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Abstract

In many important ways, Archean and Paleoproterozoic (`older') orogens di�er structurally from contemporary examples.

This essay examines the premise that contrasts between older orogens and contemporary orogens re¯ect long-term changes in
the temperature of the continental crust, in the density of supracrustal sections, and in exhumation rates. For example, if
continental crust were warmer and exhumation rates faster, earlier in Earth history, then higher grade rocks would occur closer

to the surface of older orogens, and the orogens would be lower and wider. This situation might contribute to the formation of
wide belts of high-grade gneiss found in ancient crust. If the high-strength layer of the crust were thinner and supracrustal
sequences denser, earlier in Earth history, then regional extensional tectonism might lead to crustal-scale boudinage and

diapirism. This situation might explain formation of the extensive dome-and-keel provinces found in ancient crust. Testing such
speculations, through the application of structural analysis coupled with petrologic studies, dating, and rheological modelling,
will constrain models of Earth's long-term physical evolution. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Geologists have long noted that tectonic features of
`older' (Archean and Paleoproterozoic) orogens con-
trast with those of `younger' (Phanerozoic) ones (e.g.
KroÈ ner, 1981). For example, older provinces contain
extensive high-grade gneiss terranes with shallow-dip-
ping foliations while younger ones do not (e.g. Nisbet,
1987; Windley, 1995; Goodwin, 1996), and older pro-
vinces contain broad regions with dome-and-keel
architecture while younger ones do not (e.g. Marshak
et al., 1997). Further, regional trendlines in older pro-
vinces tend to be less linear than those of younger pro-
vinces, and older provinces do not contain obvious
relicts of accretionary prisms or molasse basins while
younger provinces do (KroÈ ner, 1981). Are such con-
trasts merely a manifestation of di�erences in erosion
level (e.g. we tend to see mid- to lower-crustal levels of
older provinces while we tend to see upper crustal
levels of younger provinces), or do they indicate that

tectonic processes have evolved during geological time?
Stated another way, should we be uniformitarians or
non-uniformitarians when interpreting older orogens
(see Burke et al., 1976; Hargraves, 1981; KroÈ ner, 1981;
Windley, 1981; Salop, 1983; Bickle, 1984; Davies,
1992; Passchier, 1995; Windley, 1995; Hamilton,
1998)?

The above debate recurs frequently in papers on
Precambrian geology. Some geologists maintain a strict
uniformitarian approach, but many researchers have
come to accept the notion that, while plate tectonics
did happen earlier in Earth history, there may have
been notable di�erences in how it operated, because
the younger Earth was hotter. Possible tectonic di�er-
ences between the early Earth and today's Earth
include: mantle convection was more vigorous; subduc-
tion did not completely consume oceanic lithosphere
because oceanic crust was thicker (so oceanic crust
became incorporated in continents, and depleted ocea-
nic lithosphere accumulated under continents); hot
spots were more abundant and larger; continental
crust did not have a ma®c lower crustal layer; the
mantle lithosphere beneath continental crust was not
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fertile; and plate motions were faster (see KroÈ ner,
1985; Sandiford, 1989a; Moores, 1993; Nelson, 1991;
Durrheim and Mooney, 1991; Davies, 1992; Kusky,
1993; Hamilton, 1993, 1998; KroÈ ner et al., 1994 for
further discussion).

Most of the items noted above pertain to oceanic
lithosphere, or to the deep crust and mantle. Were
there also di�erences in the character of mid to upper
continental crust and in its interaction with the atmos-
phere that could have in¯uenced deformation style in
older orogens? This brief essay explores the structural
consequences of three possible di�erences, namely: (i)
older orogens were hotter than contemporary ones; (ii)
rheological and density strati®cation in the continental
crust in Archean and Paleoproterozoic times were
di�erent from in today's crust; and (iii) weathering
and erosion rates at the surface of the earlier Earth
were faster than then they are today. Researchers do
not agree about whether such di�erences exist, so this
essay must take the `what if ?' approach. What if the
thermal structure, compositional strati®cation, and
erosion rate of continental crust back in
Paleoproterozoic and Archean times were not the same
as they are todayÐwould old orogens contain defor-
mational features that di�er detectably from those
found in contemporary orogens? If so, we could use
studies of structure in ancient orogens to characterize
physical conditions in the continental crust of the early
Earth. I address these topics in keeping with the aims
of this special issue of the Journal of Structural
Geology to draw the attention of students to an issue,
not to provide a comprehensive review.

2. What if the continental crust was a little hotter?

2.1. Could the crust have been hotter earlier in Earth
history?

Most geoscientists accept the notion that earlier in
Earth history the mantle was hotter overall than it is
today (e.g. McKenzie and Weiss, 1975; Lambert, 1976;
Thompson, 1984; Richter, 1985), because the young
Earth held more of its primordial heat and held a
greater concentration of radioactive elements than it
does today. For example, decay of radioactive el-
ements produced three times as much heat at the
beginning of the Archean and about 1.8 times as much
heat at the beginning of the Proterozoic than it does
today (Richter, 1984). Thus, mantle convection in the
younger Earth was probably more vigorous than it is
today. But whether or not a hotter, more vigorously
convecting mantle caused young continents to be war-
mer than those of today remains a point of contention
(e.g. England, 1979; England and Bickle, 1984;
Percival, 1994).

If excess heat of the Earth's interior was lost, in
part, by conduction through the continents, then the
continents must have been warmer. Higher tempera-
tures could also re¯ect a greater amount of radioac-
tivity in the crust, and perhaps even the occurrence of
a warmer atmosphere whose presence would increase
the temperature at the top surface of the crust.
However, if the additional heat of the young Earth
was lost only through convection involving the oceanic
lithosphere (because spreading rates were faster, or
spreading occurred at a greater number of ridges, or
there were a greater number of hot spots), then the
continental crust need not have been substantially hot-
ter.

Researchers who argue in favor of the idea that the
crust was not substantially hotter when it was younger,
point out that young continents lay above a thick
lithospheric root (e.g. Davies, 1979; Bickle, 1986;
Sandiford, 1989a) and thus would have been insulated
from the convecting asthenosphere. They note further
that the lack of widespread minimum-melting granites
in Archean shields implies that the temperature at the
base of continental interior regions by Archean time
was less than 700±8008C, the melting temperature of
dry crustal rock (Burke and Kidd, 1978), and that the
formation of diamonds in Archean subcontinental
mantle requires that temperatures in the subcontinental
mantle be similar to those today, by Archean time
(Boyd et al., 1985; Richardson et al., 1985).
Nevertheless, estimates based on studies of mineral
assemblages in wide belts of high-grade Archean
gneisses suggest that the crust reached 700±8008C at
10 kbar (35 km) when the gneisses formed (Tarney
and Windley, 1977; Grambling, 1981). In fact, some
geologists suggest that there has been a secular
decrease in metamorphic temperatures since the
Archean (e.g. Grambling, 1979, 1981; Sandiford,
1989a).

Uncertainty over the stability of the mantle beneath
continents complicates interpretation of the thermal
conditions in the continents. As Houseman et al.
(1981) point out, the deep root of thickened, cooler
mantle formed beneath collisional orogens may dela-
minate, at which time hot asthenosphere ¯ows against
the base of the continent, causing an increase in heat
¯ow into the continent (e.g. Platt and England, 1993).
Sandiford (1989a) notes that delamination would be
more likely in the Archean because mantle convection
was more vigorous, and attributes the prevalence of
high-temperature metamorphism in Archean terranes
to this process. He suggests that high-grade meta-
morphism occurred during extensional collapse when
very hot asthenosphere replaced the delaminated root.

Certainly, the lack of abundant minimum-melting
granites in older orogens implies that the continental
geotherm could not have been radically steeper during
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the Archean or Paleoproterozoic than it is today.
However, available constraints, notably metamorphic
temperatures, do allow the geotherms to be slightly
steeper in the past, perhaps especially during the exten-
sional collapse phase of orogeny. For the sake of argu-
ment, let us compare the Archean geotherm with the
present day geotherm. Say that rocks at a depth of 35
km in the Archean were 1008C hotter than they are
today (Fig. 1; cf. Davies, 1979; Pinet et al., 1991).
Would such a di�erence in¯uence deformation style in

continents? Yes, because the depth dependence of
rheology depends on the geotherm. For example, if the
geotherm were steeper, the strength vs depth pro®le of
the lithosphere would be di�erent (e.g. Dewey et al.,
1986), and the crustal brittle±plastic transition would
occur at a shallower depth (Fig. 2). Below, I consider
some implications of higher temperatures, as regards
the deformation style in orogens, and the dimensions
of orogens.

2.2. Implications for shear zone style

The style of a shear zone depends on temperature
during its development because the activity of defor-
mation mechanisms depends on temperature, as illus-
trated by representative deformation maps for
minerals (e.g. Rutter, 1976). As a result, shear at shal-
low crustal levels yields brittle fault zones containing
bands of breccia and gouge, grooved slickensides,
®brous veins, and solution cleavage. Closer to the
brittle±plastic transition, shear creates zones of catacla-
sites. Below the brittle±plastic transition, where rock
reaches greenschist through lower amphibolite meta-
morphic conditions, plastic deformation mechanisms
generate shear zones of very ®ne-grained, strongly foli-
ated and lineated mylonite (e.g. Sibson, 1977; van der
Pluijm and Marshak, 1997). Still deeper in the crust,
where rock reaches upper amphibolite and granulite
metamorphic conditions, mylonite (senso stricto ) does
not form. Rather, shear yields `gneissic tectonites' con-
sisting of medium- to coarse-grained strongly foliated
schist and gneiss (Davidson, 1984; Passchier and
Trouw, 1996). These high-grade shear zones tend to be
wider than low-grade ones (Ramsay, 1980), and may
be hard to identify (e.g. Coward, 1984; Cunningham et
al., 1996).

Because of the temperature dependence of shear-
zone style, higher-grade shear zones would form at
shallower crustal levels in warmer crust than they
would in cooler crust. As an example, let us imagine
that the brittle±plastic transition occurs at a tempera-
ture of about 3008C, and the mylonite±gneissic tecto-
nite transition occurs at about 6258C (disregarding
parameters such as strain rate or composition, which
cause the transition to occur over a broader range of
temperatures). According to the geotherms plotted in
Fig. 1, the brittle±plastic transition would be 3 km
shallower during the Archean than during the
Phanerozoic, and the mylonite±gneissic tectonite tran-
sition would be 8 km shallower in the Archean than
during the Phanerozoic. This rough estimate suggests
that during the Archean, cataclasites (i.e. the seismo-
genic zone) and mylonites would be restricted to a thin
interval of the upper crust that would rarely be pre-
served, while high-grade shear zones yielding gneissic

Fig. 1. A schematic diagram contrasting Archean and Phanerozoic

geotherms in continental crust. If the average geothermal gradient

were slightly greater in the Archean than it is today, the brittle±plas-

tic transition and the mylonite±gneissic tectonite transition would

occur at a shallower depth than it does today. Of course, geotherms

in active orogens are di�erent from those shown, because of heat

advection by intrusions and because of shear heating on faults.

Fig. 2. A schematic diagram illustrating possible di�erences between

the strength pro®le of continental crust during the Archean and that

of today. Di�erences in geothermal gradient would cause di�erences

in the thickness of the strong crustal layer (de®ned here as crust

whose strength is greater than the value indicated by the dashed line)

to be greater today than it would have been in the Archean. The

abrupt increase in strength at depth represents the consequences of a

change in crustal composition at depth. Modi®ed from Dewey et al.

(1986).
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tectonites might develop at depths where mylonites
now form.

2.3. Implications for mountain-range elevation and
crustal fabric

The maximum height of a mountain range on Earth
depends, in part, on the strength of the crust, because
crust collapses and spreads laterally under its own
weight if the gravitational load of the elevated region
exceeds the strength of weak rock at depth, and
exceeds the magnitude of the horizontal tectonic forces
that hold up the range (e.g. England and McKenzie,
1982). Intuitively, a decrease in crustal strength would
mean that a mountain range could not grow as high
during contractional orogeny, because a weak crust
would allow the range to collapse and undergo lateral
spreading before it built up as high as mountains do
today.

Since the strength of the crust decreases as tempera-
ture increases, again because of the temperature depen-
dence of deformation mechanisms, then crust with an
Archean geotherm would be weaker than crust with a
Phanerozoic geotherm (Fig. 1). This contrast would
imply that the width and height of an Archean oro-
genic belt would be less than that of a Phanerozoic
orogenic belt for a given amount of horizontal conver-
gence. Thus, the cross-strike geometry of mountain
ranges might have been di�erent in the pastÐArchean
orogens would contain wider belts of plastically
deformed rock, much of which might contain shal-
lowly dipping extensional fabrics formed during oro-
genic collapse (see Sandiford, 1989b and Windley,
1995, for discussion of shallowly dipping fabrics).

2.4. Implications for interpreting dome-and-keel
architecture

Archean and Paleoproterozoic orogens include
extensive dome-and-keel provinces, in which deep keels
or troughs of supracrustal rocks (metasedimentary
and/or metavolcanic rocks) surround domes of grani-
toid and/or basement gneiss and migmatite (see refer-
ences in Marshak et al., 1997). In many Archean
examples, keels typically include ma®c/ultrama®c vol-
canic and associated sedimentary rocks that are
roughly the same age as the silicic/intermediate igneous
rocks of the domes, suggesting that domes were
emplaced magmatically. In Paleoproterozoic examples,
by contrast, keels also contain platform strata (includ-
ing thick intervals of banded iron formation) that are
half-a-billion years younger than the gneisses of the
domes, indicating that the domes were emplaced in the
solid state by displacement on steep, supracrustal-side-
down shear zones (Marshak et al., 1997). Marshak et
al. (1997) refer to dome-and-keel provinces in which

domes rose as magmas as Type-M provinces, and refer
to dome-and-keel provinces in which domes were jux-
taposed in the solid state against supracrustal keels as
Type-B provinces.

Some authors suggest that structures very similar to
early Precambrian dome-and-keel provinces developed
in the Phanerozoic (e.g. Burke et al., 1976), and cite
the balloon-like intrusions of the continental volcanic
arc provinces and the mantled gneiss domes of the
Appalachian/Caledonide system as examples. While
there are certainly similarities, modern examples di�er
from early Precambrian examples in a number of
ways. In the case of Type-M provinces, the keels tend
to be deeper and to contain rocks that are more ma®c
than those found in Phanerozoic arcs. Further, Type-
M provinces tend to be more equant in map view than
Phanerozoic arcs. Type-B provinces contrast with
Appalachian mantled-gneiss dome provinces in that
the domes of Paleoproterozoic examples tend to be
very steep-sided, they do not contain a granite core,
they are bordered by supracrustal-side down shear
zones on all sides, and they are bordered by pro-
nounced metamorphic aureoles.

If early Precambrian dome-and-keel provinces really
are structurally di�erent from their Phanerozoic
counterparts, does their existence tell us that deforma-
tional processes in early Precambrian orogens di�er
from those occurring in contemporary ones? Perhaps
yes: In the case of Type-M provinces, the di�erence
may have to do with the density contrast between
supracrustal rocks and intrusions, as discussed in the
next section; In the case of Type-B provinces, the
di�erence may be due in part to density contrasts, but
in addition the di�erence may re¯ect contrasts in the
rheological strati®cation of the crust.

Traditionally, Type-B dome-and-keel provinces were
vaguely attributed to `vertical tectonics,' a concept that
did not sit well in the context of plate tectonic models.
Subsequently, the provinces were attributed to thrust-
ing and folding, but such interpretations cannot
explain the kinematics and geometry of dome-border
shear zones. More recently, they have been attributed
to crustal extension (Marshak et al., 1992; Holm and
Lux, 1996). The younger-on-older relationships found
in these provinces, as well as radiometric dating which
suggests that dome juxtaposition occurred after the
contractional phase of a collisional orogen, have led
authors to draw analogies between the provinces and
Cenozoic Cordilleran metamorphic core complexes of
the Basin-and-Range Province (USA). However, while
®eld and geochronological evidence (e.g. in the
QuadrilaÂ tero FerrõÂ fero of Brazil, and the Penokean
orogen of Michigan and Wisconsin) supports the con-
tention that these provinces formed during syn- to
post-orogenic extensional collapse, the geometry of
these provinces does not resemble that of Cordilleran
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core complexes at all. Marshak et al. (1997) concluded
that the ®eld relations are compatible with an emplace-
ment process during which dome rocks and keel rocks
are juxtaposed by displacement on steep dip-slip nor-
mal-sense shear zones. In e�ect, the keels are steep-
sided grabens. Considering that keels typically de®ne
an almost orthogonal pattern in map view, and consid-
ering that domes are on the order of 10±40 km across,
the pattern of dome-and-keel provinces resembles cho-
colate-tablet boudinage on a crustal scale.

The concept that crustal-scale boudinage occurred in
the Paleoproterozoic in tectonic settings where
Cordilleran-type core-complexes form today, could be
an indication that rheological strati®cation of the crust
was di�erent in the Paleoproterozoic from what it is
today. If the crust were warmer, the `mid-crustal weak
zone' apparent beneath some orogens today (Dewey et
al., 1986) would have occurred at a shallower depth
(Fig. 2). Thus, the rigid layer of basement above
would be relatively thin. This layer, e�ectively, was
sandwiched between weak supracrustal rocks above
and weak basement rocks below, creating the precon-
dition for boudinage. In summary, if the continental
crust were warmer, the structural style of extensional
collapse might have been di�erent from todayÐexten-
sion could yield Type-B dome-and-keel provinces
instead of Cordilleran-type core complexes.

3. What if supracrustal rocks were denser?

It is now well established that volcanic sequences
in the Archean tended to be denser than those of
today, for many contain komatiite ¯ows. In the
Paleoproterozoic, sedimentary successions commonly
include thick sequences of dense Lake Superior-type
banded iron formation, formed when oxygen-producing
organisms changed the chemistry of the atmosphere and
oceans (Windley, 1995). Thus, supracrustal cover in
early Precambrian orogens may have been denser than
the cover in modern orogens, and locally could have
been denser than underlying basement rocks. If such
density inversions did form, conceivably they may have
a�ected basin formation (Cisne, 1984) and may have
a�ected the style of deformation in orogens. For
example, density inversions could have caused diapiric
movements of magma or hot crystalline rock to be more
pronounced than they are in contemporary orogens.
Steep-sided keels in Archean and Paleoproterozoic
dome-and-keel provinces may, in part, re¯ect this pro-
cess. The greater density of supracrustal sequences may
also have a�ected the geometry of thrust wedges in
Paleoproterozoic fold-thrust belts, because the magni-
tude of the gravitational load at a given depth in a
thrust wedge would be greater than it is today, so the
critical taper angle might be less (Fig. 3).

Fig. 3. Cross-sectional sketches contrasting collisional orogens of Archean/Paleoproterozoic time with those of Phanerozoic time. The shaded

layer represents supracrustal rocks, the white layer represents basement, and the patterned lens represents a mid-crustal weak zone. (a)

Phanerozoic collisional orogen with adjacent foreland (molasse) basin. (b) Phanerozoic Cordilleran core-complex-type extensional province. (c)

Archean/Paleoproterozoic collisional orogen. The thin horizontal line above the orogen de®nes the height of the Phanerozoic orogen, for refer-

ence. (d) Archean/Paleoproterozoic extensional province with dome-and-keel formation. Note that the depth of the mid-crustal weak zone is shal-

lower in the older crust than in the younger crust. (e) An enlargement of the proposed crustal boudin province, showing the relative positions of

the domes and keels.
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4. What if erosion were faster?

Increasingly, geologists have come to recognize
interconnections among the atmosphere, climate, ero-
sion, and tectonics in the Earth system (Pinter and
Brandon, 1997). If the atmosphere and climate were
di�erent during the Archean and Paleoproterozoic,
then orogenic belts formed during that interval of
Earth history may have been di�erent, both morpho-
logically and structurally, from modern orogens.

According to some models, the Earth's early atmos-
phere would have been more corrosive than the mod-
ern atmosphere, because of the greater concentration
of volcanic gases (Cloud, 1988). If this were so, rainfall
might have caused chemical weathering to occur at fas-
ter rates. Further, most authors agree that the
Archean and Paleoproterozoic atmosphere was richer
in CO2 than the Phanerozoic atmosphere, and thus
that even though insolation was less, the Earth was
probably warmer most of the time (Cloud, 1988;
Mackenzie, 1995; Windley, 1995). If temperatures were
warmer, atmospheric circulation and oceanic evapor-
ation might have been faster, leading to greater rain-
fall. Further, because continents were smaller during
the Archean and Paleoproterozoic than they are today,
storms would not be calmed by movement over broad
areas of land. Thus, though far from proven, weather-
ing and erosion rates may have been faster during the
earlier history of the Earth than they are today.

If weathering and erosion rates were faster, then
exhumation rates would be faster and isotherms in the
crust would rise signi®cantly (e.g. Koons, 1987;
Winslow et al., 1995). To replace the mass de®cit
resulting from rapid erosion, rocks metamorphosed at
great depth would be rapidly brought to the surface.
This phenomenon would mean that the relicts of oro-
gens would be wide metamorphic belts. When tecton-
ism eventually ceased, the next succession of
supracrustal rocks could be deposited directly on high-
grade gneiss. Further, as pointed out by Koons (1987),
Beaumont et al. (1992), Ho�man and Grotzinger
(1993), and Willett et al. (1993), foreland fold-thrust
belts would be smaller, basement structures would be
reactivated in the foreland (because uplift of isotherms
would bring hot rocks to the surface in the foreland),
and deep foreland molasse basins would not develop.

5. Conclusion

This essay has presented a selection of issues con-
cerning contrasts between contemporary orogens and
orogens formed early in Earth history (Archean and
Paleoproterozoic time). It makes the assumption that
plate tectonics did occur in the early Precambrian, but
that physical characteristics of the Earth, such as con-

tinental temperature, atmospheric composition, and
sediment density were di�erent. Reasonable changes in
these parameters can change deformation style and
dimensions of orogens. Turning this argument around,
the explanation for contrasts between structural styles
way back when and those developing today may pro-
vide insight into how physical conditions in the conti-
nental crust and at the surface of the Earth have
changed through time. As is evident from the number
of quali®ers used in this paper, these issues remain
open and should challenge structural geologists for
years to come.

Acknowledgements

I express my gratitude to Fernando F. Alkmim;
many of the ideas outlined in this paper evolved from
discussions with him. I also wish to thank Doug
Tinkham, for his contributions to understanding
dome-and-keel provinces, and Jim Evans, Rick Sibson,
Brian Windley, and Dickson Cunningham for helpful
comments on the manuscript.

References

Beaumont, C., Fullsack, P., Hamilton, J., 1992. Erosional control of

active compressional orogens. In: McClay, K.R. (Ed.), Thrust

Tectonics. Chapman and Hall, London, pp. 1±80.

Bickle, M.J., 1984. Variation in tectonic style with time: Alpine and

Archean systems. In: Holland, H.D., Trendal, A.F. (Eds.),

Patterns of Change in Earth Evolution. Springer-Verlag, Berlin,

pp. 357±370.

Bickle, M.J., 1986. Implications of melting for stabilization of the

lithosphere and heat loss in the Archaean. Earth and Planetary

Science Letters 80, 314±324.

Boyd, F.R., Gurney, J.J., Richardson, S.H., 1985. Evidence for a

150±200-km thick Archaean lithosphere from diamond inclusion

thermobarometry. Nature 315, 387±389.

Burke, K., Kidd, W.S.F., 1978. Were Archean continental geother-

mal gradients much steeper than those of today? Nature 272,

240±241.

Burke, K., Dewey, J.F., Kidd, W.S.F., 1976. Dominance of horizon-

tal movements, arc and microcontinental collisions during the

later permobile regime. In: Windley, B.F. (Ed.), The Early

History of the Earth. John Wiley and Sons, London, pp. 113±

129.

Cisne, J.L., 1984. A basin model for massive banded iron-formations

and its geophysical applications. Journal of Geology 92, 471±488.

Cloud, P., 1988. Oasis in Space: Earth History from the Beginning.

W.W. Norton and Company, New York.

Coward, M.P., 1984. Major shear zones in the Precambrian crust;

examples from NW Scotland and southern Africa and their sig-

ni®cance. In: KroÈ ner, A., Greiling, R. (Eds.), Precambrian

Tectonics Illustrated. E. Schweizerbart'sche Verlagsbuchandlung,

Stuttgart, pp. 207±235.

Cunningham, W.D., Marshak, S., Alkmim, F.F., 1996. Structural

style of basin inversion and mid-crustal levels: two transects in

the internal zone of the Brasiliano Arac° uai Belt, Minas Gerais,

Brazil. Precambrian Research 77, 1±15.

S. Marshak / Journal of Structural Geology 21 (1999) 1175±11821180



Davidson, A., 1984. Identi®cation of ductile shear zones in the

southwestern Grenville Province of the Canadian Shield. In:

KroÈ ner, A., Greiling, R. (Eds.), Precambrian Tectonics

Illustrated. E. Schweizerbart'sche Verlagsbuchandlung, Stuttgart,

pp. 263±279.

Davies, G.F., 1979. Thickness and thermal history of continental

crust and root zones. Earth and Planetary Science Letters 44,

231±238.

Davies, G.F., 1992. On the emergence of plate tectonics. Geology 20,

963±966.

Dewey, J.F., Hempton, M.R., Kidd, W.S.F., Saroglu, F., SengoÈ r,

A.M.C., 1986. Shortening of continental lithosphere: the neotec-

tonics of Eastern AnadoliaÐa young collision zone. In: Coward,

P., Ries, A.C. (Eds.), Collision Tectonics, 19. Geological Society

of London Special Publication, pp. 3±36.

Durrheim, R.J., Mooney, W.D., 1991. Archean and Proterozoic

crustal evolution: evidence from crustal seismology. Geology 19,

606±609.

England, P., 1979. Continental geotherms during the Archaean.

Nature 277, 556±558.

England, P., Bickle, M., 1984. Continental thermal and tectonic

regimes during the Archaean. Journal of Geology 92, 353±

367.

England, P., McKenzie, D., 1982. A thin viscous sheet model for

continental deformation. Geophysical Journal of the Royal

Astronomical Society 70, 295±321.

Goodwin, A.M., 1996. Principles of Precambrian Geology.

Academic Press, London.

Grambling, J.A., 1979. The evolution of Precambrian metamorph-

ism. Transactions of the American Geophysical Union (EOS) 60,

934.

Grambling, J.A., 1981. Pressures and temperatures in Precambrian

metamorphic rocks. Earth and Planetary Science Letters 53, 63±

68.

Hamilton, W.B., 1993. Evolution of Archean mantle and crust. In:

Reed Jr., J.C., et al. (Eds.), The Geology of North America, v.

C-2, Precambrian: Conterminous U.S. Geological Society of

America, Boulder, pp. 597±614.

Hamilton, W.B., 1998. Archean tectonics and magmatism.

International Geology Review 40, 1±39.

Hargraves, R.B., 1981. Precambrian tectonic style: A liberal unifor-

mitarian interpretation. In: KroÈ ner, A. (Ed.), Precambrian Plate

Tectonics. Elsevier, Amsterdam, pp. 21±56.

Ho�man, P.F., Grotzinger, J.P., 1993. Orographic precipitation, ero-

sional unloading, and tectonic style. Geology 21, 193±288.

Holm, D.K., Lux, D.R., 1996. Core complex model proposed for

gneiss dome development during collapse of the Paleoproterozoic

Penokean orogen, Minnesota. Geology 24, 343±346.

Houseman, G.A., McKenzie, D.P., Molnar, P., 1981. Convective

instability of a thickened boundary layer and its relevance for the

thermal evolution of continental convergent belts. Journal of

Geophysical Research 86, 6135±6155.

Koons, P.O., 1987. Some thermal and mechanical consequences of

rapid uplift; an example from the southern Alps, New Zealand.

Earth and Planetary Science Letters 87, 307±319.

KroÈ ner, A., 1981. Precambrian plate tectonics. In: KroÈ ner, A.

(Ed.), Precambrian Plate Tectonics. Elsevier, Amsterdam,

pp. 57±90.

KroÈ ner, A., 1985. Evolution of the Archean continental crust.

Annual Review of Earth and Planetary Science 13, 49±74.

KroÈ ner, A., Kehelpannala, K.V.W., Kriegsman, L.M., 1994. Origin

of compositional layering and mechanism of crustal thickening in

the high-grade gneiss terrain of Sri Lanka. Precambrian Research

66, 21±37.

Kusky, T.M., 1993. Collapse of Archean orogens and the gener-

ation of late- to postkinematic granitoids. Geology 21, 925±

928.

Lambert, R. St. J., 1976. Archean thermal regimes, crustal and

upper mantle temperatures, and a progressive evolutionary

model for the Earth. In: Windley, B.F. (Ed.), The Early

History of the Earth. John Wiley and Sons, London, pp. 363±

373.

Mackenzie, F.T., 1995. Our Changing Planet: An Introduction to

Earth System Science and Global Environmental Change, 2nd

edition. Prentice Hall, Upper Saddle River.

Marshak, S., Alkmim, F.F., Jordt-Evangelista, H., 1992. Proterozoic

crustal extension and the generation of dome-and-keel struc-

ture in an Archaean granite±greenstone terrane. Nature 357,

491±493.

Marshak, S., Tinkham, D., Alkmim, F., Brueckner, H., Bornhorst,

T., 1997. Dome-and-keel provinces formed during

Paleoproterozoic orogenic collapseÐcore complexes, diapirs, or

neither? Examples from the QuadrilaÂ tero FerrõÂ fero and the

Penokean orogen. Geology 25, 415±418.

McKenzie, D., Weiss, N., 1975. Speculations on the thermal and tec-

tonic history of the earth. Geophysical Journal of the Royal

Astronomical Society 42, 131±174.

Moores, E.M., 1993. Neoproterozoic oceanic crustal thinning, emer-

gence of continents, and origin of the Phanerozoic ecosystem: a

model. Geology 21, 5±8.

Nelson, K.D., 1991. A uni®ed view of craton evolution motivated by

recent deep seismic re¯ection and refraction results. Geophysical

Journal International 105, 25±35.

Nisbet, E.G., 1987. The Young Earth: An Introduction to Archaean

Geology. Allen and Unwin, Boston.

Passchier, C.W., 1995. Precambrian orogenesis: was it really di�er-

ent? Geologie en Mijnbouw 74, 141±150.

Passchier, C.W., Trouw, R.A.J., 1996. Micro-tectonics. Springer,

Berlin.

Percival, J.A., 1994. Archean high-grade metamorphism. In: Condie,

K.C. (Ed.), Archean Crustal Evolution. Elsevier, Amsterdam,

pp. 357±410.

Pinet, C., Jaupart, C., Mareschal, J.-C., Gariepy, C., Bienfait, G.,

LaPointe, R., 1991. Heat ¯ow and structure of the lithosphere in

the eastern Canadian shield. Journal of Geophysical Research 96,

19941±19963.

Pinter, N., Brandon, M.T., 1997. How erosion builds mountains.

Scienti®c American 276, 74±81.

Platt, J.P., England, P.C., 1993. Convective removal of lithosphere

beneath mountain belts: Thermal and mechanical consequences.

American Journal of Science 293, 307±336.

Ramsay, J.G., 1980. Shear zone geometry: a review. Journal of

Structural Geology 2, 83±99.

Richardson, S.H., Gurney, J.J., Erlank, A.J., Harris, J.W., 1985.

Origin of diamonds in old enried mantle. Nature 335, 198±

202.

Richter, F.M., 1984. Regionalized models for thermal evolution of

the earth. Earth and Planetary Science Letters 68, 471±

484.

Richter, F.M., 1985. Models for the Archean thermal regime. Earth

and Planetary Science Letters 68, 471±484.

Rutter, E.H., 1976. The kinetics of rock deformation by pressure

solution. Philosophical Transactions Royal Society of London

A283, 203±219.

Salop, L.J., 1983. Geological Evolution of the Earth during the

Precambrian. Springer-Verlag, Berlin.

Sandiford, M., 1989a. Secular trends in the thermal evolution of

metamorphic terrains. Earth and Planetary Science Letters 95,

85±96.

Sandiford, M., 1989b. Horizontal structures in granulite terrains: A

record of mountain building or mountain collapse? Geology 17,

449±452.

Sibson, R.H., 1977. Fault rocks and fault mechanisms. Journal of

the Geological Society of London 133, 190±213.

S. Marshak / Journal of Structural Geology 21 (1999) 1175±1182 1181



Tarney, J., Windley, B.F., 1977. Chemistry, thermal gradients and

evolution of the lower continental crust. Journal of the

Geological Society of London 134, 153±172.

Thompson, A.B., 1984. Geothermal gradients through time. In:

Holland, H.D., Trendall, A.F (Eds.), Patterns of Change in Earth

Evolution. Springer-Verlag, Berlin, pp. 345±355.

van der Pluijm, B.A., Marshak, S., 1997. Earth Structure: An

Introduction to Structural Geology and Tectonics. WCB/

McGraw-Hill, Dubuque.

Willett, S., Beaumont, C., Fullsack, P., 1993. Mechanical model for

the tectonics of doubly vergent compressional orogens. Geology

21, 289±384.

Windley, B.F., 1981. Precambrian rocks in the light of the plate-tec-

tonic concept. In: KroÈ ner, A. (Ed.), Precambrian Plate Tectonics.

Elsevier, Amsterdam, pp. 1±20.

Windley, B.F., 1995. The Evolving Continents, 3rd edition. John

Wiley and Sons, Chichester.

Winslow, D.M.,Chamberlain, C.P., Zeitler, P.K., 1995.Metamorphism

and melting of the lithosphere due to rapid denudation, Nanga

Parbat Massif, Himalaya. Journal of Geology 103, 395±409.

S. Marshak / Journal of Structural Geology 21 (1999) 1175±11821182


