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ABSTRACT

I propose a hypothesis for the origin of subduction on early Earth that is directly coupled
with mantle upwelling and the formation of mafic crust. The hypothesis invokes spatial and
temporal overlap of both endogenic and exogenic processes, broad quasi-cylindrical mantle
upwelling and large bolide impact, respectively, leading to subduction and spreading, two
signature processes of modern plate tectonics. The spatial and temporal intersection of these
processes could have occurred variably across early Earth, and thus subduction could have
begun at different locations and times globally. The hypothesis postulates that the ability of
a terrestrial planet to evolve plate tectonics results from a balance between the strength of its
lithosphere and the size bolide it can attract and survive; both factors, to a first order, are a

function of planet size.
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INTRODUCTION

How and when plate tectonics began has
been enthusiastically debated for decades. The
debate currently combines a quest for the old-
est evidence of plate tectonic processes (e.g.,
Cawood et al., 2006; Condie et al., 2006; Witze,
2006; Furnes et al., 2007). Modern plate tec-
tonic processes embrace both the formation of
mafic crust and the recycling of mafic crust to
the mantle through subduction. Subduction is
like a virus, once begun it can easily spread, yet
a mechanism for inception of the subduction
process has thus far proven elusive (e.g., Hilde
et al., 1977; Casey and Dewey, 1984; Cloetingh
et al., 1989; Mueller and Phillips, 1991). Thus,
how subduction began is directly tied to the
debate about the initiation of modern plate tec-
tonic processes. As stated by Lin (2007), there
must have been a time on Earth when plate tec-
tonics did not operate and, thus, a process by
which subduction began. I propose a hypothesis
for the origin of subduction, coupled with the
formation of mafic crust, that calls for serendipi-
tous spatial intersection of endogenic processes
(broad quasi-cylindrical mantle upwelling) and
exogenic events (large bolide impacts) on early
Earth. The hypothesis addresses the formation
of long (>1000 km) fundamental boundaries,
marked by contrasts in composition, rheology,
and density, that evolve into subduction zones.

EARLY EARTH

Early Earth differed from contemporary Earth
in at least two major ways. (1) The planet was
pummeled by extraterrestrial bolides, large and
small; and (2) early Earth had significantly more
thermal energy. The first is clear from solar sys-
tem evolution models and impact craters and
basins on the Moon and Mars. The second
may have resulted in a stagnant-lid regime,

rather than a convective-lid regime (Tackley,
2000; Korenaga, 2006), hampering rather than
enabling lithosphere-scale recycling.

Although there is much debate about the
environmental conditions of early Earth, it is
generally agreed that higher continental geo-
thermal gradients, a result of greater radiogenic
heat production and stronger basal heat flow,
existed in the Archean (Taylor and McLennan,
1986; Bickle, 1978; Hoffman and Ranalli,
1988; Davies, 1992). An elevated geothermal
gradient would lead to increased crustal buoy-
ancy, increased ductility, and lower overall
crustal strength; it would limit the ability of
continental crust to develop sharp gradients in
thickness or strength (Choukroune et al., 1995;
Rey and Houseman, 2006). The broadly duc-
tile nature of this crust would therefore inhibit
the formation of abrupt compositional and/or
rheological boundaries.

Fundamental, relatively sharp, focused
boundaries form the essence of modern plate
tectonics. Rheological and density differences
play critical roles in the nature of tectonic
processes of all terrestrial planets. Subduction
ultimately requires plates—large tracts of crust
or lithosphere, marked by differences in density
and, possibly, strength. Lower plates, those to be
subducted, must have both elastic strength and
high density relative to the ductile upper mantle.
In contrast, low-density upper plates need not
have elastic strength, they can deform in either
a ductile or brittle fashion. So perhaps we might
ask, how could early Earth form at least local
regions of high-strength crust, or relatively sharp
boundaries marked by pronounced rheological
and/or density contrast? Composition, tempera-
ture, strain rate, and fluids affect, to first order,
the brittle (strong) versus ductile (weak) charac-
ter of silicate crust; here I consider the first three

variables to propose a mechanism by which early
Earth might form long (>1000 km), sharp, fun-
damental boundaries that separate large tracts of
crust with contrasting density and/or rheology.
The fourth variable, fluids, enters the discussion
with an Earth-Venus comparison.

HYPOTHESIS FOR THE ORIGIN
OF SUBDUCTION

A series of time-step cartoons illustrates
salient features of the hypothesis, beginning
with differentiated (buoyant) crust rich in
radiogenic heat-producing elements (Fig. 1).
Part of the crust resides above a broad quasi-
cylindrical mantle upwelling where the crust
is thinned thermally and/or mechanically
(Time 1). Mantle-scale processes modify the
crust from below, resulting in two types of
crust: unmodified and thinned.

While the mantle may modify the crust
from below, extraterrestrial bolides can modify
the crust from above. Bolides intersected the
Earth as they traveled around the young Sun.
Among the many objects to strike early Earth,
a large bolide impacts the surface overlapping
with the trace of already thinned felsic crust
(Time 2). This impact event excavates a huge
region of crust (>1000 km diameter), displac-
ing much of it upward and outward, resulting
in a vast region of a third type of crust that is
thin, shocked, and weak (Time 3). The exca-
vated crust, marking the impact site, could
be expected to have a sharp boundary (strain
gradient) against adjacent relatively unmodi-
fied (or now thickened) crust as a result of the
extremely high strain rate experienced during
the impact event. Although the crust would
respond in a ductile fashion to low strain rate
mantle flow from below, hypervelocity impact
from above would induce a brittle response.

© 2007 The Geological Society of America. For permission to copy, contact Copyright Permissions, GSA, or editing @ geosociety.org.
Geology, December 2007; v. 35; no. 12; p. 1059-1062; doi: 10.1130/G24202A.1; 1 figure.

1059



Shortened, excavated, thinned felsic crust

Focused
thermal
upwelling

A B Excavated and thinned felsic crust

Time 3

Mantle thermal
anomaly

Large bolide

® - -~ -«
z \
[

Time 2

1st-order differentiate
felsic crust
N

Time 1

Broad mantle upwelling

Spreading center propagates
laterally into felsic crust;
subduction zone
propagates along strike

Mafic crust reaches
spatial limit against

Coupled spreading and subduction,
B hence “modern” plate tectonics, have arrived

felsic crust

Figure 1. Cartoon sequence (Time 1-Time 9; Time 5 repeated for clarity) illustrating the sub-
duction origin hypothesis; schematic cross-sections A-B are shown for several panels. See

text for discussion.

The bolide, which penetrates the crust, also
triggers a mantle response that in turn affects
the surface (Time 4). Local superheating of the
mantle causes massive partial melting, forming
ultramafic to mafic melt that rises, forming new
crust; impact could further spawn the formation
of a relatively long lived mantle thermal anom-
aly (Jones et al., 2005; Elkins-Tanton and Hager,
2005). The region of excavated and thinned
crust might be expected to respond much like
thin lithosphere above a plume head, forming a
ring-shaped trough that moves outward as the
plume interacts with the thinned lithosphere
(Griffiths and Campbell, 1991). The thermal
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anomaly causes continued partial melting; melt
rises to feed a nascent spreading center, which
forms in the region inside the trough. As the
trough moves outward, new mafic (to ultra-
mafic) crust (a fourth type of crust) continues to
form at the spreading center (Time 5). The broad
mantle upwelling would influence the trend of
the spreading center. Spreading could be sym-
metric or asymmetric depending on regional
stress conditions; local buttressing by relatively
immobile lithosphere might favor asymmetric
spreading, rather than symmetrical spreading at
modern ocean ridges. As new mafic crust is dis-
placed outward, away from the spreading center,

the region of excavated and thinned felsic crust
shortens and thickens. The nature of crustal
thickening would depend on the inherent rheol-
ogy of the excavated and thinned crust. One
might reasonably predict a ductile response due
to a high geothermal gradient, although the spe-
cific behavior is not critical to the hypothesis.
What is important is that the excavated and
thinned crust is progressively displaced outward
with formation of new mafic crust. The spread-
ing center propagates laterally in a direction
parallel to the broad mantle upwelling; the
growing tract of mafic crust progressively dis-
places the excavated and thinned crust until the
new mafic crust reaches the limit of the original,
impact-softened and excavated crust (Time 6).

Once the mafic crust reaches the spatial/
rheological limit of the excavated crustal region,
and given the right conditions (i.e., composi-
tional and thermal density balanced against
spreading rate and relative strength of mafic
and felsic crusts), the early-formed mafic crust
would begin to sink (Time 7), and then subduct,
beneath the buoyant crust, which would become
the upper plate (Time 8). The spatial/rheological
limit refers to the point at which the felsic crust
(modified or not) begins to resist displacement,
becoming a stress concentrator (Cloetingh et al.,
1989), caused by further generation of mafic
crust at the spreading center. The spreading
center continues to propagate along strike akin to
modern ridges, and it could ultimately penetrate
the felsic crust left unmodified by the impact
event, but where it was thinned above the origi-
nal mantle upwelling. As the system evolves,
transform faults might form as dictated by geo-
metric and kinematic criteria along portions of
the mafic-felsic crust boundary. The subduction
zone could propagate along its length, as did the
spreading center (Time 9). With the concurrent
formation of new mafic crust and subsequent
subduction of older mafic crust, plate tectonics
have begun in this region of the Earth.

This hypothesis calls upon serendipitous
spatial overlap of both endogenic and exogenic
processes. If a large bolide fell on crust far
removed from a mantle upwelling, the events
proposed here might not evolve into mafic crust
formation and recycling via subduction, because
there would be no upwelling to act as a stress
guide for crustal extension. Furthermore, because
the spreading center might not be able to propa-
gate into unmodified crust, the overall areal extent
of newly formed mafic crust would be limited.
That is, unmodified crust might resist spreading
center propagation. The proposed process could
become arrested at any stage described; in this
case, subduction would not begin.

The hypothesis, which assumes a constant
radius Earth, accommodates, and essentially
requires, concurrent formation and recycling of
mafic crust. The inception of subduction requires
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formation of a sufficiently large tract of mafic
crust to allow for crustal cooling, and this crust
must form a strong (i.e., elastic) brittle plate of
significant density difference compared to the
asthenosphere, but also compared to the upper
plate, such that the newly formed mafic crust
will be thrust below the felsic crust. The size of
the impact basin is important in that an extensive
tract of mafic crust must form to allow subduc-
tion to begin. The question of whether bolides of
sufficient size existed is evident by examination
of Earth’s neighbors, Mars and the Moon, which
preserve at least partial records of that tumultuous
time. Mars, about half the diameter of Earth and
11% of its mass, preserves several impact basins
with diameters >1800 km (Argyre, 1800 km;
Isidis, 1900 km; Hellus, 2300 km; Utopia,
3000 km). The Moon, less than one-third Earth’s
diameter and 1.2% its mass, also has huge impact
basins (Orientale, 930 km; Imbrium, 1160 km;
South Pole—-Aitken, 2300 km). Earth, with sig-
nificantly greater mass, should have sustained
similarly large impact events as these smaller
neighbors, forming impact basins of at least
equal size. Subduction zones associated with
the Lesser Antilles and South Sandwich Islands,
with diameters of ~1000 km, might be taken as
a minimum size for impact basins that might
evolve into spreading-subduction processes.

CONSEQUENCES AND RESERVATIONS

Given that such large impact basins occur on
Mars and the Moon, one might ask why plate tec-
tonics did not begin on these bodies. The hypoth-
esis presented here embraces a balance between
a terrestrial body’s lithospheric strength and
bolide size. A bolide must form a huge impact
basin and penetrate the lithosphere. If a bolide is
too small, or the lithosphere is too strong, plate
tectonics will not occur. To a first order, litho-
spheric strength for terrestrial bodies is a function
of planet size, or its surface area:volume ratio,
A/V (Solomon and Head, 1982). Small bodies,
with high A/V, have strong lithospheres. With a
lower A/V, a body’s heat budget increases, and
its lithosphere is weaker. The size bolide a planet
can attract and sustain is also a direct function of
mass, and therefore size.

Thus, plate tectonics (subduction-spreading
processes) might only form on large solid-
surfaced planets—bodies with relatively weak
lithospheres that can sustain the impact of very
large bolides. In effect, there could be a mini-
mum size at which a planet might develop plate
tectonics. The Moon is too small. Any bolide
that the Moon could sustain would not initiate
subduction-spreading processes because of its
thick lithosphere. Mars also has a thick litho-
sphere, although this has not always been the
case. Early in Mars’ history it had significantly
more heat and, as a result, a thinner and weaker
lithosphere. At that same time the solar system
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contained numerous large meteoroids. A single
large bolide (Wilhelms and Squyres, 1984) or
multiple large bolides (McGill, 1989; Frey and
Schultz, 1988) may have collided with what is
currently Mars” Northern Hemisphere, forming
Mars’ crustal dichotomy. The impact event(s)
could have, in turn, spawned an endogenic
response to develop a spreading center forming
mafic crust, which was displaced asymmetrically
outward and subsequently subducted along a por-
tion of the initial impact boundary (Sleep, 1994).
Thus the formation of Mars’ crustal dichotomy
might have required partnership between exo-
genic and endogenic events (Wise et al., 1979;
McGill and Dimitriou, 1990; Zuber, 2001),
which evolved into plate tectonic processes
(Sleep, 1994). As Mars cooled, due mainly to its
high A/V but enhanced by nascent mafic crust
formation, plate tectonic processes would have
halted abruptly, almost as quickly as they began,
preserving a truly ancient ocean-like basin across
Mars’ Northern Hemisphere (Frey, 2006).

Venus, with ~80% of Earth’s mass, lacks
plate tectonics. Thus, (1) Venus might mark
a lower limit for the terrestrial planet mass
required for plate tectonics to evolve; or (2)
Venus once had plate tectonics, but fast cool-
ing led to its demise; or (3) Venus’s dry strong
crust (Mackwell et al., 1998) rendered its litho-
sphere too strong for plate tectonics to develop.
Scenario 1 seems unlikely given the similarity
in Earth and Venus size and composition. Sce-
nario 2 is also unlikely given the role of a dense
atmosphere in maintaining a hot interior (e.g.,
Abe and Matsui, 1988), and given that Venus’s
supercritical CO,-rich atmosphere acts more like
a conducting layer than a convective layer with
regard to heat transfer (Snyder, 2002). The third
option highlights lithospheric rheology, a funda-
mental component of the bolide model. Water
plays a critical role in subduction initiation (and
hence plate tectonics) due to the mode of failure
of silicate lithospheres (Regenauer-Lieb et al.,
2001). Convergence across a dry lithosphere
(such as Venus) results in focused brittle failure
of the upper lithosphere, while the bottom of
the lithosphere deforms in a diffuse fashion and
delaminates and recycles to the mantle, leaving
the surface crust relatively intact. In contrast,
wet lithosphere fails across its entire mechanical
thickness, resulting in the formation of a narrow
fault-like zone through the lithosphere; in this
case the entire lithospheric thickness recycles to
the mantle (Regenauer-Lieb et al., 2001). Once
initiated, subduction of the lithosphere provides
a means of recycling water to the mantle, trig-
gering a double feedback mechanism (thermo-
elastic and thermal-rheological) to promote
plate tectonics (Regenauer-Lieb et al., 2001).
Thus, Venus’s lack of plate tectonics might
highlight the role of rheology across the entire
thickness of a planet’s lithosphere.

Inception of plate tectonics by the proposed
hypothesis would not require strictly seren-
dipitous occurrence of exogenic and endogenic
processes. Rather, initiation of plate tectonics
might be a function of planet size, which in turn
influences both endogenic (heat budget, cool-
ing rate, and lithospheric strength) and exogenic
(bolide attractor) factors in its formative years.
Water also plays a critical role in plate tectonic
process initiation and continued evolution and
should be considered in cases where A/V criteria
are met. Plate tectonic initiation by the mecha-
nism proposed here is also limited by the avail-
ability of large bolides, and calls for consideration
of the thermomechanical evolution of a planet
within the context of solar system evolution. That
is, the initiation of plate tectonic processes might
require intersection of temporal and spatial fac-
tors with regard to planet differentiation and cool-
ing, and how these processes affect lithospheric
strength, as well as solar system evolution, with
particular regard to large bolides.

The effect of large bolides on an early Earth
might provide clues to some unsolved myster-
ies of the Archean (Condie and Benn, 2006). For
example, (1) bolide-induced initiation of sub-
duction spreading by the mechanism suggested
here could allow for two very different styles
of crustal deformation—diapirism-sagduction
and plate tectonics—to operate concurrently in
the Archean. (2) Komatiites, which character-
ize the Archean, could result from superheat-
ing of the mantle due to large bolide impact
(high-temperature komatiite), or heating and
hydration (hydrous komatiite) due to icy bolide
impact. In either case, (3) the resulting mantle
residuum (Jordan, 1978) could, in turn, form
low-density keels of Archean lithosphere, the
formation of which is controversial. Komatiites
would be rapidly recycled, whereas the restite—
buoyant, refractory and cool—would survive.
(4) Given that thermal modeling indicates that
mantle-formed plumes might have been weak
to nonexistent in the Archean (Korenaga, 2006),
perhaps bolides (or bolide-spawned plumes)
triggered the ca. 2.75 Ga global events credited
to plumes. In addition, if bolides played a criti-
cal role in the origin of plate tectonics, then with
plate tectonics came crucial extraterrestrial ingre-
dients for life on Earth, delivered to a favorable
environment that literally nursed them to life.

One might argue that calling on impact
processes violates uniformitarianism, and thus
the very roots of geology. However, perhaps
ignoring impact events represents a modern
form of geocentric provincialism. Both secular
and uniformitarian philosophies, each temporal-
and spatial-dependent approaches, are critical to
understanding Earth’s formation and evolution.
Early Earth differs from contemporary Earth;
today’s catastrophe could have been yester-
day’s norm. Recent work indicates that Earth’s
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differentiation occurred earlier than previously
thought (Boyet and Carlson, 2005), yet major
impact events (e.g., late heavy bombardment)
may have continued over a broader time span,
including 4.1-2.0 Ga (Norman et al., 2006; Hart-
mann et al., 2007), than previously appreciated.
Thus, there is every reason to suppose that large
bolides did have strong effects on early Earth. A
wide range of petrologic, rheological, thermal,
and/or heat flow arguments might be constructed
to identify strengths, weakness, or fundamental
flaws with the proposed hypothesis, which out-
lines one possible way that bolides might have
played a critical role in Earth’s evolution.

ACKNOWLEDGMENTS

I thank P. Cawood, P. Schultz, and an anonymous
reviewer for careful and insightful reviews, and
J. Goodge and J. Swenson for comments on earlier
versions of the manuscript. I thank the McKnight
Foundation and the National Aeronautics and
Space Administration (grants NNX06AB90G and
NNGO05GM26G) for support.

REFERENCES CITED

Abe, Y., and Matsui, T., 1988, Evolution of an
impact-generated H,0-CO, atmosphere and
formation of a hot proto-ocean on Earth:
Journal of the Atmospheric Sciences, v. 45,
p. 3081-3101, doi: 10.1175/1520-0469(1988)
045<3081:EOAIGH>2.0.CO:;2.

Bickle, M.J., 1978, Heat loss from the Earth: A con-
straint of Archean tectonics from the relation
between geothermal gradients and the rate of
plate production: Earth and Planetary Science
Letters, v. 40, p. 301-315, doi: 10.1016/0012—
821X(78)90155-3.

Boyet, M., and Carlson, R.W., 2005, Nd-142 evi-
dence for early (> 4.53 Ga) global differen-
tiation of the silicate Earth: Science, v. 309,
p- 576-581, doi: 10.1126/science.1113634.

Casey, J.F,, and Dewey, J.F., 1984, Initiation of sub-
duction zones along transform and accreting
plate boundaries, triple-junction evolution,
and forearc spreading centers—Implications
for ophiolitic geology and obduction, in Gass,
I.G., et al., eds., Ophiolites and oceanic litho-
sphere: Geological Society [London] Special
Publication 13, p. 269-290, doi: 10.1144/GSL.
SP.1984.013.01.22.

Cawood, P.A., Kroner, A., and Pisarevsky, S., 20006,
Precambrian plate tectonics: Criteria and evi-
dence: GSA Today, v. 16, no. 7, p. 4-11, doi:
10.1130/GSAT01607.1.

Choukroune, P., Bouhallier, H., and Arndt, N.T.,
1995, Soft lithosphere during periods of
Archaean crustal growth or crustal reworking,
in Coward, M.P., and Ries, A.C., eds., Early
Precambrian processes: Geological Society
[London] Special Publication 95, p. 67-86.

Cloetingh, S., Wortel, R., and Vlaar, N.J., 1989, On
the initiation of subduction zones: Pure and
Applied Geophysics, v. 129, p. 7-25, doi:
10.1007/BF00874622.

1062

Condie, K.C., and Benn, K., 2006, Archean geody-
namics: Similar to or different from modern
geodynamics?, in Benn, K., et al., eds., Archean
geodynamics and environments: American
Geophysical Union Geophysical Monograph
164, p. 47-59.

Condie, K.C., Kroner, A., and Stern, R.J., 2006,
When did plate tectonics begin?: GSA Today,
v. 16, no. 10, p. 40-41, doi: 10.1130/1052—
5173(2006)16[40:PCRWDP]2.0.CO;2.

Davies, G.E, 1992, On the emergence of plate tectonics:
Geology, v. 20, p. 963-966, doi: 10.1130/0091—
7613(1992)020<0963:0TEOPT>2.3.CO;2.

Elkins-Tanton, L., and Hager, B., 2005, Giant mete-
oroid impacts can cause volcanism: Earth and
Planetary Science Letters, v. 239, p. 219-232,
doi: 10.1016/j.epsl.2005.07.029.

Frey, H.V., 2006, Impact constraints on, and a
chronology for, major events in early Mars his-
tory: Journal of Geophysical Research, v. 111,
p. E08S91, doi: 10.1029/2005JE002449.

Frey, H., and Schultz, R.A., 1988, Large impact
basins and the mega-impact origin for the
crustal dichotomy on Mars: Geophysical
Research Letters, v. 15, p. 229-232.

Furnes, H., de Wit, M., Staudigel, H., Rosing, M., and
Muehlenbachs, K., 2007, A vestige of Earth’s
oldest ophiolite: Science, v. 315, p. 1704-1707,
doi: 10.1126/science.1139170.

Griffiths, R.W., and Campbell, I.H., 1991, Inter-
action of mantle plume heads with the Earth’s
surface and onset of small-scale convec-
tion: Journal of Geophysical Research, v. 96,
p- 18,295-18,310.

Hartmann, W.K., Quantin, C., and Mangold, N.,
2007, Possible long-term decline in impact
rates—2. Lunar impact-melt data regarding
impact history: Icarus, v. 186, p. 11-23, doi:
10.1016/j.icarus.2006.09.009.

Hilde, T.W.C., Uyeda, S., and Kroenke, L., 1977,
Evolution of the Western Pacific and its mar-
gin: Tectonophysics, v. 38, p. 145-165, doi:
10.1016/0040-1951(77)90205-0.

Hoffman, P.F., and Ranalli, G., 1988, Archean
oceanic flake tectonics: Geophysical Research
Letters, v. 15, p. 1077-1080.

Jones, A.P., Wunemann, K., and Price, D., 2005,
Impact volcanism as a possible origin for the
Ontong Java Plateau (OJP), in Foulger, G.R.,
et al., eds., Plates, plumes, and paradigms:
Geological Society of America Special Paper
388, p. 711-720.

Jordan, T.H., 1978, Composition and development
of the continental tectosphere: Nature, v. 274,
p. 544-548, doi: 10.1038/274544a0.

Korenaga, J., 2006, Archean geodynamics and the
thermal evolution of Earth, in Benn, K., et al.,
eds., Archean geodynamics and environments:
American Geophysical Union Geophysical
Monograph 164, p. 7-32.

Lin, S., 2007, When did plate tectonics begin?:
GSA Today, v. 17, no. 3, p. 12, doi: 10.1130/
GSATO01703C.1.

Mackwell, S.J., Zimmerman, M.E., and Kohlstedt,
D.L., 1998, High-temperature deformation
of dry diabase with application to tectonics
on Venus: Journal of Geophysical Research,
v. 103, p. 975-984, doi: 10.1029/97JB02671.

McGill, G.E., 1989, Buried topography of Utopia,
Mars: Persistence of a giant impact depres-
sion: Journal of Geophysical Research, v. 94,
p. 2753-2759.

McGill, G.E., and Dimitriou, A.M., 1990, Origin of the
Martian global dichotomy by crustal thinning in
the late Noachian or early Hesperian: Journal of
Geophysical Research, v. 95, p. 12,595-12,605.

Mueller, S., and Phillips, R.J., 1991, On the ini-
tiation of subduction: Journal of Geophysical
Research, v. 96, p. 651-666.

Norman, M.D., Duncan, R.A., and Huard, J.J., 2006,
Identifying impact events within the lunar cata-
clysm from Ar-40-Ar-39 ages and compositions
of Apollo 16 impact melt rocks: Geochimica et
Cosmochimica Acta, v. 70, p. 6032-6049, doi:
10.1016/j.gca.2006.05.021.

Regenauer-Lieb, K., Yuen, D.A., and Branlund,
J., 2001, The initiation of subduction: Criti-
cality by addition of water?: Science, v. 294,
p. 578-580, doi: 10.1126/science.1063891.

Rey, PF., and Houseman, G., 2006, Lithospheric
scale gravitational flow: The impact of body
forces on orogenic processes from Archaean
to Phanerozoic, in Buiter, S.J.H., and Schreurs,
G., eds., Analogue and numerical modeling
of crustal-scale processes: Geological Society
[London] Special Publication 253, p. 153-167.

Sleep, N.H., 1994, Martian plate tectonics: Journal
of Geophysical Research, v. 99, p. 5639-5655,
doi: 10.1029/94JE00216.

Snyder, D., 2002, Cooling of lava flows on Venus:
The coupling of radiative and convec-
tive heat transfer: Journal of Geophysical
Research, v. 107, no. E10, p. 5080-5088, doi:
10.1029/2001JE001501.

Solomon, S.C., and Head, J.W., 1982, Mechanisms of
lithospheric heat transport on Venus: Implica-
tions for tectonic style and volcanism: Journal
of Geophysical Research, v. 87, p. 9236-9246.

Tackley, P.J., 2000, Mantle convection and plate
tectonics: Toward an integrated physical and
chemical theory: Science, v. 288, p. 2002-
2007, doi: 10.1126/science.288.5473.2002.

Taylor, S.R., and McLennan, M.S., 1986, The
chemical composition of the Archaean crust,
in Dawson, J.B., et al., eds., The nature of the
lower continental crust: Geological Society
[London] Special Publication 24, p. 173-178.

Wilhelms, D.E., and Squyres, S.W., 1984, The Mar-
tian hemispheric dichotomy may be due to a
giant impact: Nature, v. 309, p. 138-140, doi:
10.1038/309138a0.

Wise, D.U., Golombek, M.P., and McGill, G.E.,
1979, Tectonic evolution of Mars: Journal of
Geophysical Research, v. 84, p. 7934-7939.

Witze, A., 2006, The start of the world as we
know it: Nature, v. 442, p. 128-131, doi:
10.1038/442128a.

Zuber, M.T., 2001, The crust and mantle of
Mars: Nature, v. 412, p. 220-227, doi:
10.1038/35084163.

Manuscript received 29 March 2007
Revised manuscript received 21 June 2007

Manuscript accepted 15 July 2007

Printed in USA

GEOLOGY, December 2007



