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ABSTRACT. New mapping, geochronology, and geochemistry of the supracrustal
enclave and associated orthogneisses at Akilia, West Greenland, support a >3825 � 6
Ma age for the sequence and a chemical sedimentary origin for the controversial
Fe-rich quartz-pyroxene gneisses. Lithologies of the enclave comprise laterally continu-
ous, mappable units of mafic amphibolite, ultramafic rocks, and two Fe-rich quartz-
pyroxene units. A minor anthophyllite-garnet rock with chemical characteristics suggest-
ing a sedimentary protolith was identified. The earliest foliation parallels lithologic
contacts. This foliation was isoclinally folded about a steep hinge surface, and then
tightly refolded about a steep NS hinge plane. The latest folding produced limbs
exhibiting contrasting strains. The full deformation history is shared by all lithologies
of the enclave. Two previously unidentified orthogneiss sheets preserve deformed
magmatic crosscutting relations with amphibolite and ultramafic units in the low-strain
limb.

The supracrustal anthophyllite-garnet rock experienced zircon growth at �3600
and �2700 Ma, in common with amphibolites. These ages are interpreted to reflect
metamorphism at granulite and amphibolite facies, respectively, consistent with inde-
pendent regional evidence. The crosscutting orthogneiss sheets preserve a complex
history of zircon growth, but only earliest cores indicate Th/U exchange equilibrium
with the bulk rock at magmatic conditions. Weighted-mean 207Pb/206Pb ages of cores
of 3730 � 7 Ma and 3825 � 6 Ma date the crystallization ages of the sheets, indicating
that the Akilia supracrustal rocks were deposited >3819 Ma.

Quartz-pyroxene rocks on Akilia have been interpreted as metamorphosed chemi-
cal sediments that may preserve carbon-isotope evidence for life at the time of their
formation. An alternative proposal is an origin by metasomatic alteration. Our results
show that these rocks experienced a history of deformation and zircon growth
identical to other lithologies of the supracrustal body. Metamorphic zircons give a
minimum 207Pb/206Pb age of 3589 � 13 Ma regardless of origin. The two models of
formation of quartz-pyroxene rocks were evaluated using field, petrologic and geochemi-
cal tests. The distribution of the units, the absence of field or petrologic indicators of
metasomatism, and geochemistry (oxygen and nontraditional stable isotopes, immo-
bile elements and REE) together support a sedimentary, but not a metasomatic, origin.
Because their protolith was sedimentary, the quartz-pyroxene rocks are a primary part
of the supracrustal sequence and have the same minimum age. Despite strong
deformation and polymetamorphism, the Akilia supracrustal enclave contains informa-
tion about terrestrial surficial processes at >3819 Ma.

introduction
Supracrustal rocks from the Nuuk region of West Greenland preserve a record of

surficial processes in the early Archean (�3600 Ma). The identification of 13C-
depleted graphite in lithologies interepreted to be metasedimentary rocks in this area
(Schidlowski, 1988; Mojzsis and others, 1996; Rosing, 1999; Ueno and others, 2002),
suggests that supracrustal lithologies may also contain evidence for the earliest life on
Earth. However, the geologic relations are complex: the supracrustal rocks occur as
discontinuous, multiply deformed and metamorphosed enclaves in complex orthog-

*Department of Earth and Space Sciences, University of California, Los Angeles, California 90095
U.S.A.; manning@ess.ucla.edu

**Department of Geological Sciences, University of Colorado, Boulder, Colorado 80309 U.S.A.
***Research School of Earth Sciences, Australian National University, Canberra ACT 0200 Australia
‡Institute of Geophysics and Planetary Physics, University of California, Los Angeles, California 90095

U.S.A.

[American Journal of Science, Vol. 306, May, 2006, P. 303–366, DOI 10.2475/05.2006.02]

303



neisses. Most studies have therefore focused on the best preserved and largest body of
supracrustal rocks, the Isua Supracrustal Belt. Yet many other exposures throughout
the region could give additional insights, provided that their geologic history can be
established with confidence.

An example is the supracrustal enclave exposed on Akilia (fig. 1), in which it has
been proposed that �3800 Ma metamorphosed sedimentary rocks preserve isotopic
indicators of an early biosphere (Mojzsis and others, 1996; Nutman and others, 1997).
If correct, Akilia lithologies and others in the region provide important information
about surface processes, ocean chemistry, and biology in the early Archean. However,
the rocks are strongly deformed and metamorphosed, which complicates their use as
windows into Earth’s early history. Indeed, the proposals have generated significant
debate, arising in part from three contested geologic and geochronologic relation-
ships, including (1) whether the host rocks have sedimentary protoliths (Mojzsis and
others, 1996; Nutman and others, 1997; Mojzsis and Harrison, 2000, 2002b; Friend and
others, 2002a; Palin, 2002; Fedo and Whitehouse, 2002a, 2002b, 2000c; Bolhar and
others, 2004; Dauphas and others, 2004); (2) the nature of crosscutting relations that
nominally constrain the age of the enclave (Nutman and others, 1996, 1997, 1999,
2000; Myers and Crowley, 2000; Whitehouse and Fedo, 2003); and (3) the origin of
zircons used in the dating (Nutman and others, 1996, 1997, 1999, 2002; Whitehouse
and others, 1999; McGregor, 2000; Mojzsis and Harrison, 2002a; Krogh and others,
2002; Kamber and others, 2003). Such substantial disagreement about the geology,
geochronology, and geochemistry of Akilia raises concerns about the possibility of
augmenting the limited record of early Archean surficial environments.

A significant problem with the work on Akilia is that the geologic foundation for
the interpretations rests chiefly on low-precision sketch maps of the exposure (Nut-
man and others, 1997; Myers and Crowley, 2000; Fedo and Whitehouse, 2002a; Friend
and others, 2002a; Nutman and others, 2002). We carried out detailed geologic
mapping of the supracrustal enclave, and used the results to guide new studies of
zircon geochronology and whole-rock chemistry. The combined data sets lead to an
internally consistent model for the origin and evolution of the Akilia supracrustal
rocks. In addition to the disparate geologic, geochronologic and geochemical interpre-
tations that are addressed in this study, the origin of graphite which may preserve a
biological signal in Akilia supracrustal rocks is also under discussion (Mojzsis and
others, 1996; van Zuilen and others, 2002; Lepland and others, 2002, 2005) and is the
subject of separate communications (for example, Mojzsis and others, 2005).

geologic background
The geology of early Archean rocks in the area of figure 1 is complex because of

multiple intense metamorphic and deformation events that affected the terranes
before, during and after their juxtaposition in the late Archean (Friend and others,
1987, 1988; McGregor and others, 1991; Nutman and others, 2004a; Friend and
Nutman, 2005a, 2005b). Along the coast southwest of Nuuk, exposures on and near
Akilia are part of the Færingehavn Terrane (Friend and others, 1988; Friend and
Nutman, 2005b), in which supracrustal lithologies occur as enclaves in early Archean,
polygenetic orthogneisses. In early descriptions, the two units were respectively termed
the “Akilia Association” (McGregor and Mason, 1977) and the “Amı̂tsoq Gneisses”
(McGregor, 1973). The units are now referred to collectively as the “Itsaq Gneiss
Complex” (Nutman and others, 1996), chiefly because the gneisses appear to be a
heterogeneous package of metaigneous lithologies of varying age and parentage
(McGregor, 2000; Friend and Nutman, 2005b). The orthogneisses range widely in
texture and include quartzofeldspathic tonalitic, granodioritic and granitic composi-
tions. Ion-microprobe zircon geochronology of the orthogneisses reveals a compli-
cated early history of zircon growth based on age zones that range from �3850 Ma to
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Fig. 1. Map showing location of Akilia and area of investigation.
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�3500 Ma, as well as �2700 Ma (Baadsgaard and others, 1984; Kinny, 1986; Nutman
and others, 1996, 2000, 2002; Friend and Nutman, 2005a). Nutman and co-workers
interpret the oldest zircon core-ages as emplacement ages, and propose that their wide
range indicates that orthogneisses were emplaced during multiple intrusive events
spanning �300 Ma. This has been challenged by Kamber and Moorbath (1998, 2000),
Whitehouse and others (1999, 2001) and Whitehouse and Kamber (2005), who
suggest a shorter-lived magmatic event at �3650 � 50 Ma. In their model, zircon cores
older than �3650 Ma represent inherited grains.

The supracrustal rocks in the region comprise meter to km-sized bodies of chiefly
mafic, ultramafic, and Fe-rich rocks of possible metasedimentary protolith (Bridgwater
and others, 1976; McGregor and Mason, 1977; McLennan and others, 1984; Nutman
and others, 1996, 1997). They occur as enclaves in Amı̂tsoq Gneisses, but contact
relations are typically ambiguous. Early Archean metamorphism of the supracrustal
lithologies was associated with strong deformation (Chadwick and Nutman, 1979) and
local partial melting (Friend and Nutman, 2005a) at amphibolite to granulite facies
(Griffin and others, 1980). Because supracrustal lithologies typically lack igneous or
detrital zircons (Nutman and others, 2000; Friend and Nutman, 2005a), a minimum
age for Akilia-type supracrustal rocks is established by metamorphic zircons of 3670 to
3500 Ma (Schiøtte and Compston, 1990; Friend and Nutman, 2005a). Older minimum
ages have been suggested based on the interpretation that Amı̂tsoq Gneiss bodies
crosscut the supracrustal enclaves at numerous localities, including Akilia (Nutman
and others, 1997, 2000, 2002), though the Akilia relation has been challenged (Myers
and Crowley, 2000). As with the Amı̂tsoq Gneisses in general, the crosscutting bodies
give ages as old as �3850 Ma if the oldest zircon cores are taken to be intrusive ages,
but no older than �3650 Ma if it is assumed that the cores are inherited.

The Itsaq Gneiss Complex was crosscut by younger mafic dikes (“Ameralik dikes,”
McGregor, 1973). Field evidence (Coe and others, 1976; Chadwick, 1981; Chadwick
and Coe, 1983) and geochronologic studies (White and others, 2000; Nutman and
others, 2004b) indicate multiple intrusive episodes over some 250 million years
(�3510 – 3260 Ma). The Ameralik dikes are important time markers that permit
distinction between the older rocks of the Itsaq Gneiss Complex, which they crosscut,
and younger paragneissic and amphibolitic supracrustals and granodioritic orthogneis-
ses, in which the dikes are absent (McGregor, 1973). These younger lithologies do not
occur on Akilia, but exposures elsewhere in the region provide additional insight into
the Middle and Late Archean history of the area.

Younger paragneisses (“Malene Supracrustals,” McGregor, 1973) contain detrital
zircons ranging from �3230 to 2830 Ma (Schiøtte and others, 1988; Friend and others,
1996; Nutman and others, 2004a). Granodioritic Ikkatoq Gneisses (formerly “Nuuk
Gneisses,” McGregor and others, 1991) intruded the supracrustals at �2800 Ma
(Friend and others, 1996; Crowley, 2002; Nutman and others, 2004a). The younger
gneisses were tectonically interleaved with the Itsaq Gneiss Complex during a major
event at �2700 Ma, during which all lithologies of the region were strongly deformed
and metamorphosed to amphibolite facies (Friend and others, 1996; Friend and
Nutman, 2005b). Widespread post-tectonic granitoid magmatism (“Qôrqut granites,”
McGregor, 1973; Brown and others, 1981) occurred at �2520 Ma (Baadsgaard, 1976;
Moorbath and Pankhurst, 1976). This marked the last major event to affect the region.

geology of the akilia supracrustal rocks

The Akilia supracrustal enclave occurs on the southwesternmost peninsula of the
island (fig. 1). We mapped the exposure at 1:250 scale (fig. 2) by constructing an
oriented grid using triangulation points at 25 m spacings. Topography was estimated
by hand leveling. Isolated blocks and lenses of supracrustal lithologies occur to the
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north along the western coast of the island (Myers and Crowley, 2000) but were not
mapped in detail.

Exposure of the main supracrustal package at the map scale is generally excellent
except in the central portion of the peninsula. Variations in exposure quality lead to
differing levels of confidence in contact locations. In figure 2, we use solid lines to
depict contacts in areas of good exposure (�50% or more), long dashed lines in areas
of moderate exposure (�20 – 50%) and short dashed lines in areas of poor exposure
(�20% or less). Areas of poor exposure are indicated as cover (Q), with key outcrops
indicated. Figure 3 is a simplified, interpretive map of bedrock geology omitting cover
and late leucocratic granitoid bodies, with sample localities and positions of features
discussed in the text.

The only exposed contact between the supracrustal package and the main body of
the quartzofeldspathic gneisses is along the eastern edge of the map area. To the west,
a small skerry of Amı̂tsoq Gneiss exposed at low tide �50 m suggests that the enclave
does not extend far offshore. The supracrustal rocks break up into a train of
progressively smaller enclaves in Amı̂tsoq Geniesses to the north (fig. 1; Nutman and
others, 1997; Myers and Crowley, 2000).

Lithologic Units
Mafic amphibolite gneiss and ultramafics.—The dominant lithology in the Akilia

supracrustal rocks is mafic amphibolite gneiss. Two mafic amphibolite units can be
distinguished: a mafic gneiss with abundant ultramafic blocks (Au; fig. 4A) and a
homogeneous, amphibolite gneiss largely free of ultramafic blocks (Am; fig. 4B).
Amphibolite gneiss in both units consists of hornblende � plagioclase � biotite �
ilmenite � quartz, clinopyroxene, garnet and sphene. Compositional banding is
variably developed. Rare patches of garnet � plagioclase � clinopyroxene may be
relicts of an earlier, granulite-facies metamorphic event (Griffin and others, 1980).

The Am unit can be traced around a fold hinge (fig. 2) and is in contact with
quartz-pyroxene rocks on one side and Au on the other. The presence of abundant
ultramafic bodies (fig. 4A) distinguishes Au from Am. These are irregular blocks to
oblate lenses, �1 m to several m in size, and massive to weakly foliated. Metamorphic
minerals are Fe-Mg amphibole, hornblende, talc, Fe-oxide, clinopyroxene and rare
olivine. Fe-Mg amphibole in ultramafic blocks sporadically occurs as polycrystalline
aggregates that appear to pseudomorph earlier clusters of cm-sized prisms (fig. 4C),
probably reflecting amphibolite-facies replacement of jackstraw-textured granulite-
grade metamorphic olivine (Snoke and Calk, 1978).

A weakly foliated ultramafic body in Au occupies the topographic high of the
peninsula (figs. 2 and 4D) and is sufficiently large to be mapped as a separate unit
(Um). Disruption of this and similar ultramafic bodies along contacts with mafic rocks
likely produced the mixed amphibolite and ultramafic unit (Au). This can be seen at
locality A (fig. 3), where Um is disaggregated into phacoidal blocks hosted by amphibo-
lite.

As discussed below, strain increases significantly from west to east. In the eastern
half of figure 2, distinctions between Am and Au could not be made with confidence.
We assigned these lithologies to an undifferentiated amphibolite and ultramafic unit
(Uau).

Quartz-pyroxene rock.—Exposures of a lithology rich in quartz and Fe-rich ferromag-
nesian minerals (figs. 2, 3 and 5A) has been termed banded iron-formation (BIF),
metachert, quartz-rich rock, or quartz-pyroxene rock (McGregor and Mason, 1977;
Nutman and others, 1996, 1997; Myers and Crowley, 2000; Mojzsis and Harrison, 2000,
2002b; Fedo and Whitehouse, 2002a, 2000b, 2000c; Whitehouse and Fedo, 2003). We
refer to this lithology as “quartz-pyroxene” rock or gneiss (Qp). Qp rocks exhibit strong
gneissic layering defined by cm-scale bands dominated by quartz or pyroxene �
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amphbibole (fig. 5B). The mineral assemblage is quartz, hedenbergitic clinopyroxene,
Fe-Mg amphibole � garnet, apatite, magnetite and sulfide. Boudin necks and crosscut-
ting quartz- and pyroxene-rich veins are common (figs. 5C and D). Although common
near contacts, the veins also occur throughout Qp units. They likely result from late
brittle deformation and fluid migration.

We identified two discrete, sub-parallel Qp units with variable thickness. They
reach their greatest width south of Um, consistent with minimal strain near this body
(see below). Both Qp units thin significantly along strike and ultimately become
discontinuous where strain is high. Lithologies in contact with Qp units are Am and
amphibolite and ultramafic rocks of Au.

Anthophyllite-garnet rock.—A �10 m long block of anthophyllite-garnet-biotite-
plagioclase-quartz gneiss was noted in Au (sample GR00114; fig. 3). Its unique mineral
assemblage and bulk composition (table 1) raised the possibility of a metasedimentary

Fig. 4. Photographs of features in amphibolite and ultramafic units. (A) Meter-scale ultramafic lens
(Um) in amphibolite (am) of the Au unit (hammer is 50 cm long). (B) Ultramafic-free amphibolite (Am)
south of Qp at southern tip of peninsula, looking west. S1 folia dip steeply to southwest. Arrow shows hammer
for scale. (C) Polycrystalline Fe-Mg amphibole pseudomorphs of jackstraw-textured olivine(?) in ultramafic
block. Eraser is 13 cm long. (D) Weak S1 foliation in ultramafic block in Au; hammer for scale.
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protolith, so this sample was included in our studies of geochemistry and zircon
geochronology. A separate map unit was not defined because of its limited extent.

Quartzofeldspathic gneisses.—Heterogeneous quartzofeldspathic orthogneisses (Ogn)
of the Amı̂tsoq Gneisses (McGregor, 1973) host, and occur within, the supracustal
package. The gneisses are foliated and display local color variations reflecting differing
modes of plagioclase, quartz, K feldspar and biotite (figs. 6A and B). One large body
(Ogn-1) and at least three smaller bodies (Ogn-2, 3 and 4) occur within the supracrustal
rocks (fig. 3).

Amphibolite dikes.—Deformed, foliated mafic dikes with amphibolite-grade miner-
als (Ad) crosscut all supracrustal and Ogn units (fig. 6C). Minerals include hornblende,
plagioclase, quartz, Fe oxide and sulfide � clinopyroxene, biotite and titanite. Relict

Fig. 5. Photographs of quartz-pyroxene gneisses. (A) Southernmost Qp layer, looking west (fig. 3).
Bounding lithologies are Am and hornblende-rich ultramafic rock of Au. (B) Gneissic compositional
banding (S1) in the Qp lithology. Quartz-rich layers alternate with layers rich in Ca-Fe clinopyroxene.
Thickness ranges from �1 to several cm. Pencil is 12 cm long. (C) Granular quartz in vein crosscutting Qp
gneissic layering. Garnet (gnt) occurs where veins cut pyroxene bands. End of pencil for scale. (D) Fe-Ca
pyroxene (cpx) vein cutting Qp gneiss. Scale bar is in cm.

309of supracrustal rocks at Akilia, West Greenland



T
ab

le
1

R
ep

re
se

nt
at

iv
e

bu
lk

-ro
ck

co
m

po
si

tio
ns

fr
om

A
ki

lia
,

W
es

t
G

re
en

la
nd

310 C. E. Manning, S. J. Mojzsis and T. M. Harrison—Geology, age and origin



T
ab

le
1

(C
on

tin
ue

d)

N
ot

es
:

Sa
m

pl
es

pr
ep

ar
ed

by
di

vi
di

n
g

fr
es

h
ly

br
ok

en
�

2
kg

sa
m

pl
es

of
un

w
ea

th
er

ed
ro

ck
s

by
di

am
on

d
sa

w
s,

cr
us

h
in

g
in

st
ee

l
m

or
ta

rs
an

d
re

du
ci

n
g

to
po

w
de

rs
in

cl
ea

n
ed

tu
n

gs
te

n
ca

rb
id

e
m

ill
s.

A
n

al
ys

is
by

X
R

F
an

d
IC

P-
M

S
at

A
ct

iv
at

io
n

L
ab

or
at

or
ie

s,
ex

ce
pt

A
N

U
92

19
7

tr
ac

e
el

em
en

ts
.C

om
pa

ri
so

n
of

re
co

m
m

en
de

d
an

d
an

al
yz

ed
st

an
da

rd
sh

ow
de

vi
at

io
n

s
�

1.
5%

re
la

ti
ve

fo
r

ox
id

es
,e

xc
ep

tM
n

O
(6

.3
%

),
N

a 2
O

(6
.5

%
)

an
d

P 2
O

5
(2

3.
1%

),
an

d
fo

r
tr

ac
e

el
em

en
ts

�
20

%
re

la
ti

ve
,e

xc
ep

tN
i(

21
.4

%
).

Pr
h

ad
47

.6
%

re
la

ti
ve

er
ro

r
an

d
is

om
it

te
d.

A
N

U
92

19
7

tr
ac

e
el

em
en

ts
an

al
yz

ed
by

so
lu

ti
on

IC
P-

M
S

at
A

N
U

PR
IS

E
la

bo
ra

to
ri

es
(p

re
ci

si
on

sn
ot

re
po

rt
ed

).
Fe

O
*,

al
lF

e
as

Fe
O

;
L

.O
.I

.,
lo

ss
on

ig
n

it
io

n
;b

la
n

k
en

tr
ie

s,
be

lo
w

de
te

ct
io

n
;T

zi
rc

o
n

,
zi

rc
on

sa
tu

ra
ti

on
te

m
pe

ra
tu

re
(°

C
)

fr
om

W
at

so
n

an
d

H
ar

ri
so

n
(1

98
3)

;O
gn

ro
ck

n
am

es
fr

om
B

ar
ke

r
(1

97
9)

ba
se

d
on

n
or

m
at

iv
e

m
od

es
of

al
bi

te
(A

b)
,o

rt
h

oc
la

se
(O

r)
an

d
an

or
th

it
e

(A
n

);
(t

ro
n

d,
tr

on
dh

je
m

it
e)

;a
n

th
-g

n
t,

an
th

op
h

yl
lit

e-
ga

rn
et

.S
ee

fi
gu

re
s

2
an

d
3

fo
r

sa
m

pl
e

lo
ca

ti
on

s.

311of supracrustal rocks at Akilia, West Greenland



plagioclase glomeroporphyroblasts may occur. The dikes are discontinuous, and range
up to several meters thick, with locally strong internal deformation and schlieren.

Leucocratic granitoid dikes.—Leucocratic quartz-feldspar � biotite � garnet veins,
dikes and sills (Lg) crosscut all lithologies. They are up to several meters wide (fig. 6D),
display variable grain size and range from K-feldspar rich to quartz rich. Figure 2 shows
only bodies that are continuous for several meters or more; numerous irregular,
discontinuous pods and lenses are ignored. The sills and dikes are locally foliated, with
orientations subparallel to contacts.

Structural Evolution
Three major ductile deformation events were identified: development of penetra-

tive foliation (D1), isoclinal folding (D2) and tight refolding (D3). The geometric
relations among the structures provide the framework for evaluation of the nature of
contacts involving Ogn orthogneisses and amphibolite dikes.

Fig. 6. (A) Heterogeneous orthogneiss at the east contact of the supracrustal enclave, looking north.
(B) Gneissic layering (S1) in tonalitic phase of orthogneisses. Pencil for scale. (C) Metamorphosed
amphibolite dike, locality F (fig. 3). Note that foliation (S1) in host amphibolite appears to terminate at
contact. Lens cap is 7 cm across. (D) Leucogranite dike, looking west. Hammer for scale.
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D1.—D1 produced a penetrative foliation now defined by amphibolite-facies
minerals (S1; figs. 4-6). Compositional banding is locally developed in mafic rocks, but
strongest in Fe-rich quartz-pyroxene rock. In ultramafic rocks, weak S1 is locally
defined by Fe-Mg amphibole. S1 surfaces are subparallel to contacts between Am, Au,
and Qp units (fig. 2). Rare asymmetric intrafolial folds of S1 in Qp gneiss may record
transposition of earlier surfaces (fig. 7A); however, we include these with D1 for
simplicity. Pre-S1 deformation and fabric development cannot be ruled out (Myers and
Crowley, 2000), though supracrustal enclaves evidently behaved as competent bodies
that experienced significantly lower strain than the host gneisses (Nutman and others,
1997).

D2.—D2 is represented by a large isoclinal fold with a hinge region in the
southwest portion of the map area (figs. 2 and 3). Although complicated by an Lg dike

Fig. 7. Photographs of key structural features. (A) Upright, isoclinal, intrafolial folding of S1 in Qp rock.
These folds are grouped with D1. Hammer for scale. (B) Inferred F2 closure of Qp rock on west side of
peninsula (see fig. 3 for location). The Qp gneiss of the fold limbs is cut by an �2 m wide Lg dike. Other
features consistent with the interpreted hinge are: the consistent distribution of lithologies (Am and Au) and
S1 hinges in Am. Arrow points to hammer for scale. (C) Hinge region of F3 fold, looking north. Hammer for
scale. (D) S1-parallel quartz-plagioclase vein in the high-strain eastern limb of F3 fold. See figure 3 for
location. Hammer for scale.
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and discontinuous exposure of Qp marker units (fig. 7B), the hinge of the F2 fold can
be identified from the map patterns of Am, Au and the Qp units, which indicate closure
of these lithologies in a consistent pattern about the inferred F2 hinge surface (figs. 2
and 3). The location of the F2 hinge is also indicated by an observed closure in S1
surfaces in mafic amphibolite of Au �15 m from the western coastline (locality B, fig.
3). In the westernmost portion of the map area the F2 hinge surface strikes NW–SE and
dips �70° SW; the F2 axis plunges steeply NNW. Leucogranite veins and sheets
postdate D2.

D3.—The F2 structure was refolded in an asymmetric map-scale fold (F3; figs. 2
and 3). In the eastern F3 limb, S1 surfaces strike �N20E and dip steeply W and E, but
in the western limb they strike �N45W and dip moderately to steeply SW. Thus, S1
surfaces define a subvertical to steeply west-dipping hinge-surface. S1 closures are
evident in several outcrops (fig. 7C) and in the map pattern defined by Am and Qp
units (figs. 2 and 3). In addition, numerous rootless intrafolial fold hinges occur in S1
layering in Au and Ogn units (fig. 3) within several meters of the F3 hinge-surface.
Orientations of S1 surfaces in the F3 hinge region suggest that the plunge of the F3 axis
is steep at the southernmost point of the island (�70° SSW), but shallows to �40° S
over a distance of �50 m to the north.

Minor structures include layer-parallel flattening and boudinage where S1 compo-
sitional layering is well developed, especially in Qp (Whitehouse and Fedo, 2003). In
addition, minor corrugations in Qp units and S1 folia in Am in the W limb of the
map-scale F3 fold may be subparallel, parasitic F3 folds (fig. 3). This would explain the
geometries of the southern Qp exposures and of contacts near the F2 axial surface.

Strain was partitioned heterogeneously during D3. Near the F3 hinge surface, the
Qp and Am units are thinned significantly or boudinaged into discontinuous blocks
and lenses. Strain increases in the eastern F3 limb, as indicated by poorly preserved
lithologic contacts, attenuation of units and stronger fabric development. In particu-
lar, both Qp units are thinned and boudinaged in the eastern limb to the extent that
they locally form discrete lenses, and ultimately cannot be traced to the northernmost
part of the map area (fig. 2). Similarly, Am cannot be recognized more than �10 m east
of the hinge. Decimeter- to meter-scale swarms of quartz-plagioclase veins subparallel
to the F3 axis are common in the hinge region and in the eastern limb (figs. 3 and 7D).
In contrast, the western limb displays lower strain, as indicated by preservation of
minor structures and lithologic contacts, and the absence of vein swarms. Comparison
of unit thicknesses yields a strain difference of �100 percent. The heterogeneous
distribution of strain could have resulted from interference between the F2 and F3
folds, as at locality C (fig. 3) where minor F2 folds are refolded by parasitic F3 folds to
give the complex Qp map pattern. Or more likely—in view of the weak S1 foliation in
Um (fig. 4D)—low strain in the eastern F3 limb resulted from a strain shadow near this
large, relatively competent body.

Emplacement of Ogn bodies.—The nature of contacts involving Ogn orthogneisses is
key to constraining the geology, age and origin of the Akilia supracrustals. If Ogn
bodies are deformed, crosscutting igneous rocks, the date of their crystallization is the
minimum age of their host rocks; if contacts are tectonic, Ogn bodies provide no
constraint on supracrustal age.

Ogn-1 is a 5 to 15 m wide body (fig. 3) of leucocratic to melanocratic, tonalitic
gneiss. At its northernmost point, it is in contact with Au on the west and the large
ultramafic body on the east. Its southern termination occurs in an F3 fold hinge
defined by S1 folia (figs. 2 and 7C). West of the F3 fold hinge, Ogn-1 can be traced into
the large ultramafic body near the topographic high of the peninsula (fig. 2).
Immediately north of the topographic high is an elevated, flat “shoulder” where
exposure is poor, consisting of a few flat pavements (fig. 2). These exposures indicate
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that Ogn-1 is in contact with Um on either side. Ogn-1 outcrops can be traced westward
across the shoulder to a steep, grassy slope at the northwestern edge of the peninsula
(fig. 2), where there is one in-place outcrop and several out-of-place blocks. Orienta-
tion of S1 folia in the outcrop interpreted to be in place are similar to those in nearby
outcrops. An Ogn sheet W of �5 m of cover (fig. 8A) consists of gray tonalitic
orthogneiss in contact with foliated ultramafic and amphibolite of Au. S1 is coaxial in
all lithologies at this locality. This sheet is interpreted to be the western continuation of
Ogn-1.

Although Ogn-1 is incompletely exposed, the best interpretation of the geometric
relations associated with its E–W “arm” is that it crosscuts the Um-Au contact (figs. 2 and
3). The geometry does not support a fault or in-folding origin, but rather suggests that
this portion of Ogn-1 is an igneous dike or sill with preserved (though deformed)
intrusive contact relations. S1 orientations in Ogn-1 and Um (figs. 2 and 3) are
discordant. Although used elsewhere as evidence of a crosscutting relationship (Nut-
man and others, 1997), the discordance may be a geometric artifact (Myers and
Crowley, 2000). Even if real, it could simply reflect the large ductility contrast between
the two lithologies. At the western coastline, Ogn-1 is attenuated in Au and displays
prominent meter-scale F3 folds with axes parallel to the main F3 axis. Evidently, the
lower strain associated with the competent Um body led to better preservation of the
original igneous contact.

Ogn-2 is a small tonalitic orthogneiss body at the western coast �15 m north of
Ogn-1 (fig. 3). It is �15 cm wide, �2 m long and in contact with a massive, unfoliated
hornblendite block within Au (fig. 8B). S1 foliation is coaxial with surrounding
lithologies. Assignment to Ogn is based on lithologic similarity to Ogn-1 and geochemis-
try (table 1), and is supported by zircon geochronology (see below). Ogn-2 contains
several inclusions of polycrystalline hornblendite (fig. 8B), which suggest an originally
igneous crosscutting relationship.

Contacts involving the two other Ogn bodies are less certain than those of Ogn-1
and Ogn-2. Ogn-3 is represented by two discrete layers of banded gray gneiss that occur
in Au amphibolite 2.5 meters west of Ogn-1 at the northern coastline (fig. 3). Poor
exposure and high strain render original geometry uncertain.

Contact relations of Ogn-4 are controversial. Ogn-4 is a heterogeneous body �3 m
W of the contact between the supracrustal enclave and the Amı̂tsoq Gneisses that has
been the subject of extensive discussion (Nutman and others, 1997, 2000, 2002;
Whitehouse and others, 1999; Myers and Crowley, 2000; Mojzsis and Harrison, 2002a;
Whitehouse and Kamber, 2005). Nutman and others (1997, 2002) suggested that
Ogn-4 crosscuts the supracrustal rocks because: (1) there is �10° of discordance in
compositional layering with host Uau, (2) it contains Uau inclusions, and (3) it was
claimed to be a homogenous quartz-diorite body, rather than composite gneiss such as
would be expected for a random tectonic sliver of the heterogeneous host gneisses.
Myers and Crowley (2000) countered that the layering discordance was only apparent,
that Ogn-4 is composed of two gneissic phases, and that evidence for a crosscutting
relationship was not conclusive. We suggest that ambiguities about Ogn-4 arise in part
from its occurrence within the high-strain limb of the main F3 fold. We did not attempt
further study of this body.

Emplacement of mafic dikes.—Two deformed mafic dikes (Ad) were traced across the
map area (E and F, fig. 3). The northern dike possesses large plagioclase clots in a
foliated amphibole-plagioclase matrix, suggesting affinity to regional Ameralik dikes. It
crosscuts the contact between Ogn-1 and supracrustal rocks (Um and Au; locality E, fig.
3). Within Ogn-1 in the F3 hinge region it is complexly folded, thinned and disrupted
(fig. 3). Thus, it postdates Ogn-1 and formation of the supracrustal-Ogn-1 contact, but
predates D3.

315of supracrustal rocks at Akilia, West Greenland



Fig. 8. (A) Ogn-1 at western coastline, showing contacts with Au and locations of samples GR0050 and
GR0012 (view to east; see fig. 3 for location). Note small decimeter-scale sheet to north of main body.
Hammer for scale. (B) Ogn-2 sample GR0071 collected in hornblendite within unit Au (see fig. 3 for
location). Ogn-2 is �15 cm wide. Arrow shows hornblende clot from host ultramafic rock. (C) Split from
Ogn-2 sample GR0071, showing another hornblende inclusion (arrow) on cut, polished surface.
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A second mafic dike cuts the eastern F3 limb (fig. 3). Plagioclase porphyroblasts
lack the glomeroporphyritic texture of Ameralik dikes, foliation in the host rock is
strongly discordant to the dike margin, and the interior of the dike is unfoliated (fig.
6C). When coupled with minimal D3 strain, it appears that the dike is approximately
late D3 (compare Chadwick, 1981) and younger than the other mafic dike.

Summary and relative chronology.—The lithologic contacts involving Qp and Am are
significant because they are marker surfaces that tie the lithologies to a common syn- to
post D1 history. The two Qp units and Am have a similar map pattern (fig. 2): they are
folded around the F2 axis, are stretched and thinned away from the central Um
exposure, and are ultimately lost in the high strain east limb of F3. S1 folia in these
units are coaxial, and subparallel to those in bounding Au. Thus, these lithologic
contacts predate the preserved supracrustal deformation and represent the oldest
geometric features in the enclave.

This observation provides the starting point for the relative chronology schemati-
cally depicted in figure 9. Prior to deformation, the supracrustal package is interpreted
as an interlayered sequence of mafic and ultramafic rocks. The absence of evidence for
cumulate compositions suggests an extrusive volcanic sequence (Nutman and others,
2002, and see below). It has been proposed that Qp rocks originated by chemical
sedimentation (Nutman and others, 1997) or by metasomatic alteration of ultramafic
rocks (Fedo and Whitehouse, 2002a). Though we argue below for chemical sedimenta-

Fig. 9. Schematic structural evolution of the Akilia supracrustals. Colors keyed to figures 2 and 3. An
originally layered mafic and ultramafic sequence (A) was deformed during D1 yielding prominent S1
layering (B, C). Multiple episodes are possible (D). The S1 fabric was then folded twice (D2 and D3; E-G).
The present exposure limit is shown in H. Dikes omitted for clarity. Schematic evolution ignores transport in
the third dimension, which may be significant.
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tion, the map relations discussed thus far require only that the Qp rocks were part of
the supracrustal package before all preserved deformation.

Prior to or in the initial stages of deformation, the supracrustal sequence was
intruded by tonalitic orthogneiss protolith. A schematic crosscutting body is shown in
figure 9A. Early deformation generated S1 and caused stretching, thinning, rotation,
and probably tansposition of most lithologic contacts (figs. 9B and C). This is
designated D1 in figure 9, but there could have been multiple events. It is likely that
strong gradients in competency led to the disruption, thinning and boudinage of
ultramafic units within the enclave, leading to early formation of a tectonic mélange
(Au) of amphibolite host with ultramafic blocks of varying size. Amphibolite in which
these blocks are absent (Am) may thus simply be relicts of thicker zones in the original
stratigraphy that had no interstratified ultramafic layers. It is likely that D1-style
deformation at least partly preceded the emplacement of the Ameralik dike (E, fig. 3)
because the dike crosscuts S1-parallel lithologic contacts. However, minerals in the
dike and supracrustal rocks indicate similar metamorphic grade, and foliation in the
dike is locally subparallel to S1 (fig. 2). This probably reflects later deformation and
metamorphism, which rotated fabric into near parallelism and produced similar
metamorphic assemblages.

After D1, D2 generated a tight, isoclinal F2 fold (figs. 9D and E). D3 subsequently
formed a tight, asymmetric fold at a high angle to the crosscutting relation involving
Ogn-1. Preferential strain accommodation in the east limb of F3 led to thinning,
disaggregation, and layer-parallel transport that obscured lithologic contacts (fig. 9G).
By contrast, lower strain in the western limb of F3 led to preservation of pre-D2 and -D3
history (fig. 9H).

D3 largely predated the emplacement of leucogranite veins and sheets. In the
western limb of the F3 fold, these igneous rocks are unfoliated and crosscut all
lithologic contacts and structures. Several of these bodies crosscut the inferred
position of the F3 fold and they appear not to be deformed by the minor parasitic D3
folds (fig. 2). Their orientations are generally at high angles to the dominant fabric,
though they exhibit minor folding. Thus, it appears that these bodies were emplaced
primarily after D3 deformation, although minor D3 or later deformation may have
postdated leucogranite emplacement in the east limb of F3. Late deformation (D4;
Chadwick and Nutman, 1979; Myers and Crowley, 2000) warped F3 fold axes in
regional, open folds with NE–SW axial surfaces; these structures are not evident at the
scale of mapping in this study.

Comparison to previous results.—Our deformation history, mapped over a small area,
is consistent with regional mapping by Chadwick and Nutman (1979). They recog-
nized a regional D1 event that predated Ameralik dike emplacement, which would
appear to correlate with our D1. Chadwick and Nutman’s D2 and D3 correspond to
post-Ameralik-dike thrusting, and major folding and nappe development, respectively.
However, the Akilia supracrustals show no evidence of thrusting. Either Akilia D2
represents folding associated with the regional D2 thrust event and the Akilia and
regional D3’s are the same, or the Akilia D2 and D3 represent a continuum of
deformation developed during Chadwick and Nutman’s regional D3 event.

Our results yield new insight into the geometric relations and division of lithologic
units, which help to give a clearer picture of the strain distribution and structural
geometry preserved in the supracrustal enclave. This leads to interpretations that differ
from previous results in several important respects. First, we recognize a strong strain
gradient across the F3 fold hinge, which explains the better preservation of geometric
relations—including the key outcrop of Mojzsis and others (1996; sample G91-26;
archival number ANU92-197), Fedo and Whitehouse (2002), Whitehouse and Fedo
(2003) and Dauphas and others (2004) (figs. 3 and 4A)—in the western part of the
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map area where D3 strain is low. It also helps guide the search for useful geometric
relations.

The new observations also depart from previous work (Nutman and others, 1997;
Myers and Crowley, 2000; Friend and others, 2002a; Nutman and others, 2002) in that
we noted a systematic variation in the distribution of ultramafic blocks within amphibo-
lites that led to distinction of unit Am. This previously unrecognized layer provides a
crucial additional marker for the structural evolution of the supracrustal lithologies.

The results clarify the distribution and history of the controversial Qp rocks. There
are two discrete Qp bands that share the structural history experienced by the
supracrustal amphibolites. Previous workers recognized but did not map other Qp
outcrops in addition to the large body at the southern extreme of the peninsula (fig.
5A; Nutman and others, 1997; Myers and Crowley, 2000; Friend and others, 2002a;
Nutman and others, 2002; Fedo and Whitehouse, 2002a; Whitehouse and Fedo, 2003).
Our observations show that the exposures are not distributed randomly, but instead
form two folded and attenuated layers that can be traced across the map area. The
banding in the Qp rocks is metamorphic in origin as noted by Fedo and Whitehouse
(2002a) and Whitehouse and Fedo (2003).

Perhaps the most important new insight into the geologic history is the location of
the F2 hinge surface, which has important consequences for interpreting the geologic
evolution of the Akilia supracrustals. Myers and Crowley (2000) placed the equivalent
of the F2 hinge within Ogn-1, to the north of its location in figures 2 and 3 (see their fig.
3). In their interpretation, the Ogn-1 sheet cores the F2 structure and terminates in a
fold closure at locality D (fig. 3). If true, the Ogn-1-Um contact is likely younger than the
Ogn-1 crystallization age, precluding its use to constrain age of the adjacent rocks.
However, three observations indicate that this cannot be the correct geometry. First,
Ogn-1 rocks can be traced beyond locality D to the western coast, such that they must
crosscut the lithologic contact between Um and Au (figs. 2 and 3). The interpretation
that Ogn-1 extends to the coast is supported by geochemistry and zircon geochronol-
ogy (see below). In addition, the Myers and Crowley (2000) interpretation is inconsis-
tent with the distribution of lithologic contacts and other observations pointing to the
location of the F2 hinge as shown in figures 2, 3, and 7B. Finally, the dike interpreted to
be of Ameralik affinity (E, fig. 3) predates F2 and postdates the juxtaposition of Ogn-1
and supracrustal rocks. If Ogn-1 was in contact with supracrustal rocks before F2, this
contact cannot be generated by F2 folding, as suggested by Myers and Crowley (2000).
Instead, the juxtaposition of Ogn-1 with supracrustal rocks evidently predates Ameralik
dike emplacement, and appears to display geometric relations similar to those re-
ported elsewhere in the Itsaq Gneiss Complex (Nutman and others, 1997, 2000, 2002).

whole-rock geochemistry

Major Oxides and Trace Elements
Representative whole-rock analyses are given in table 1. The bulk composition of

amphibolite sample GR0033 from Au (table 1; fig. 3) is basaltic (fig. 10A), with total
REE slightly greater than mafic rocks from Isua (Polat and others, 2003) and the Akilia
mafic rock of Nutman and others (1996). Sample GR0033 has a flat chondrite-
normalized REE pattern (La/YbN � 0.91) and a minor negative Eu anomaly.

Ultramafic blocks in Au have Mg/Si and Al/Si of peridotitic to basaltic komatiites
(fig. 10A). These compositions are similar to amphibolites and ultramafics of Akilia-
type supracrustals (Nutman and others, 2002). No compositions suggesting mafic
cumulates were noted (fig. 10A). Chondrite normalized REE patterns (fig. 10B) are
similar to samples of Fedo and Whitehouse (2002a). As with mafic rocks, total REE in
Um are higher than at Isua (Dymek and others, 1988). Samples within 0.4 m of the
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contact with Qp gneiss show elevated total REE and LREE enrichment, suggesting local
REE mobility.

Bulk compositions of Qp rocks are strongly enriched in Fe (Fe# � 60-83, table 1
and Fedo and Whitehouse, 2002a). SiO2 is high but variable due to different relative
abundances of pyroxene and quartz. These observations led to early suggestions of a
sedimentary iron-formation protolith (Bridgwater and others, 1976). However, major-
element compositions differ in detail from typical quartz-oxide iron formations of
Archean to Early Proterozoic age (fig. 11). For example, comparison with quartz-
magnetite banded iron formation (BIF) from Isua and Kuruman, South Africa (figs.
11A and 11B), reveals higher MgO, CaO and Na2O in average Qp gneisses and average
pyroxene-rich bands on a volatile-free basis. However, bulk compositions of various BIF

Fig. 10. Whole-rock geochemistry of amphibolites, ultramafic rocks, anthophyllite-garnet rock, and Ogn
bodies. (A) Mg/Si vs. Al/Si for mafic, ultramafic and possible metasedimentary rocks from Akilia supracrust-
als. Data are from table 1 and sample locations in figure 3. Fields are taken from Nutman and others (2002).
(B) Chondrite-normalized REE patterns of Akilia ultramafics (Fedo and Whitehouse, 2002a, and table 1).
Samples �0.4 m from contact with Qp band show LREE enrichment. [Fedo and Whitehouse (2002a)
samples other than AK05 assumed to be �1 m from contact]. (C) Chondrite-normalized rare-earth element
patterns of Ogn bodies (table 1; fig. 3). (D) Chondrite-normalized La/Yb vs. Yb of Ogn bodies. Fields after
Martin (1986). Normalizations to CI chondrite (Anders and Grevesse, 1989).
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Fig. 11. Comparison of major and minor oxides in pyroxene bands (solid) and quartz-pyroxene rocks
(dashed) from the Akilia Qp gneisses (table 1 and Fedo and Whitehouse, 2002a) with Isua quartz-magnetite
iron formation (IF) (A) and Kuruman, South Africa, oxide iron formation (B) and carbonate and
chert-carbonate iron formation (C) (Dymek and Klein, 1988; Klein and Beukes, 1989). Comparsions based
on oxide wt % recalculated on a volatile-free basis.
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types differ. Relatively high MgO and CaO are characteristic of carbonate and
chert-carbonate iron formation (fig. 11C). Differences in TiO2 and Al2O3 could reflect
minor detrital input—as is widely noted in iron formations—and Na2O enrichment
might have been the result of mobility during metamorphism. Thus, based on major
elements alone, a plausible Qp protolith would be minor, local deposits of ferruginous,
siliceous chemical sediment formed among extrusive mafic and ultramafic lithologies,
with bulk compositions broadly similar to some iron formations. However, Whitehouse
and Fedo (2002a) proposed a metasomatic origin for Qp rocks based on figure 11A and
other trace elements and REE, which could suggest an altered ultramafic protolith. We
will discuss Qp geochemistry in greater detail when the two models are compared
below.

The major-element composition of the anthophyllite-garnet rock GR00114 (table
1; fig. 3) is distinctly different from the mafic and ultramafic rocks with which it is in
contact, as well as from Qp rocks. It has high Al, Fe, and alkalis (including Rb), but low
Si and Ca (table 1). Trace-element compositions other than Rb are intermediate
between ultramafic and mafic compositions (table 1). Similarly, total REE are lower
than amphibolite and Qp rocks, but higher than ultramafics, and chondrite-
normalized pattern is flat (La/YbN � 1.3). When combined with superchondritic
Y/Ho � 55, the composition suggests a sedimentary protolith composed of weathered
or altered material locally derived from a mixed basaltic and ultramafic source, with
possible incorporation of hydrothermal precipitates (Bau and Dulski, 1999).

Table 1 gives six analyses of orthogneiss samples from the map area. Sample
GR9702 is a tonalite (Barker, 1979) from the host gneiesses at the eastern contact. The
normalized REE pattern lies in the field for previously studied gray gneisses from the
Itsaq Gneiss Complex (fig. 10C; Nutman and Bridgwater, 1986). Three samples
interpreted to be part of Ogn-1 were analyzed. GR0050 and GR9802 from the main
portion of the sheet have similar bulk compositions (table 1) at the boundary between
tonalite and trondhjemite (Barker, 1979). The samples are LREE enriched and similar
in total REE and La/YbN to Amı̂tsoq Gneisses and other Archean TTG (for example,
O’Nions and Pankhurst, 1974; McGregor, 1979; Nutman and Bridgwater, 1986;
Nutman and others, 1999; fig. 10D). Sample GR0012 is a small sheet within �10 cm of
the main Ogn-1 body (fig. 8A); its lower REE abundance (fig. 10D) and strong
enrichment of La and Ce relative to MREE suggests REE mobility. Nutman and
Bridgwater’s (1986) metasomatized sample 236961 is similar. A sample of Ogn-2
(GR0071; figs. 3 and 8B) has lower total REE but does not show the same disturbed
REE pattern as GR0012.

Leucogranitoid sample GR0009 from the large crosscutting Lg body in the
southern part of the map area (fig. 2) is high in silica and Na2O but depleted in other
oxides (table 1). Normative modes are trondhjemitic (Barker, 1979).

Oxygen-Isotope Geochemistry
Table 2 gives whole-rock oxygen-isotope compositions of amphibolite, ultramafic

rock, Qp gneiss along an �10 m SW-NE transect across the quartzite at the southern tip
of the peninsula (fig. 3). The transect is in the low-strain limb of the main F3 fold, near
the section measured by Fedo and Whitehouse (2002a). Also included are data from
Ogn samples. The amphibolites and ultramafics have �18O (SMOW) of 6.9 to 8.6
permil, with mean values of 7.6 � 0.9 and 7.3 � 0.3 permil (1�). Ogn rocks have �18O
similar to amphibolite and ultramafic rocks, with a mean of 8.0 permil (table 2).

Three aliquots of Qp sample ANU92-197 (fig. 3) have higher values of 11.9 to 13.2
permil, with an average of 12.6 � 0.7 permil. The range in values is likely due to
different proportions of quartz and pyroxene. The Akilia Qp sample is at the low end of
the 12.9 to 20.4 permil range of Isua BIF (Perry and others, 1978) and within the range
predicted for chert of this age (Knauth, 1992). If Qp rocks were originally Fe-Si-rich
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chemical sediments, it is sensible that they are similar to the least 18O-rich Isua BIF.
The relatively small mass of Qp rocks compared to adjacent, low-�18O mafic and
ultramafic lithologies could lead to 16O enrichment via mechanical mixing (minor
detrital input), or local fluid-rock interaction during diagenesis or metamorphism
(Kalodny and Epstein, 1976; Jones and Knauth, 1979; Knauth, 1992).

zircon geochronology

We carried out ion-microprobe U-Pb isotopic analyses of zircons from two
supracrustal lithologies (Qp and anthophyllite-garnet rock), and four samples of Ogn
bodies from the low-strain region of the enclave. Analytical methods and data tables
are given in the Appendix.

Quartz-Pyroxene Rock
We collected �10 kg of Qp rock (sample GR9713, fig. 3). Zircon yields were very

low (�10 zircons/kg sample). Grains are equant/stubby, rounded and rarely �100
	m in the longest dimension (fig. A1). Interiors are dark or turbid, in contrast to
generally lighter, featureless margins and terminations.

Seventy-six analyses of 46 zircon grains were collected in two analytical sessions
(table A1, fig. 12A). Radiogenic 206Pb is �99.5 percent. Pooled results from both
sessions yield 207Pb/206Pb ages that range from 1878 to 3638 Ma, with clusters of largely
concordant ages at �3600 Ma and �2700 Ma. Discordant ages are generally consistent
with a mixing line between these two groups, with the exception of six analyses that are
strongly discordant (�10% difference between 207Pb/206Pb and 238U/206Pb ages; fig.

Table 2

Whole-rock oxygen isotope data for Akilia lithologies

Notes: Analytical error is �0.2‰. Oxygen isotopes in silicates analyzed by the BrF6 method, and
reported in permil (‰) relative to standard mean ocean water (SMOW). Sample locations shown in figure
3. Amphibolite and ultramafic samples were projected onto SW-NE section (fig. 3); distances are relative to
southern (negative) and northern (positive) contact. Qp lithology is �3 m wide at this locality.
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Fig. 12. Results of U-Pb analysis of zircons, Qp gneiss sample GR9713 (fig. 3). (A) Tera-Wasserburg
diagram showing results from analysis sessions 1 and 2 (table A1). (B) Analyses with �3300 Ma 207Pb/206Pb
ages and �3% discordance. (C) Analyses with �2800 Ma 207Pb/206Pb ages and �3% discordance. Error
ellipses reflect 1� absolute error. Shaded ellipses in (B) and (C) denote analyses from grain margins, open
ellipses from grain interiors. Asterisks in (A) identify strongly discordant ages noted in text. Concordia
shown by solid line, with selected ages (filled circles) identified in Ma.
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12A). Ion-probe spots located near grain margins (“rims”, table A1) yield ages no older
than 3397 � 10 Ma (all errors are 2�), but otherwise yield a distribution of ages similar
to analysis spots located in grain interiors.

The age of the older population of analyses was assessed by calculating weighted
mean 207Pb/206Pb ages of spots from grain interiors as a function of discordance using
an initial cutoff of 5 percent discordance. This initial cutoff was selected because all
207Pb/206Pb ages between 2800 and 3300 Ma are �5 percent discordant and define a
mixing line between the �3600 and �2700 Ma age clusters (fig. 12A; table A1). The
weighted mean 207Pb/206Pb age of the thirty three �3300 Ma spots having �5 percent
discordance is 3570 � 22 Ma (95% confidence interval). The mean square of weighted
deviates (MSWD) is 112, indicating scatter well outside the analytical uncertainties.
Reducing the maximum discordance to �3 percent gave 3589 � 13 Ma (MSWD�26;
fig. 12B). The large reduction of MSWD is due to exclusion of one outlier (311-1, table
A1) and a weak correlation between age and discordance at 3 to 5 percent discordance.
Further reduction of the maximum discordance yielded the same weighted-mean ages
within uncertainty, and a minimum MSWD of 14. We take the 3589 � 13 Ma of the �3
percent discordant spots as the best estimate of the older zircons of sample 9713, but
we note that the high MSWD regardless of extent of discordance suggests inclusion of
multiple age groups (see below).

The age of the younger population of zircons was evaluated using the same
approach. The weighted mean 207Pb/206Pb age of the �2800 Ma spots (n�25) with �5
percent discordance is 2674 � 24 Ma (95% confidence interval), with MSWD � 91.
Reducing the discordance cutoff to �3 percent gave 2671 � 24 Ma (MSWD � 85, n �
24; fig. 12C). Further decrease in maximum discordance did not change weighted
mean ages within uncertainty and MSWD remained high. As with the older popula-
tion, the high MSWD of the �2800 Ma zircon population in the quartz-pyroxene rock
suggests inclusion of multiple age groups.

Anthophyllite-Garnet Rock
As noted above, an anthophyllite-garnet-bearing rock within Au has a distinct bulk

composition that suggests a sedimentary protolith. Sample GR00114 (fig. 3) had a low
yield of zircon that was similar in texture to those from Qp sample GR9713: they are
small and equant, with brownish turbid centers with clear translucent rims (fig. A2).
Cores of ten grains yield two clusters of nearly concordant ages at �3600 Ma (8
analyses) and �2700 Ma (2 analyses) (table A1, fig. 13). The older group yields a
weighted mean 207Pb/206Pb age of 3616 � 28 Ma (MSWD � 16). As with the Qp rock,
the high MSWD suggests inclusion of multiple age groups in the population. The two
younger zircons have a midpoint 207Pb/206Pb age of 2715 Ma.

Ogn Bodies
Ogn-1.—Zircons were separated from three samples (GR9802, GR0012 and

GR0050) of the east-west trending “arm” of Ogn-1 (fig. 3). Zircons from all three
samples are dominantly prismatic to bipyramidal, have high aspect ratios, and range
from 50 to 200 	m in length. A small fraction (�5%) is non-prismatic, and stubby to
equant in habit. In transmitted light, they range from clear and structureless to
brownish.

Sample GR9802 is a gray, tonalitic orthogneiss. We collected 61 analyses from 24
zircon grains in two analytical sessions (table A1, fig. A3). Analysis focused chiefly on
grain interiors (46 of 61 analyses). Four analyses had �98 percent radiogenic 206Pb
and were not considered further. The pooled data set yields a cluster of near-
concordant ages older than �3600 Ma (fig. 14A). Approximately 70 percent of
analyses with 207Pb/206Pb ages �3600 Ma are �5 percent discordant, and the extent of
discordance increases weakly with decreasing age, suggesting Pb loss or partial analysis
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of younger growth zones. The characteristics of the age distribution were therefore
evaluated considering only those analyses showing �5 percent discordance (44 of 61,
table A1).

Figures 14B and C show the age distribution and Th/U ratios of zircon analyses
that are �5 percent discordant. The weighted mean 207Pb/206Pb age of all such
analyses is 3674 � 23 Ma (MSWD � 83). Consideration of grain interiors alone gives a
similar age (3681 � 29 Ma, MSWD � 95, n � 32). The irregular distribution of ages
and high MSWD indicate multiple age populations. Calculation of the relative probabil-
ity of ages reveals an older 3700 to 3760 Ma group or groups that is statistically distinct
from �3700 Ma populations (fig. 14B). The older group has grain interiors with a
weighted mean 207Pb/206Pb age of 3728 � 8 Ma (MSWD � 4, n � 21), whereas �3700
Ma ages involve multiple populations with a weighted mean 207Pb/206Pb age of 3601 �
54 Ma (MSWD � 105, n � 8). The mean Th/U ratios of the older and younger age
groups differ. The mean Th/U of the �3700 Ma population is 0.25 � 0.28 (1�). In
contrast, �3700 Ma ages yield bimodal Th/U, with two analyses showing very high
mean Th/U of 1.8, whereas the rest are lower and significantly more scattered than the
�3700 Ma population (mean Th/U � 0.12 � 0.46).

Ion-microprobe analyses were also obtained from two additional samples of Ogn-1.
Sample GR0050 is a massive, gray tonalitic orthogneiss from the westernmost exposure
of Ogn-1 (figs. 2 and 8). Analyses of interiors of two zircon grains (table A1, fig. A4)
yield a concordant 207Pb/206Pb age of 3744 � 7 Ma and a younger, discordant
207Pb/206Pb age of 3695 � 19 Ma. Sample GR0012 is from an �10 cm wide tonalitic
gneiss sheet separated by 5 cm from the gray gneiss sheet from which GR0050 was

Fig. 13. Tera-Wasserburg diagram showing U-Pb ages of zircons from anthophyllite-garnet rock
(sample GR00114; fig. 3; table A1). Symbols as in figure 12, caption.
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Fig. 14. Results of U-Pb analysis of zircons, Ogn-1 sample GR9802 (fig. 3). (A) Tera-Wasserburg diagram
showing results from analysis sessions 1 and 2 (table A1). Symbols as in figure 10, caption (analyses of grain
interiors and margins not distinguished). (B) Histograms and relative probability (solid line) of 207Pb/206Pb
ages. (C) 207Pb/206Pb age vs. Th/U ratio for zircons with �5% discordance (see text). Dashed line at 3700
Ma identifies break between older grains with high, more tightly clustered Th/U and younger grains with
scattered Th/U (see text).
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taken (fig. 8). The intervening lithology is Au. Four analyses of zircon interiors (fig.
A4) are concordant to slightly discordant (fig. 15), and give a weighted mean
207Pb/206Pb age of 3736 � 8 Ma (MSWD � 2, n � 4). One rim has a younger
207Pb/206Pb age of 3613 � 8 Ma.

Ogn-2.—Zircons were separated from Ogn-2 sample GR0071 (figs. 3 and 8B).
Twenty-nine measurements of 25 zircons (table A1, fig. A5) gave �98 percent
radiogenic 206Pb in all analyses. 207Pb/206Pb ages chiefly from grain interiors range
from 3562 to 3845 Ma (fig. 16A). Because of somewhat high 238U/206Pb uncertainties
(fig. 16A), some analyses showing 5 to 10 percent discordance are concordant at the 2�
level. The age distribution was therefore evaluated using those analyses showing �10
percent discordance (n � 22), rather than �5 percent as in previous samples. The
distribution of 207Pb/206Pb ages shows a distinct group at �3768 Ma with the highest
relative probability (fig. 16B). This population has a weighted mean 207Pb/206Pb age of
3810 � 12 Ma (MSWD � 7; n � 13). In addition, two analyses give 207Pb/206Pb ages
between 3700 to 3730 Ma, and seven yield �3560 to 3660 Ma.

A depth-profiling study was undertaken on GR0071 grain #36 (table A2, fig. A5) to
better constrain the ages recorded by this sample (see Appendix for methods).
Continuous sputtering of �30 	m from the outermost grain surface yielded age zones
that increased with depth in the crystal (fig. 17A). The outer zone (�5 	m depth) gave
a well-defined 207Pb/206Pb age of 2664 � 26 Ma (MSWD � 2.2). An intermediate zone
(5.0 – 10.1 	m depth), in which age varies continuously with depth, is interpreted to
result from mixing of age populations as the ion beam sputtered across an inclined

Fig. 15. Tera-Wasserburg diagram showing results of U-Pb analysis of zircons, Ogn-1 samples GR0012
(solid elipses) and GR0050 (dashed ellipses). See figure 3 for sample locations and table A1 for data. Other
symbols as in figure 12, caption.
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Fig. 16. Results of U-Pb analysis of zircons, Ogn-2 sample GR0071 (fig. 3; table A1). (A) Tera-Wasserburg
diagram showing ages. Symbols as in figure 12, caption. (B) Histogram and relative probability (solid line) of
207Pb/206Pb ages.
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interface because of continuous, correlated variation in Th/U and related 208Pb/206Pb
(fig. 17B). At 10.1 	m depth, this mixed zone gives way to a region of constant
207Pb/206Pb age of 3649 � 10 Ma (MSWD � 1.2) that extends to 16.4 	m. Two
additional discrete zones can be identified in the core of the zircon: a region yielding a
constant age of 3728 � 8 Ma (MSWD � 0.79, 16.4-20.5 	m), which overgrew a central
zone of 3825 � 8 Ma (MSWD � 1.1, �20.5 	m).

Fig. 17. Results of depth-profiling study of zircon grain #36, GR0071 (fig. A5; table A2). (A) 207Pb/206Pb
age with depth, as estimated from number of cycles divided by total pit depth assuming constant sputtering
rate. Dashed lines and boxes identify weighted mean 207Pb/206Pb age and 2� uncertainty of distinct zones.
(B) Variation in zircon Th/U (filled circles) and 208Pb/206Pb (open circles) with depth. The bold line and
shaded region highlight the predicted Th/U in zircon based on whole-rock Th/U � 2 (table 1) and a
partition coefficient of 0.2 � 0.1. Only the oldest analyzed zone is consistent with Th/U exchange
equilibrium with the host rock.
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discussion

Origin and Age of Supracrustal Mafic, Ultramafic and Anthophyllite-Garnet Rocks
With the exception of Qp rocks (discussed separately below), the mapped litholo-

gies of the Akilia supracrustal enclave consist of mafic, ultramafic and minor anthophyl-
lite-garnet rocks. The geochemical data of this and previous studies (McGregor and
Mason, 1977; Nutman and others, 2002; Fedo and Whitehouse, 2002a) suggest that
amphibolites and ultramafic rocks had basaltic or peridotitic- to basaltic-komatiite
protoliths, respectively. The anthophyllite-garnet rock has major element, trace ele-
ment patterns and Y/Ho implying a sedimentary protolith derived from mafic and
ultramafic material and hydrothermal precipitates.

Independent of the ages of crosscutting Ogn bodies, a provisional minimum age of
the supracrustal enclave can be established based on the supracrustal lithologies alone.
In the absence of magmatic or detrital zircons in any of the supracrustal litholigies of
the enclave, the rocks must be older than �3510 to 3260 Ma, the age of Ameralik dikes
of the region (McGregor, 1968; White and others, 2000; Nutman and others, 2004b),
although the dike in figure 2 has not been dated. Metamorphic ages of zircons suggest
an even older provisional minimum age of the supracrustal sequence (fig. 18). Based
on textures and statistical analysis, Friend and Nutman (2005a) concluded that zircons
from Akilia amphibolite grew during subsolidus metamorphism. Of their two zircon
age populations, the older group has a weighted mean 207Pb/206Pb age of 3604 � 10
Ma (MSWD � 28). Zircon textures in our GR00114 sample of anthophyllite-garnet
rock are similar to those reported by Friend and Nutman (2005a). The zircons likewise
yield two concordant 207Pb/206Pb age clusters at �3600 Ma and �2700 (fig. 18). The
weighted mean 207Pb/206Pb age of the older group is 3616 � 28 Ma (MSWD � 16),
which is statistically indistinguishable from the older group of Friend and Nutman
(2005a). The �3600 Ma age populations possess MSWD significantly greater than one,
indicating scatter outside the analytical uncertainty, which Friend and Nutman (2005a)
attributed to multiple high-grade metamorphic events between 3500 and 3700 Ma.

The similarity in the zircon textures and age populations among the Akilia
supracrustal lithologies suggests juxtaposition and a shared history of zircon nucle-
ation and growth. It is likely that zircon initially grew in these lithologies during the
same metamorphic event or events, probably during breakdown of Zr-bearing silicates
such as amphibole (for example, Fraser and others, 1997). The younger zircon
population at 2600 to 2700 Ma (fig. 18) records Late Archean recrystallization,
ripening, or new growth. Thus, zircon growth in supracrustal lithologies is best
interpreted as metamorphic, and the age populations are consistent with regional
granulite (�3600 Ma) and amphibolite (�2700 Ma) metamorphism (Friend and
Nutman, 2005a). Regardless of the interpretation of Ogn crosscutting relations, it is
clear that Akilia supracrustal rocks are at least �3600 Ma.

Origin and Age of Orthogneiss Bodies
Our geologic observations suggest that Ogn-1 and Ogn-2 represent two crosscut-

ting igneous bodies preserved within the supracrustal enclave, consistent with results of
Nutman and others (1996, 1997, 2000, 2002). In the case of Ogn-1, the geologic
relations involve correlating individual outcrops through an area of incomplete
exposure. The inferred correlation is supported by bulk chemical and U/Pb zircon
data. Three samples of Ogn-1 are tonalite/trondhjemite with broadly similar normative
Ab-Or-An, and as a group have lower normative An than tonalites Ogn-2 (GR0071),
Ogn-4 (GR9716) and GR9702 from the Amı̂tsoq Gneisses at the enclave’s margin
(table 1).

The zircon data also support the outcrop correlation used to define the geometry
of Ogn-1. Sample GR9802 yielded a tightly clustered high Th/U population of
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Fig. 18. Histograms of 207Pb/206Pb ages of zircons from supracrustal lithologies, including Qp gneiss
(GR9713, this study, and G91-26, Nutman and others, 1997), anthophyllite-garnet rock (GR0014, this study),
and amphibolite (G99/32, Friend and Nutman, 2005a).
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207Pb/206Pb ages for grain interiors of 3728 � 8 Ma. This agrees reasonably well with
analyses from Ogn-1 samples GR0012 (3736 � 8 Ma) and GR0050 (3744 � 7 Ma),
although the smaller number of analyzed grains in the latter samples precludes direct
comparison of populations. Combination of all analyses of grain interiors with �5
percent discordance in the three samples gives a weighted mean 207Pb/206Pb age of
3730 � 7 (MSWD � 4, n � 26), indicating that the mean age and population
characteristics of the combined data are the same as for sample GR9802 alone. It is
significant that none of the samples yields cores �3761 Ma (GR9802, analysis 212-2,
table A1). The common occurrence of �3800 Ma zircon cores in the Amı̂tsoq Gneisses
regionally, as well as in Ogn tens of meters away within the enclave (Ogn-4: Nutman and
others, 1997, 2000; Mojzis and Harrison, 2002a; Whitehouse and Kamber, 2005; Ogn-2:
this study), suggests that Ogn-1 represents a discrete magmatic phase with a distinct
population of �3730 Ma zircon cores. Thus, the combination of bulk composition and
zircon data support the inferred consanguinity of GR9802, GR0050 and GR0012,
which requires that Ogn-1 crosscut the lithologic contacts shown in figures 2 and 3.

Ogn-2 also shows evidence for magmatic crosscutting relations. Spot analyses of
zircon grain interiors yielded multiple 207Pb/206Pb age groups of 3560 to 3660, 3700 to
3730, and 3810 � 12 Ma. The same ages are recorded by an individual zircon, as
revealed by depth profiling, in which three interior regions gave weighted mean
207Pb/206Pb ages of 3649 � 10, 3728 � 8, and 3825 � 6 Ma (fig. 17). The oldest portion
of the crystal is characterized by a high and roughly constant Th/U of �0.3. In
addition, the depth profile revealed a narrow margin of the zircon with a 207Pb/206Pb
age of 2664 � 26Ma.

Crosscutting igneous origins for Ogn-1 and Ogn-2 mean that their magmatic age
gives a minimum estimate for the rocks they crosscut. However, the identification of
which age population within these complexly zoned zircons corresponds to the
crystallization age is controversial. Before discussing magmatic ages of Ogn-1 and Ogn-2
bodies, we review previous results on Ogn-4 in the NW part of the enclave, which has
been investigated in greater detail.

Previous studies of Ogn-4.—Irrespective of the debate about crosscuting relations
involving Ogn-4 (fig. 3; Nutman and others, 1997; Myers and Crowley, 2000), the use of
zircon geochronology to establish its age has led to different interpretations. One
model holds that zircon cores precipitated from a melt possessing the bulk composi-
tion of their host rock (Nutman and others, 1996, 1997, 2000; Mojzsis and Harrison,
2002a). In this in-situ growth model, the zircon cores would have crystallized either in
the crustal magma chamber from which the crosscutting vein was sourced or in the
vein itself, whereas younger portions grew during later metamorphic episodes which
may have involved partial melting. The zircon cores show bright cathodoluminescence
(CL), oscillatory zoning, and are typically euhedral (Whitehouse and Kamber, 2005).
Recent, carefully constrained ages determined for zircon cores from samples of Ogn-4
tonalitic gneiss all agree at 3841 � 6 Ma (Nutman and others, 2000), 3828 � 8 Ma
(Mojzsis and Harrison, 2002a) and 3842 � 5 Ma (Whitehouse and Kamber, 2005,
group 1A). Rims and equant CL-dark grains yield younger ages of �3700 to 3500 and
�2700 to 2500 Ma, which correlate with regional metamorphic events and are
interpreted to reflect zircon growth during metamorphism perhaps with local anatexis.
The primary support for this model is that zircon cores have high Th/U that yield
distribution coefficients of 0.13 to 0.26 relative to bulk rock Th/U (Mojzsis and
Harrison, 2002a; Whitehouse and Kamber, 2005), consistent with a zircon-melt distri-
bution coefficient of 0.2 � 0.1 in silicic rocks (Mahood and Hildreth, 1983; Mojzsis and
Harrison, 2002a; Schmitt and others, 2003). In contrast, Th/U of zircon rims and
CL-dark grains are lower, and calculated Th/U distribution coefficients are not
consistent with magmatic zircon growth in equilibrium with the bulk rock. Supporting
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the argument for in situ zircon growth at �3840 Ma in Ogn-4 are low whole-rock Zr
contents, which yield low zircon saturation temperatures of �750°C (Watson and
Harrison, 1983; Mojzsis and Harrison, 2002a; Hanchar and Watson, 2003; table 1),
significantly below the temperature expected for hornblende dehydration melting, the
mechanism typically invoked for TTG generation (for example, Martin, 1986; Wyllie
and others, 1997). Melt generation and emplacement at high temperature would
minimize zircon inheritance (Harrison and Watson, 1983). Thus, in the in-situ growth
model, the igneous age of Ogn-4 is �3840 Ma, consistent with results from similar
bodies in other localities in the Itsaq Gneiss Complex (Nutman and others, 2000). Key
assumptions are that magmas were produced by dehydration melting at temperature
sufficiently high to preclude preservation of inherited zircon, that whole-rock Zr and
Th/U have not been disturbed by later processes, and that calculated distribution
coefficients between whole rock and zircon reflect exchange equilibrium at magmatic
conditions.

In an alternative model for the age of Ogn-4 (Whitehouse and others, 1999;
Whitehouse and Kamber, 2003, 2005), the CL-bright euhdral cores were inherited
during a voluminous �3650 Ma magmatic event that precipitated zircon from tonalitic/
granodioritic magma at this time. The xenocryst model was invoked in part to explain
the inference based on Pb isotopes in feldspars that Amı̂tsoq Gneisses preserve no
evidence for evolution in the crust prior to �3650 Ma (Moorbath and others, 1997;
Kamber and Moorbath, 1998). The xenocryst model is predicated on two assumptions.
The first is that source melting did not occur by hornblende dehydration at high
temperature. Trace-element data for Amı̂tsoq Gneisses have been interpreted to
suggest water-saturated melting of the mantle wedge above an early Archean subduc-
tion zone (Kamber and others, 2002). Such melts could have entrained zircon
xenocrysts while passing through the lower crust, and the probability of preservation
would be high due to the assumed lower temperatures of H2O-saturated melting. The
second assumption is that Th/U ratios do not constrain zircon origin (Whitehouse and
Fedo, 2005).

The xenocryst model is implausible for several reasons. In dismissing zircon Th/U
constraints, Whitehouse and Fedo (2005) consider the ratio in zircon alone; however,
the key constraint is in fact Th-U partitioning between zircon and melt (taken to be the
bulk rock). Only the �3840 Ma zircon cores have Th/U appropriate for magmatic
exchange with their host rock, whereas the xenocryst model requires either that
host-rock Th/U has shifted by a factor of �100 relative to the value predicted for
zircon-melt equilibrium (data from Mojzsis and Harrison, 2002a; Whitehouse and
Kamber, 2005), or that zircons precipitated in extreme exchange disequilibrium with
their host melt, while cores coincidently suggest apparent equilbrium with the whole
rock. A second problem with the xenocryst model is that it invokes significant
assimilation to explain the zircons, but assumes that trace elements nevertheless yield
unmodified source characteristics (Kamber and others, 2002; Whitehouse and Kam-
ber, 2005).

Rare-earth element data (Whitehouse and Kamber, 2005) lend additional support
to the in-situ model for zircon growth in Ogn-4 zircons. The �3840 Ma cores have
chondrite-normalized REE patterns with strong LREE/HREE fractionation, typical of
igneous zircons. In contrast CL-dark, structureless zircons giving �3600 Ma 207Pb/
206Pb ages possess flat HREE patterns, consistent with exchange equilibrium with an
HREE-fractionating mineral interpreted to be garnet. Whitehouse and Kamber (2005)
argued that the latter zircons represent the age of Ogn-4, that the cores were inherited,
and that garnet was present in the source region for the granodiorite hosting the
zircons. However, for representative examples of these two populations (fig. 19),
zircon-whole rock partition coefficients for cores are similar to magmatic values in
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other Amı̂tsoq Gneisses (Whitehouse and Kamber, 2003) and yield typical lattice-strain
parameters for mineral-melt exchange (Blundy and Wood, 1994; fig. 19). In contrast,
the �3600 Ma zircons interpreted to be magmatic do not yield the simple parabolic
dependence of partition coefficient on ionic radius that should result from zircon
growth from a melt with the composition of its host rock. If such zircons were in
equilibrium with a TTG melt, that melt would have La/YbN � 358 to 850 (parameters
from fig. 19 and Whitehouse and Kamber, 2003), whereas maximum La/YbN in
Archean TTG rocks is roughly 150 (fig. 10D; Martin, 1986). Moreover, La/YbN of the
host rock must subsequently have shifted to its current value of 8.4; that is, by a factor of
�40 to 100. Given that flat HREE depletion is also characteristic of some �2700
zircons, and that this depletion is more pronounced in zircons from Ogn-4 than in

Fig. 19. Zircon-melt partition coefficients vs. radius of octahedrally coordinated trivalent REE, calcu-
lated from representative analyses of Whitehouse and Kamber (2005; WK05; Ce and Eu omitted) from
Ogn-4. Open circles are for analysis 2-4a (3823 � 6 Ma), from CL-bright, euhedral zircon core textural group,
whereas filled circles are analysis 2-12a (3666 � 4 Ma), from group of CL-dark featureless grains. The older
analysis yields a parabolic functional form to the distribution coefficients calculated from bulk composition
reported by Whitehouse and Kamber (2005). Assuming ro � 0.84 and 850 °C (Whitehouse and Kamber,
2003; WK03), a best fit to the lattice-strain equation of Blundy and Wood (1994) gives Do � 3315 and E � 346
GPa (see text). The best-fit parabola is in excellent agreement with other results from Amı̂tsoq Gneisses in
the region (Whitehouse and Kamber, 2003). Analysis 2–12a could not have grown in exchange equilibrium
with its host melt at equilibrium without either major REE mobility or violation of the assumptions of the
lattice-strain equation, suggesting that the older zircon is the best estimate of crystallization age.
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those from Amı̂tsoq Gneisses outside the enclave (Whitehouse and Kamber, 2002,
2003, 2005), it appears that, as with Th and U, REE in Ogn-4 zircons show that only
�3840 zircon cores record exchange equilibrium with the host rock. The HREE
depletion in younger zircon is simply explained by growth in the presence of garnet
during �3600 Ma granulite grade metamorphism and/or partial melting, and �2700
Ma amphibolite facies recrystallization and deformation.

In summary, models for the magmatic age of the igneous rocks found within the
Akilia enclave should satisfy to first order the geochemical constraints imposed both by
zircon and its host rocks, unless evidence for disturbance exists. For Ogn-4, we find that
only the CL-bright, oscillatory-zoned cores succeed, and that �3840 Ma is therefore
the best estimate of the magmatic age of the body.

Ogn-1.—The above approach can be used to assess the magmatic age of Ogn-1.
Sample GR0012 has whole-rock Th/U � 3.8, and mean Th/U of zircon cores is 0.56,
which gives a distribution coefficient of 0.14, consistent with magmatic values of 0.2 �
0.1 (Mahood and Hildreth, 1983; Mojzsis and Harrison, 2002a; Schmitt and others,
2003). In contrast, GR0050 and GR9802 are characterized by lower U (table 1), and the
latter sample has Th/U � 9. Zircon cores have Th/U of 0.62 and 0.21, respectively,
giving much lower distribution coefficients of �0.02. The mean Th/U of the main
group of �3700 Ma analyses in GR9802 is 0.08, which yields even lower bulk
distribution coefficient. However, two �5 percent discordant rims yield Th/U � 1.8
(207Pb/206Pb ages are 3619 � 10 and 3625 � 14 Ma), for a bulk distribution coefficient
of 0.2. Given that selective leaching of U during high-grade metamorphism and partial
melting (for example, Rollinson and Windley, 1980; Nozhkin and Turkina, 1995)
raises whole-rock Th/U above expected values of 1 to 4 for mantle-derived tonalite,
magmatic distribution coefficients for these two analyses and the elevated whole rock
Th/U of GR9802 may suggest local anatexis during �3600 Ma metamorphism.
Therefore, the best estimate for the pre-metamorphic magmatic age of Ogn-1 is the
3730 � 7 age of the zircon cores, as suggested by Th/U data from GR0012. This is
consistent with low calculated zircon-saturation temperatures of Ogn-1 samples of 720
to 772 °C (table 1).

Ogn-2.—The magmatic age of Ogn-2 is best established from the depth-profiling
results because it gives Th/U as a function of age at high spatial resolution. The
whole-rock Th/U of GR0071 is 2.0 (table 1), which would be in exchange equilibrium
with magmatic zircon of Th/U � 0.4 � 0.2. Figure 17 shows that only the inner 3825 �
6 Ma portion of the grain yields the predicted magmatic Th/U. All younger zones give
lower, non-magmatic distribution coefficients. As with Ogn-1 and Ogn-4, this is consis-
tent with low zircon-saturation temperature (table 1). Additional support for a 3825
Ma magmatic age is the statistically distinct zone of low Th/U zircon growth at 3728 �
8 Ma (fig. 15). This age is identical within uncertainty to the age of Ogn-1. The close
proximity of Ogn-2 to Ogn-1 (figs. 2 and 3) raises the possibility that Ogn-2 experienced
contact metamorphism at the time of emplacement of Ogn-1. Thus, the inferred
magmatic age relations indicate that Ogn-1 and Ogn-2 record two temporally distinct
intrusive events. Miminum age of the supracrustal enclave must be at least the age of
the oldest crosscutting unit, that is, 3825 � 6 Ma.

Origin and Age of Quartz-Pyroxene Rocks
The origin of Qp rocks within the Akilia enclave is significant for two reasons. First,

if they are sedimentary, they would be an original part of the Akilia supracrustal
stratigraphy, and therefore �3825 � 6 Ma—among the oldest preserved terrestrial
sediments, along with those from the Isua Supracrustal Belt and islands south of Akilia
(Cates and Mojzsis, 2006). In addition, C isotope evidence has been interpreted to
indicate that biological fractionations are preserved in Qp rocks (Mojzsis and others,
1996), also in common with Isua metasediments (Rosing, 1999).
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Nutman and others (1997) interpreted Qp rocks as banded iron-formation based
in part on inferred similarities to Isua BIF. However, these comparisons are unsatisfac-
tory in detail because of the high degree of metamorphism and poor correspondence
of bulk composition data to quartz-magnetite BIF at Isua (fig. 11A; Fedo and White-
house, 2002a). Nevertheless, as noted above, major-elements are similar to some BIF,
pointing to a possible origin as a minor Fe- and Si-rich chemical sediments with
affinities to iron formation. The Qp rocks are polymetamorphic gneisses, and detailed
observations indicate veining and at least internal remobilization of components
(Friend and others, 2002). Still, it is possible that there has been relatively little mass
transfer with host lithologies, and that many of the compositional characteristics of an
original chemical sediment are preserved.

A second possibility is that Qp rocks originated as metasomatic rocks during
metamorphism, after original formation of the other supracrustal lithologies. In their
original description of the Fe-rich rocks of the Akilia association, McGregor and Mason
(1977) noted widespread occurrence of Fe-rich lithologies in the region. They consid-
ered three possible origins for these rocks based on REE chemistry: (1) chemical
sediment, (2) chemical sediment with detrital addition of REE, and (3) introduction of
REE by metasomatism. They argued for option (1), but cautioned that many Qp rocks
of the Akilia association have high contents of quartz and locally elevated Cr and Ni,
which may suggest silica metasomatism of diverse protoliths (clinopyroxenites, other
basic rocks, volcanic-detrital sediments, banded iron-formation). The Qp gneisses of
Akilia are rich in quartz and, locally, Cr and Ni, and would appear to be examples of
such rocks.

Fedo and Whitehouse (2002a) argued for a metasomatic origin of Qp rocks. They
noted concave-downward REE patterns, in contrast to concave-up REE of Isua BIFs. A
thick, unboudinaged band of Fe-rich pyroxene in the quartz-pyroxene lithology (their
sample AK38) has Cr, Th/Sc, and Cr/Th, similar to adjacent ultramafic rocks. REE
patterns of other pyroxene-rich boudins and quartz-rich samples are similar to AK38,
though total REE in the latter are lower due to dilution by quartz. This suggests a
shared protolith for all Qp rocks. In addition, Fedo and Whitehouse (2002a) suggest
that TiO2, P2O5, TiO2/P2O5, Cr, and Y of Qp rocks are similar to ultramafics, but not
comparable to BIF or mafic igneous rocks. They therefore proposed that Qp rocks
originated as ultramafic rocks, which were “compositionally modified during repeated
episodes of metasomatism [including carbonate replacement (Rosing and others,
1996; Rose and others, 1996), quartz veining and LREE addition], and metamorphism,
whose intensity precludes constraining their timing and number.”

Constraints on the two proposed models for the origin of Qp rocks are discussed
below. The geologic and geochronologic results provide a minimum age of the
lithology. Within this framework, specific field and petrologic tests reveal that key
observations are not only consistent with a sedimentary origin, but contravene predic-
tions of the metasomatic hypothesis. In addition, independent geochemical tests can
be explained by the sedimentary model but not by the metasomatic model. In light of
these constraints, we conclude that Qp rocks originated as local deposits of chemical
sediment with minor input of mafic and ultramafic detritus.

Age of Qp rocks.—Zircons from Qp sample GR9713 have textures similar to those of
supracrustal amphibolites (Friend and Nutman, 2005a) and anthophyllite-garnet rock
(A1, A2), consistent with a metamorphic origin. In addition, they yield �3600 Ma and
�2700 207Pb/206Pb age clusters (fig. 16). A weighted mean 207Pb/206Pb age of
concordant analyses from the older group is 3589 � 13 Ma (MSWD � 26), identical
within uncertainty to mean zircon ages of the supracrustal lithologies. All three of the
�3600 Ma age populations possess MSWD significantly greater than one, indicating
scatter outside the analytical uncertainty. Nutman and others (1997) reported concor-
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dant zircons from a Qp rock giving 207Pb/206Pb ages ranging from 2516 � 11 to 2682 �
6 Ma (fig. 16), with a weighted mean 207Pb/206Pb age of 2636 � 20 (MSWD � 28)
similar to that of the younger population in our samples. It is not clear why their zircon
separate failed to yield the older zircon components found in the present study.

The older metamorphic zircon age-group indicates that Qp rocks are �3589 � 13
Ma. Our mapping results reveal that Qp rocks shared the entire deformation history
recorded in the enclave, including the formation of the currently exposed lithologic
contacts. If Qp rocks are metasomatic in origin, their age predates all preserved
deformation and is bracketed between the age of the supracrustal rocks and the age of
the oldest zircon age group; that is, from at least 3825 � 6 to 3589 � 6 Ma.
Alternatively, if Qp are metasediments, then as a primary component of the supra-
crustal enclave they must be �3825 � 6 Ma.

Field and petrologic considerations.—Contacts between Qp gneiss bands and their
host rocks are subparallel to the Am-Amu contact, and internal S1 fabric is coaxial with
that in bounding lithologies. Thus, in addition to sharing with supracrustal rocks the
same history of metamorphic zircon growth, Qp rocks also experienced the same
history of preserved deformation. Part of this deformation involved veining and mass
transfer on a local scale. Amphibolites of Am locally contain garnet within �1 m of Qp,
and Um bodies show somewhat elevated SiO2 contents. These features are consistent
with local component exchange during metamorphism of lithologies with strongly
contrasting protolith composition, and do not require major fluid flow. Post-S1 quartz
and Fe-rich clinopyroxene veins within are widespread in Qp rocks (figs. 5C and D).
Orientations at high angles to lithologic contacts and S1 are common, but many also
show complex geometry (fig. 5D).

The foregoing field relations are consistent with either a sedimentary or metaso-
matic origin. If Qp rocks were originally chemical sediments, all features are the
expected chemical and rheological responses to multiple metamorphic and deforma-
tional episodes. Several scenarios for metasomatism can also be envisioned, subject to
the same constraints. For example, as at Isua (Rosing and others, 1996; Rose and
others, 1996; Frei and others, 2002), metasomatic alteration could have accompanied
metamorphic devolatilization during prograde heating, although the sources and
processes would have to differ fundamentally at Akilia. Alternatively, Ogn emplace-
ment or oceanic hydrothermal alteration could have caused metasomatism. However,
three additional field and petrologic considerations pose challenges that make a
metasomatic origin implausible.

First, the quartz-pyroxene exposure that has received the most attention is a
locality where ultramafics form one contact (amphibolite is the other); however, this
contact relationship is not consistently observed along the Qp exposures (fig. 2 and
Friend and others, 2002). In general, contact rocks are dominated by amphibolite
rather than ultramafic rocks. If the metasomatic model is valid, it must provide a
mechanism for generating the ultramafic protolith at contacts where only amphibolite
is now observed. Primary formation processes and/or subsequent deformation gener-
ated discontinuous ultramafic blocks and boudins, but Qp rocks form two distinct
bands within the low-strain limb of F3. The requirement of an ultramafic protolith
dictates that continuous bands of this lithology exist as precursors to the Qp lithology,
which conflicts with its disruption into blocks and boudins in the low-strain F3 limb.

A second challenge to the metasomatic model is that the posited quartz veining is
inconsistent with the preserved chemical-potential gradients. If metasomatic fluids
were derived from bounding lithologies, those rocks must have been capable of
generating sufficient dissolved SiO2 to yield the voluminous quartz of Qp rocks.
However, the host rocks are low-silica ultramafic and mafic rocks. Although SiO2 is
soluble in an H2O-rich fluid equilibrated with either lithology at amphibolite to
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granulite grades (Manning, 1994a; Newton and Manning, 2002), the chemical-
potential gradient between ultramafic and mafic compositions does not favor major
SiO2 mass transfer and quartz deposition by locally derived fluid (Newton and
Manning, 2000a). Increasing concentrations of CO2 or NaCl only reduce capacity to
transfer SiO2 (Newton and Manning, 2000b). Even if the fluid were externally derived,
the metasomatic model requires significant SiO2 infiltration without the correspond-
ing production of an alteration halo recording a chemical-potential gradient in SiO2
between quartz-rich Qp rocks and ultramafic lithologies.

A third problem is that the quartz veining postulated in the metasomatic hypoth-
esis must have been highly localized, as the veins are not found elsewhere in Am and
Amu. Such concentration of veining contravenes the typical self-similar clustering of
fractures and veins (Manning, 1994b).

Thus, field and petrologic relations suggest that an origin of Qp rocks by
metasomatic fluid sourced in bounding lithologies is problematic. An origin by an
exotic fluid focused into veins requires the special geometric scenario in which
contiguous ultramafic bands not seen elsewhere are preferentially altered by veins that
do not display the self-similar scaling properties of typical vein systems. Finally, the
outcrop-scale chemical effects of metasomatism were limited, so that there was no
significant silica mass transfer into host lithologies.

Geochemical considerations: O isotopes.—A metasomatic event of even modest scale
will modify oxygen-isotopic ratios in the rocks surrounding the fluid flow channels (for
example, Valley, 1986; Kerrich, 1987; Nabelek, 1991; Ferry and Gerdes, 1998). To
assess the extent of metasomatic exchange, we measured whole rock �18O on a traverse
across the southernmost Qp band (fig. 3, table 2). Figure 20A shows that there is no
systematic variation in �18O with distance from either Qp contact. The lack of
correlation of �18O with distance from the northern Qp contact suggests that the
slightly more variable values to the south are due to normal scatter.

The sharp contrast in �18O between Qp rocks and amphibolite and ultramafic
rocks rules out large-scale metasomatic exchange of oxygen between Qp rocks and any
other lithology. Because the Qp rocks are dominantly quartz, �18Orock � �18Oqtz � 13
permil, which allows �18Ofluid to be estimated (Matsuhisa and others, 1979). O-isotope
exchange between this fluid and an initial ultramafic rock with the minimum observed
value of 7 permil will increase �18Orock to varying extents depending on temperature
and water-rock ratio (Taylor, 1977). Using amphibole-water fractionation (
amp-H2O)
calculated from 
qtz-H2O and 
qtz-amp (Bottinga and Javoy, 1975) and assuming
�18Orock � �18Oamp for ultramafic rocks (which are �80% amphibole), it is possible to
calculate the water-rock ratio required to produce the maximum �18Orock observed in
the lithologies bounding the Qp band.

Figure 20B shows that, at �400 °C, the water-rock ratio can be no more than 0.5 in
the most conservative case (1.5‰ shift, closed system, lowest temperature). At lower
temperature, amphibole is unstable with respect to serpentine in ultramafic bulk
compositions. The same calculation using serpentine-H2O fractionation (Wenner and
Taylor, 1971) requires negative (impossible) water-rock ratios to produce a positive
shift in �18Orock. Thus, O-isotope data preclude large-scale metasomatic mass transfer
by a water-rich fluid—the only type of fluid that would have the solvent power sufficient
to transport major elements at the scale proposed. Although more rigorous modeling
of O-isotope exchange is possible (for example, Baumgartner and Rumble, 1988), this
simple test showing that the fluid volume cannot have been significant indicates that
such treatment is not warranted.

Geochemical considerations: nontraditional stable isotopes.—Terrestrial igneous rocks
show tightly clustered Fe stable-isotope ratios, whereas iron formations show strong
deviations (Johnson and others, 2003; Beard and Johnson, 2004). Dauphas and
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Fig. 20. (A) Whole-rock oxygen-isotope data for Qp, ultramafic, and amphibolitic rocks along a transect
through the southernmost Qp band (fig. 3). Samples are projected onto the transect; negative values indicate
samples southwest of band and positive values are samples to the northeast. (B) Variation in water-rock ratio
(Taylor, 1977) with temperature for the postulated metasomatic event. Curves show atomic ratio of fluid to
rock required for a fluid in O-isotope equilibrium with Qp quartz to shift host ultramafic rock or amphibolite
above background values. O-isotope exchange was modeled using fluid-amphibole equilibrium (see text).
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others (2004) found that Akilia supracrustal mafic and ultramafic rocks had
average enrichments in 56Fe and 57Fe relative to 54Fe (FFe) of 0.024 � 0.013
‰/amu with respect to IRMM-014 standard, identical to average terrestrial
igneous rocks (0.040 � 0.009 ‰/amu). In contrast, Akilia Qp rocks are enriched in
the heavy Fe isotopes and more variable than mantle-derived rocks (FFe � 0.062 to
0.522 ‰/amu), similar to silicate-oxide iron formation of Isua and the Kaapvaal
Craton. Metasomatic production of such large shifts would require very high
fluid-rock ratios because high-temperature mineral-fluid fractionation must be low
for such small differences in isotopic mass. However, high fluid-rock ratios are
precluded by the O-isotope results. Dauphas and others (2004) also rule out an
origin by a process analogous to mid-ocean ridge hydrothermal alteration because
it is not consistent with bulk Fe/Ti. In contrast, enrichment in heavy Fe isotopes is
readily explained by oxidation of hydrothermally derived ferrous iron and precipi-
tation as insoluble oxyhydroxides during chemical sedimentation. Thus, Fe iso-
topes support a sedimentary but not a metasomatic model for the Qp protolith.

Si isotope data are also consistent with a Qp origin by chemical sedimentation.
André and others (2006) report �30Si � �0.36 permil (NBS28) for Akilia Qp rocks.
Although this is heavier than values determined for quartz from Isua BIF, it is within
the range measured for metachert and sea-floor siliceous sediment derived from
hydrothermal fluids—the origin proposed here for the Qp bands. However, �30Si of
many such deposits, along with Qp rocks, also lies within the range of fresh mafic
igneous rocks (�1.0 to �0.2 ‰). Evidently, Si isotopes do not alone provide the
discrimination needed to resolve the problem.

Geochemical considerations: S isotopes.—Mass-independent fractionation sulfur stable
isotopes in Archean sedimentary sulfide and sulfate (Farquhar and others, 2000) have
also been used to evaluate protolith origins. Mass-dependent fraction of 32S, 33S and
34S yields no departure from the predicted dependence of �33S on �34S (
33S � 0).
Mass-independent, nonzero 
33S were produced by photolytic reactions on H2S and
SO2 molecules in the ozone-poor Archean atmosphere, and deposition of S aerosols
into surface waters transferred this signal to Archean sedimentary rocks. Thus,
nonzero 
33S signifies incorporation of Archean atmospheric S.

Mojzsis and others (2003a) determined S isotope values in Qp sulfides and
found that composite chalcopyrite-pyrrhotite grains show statistically significant
mass-independent fractionation (
33S � �0.57). The grains are likely exsolution
products from a single sulfide that recrystallized at high metamorphic grade, but
the 
33S signal is conservative and indicates incorporation of atmosphere-derived
S. Non-zero 
33S is similar to Archean BIF (Farquhar and others, 2000; Mojzsis and
others, 2003a). However, Whitehouse and others (2005) found 
33S � 0 in sulfides
from a different sample from the Qp unit and used this with Pb-isotope data to
argue that S isotope results are ambiguous tracers of sedimentary origin. Both
sedimentary and metasomatic processes could produce heterogeneous 
33S, either
through variable sampling of atmospheric and mantle S reservoirs during deposi-
tion, or through remobilization of the signal. Further study is needed to explore
the implications of the S isotopic results, but the presence of nonzero 
33S is
consistent with the Archean origin of Qp rocks inferred by independent methods.

Geochemical considerations: immobile elements.—In the metasomatic model, pyroxene
bands and boudins in Qp rocks are metasomatized ultramafic protoliths invaded by
quartz veins. A pyroxene layer inferred to be the least altered has ultramafic concentra-
tions of some nominally immobile elements (Fedo and Whitehouse, 2002a). If Qp
rocks formed by metasomatism, then all quartz-free pyroxene bands and boudins
should have ultramafic immobile-element signatures. In addition, when samples with
variable quartz abundance are considered, analyzed Qp rocks should reflect a mechani-
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cal mixture of quartz veins and altered ultramafics, and element ratios should obey
simple two-component mixing rules. In contrast, a sedimentary model requires instead
that immobile-element ratios are similar to known values for the postulated protolith.
We use the data of Fedo and Whitehouse (2002a) to show that only a sedimentary
origin is favored.

Ti, Al, REE, Y, Zr, Cr, Sc, Th and platinum-group elements (PGE) were either
implicitly assumed to be immobile in the metasomatic model (Fedo and Whitehouse,
2002a), or are known to be immobile during secondary processes affecting mafic and
ultramafic lithologies (Floyd and Winchester, 1975; Pearce, 1975; Sun and Nesbitt,
1979; Ludden and Gelinas, 1982; Ludden and others, 1982; Jochum and others, 1991;
Arndt, 1994; Büno and Meisel, 1994). Inspection of the data of Fedo and Whitehouse
(2002a) shows that relative to average ultramafic rock, LREE are more enriched than
HREE in pyroxene bands, so all REE cannot be immobile during hypothesized
metasomatism. A comparison of ratios of the remaining elements in pyroxene bands
and boudins to those in average ultramafic rock (table 3) reveals that no ratio has an
ultramafic value in all four analyzed bands. Of the fifteen independent ratios, there are
seven for which two of four bands have ultramafic ratios, but not the same pair of bands
in each case. There are five ratios for which only one of the four bands has an
ultramafic ratio and, in three cases, none. Comparison of PGE gives similar results
(Anbar and others, 2001).

A further test of a metasomatic origin involves analysis of two-component
mixing based on ratios of nominally immobile elements. In the metasomatic
model, the Qp lithology is a metamorphosed mechanical mixture of altered
ultramafic protolith and quartz-rich vein material (Fedo and Whitehouse, 2002a,
2002b, 2002c). Accordingly, immobile-element ratios in pyroxene bands and Qp
gneisses should define mixing curves between these end members and indicate the
geochemical affinity of the hypothesized protolith. Figure 21A compares TiO2/
P2O5 and Cr/Y in Qp and ultramafic rocks. The sample hypothesized to be least
altered and to most faithfully preserve an ultramafic protolith is AK38 (Fedo and
Whitehouse, 2002a), which plots near ultramafic rocks (fig. 21A). Sample AK31,
with TiO2/P2O5 and Cr/Y of �1 and �20, has the highest SiO2 of the Qp rocks, and
should therefore reflect a composition closest to the hypothesized quartz vein end
member. The metasomatic hypothesis predicts that the other samples lie on a
mixing line between these end members; however, all other Qp rocks and pyroxene
bands lie at lower TiO2/P2O5 and Cr/Y than AK31. No choice of end members can
explain the observed pattern. Two-component mixing also fails to explain variation

Table 3

Number of the four Qp pyroxene bands with ultramafic element ratios

Entries indicate number of Qp bands possessing ratios of nominally immobile elements that are similar
to ultramafic rocks when column element is divided by row element. Data from Fedo and Whitehouse
(2002a).
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in Cr/Th with respect to Th/Sc (fig. 21B) and TiO2/Zr with respect to Al2O3/Zr
(fig. 21C). The only scenario in which metasomatism could explain the data of
Fedo and Whitehouse (2002a) would be that all of the plotted elements were
mobilized by a metasomatic fluid, and that the effects varied from sample to sample
in a random manner.

A)

B)

C)

Fig. 21. Selected concentration ratios from ultramafic rocks and Qp lithologies (�quartz-free pyroxene
bands/boudins and gneisses containing quartz and pyroxene), using data from Fedo and Whitehouse
(2002a). The concentration ratios represent elements either assumed to be immobile in the formulation of
the metasomatic model, or commonly observed to have low mobility during metasomatism in other
environments. In the metasomatic model, Qp rocks are pyroxene-rich bands that represent metasomatized
ultramafic protolith, crosscut by quartz veins. The Qp compositional data should therefore lie on two-
component mixing curves (solid lines) between the hypothesized least-altered protolith (AK38) and the
most SiO2-rich samples (AK31 or the mean of AK31 and AK41, depending on data availability). Points show
increasing SiO2-rich component added to AK38, in percent, at 5% increments (the 99% composition is also
shown); selected percentages are labelled. The data do not lie on the mixing lines, indicating that the
metasomatic model does not explain the data.
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Ratios of elements that have low mobility in metamorphic environments can
also be used to investigate a sedimentary origin. Figure 22A shows that average
Archean lithologies (Condie, 1993), as well as rock types from the Akilia region, are
readily discriminated in a plot of TiO2/P2O5 vs. Cr/Y. In particular, Isua BIFs, like
Archean BIFs globally, have TiO2/P2O5 � 3 and Cr/Y � 20. This probably results
from the fact that Y and P, along with REE, are enriched in hydrothermal fluids and
precipitates that lead to BIF deposition (Graf, 1978; Dymek and Klein, 1988; Bau
and Dulski, 1996, 1999), whereas Cr and TiO2 are low. With the exception of AK38,
Akilia Qp rocks have TiO2/P2O5 and Cr/Y similar to Isua BIF (fig. 22B). In
discounting a similar observation by Palin (2002), Fedo and Whitehouse (2002c)
appealed to quartz dilution; however, this would not change the ratios significantly
because of the low concentrations of the elements in quartz. The ratios therefore
reflect protolith compositions, and the protolith that matches best is Isua BIF in all
cases except AK38, which lies within the ultramafic field.

The TiO2/P2O5 and Cr/Y signatures of Akilia Qp rocks (and Isua BIF) are readily
explained by detrital input of mafic and ultramafic components (fig. 22B). The Isua
BIF field trends toward higher TiO2/P2O5 and Cr/Y along mixing curves between
model endmembers that are consistent with addition of a mafic component (amphibo-
lite protolith). Most of the Qp rocks have ratios that extend along the BIF-amphibolite
mixing line, and require no more than �25 percent mixing of the elements compris-
ing the ratios. AK38 is the only Qp sample lying off the trend, and would imply a more
ultramafic source component. Certain mineral grains can be expected to have high
leverage for changing these and related ratios, but will yield little shift in other element
patterns such as REE. For example, addition of ��1 percent by mass detrital chromite
to the Qp protolith would shift Cr/Y to the observed value in AK38 by virtue of its low
REE content (Melcher and others, 1999). Similar arguments can be made for TiO2-
bearing oxide phases.

The same conclusion is reached based on ratios of other immobile trace
elements (fig. 22). Variation in Cr/Th and Th/Sc in Isua BIFs is negatively
correlated and overlaps with other lithologies at their extremes; however, most
BIFs cluster in a compositionally distinct region near �20 and �0.2. Quartz-
bearing Qp rocks from Akilia are best fit by the Isua BIF field. The pyroxene bands
and boudins extend to higher Cr/Th and lower Th/Sc. Mixing lines from basaltic
and ultramafic compositions suggest that these values may result from detrital
input. The high fraction of non-BIF component required by this model implies that
these ratios are controlled entirely by the sedimentary source, which is consistent
with the very low Th and Cr concentrations in BIF. Al2O3/Zr and TiO2/Zr do not
discriminate lithologies as well, but BIFs are unique in their much wider range in
these ratios, and in their being the only rock type with very low ratios (that is,
TiO2/Zr�10-3 and Al2O3/Zr�4 � 10�2; many BIF values are maxima because TiO2
is below detection). Akilia Qp rocks show large variations in these ratios, like Isua
BIF, and pyroxene bands are most consistent with admixtures of minor basaltic or
ultramafic material.

Geochemical considerations: REE.—Akilia Qp REE patterns differ from those of Isua
BIF in their concave-downward LREE and more fractionated middle to heavy REE
on normalized plots (figs. 23A and B; Fedo and Whitehouse, 2002a; Bolhar and
others, 2004). Use of REE as tracers of chemical sedimentary origin is complicated
by REE modification during diagenesis (Johannesson and others, 2006). Some
aspects of the contrasting REE and Y chemistry are clearly not diagnostic of origin.
Fedo and Whitehouse (2002a) noted that different Eu anomalies may be caused by
diagenesis and metamorphism (Bau, 1991, 1993). Similarly, Y/Ho is superchon-
dritic in Isua BIF (up to 48) but 30 to 33 in Akila Qp rocks only slightly above
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Fig. 22. Selected element and oxide ratios in Archean lithologies (Panels A, C, and E), and Akilia Qp
and ultramafic rocks (Panels B, D, and F). In A, C and E, filled symbols represent ratios for local and regional
lithologies of the Itsaq Gneiss Complex (McGregor and Mason, 1977; Nutman and Bridgwater, 1986; Dymek
and Klein, 1988; Fedo and Whitehouse, 2002a; Polat and others, 2003), and open symbols denote averages
for Archean rocks worldwide (Condie, 1993). In B, D and F, open and filled symbols are as in fig. 21, and the
shaded fields are taken from the corresponding figure to the left. B and D show mixing lines between
postulated detritus-free BIF composition with ultramafic and mafic detritus (see text), at increments of 5%
detrital addition (0.5 and 1% increments also shown).
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chondritic values of �28 (Bolhar and others, 2004). However, nonchondritic
Y/Ho ratios are not diagnostic because they occur both in modern hydro-
thermal particles (Edmonds and German, 2004) and hydrothermal vein minerals
(Bau, 1996). But it can be shown further that even if REE patterns survive
burial unchanged, the concave-down pattern and middle REE enrichment used to
reject a BIF origin are in fact consistent with a chemical-sediment protolith for
Akilia Qp rocks.

Fig. 23. Chondrite-normalized REE patterns of Qp and other lithologies. (A) Average pyroxene
bands/boudins and quartz-pyroxene rocks (Fedo and Whitehouse, 2002a) compared with Pilbara BIF-2
(Kato and others, 1998). (B) Average Isua BIFs (Dymek and Klein, 1988); Al, aluminous; C, carbonaceous;
Carb, carbonate; Mg, magnesian; QM, quartz-magnetite. (C) Calculated consequences of clinopyroxene
formation during metamorphic devolatilization at 700 °C, 10 kbar (Griffin and others, 1980). Clinopyroxene-
fluid equilibrium partition coefficients were calculated from lattice-strain model (Blundy and Wood, 1994)
by fitting 700 °C data of Cullers and others (1973) to give Young’s modulus (E) and optimum radius (ro),
assuming octahedral coordination of REE on M2. The unstrained partition coefficient (Do

cpx-fluid) at 10 kbar
was derived by scaling DSm

cpx-fluid from 1kbar, 700°C, by the amount found between 5 and 10 kbar at 1100°C
(Mysen, 1979). Resulting parameters are: Do

cpx-fluid � 0.1, ro � 1.03 Å, E � 144 GPa. Metamorphic fluid in
equilibrium with clinopyroxene was calculated from the average pyroxene band composition and recom-
bined in the amounts shown to simulate lower grade equivalents of Qp rocks. (D) Comparison of
chondrite-normalized REE of low-grade equivalent of pyroxene band (5 wt% recombined volatiles) with
Archean cherty BIFs (Barrett and others, 1988).
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If primary, the difference between Isua and Akilia REE patterns may simply be
due to local REE variations in hydrothermal fluid and detrital input. Hydrothermal-
fluid REE in a given vent field may vary in time and space, giving rise simultaneously
to concave-up and concave-down normalized LREE patterns (James and others,
1995). Basin evolution and tectonic transport also play a role. In Pilbara BIFs,
western Australia, minor detrital input yields the pattern shown in figure 23A, in a
sequence with REE otherwise similar to Isua (Kato and others, 1998). The pattern is
similar to Qp pyroxene bands in its concave-down LREE and Gd/YbN�1, though
La/YbN is greater. In short, differences between REE in Fe-rich rocks of Isua and
Akilia could simply reflect the strong local influences on depositional environment
typical of Archean sedimentation (McLennan and others, 1984; Taylor and others,
1986).

Accounting for expected contrasts in metamorphic effects on REE at Akilia
and Isua lends further support to a sedimentary origin for Qp rocks. Metamorphism
at �3600 Ma may have reached granulite facies at Akilia but only amphibolite facies
at Isua (Griffin and others, 1980). The dominant reservoir for REE in Qp rocks is
clinopyroxene, which was probably produced at high grade. Concave-downward
normalized LREE is typical of granulite-grade clinopyroxene (Reitan and others,
1980; Pride and Muecke, 1981; Friend and others, 2002a), so Qp patterns may
simply reflect preferential LREE exclusion during clinopyroxene growth. This is
illustrated in figure 23C, which shows that LREE are predicted to be strongly
enriched in a fluid in equilibrium with clinopyroxene during devolatilization.
Recombination of this fluid with the average Qp band of Fedo and Whitehouse
(2002a) shows that low-grade equivalents of Qp rocks were likely richer in LREE
(fig. 23C). A model low-grade Qp band to which REE from 5 weight percent
volatiles are added would have had a normalized pattern similar to Archean cherty
BIF (fig. 23D). The required LREE mobility during metamorphism is supported by
elevated LREE in ultramafics from �0.4 m of the Qp contact (fig. 10B). A similar
pattern in a more distal ultramafic sample is consistent with heterogeneous
exchange during metamorphism.

Summary of age and origin Qp rocks.—Two models have been proposed for the origin
of Qp gneisses on Akilia. All field, petrologic and geochemical tests are consistent with
a sedimentary origin, but the metasomatic model either fails the same tests or yields
ambiguous results. We conclude that Qp rocks had a chemical-sedimentary protolith,
and most likely originated as volumetrically minor accumulations of ferruginous and
siliceous hydrothermal precipitates, with minor admixture of locally derived mafic and
ultramafic detritus. As a primary component of the supracrustal enclave, they have the
same minimum age of 3825 � 6 Ma derived from crosscutting relations involving Ogn-2
and Au.

concluding remarks
This study shows that the supracrustal enclave on Akilia experienced a complex

deformational and metamorphic history, but that key aspects of its origin and age can
nevertheless be identified. Field relations indicate that the lithologic package is
dominated by amphibolite and meta-ultramafic rocks which display two map-scale
folds. Comparatively low strain is preserved in a fold limb in the western half of the
map area, probably caused by involvement of a large, competant ultramafic body. In
and near this body, two orthogneiss sheets are found in primary magmatic (but
deformed) crosscutting relation to host supracrustal rocks. Zircon ages and Th/U
indicate that they represent discrete magmatic phases emplaced at 3730 � 7 and
3825 � 6 Ma. It has been proposed that quartz-pyroxene rocks found within the
supracrustal enclave have either a sedimentary or a metasomatic origin, but only an
origin as chemical sediment with minor detrital input satisfies all field, petrologic and
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geochemical tests. Because the Qp rocks represent an original, primary lithology that
must have been deposited as part of the original stratigraphy, the Qp rocks have the
same age as the enclave as a whole, which is �3825 Ma. Metamorphism and deforma-
tion of Akilia supracrustal rocks occurred at �3600 Ma and �2700, as recorded by
zircon U-Pb data.

Our results confirm that the Akilia enclave shares key features with supracrustal
bodies regionally. The sequences preserve Early Archean metamorphosed and de-
formed mafic-ultramafic volcanic successions. Fe-rich chemical sediments are com-
mon. Crosscutting relations involving the oldest components of Ogn tonalites are rare
but consistently observed in zones of lowest strain. Thus, the model derived here for
the Akilia supracustals is consonant with results in the region (Bridgwater and others,
1976; McGregor and Mason, 1977; Nutman and others, 1997, 2000, 2002, 2004). These
observations give confidence that, with appropriate control for metamorphism and
deformation, supracrustal sequences on Akilia and elsewhere can provide important
information on terrestrial surficial processes in the Early Archean.
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appendix
Zircon Geochronology Methods and Data

Sample preparation.—Zircons were separated using standard heavy-mineral techniques. Separated
zircon grains were hand picked under a binocular microscope, cast in epoxy and polished in stages to 0.25
	m alumina. All mounted zircons were subsequently characterized by optical and back-scattered electron
microscopy, cleaned in an ultrasonic bath of 1N HCl to reduce common Pb contamination from the sample
preparation process, rinsed in ultrapure water and coated with �100 Å of Au prior to ion microprobe
analysis.

Conventional ion-microprobe methods.—U-Pb zircon geochronology in this study was determined using the
UCLA CAMECA ims 1270 high-resolution ion microprobe following previously reported methods (Schuhma-
cher and others, 1994; Quidelleur and others, 1997; Mojzsis and Harrison; 2002a; Mojzsis and others, 2003b)
using standard zircon AS-3 with an age of 1099.1 � 0.5 Ma (Paces and Miller, 1993; Schmitt and others,
2003).

A �15 min measurement cycle yields 206Pb/238U ages with typically better than �2 percent precision.
The uncertainties in these measurements primarily reflect the variability in the 254UO�/238U� vs. 206Pb/
238U� calibration; the Pb in the grains analyzed for this study is typically �99 percent radiogenic. Minor
reverse discordance in a small subset of the data is not significant at the 2� level. Age calculations employed
ISOPLOT/Ex (Ludwig, 2000). 207Pb/206Pb ages given as weighted means are reported with uncertainties at
the 95 percent confidence level.

Several spots were analyzed twice in succession (replicate analyses labeled with “�” in table A1).
Replicate analyses served only to confirm reproducibility and were not used in plots or age calculations.

For two samples (GR9713 and GR0071), the same grains were analyzed in two separate sessions,
between which the sample mount was repolished and recoated with Au. This enabled analysis of
different parts of the same zircon crystals following repolishing, and served as a further check on
reproducibility. For each sample, the ion-microprobe spots from the two sessions were pooled during
plotting and data analysis.

Depth-profiling ion-microprobe methods.—To better characterize the nature of zircon growth events, we
also conducted ion-microprobe depth profiling study of zircon grain #36, sample GR0071. In spot
analysis mode, the two-dimensional spatial selectivity of the ion microprobe is limited by the size of the
primary beam, typically 10 to 30 	m. In the case where a crystal contains symmetrical overgrowths, it is
possible to use the ion microprobe in depth profiling mode on an initially unpolished surface to
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increase spatial resolution by up to two orders of magnitude (Carson and others, 2002; Mojzsis and
Harrison, 2002a).

After initial characterization in conventional spot mode, grain #36 was plucked from its epoxy
mount, placed on adhesive tape together with grains of standard zircon AS-3, recast with epoxy,
ultrasonically cleaned in 1N HCl, Au coated, and analyzed without further polishing. The internal
distributions of Pb/U and Th/U were then obtained by depth profiling using the methods of Mojzsis
and Harrison (2002a). Pre-sputtering times for the initial cycles were 120 s and analyses comprised a
minimum of 15 cycles of 10 s measurements. Analytical sessions in depth-profiling mode involve a
continuous collection time (�60-180 min) from the same spot as the ion beam slowly sputters into the
unpolished zircon sample. Because the U/Pb calibration begins to deteriorate with increasing pit depth,
the mount was removed after sputtering to �6 	m depth. The pit depth was measured with a surface
profilometer, allowing estimation of depth of penetration per analysis cycle by assuming constant rate of
sputtering. After the sample was re-polished until the crater was �1 	m deep, cleaned and recoated with
Au, the depth profile was continued.

Results.—U/Pb isotopic ratios and 1� errors for ion-microprobe spot and depth-profiling analyses obtained
as described above are presented in tables A1 and A2, respectively, along with calculated 207Pb/206Pb age, %
radiogenic 206Pb* and Th/U ratios. Analysis spots on individual grains are shown in figures A1–A5.
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Table A1

Ion microprobe U-Pb analyses of zircons from Akilia, West Greenland
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Table A1

(continued)
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Table A1

(continued)
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Table A1

(continued)

Notes: Sample locations given in figure 3. Grain and analysis numbers in left column are keyed to figures
A1–A5; ‘r’ denotes analysis near grain rim, ‘�’ denotes repeat analysis of same spot during the same
analytical session. Samples GR9713 and GR9802 were analyzed over two sessions. The samples were
re-polished between sessions. Isotopic ratios have been corrected for common Pb. Ages were determined by
comparison with a working curve defined by measurement of standard zircon AS-3, which yields concordant
206Pb/238U and 207Pb/235U ages of 1099.1 � 0.5 Ma by conventional methods. Th/U ratios were calibrated
against independently determined values for AS-3. All uncertainties are reported at the 1� levels.
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Table A2

Results of depth-profiling study of zircon grain #36, GR0071
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Table A2

(continued)
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Table A2

(continued)
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Table A2

(continued)

Each depth interval corresponds to mean of 15 analysis cycles. Associated uncertainty in one standard
error (se) in the mean. Depths estimated from number of cycles divided by pit depth assuming constant
sputtering rate. See figure 3 for sample location.
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Fig. A1. Zircon analysis locations, Qp sample GR9713 (fig. 3). Analyses were collected during two
sessions, with repolishing of the sample mount between sessions. Black ovals denote Analysis spots from
session 1, whereas white ovals designate analysis spots from session 2. Results of analyses are given in table A1.
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Fig. A2. Zircon analysis locations, metasedimentary(?) anthophyllite-garnet schist sample GR00114
(fig. 3). Ovals denote ion-microprobe spots (table A1).
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Fig. A3. Zircon analysis locations, Ogn-1 sample GR9802 (fig. 3). Analyses were collected during two
sessions, with repolishing of the sample mount between sessions. Black ovals denote Analysis spots from
session 1, whereas white ovals designate analysis spots from session 2. Results of analyses are given in table A1.
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Fig. A4. Zircon analysis locations, Ogn-1 samples GR0050 and GR0012 (fig. 3). Ovals denote ion-
microprobe spots (table A1).

Fig. A5. Zircon analysis locations, Ogn-2 sample GR0071 (fig. 3). Ovals denote ion-microprobe spots
(table A1). Grain 36 was selected for depth-profiling study (see text and table A2).
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