consists of several tectonostratigraphic terranes
that were identified by extensive U-Pb zircon
dating and geological mapping (e.g. Friend et al.,
1988, McGregor et al., 1991, Nutman et al., 2004;
Nutman and Friend, 2007). These terranes are
exposed in crustal blocks (Windley and Garde,
2009) and range in age from ~>3880 Ma to
~2800 Ma including the Eoarchaean
Ferringehavn and Isukasia terranes that make up
the Itsaq gneiss complex (Nutman et al., 1996;
Hoffmann et al., 2011a; Neraa et al., 2012) and
the Mesoarchaean Kapisillik, Tasiusarsuaq and
Tre Brodre terranes (e.g. McGregor, 1991; Friend
and Nutman, 2005). The samples collected for
this study were collected from a largely
unexplored area (Fig. 1), which has been
grouped based on reconnaissance mapping and
reconnaissance U-Pb zircon studies of the
Geological Survey of Denmark and Greenland
(GEUS) into the 2840—2920 Ma Tasiusarsuaq
and the 2830—2800 Ma Tre Brodre terranes
(Hollis, 2005). Friend and Nutman (2005)
proposed naming this particular region as the
Kapisilik terrane. However, Dziggel et al. (2014)
showed that the previous terrane model for the
Nuuk region needs to be revised and the crustal
blocks could instead be viewed as paired
metamorphic belts within the same accretionary
complex. Here the Ameralik area is included as
part of the Tasiusarsuaq terrane, because the
supracrustal belts and anorthosite complexes in
this crustal domain are indistinguishable from
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FiG. 1. Geological map of the Nuuk region, showing the study area outlined by the red dot. The map is based on work
by the Geological Survey of Denmark and Greenland (GEUS).
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those in the Fiskenasset region as we will show
below.

The area was mapped in 1978 by helicopter
reconnaissance (Walton, 1976) and further
mapping was carried out during the sampling
work for this present study in 2005 (Rehnstrohm,
2011). The area is dominated by compositionally
layered tonalitic and granodioritic gneisses, up to
hundreds of metre sized supracrustal remnants
(amphibolites and ultramafic rocks), metasedi-
mentary successions (garnet-mica schists, sillima-
nite- and cordierite-bearing schists, quartzites)
and remnants of layered anorthosite complexes
that are sheared and boudinaged into the adjacent
TTG gneisses (Rehnstrom, 2011). The TTG
orthogneisses (quartz-feldspar-biotite + horn-
blende) in this region appear to have experienced
a complicated history of deformation and in situ
partial melting, as is typical for the adjacent
Eoarchaean crust of the Itsaq gneiss complex.
Several generations of late granites and pegma-
tites cut all the other rock units. The Tasiusarsuaq
terrane is affected dominantly by amphibolite
facies metamorphism, but granulite facies and
retrogressed granulite facies metamorphism
(Nutman and Friend, 2007; Schumacher et al.,
2011) as well as retrograde greenschist facies
overprinted rocks were also found (Neraa and
Scherstén, 2008). The area of this study was
found to be dominated by amphibolite facies
metamorphism. In the neighbouring area ~2 km to
the southeast, retrogressed granulite facies rocks
were discovered during reconnaissance mapping
in 2005 and 2007. The protolith ages were dated
to 2850 Ma and the metamorphic zircon grains
yield ages of 2720 Ma (Hoffmann et al., 2011a;
Neraa et al., 2012). Other supracrustal belts from
the Tasiusarsuaq terrane south of the study area
are better preserved, yielding primary intrusive
relationships, primary structures and textures
(gabbros, pillow basalts) and preserved composi-
tional layering and volcaniclastic rocks (Szilas et
al., 2011, 2012a, 2012b, Keulen et al., 2014). The
2970 Ma Naajat Kuuat layered anorthosite
intrusion is located ~30 km to the east
(Hoffmann et al., 2012; Svahnberg, 2012), and
layers of this mafic intrusion might be folded and
migmatized to form the rocks of the area studied,
as rare anorthosite and leucogabbro bands and
inclusions are found within the gneisses. The
Fiskenaesset anorthosite complex, also exposed
within the Tasiusarsuaq terrane and with a similar
age as the Naajat Kuuat Complex, is exposed
~100 km to the south and is much better preserved
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than the rocks studied here. Arc andesites,
probably formed at a continental margin subduc-
tion zone, are also present in nearly all
supracrustal belts (e.g. Garde, 2007; Szilas et
al., 2012a, 2013a), however, they have not been
observed in the area studied here. This fits with
structural data suggesting that accretionary
processes were responsible for the formation of
the Archaean crust of the North Atlantic (e.g.
Windley and Garde, 2009; Kisters et al., 2012;
Dziggel et al., 2014).

Sampling and petrography

Samples for this study were collected from the
least altered amphibolite and ultramafic remnants
within the TTG gneisses from the southern central
Ameralik fjord region (Fig. 1). Nevertheless on
closer inspection by thin-section petrography, two
samples (496411 and 496418) were clearly
altered, showing quartz veins, strong chloritiza-
tion and strong overgrowth of the amphibole by
biotite (Fig. 2). This higher degree of alteration
compared to the other samples is also evident
from their trace-element compositions (see
section on major and trace elements below).

The amphibolite samples contain dominantly
hornblende and plagioclase and occasionally
preserve a gabbroic texture. In most samples,
biotite is present, replacing the hornblende and
some samples contain small quartz veins.
Occasionally garnet was found in the amphibo-
lites. Accessory phases include ilmenite, apatite
and zircon. The ultramafic rocks contain olivine,
green amphibole, plagioclase, pyroxenes and
oxides.

Analytical techniques

Around 1-2 kg of each sample was cleaned from
obvious alteration using a diamond coated rock
saw, crushed with a jaw crusher and then
powdered using an agate mill. Major-element
compositions were obtained on Li-tetraborate
glass disks by XRF using a Philips PW-1480
spectrometer at the Universitdt Bonn. For trace-
element analyses, 100—150 mg of each sample
powder were digested at 120°C on a hot plate and
subsequently placed for three days in Parr™
bombs in an HF-HNO; acid mixture, following
the analytical procedure described in Hoffmann et
al. (2011a). Trace-element compositions were
analysed by inductively-coupled mass spectro-
metry (ICP-MS) using a Perkin Elmer instrument
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FiG. 2. Photomicrographs illustrating petrographic characteristics of the Ameralik amphibolite. (a, b) Sample

496415, typical amphibolite with plagioclase and amphibole; (¢, d) 496410, garnet-amphibolite with amphibole,

plagioclase, garnet and opaque phases; (e, f) 4996437: amphibolite with plagioclase and amphibole, which reacts to

biotite at the grain boundaries; (g—j) 496411 and 496418, altered amphibolites where amphibole and plagioclase are
altered to chlorite and biotite.
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at the Universitdt zu Koln. The 2 errors of the
concentrations of the majority of elements were
<10%, except for Pb which was considerably
larger. Measurements of international standard
reference materials BHVO-2 and BIR-1 are listed
in Table 1 (which has been deposited with the
Principal Editor of Mineralogical Magazine and
is available from www.minersoc.org/pages/
¢ journals/dep mat mm.html) together with the
results of sample analyses. The U-Pb age
determination of the zircons by LA-ICP-MS
followed the method described in detail by Frei
and Gerdes (2009).

For the Lu-Hf and Sm-Nd isotope analyses,
splits of 100—150 mg of sample powder were
digested in a HF-HNO5-HClO, acid mixture, first
on the hot plate and subsequently in Parr@® bombs
following the digestion procedure of Hoffmann et
al. (2011b). Prior to digestion the powders were
spiked with '"°Lu-"*"Hf and "**Sm-">"Nd tracers.
Lutetium and Hf were separated using the one
column chemistry of Miinker et al. (2001).
Samarium and Nd were retrieved from the
leftover matrix using conventional cation-
exchange resin and Ln-spec resin following the
method of Pin and Zaldegui (1997). Lutetium, Hf,
Sm, Nd concentrations and 176 u/!'"®Hf and
1479m/!"*Nd ratios of the S-Ameralik samples
were determined by isotope dilution techniques
using a Neptune MC-ICP-MS at the joint
Cologne-Bonn isotope lab following the protocols
of Miinker ef al. (2001) and Weyer et al. (2002).
For Hf isotope compositions all measurements
were corrected to a '"Hf/'7’Hf of 0.7325
applying the exponential law. The long term
reproducibility of the '"®Hf/'7"Hf for the Miinster
AMES solution that is isotopically indistinguish-
able from JMC-475 is +40 ppm (2c), measured
" HE/'TTHE values were 0.282159 + 42 (n = 8)
and 0.282163 + 33 (n = 12), respectively. All data
are given relative to a ' "*Hf/'7®Hf of 0.282160 for
Miinster AMES. The external reproducibility for
76 u/""THf is 0.2% as determined from multiple
measurements of natural samples. Mass fractiona-
tion correction for '**Nd/'"**Nd was carried out
relative to a "Nd/"*Nd of 0.7219 using the
exponential law. Values obtained for a 20 ppb La
Jolla standard were '**Nd/"**Nd of 0.511773 + 51
(n=2) and 0.511798 + 34 (n = 2), all data are
given relative to a '*Nd/'**Nd of 0.511859 for La
Jolla. La Jolla measurements were complemented
by measurements of several in-house standards
calibrated against La Jolla. The long term
reproducibility for the "**Nd/"**Nd of La Jolla is
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+40 ppm (2s) and 0.2% for '*’Sm/'**Nd.
Procedural blanks were <12 pg for Lu, <50 pg
for Hf, <50 pg for Sm and <50 pg for Nd.

Results
Major and trace elements

The sample set from the Ameralik fjord region
can be broadly divided into two groups which
consist of: (1) amphibolites and (2) ultramafic
rocks. Only 2 samples out of the 16 analysed
samples are clearly altered (samples 496411 and
496418) and therefore, were excluded from the
description of the two main groups in the
following sections. Major- and trace-element
analyses are presented in Table 1 (deposited at
www.minersoc.org/pages/e_journals/
dep mat mm.html). The data reported has been
normalized on a volatile-free basis and is referred
to in the discussion of the data throughout this
paper.

The amphibolites (n = 11) are characterized by
48.2—51.0 wt.% SiO,, 4.5-9.1 wt.% MgO,
0.56—2.96 wt.% TiO,, 12.6—15.3 wt.% Al,O;,
8.78—12.3 wt.% CaO, 1.89—-3.07 wt.% Na,O,
0.25—-1.75 wt.% K,O (Fig. 3). The loss on
ignition (LOI) of the amphibolites varies from
0.1 to 1.5 wt.%, with one sample having a
negative LOI of —0.3wt.%. The trace-element
compositions of the amphibolites are variable
with (La/Yb)cy ranging from 0.73 to 3.71 and Eu/
Eu* from 0.81 to 0.93. Chromium and Ni contents
are also variable ranging from 1.4 to 355 and 29
to 129 ppm, respectively.

Two sub-groups can be identified among the
amphibolites based on their trace-element abun-
dances, namely a high rare-earth elements (REE)
group and a low-REE group (Figs 3 and 4). The
trace-element patterns of these two amphibolite
groups are essentially sub-parallel, although there
are minor differences, such as (La/Yb)cn of
1.4—3.7 and 0.7—1.6, respectively. However, the
main differences within the Ameralik fjord
amphibolites are dependent on the absolute
element concentrations and not on their trace-
element behaviour. Within the two groups one
significant difference is primitive mantle-normal-
ized negative Sr-anomalies of the high-REE
group, compared to positive Sr anomalies of the
low-REE group (Fig. 4). These two amphibolite
groups are also distinct in terms of their major-
element compositions, with the high-REE group
having less MgO and Al,O3, but greater TiO, and
Fe,0O5 (Fig. 3), thus being Fe-tholeiitic, whereas
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the low-REE group is Mg-tholeiitic. As we show
in the section on '*’Sm-'**Nd and '"°Lu-'"°Hf
isotope data below, these two groups also have
important differences in their Hf-isotope
compositions.

The ultramafic rocks (n = 3) are characterized
by having 14.8—30.2 wt.% MgO, 3.1-6.5 wt.%
AlyO3, 510—2665 ppm Cr, 558—1399 ppm Ni and
generally low trace-element compositions, with
the exception of sample 496402, which shows
elevated trace-element abundances. They have
variable normative mineralogy, but are dominated
by clinopyroxene (up to 35%), orthopyroxene (up
to 35%), plagioclase (up to 20%) and one sample
has normative olivine (29%).

The two altered samples display distinct
compositional characteristics compared to the

863

amphibolites and ultramafic rocks. Sample
496411 has elevated SiO,, K,0 and incompatible
element abundances relative to the low-REE
amphibolite group, which it otherwise shares
major-element features with. It appears to have
a crustal overprint with elevated trace-element
composition in combination with distinctly
negative Ti-, Nb- and Ta-anomalies. Sample
496418 is characterized by the largest CaO
contents (19.5 wt.%) of the sample set and also
the largest LOI at 3.8 wt.%. This, in combination
with strongly positive Sr and Eu anomalies and
LREE enrichment, indicates significant carbona-
tion of this sample. The elevated Cr and Ni
content of this sample at 1957 and 761 ppm,
respectively, suggest that the precursor rock was
ultramafic.

https://doi.org/10.1180/minmag.2015.079.4.02 Published online by Cambridge University Press


https://doi.org/10.1180/minmag.2015.079.4.02

KRISTOFFER SZILAS ET AL.

High-REE amphibolite group

o
o
el
[}
N
T
E
5 |
c
o
z
©
£
o
2
E TTE
o 3
-Cs Ba U Ta La Pb Sr Sm zZr Ti Tb Y Er Yb
- 1 L 1 L 1 L L 1 1 L 1 1 1 1
c>‘ ) 1 ) 1 ) | 1 ] 1 I ) ) 1 1
Rb Th K Nb Ce Pr Nd Hf Eu Gd Dy Ho Tm Lu
o Low-REE amphibolite group
o =
= i
@ |
N
a
£ 9
£
{ <
o
z
©
£
o
_‘% |
£
o
(Cs Ba U Ta La Pb St Sm 2z Ti Tb Y Er Yb
- 1 1 L 1 1 L 1 1 L 1 1 L 1 1
o 1) 1) J 1 t 1 ] 1 I 1 ) 1 1 ]
Rb Th K Nb Ce Pr Nd Hf Eu Gd Dy Ho Tm Lu

F16. 4. Primitive mantle-normalized trace-element diagrams for the least altered low- and high-REE amphibolite

groups. Note the corresponding Sr anomalies. Primitive mantle values from Palme and O’Neill (2003).

147Sm-""3Nd and "5Lu-""%Hf isotope data

Although the Sm-Nd and Lu-Hf isotope composi-
tions of our samples plot along an errorchron line
they do not provide precise age constraints (Figs
Sa and 6a) We have calculated Nd- and
Hf-episilon (g) values at 2970 Ma according to
the precise age for the Fiskenasset complex
(Polat et al., 2010) and 3075 Ma according to
the age for the Ivisaartoq supracrustal belt (Polat
et al., 2007). These two ages represent major
volcanic events in this region, which are thus also
potential estimates of the magmatic age of the
Ameralik rocks presented in this study. Given that
these rocks are associated spatially with anortho-
site sheets and that the main orthogneisses have
an age that is similar to those of the Tasiuarsuaq
terrane (see the section on U-Pb zircon geochro-
nology), we prefer the age of 2970 Ma for the
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Ameralik amphibolites. The '*’Sm/'**Nd ratio
varies from 0.095610 to 0.228960 and initial eNd
values at 2970 Ma are between —0.1 and +5.7 and
eNd at 3075 Ma are from +0.2 to +5.7. The
YL/ "THf ratios vary from 0.008150 to
0.046050 and initial eHf values at 2970 Ma for
all of the samples are between —9.9 and +10.4
(Fig. 7) and at 3075 Ma —9.4 to +11.2. This range
of € values is similar to the results of other studies
from supracrustal belts in the Tasiusarsuaq terrane
of similar age (e.g. Scherstén et al., 2008,
Ordonez-Calderon et al., 2008, 2009, 2011;
Szilas et al., 2012a, 2013a,b; Hoffmann et al.,
2012). After screening out the obviously altered
samples and the ones that could represent
cumulates the data form tighter isochrons, as
seen in Figs 56 and 6b with ages of 3038 £310 Ma
(MSWD = 9.2) and 2867 £160 Ma (MSWD =
5.5), respectively. The Sm-Nd and Lu-Hf isotope
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data are presented in Table 2 (deposited with the
Principal Editor of Mineralogical Magazine and
available at www.minersoc.org/pages/e_journals/
dep_mat_mm.html).

U-Pb zircon geochronology

176Hfl177Hf

Uranium-lead (U-Pb) zircon geochronology was
performed on zircons separated from a homo-
geneous tonalite sample (sample 496408) and a
migmatitic tonalite (sample 496417) collected
within the sampled area. Examples of the zircons
that were recovered from these rocks are shown in

data-point error crosses are 20

0.2845
02835 |
02825
02815
Age = 3164410 Ma
Initial ""°Hf/"""Hf=0.28083+0.00024
MSWD = 344
0.2805 - - - - -
0.00 0.01 0.02 0.03 0.04 0.05
175Lull77Hf

176Hfl177Hf

Fig. 8. Additional images of the zircon grains can
be found in Appendix A which has been deposited
with the Principal Editor of Mineralogical
Magazine and is available from www.minerso-
c.org/pages/e_journals/dep_mat mm.html. The
U-Pb isotope data are presented in Table 3
(available at www.minersoc.org/pages/e_jour-
nals/dep_mat mm.html) and Figs 9 and 10.
Sample 496408 yields a 2°°Pb/**’Pb age of
2867 +11 Ma, when excluding the two obvious
younger and older grains. A metamorphic age of
2741 £17 Ma is hinted by a single analysis of a
homogeneous zircon rim, in agreement with other

data-point error crosses are 20

02833 | b

0.2831

0.2829

0.2827

0.2825

Age = 2867+160 Ma
0.2823 | Initial ""®Hf/"""Hf =0.281045+0.000096

MSWD =5.5

0.2821
0.018 0.022 0.026 0.030 0.034 0.038 0.042

TLu"HE

FiG. 6. Lu-Hf isochron diagram for (a) all samples and (b) for selected samples within a tight eHf970Mma range
between +2.5 and +5.6.
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Fi. 7. Diagrams of eNd vs. time (a) and €Hf vs. time (b) with the samples plotted at 2970 Ma. We have plotted the
eHf composition of TTG gneiss sample 468645 with a magmatic age of 3255 Ma (Naraa et al., 2012) recalculated to

its composition at 2970 Ma to give an example of older

regional crust, which could represent a potential

contamination source. Note that several samples have isotope compositions that plot significantly above the depleted
mantle evolution line indicating highly depleted sources or assimilation of components with ancient depletion.

Sample 496408

Sample 496417
1

FiG. 8. Examples of zircon grains in samples 496408 and

496417 showing back-scattered electron and cathodolu-

minescence images, respectively. Note the visible

difference between the oscillatory zoned cores and the

homogeneous rims. See Appendix A (deposited) for
additional zircon images.
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TTG samples from the Tasiusarsuaq terrane
(Friend and Nutman, 2005; Naraa and
Scherstén., 2008; Szilas et al., 2013a).

Sample 496417 has an Eoarchaean 2°’Pb/*°Pb
age of ~3613 Ma (90% of the analyses based on
peak unmixing in Isoplot/EX 3.71). Three
younger grains are from zircon rims and thus
probably represent metamorphic zircon growth.

Discussion
Influence of alteration

All the samples were screened carefully for
alteration. Thin sections were inspected to
identify samples with carbonate alteration and
quartz veining. Photomicrographs of typical
amphibolite samples are shown in Fig. 2;
Figs 2a—f represent well preserved samples and
Figs 2g—j show altered samples being chloritized
and yielding a strong overgrowth of amphibole by
biotite. The best preserved samples were further
screened using their major- and trace-element
composition following the procedures described
by Polat et al. (2002) and Polat and Hofmann
(2003). As mentioned in the results, two samples
were clearly altered, namely sample 496411,
which has elevated SiO,, K,O and incompatible
element abundances relative to the low-REE
amphibolite group, and sample 496418 with
elevated CaO, LOI, Sr, Eu and LREE. Although
we cannot entirely rule out that some samples
may have experienced some degree of post-
magmatic disturbance, the remaining samples
display consistent correlations between immobile
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Fi6. 9. Tera-Wasserburg concordia diagram for the zircon U-Pb isotope data from sample 496408. A probability
density diagram (red curve) and the number of analyses are shown on the right side. The magmatic ages of this
sample is calculated as 2867 +11 Ma (see the section on U-Pb zircon geochronology).
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Fi6. 10. Tera-Wasserburg concordia diagram for the zircon U-Pb isotope data from sample 496417. A probability
density diagram (red curve) and the number of analyses are shown on the right side. This sample has a main peak
~3613 Ma (see the section on U-Pb zircon geochronology).
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elements and broadly follow trends that are
seemingly consistent with fractional crystalliza-
tion processes (Fig. 3).

Major- and trace-element characteristics

The apparently continuous major- and trace-
element trends of the Ameralik amphibolites,
suggest that the high- and low-REE groups could
be potentially related to fractional crystallization
processes (Fig. 3). This is also indicated by their
corresponding positive- and negative Sr-anomalies
(Fig. 4). The major- and trace-element composi-
tions of the low-REE group of amphibolites are
similar to regional mafic tholeiitic rocks in the
supracrustal belts of southwest Greenland (e.g.
Polat et al., 2007; Szilas et al., 2011, 2013b). The
high-REE group on the other hand, does not plot
along the typical olivine-controlled fractional
crystallization series, typical for such mafic
assemblages. Although the high-REE group of
amphibolites have some similarities in major-
element compositions with calc-alkaline leucoam-

phibolites from the Ravns Store supracrustal belt
south of the Fiskenasset complex (Szilas et al.,
2012a), there are also some important differences,
such as significantly higher Fe,Ost and TiO; in the
former rocks. Additionally, the high-REE amphi-
bolites from the Ameralik area have distinctly
higher abundances of HREE and hence flatter
trace-element patterns than crustally contaminated
rocks such as the leucoamphibolites from Ravns
Store. In detail, the geochemical variation of the
amphibolites is not compatible with crustal
assimilation or mixing processes during eruption.
Although they fall on crystal fractionation trends, it
would require unrealistically large percentages of
fractionation (Fig. 11), which is not consistent with
the major-element compositions (Fig. 3).
Fractional crystallization of plagioclase would be
able to explain the smaller CaO and Al,O5 content
of the high-REE group, but not the overall larger
trace-element abundances. As we show in the
section on "*’Sm-'*Nd and '7°Lu-'"°Hf isotope
systematics below, fractional crystallization
processes are also not consistent with the observed

(=]
~
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3 i B Low-REE group
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& TEr % AFC
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¥a0%
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Fic. 11. Modelling of fractional crystallization (FC), assimilation-fractional crystallization (AFC) and mixing in a La
vs. Nb diagram. Sample 496409 is used as the starting composition and TTG gneiss sample 496408 is used as a
proxy for the crustal contaminant. An r factor of 0.3 is used and the melt fraction remaining is showed in 10% steps.
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differences in the isotope compositions of the high-
and low-REE amphibolites.

We have compared the three ultramafic
samples analysed with data from the nearby
Naajat Kuuat Complex, which show obvious
olivine-dominated fractional crystallization
trends (Hoffmann er al., 2012). Szilas et al.
(2012b) reported geochemical data for serpenti-
nites in the Tasiusarsuaq terrane that were
proposed to represent ultramafic lavas. However,
detailed geochemical studies on similar Archaean
ultramafic rocks in other parts of southwest
Greenland, concluded that olivine+spinel cumu-
lates mixed with up to 50% of the liquids, from
which these minerals fractionated to form the

ultramafic protoliths for abundant serpentinites in
these volcanic associations (Szilas er al., 2014,
2015). Thus, it appears that the geochemical
variation in such ultramafic rocks probably
represents formation of olivine-rich cumulates,
which may have trapped inter-cumulus liquids or
accumulated plagioclase. This would also explain
the observed combination of depleted major-
element compositions, while still having incom-
patible trace-element patterns that are broadly
parallel with the associated volcanic sequence, in
the Ameralik fjord supracrustal rocks. In the case
of the Ameralik ultramafic rocks the normative
mineralogy suggests that the protoliths of some of
these rocks may have been pyroxenites.
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F1G. 12. Selected major and trace elements as a function of éNd,g7onma for the high- and low-REE amphibolite groups.
Note that on average the apparently most evolved rocks are the most radiogenic. However, this effect is more
obvious for the Hf-isotope compositions (see Fig. 13).
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47Sm-"*3Nd and "78Lu-""5Hf isotope
systematics

The Hf-Nd isotope compositions in combination
with major- and trace-element systematics can
provide constraints on the mantle sources of
mantle-derived rocks. For the S-Ameralik fjord
samples note that the apparently most evolved
mafic rocks (low MgO, high LREE, Zr, TiO, etc.)
are also the most radiogenic (Figs 12 and 13). The
paradox that the apparently most evolved rocks
with elevated incompatible element abundances
(high-REE group) have the most radiogenic Hf
isotope compositions (eHf>970ma up to +10.4) can
only be explained by different source composi-
tions for the high- and low-REE amphibolite
groups (Fig. 7b). We have plotted the TTG gneiss

sample 468645 of Neraa et al. (2012) with an age
of 3255 Ma as the representative of older regional
crust. This sample had eHf,97g\p, of —5.6 and thus
a crust of this composition could potentially
account for the isotopic overprint of the
Ameralik samples (except for sample 496401,
which is even less radiogenic) if it interacted with
the mantle-derived melts. However, crustal
contamination cannot explain the Hf isotope
compositions of the two most radiogenic
samples. Surprisingly, the Nd isotope composi-
tions (Fig. 7a) show some overlap between the
high- and low-REE groups, sample 499301 (low-
REE). This observation points to the decoupling of
Nd and Hf isotope systematics. For example, the
low-REE sample 499301 has elevated initial eNd
at a low initial eHf value and the high-REE sample
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F1G. 13. Selected major and trace elements as a function of eHf,970pm, for the high- and low-REE amphibolite groups.
Note that the apparently most evolved rocks are the most radiogenic. Initial eHf were calculated using the '"°Lu
decay constant of Scherer et al. (2001) and Soderlund et al. (2004) and the CHUR (chondritic uniform reservoir )
values of Bouvier et al. (2008).
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496426 has elevated initial Hf at relatively low
initial eNd. This argues against late-stage crustal
assimilation and suggests that there was primary
mantle-source heterogeneity perhaps with the
involvement of ancient highly depleted domains
based on the initial Nd- and Hf-isotope composi-
tions, which are significantly more radiogenic than
the depleted mantle at 2970 Ma. The lack of
correlations between crustal contamination indices
and the isotope compositions within the two
amphibolite groups (Fig. 14), points to a variable
isotope composition of their mantle source and
thus perhaps variable degrees of slab melt or
sediment overprinting prior to partial melting.

U-Pb age constraints on the orthogneisses

The zircon geochronology of sample 496408
(~2867 Ma), reveals that that TTG gneisses in
the Ameralik area have ages that are typical of the
Tasiusarsuaq terrane. However, the smaller
outcrop sampled by 496417 (~3613 Ma) shows
that Eoarchaean Itsaq gneisses are also exposed in
this area. The small 150 m x 300 m sized outcrop
of Eoarchaean crust either represents a mega-
xenolith within the Tasiusarsuaq terrane or it is
structurally intercalated with the Mesoarchaean
rocks of the area and possibly the basement to the
younger gneisses. Alternatively, the
Mesoarchaean rocks have been juxtaposed upon
the Eoarchaean crust and the small-scale outcrop
is just exposed because of complex folding. The
overall structure of the area is very complex and is
not currently understood. This outcrop of
Eoarchaean crust that we have dated is located
several km south of the supposed terrane
boundary of Nutman and Friend (2007) and thus
further fieldwork is needed in order to establish
the relationships between the different terranes.
Nevertheless, the age of ~3613 Ma is one of the
youngest TTG ages measured so far within the
Itsaq gneiss complex.

Geodynamic implications

The supracrustal belts along the western margin of
southern West Greenland yield similar ages of

FiG. 14. Trace-element ratios vs. eHfr970ma diagram.

Symbols are the same as in Fig. 3. The two groups of

amphibolites do not appear to be related by crustal

contamination, but could potentially represent derivation
from different mantle source compositions.
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~2985—2970 Ma. Specifically, these include mafic
assemblages within the Tasiusarsuaq terrane, such
as the Fiskenasset complex (Polat et al., 2010),
the Ravns Store and Bjernesund supracrustal belts
(Szilas et al., 2012a), the Gradefjord supracrustal
belt (Szilas et al., 2013a) and the Naajat Kuuat
Complex (Hoffmann et al., 2012). All of these
mafic rocks predate the local TTG orthogneisses,
however, even older gneisses have also been
reported (Nearaa, 2011). The isotope signature of
crustal assimilation has been also described by
some studies (Friend et al., 2008; Hoffmann et al.,
2012; Szilas et al., 2012a, 2013a; Souders et al.,
2013) supporting evidence for a continental
margin geodynamic setting. From the geochem-
istry of the supracrustal fragments of the southern
inner Ameralik area presented in this work, there
is also a tendency towards an unradiogenic isotope
composition for both the Sm-Nd as well as for the
Lu-Hf isotope system. However, as shown in the
discussion on major- and trace-element character-
istics, the detailed trace-element variation points
towards a source overprint or magma chamber
assimilation processes, rather than crustal assim-
ilation during eruption. This was also concluded
for the above-mentioned rock associations (e.g.
Szilas et al., 2012a, 2013a).

Overall, the combined isotope and trace-element
systematics for rocks in the Tasiusarsuaq terrane
are compatible with a subduction zone geodynamic
setting, with both juvenile contributions, as well as
with influence from a pre-existing continental

margin. This is seen in Fig. 15, where some of
the high-REE amphibolites clearly plot within the
field of Isua boninites (Hoffmann er al., 2010),
which are inferred to have been derived from a
mantle source that experienced ancient melt
extraction in combination with later refertilization
(Polat et al., 2002). The gneisses of the
Tasiusarsuaq and the Akia terrane are also
probably the product of interaction with older
continental crust as reflected by their variable but
near to chondritic Hf and Nd initial isotope
compositions and the presence of rare cases of
inherited zircon grains (Friend et al., 2008;
Hoffmann et al, 2011a; Neraa et al, 2012),
which also supports a continental margin setting.

In the present study we find evidence for highly
depleted mantle domains, as also reported for
anorthosites by Polat et al. (2010) and Szilas et al.
(2012a), as well as for early Archaean boninite-
like rocks from Isua (Hoffmann et al., 2010). This
observation is also consistent with a subduction
zone setting, where previously depleted mantle
domains are refertilized by melt and/or fluids and
attests to complex accretionary processes during
the Mesoarchaean.

Conclusions

The following conclusions can be drawn from the
data presented in this study for Mesoarchaean
amphibolites from the southern inner Ameralik
fjord:
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FiG. 15. Diagram of eHfy970Mma Vs. €Ndag70Mma showing the modern day mantle array (stippled line) and the fields of
Eoarchaean rocks from SW Greenland. Regional data from Szilas ef al. (20124, 2013a)
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(1) The geochemical compositions of these
amphibolites are comparable to those of other
supracrustal rocks within the Tasiusarsuaq
terrane. Major- and trace-element compositions
are in agreement with an arc-related setting.
Crustal assimilation alone cannot explain the
differences in incompatible trace-eclement patterns
between the high- and low-REE groups of
amphibolites.

(2) The Nd- and Hf-isotope compositions are
consistent with a volcanic age of ~2970 Ma for
the amphibolites presented in this study, which
also appears to be the main magmatic event in the
Tasiusarsuaq terrane. The isotope data points to
involvement of a depleted mantle source, which
was overprinted by slightly less radiogenic
material (crustal, slab and/or sediment melts?).
At the same time there is also evidence for a more
radiogenic component with éNd,g70nma Up to +5.7
and eHf,970nma up to +10.4. This depleted source
could potentially be explained by mantle domains
that experienced ancient melt depletion and were
subsequently refertilized during subduction zone
processes or alternatively by preferential melting
of enriched pyroxenite components.

(3) A typical TTG sample from the region is
2867 Ma, similar to the ages obtained for other
Tasiusarsuaq TTG gneisses. However,
Eoarchaean components (~3613 Ma) are also
present in the area.
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