
(shown by black arrows in Fig. 3E) (9, 15)
exhibits marked correlation with the measured
displacements, confirming the quadrupolar na-
ture of elastic forces between colloidal squares.
These results imply that the presence of the hole
in a colloidal square and, more generally, other
modifications to the platelet’s topology are
inconsequential to the anisotropy of interactions,
as long as the quadrupolar n(r) symmetry is
preserved.

Quadrupolar forces are expected to decay
with distance as ~R−6 (9, 15). To test if square
platelets interact in thismanner, we havemeasured
the relative positions of two colloidal squares
along q = p/4 from initial separationsR0 = 14.3 and
12.9 mm (Fig. 3F). From a balance of a quadru-
polar elastic force Felq = –kq/R

6 with a viscous
drag, one obtains the time-dependent particle sep-
aration R(t) = (R0

7 – 7aqt)
1/7, where aq = kq/z .

The two sets of data in Fig. 3F can be fit with R(t)
using only one adjustable parameter aq = (1.6 T
0.1) × 105 mm7/s. Taking the average elastic con-
stant K ≈ 7 pN (30), an effective viscosity h ≈
0.075 Pa⋅s for 5CB, as well as the side length L =
4.5 mm of the platelet, dimensional analysis gives
an estimate of aq ~ KL5/h = 1.7 × 105 mm7/s, in
reasonable agreement with these experiments.
Using a drag coefficient z ≈ 1.9 × 10−6 kg/s of a
square platelet in 5CB [determined by probing
its diffusive motion with video microscopy (fig.
S3)] and aq = 1.6 × 105 mm7/s, we calculate a max-
imum attractive elastic force of ≈20 pN near con-
tact at R = 4.5 mm and corresponding binding
energy ≈3 × 10−17 J (≈7000kBT ).

In conclusion, elastic colloidal interactions
in NLCs are sensitive to the colloids’ shapes.
Equilibrium director field configurations around
equilateral polygonal colloids exhibit dipolar
symmetry if they have odd N (i.e., triangles or
pentagons) and quadrupolar symmetry if N is
even, giving rise to dipolar and quadrupolar

elastic colloidal interactions, respectively. Elastic
dipole moments of polygonal platelets orient
perpendicular to the far-field director n0. Dipole-
dipole forces drive their assembly into chains
perpendicular to n0 if their dipoles are parallel and
chains along n0 if their dipoles are antiparallel.
Although the symmetry of these highly directional
elastic forces should not change over a broad
range of particle sizes (~50 nm to tens ofmicrons),
the strength can vary substantially. One can envi-
sion the design of such interactions for the as-
sembly of colloidal architectures ranging from
anisotropic aggregates to new types of colloidal
crystals andopticalmetamaterialswithwell-defined
alignment relative to the far-field director.
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Atmospheric Sulfur in Archean
Komatiite-Hosted Nickel Deposits
Andrey Bekker,1, 2*† Mark E. Barley,3* Marco L. Fiorentini,3 Olivier J. Rouxel,4
Douglas Rumble,1 Stephen W. Beresford3

Some of Earth’s largest iron-nickel (Fe-Ni) sulfide ore deposits formed during the Archean and
early Proterozoic. Establishing the origin of the metals and sulfur in these deposits is critical for
understanding their genesis. Here, we present multiple sulfur isotope data implying that the sulfur in
Archean komatiite-hosted Fe-Ni sulfide deposits was previously processed through the atmosphere
and then accumulated on the ocean floor. High-temperature, mantle-derived komatiite magmas were
then able to incorporate the sulfur from seafloor hydrothermal sulfide accumulations and sulfidic
shales to form Neoarchean komatiite-hosted Fe-Ni sulfide deposits at a time when the oceans
were sulfur-poor.

Submarine Fe-Ni sulfide deposits hosted in
komatiites (mantle-derived ultramafic
rocks with high magnesium content) pro-

duce ~10% of the world’s annual Ni, making
them an important type of ore-bearing deposits

(1). Mineralization of komatiite-hosted Fe-Ni
sulfides can form either massive ores at the base
of, or disseminated/blebby ores within, komatiite
lava flows and sills (fig. S1). Komatiite-hosted
massive Fe-Ni sulfide deposits aremost abundant

during periods of elevated mantle plumemagma-
tism and continental crustal growth. In the
Neoarchean and Paleoproterozoic, such events
occurred around 2.95, 2.7, and 1.9 billion years
ago (Ga), which correspond to global peaks in
the abundance of banded iron formations, sulfidic
black shales, and volcanogenic massive Fe-Cu-
Zn sulfide deposits (2, 3).

Initial efforts to determine the source of sulfur
in these deposits suggested that sulfides were
transported directly from the mantle (4, 5). It was
later proposed based on a wide range of vol-
canological, stratigraphic, geochemical, sulfur
isotopic, thermodynamic, and fluid dynamic con-
straints that the magmas assimilated sulfur either
during ascent or emplacement on the sea floor
[see (1) for case studies] because the sulfur con-
tent of the mantle is too low (6), komatiites re-
sult from high degrees of melting in the mantle,
and a negative pressure feedback on sulfur con-
tent limits sulfide saturation inmafic magmas (7).
Analysis of multiple sulfur isotopes makes it
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possible to further test sulfur assimilationmodels.
Most Archean sedimentary sulfides show d34S
values (8) near that of the mantle (9–12), whereas
hydrothermal alteration and metamorphism tend
to homogenize variability in primary d34S values
(13). Therefore, d34S data alone do not unam-
biguously constrain the sulfur source for Archean
komatiite-hosted Fe-Ni sulfides. However, the
products of non–mass-dependent fractionation
of sulfur isotopes (14, 15) by photochemical re-
actions in the Archean oxygen-free atmosphere—
oxidized water-soluble sulfur species with nega-
tive D33S values (8) and reduced sulfur species
with positive D33S values—can be readily distin-
guished from mantle-derived magmatic sulfides
(13, 16). For example, it was shown that sulfur from
sulfate aerosols was preferentially incorporated
into hydrothermally influenced deposits such as
banded iron formations, barites, volcanogenic mas-
sive sulfides (VMS), and sedimentary exhalative
deposits, as well as early diagenetic pyrite nodules
in black shales resulting in negative D33S values
(15–21). Sulfur from elemental sulfur aerosols
preferentially contributed to disseminated sul-
fides in sedimentary rocks, including black shales,
yielding positive D33S values (14, 19).

Archean sedimentary rocks are also charac-
terized by highly variable iron isotope signatures
that can be reflective of their origin. A range of
d56Fe values for banded iron formations, VMS
deposits, and black shales has been linked to
abiogenic and/or biogenic redox-controlled pro-
cesses in the Archean oceans. In contrast, mag-
matic minerals and mantle-derived mafic rocks
experience little iron isotope fractionation (22, 23).

Here, we combine D33S and d56Fe analyses to
determine the source(s) of sulfur in Archean
komatiite-hosted Fe-Ni sulfide deposits. Samples
were collected from the ~2.71-Ga Agnew-
Wiluna and Norseman-Wiluna greenstone belts
of Western Australia and the time-equivalent
Abitibi greenstone belt, Canada (24). The samples
represent massive, blebby, and disseminated
komatiite-hosted Fe-Ni sulfides, sulfidic black
shales, and massive sulfide lenses in felsic
metavolcanic and volcaniclastic sedimentary rocks
underlying the komatiite sequences. The isotope
signatures of Fe-Ni sulfide deposits were then
compared with those of possible sulfur sources in
host rocks such as sulfidic organic matter–rich
shales and massive sulfide lenses (24) to deter-
mine their origin.

The magmatic komatiite-hosted Fe-Ni sul-
fides show significant ranges in sulfur isotope

values, which can be directly compared with
those of sulfur-rich crustal lithologies (Fig. 1).
The magmatic Fe-Ni sulfides have a 10.6 per mil
(‰) range in d34S values that overlaps with the
d34S range of sulfidic black shales and VMS
deposits. The volcanogenic massive sulfides
have consistently negative D33S values as low
as −0.7‰, within the range of values obtained
for Archean hydrothermal barites and sulfides
(14–18, 20, 21). In contrast, sulfidic black shales
underlying komatiite-hosted Fe-Ni sulfide de-
posits have near 0‰ or positive D33S values, as
high as +2.3‰, within the range of values for
disseminated pyrites in fine-grained siliciclastic
sediments of this age (14, 15, 19). Basal komatiite-
hosted massive Fe-Ni sulfides from the Agnew-
Wiluna greenstone belt and the Alexo deposit of
the Abitibi greenstone belt display negative D33S
values ranging from −1.0 to −0.4‰, suggesting
that almost all sulfur in these deposits came from
the assimilated hydrothermal massive sulfides.

Magmatic matrix, disseminated, and blebby
komatiite-hosted Fe-Ni sulfides from the Agnew-
Wiluna greenstone belt display more variable
D33S values, ranging from +0.3 to −0.6‰, which
is consistent with mixing between multiple crust-
al and mantle sulfur sources. In contrast, sub-
economic blebby Fe-Ni sulfides from a komatiitic
sill at Dundonald, Abitibi greenstone belt, which
intruded into a sulfidic black shale, have essen-
tially the same positive D33S values as the pyrite
in the enclosing shale. The massive sulfide lenses
have negative D33S values, suggesting that some
fraction of sulfur was derived from thermochem-
ical seawater sulfate reduction.

The negative d56Fe values of the VMS and
shale-hosted sulfides (Fig. 2) are within the range
of sulfides in Archean fine-grained sediments and
modern seafloor hydrothermal deposits (22, 25).
The highly negative d56Fe values of massive
sulfide lenses are consistent with direct pyrite
precipitation at the sea floor from iron-rich

Fig. 1. D33S versus d34S
data for the studied sam-
ples and fields for man-
tle sulfur and Neoarchean
VMS deposits. d34S values
for mantle sulfur are from
(12) and those for Neo-
archean VMS deposits are
from (33). D33S values for
the Archean mantle are
inferred from (13, 16) and
those for the Neoarchean
VMS deposits are from
the current study and
(15, 16, 18, 21).
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Fig. 2. D33S and d56Fe data.
The range of D33S values for
magmatic mantle-derived Fe-S
and Neoarchean VMS depos-
its is from Fig. 1. d56Fe val-
ues (0.09 T 0.05‰) for the
bulk silicate Earth (23) were
expanded down to −0.35‰
based on a fractionation fac-
tor between pyrrhotite and
peralkaline rhyolitic melt (26)
to infer the iron isotope com-
position of magmatic mantle-
derived Fe-S. We assume that
the fractionation factor for
pentlandite is similar or very
close to the one for pyrrho-
tite. The origin of Fe-Ni sulfides with positive d56Fe values (up to 0.4‰) and negative D33S values (down
to −0.6‰) is enigmatic; however, assimilation of in situ sulfidized iron oxides may explain their iron and
sulfur isotope systematics. The range of iron isotope composition of Neoarchean VMS deposits (−2.4 to
0.0‰) is very close to that of modern submarine VMS deposits (−2.1 to −0.1‰) (25).
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Archean seawater or high-temperature hydro-
thermal fluids. In contrast, the d56Fe values for
Fe-Ni sulfide samples display a limited range
from +0.4 to −0.4‰. This range is much smaller
than that in both the VMS and shale-hosted
sulfides and might reflect either minor crustal
iron contribution to iron-rich komatiite magmas
or high-temperature iron isotope fractionations.
Indeed, recent experimental studies (26) have
demonstrated a significant iron isotope fraction-
ation between pyrrhotite and peralkaline rhyolitic
melts (D56FeFeS-melt = −0.35 T 0.04‰), but
smaller fractionation factors are expected at a
lower oxidation state in komatiite melts. Olivine
d56Fe values tightly clustered at 0 T 0.1‰ (Fig. 2)
likely reflect magma composition, minor iron
isotope fractionation during olivine crystalliza-
tion (23, 27), and postdepositional alteration (24).
Because iron isotope values of Fe-Ni sulfides are
fractionated toward both positive and negative
values, it seems unlikely that magmatic processes
alone are responsible for this range. Iron oxide
minerals in banded iron formations typically
have strongly positive to slightly negative iron
isotope values, whereas iron sulfides in Archean
black shales and VMS deposits of various ages
systematically show negative iron isotope values
(25, 28). We therefore infer that the iron isotope
composition of komatiite-hosted Fe-Ni sulfides
reflects a mixture of locally assimilated crustal
materials with heterogeneous iron isotope com-
positions and mantle-derived melts with iron
isotope values close to 0‰.

Multiple sulfur and iron isotope signatures of
Fe-Ni sulfides indicate assimilation of sulfur-rich

crustal lithologies with a large range of D33S and
d56Fe values into sulfur-poor komatiitic magma
with D33S and d56Fe values close to 0‰. Con-
sequently, whereas the sulfur isotope com-
position of Fe-Ni sulfides was dominated by
crustal sources, their iron isotope composition
was buffered by komatiite melt. The only notable
exception in our data set to an unambiguous
crustal sulfur source for Fe-Ni sulfide deposits is
the basal komatiite-hosted massive Fe-Ni sulfide
ore of the Kambalda deposit, which does not
show non–mass-dependent fractionation of sul-
fur isotopes and has unfractionated to moderately
negative iron isotope values. These data can be
explained by either a magmatic sulfur source (29)
or assimilation of multiple crustal sulfur sources
and mixing with mantle-derived sulfur in a dy-
namic lava channel during transport (30), leading
to dilution of weak non–mass-dependent sulfur
isotope signal and equilibrium iron isotope frac-
tionation between pyrrhotite and silicate magma
(26). In this case, when non–mass-dependent frac-
tionation in magmatic sulfides is lacking or small,
sulfur isotopes neither prove nor disprove assim-
ilation of Archean wall-rock sulfides.

Our data suggest that most Neoarchean
komatiites achieved sulfide saturation by assim-
ilating wall-rock crustal sulfur. Most Archean
deeper-water sediments were sulfur-poor due to
low sulfate contents in the Archean anoxic
oceans (11) except for those deposited during
the short-lived mantle plume breakout events
when extensive subaerial and submarine volcan-
ism delivered larger amounts of sulfur com-
pounds to the atmosphere and oceans (2, 3, 31).

Even these sulfidic black shales were largely
restricted to shallow margins in basins far from
komatiite plumbing systems (Fig. 3). The ~2.7-Ga
mineralized komatiites correspond to a peak in
the global abundance of VMS deposits (2). The
sulfur in the latter deposits is a mixture of mantle-
derived sulfur with d34S ≈ D33S = 0‰ leached at
depth from the underlying volcanic rocks with a
minor, but significant, component derived by
thermochemical reduction of seawater sulfate
with negative D33S values that was produced by
atmospheric photochemical reactions (15, 18).
Consequently, VMS deposits within or near
active volcanic plumbing systemswould have been
an abundant and easily accessible sulfur source in
~2.7-Ga submarine environments (Fig. 3).

Recent studies of mineralized komatiites at
Mount Keith, Western Australia, indicate magma
emplacement in a proximal felsic volcanic envi-
ronment, with both felsic and komatiitic magmas
most likely using the same plumbing system
(32). Formation of basal massive Fe-Ni sulfide
deposits in komatiites such as Mount Keith there-
fore likely involved cannibalization of VMS depos-
its during magma emplacement along preexisting
plumbing systems in submarine felsic volcanic
successions or in lava channels (Fig. 3). However,
our results also indicate that there is no single
unique process to achieve sulfide saturation in
komatiite magmas. Whereas Agnew-Wiluna and,
possibly, Alexo deposits used sulfur from volca-
nogenic massive sulfide deposits, Dundonald and
Kambalda deposits likely derived sulfur from wall-
rock sediments. The style and size of Fe-Ni sulfide
deposits are therefore largely determined by the
sulfur source in country rock. Consequently, em-
placement of hot komatiite magmas during a peak
in magmatic activity in submarine volcanic arc en-
vironments and in mantle plume breakouts appears
to be the key to formation of komatiite-hosted Fe-
Ni sulfide deposits in Archean greenstone belts
at a time when the oceans and sediments were
sulfur-poor.
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Geophysical Detection of Relict
Metasomatism from an Archean
(~3.5 Ga) Subduction Zone
Chin-Wu Chen,1* Stéphane Rondenay,1 Rob. L. Evans,2 David B. Snyder3

When plate tectonics started on Earth has been uncertain, and its role in the assembly of early
continents is not well understood. By synthesizing coincident seismic and electrical profiles,
we show that subduction processes formed the Archean Slave craton in Canada. The spatial
overlap between a seismic discontinuity and a conductive anomaly at ~100 kilometers depth, in
conjunction with the occurrence of mantle xenoliths rich in secondary minerals representative of
a metasomatic front, supports cratonic assembly by subduction and accretion of lithospheric
fragments. Although evidence of cratonic assembly is rarely preserved, these results suggest that
plate tectonics was operating as early as Paleoarchean times, ~3.5 billion years ago (Ga).

Archean cratons form the core of many
of Earth’s continents. By virtue of their
longevity, they offer important clues

about plate tectonic processes during early geo-
logical times. A question of particular interest is
whether subduction is the main mechanism of
cratonic assembly and, if so, when this process
began to operate. Answers to these questions
may be found in the lithosphere of the Archean
Slave craton, which is located in the northwest-
ern Canadian Shield (Fig. 1) and represents the
oldest known fragment of the North American
continent (1). The Slave craton has been studied
extensively to reveal processes of cratonic assem-
bly as it is well exposed and has been insulated
from plate margin processes for more than 2
billion years. In the center of the Slave craton,
inclusions of rock fragments from the mantle

indicate that the lithospheric mantle is separated
into two distinct layers at 140- to 150-km depth,
with a harzburgitic upper layer exhibiting a
very high degree of iron depletion (2, 3) and a
lherzolitic lower layer that is less depleted in
iron (2). Previous seismic studies identified rem-
nants of subducted oceanic lithosphere (4–6),
believed to be linked to the final stages of assem-
bly of the Slave craton during the late Archean
(~2.6 Ga) and to its stabilization during the
Proterozoic (~1.84 Ga). Despite these results,
there remains much uncertainty over the timing
and mechanisms of the formation of the Slave
craton. For example, it is unknown when its
>200-km-thick lithospheric root was in place,
and if it was constructed solely by subduction
accretion (7) or by successive accretion-collision
episodes (8).

Here, we investigate coincident seismic
receiver-function (9) and electrical profiles across
the Slave craton to further understand the mech-
anisms of cratonic assembly. Two main features
in the seismic profile reveal the structure of the
underlying lithosphere (Fig. 2). First, the crust-
mantle boundary, or Moho, appears as a positive
(downward slow-to-fast) velocity gradient across

the entire profile at depths ranging from 34 to
41 km, marking a southward thickening of the
crust. Second, a pronounced negative (down-
ward fast-to-slow) velocity gradient dips south-
ward from 96- to 124-km depth beneath the
center of the craton. Portions of this seismic dis-
continuity have been identified previously (5, 6),
but here it is seen as a continuous profile. The
lack of SH-response by the seismic discontinuity
(9) suggests that it is not caused by anisotropic
parameters (4). Thus, the amplitude of the dis-
continuity suggests a 9 to 21% isotropic velocity
contrast (9).

The electrical image was constructed by means
of the magnetotelluric (MT) technique, which
measures time variations of the magnetic and
electric fields at Earth’s surface to infer electrical
resistivity structure in the subsurface, and re-
veals a conductive anomaly in the central Slave
mantle (10) (Fig. 2B). The anomaly has a con-
ductivity of 0.01 to 0.03 S/m, which is two orders
of magnitude higher than that of the surround-
ing mantle and therefore prevents penetration
of the signal (and imaging) at greater depths. It
has a depth ranging from ~80 to 120 km with a
southward dip, and may be caused by intercon-
nected graphite films deposited along grain bound-
aries (10).

When displayed simultaneously in vertical
cross section (Fig. 2, A and B), the seismic dis-
continuity and the conductive anomaly exhibit a
pronounced spatial coincidence. Although the
conductive anomaly appears slightly shallower
(by ~ 4 to 9 km) than the seismic discontinuity,
this difference is within reasonable error of the
depth estimates associated with each technique—
namely, 10 km for the seismic profile and 15 km
for the MT image (9, 10). In map projection, the
regions over which these structures are observed
overlap with the lateral extent of the upper-mantle
harzburgitic layer (2) (Fig. 1).

The coexistence of the seismic and electrical
discontinuities suggests that they have a common
origin. A review of the possible causes for these
anomalies, with support from petrological analy-
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