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Archean upper crust transition
from mafic to felsic marks the
onset of plate tectonics

Ming Tang,"* Kang Chen,>* Roberta L. Rudnick't

The Archean Eon witnessed the production of early continental crust, the emergence of
life, and fundamental changes to the atmosphere. The nature of the first continental crust,
which was the interface between the surface and deep Earth, has been obscured by the
weathering, erosion, and tectonism that followed its formation. We used Ni/Co and Cr/Zn
ratios in Archean terrigenous sedimentary rocks and Archean igneous/metaigneous rocks
to track the bulk MgO composition of the Archean upper continental crust. This crust
evolved from a highly mafic bulk composition before 3.0 billion years ago to a felsic bulk
composition by 2.5 billion years ago. This compositional change was attended by a fivefold
increase in the mass of the upper continental crust due to addition of granitic rocks,
suggesting the onset of global plate tectonics at ~3.0 billion years ago.

agnesium content (and its ratio to other
elements) is commonly used as an index
of igneous differentiation and melting
conditions, which are responsible for
much of the compositional variation seen
in silicate rocks. Thus, MgO content serves as a
first-order measure of silicate rock differentiation.
Estimating the average MgO content in the upper
continental crust, and from that the bulk com-
position of this crust is, however, challenging.
There are two basic approaches to determine the
composition of the upper continental crust (7-3):
(i) weighted averages of surface rocks and (ii)
average compositions of terrigneous sediments
such as shales (Z, 2) and glacial diamictites (4)
that naturally sample large areas of the upper
continental crust. The surface rock method is com-
promised by sampling bias, which becomes in-
creasingly critical with age, because erosion
removes the upper continental crust with time,
and ultramafic and mafic (magnesium- and iron-
rich) rocks may be eroded faster than felsic (silica-
and aluminum-rich) rocks (7). The terrigenous
sediment method cannot provide robust average
concentrations of soluble elements such as Mg,
which are preferentially dissolved and transported
to the oceans during chemical weathering (5).
We compiled geochemical data for Archean
shales (including pelites and graywackes), glacial
diamictites (4), and igneous rocks from 18 Archean
cratons (6) to demonstrate that Ni/Co and Cr/Zn
ratios provide relatively tight constraints on
the MgO content in the Archean upper conti-
nental crust. We use the term “continental crust”
here, although the nature of the crust that was
emergent (i.e., exposed to weathering, and hence
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the generation of terrigenous sedimentary depos-
its) in the Archean may have been very different
from the felsic crust that we know today (7).
First-row transition metal ratios Ni/Co and
Cr/Zn show positive correlations with MgO content
in igneous and metaigneous rocks from Archean
cratons (Fig. 1) due to the differences in their par-
tition coefficients between the crystallizing phases
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Fig. 1. Igneous Ni/Co-MgO and Cr/Zn-MgO dif-
ferentiation trends for Archean and post-Archean
rocks. We averaged every 20 samples to reduce
scatter. Archean igneous trajectories are based on
compiled igneous and metaigneous rocks from
Archean cratons (6); post-Archean trajectories
are plotted using compiled data from (32).
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and melts. In particular, Ni and Cr are more com-
patible than Co and Zn in fractionating phases
[such as olivine, spinel, and pyroxenes (8-10)],
making Ni/Co and Cr/Zn ratios sensitive to the
earliest stages of igneous differentiation.

Ni, Co, Cr, and Zn are generally insoluble during
chemical weathering (2), and their ratios should
thus reflect the provenance of fine-grained terri-
genous sedimentary rocks. The Ni/Co and Cr/Zn
ratios show secular trends in sedimentary records
(Fig. 2). Archean sedimentary rocks are charac-
terized by high Ni/Co and Cr/Zn ratios, whereas
post-Archean sedimentary rocks have much lower
and relatively constant Ni/Co and Cr/Zn ratios.
The average Ni/Co and Cr/Zn ratios in the latter
(11) are consistent with estimates of the present-
day upper continental crust composition derived
from average loess and from large-scale surface
sampling (Fig. 2). Cr can be oxidized to soluble
Cr® in contact with present-day atmosphere (12).
However, the low concentrations of Cr in present-

day seawater [~4.0 x 10™° mol/kg (Z3)], which
hosts large amounts of soluble elements from the
continents (~4.7 x 10~" mol/kg of Na and ~5.3 x
1072 mol/kg of Mg), does not support the idea
that there was significant Cr loss from the upper
crust due to oxidative weathering. In the anoxic
Archean, Cr is expected to have been even less
mobile. Lithology-sensitive weathering rates may
potentially bias the composition of terrigenous
sediments, but currently we don’t see evidence
for this effect on Ni/Co and Cr/Zn ratios (6). We
thus conclude that there is limited fractionation
between Ni and Co, or Cr and Zn, due to the pro-
cesses that occur during weathering, erosion,
sedimentation, and diagenesis.

The Ni/Co and Cr/Zn ratios in fine-grained
terrigenous sedimentary rocks decrease with time
within the Archean Eon, approaching the values
of the present-day upper continental crust at the
end of the Archean (Fig. 3). The decreasing Ni/Co
and Cr/Zn ratios with time reflect progressively

more felsic lower MgO) upper continental crust
from the Mesoarchean [3.5 to 3.0 billion years ago
(Ga)] to the Neoarchean (3.0 to 2.5 Ga). The
Ni/Co- and Cr/Zn-age correlations established for
samples from many continents suggest that these
systematics reflect global crustal evolution rather
than regional phenomena.

We conducted a Monte Carlo mixing simulation
to determine the average MgO content of the
Archean upper crust (6), which we assumed was
composed of rocks represented in the compiled
Archean craton rock data set (n = 5063 for sam-
ples with complete SiO,, MgO, Ni, Co, Cr, and Zn
data), in order to match the average Ni/Co and
Cr/Zn ratios recorded by the Archean sediments.
The mixing scenarios that pass the Ni/Co and
Cr/Zn filters yield the average MgO content for
the Archean upper continental crust. Using this
approach, we tracked the evolution of the MgO
content in the Archean upper continental crust
(Fig. 4) based on binned locality average Ni/Co
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Fig. 4. Evolution of MgO content, relative mass (A), and the proportions
of major rock types (B) of the upper continental crust in the Archean Eon.
(A) MgO content was calculated based on the locality average Ni/Co and Cr/Zn
ratios within each 0.2-Ga time interval, so that larger numbers of samples for
particular localities do not have an undue influence on the outcome. Because
the depositional ages of sedimentary rocks represent the minimum formation ages

and Cr/Zn (Fig. 3). We found that the MgO con-
tent in the upper continental crust decreases
from >11 weight % (wt %) in the Mesoarchean
to ~4 wt %, at the end of the Archean, which is
close to the present-day level of 2 to 3 wt % (3).
The mafic upper continental crust in the early
Archean was gradually replaced by a felsic upper
continental crust in the Neoarchean and reached
an average composition much like that of today
around the Archean-Proterozoic boundary. The
consistently low Ni/Co and Cr/Zn ratios in post-
Archean sediments (Fig. 2) suggest a nearly con-
stant composition for the upper continental crust
since 2.5 Ga.

Although it has a high MgO content, the
Archean upper continental crust may contain
up to 40% tonalite-trondhjemite-granodiorites
(TTGs) (Fig. 4). The budgets of incompatible el-
ements in the sediments are controlled by the
TTG components (yielding high La/Sm ratios),
whereas transition metals (Ni, Co, Cr, and Zn)
are controlled by mafic components.

Through most of the Archean, the upper con-
tinental crust had a mafic bulk composition
(Fig. 4). This mafic composition, however, is not
reflected in the mineralogy of Archean clastic sed-
iments, which typically contain felsic minerals
(e.g., detrital quartz, muscovite, and feldspar) (14).
This disconnect between geochemical and min-
eralogical observations, as well as the low MgO
contents in most Archean terrigenous sedimen-
tary rocks (I15), probably reflects preferential dis-
solution of mafic components (minerals and
glasses) during chemical weathering (6). Minerals
such as olivine weather congruently, releasing Mg,
which is then transported to the ocean, where it
may be sequestered into altered seafloor basalts
through reverse weathering (16). Mafic to ultra-
mafic volcanic glasses weather in a similar manner.
In contrast to MgO, Ni, Co, Cr, and Zn may be
incorporated into clay minerals or incorporated
as metal-rich accessory phases after their release
from the primary igneous phases.

374 22 JANUARY 2016 » VOL 351 ISSUE 6271

3.3

‘We constructed a growth curve for the Archean
upper continental crust based on MgO mass con-
servation. We assumed dilution of the upper con-
tinental crust MgO by addition of TTGs with an
average of 1.4 wt % MgO (17). To make an upper
continental crust with MgO of 4 wt % at the end
of Archean requires the addition of a TTG mass
that is four times that of the mafic upper con-
tinental crust older than 3.0 Ga (Fig. 4). Any
addition of mafic igneous rocks to the upper con-
tinental crust would require even more felsic
magma to balance the MgO content. Together,
these observations suggest at least a fivefold
mass increase of the upper crust in the Archean,
with much of the felsic rocks being delivered in
the Neoarchean. This inferred massive crustal
growth in the Neoarchean is in line with certain
crustal growth models (2, 18) and corresponds
to the peaks at ~2.7 Ga seen in both zircon U-Pb
age (18, 19) and mantle xenolith Re depletion age
(20) spectra. Because our calculations are based
on insoluble elements, the results are insensitive
to weathering processes.

Such dramatic changes in the composition and
mass of the upper continental crust suggest a
profound and fundamental change in the pro-
cesses that formed the Archean crust (Fig. 4).
The rise of voluminous felsic magmatism that
produced the TTGs, and the processes that formed
the Archean TTGs, might have driven the evolu-
tion of the Archean crust. TTGs may be generated
from both nonsubduction (the melting of mafic
rocks in the lower crust) (21-24) and subduction
(the melting of subducted plates) (17, 25, 26)
origins. Melting and recycling of lower crustal
mafic granulites might have persisted through-
out the Archean Eon because of the high mantle
temperature at that time (27). However, lower
crust is generally depleted in water, which is im-
portant in the generation of granitic melts, in-
cluding TTGs (28). It is thus doubtful that lower
crustal melting, in the absence of subduction
processes, would be efficient in producing such

Komatiite Early Archean
Basalt
Granite ‘ 10=20%
10-40%
-—

of the crust being sampled, both the MgO and upper crustal growth curves could
shift toward older ages. Upper crustal masses are relative to that of the Meso-
archean upper continental crust. Error bars are 2 SD. (B) We calculated the
proportions of TTGs, basalts, and komatiites, assuming that TTGs, basalts, and
komatiites have average MgO contents of 1.4 wt % (17), 11 wt % (from compiled
Archean craton samples with SiO, of 45 to 54%), and 30 wt % (34), respectively.

large amounts of TTGs that increased the mass
of the Archean upper continental crust by a factor
of 5. Assuming that Earth experienced a period
of stagnant lid or drip tectonics before the onset
of plate tectonics (29), the subaerial crust, which
probably evolved from oceanic plateaus, had a
total area of a fraction of the present-day con-
tinental crust and a composition dominated by
basalt mixed with komatiites and minor TTGs
generated by lower crustal melting. Approaching
3.0 Ga, the onset of global plate tectonics would
have provided a continuous supply of water to
the mafic source (such as subducted oceanic crust)
that resulted in the rise of voluminous TTGs and
other felsic magmas (25). Modern-style conti-
nental crust started to emerge, attended by
extensive subduction in the Neoarchean. Sub-
stantially earlier global-scale plate tectonics
(>3.5 Ga) are unlikely, considering the rapid
mafic-felsic transition within the last 0.5 billion
years of the Archean Eon. This timing is con-
sistent with the constraints from diamonds from
the subcontinental mantle (30), secular changes
in Hf and O isotopes in zircon (31), and Rb-Sr
systematics in magmatic records (7).
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COMPARATIVE BEHAVIOR

Oxytocin-dependent consolation

behavior in rodents

J. P. Burkett,”*?* E. Andari,”*? Z. V. Johnson,"*? D. C. Curry,>*

F. B. M. de Waal,>®* L. J. Young">>°*

Consolation behavior toward distressed others is common in humans and great apes,
yet our ability to explore the biological mechanisms underlying this behavior is limited
by its apparent absence in laboratory animals. Here, we provide empirical evidence that
a rodent species, the highly social and monogamous prairie vole (Microtus ochrogaster),
greatly increases partner-directed grooming toward familiar conspecifics (but not strangers)
that have experienced an unobserved stressor, providing social buffering. Prairie voles also
match the fear response, anxiety-related behaviors, and corticosterone increase of the
stressed cagemate, suggesting an empathy mechanism. Exposure to the stressed cagemate
increases activity in the anterior cingulate cortex, and oxytocin receptor antagonist infused
into this region abolishes the partner-directed response, showing conserved neural

mechanisms between prairie vole and human.

onsolation, which entails comforting con-
tact directed at a distressed party, is a com-
mon empathetic response in humans that
emerges in the second year of life (7). Until
now, consolation behavior has only been
documented in a few nonhuman species and
only in the context of naturally occurring ag-
gressive conflicts, as first described in great apes
(2, 3) and subsequently in canids (4, 5), corvids
(6, 7), and elephants (8). These observations have,
so far, been taken to mean that consolation be-
havior may require advanced cognitive capacities
(9). Nonetheless, rodents also manifest some of
the empathy-related capacities (10-16) thought
to underlie consolation in humans and chimpan-
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zees (1, 17). If consolation behavior were to be ob-
served outside of species with advanced cognition,
this would suggest that it rests on much older,
more widespread, and less cognitive capacities
and may be variably expressed because of species-
specific evolutionary context. Moreover, observing
consolation behavior in a laboratory rodent under
reproducible conditions would allow for empir-
ical research on causal biological mechanisms
relevant to human mental health.

Rodents in the genus Microtus display diverse
mating strategies and social structures. The prairie
vole (Microtus ochrogaster) is a socially monog-
amous, biparental rodent species in which both
males and females may participate in philopatric
cooperative breeding in the parental nest (18).
These social traits frequently coevolve with other
cooperative or altruistic behaviors that increase
direct or indirect fitness, including social buffer-
ing among colony members (19). In contrast,
closely related meadow voles (M. pennsylvanicus)
are promiscuous breeders with no formal social
structure that show comparatively abbreviated,
uniparental care of pups (20). We hypothesized

that the prairie vole, but not the meadow vole,
would show consolation behavior under repro-
ducible laboratory conditions. Additionally, we
hypothesized that as suggested for humans and
great apes, consolation behavior in the prairie
vole would be based on an empathy mechanism.
Last, we hypothesized that consolation behavior
would be mediated by conserved neurobiological
and neurochemical mechanisms consistent with
those implicated in empathy in humans.
Consolation behavior has been defined as an
increase in affiliative contact in response to and
directed toward a distressed individual, such as a
victim of aggression, by an uninvolved bystander,
which produces a calming effect (2). This defi-
nition emphasizes victims of aggression due to
observational constraints in naturalistic studies.
In humans, the definition includes individuals
experiencing stress from other sources (I), a
strategy used in elephants (8) and suggested for
primates (9). On the basis of this research, we
first developed a set of laboratory conditions
under which unstressed male and female prairie
voles (“observers”) would respond spontaneously
and selectively to stressed conspecifics (“demon-
strators”) with a prosocial, other-directed be-
havior (the “consolation test”) (Fig. 1A). In this
protocol, an observer and a demonstrator housed
together are separated from each other, and the
demonstrator either sits alone in a home cage
compartment or is exposed to a stressor con-
sisting of five tones paired with light foot-shocks
(0.8 mA, 0.5 s) distributed over the course of
24 min (Pavlovian fear conditioning). The dem-
onstrator is then reunited with the naive ob-
server, and the natural response is recorded and
measured. Under these experimental conditions,
licking and grooming directed by observers toward
demonstrators (or “allogrooming”) was signifi-
cantly longer in duration (time-treatment inter-
action, Fyy; = 6.7, P < 0.025) and shorter in latency
(t;1 = 3.9, P < 0.003) after a separation during
which the demonstrator was stressed (Fig. 1B
and fig. S1). Prairie vole observers did not in-
crease allogrooming toward demonstrators after
a control separation, demonstrating the selectivity
of the response. Both male and female observers

22 JANUARY 2016 » VOL 351 ISSUE 6271 375

Downloaded from http://science.sciencemag.org/ on April 21,2016


http://science.sciencemag.org/

Archean upper crust transition from mafic to felsic marks the
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Editor's Summary

New crustal clues from old rocks

The ghost of continental crust long eroded away may exist in certain element ratios found in
Archean rocks. Tang et al. used Ni/Co and Cr/Zn ratios as a proxy for the magnesium oxide that long
ago weathered away in Earth's oldest rocks. This allowed a reconstruction of rock composition, which
appears to be very different from that of the crust today. The shift to contemporary crust composition
occurred after the Archean era, suggesting the onset of plate tectonics.
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