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Metasomatic Origin of
Quartz-Pyroxene Rock, Akilia,

Greenland, and Implications for
Earth’s Earliest Life

Christopher M. Fedo1* and Martin J. Whitehouse2

A quartz-pyroxene rock interpreted as a banded iron formation (BIF) from the island
of Akilia, southwest Greenland, contains 13C-depleted graphite that has been
claimed as evidence for the oldest (.3850 million years ago) life on Earth. Field
relationships on Akilia document multiple intense deformation events that have
resulted in parallel transposition of Early Archean rocks and significant boudinage,
the tails of which commonly form the banding in the quartz-pyroxene rock. Geo-
chemical data possess distinct characteristics consistent with an ultramafic igne-
ous, not BIF, protolith for this lithology and the adjacent schists. Later metasomatic
silica and iron introduction have merely resulted in a rock that superficially re-
sembles a BIF. An ultramafic igneous origin invalidates claims that the carbon
isotopic composition of graphite inclusions represents evidence for life at the time
of crystallization.

On the island of Akilia, outer Gothåbsfjord,
southwest Greenland (Fig. 1, A and B), a
sequence of lithologies that has been inter-

preted as mafic volcanic rocks intercalated
with silicious sedimentary rocks chemically
precipitated from seawater [banded iron for-
mation (BIF)] contains carbon isotopic signa-
tures that have been interpreted as perhaps
the oldest known life on Earth [.3850 mil-
lion years ago (Ma)] (1–3), overlapping in
age with potentially planet-sterilizing aster-
oid impacts (4, 5). Here we present new
geologic, petrologic, and geochemical evi-
dence that favors a metasomatized ultramafic
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igneous origin for rocks previously consid-
ered to be BIFs, indicating that it is highly
improbable that the rocks hosted life at the
time of their formation.

There are two main lithologic groups on
Akilia: (i) ;3650 to (?) .3850 million-year-
old composite, banded, tonalitic Amı̂tsoq
gneisses (6–9) and (ii) coarse-grained mafic/
ultramafic rocks, termed the Akilia associa-
tion (10), which are generally assumed to be
older. On Akilia, mafic and ultramafic rocks
host a distinct, banded quartz-pyroxene lith-
ology that has been interpreted as a BIF (1–3,
10). All rocks have experienced polyphase
regional metamorphism, including a granulite
facies event [temperature (T) . ;600°C,
pressure (P) . 8 kbar] at ;3600 Ma (11) and
an upper amphibolite facies event at ;2700
Ma (6), which have imposed a penetrative
tectonic fabric (12) in such a way that all
lithologies are strongly schistose (or banded)
and have been transposed into parallelism.

The postulated chemical sedimentary pro-
tolith for banded quartz-pyroxene rocks on
Akilia (Figs. 1C and 2) is an essential prereq-
uisite for the interpretation of carbon isotope
signatures as evidence for life (1), because it
would establish the existence of a liquid hy-
drosphere in a habitable temperature range.
Such a protolith has been proposed (1–3) on
the basis of (i) apparent depositional confor-
mity with mafic/ultramafic rocks, assumed to
represent basaltic/komatiitic flows (2), that
were intruded by tonalite at ;3850 Ma; (ii)
pronounced layering inferred to be a primary
depositional feature; and (iii) similarity to
BIFs in the Isua greenstone belt.

Considerable controversy (7, 9, 12) has
attended the assignment of a .3850-Ma age
to the mafic/ultramafic assemblage and, by
inference, the purported BIF, based on com-
plex U-Pb zircon age spectra from claimed
cross-cutting Amı̂tsoq gneiss sheets (2). Our
new geologic mapping has not identified a
clear igneous cross-cutting relationship with
the quartz-pyroxene lithology, nor with the
adjacent mafic/ultramafic rocks, which have
been considered as extrusive (2) but could
easily represent ultramafic intrusions [for ex-
ample, Isua, (13)]. Amı̂tsoq gneisses com-
monly exhibit sheared-out intrafolial fold
limbs that leave relic fold hinges in angular
juxtaposition with adjacent gneissic bands, a
discordance that clearly has no protolith age
significance. Consequently, any presently ob-
served discordance between relatively homo-
geneous mafic/ultramafic rocks and Amı̂tsoq
gneisses is similarly likely to be a later tec-
tonic feature (12) and not a primary igneous
relationship (2). Direct dating has yielded a
lower age limit of ;3.7 billion years ago for
the host mafic/ultramafic rocks themselves
(8, 9).

The banding or layering in the quartz-
pyroxene rock (Fig. 2), in which boudinage

is common, is coaxial with the penetrative
schistosity developed in adjacent mafic/ul-
tramafic rocks. In these intensely deformed
rocks, isolated boudins (Fig. 2B) could
have formed as segmented thin layers or
relics of flattened and dismembered in-
trafolial fold hinges that developed during
transposition of layering (14 ). Many of the
discontinuous, single-crystal-thick (milli-
meter-scale) trains of pyroxenes (Fig. 2, B
through D) represent highly stretched bou-
din tails or occur as veins cross-cutting the
foliation. Some thicker pyroxenite layers
(as in samples AK 37 and AK 44, Fig. 1C)
show pinch-and-swell structure typical of

incipient boudinage (14 ), with patchy, but
significant, infiltration of quartz in boudin
necks (Fig. 2D). Throughout the quartz-
pyroxene lithology, we observed only one
continuous, thick (;5 cm) pyroxenite band
that has not been attenuated into centime-
ter-scale boudins or strongly infiltrated by
quartz (Figs. 1C and 2, A and D; sample
AK 38) but is still coaxial with the regional
foliation. Collectively, the structural fea-
tures lead us to conclude that the layering
in the quartz-pyroxene rock does not rep-
resent a depositional phenomenon, nor does
the lithology form part of a conformable
depositional package [compare (1, 2)].
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Fig. 1. (A) Map of the outer Godthåbsfjord
area, southwest Greenland, showing the lo-
cation of Akilia. (B) Geologic sketch map of
the southwestern tip of Akilia, showing most
of the extent of the outcrop of the quartz-
pyroxene rock (horizontal black-and-white
stripe pattern). The southeastern end of the
main outcrop of the quartz-pyroxene rock is
deformed by a later shear zone. The heavy
black line indicates the location of the mea-
sured structural section shown in (C). (C)
Measured structural section of the quartz-
pyroxene rock on Akilia. No stratigraphic top
or bottom is implied. Sample numbers ap-
pear at the right of the column; sample num-
bers in boxes represent those with geochem-
ical data. Each sample has been examined in
thin section. Additional samples not on the
measured log have also been examined. The
scale is in meters.
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Rather, all layering represents a tectonic
fabric, analogous with millimeter-scale
banding commonly exhibited by the adja-
cent Amı̂tsoq gneisses.

Modal magnetite is present in two sub-
units with a combined thickness of about
0.5 m in the ;5-m total thickness of the
quartz-pyroxene lithology (samples AK 33
and AK 12, Fig. 1C). In these two subunits,
magnetite makes up 5 to 10% of the sample.
The remaining subunits contain trace or zero
magnetite, their layering consisting typically
of millimeter-scale bands of pyroxene with
amphibole alternating with centimeter-scale
bands of coarse-grained clear quartz (Figs.
1C and 2). Quartz commonly makes up more
than 75% of the rock and ranges up to 90%.
Minor amounts of pyrite and chalcopyrite are
also observed. The presence of magnetite
layers at some levels in the quartz-pyroxene
rock has been cited as evidence of a sedimen-
tary origin (2). However, magnetite occurs in
the adjacent ultramafic rocks (as in sample
AK 02) and is a potential product of the
metamorphic breakdown of siderite (15), a
metasomatic mineral that was probably
present in these rocks, or from serpentinza-
tion of olivine-rich precursors (16).

To further investigate the origin of these
rocks, we present new whole-rock major el-
ement, trace element, and rare earth element
(REE) data from Akilia (Fig. 3, A through C
and table S1) and compare results with the
extensive data set for BIFs from Isua, which
have been divided into six groups (17), and
with komatiite-tholeiite compositions from
the ;3.5 billion-year-old Barberton green-
stone belt (18). Even when formed in deep-
sea settings, bona fide BIFs have a chemistry
that is distinct from that of mafic and ultra-
mafic igneous rocks, because the trace ele-
ment inventory of seawater, from which BIFs
form, is different from that of a mantle
source.

The four analyzed ultramafic schists bor-
dering the quartz-pyroxene lithology on
Akilia have high Cr [;3500 parts per million
(ppm)], high MgO [;21 weight % (wt %)],
low SiO2 (;48 wt %) contents, and a low
Th/Sc ratio (0.03) consistent with an ultra-
mafic igneous protolith (18) (Fig. 3, B and
C). The chemistry of the thin-banded quartz-
pyroxene rocks is different, except for the
sample from the thick pyroxenite band (AK
38) (Figs. 1C and 2, A and D). The trace
element geochemistry of AK 38 is more sim-
ilar to that of the surrounding ultramafic
rocks. It has 2200 ppm Cr, a Th/Sc ratio of
0.01, and a Cr/Th ratio of ;20,000, which are
all very different from BIFs in the Isua green-
stone belt (Fig. 3B).

REE patterns of samples of quartz-pyrox-
ene rock parallel those of sample AK 38 on a
chondrite-normalized plot (Fig. 3A), indicat-
ing that all the samples are integrally related.

The only major difference is in total abun-
dance, which is much lower in the quartz-
pyroxene rocks because of dilution by quartz.
Pyroxenite boudins extracted from the unit
are also similar to AK 38 in composition and
abundance (Fig. 3A). We conclude that al-
though some major element and trace ele-
ment geochemical comparisons between AK
38 and the remainder of the quartz-pyroxene
unit are not easily reconcilable, the REE com-
positions demonstrate a shared protolith.

All of the quartz-pyroxene rocks on Akilia
exhibit concave downward patterns in the
light REEs (LREEs) (La through Nd) and a
negative slope across the heavy REEs
(HREEs) (GdN/YbN . 1), whereas the aver-
age Isua BIF pattern is concave upward in the
LREEs and has a positive slope across the
HREEs (GdN/YbN , 1) (Fig. 3A). Further,
on a number of differentiation plots, the
quartz-pyroxene rocks (including AK 38 and
boudin samples) are closely associated with
ultramafic rocks [average komatiite (19) and
komatiites from Barberton (18)] but are dis-
tinct from all of the six groups of BIFs from
Isua (17), from BIFs anywhere else (20), or

from mafic igneous rocks (18, 21) (Fig. 3C).
Exceptions to this occur when elements are
strongly partitioned by certain accessory min-
erals (such as Cr in chromite).

Both modern and ancient uncontaminated
BIFs and microbialites are characterized by
strong, positive, shale-normalized (sn) (22)
La anomalies [expressed as (Ce/Ce*)sn (23–
25)]. If the quartz-pyroxene rock on Akilia
represents a pure BIF, samples of this rock
should show (Ce/Ce*)sn , 1. However, the
quartz-pyroxene rocks, including sample AK
38, possess no significant La anomaly (table
S1) but rather are similar to Akilia ultramafic
rocks. These data and the rest of the trace
element geochemistry suggest that a BIF ori-
gin for any of the analyzed quartz-pyroxene
rock samples is unlikely.

On the basis of our observations and data,
we propose that the quartz-pyroxene rocks on
Akilia originated as ultramafic intrusions or
volcanic rocks, and therefore the carbon iso-
tope signature of contained graphites (1) is
not indicative of past life. After crystalliza-
tion, these rocks were compositionally mod-
ified during repeated episodes of metasoma-
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Fig. 2. (A) Photograph looking northwest at the main exposure of quartz-pyroxene rock. Note the
location of the continuous black band (AK 38) contained in the middle part of the unit. The bracket
shows the extent of the outcrop of magnetite-bearing lithology represented by sample AK 12
[probably equivalent to sample G91-26 in (2)]. Scale bar, 1 m. Note the abundance of quartz in the
overall outcrop. Dark bands are defined by pyroxene (dominant) and amphibole (subordinate). The
location of the measured section is shown in Fig. 1C; coordinates are as follows: 63°55.743’N,
51°41.081’W. (B) Close-up photograph from the vicinity of sample AK 36, showing millimeter-scale
banding in the quartz-pyroxene lithology being generated as tails of pyroxene boudins. Boudinage
is a prevalent texture in this lithology, and much of the fine banding is interpreted to have formed
this way. Scale is in centimeters. (C) Scanned full thin-section photomicrograph of sample AK 42,
which is typical of most variants of the quartz-pyroxene rock. Note the discontinuous nature of
banding and the invasion of quartz at nearly all scales. Mafic bands on the left side of the image
are defined by discontinuous trains of single-crystal–wide pyroxene crystals. Pyroxene is olive
green; amphibole is very small dark specks; quartz is white. Magnetite abundance is 0.1% based on
799 points counted. Abbreviations: px, pyroxene; amph, amphibole; qtz, quartz. (D) Outcrop
photograph showing the location and characteristics of sample AK 38. Note the thick mafic layer
below AK 38, showing pinch-and-swell structure (outlined for clarity). The box outlines the area of
the photograph in (B). Scale is in centimeters.
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tism [including carbonate replacement (26,
27), quartz veining and LREE addition] and
metamorphism, whose intensity precludes
constraining their timing and number. An
ultramafic protolith for the quartz-pyroxene
rocks warrants further consideration of the
origin of isotopically light graphite inclusions
in apatite (1). At least two abiotic mecha-
nisms for generating such graphite and mag-
netite may be identified that are consistent
with our interpretations. First, decarbonation
of metasomatized ultramafic rock (26, 27)
during prograde granulite facies metamor-
phism at T . 600°C (11, 15), accompanied
by a Rayleigh distillation process [compare
,500°C (28)], is theoretically capable of pro-
ducing magnetite, leaving 13C-depleted
graphite and creating a rock devoid of pre-
cursor metasomatic carbonate minerals. A
second, and geologically more likely, scenar-
io involves a combined process of (i) serpen-
tinization of olivine-bearing ultramafic rocks,
in which oxidation of olivine produces both
molecular hydrogen from water and magne-
tite with (ii) metamorphic decarbonation of

replaced ultramafic rocks (26). This provides
a CO2-rich environment (29) needed for abi-
otic synthesis of hydrocarbons via Fischer-
Tropsch type reactions (16, 30, 31). In this
scenario, metasomatically or metamorphi-
cally generated magnetite acts as a catalyst,
yielding abiogenic hydrocarbons that have
d13C values ,–20 per mil, relative to the Pee
Dee belemnite standard (29). Intense meta-
morphism postdating this process has result-
ed in a quartz-pyroxene rock that includes
minor, isotopically light graphite. Another
possible source for the graphite involves the
introduction of a biogenic contaminant [for
example, (32)] before apatite crystallization,
which cannot be entirely dismissed in rocks
that have experienced such considerable hy-
drothermal activity over long periods of time.
U-Pb dating of the host apatite (33) indicates
that they grew (or were reset) at ;1500 Ma,
consistent with a metasomatic origin [com-
pare (34)], which is corroborated by common
apatite in sample AK 44 (a pyroxenite bou-
din, Fig. 1C).

What evidence can be used to unequiv-

ocally define the past existence of life in
very ancient rocks? A biological origin for
“morphological” fossils from the ;3465
million-year-old Apex chert in western
Australia, long thought to represent the old-
est physical evidence for life on Earth (35),
has been recently questioned (36 ), leaving
open the possibility that even distinct
shapes and organic chemical signatures
cannot offer proof. The present paper indi-
rectly questions the veracity of carbon iso-
tope data and indicates that the interpreta-
tion of such “chemo- fossils” must be
accompanied by a detailed geologic and
geochemical assessment of the host rocks.
Given these constraints, the best document-
ed evidence for the earliest life on Earth is
13C-depleted graphite particles in deep-sea
clastic sedimentary rocks from the Isua
greenstone belt at 3700 to 3800 Ma (37 ),
which were deposited close to the end of
the late heavy asteroid bombardment (38),
when Earth’s surface conditions were more
stable and retention of a life-sustaining hy-
drosphere was favored.
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and Akilia ultramafic samples plot in the komatiite field; all samples of the
quartz-pyroxene rock (except for a single boudin) plot near this field. Isua BIFs all
lie in an unrelated field. The outlier point in the BIF data represents an aluminous
BIF group, which has been interpreted to represent an admixture of BIF and mafic
volcaniclastic component and so is not an exclusive BIF composition (17). The inset
plot shows distinct fields for the different lithologies. Akilia ultramafic samples and
AK 38 lie in the komatiite field. Note the distinct position of the Isua BIFs.
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Excavation of a Chimpanzee
Stone Tool Site in the African

Rainforest
Julio Mercader,1* Melissa Panger,1 Christophe Boesch2

Chimpanzees from the Taı̈ forest of Côte d’Ivoire produce unintentional flaked
stone assemblages at nut-cracking sites, leaving behind a record of tool use and
plant consumption that is recoverable with archaeological methods. About 40
kilograms of nutshell and 4 kilograms of stone were excavated at the Panda 100
site. The data unearthed show that chimpanzees transported stones from
outcrops and soils to focal points, where they used them as hammers to process
foodstuff. The repeated use of activity areas led to refuse accumulation and site
formation. The implications of these data for the interpretation of the earliest
hominin archaeological record are explored.

Ape ethoarchaeology uses primatological
data to formulate archaeological hypothe-
ses (1–3). For example, several authors
have studied stone tools used by chimpan-
zees for nut cracking and have discussed
similarities between them and early homi-
nin tools (1–3). This paper reports on the
nature and content of a naturally buried
stone assemblage produced by the nut-
cracking activities of chimpanzees (Pan
troglodytes) in the wild. We describe the
behavioral data unearthed at the chimpan-

zee stone tool site of Panda 100 (hereafter
P100) at Taı̈ National Park, Côte d’Ivoire,
which was excavated with the same tech-
niques that are applied to the recovery of
early archaeological sites and yielded pre-
served activity areas containing a large
amount of plant refuse and 479 stone
pieces.

Several West African chimpanzee pop-
ulations use stone tools to crack open hard-
shelled nuts. Nut-cracking technology al-
lows chimpanzees to obtain more than 3000
calories per day (2) and has been extensive-
ly studied at Taı̈ National Park, Côte
d’Ivoire (2, 4 ). At Taı̈, chimpanzees are
known to crack nuts from Panda oleosa,
Coula edulis, Parinari excelsa, Sacoglottis
gabonensis, and Detarium senegalense (2).
On soft shells (such as those of Coula),
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20052, USA. 2Max Planck Institute for Evolutionary
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Table 1. Size of stone pieces from P100 and selected Early Oldowan assemblages.

Size range
(mm)

P100 (%)
(granitoid rocks

laterite;
n 5 479)

Omo 123 (%)
[quartz (15);

n 5 223]*

Shungura formation,
FtJi1 (%)

[quartz (16);
n 5 130]

KBS (%)
[basalt (17);
n 5 139]†

1–10 49 36 19 16
11–20 30 46 60 27
21–30 7 16 18 19
31–40 4 2 3 14
41–50 4 0.1 0 8
51–60 3 0 0 9
61–70 1 0 0 3
71–80 1 0 0 2
81–90 0.3 0 0 1
91–100 0.3 0 0 0
101–110 0.3 0 0 1

*Numbers only include excavation data. †Flakes 5 97.7% of the total assemblage; estimates are based on
interpretation of Fig. 1.
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