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ABSTRACT

Contractional structures are associated with the mantle plumes of three of the
terrestrial planets, Mars, Venus, and Earth. On Mars, the early Tharsis volcanic prov-
ince, centered at the Syria Planum area, is of probable plume origin. It has associated
contractional structures in the form of wrinkle ridges on terrains interpreted to be
flood basalts in the area of regional uplift and a contractional peripheral belt bounding
the southern part of the uplift. Both features are concentric about the plume center.
On Venus, contractional tectonics associated with plumes have produced wrinkle
ridges that are concentric about volcanic rises; radial, parallel, or anastomosing con-
tractional ridges associated with crustal plateaus; and circumferential uplift features
that characterize coronae. On Earth, wrinkle ridges are associated with the 17-14 Ma
Columbia River flood-basalt province, whereas peripheral thrusting is associated with
the 60 Ma North Atlantic volcanic province and is theorized for the 1267 Ma Mac-
kenzie plume event. Archean greenstone belts of the Dharwar craton (India) exhibit
dome-and-basin folding interpreted similarly to Venusian crustal plateaus. Folding
and thrusting in the Archean Yilgarn craton (Australia) are consistent with either of
the two latter mechanisms. On the basis of these terrestrial and extraterrestrial ex-
amples, we present a model relating the development of contractional structures to
the depth of the ductile-to-brittle transition and the geothermal gradient in the crust.
We also provide guidelines for using contractional structures to infer the location of
paleo-mantle plumes.

in the weakened crust (White and McKenzie, 1989). However,
numerical and experimental models suggest that volcanic to-
pography, whether dynamic or supported by the crust or litho-
sphere, exhibits stresses that are not everywhere tensile (Ba-
nerdt et al., 1992; McGovern and Solomon, 1993; Merle and
Borgia, 1996). In addition, uplift in hotspot settings is typically

INTRODUCTION

Although the modern concept of fixed plumes rising from
Earth’s deep mantle has been established for three decades
(Morgan, 1971), the actual surface expression of hotspots is still
partly unresolved. Mantle-plume effects have been assumed to

be only extensional and related to crustal uplift above plumes,
either in response to dynamic forces (Houseman and England,
1986; Griffiths and Campbell, 1991) or to remote forces exerted
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rapidly followed by subsidence (e.g., Olson, 1994), which mod-
ifies the stress-magnitude ratio. From a field-observation point
of view, compression has sometimes been reported in plume
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environments, such as the northeastern North Atlantic volcanic
province (Boldreel and Andersen, 1998; Vagnes et al., 1998)
and the Columbia Plateau (e.g., Hooper and Conrey, 1989), but
the documented compression has not usually been linked to
plume tectonics. An exception is attribution of a concentric
thrust belt at the edge of the late Archean Yilgarn craton in
Australia to concentration of remote compressive stress in a
crust weakened by a plume (Passchier, [995).

The first section of this paper is devoted to case histories
from Mars, Venus, and Earth. The extraterrestrial examples are
important, because possible compressional effects of mantle
plumes can be better understood where plate tectonics does not
occur, i.e., on Mars and Venus. Examples are given from the
Tharsis region of Mars and from volcanic rises, crustal plateaus,
and coronae on Venus. Case studies from Earth deal with the
Columbia Plateau’s Yakima folds, the formation of which is
interpreted to have been influenced by the arrival of the early
Yellowstone hotspot (17-14 Ma), offshore anticlines in the east-
ern North Atlantic volcanic province (ca. 60 Ma) associated
with the arrival of the Thulean plume, concentric thrust faulting
around the possible Yilgarn hotspot (2.69-2.68 Ga) in Austra-
lia, and folding converging toward a suspected plume center at
the 2.9-2.6 Ga Bababudan greenstone belt of the Dharwar cra-
ton. In addition, inferences from the giant 1.267 Ga Mackenzie
radiating-dike swarm suggest that thrusting around the periph-
ery of plume-generated uplifts may be common.

The second section discusses these observations and pro-
poses tectonic processes explaining their formation. The third
section presents a general, case-history-driven model of tec-
tonic compression at mantle plumes on Earth, Mars, and Venus
in relation to crustal rheology and geothermal gradient. We also
discuss the reasons why contractional patterns have not been
frequently reported at terrestrial hotspots. Finally, we propose
a guide to using contractional features when seeking pre-
Mesozoic mantle plumes.

The model in the present paper is thus complementary to
models that emphasize only extensional aspects of lithospheric
tectonics above plumes (e.g., White and McKenzie, 1989, 1995;
Griffiths and Campbell, 1991; Hill, 1991; Saunders et al., 1992;
Courtillot et al., 1999; Mege, this volume).

CASE STUDIES OF PLUME TECTONICS
INVOLVING COMPRESSION

Syria Planum plume on Mars

The geologic evolution of the Tharsis volcanic region on
Mars (Fig. 1A) has been the topic of several regional studies
(Hartmann, 1973; Frey, 1979; Sleep and Phillips, 1979, 1985;
Plescia and Saunders, 1982; Banerdt et al., 1982, 1992; Scott
and Tanaka, 1986; Scott and Dohm, 1990; Phillips et al., 1990;
Tanaka et al., 1991; Meége and Masson, 1996; Mege, this vol-
ume) and innumerable works devoted to local aspects (see ref-

erences in the papers listed here). These papers have highlighted

the complexity of this area, part of which is due to the duration
of Tharsis volcanic and tectonic activity. The earliest events
may be as old as the time of formation of the heavily cratered
highlands (Tanaka, 1986), which would mean that the Tharsis
tectonic activity may have begun before the oldest known rocks
on Earth were formed (ca. 4.0 Ga).

The origin of Tharsis has been attributed to the impinge-
ment of a mantle plume on the bottom of the lithosphere. Re-
current volcanic and tectonic activity resulted in an uplift 5000
km in diameter, hosting giant shield volcanoes and encompass-
ing most of the large tectonic structures of the planet (Fig. IB).
After an initial extensional tectonic event produced grabens ra-
diating from the Thaumasia Plateau (Frey, 1979), volcanic and
tectonic activity moved to the Syria Planum volcanic center.
The Tharsis shield volcanoes formed later and were associated
with a renewal of tectonic activity (Plescia and Saunders, 1982;
Mege and Masson, 1996).

The companion paper (Mége, this volume) points out char-
acteristics common to plume tectonics on Mars and Earth: (1)
early thermal uplift followed by thermal subsidence after the
plume has arrived at the base of the mechanical lithosphere,
(2) rapid eruption of basaltic traps, (3) intrusion of a radiating-
dike swarm and associated magmatic underplating at the onset
of plume activity, followed by a long-lasting period of more
differentiated magmatism, (4) failed passive rifting, and (5) de-
velopment of a strong positive gravity anomaly produced by
the intruded and underplated magmas. In this paper, we discuss
contractional structures associated with the Syria Planum man-
tle plume.

Wrinkle ridges. The Syria Planum stage of volcanic activ-
ity formed the so-called “ridged plains™ (Fig. 2) that correspond
to the most voluminous flood lavas erupted at this time, prob-
ably during a short time span (Hiller et al., 1982) during
the Hesperian system (3.8-1.8 Ga, Tanaka, 1986). The ridged
plains, which are currently isostatically compensated at shallow
depth (Frey et al., 1996), display periodically spaced (~30 km,
Watters, 1991; Watters and Schultz, 1995), concentric wrinkle
ridges (Figs. B, 3) (Mége and Masson, 1996; Watters, [991;
Schultz and Watters, 1995). Although many models of wrinkle-
ridge origin have been published (see Watters, 1988, for a re-
view), there is now agreement that wrinkle-ridge formation in-
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Figure 1. A, Mars Orbiter Laser Altimeter 0.125° shaded relief map
of Mars (MOLA Science Team, 2000). B, Structural map of the Tharsis
volcanic province. Thin black lines—grabens, thin gray lines—wrin-
kle ridges, thick black lines—ridges from the South Syria Planum
ridge belt (elevation, ~3 km), light gray—Coprates Rise—Claritas Fos-
sae arcuate belt (elevation, ~5-8 km) and (unofficial name) Sirenum-
Thaumasia Heights (elevation, ~3 km), dotted line—martian dichot-
omy boundary. Convergence centers of dike swarms identified by
Mege and Masson (1996): A—hypothetical early center at Thaumasia
Planum, B—Syria Planum magma center, C—subsequent center in the
Tharsis Montes area, D—Alba Patera center. 1° latitude = 55 km.
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Figure 2. The Coprates area. The early Hesperian Coprates ridged plain (diagonal lines, from Scott and Tanaka, 1986) is composed of

lava flows associated with the Syria Planum magma center. Solis Planum (middle Hesperian) and Sinai Planum (Hesperian) are subsequent
lava flows associated with the same magma center, and they partly mantle the Coprates lava flows. From Mars Digital Image Mosaic,
U.S. Geological Survey.

volved folding and thrusting (Plescia and Golombek, 1986;
: " Watters, 1988; Suppe and Narr, 1989; Golombek et al., 1991;

g : /A»/ Plescia, 1991; Allemand and Thomas, 1992; Mangold, 1997
e v Mege and Reidel, 2000; Schultz, 2000), more or less at the same

' ' time as lava-flood emplacement during the early Hesperian

(Watters and Maxwell, 1983; Watters, 1993; see Mangold et al.,

: : 1999, for an alternative view). Thrusts have been interpreted to
Pad ’ 2 ‘ | be either emerging (Plescia and Golombek, 1986; Watters,
(s Wi | 1988) or blind (Schultz, 2000). Thrusting is associated with

: | coeval strike-slip faults (Schultz, 1989). No general agreement

. : W has been found on the deep-crustal structure of planetary

' * wrinkle ridges, which have been interpreted as either thin-

; : ( skinned features (Suppe and Narr, 1989; Allemand and

). ' : Thomas, 1992; Watters, 1988; Mangold, 1997; Watters and

' Robinson, 1997) or thick-skinned features (Zuber and Aist,
1990; Golombek et al.., 1991, 2000; Zuber, 1995). Principal-

and Masson, 1996).
. i South Syria Planum ridge belt. At Tharsis, contractional
3 e features larger than the wrinkle ridges and having different
structure are also observed at the southern periphery of the up-

143 NASA/pL lifted area, in the form of tens of large ridges (Figs. 1B, 4)

defining the south Tharsis ridge belt (Schultz and Tanaka,
Figure 3. Close-up of wrinkle ridges in the Coprates ridged plain.  1994). Most of this ridge system is composed of structures fall-
Location in Figure 2 ing within the category of high-relief ridges as defined by Wat-

[ stress trajectories deduced from the analysis of the geometry of
: contemporaneous dikes show that mean ridge orientation is per-
® ’ o | pendicular to the maximum-principal-stress trajectory (Mége
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Figure 4. Western part of the South Syria Planum ridge belt. Arrows on the right image locate the main ridges in the area. Images on the
left are close-ups of ridges R1 and R2. Location shown in Figure 1B. Background images from Mars Digital Image Mosaic, U.S. Geological

Survey.

ters (1993). Most ridges are concentric about the Syria Planum
magma center. Embayment of some ridges by Hesperian lava
flows demonstrates that development of the contractional belt
was initiated during Noachian, probably late Noachian, time,
i.e., by the onset of Tharsis plume volcanic activity and before
wrinkle-ridge formation (Tanaka and Schultz, 1991; Schultz
and Tanaka, 1994). New topography data that are currently be-
ing acquired by the Mars Orbiter Laser Altimeter (MOLA) on
board Mars Global Surveyor confirm that one ridge from the
south Tharsis ridge belt, the Coprates Rise, is much broader
(200 km) than the usual ridges (tens of kilometers). This MOLA
data suggest that the Coprates Rise and several other ridges that
are not concentric about Syria Planum define a coherent semi-
circular pattern bounding the depressed Syria Planum-related
basaltic plains to the south (from the northern Coprates Rise in
the east to the Claritas Fossae area in the west) (Fig. 1B). The
south Tharsis ridge belt may thus be divided into a semicircular
belt concentric about Syria Planum, which we call the south
Syria Planum ridge belt, and a semicircular belt centered on the
Syria Planum basaltic plains, that we will call the Coprates
Rise-Claritas Fossae arcuate belt. Thus, two separate events
producing tectonic compression may have existed at the south
Tharsis ridge belt. Clearly, the Coprates Rise—Claritas Fossae

arcuate belt is morphologically distinct from the south Syria
Planum ridge belt (Fig. 1), and the formation of the former
should call for a different mechanism of deformation. Geologic
analysis has revealed that the Coprates Rise-Claritas Fossae ar-
cuate belt is composite and structurally highly complex and that
its formation was polyphase (Masson, 1980; Tanaka and Davis,
1988: Underwood, 1992; Schultz and Tanaka, 1994).

The south Syria Planum ridge belt geometry suggests that
its formation should have been influenced by processes centered
at Syria Planum. Mege and Masson (1996) and Mege (1999a)
proposed that it formed as a result of gravitational spreading of
the Syria Planum topography, which had been uplifted during
plume arrival.

Volcanic rises on Venus

The surface of Venus is composed of 80% volcanic plains,
volcanic rises, and crustal plateaus (Head et al., 1992; Solomon
et al., 1992; Stofan et al., 1995).

Volcanic rises are broad, circular uplifts 1000-2400 km in
diameter displaying shield volcanoes and extensive volcanic
flooding (Bindschadler et al., 1992a). Dynamic uplift due to
mantle upwelling, supposed to have played a role in commonly
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observed extensional tectonism (“rifting”) at volcanic rises, is
thought to predate a stage of magmatic accretion and under-
plating responsible for permanent topographic support (Stofan
et al., 1995; McGill, 1998). Crustal plateaus (discussed subse-
quently) and volcanic rises have been interpreted as conse-
quences of mantle plumes impinging on the base of the Venu-
sian lithosphere at two different stages of planetary evolution
(Phillips and Hansen, 1998). The change in plume-tectonics
style has been attributed to a change in convective style in the
mantle (Phillips and Hansen, 1998) due to secular planetary
cooling and lithosphere thickening. Crustal plateaus formed be-
fore this change, and volcanic rises, together with coronae (dis-
cussed subsequently), formed after.

Volcanic rises display wrinkle ridges that are similar in
morphology, size, and structure to martian wrinkle ridges. Like
the latter, they are periodically spaced, and some are associated
with conjugate strike-slip faults (Watters, 1992). At volcanic
rises such as Themis Regio (Fig. 5), western Eistla, and Bell,
wrinkle ridges are concentric about the volcanic rise centers
(e.g., Bilotti and Suppe, 1999).

On the basis of hypsometric and stratigraphic analysis car-
ried out by Rosenblatt et al. (1997, 1998), the timing of events
at volcanic rises is (1) uplift of the topographic surface due to
the thermal anomaly of a plume rising to the base of the lith-
osphere, (2) fissure-controlled volcanism, (3) wrinkle-ridge for-
mation, and (4) central magmatism (e.g., at Gula and Sif Mon-
tes). Central volcanism occurred after fissure-type eruptions, in
accordance with the suggestion that central volcanism was de-
layed on Venus compared to Earth and Mars because of high
atmospheric pressure (Head and Wilson, 1992). On Venus,
wrinkle-ridge formation has been explained by volcanic topo-
graphic loading (Basilevsky, 1994) and subsidence (Rosenblatt
et al., 1998). In detail, two wrinkle-ridge sets, one local and
one regional, have been identified at volcanic rises (Rosenblatt
et al., 1998; Bilotti and Suppe, 1999). The local wrinkle-ridge
set is closer to the volcanic rise center and, therefore, stands at
higher elevation than the regional ridge set. The regional ridges
have been interpreted as a possible consequence of downward-
flowing currents associated with the periphery of the mantle
plume (Rosenblatt et al., 1998). This interpretation is supported
by the correlation between the lowest ridged plains and regional
negative gravity anomalies (Sandwell et al., 1997; Bilotti and
Suppe, 1999), which suggests strong coupling between tectonic
deformation mechanisms in the lava plains and the mantle pro-
cesses (Rosenblatt et al., 1998). Therefore, subsidence due to
both topographic loading and sinking currents may have played
a role in wrinkle-ridge formation in a hotspot setting on Venus.

Crustal plateaus on Venus

Crustal plateaus (a term that includes some of the largest
tessera inliers on Venus), such as eastern Ovda Regio and Tellus
Regio, are some of the most deformed and oldest terrains ob-
served on the surface of Venus (e.g., Basilevsky et al., 1999).

They are quasi-circular, intensely deformed regions having a
thick, isostatically compensated crust (Herrick and Phillips,
1992). Preliminary SAR (Synthetic Aperture Radar) analysig
lent support to plateau formation via sinking (Bindschadler et
al., 1992a, 1992b; Gilmore et al., 1997). However, this mode]
fails to explain several geologic observations, such as a shallow
ductile-to-brittle transition (DBT) across thousands of square
kilometers deduced from structural analysis (Hansen et al.,
1999), early widespread pervasive extension and volcanism,
minor shortening recorded by gentle folds, and accompanying
volcanism. A magmatic-accretion model in which a local, deep-
mantle plume impinges on globally thin lithosphere appears to
better satisfy each of these observations (Ghent and Hansen,
1999; Hansen et al., 1999). For a contrary assessment of the
relative ages of the extensional and contractional structures, see
Ivanov and Head (2000). The deformation and magmatic his-
tory of crustal plateaus is exemplified by the results of structural
analysis at eastern Ovda Regio. The same sequence of volcano-
plutonic events appear to be equally valid, although less well
documented, for other crustal plateaus on Venus (Phillips and
Hansen, 1998), including, for instance, southwestern Fortuna
Tessera (Hansen and Willis, 1998) and Tellus Regio (Banks and
Hansen, 1999). Four types of structures have been identified at
Ovda Regio (Fig. 6A): (1) The earliest tectonic structures
formed are linear, steep-sided, flat-bottomed, tension fractures
or grabens (“ribbons”) arranged in radial patterns. Ribbon
wavelength suggests that they formed in a thin brittle layer, 1-
2 km thick, overlying a ductile layer (Hansen and Willis, 1998;
Ghent and Hansen, 1999). (2) Subsequent broader-scale folding
at plateau margins denotes a drastic change in tectonic regime.
However, as fold strikes are perpendicular to ribbon strikes, the
stress trajectories did not change appreciably; only the stress
magnitudes need to have varied. Fold wavelength suggests that
this change also corresponds to brittle-crust thickening to 2.5-
10 km. (3) Anastomosing and closely spaced folds, interpreted
as interference folds, are observed at the center of the plateau.
No crosscutting relationships with other plateau structures
could be found, so that temporal relationships could not be
established. (4) The fourth series of structures are grabens par-
allel to, and superimposed on, ribbons. They preferentially
formed across the anticlines and widen toward the crests. They
probably formed after folding and are therefore expected to be
consequences of folding. Complications are revealed at Tellus
Regio where an additional series of contractional structures are
observed.

The current elevation of crustal plateaus, together with cur-
rent estimates for crustal thickness. requires a mechanism for
permanent uplift, which most likely originates from magma ac-
cumulation within or beneath the crust. At least two major pe-
riods of volcanic activity are observed at crustal plateaus. Erup-
tion of mafic lava flows that embay folds occurred during the
late stages of plateau evolution (Banks and Hansen, 1999). In
addition, the absence of heavily deformed craters on crustal
plateaus suggests that surface rejuvenation occurred before, or
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Figure 5. Concentric pattern of wrinkle ridges associated with the volcanic rise at Themis Regio, Venus, modified
after Bilotti and Suppe (1999). Location map for volcanic rises modified from Stofan et al. (1992).

during, the formation of ribbon fractures and folds and thus
reset the crater record clock to zero. Such a process requires an
especially high heat flow that could permit crustal melting up
to a very shallow level in the crust—maybe even to the topo-
graphic surface (Ghent and Hansen, 1999). Such conditions
suggest the generation of a huge magma volume early in the
tectonic evolution of crustal plateaus. Senske and Plaut (2000)

have recently confirmed this view and identified layered vol-
canic materials at Tellus Regio, perhaps akin to flood basalts,
that were subsequently deformed during the crustal plateau-
forming events.

According to Ghent and Hansen (1999), mantle-plume im-
pingement on the base of a thin lithosphere induces topographic
uplift, magmatic underplating, and intrusion and extrusion of
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magmas. Combination of uplift and magma cooling from the
surface downward would have resulted in pervasive lithosphere
fracturing and ribbon formation. Further lava cooling and wan-
ing of dynamic support would have induced topographic sub-

sidence. Subsidence would have resulted in the concentric fold-

Figure 6. A, Structural map of eastern Ovda Regio, Venus
(after Ghent and Hansen, 1999). The sequence of tectonic
structure development is as follows: 1—"ribbon”; fractures
(thin black lines), 2—marginal and. anastomosing folds
(thick gray lines), and 3—grabens at fold crests (not shown
at this scale). The strain ellipses suggest radial and concen-
tric arrangement of structural patterns and denote local in-
fluence on structure development. The anastomosing fold
area is expected to represent areas of maximum subsidence.
The shaded box toward the right locates the area shown in
Figure 18C. B, Structural model of typical Venusian crustal
plateau. After Hansen et al. (1999).

ing at the plateau margins, perpendicular to the ribbons, and
interference folding in the plateau interior (Fig. 6B). Brittle
crust would thicken via folding, and later extension would be
a consequence of gravitational relaxation of the overthickened

fold crests.
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Coronae and corona-type structures on Venus

Coronae are ovoid structures a few hundred to 2000 km in
diameter forming clusters and chains on Venusian lava plains
(Head et al., 1992). Their central topography varies from bulge-
shaped to plateau-like to depressed. Depressed coronae (Fig. 7)
display a peripheral topographic annulus with circumferential
extensional fractures, sometimes associated with contractional
ridges (Janes et al., 1992; Stofan et al., 1992). Although several
interpretations for the origin of coronae have been proposed,
such as response to circular subduction process (Sandwell and
Schubert, 1992) or lithosphere delamination and sinking of
dense lithosphere through the mantle (Stofan and Head, 1990),
most authors attribute corona formation to mantle plumes or
diapirs (Janes et al., 1992; Squyres et al., 1992b; Stofan et al.,
1992; Magee-Roberts and Head. 1993; Koch and Manga, 1996;
Jaeger, 2000). Janes et al. (1992) proposed that coronae result
from mantle diapirs less than ~100 km in diameter rising from
the mantle. Stofan et al. (1992) suggested that corona-related
volcanism is either small scale or of short duration, in contrast
to volcanic rises. Consistent with this interpretation, Phillips
and Hansen (1998) proposed that corona-related volcanism
would originate from convective patterns in the mantle,
whereas volcanic rises would result from deeply rooted mantle
plumes. Corona evolution is thought to start with diapir im-
pingement on the bottom of the Venusian lithosphere, leading
to lithosphere uplift and thinning (Janes et al., 1992; Squyres
et al., 1992b; Stofan et al., 1992; McGovern and Solomon,
1998). Coronae are commonly associated with the emplacement
of giant radiating systems of grabens, thought to overlie sub-
surface mafic dikes (e.g., Grosfils and Head, 1994), and, less
commonly, circumferential graben systems also possibly mark-
ing subsurface dikes (Ernst and Buchan, 1998). After dike em-
placement, diapirs would then spread and flatten at the base of
the lithosphere at the same time as dynamic support is waning.
Volcanism and shallow intrusions in the crust would then in-
duce gravitational relaxation of topography that would explain
the plateau-like and depressed morphologies (Janes et al.,
1992). On the basis of numerical experiments of diapir ascent,
Koch and Manga (1996) suggested that the diapir spreading is
centered at the level of neutral buoyancy and that the style of
corona topography depends on that depth. The shallower this
level, the higher the expected bulge, whereas the deeper this
level, the deeper the central depression and the wider the pe-
ripheral annulus. A

Although corona-annulus formation is predicted by single-
stage elastic modeling of corona gravitational relaxation. such
models do not predict a compressive state of stress (Janes et
al., 1992). However, in agreement with geophysical modeling
of corona topography (Smrekar and Stofan, 1997) and experi-
mental modeling of corona evolution in response to a deflating
diapir (Krassilnikov, 2000), multiple stages of volcanic loading

and subsequent gravitational relaxation were shown to be able

Figure 7. Compressional features associated with the northeast part of
Sith corona (10.2°S, 176.5°E). After Stofan et al. (1992).

to produce a contractional annulus if the elastic lithosphere
thickness is small or null (McGovern and Solomon, 1998).

Yellowstone plume and Columbia Plateau,
western North America

The cause of Columbia River flood-basalt volcanism in
western North America since ca. 17 Ma has been controversial.
Both backarc spreading (e.g., Carlson and Hart, 1987) and melt-
ing associated with the Yellowstone mantle plume (Zoback and
Thompson, 1978; Duncan, 1982; Pierce and Morgan, 1992;
Geist and Richards, 1993; Zoback et al., 1994; Camp, 1995)
were advocated as possible sources. More recent geochemical
results have unambiguously shown that the Columbia River
Basalt Group has a mantle-plume signature (Hooper and Haw-
kesworth, 1993; Hooper, 1997; Takahashi et al., 1998). Struc-
tures akin to wrinkle ridges, e.g., the Yakima folds (also called

‘akima ridges) are associated in time with this flood-basalt
event (Figs. 8-10).

The Yakima folds are a series of regularly spaced (~20
km, Watters, 1989; Schultz and Watters, 1995) thrust-faulted
anticlines in the western Columbia Plateau (Reidel, 1984 Price
and Watkinson, 1989; Reidel et al., 1989a: Tolan and Reidel,
1989; Watters, 1989). The folds are evidence of contractional
deformation in the Columbia River basalt flows both through-
out the period of volcanic activity (Camp and Hooper, 1981)
and still ongoing (Malone, 1978; Campbell and Bentley, 1981;
Reidel et al., 1994; West et al., 1996). The peak of Yakima
ridge growth corresponds to the onset of Yellowstone hotspot
volcanic activity, and the ridge-growth rate was closely depen-
dent on the rate of Columbia River basalt magma supply (Rei-
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del, 1984; Reidel et al., 1989a). Seismic, borehole, and mag-
netotelluric data from the Columbia Plateau have shown that
the Yakima ridges are thin skinned (e.g., (Catchings and Moo-
ney, 1988; Reidel et al., 1989a; Jarchow et al., 1994; Lutter et
al., 1994). The Yakima ridges are associated with conjugate
strike-slip faults coeval with ridge development (Hooper and
Conrey, 1989; Reidel et al., 1984; Tolan and Reidel, 1989).
More details on ridge structure can be found in Bentley (1977).
Reidel (1984), Hagood (1986): Price and Watkinson (1989),
Reidel et al. (1989a, 1994), Lutter et al. (1994), and Mege and
Reidel (2000).

The bulk of the Yakima folds is oriented roughly east-west
(Figs. 9 and 11). However, in detail, three domains can be dis-
tinguished on the basis of ridge orientation (Watters, 1989). The

mean ridge-segment orientation northeast of the Cle Elum—Wal-

see Fig. 8). Modified after Reidel et al. (1989a). The black
Alignment.

lula topographic lineament (CLEW, Fig. 8B is N10OE; it is
N135°E within the lineament, and N79°E southeast of the lin-
eament. Various arguments suggest that the Cle Elum—Wallula
topographic lineament has been a dextral shear zone since erup-
tion of the Columbia River Basalt Group, although the amount,
timing, and geographical distribution of displacement are con-
troversial (Hooper and Conrey, 1989: Mann and Meyer, 1993;
Reidel and Tolan, 1994). It is clear, however, that the Cle Elum—
Wallula topographic lineament affected the orientation of some
of the Yakima ridges. Furthermore, the Hog Ranch-Naneum
ridge, which is oblique to the other ridges of the Yakima fold-
and-thrust belt (Fig. 9), was shown to continue at depth beneath
the 3—-6-km-thick lava pile. Analysis of well logs shows that
this structure bounded an early Tertiary basin before lava flood-
ing (Campbell, 1989) and therefore is atypical of the other
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Cascade Range

Figure 10. Rattlesnake Mountain, Columbia Plateau. Photograph courtesy of S.P. Reidel.

ridges. Apart from the above anomalies, the majority of Yakima
ridges have consistent, roughly parallel trends.

Most strain at the Yakima ridges was produced at 17-15
Ma, contemporaneous with the emplacement of dike swarms
that fan north-northwest on the plateau (e.g., Tolan et al., 1989;
Ernst and Buchan, 1997). The dikes underwent no, or only mi-
nor, postemplacement rotation (Martin, 1984; S.P. Reidel, 1999,
written communication; Hagstrum et al. 1999; Ernst and
Buchan, this volume, Chapter 12). Southward they converge on
a center about which the Yakima ridges form a circumferential
arc (Fig. 11). This center is located in the McDermitt volcanic
field, which was the center of the Yellowstone plume activity
at 17 Ma. The orthogonal orientation of dikes and ridges (e.g.,
Hooper and Conrey, 1989), as well as focal mechanisms (Suppe
et al., 1975; Zoback, 1992). show that the ridges formed, and
are still, perpendicular to the maximum-principal-stress trajec-
tory. The permutation in principal-stress trajectories required to
explain simultaneous ridge formation at the surface and dike
emplacement at depth has been explained by a mere increase
of lithostatic pressure with depth while maintaining constant
horizontal principal stresses (Hooper and Conrey, 1989;
Hooper, 1997).

The source of compressive stress at the Columbia Plateau
is still controversial. Little appears to have changed since Beck
(1978) noted that “few tectonic models for the evolution of the
Pacific Northwest treat specifically with the Columbia Plateau
in any detail. In many the region is either not mentioned at all,

or is treated as a minor embarrassment to be dismissed as pain-
lessly as possible.” Suppe et al. (1975) and Beck (1978) first
suggested that the tectonics of the plateau may be a conse-
quence of the Yellowstone mantle plume. We note that the ori-
entation of both ridges and dikes is consistent with axially sym-
metric principal-stress trajectories that would have resulted
from the Yellowstone plume center’s position at 16.1 Ma, which
coincides with the location of the McDermitt caldera (Fig. 11).
This interpretation is not compromised by paleomagnetic stud-
ies showing that the ridges were rotated clockwise 20°-30° after
12 Ma (Reidel et al., 1984; Sheriff, 1984), because the rotations
only accommodate local shears at fold hinges during ridge
growth (Reidel et al., 1984). Alternative hypotheses include (1)
formation of the Yakima fold-and-thrust belt in relation to
oblique subduction of the Juan de Fuca plate (e.g., Atwater,
1970; Reidel et al., 1989a; Burchfiel et al., 1992), to which is
superposed Basin and Range extension (Hooper and Conrey,
1989), or (2) westward gravitational sliding of the Basin and
Range above the hot and buoyant mantle (Hemphill-Haley and
Humphreys, 1997; Shen-Tu et al., 1999) toward the subducting,
shallow-dipping Pacific plate, in conjunction with the coastal
ranges sliding along the San Andreas fault system toward a
more steeply dipping Juan de Fuca plate. The latter kinematic
scenario has been advocated as the boundary motion driving
the formation of the Yakima ridges (E.D. Humphreys, cited by
Kerr, 1997).
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Figure 11. Tectonic and magmatic features associated with the early
Yellowstone plume. The McDermitt volcanic field marks the location
of plume impact. Dark gray—McDermitt volcanic field, medium
gray—Columbia River Basalt Group (to the north) and other tholeiitic
basalts of similar age (to the south), light gray—Snake River Plain
volcanism, black—Northern Nevada Rift, dotted pattern—coastal
ranges, dark lines—dike trends, white lines—Yakima ridge trends,
lines with hachures—western Snake River Plain graben. Modified after
Zoback et al. (1994) and Cummings et al. (2000).

North Atlantic volcanic province, northwestern Europe

Some 20 faulted anticlines have been observed in the North
Atlantic volcanic province on seismic profiles at the north-
western European margin (Fig. 12), most of them at the Faeroe-
Rockall Plateau, (Boldreel and Andersen, 1993, 1998; Brodie
and White, 1995; Véagnes et al., 1998). The anticlines were
initiated above sea level during late Paleocene—early Eocene
time, after Paleocene flood-basalt outpouring associated with
the arrival of the Thulean plume, and result from inversion of
Mesozoic structures. The geodynamic framework of this region
at that time makes this compressional event striking. Evolution
of the area since the Paleocene—Eocene is marked by arrival of
the Thulean plume (White and McKenzie 1989) and North At-
lantic opening, so that major contractional structures are un-
expected. Evidence of Eocene compression has also been found
on land by Geoffroy et al. (1993, 1994) in the Faeroe Islands.
Anticline orientations offshore follow two preferential trends.
Nine trend northwest, denoting northeast-southwest compres-
sive stress, consistent with the northeast-southwest stress ori-
entations found in the Faeroe Islands (Geoffroy et al., 1993,
1994). The other anticlines have various orientations. Compar-
ison with plate reconstruction, Tertiary flood-basalt province
geography (White and McKenzie, 1989), and location of the
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hotspot center during the Paleocene (Lawver and Miiller, 1994)
shows that the overall pattern of the anticlines, most of which
formed above the edge of the initial plume-derived thermal
anomaly if its extent was as suggested by White (1992), can
alternatively be interpreted as broadly concentric about the Thu-
lean plume at the time of its arrival (Fig. 12). Local deviation
from the concentric pattern may be due to the influence of the
orientation of the Mesozoic faults that guided the anticlinal
trends. The growth rate of the offshore anticlines has been
found to have been constant from the Eocene until the present
(Vagnes et al., 1998) and therefore requires a stable and long-
lasting stress source.

Hypotheses for explaining Eocene compression in the
Faeroe Islands include transform-zone stresses caused by the
Aegir and Reykjanes spreading ridges (Geoffroy et al., 1993;
Boldreel and Andersen 1998) and separation of a Greenland
plate between the North Atlantic and Labrador Sea (Geoffroy
et al., 1993). Compression offshore has also been suggested to
result from the Alpine orogeny, with a contribution from ridge-
push forces (Boldreel and Andersen, 1998; Vagnes et al., 1998).
However, these interpretations fail to explain the concentric ori-
entation of the majority of anticlines about the Thulean plume.
A recent hypothesis suggests that the anticline pattern at the
North Atlantic volcanic province might have resulted from
gravitational spreading of the plume topographic swell (Bour-
geois, 2000; O. Bourgeois, 2000, personal communication).

Yilgarn craton, Australia

Myers and Swagers (1997) have described the geologic
units of the Yilgarn craton, and a summary of its evolution can
be found in Passchier (1998). The craton amalgamated from
several terranes mainly between 2.7 and 2.6 Ga. It then joined
with the Pilbara craton during the Capricorn orogen in 2.0-1.6
Ga. The Capricorn orogen displays evidence of formation of an
asymmetric contractional belt and a foreland basin in which
relicts of ophiolites have been found, suggesting a cycle in-
cluding collision and subduction. This collisional-zone geodyn-
amic style contrasts with the style that prevailed during the
earlier Archean amalgamation, which was dominated by out-
pouring of massive mafic magmas and intrusion of granites,
associated with extensional and contractional tectonics. Ar-
chean tectonic activity has been attributed to one or several
possible mantle plumes (Passchier, 1995), an hypothesis ini-
tially suggested by Campbell and Hill (1988). Geologic analysis
of one of the terranes, the East Yilgarn terrane (Kalgoorlie ter-
rane in Myers and Swagers, 1997, and the Eastern Goldfields
terrane in Passchier, 1998) led to a plume-tectonics model of
terrane evolution (Passchier, 1995). Plume impingement on the
lithosphere would have resulted in flood-lava outpouring as-
sociated with extension above the plume at ca. 2.69-2.68 Ga,
contemporaneous with concentric thrusting at the edge of the
inferred hotspot (Fig. 13). Extension was polydirectional and
has been interpreted to have been produced by the plume’s en-
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Figure 12. Early Tertiary anticlines ob-
served on the northwestern European
shelf plotted on a plate-reconstruction
map for the time just after the onset of
North Atlantic oceanic spreading (base
map after White and McKenzie, 1989)
and Paleocene and Eocene locations of
the plume center according to two
plume-track models (Lawver and
Miiller, 1994, and White and McKenzie,
1989). Small dark circles: location of the
Thulean plume center at 60 Ma (late Pa-
leocene) and 50 Ma (early Eocene-mid-
dle Eocene), after Lawver and Miiller
(1994). Gray circle—extent of the initial

thermal anomaly using Lawver and

Miiller’s model. Small dashed circle: lo- Korih

cation of the plume center at magnetic .
America

anomaly 23 (Paleocene-Eocene bound-
ary) after White and McKenzie (1989).
Large dashed circle: extent of the initial
thermal anomaly in White and Mc-
Kenzie’s model. In both models, the size
of the thermal anomaly is after White
(1992). Dark lined areas—extrusive vol-
canic rocks. Light lined areas—extent of
Tertiary igneous activity (after White
and McKenzie, 1989). Continuous an-
ticline axes and thrust symbols—anti-
clines and thrust faults, after Boldreel
and Andersen (1993, 1998); dotted an-
ticline axes—additional anticlines, after
Vagnes et al. (1998); thick dashed anti-
cline axis (south of England)—addi-
tional anticline, after Brodie and White
(1995). Anticline orientation is attrib-
uted to the influence of both the location

North Atlantic Ocean

Eurasia

1000 km

of the Thulean plume center and the ori-
entation of earlier (Mesozoic) faults, re-
sulting in partially concentric patterns at
the edge of the spreading thermal anom-
aly due to the plume.

tering the uplifted crust above the plume conduit, whereas co-
eval compression has been interpreted as the result of strain
concentration at the edge of the crustal domain weakened by
the plume in a compressional tectonic regime (Passchier, 1995).

Dharwar craton, India

The late Archean Dharwar craton (India) is composed of

greenstone belts cropping out over large surface areas. It dis-
plays dome-and-basin structure associated with shear zones.
Dome-and-basin folding at the Dharwar is contemporaneous
with high-temperature, low-pressure metamorphism (Moyen,

2000). Oblique convergence has been suggested to explain
these structures (Chadwick et al., 2000). However, although

oblique convergence may explain the shear zones, it fails to
explain detailed structural observations within greenstone belts
of the Dharwar craton. Analysis of macro- and microstructures

(stretching lineations, cleavage and foliation planes, folds, and
crenulation lineations), as well as scaled experimental model-
ing, has led Chardon (1997) and Chardon et al. (1998) to refine
earlier Archean dome-and-basin models based on vertical tec-
tonism (Gorman et al., 1978; Bouhallier et al., 1995; Chou-
kroune et al., 1995, 1997; Chardon et al., 1996). Fold and mi-
crofold axes are observed throughout the Dharwar greenstone
belts (Fig. 14A). The outer axes define a concentric pattern.
Closer to the belt center, sinuous fold axes suggest unstable
stress trajectories. Fold and microfold axes then gradually con-
verge and plunge toward a central area (Chardon et al., 1998)
that is interpreted to mark the center of maximum subsidence.

The structural data reported herein, as well as scaled ex-
perimental modeling (Dixon and Summers, 1983; Chardon,
1997) and geochemical data (Moyen et al., 1997; Jayananda et
al., 2000), argue in favor of an evolution model in which im-
pingement of a mantle plume on the base of the lithosphere was




Contractional effects of mantle plumes on Earth, Mars, and Venus

Yilgarn craton

Mafic volcanism

117

Peripheral contractional belt

4

//’ 7/ Figure 13. Mechanism of peripheral-belt

Crust

Mechanical
boundary layer

Mantie plume

followed by eruption of dense volcanic rocks on a lighter con-
tinental gneissic crust. Rayleigh-Taylor instability would have
resulted in centripetal sinking of the volcanic load into the crust
(Fig. 14B), i.e., sagduction (negative diapirism). Intense shear
deformation between the sinking volume and the stable crust is
accommodated by inward-dipping décollements (Chardon et
al., 1998).

Contractional belts associated with giant
radiating-dike swarms

A line of argument based on injection patterns of radiating-
dike swarms suggests that peripheral zones of compression may
be commonly associated with plume-generated uplift. The
1.267 Ga Mackenzie swarm of the Canadian Shield extends
over 100° of arc and reaches 2500 km from the plume center
determined by the convergence of the swarm (Fig. 15).

By using a trap-door model for uplift, Baragar et al. (1996)
calculated the amount of uplift required by the crustal extension
due to Mackenzie dikes. Calculations were performed along
two arcs, each spanning 30 at the 400 km and 900 km distances
from the plume center (Fig. 15). Aggregate dike thickness
(number of dikes times average thickness of 30 m) were cal-
culated for the arcs as 3.06 km along 180 km of arc at the 400
km distance and as 1.65 km along 392 km of arc at the 900 km
distance. If it is assumed that the dilatancies along the arcs at
the two distances (400 km and 900 km) resulted from the same
trap-door uplift, then the length of the base (center of uplift to
hinge line) can be calculated. Two end-member scenarios were
considered: (1) the intrusion density of the dikes measured
along each arc was representative of the intrusion density
around the entire circumference of the plume center and (2)
only the dikes within the arc contributed to uplift. For the two

formation at the possible Yilgarn hot-
spot by circumferential thrusting occur-
ring at the same time as rifting, after
Passchier (1995). Thrusting has been
explained either by remote compression
at the craton edge simultaneous with ex-
tension induced above the plume center
(Passchier, 1995) or by gravitational
spreading occurring at the same time as
passive rifting (Mege, 1999a).

scenarios, the base-line lengths were 1529 km and 1485 km;
the amounts of uplift based on the 400 km distance were 124.0
km and 69.1 km, respectively, and the amounts of uplift based
on the 900 km distance were 32.5 km and 17.5 km, respectively.

An alternative calculation involved a spherical cap instead
of a trap-door model (Sengor, this volume). The dilatancies
based on the 900 km distance were used to calculate the areal
expansion above the plume due to cumulative dike injection
(approximated by total dilatancy times 900 km); this calculation
was done for both scenarios (see previous description), and the
numbers were used to calculate uplift by using a spherical-cap
model. The estimates of (spherical cap) uplift ranged from 3.7
to 54 km [ = (BA X a)/(nr’), where h is uplift measured at
the center, 0A is the change in area due to dike injection, a is
Earth’s radius, and r is distance to edge of spherical cap]. The
true estimate of uplift will probably lie between the estimates
from the trap-door and spherical-cap models. In any case, uplift
values calculated by both methods for reasonable parameters
are unrealistically large. Baragar et al. (1996) suggested the
following explanations for unrealistic uplift estimates. If domal
uplift proceeded concentrically outward from its apex in the
form of a relatively steep-fronted wave, then the density of
dikes could be greatly increased over that which could be
achieved by simple uplift. Another proposal was that uplift was
imposed on an preexisting east-west extensional stress field,
and the resulting stress created a zone of concentrated extension
passing through the apex of the dome and through the area
measured (Baragar et al., 1996).

The unreasonable magnitude of uplift could also be elim-
inated by using a variation of the steep-fronted wave model in
which the uplifted lithosphere was allowed to spread outward
off the domal uplift during or after dike injection, but before
thermal decay of the uplift. Our model is similar to that proposed
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Figure 14. Structural patterns and tectonic interpretation of the Bababudan greenstone belt, one of the Dharwar craton greenstone
belts, India (Chardon et al., 1998). A, Structural lineation map. B, Interpretation in terms of gravitational (Rayleigh-Taylor)
instability inducing dense volcanic-load sinking into crustal basement. The ductile-to-brittle transition is located either within the

volcanic load or at the surface.

for long-wavelength domal uplifts on Venus by McKenzie
(1994). In McKenzie's model, domal uplift results in crustal
“flow” down the flanks of the uplift and results in both rifting at
the uplift center and thrusting around the uplift periphery.

An upper limit for the amount of outward spreading above

the Mackenzie plume can be deduced by assuming that all dike-
induced crustal extension is accommodated by outward spread-
ing of crust from the plume center (Fig. 15). Estimates of this
extension are equivalent to the values given in Baragar et al.
(1996) for the radial difference between dike-intruded (uplifted)
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Figure 15. Gravity spreading off topographic uplifts. A, The 1270 Ma Mackenzie dike swarm of the Canadian Shield (Baragar et al., 1996).

Focal point of swarm (star) is interpreted to locate the plume center

and is surrounded by a ring of magma chambers identified by gravity

anomalies (outlined areas). Additional gravity anomaly marks the Darnley Bay intrusion, which may be younger (westernmost anomaly). Gray
pattern locates coeval Coppermine volcanic rocks. Traverses at 400 and 900 km from plume center (bold arcs) used to calculate crustal dilation
due to dike injection. B, Model for plume-generated uplift (note vertical exaggeration), emplacement of magma chambers along periphery of
apical graben, and intrusion of dike subswarms emplaced laterally from these magma chambers (Baragar et al., 1996). The magnitude of crustal
dilation indicated by emplacement of the Mackenzie dike swarm (determined at 400 and 900 km distances) requires unrealistic domal uplift
(see text) and, therefore, implies crustal spreading off the uplift. C, Model for crustal spreading associated with Beta Regio and other plume-

generated volcanic centers on Venus showing postulated formation of

and dike-free (pre-uplifted). According to the two end-member
scenarios (as previously outlined) the amount of outward
spreading, therefore, ranges from 0.49 to 6.80 (calculated at the
400 km distance), and from 0.26 to 3.79 (calculated at the 900
km distance). Interpreted as measuring movement outward off
the domal uplift, this process has two consequences, formation
of a central apical graben and peripheral shortening.

An apical graben has been recognized in the central region
above the Mackenzie plume (Fig. 15) from a ring of gravity
anomalies that partially surround the focal point of the Mac-
kenzie dike swarm. These anomalies are interpreted to locate
mafic intrusions emplaced along border faults of the apical gra-
ben. The apical graben has a radius of ~200 km. Assuming
that the broad apical graben is caused by the outward spreading
determined on the flanks of the uplift, we can use the flank
estimates (previously given) to calculate geometric parameters
associated with the apical graben. On the basis of the flank

central graben and peripheral thrusts (after McKenzie, 1994).

estimates of outward spreading (maximum, 6.8 km), the apical
graben should have a maximum collapse volume of ~2200 km*
(mt X 6.8° X 15); this calculation assumes crustal involvement
to depths of 15 km (corresponding to the approximate depth of
the ductile-to-brittle transition). If assumed to be accommo-
dated by a down-dropped block 200 km in radius, then the
throw on the border faults of the apical graben should range up
to ~20 m [2200/(t X 200%)].

Radial spreading of crust off a mantle plume must termi-
nate. The most logical place would be as a series of thrust faults
at the margin of the uplift (at ~1500 km away from the Mac-
kenzie plume center on the basis of the hinge-model calculation
of Baragar et al., 1996). The estimated amount of shortening
ranges up to ~6.8 km (see previous analysis). The predicted
shortening has not been observed, but would be very difficult
to identify in complexly deformed rocks in this part of the Ca-
nadian Shield. Note that Sengor (this volume) and McKenzie
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(1994) considered peripheral thrusting to be rare on Earth be-
cause extension should be accommodated at plate boundaries
rather than in a intraplate setting. This obstacle is overcome by
the mechanism of gravitational spreading discussed in a sub-
sequent section.

Many other radiating swarms on Earth, Venus, and Mars
have dike spacings and thicknesses similar to those of the Mac-
kenzie swarm; therefore, we would expect that the same anal-
ysis would apply. Crustal spreading off the domal uplift with
associated formation of an apical graben and a contractional
peripheral belt could therefore be common occurrences above
plumes associated with giant radiating-dike swarms.

ORIGIN OF COMPRESSION
Classification of deformation styles

The examples presented herein emphasize that at least three
separate styles of contractional deformation exist in association
with mantle plumes: concentric wrinkle ridges, contractional
peripheral belts, and dome-and-basin structures. Each is dis-
cussed in turn.

Wrinkle ridges are observed at Syria Planum on Mars,
around some volcanic rises on Venus, and on the Columbia
Plateau on Earth. Structural similarities between wrinkle ridges
on Mars and the Yakima fold-and-thrust belt of the Columbia
Plateau, some of which were first pointed out by Plescia and
Golombek (1986) and Watters (1988, 1992), include (1) for-
mation in stratified basaltic-type lava floods, consistent with
inferences from mechanical modeling that layering plays a key
role in the mechanics of ridge development (Schultz, 2000);
(2) ridge length on the order of 100 km (Yakima ridges: 97 km,
Mege and Reidel, 2000; Coprates ridged plain on Mars: 101
km, Mege, 1999b): (3) periodic spacing, 20-30 km (Watters,
1991; Schultz and Watters, 1995); (4) association with conju-
gate strike-slip faults coeval with ridge development; and
(5) concentric distribution about major volcanic centers in the
absence of other stress sources (ridges trend perpendicular to
the maximum-compressive-stress trajectory). Many Venusian
wrinkle ridges share these characteristics as well (Bilotti and
Suppe, 1999).

Formation of a contractional peripheral belt is another kind
of compressional tectonic style above mantle plumes. The south
Syria Planum ridge belt on Mars is the prototype example. Pos-
sible analogues may be observed associated with the North At-
lantic volcanic province and coronae on Venus and are implied
by the analysis of the dilatancy due to emplacement of the Mac-
kenzie dike swarm. From seismic data at the North Atlantic
volcanic province and numerical modeling of coronae and the
south Syria Planum belt ridges, compressive stress appears to
be accommodated by folding, thrusting, or a combination of
these mechanisms. The Yilgarn craton is a possible additional
example. However, field outcrops in this latter case are too

sparse to discriminate between the peripheral-contractional-belt
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deformation style and the dome-and-basin deformational style.

Contractional tectonics at Venusian crustal plateaus and
dome-and-basin folding at the Dharwar craton are examples of
pervasive contractional deformation above a mantle plume.
Fold orientation may be radial, concentric, or oblique about the
supposed plume center, depending on its proximity. Anasto-
mosing fold axes and sinuous geometry of many long fold axes
denote unstable stress trajectories at a local scale.

Mechanisms of wrinkle-ridge formation

Although we discuss wrinkle ridges observed around major
magmatic centers that are linked with mantle plumes or diapirs,
it must be noted that wrinkle ridges are also observed in other
(nonplume) settings on Mars and Venus, as well as on Mercury
and the Moon. Those ridges are usually associated with basaltic
infilling of impact basins. Mascon (mass concentration) tecton-
ics (Melosh, 1978) elegantly explains wrinkle-ridge formation
on the Moon in such settings and might explain the formation
of some wrinkle ridges observed in impact craters and impact
basins on Mars and Venus (Watters, 1993).

Stress sources for wrinkle-ridge formation around major
magmatic centers include (1) global planetary cooling, (2)
plate-boundary processes, (3) surface loading by the lava pile
and associated gravitational spreading, (4) thermal subsidence
following initial plume-related topographic uplift, and (5) sub-
sidence due to surface loading by flood basalts and deep-crustal
loading by dense underplated magmas. We explore each of
these stress sources and show that the first three mechanisms
are likely less important than the two others.

Planetary cooling. 1t has been proposed that global plan-
etary cooling is the main origin for buckling of wrinkle-ridged
units on Mars (Schubert et al., 1992; Mangold et al., 1999).
However, global planetary cooling cannot by itself explain pref-
erential wrinkle-ridge orientation in the Tharsis hemisphere of
Mars, at volcanic rises on Venus, nor at the Yakima folds on
Earth. Moreover, wrinkle-ridge formation simultaneous with
widespread extension on Mars, is hard to reconcile with the net
decrease in planetary radius that is predicted from planetary
cooling.

Plate-boundary processes on Earth: Effect of subduction.
Several works have emphasized the role of subduction-related
stress on Yakima ridge formation (e.g., Reidel et al., 1989a;
Burchfiel et al., 1992; Saltus, 1993). Although we agree that
subduction may have played a role, several reasons lead us to
refute subduction as the primary source of stress:

I. The observed correlation between the rate of ridge
growth and the rate of basalt outpouring implies that ridge
growth occurred through successive stages lasting years or tens
of years (Self et al., 1997), a time scale that cannot be correlated
with variations in subduction rate.

2. There is no continuity between the stress state at the
Yakima fold-and-thrust belt and the Cascade Ranges. The stress
state at the Cascades is currently compressional, strike slip, or
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extensional (Zoback et al., 1990). while it is uniformly com-
pressional at the Columbia Plateau. GPS (Global Positioning
System) measurements and thermal modeling at the Cascadia
subduction zone suggest that upper-lithosphere and subducting-
slab coupling decreases across the continental margin from
strong in the west (stick-slip). to transitional, to weak (free slid-
ing) in the east (Savage et al., 1991; Dragert et al., 1994; Dra-
gert and Hyndman, 1995). Thus, we suggest that the complex
state of stress at the Coastal Ranges may result from the sub-
ducting skab and its variation in geometry (Crosson and Owens,
1987), while another stress source prevails at the Columbia
Plateau.

3. The stress state at the Columbia Plateau is atypical of
subduction-related stress on land in most settings, as previously
pointed out by Catchings and Mooney (1988). More details
regarding the subduction issue are given in Appendix 1.

Plate-boundary processes on Earth: Effect of intraplate
extension. Influence of Basin and Range extension since Mio-
cene time over a large part of the Columbia Plateau is dem-
onstrated by significant extension associated with strike-slip
faulting and dike emplacement consistent with the Basin and
Range extension direction. However, none of these features is
observed on the western part of the Columbia Plateau. Hooper
and Conrey (1989) emphasized that the same orientation of
principal stresses over the whole Columbia Plateau can explain
the orientation of grabens, strike-skip faults, and ridges. They
attributed ridge growth after Columbia River basalt outpouring
to the continuation of earlier strain patterns. However, the east-
west extension at that time deduced from graben orientation
suggests that should earlier east-trending structures have been
initiated before eruption of the Columbia River Basalt Group
and continued deforming during Basin and Range extension,
they would have moved in a strike-slip sense, with a minor
component of shortening, rather than by accommodating pure
shortening, as observed (see Reidel et al., 1984, for a further
discussion on the role of strike-slip faulting at the Yakima
ridges).

The hypothesis that Basin and Range extension in eastern
Washington and Oregon and western Idaho is driven by grav-
itational sliding of the topography and that Yakima ridge for-
mation is a consequence of subsequent Coastal Range motion
(E.D. Humphreys, cited by Kerr, 1997; see first section) faces
the same problems as interpreting the mechanism of ridge for-
mation as due to subduction-related stress. In particular, the
current =20° slab dip angle for the Juan de Fuca plate beneath
the North American coast (Crosson and Owens, 1987; Hynd-
man et al., 1990: Hyndman and Wang. 1995) would probably
impede the Coastal Ranges from sliding. Publication of a more
extensive description of this model is needed before it can be
assessed.

Plate-tectonics processes on Venus and Mars. Although
plate-tectonics activity has been hypothesized on Venus, e.g.,
for explaining formation of coronae (Sandwell and Schubert,
1992), most current models of Venus evolution are in general

inconsistent with such mechanisms. For example, widespread
wrinkle-ridge formation (Bilotti and Suppe, 1999) is inconsis-
tent with the plate-tectonics requirement that strain focuses at
plate boundaries. Tectonic activity on Venus is thought to
mainly result from vertical movements associated with mantle
upwelling and/or downwelling (Bindschadler et al., 1992a;
Gilmore et al., 1997; Phillips and Hansen, 1998; Ghent and
Hansen, 1999; Rosenblatt et al., 1998), although the existence
of rifts is evidence of limited lateral crustal movements.

Interpretation of possible shorelines in the martian low-
lands (Parker et al., 1993) has focused interest on plate-tecton-
ics hypotheses on Mars, resulting in a plate-tectonics scenario
by Sleep (1994). Recent detection of magnetic anomalies in the
southern highlands (Acuna et al., 1999), some of which form
linear patterns, has also been used as evidence of plate tectonics
(Connerney et al., 1999). Many geologic observations, how-
ever, are not consistent with these hypotheses (e.g., Pruis and
Tanaka, 1995, and references therein; Smrekar and Raymond,
1999). Most recent interpretations of the martian magnetic
anomalies suggest alternative hypotheses of origin such as
magma accretion in a tensional tectonic regime (Grimm, 2000),
early vigorous first-order convection in the martian mantle be-
fore dynamo shut-off (Kletetschka et al., 2000), gravity desta-
bilization of mafic materials accreted to the crust (Meége et al.,
2000), magnetic eolian deposits (Ruzicka, 2000), polar wan-
dering (Sprenke and Baker, 2000); and dike emplacement (Wil-
son and Head, 2000; Nimmo, 2000). Although the existence of
standing bodies of water is supported by a number of obser-
vational elements (e.g., Scott and Tanaka, 1986; Head et al.,
1998, 2000), strong observational arguments against such ex-
istence have also been put forward (Malin and Edgett, 1999),
and correlation with oceanic processes in the terrestrial sense
has not been reported. Plate-boundary processes are thus un-
likely to have influenced wrinkle-ridge formation on Venus and
Mars.

Gravitational spreading. Gravitational spreading is dis-
cussed in more detail in the section on contractional peripheral
belts. The problem with applying gravitational spreading to the
formation of wrinkle ridges is that many examples exist where
ridges having nonrandom orientation are not associated with
significant topographic slopes. Examples include the most distal
wrinkle ridges associated with the Tharsis volcanic area on
Mars, wrinkle ridges in horizontal lava plains on Venus (such
as Lavinia Planitia), wrinkle ridges in mascons on the Moon
and other planetary bodies, and wrinkle ridges in the Caloris
basin of Mercury. The role of compressive gravitational-spread-
ing stress in wrinkle-ridge formation appears, therefore, not to
be decisive.

Subsidence in relation to a mantle plume. Noting that the
Yakima ridges formed exclusively on the most subsiding part
of the Columbia Plateau (Tolan et al., 1989; Reidel et al., 1989a,
1989b) and that the rate of ridge growth very clearly correlates
with the rate of plateau subsidence (Reidel et al., 1989a), it is
likely that a genetic link exists between subsidence and ridge
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formation. Subsidence at the Columbia Plateau and Cascade
Range started contemporaneously with an Eocene rifting event,
i.e., before eruption of the Columbia River Basalt Group (e.g.,
Reidel et al., 1994). Subsidence waned during the Oligocene.
At the Columbia Plateau, subsidence resumed when the basalt
flows erupted, while it continued waning in the Cascades during
the Miocene, suggesting that subsidence of the Columbia Pla-
teau mainly resumed in response to another mechanism separate
from that affecting the Cascades. Other difficulties encountered
by subduction-induced subsidence were already discussed in
the section on plate-boundary processes. Consequently, we sug-
gest that subsidence after basalt eruption was primarily induced
by the Yellowstone hotspot, with a possible, secondary influ-
ence of subduction. Figure 16 suggests how subduction-related
stress could provide part of the deviatoric stress required for
the formation of the ridges, whereas the dominant control on
ridge orientation is due to the Yellowstone hotspot-related
stresses.

Subsidence can be found in virtually all plume-tectonics
models published to date as a feature of hotspot evolution oc-
curring after early thermal uplift. Rosenblatt et al. (1998) sug-
gested that subsidence is one of the driving mechanisms for
wrinkle-ridge formation on Venus. On Mars, ridged-plain com-
pensation at shallow depth (Frey et al., 1996) is evidence of
ridged-plain subsidence. Subsidence of horizontal topography
is expected to produce a topographic depression. An example
of such a depression may be the Coprates Planum ridged plain,
the center of which is depressed by some 2 km compared to the
surrounding regions (Fig. 1A). Subsidence would be expected
to have modified any slope associated with initial uplift, but
would not be expected to induce inversion of slope orientation

Figure 16. Hypothetical mechanism of

Yakima fold-and-thrust belt formation tension

D. Meége and R.E. Ernst

(e.g., Olson, 1994). For this reason, subsidence may not be
easily recognized in the topographic data or by geomorphologic
analysis.

Wrinkle-ridge formation by subsidence tends to favor a

g

thin-skinned mechanism of deformation, as the lower part of

the downwarping brittle crust should be in an extensional re-
gime below a mid-depth neutral plane. Seismic data at the Ya-
kima fold-and-thrust belt is in agreement with this inference.
As discussed subsequently, subsidence may result both from
waning of the thermal anomaly after the initial, plume-related,
topographic uplift and from surface loading by flood basalts.
Thermal subsidence. After thermal topographic uplift, hot-
spot topography depends on the balance between magma pro-
duction and thermal cooling. The thermal anomaly of the hot
blob is on the order of 100-350 °C in typical terrestrial plumes
and produces initial topographic uplift as the blob ahead of the
plume conduit approaches the lithosphere. Thermal cooling oc-
curs almost as soon as the blob has begun spreading out and
tends to lower the topography created earlier above the plume.
The maximum subsidence expected from this mechanism alone
is expected to be above the center of the plume. However, as
most of the magma is generated above the plume conduit, the
elevation of the uplifted hotspot center tends to remain much
the same following the plume impact, while the surrounding
uplifted areas tend to subside (Olson, 1994). Although the area
above the plume center becomes isostatically supported, the
dynamic support is subtracted from the surrounding areas. Ol-
son’s (1994) numerical models of a stationary plume 350 °C
hotter than the surrounding mantle suggest that in terrestrial
conditions, the surface elevation of the area surrounding the
plume conduit may increase for some 15 m.y. after plume ini-
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tiation in the mantle and then decrease until the plume activity
ceases. After 15 m.y., continued subsidence occurs in proximity
to the plume center, while minor uplift is still ongoing farther
away from the plume center. Then, subsidence gradually prop-
agates laterally outward, and after a few tens of millions of
years, most of the uplift has waned, except above the plume
center.

This pattern of dynamic uplift, central magmatic under-
plating, and subsidence in surrounding areas is in agreement
with geolegic observations at the Thulean plume during the
Paleocene and Eocene (Nadin et al., 1995). At the Yakima folds
it explains field relationships demonstrating that some ridges
were initiated before flood-lava eruption (Hooper and Conrey,
1989; Reidel et al., 1989a). It is may also be a good approxi-
mation of wrinkle-ridge formation at Syria Planum on Mars and
at volcanic rises on Venus. Olson’s (1994) calculations were
carried out for Earth, and so the time scale and uplift amplitude
may not be applicable to extraterrestrial cases, but the succes-
sion and geographic zoning of events are expected to have been
similar.

Subsidence in response to volcanic loading. Mascon sub-
sidence, which is a mechanism for ridge formation on a hori-
zontal surface, predicts that some flood-lava areas undergo
compression while other areas undergo strike-slip faulting or
enter a tensional regime (Melosh, 1978). Slightly different is
the case of the wrinkle-ridged areas that were previously ther-
mally uplifted, because in that case subsidence back to hori-
zontal may result in a net decrease in topographic elevation.
Both strike-slip faulting and contractional features are expected,
in agreement with observations at, e.g., Coprates Planum on
Mars and the Yakima fold-and-thrust belt.

Figure 17 shows the required size of the lava-flood prov-
ince in order to induce Coprates ridged plain (Fig. 17, A and
B) and Yakima fold-and-thrust belt (Fig. 17, C and D) subsi-
dence according to elastic theory. Subsidence due to lava load-
ing occurs if the loaded area, of wavelength A, is greater than
(Turcotte and Schubert, 1982)

Ain 2n (DIp.g)"™* (1)
where D is the plate flexural rigidity, p, is crust density, and g
is acceleration due to gravity. Flexural rigidity decreases with
the third power of the decrease in plate elastic thickness 4 and
also depends on its Young’s modulus E and Poisson’s ratio v:

D = ERY/12(1 o). 2)

No plate deflection occurs if A < A,;,, whereas isostatic
compensation is achieved if A > A;,. Current elastic litho-
sphere thickness at the Coprates ridged plain has been estimated
from gravity and topography to be on the order of 35 km (Zuber
etal., 2000). Although this value is not directly related to elastic
thickness during wrinkle-ridge formation, it gives an idea of its
maximum value. The heat flow during the Syria Planum flood-
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basalt event is likely to have been higher, resulting in thinner
elastic lithosphere. Figure 17A clearly shows that subsidence
of the Coprates ridged plain is expected for a broad range of
elastic thickness.

The degree of topography compensation C is given by
(Turcotte and Schubert, 1982)

pe + (DI)2nli)*],  (

W
~—

C = (p, PP
where p,, 1s mantle density. Clearly, C is very close to 1 for the
Coprates ridged plain for crustal thicknesses on the order of
tens of kilometers, which means that loading subsidence is iso-
static (Fig. 17B), as previously suggested by Frey et al. (1996).
We conclude that lava loading must have induced immediate
isostatic compensation and subsidence.

Figure 17, C and D, shows that lava loading by the Columbia
River Basalt Group can explain most (all?) of the isostatic state
of the Columbia Plateau for a similar range of brittle-crust
thickness, in agreement with the existing correlation between
eruption rate, subsidence rate, and ridge growth. Only a very
limited contribution of subsidence due to an additional mech-
anism, for instance in relation to other geodynamic events in
the Pacific Northwest region, is necessary for explaining the
full isostatic state of the western Columbia Plateau.

Subsidence in response to deep-crustal loading. Density
anomalies within or just beneath the lithosphere (Fleitout and
Froidevaux, 1982) are considered by Zoback (1992) as second-
order stress sources on Earth. Magmatic underplating at aborted
rifts associated with mantle plumes provides major density
anomalies that may reorient stress patterns and control seismic
slip (Assumpgao, 1992; VanDecar et al., 1995; Zoback and
Richardson, 1996). Numerical elastic modeling of stress-pattern
modification at volcanic rifts due to underplated magmas by
Zoback and Richardson (1996) for various lithospheric rheol-
ogies shows that underplating drastically increases horizontal
compressive stress at shallower depths both above the under-
plated area and in the areas of the crust adjacent to it. Depending
on the rheology of the lithosphere chosen, the state of stress in
the shallow-crustal areas at a greater distance from the under-
plated region may still be in compression or may actually be in
minor tension when the edges of the numerical model are stress
free. Surface compression due to dense crustal loading at mantle
plumes is expected to enhance compression because of thermal
subsidence subsequent to plume arrival, as well as subsidence
induced by surface loading by flood basalt. Results of seismic
studies show that a 4—17-km-thick, high-density material (seis-
mic velocity of 7.5 km-s~"), probably due to magmatic un-
derplating, exists beneath the western Columbia Plateau be-
tween the lower crust and upper mantle (Catchings and
Mooney, 1988). Seismic velocities beneath the Columbia Pla-
teau (Catchings and Mooney, 1988) suggest that no eruptive
activity was associated with Eocene rifting beneath the Yakima
fold-and-thrust belt. Therefore, we interpret the underplated
magmatic material to be likely the deep counterpart of the Co-
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lumbia River Basalt Group. Eocene crustal thinning, which
probably did not have time to re-equilibrate before Columbia
River Basalt Group eruption (White and McKenzie, 1995), may
have played a key role in trapping magma at depth (i.e., through
the effects of a thinspot as defined by Thompson and Gibson,
1991) and forming a dense pillow that would have generated
compressive stress in the Columbia River basalts. Surface con-
traction would be expected right above the Eocene rift and also
in adjacent areas, i.e., exactly where the Yakima fold-and-thrust
belt is located. Despite the lack of data on crustal structure at
extraterrestrial mantle plumes, it is possible that the same mech-
anism was also involved in wrinkle-ridge formation on other
planets.

Mechanism of contractional peripheral-belt formation

Despite differing settings, a common characteristic of cir-
cumferential ridge belts is that they have been explained by
gravitational spreading of mantle-plume swells (Mége and
Masson, 1996; Bourgeois, 2000; McGovern and Solomon,
1998; Smrekar and Stofan, 1997). Gravitational spreading is
observed on a smaller scale on many volcanic edifices (Borgia,
1994; Van Wyk de Vries et al., 2000) and results in circumfer-
ential contractional structures that have been modeled as fault-
propagation anticlines verging away from the volcanoes. It is
interesting that the scale of these structures is highly variable
(Borgia et al., 1990). Fold depths range from hundreds of me-
ters (e.g., the central Costa Rica volcanic range), to kilometers
(as at Etna and Kilauea), to involving the whole brittle-crust
thickness (as at Olympus Mons on Mars). The latter two ex-
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Figure 17. Subsidence on (A and B) Coprates ridged plain and (C and
D) western Columbia Plateau in response to loading as a function of
elastic-plate thickness and Young’s modulus. For this analysis, Pois-
son’s ratio = (.25, crustal density = 2800 kg-m 3, and mantle den-
sity = 3300 kg-m~*. The dependence of the results on density and
Poisson’s ratio is very small. A, Minimum topographic wavelength
for subsidence, Coprates ridged plain. The thick line indicates the Co-
prates wavelength and shows that subsidence is expected for a wide
range of crustal thicknesses. The area of the Coprates ridged plain is
1400 km x 800 km; the periodic load = 800 km (corresponding to
half the wavelength A in equation 1; the other half-wavelength is as-
sumed to be the permanently uplifted region). B, Degree of compen-
sation, Coprates ridged plain. Full compensation can be attained at
shallow depth (shaded), in agreement with gravity-data analysis by
Frey et al. (1996). C, Minimum topographic wavelength for subsi-
dence on the western Columbia Plateau (WCP). Topographic wave-
length is 400 km, i.e., twice the Columbia Plateau diameter, and elastic
plate thickness is assumed to correspond to the brittle crust thickness,
which is taken to be 12 km before lava flooding. For such values, the
Columbia Plateau is predicted to subside whatever the elastic plate
strength. D, Degree of crustal compensation, western Columbia Pla-
teau. The shaded area indicates the elastic plate thickness domain
where full or very high compensation is obtained whatever the chosen
plate strength.

amples represent the transition in scale between a volcano and
a mantle plume. Another study investigating the case for plume-
scale contractional structures resulting from gravitational
spreading is also underway (Borgia et al., 2000).

Gravitational spreading is well documented for the south
Syria Planum ridge belt on Mars and for coronae on Venus. The
case for the North Atlantic volcanic province anticlines and
Yilgarn thrusts on Earth need additional discussion. In the
North Atlantic volcanic province, gravitational stress resulted
from topographic uplift subsequent to partial melting associated
with the combination of mantle decompression during North
Atlantic opening and emplacement of the Thulean hotspot ther-
mal anomaly. White (1992) suggested that initial vertical uplift
at the Thulean plume, 100-300 °C hotter than normal mantle
(lower bound by White et al., 1997; upper bound by Bijwaard
and Spakman, 1999), may have been as high as 2 km, with a
swell diameter as large as 2000-2200 km, creating a consid-
erable gravitational potential whose structural effect would
have been formation of anticlines at the edge of the uplift.

Although the timing of arrival of the Thulean plume re-
mains controversial, it does not affect the hypothesis of anti-
clinal formation in response to gravitational relaxation of Thu-
lean plume topography. If plume arrival was in the Tertiary, the
gravitational potential was the result of both the high thermal
anomaly in the hot blob (p/ume head observed in experimental
models, e.g., Richards et al., 1989) and decompression melting
during North Atlantic rifting (White and McKenzie, 1989). Al-
ternatively, if the plume is 100-130 m.y. old, as suggested by
Lawver and Miiller (1994), plume impingement on the litho-
sphere would have produced a first swell in northern Canada.
Subsequent Paleocene rifting would have produced a second
swell centered at the eastern Greenland margin that helped gen-
erate the Tertiary flood basalts and provided the gravitational
potential that allowed the formation of the anticlinal belt.

At the Yilgarn craton, the peripheral thrusts have been sug-
gested to form as a consequence of the regional stress field
(Passchier, 1995). Gravitational spreading is an alternative that
is consistent with early thrusting during the plume history and
with contemporaneous circumferential compression and poly-
directional extension in the uplifted area. However, field out-
crops at the Yilgarn craton are too discontinuous to permit de-
finitive conclusions. Field observations are also consistent with
interpretation of contractional structures as a consequence of
negative Rayleigh-Taylor instability (discussed later).

The dynamic topographic relief that initially creates grav-
itational stress at hotspots builds up before lava-flood outpour-
ing (Olson, 1994; Menzies et al., 1997). The results of analogue
experiments show that contractional peripheral-belt formation
peaks as soon as topographic uplift occurs. Therefore, periph-
eral belts are expected to form even before wrinkle ridges form,
in agreement with observations at Syria Planum, where strati-
graphic relationships show that most of the ridge belt is prob-
ably Noachian in age and thus is older than the early Hesperian
wrinkle-ridged plains (Schultz and Tanaka, 1994) which de-
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Figure 18. Structural interpretation of experimental model of topographic subsidence due to negative
Rayleigh-Taylor instability (Dixon and Summers, 1983). This model is interpreted as an analogue of
subsidence due to basaltic overplating on a crust of lower density and is compared to structural patterns
at the Bababudan greenstone belt, Dharwar craton, and the eastern Ovda Regio, Venus. A, Late evolu-
tionary stage of experimental model of dense upper crust sinking into less dense lower crust (interpreted
from Dixon and Summers, 1983). The dense material has been intentionally thickened along a line in
order to produce line subsidence. Small circle locates the area where maximum subsidence has been
obtained. Solid lines—folds, dashed lines—extensional structures. Strain during sagduction is accom-
modated by (1) folding parallel to the central subsidence line and radial folding and perpendicular
fracturing relative to the area of maximum subsidence, (2) fracturing parallel to the central subsidence
line, and (3) fracturing at fold hinges perpendicular to fold axis. B, Internal strain pattern at the Baba-
budan greenstone belt, after Chardon et al. (1998). C, Interpretation of Magellan synthetic aperture radar
image of part of eastern Ovda Regio (location in Fig. 6A), modified after Ghent and Hansen (1999).
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veloped during later subsidence (see earlier wrinkle-ridge dis-
cussion). Initiation of the Faeroe-Rockall Plateau anticlines dur-
ing the Paleocene is also evidence that they are early features
in the hotspot history. The results of the study of the Mackenzie
dike swarm discussed previously suggest that the magnitude of
peripheral-belt shortening could be as much as 7 km.

Dome-and-basin folding

Similarities between the structural patterns of the Dharwar
greenstone belts and Venusian crustal plateaus argue in favor
of a common mechanism of origin, which in both cases has
been suggested to be crustal-scale Rayleigh-Taylor instability
associated with a mantle plume (Bouhallier et al., 1995; Chou-
kroune et al., 1995, 1997; Chardon et al., 1998; Ghent and
Hansen, 1999; Hansen et al., 1999). Outcrop conditions at the
Yilgarn craton shown to be consistent with peripheral-belt for-
mation are also consistent with this interpretation. Rayleigh-
Taylor instability was first demonstrated to explain some green-
stone-belt structural patterns by Gorman et al. (1978) and has
since been supported for some belts by geochemical data and
detailed structural observations arguing in favor of a plume or-
igin (Reymer and Schubert, 1986; Storey et al., 1991; Davies,
1993; Bouhallier et al., 1995; Choukroune et al., 1995, 1997;
Abbott, 1996; Kent et al., 1996; Saunders et al., 1996; Arndt et
al., 1997; Barley et al., 1997, 1998; Chardon et al., 1998; Jay-
ananda et al., 2000). Although the role of mantle plumes in
greenstone-belt formation since at least the mid-Archean is re-
ceiving increasing attention, Dixon and Summers (1983) and
Hamilton (1998) emphasized that probably not all the green-
stone belts can be explained by a single mechanism. Other
mechanisms akin to plate tectonics probably played a role in
some cases (e.g., Chardon, 1997; de Witt, 1998; Barley et al.,
1998; Chadwick et al., 2000).

Scaled experimental models of Rayleigh-Taylor instability
by Dixon and Summers (1983) allow evaluation of the crustal-
scale structural style and sequence at the surface during the
sinking of a dense load. Figure 18A shows the main results of
the experiment reported by Dixon and Summers (1983). The
first tectonic structures formed are folds at the center of the box.
Their geometry is variable and depends on mechanical hetero-
geneities in the crust. For instance, previous volcanic fissures
would provide linear heterogeneities that would guide the folds’
orientation and determine the locus and geometry of the area
of maximum strain and subsidence. The locus of the area of
maximum subsidence is also dependent on load shape and on
the horizontal size of the load compared to the size of the anom-
alously heated crust (Chardon, 1997). Central folding is fol-
lowed by outer folding radially about the area of maximum
subsidence and development of concentric extensional frac-
tures. Hinge-perpendicular grabens then form at the crest of the
outer folds.

Fold and fracture patterns in these experiments are fully
consistent with observations at the Dharwar greenstone belts
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where detailed structural mapping has been carried out (Fig.
18B). The tectonic style and the sequence of structural devel-
opment also resemble those observed at Venusian crustal pla-
teaus (Fig. 18C). Fold patterns and crestal grabens are correctly
predicted by the experimental models. The main difference is
the absence of ribbons in the models. The reason is that the
Dixon and Summers’ (1983) models are isothermal whereas
ribbons at crustal plateaus are interpreted to result from plume-
driven uplift. Ribbons are thus not expected to form in isother-
mal models. In addition to the folds and grabens already re-
ported herein, the models by Dixon and Summers (1983)
predict formation of extensional fractures near the experiment-
box boundaries at the same time as folding. We interpret those
fractures as mechanically equivalent to the shear zones ob-
served at the edge of some greenstone belts (Fig. 14). Shear
zones accommodate the movement between the subsiding load
and the stable basement if basement-load decoupling is strong,
whereas the fractures observed at the surface of the models
accommodate the same movement if basement-load coupling is
stronger.

DISCUSSION

Examples of plumes that appear not to have induced com-
pression are frequent, and we suggest that these examples are
in part due to rheologic requirements. In this section, we in-
vestigate the rheologic requirements for the formation of wrin-
kle ridges, a contractional peripheral belt, and domes and ba-
sins; from these requirements we propose a model relating these
structures to crustal rheology and geothermal gradient. Then
we propose guidelines to retrieve evidence of past mantle
plumes from the observation of contractional structures.

Crustal rheology for wrinkle-ridge formation by subsidence

Crustal thickness. For a load of given dimensions, the ca-
pability of subsiding is mainly a function of crustal thickness
(equation 2), which therefore provides one of the strongest con-
straints for wrinkle-ridge formation. Previous crustal heating by
a mantle plume increases the ductile-crust thickness at the ex-
pense of the brittle-crust thickness and thus strongly favors sub-
sidence during subsequent flood-basalt loading. Formation of
Yakima ridges on only a part of the Columbia Plateau illustrates
how crustal thickness affects wrinkle-ridge development during
subsidence. The Columbia River Basalt Group erupted on a
mosaic of three terranes (Reidel et al., 1994; Hooper, 1997) that
accommodated subsidence in different ways. The most subsid-
ing part of the Columbia Plateau, which contains all the ridges,
corresponds to what we call here the western terrane. Three
factors favored ridge formation on that terrane: (1) it is oceanic,
hence the crust is intrinsically thin; (2) it was additionally
thinned (and kept thin) during the earlier Eocene rifting event;
and (3) existence of sedimentary layers between the crystalline
basement and the lava flows of the western terrane decreased
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effective brittle-crust thickness (Pollard and Johnson, 1973) and
decoupled the Columbia River Basalt Group from the crystal-
line basement, allowing accommodation of different tectonic
styles in both units. By comparison, the northeastern terrane (1)
has a thick—thus rigid—cratonic basement, which may explain
why subsidence was only accommodated by limited tilting to
the west: (2) does not contain any soft layer between the base-
ment and the Columbia River Basalt Group, so that both units
may have been mechanically coupled and formed a rigid plate
unable fo deform in a thin-skinned style; and (3) was partly in
a limited extensional regime during the period of Yakima fold-
and-thrust belt development owing to Basin and Range exten-
sion. At the third terrane, the Blue Mountains terrane, a few
gentle east-trending folds are observed but accommodate very
small strain (Reidel et al., 1989a). Similar to the western ter-
rane, the Blue Mountains terrane has an oceanic crust, and we
suggest that it would perhaps have been suitable for ridge for-
mation if it had not been so close to the area affected by Basin
and Range tectonics, which has mainly induced extension since
15 Ma.

The crustal thickness constraint may also explain why no
wrinkle ridges are associated with the Tharsis volcanic activity
subsequent to Syria Planum events, such as the volcanic activity
centered at Tharsis Montes. Although absolute ages are subject
to large uncertainty (e.g., Tanaka, 1986), volcanic activity at
Tharsis Montes may be | b.y. younger than the Syria Planum
events. The absence of wrinkle ridges may thus be due to ver-
tical crustal growth caused by Syria Planum-related magmatic
underplating and volcanism and associated increasing brittle-
crust thickness with secular planetary cooling.

Competent layer thickness. If considered elastic, subsi-
dence-producing compression at the surface should induce ex-
tension at greater depth below a neutral plane. The thickness of
the competent layer at the surface undergoing compression can
be estimated from periodic spacing of wrinkle ridges on plan-
etary surfaces (Watters, 1989, 1991) by using empirical fold-
wavelength to layer-thickness ratios of 3-6 to 1 (Ghent and
Hansen, 1999, and references therein). Mean ridge spacing at
the Columbia Plateau is 20 km (Watters, 1989), suggesting that
the thickness of the folded brittle layer should have been on the
order of 3-7 km during flood-basalt emplacement. Because
most of the Columbia River Basalt Group volume erupted in
~1.5 m.y. and ridge growth followed lava-flow emplacement
with a delay that did not exceed a few hundred thousand years
(Reidel et al.. 1989a), ridge spacing was mainly established at
15.5 Ma (Swanson et al., 1981; Hooper and Conrey, 1989), after
most of the Columbia River basalts were erupted (Reidel et al.,
1989b). Basalt thickness increases from 3 to 6 km toward the
Pasco basin (Fig. 9), which is in very good agreement with the
thickness of the empirically determined deformed layer. By us-

ing similar reasoning, the 30 km mean ridge spacing in the
Tharsis region (Watters, 1991) suggests that the part of the crust
affected by the wrinkle ridges should be on the order of 5~10
km thick. This value is in agreement with evidence of layered

deposits at least 8 km thick displayed on the Valles Marineris
walls (McEwen et al., 1999). Therefore, wrinkle-ridge spacing
may give a clue to total basaltic-flow thickness and places con-
straints on the rheology of the upper part of the brittle crust. If
the elastic approximation is valid, the tensile state of stress in
the lower half of the brittle crust would favor (but by no means
fully explain) the emplacement of nonfeeder dikes simulta-
neously with wrinkle-ridge formation (Watters and Maxwell,
1983).

Stratification of the ridged layer. Stratification has been
shown to be a prerequisite for wrinkle ridges to develop
(Schultz, 2000), which may explain development of wrinkle
ridges in suspected thick sequences of mafic lavas and also in
layered sediments (Plescia and Golombek, 1986). However, the
ridges reported in layered sediments that are akin to the wrinkle
ridges discussed in the present paper are smaller by at least two
orders of magnitude and would accommodate negligible strain
at hotspot scale. Moreover, no folded and thrust-faulted struc-
tures have been detected on seismic profiles in the Columbia
Plateau layered sediments that were deposited during Eocene
subsidence. Therefore, given a lack of other documented ex-
amples, flood basalts appear to be the only materials in which
wrinkle ridges form and thus accommodate significant com-
pression in a hotspot setting.

Flood-basalt décollement. Interpretation of a décollement
between the flood basalts and the underlying rocks along which
wrinkle ridges terminate at depth has been advocated both at
the Columbia Plateau (Lutter et al., 1994) and the Syria Planum
ridged plains (Allemand and Thomas, 1992; Thomas and Al-
lemand, 1993: Mangold, 1997). However, seismic profiles
across the Columbia Plateau have not imaged any décollement
level below the Columbia River Basalt Group (Catchings and
Mooney, 1988; Jarchow et al., 1994). On Mars, the décollement
would coincide with the interface between the flood lavas and
a megaregolith containing liquid water or permafrost. A me-
garegolith containing volatiles within the brittle crust would
play an important role in décollement nucleation and slip be-
cause of the competency contrast the megaregolith would gen-
erate at shallow-crustal depths and its influence on crustal rhe-
ology and wrinkle-ridge formation by decreasing the crustal
strength between the flood basalts and the supposedly denser
crust underneath. Evidence for volatiles in the basement some
time during the geologic history of ridged plains such as Co-
prates and Lunae Planum is supported by the presence of lobate
ejecta craters in these regions (Battistini, 1984; Squyres et al.,
1992a; Costard, 1993). However, several lines of evidence ar-
gue against a strong influence of a megaregolith on wrinkle-
ridge formation and even question the existence of a megare-
golith. (1) Permafrost has a very small volatile content
(Battistini, 1984; Costard, 1990, 1993), maybe too small to lo-
calize a décollement. (2) The walls of the Valles Marineris gra-
ben system provide a deep (~8 km) cross section through a
crust capped by a ridged unit. High-resolution images ot Valles
Marineris provided by the Mars Global Surveyor spacecraft
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show that the walls display monotonic layered strata down to
the base of the trough system. From detailed structural and ge-
omorphologic analysis of the Valles Marineris walls (Peulvast
and Masson, 1993; Mege, 1994; Peulvast et al., 1999), prelim-
inary interpretation of the Mars Global Surveyor images
(McEwen et al., 1999), and the analysis of ridge spacing already
discussed, the Valles Marineris walls do not display any evi-
dence of vertical variations in rock mechanical properties over
the ~8 km depth. (3) This result is confirmed by analysis of
landslides in Valles Marineris. Most landslides display char-
acteristic features of rotational slides, which require that a
strength contrast exists in the basement at the contact between
the stable and unstable levels (Dikau et al., 1996). Landslides
usually affect the entire height of the Valles Marineris walls,
implying that the depth of the first major rheologic contrast in
the crust should be close to the current trough floor and that the
depth of the putative megaregolith must be deeper than ~8 km,
i.e., probably too deep to serve as a décollement level for wrin-
kle ridges, but consistent with the estimate of 5-10 km for the
depth to the bottom of the wrinkle ridges based on ridge spacing
as discussed previously. (4) Little influence of a megaregolith
in wrinkle-ridge formation is also supported by wrinkle-ridge
development in dry crusts on Venus, the Moon, and Mercury.
Therefore, unlike other authors (Allemand and Thomas, 1992;
Thomas and Allemand, 1993; Mangold, 1997), we consider
upper-crustal rheologic decoupling unnecessary to form wrin-
kle ridges.

Crustal rheology for peripheral-belt formation by
gravitational spreading

Initiation of the South Syria Planum ridge belt contempo-
raneously with the onset of Syria Planum mantle-plume activity
suggests an overall lithosphere structure similar to that existing
during the period of wrinkle-ridge formation around Syria
Planum. At Venusian coronae annuli, existence of a ductile
level at shallow depth is also supported by high heat flow, sug-
gested by thin (maybe zero thickness) elastic lithosphere.

At the Faeroe-Rockall Plateau, the anticlinal belt is ob-
served to have developed in a thinned continental crust (White
and McKenzie, 1989) to which dense materials have been mag-
matically underplated. Constraints from seismic velocities sug-
gest that the upper continental crust (as defined by 2.8—4.54
km-s~' velocities in Fig. 9 of White and McKenzie, 1989) is
not more than 7 km thick, which is less than half the thickness
of the lower continental crust (6.55 km-s ') plus underplated
rocks (7.15 km-s ). In contrast, the upper crust of the conti-
nental shelf east of the Vgring Plateau is 11 km thick (up to
6.0 km-s~', Fig. 9 of White and McKenzie, 1989), and the
lower crust, composed of basement materials (67 km-s ') and
underplated rocks (7-~7.5 km-s '), is only half as thick
(White and McKenzie, 1989). We suggest that this difference
in upper- and lower-crust thickness is one of the main reasons
why the Faeroe-Rockall Plateau displays contractional struc-
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tures, whereas no such feature has been reported east of the
Vering Plateau. These observations are in agreement with rheo-
logic requirements for gravitational spreading resulting from
geologic, numerical, and experimental models.

Observations at terrestrial volcanoes (Borgia et al., 1992;
Merle and Borgia, 1996) and numerical models of volcanic
spreading suggest that the load must be decoupled from the
basement to allow circumferential contraction around the load
(McGovern and Solomon, 1993, 1998). Scaled experiments us-
ing analogue materials in which a brittle (Mohr-Coulomb) con-
ical edifice overlies a crust divided into a brittle layer and an
underlying ductile (Newtonian) layer show that the deformation
style is determined by the ratio of brittle-layer thickness to duc-
tile-layer thickness B/D (Merle and Borgia, 1996). The driving
mechanism for the development of contractional structures
around the volcanic topography is creep in the ductile layer. A
contractional peripheral belt forms if the ductile-crust thickness
is at least equal to the brittle-crust thickness (B/D = 1), in
which case a single, wide, fault-propagation anticline verging
away from the cone right at the edge of the topographic bulge
is observed to form. Decreasing B/D results in the formation of
several circumferential contractional annuli, gradually devel-
oping outward while the maximum elevation of the load de-
creases and its diameter increases. For instance, B/D = 0.2
results in ridges located at 10 different radii from the volcanic
edifice. Decreasing B/D also modifies ridge structure, wave-
length, and spacing; thrusting is hindered whereas folding be-
comes the main deformation style and fold wavelength and
spacing increase from the edge of the uplifted crust outward.
As an example, at Syria Planum, the number of parallel ridges
at the edge of the uplift varies from one (southeast) to five
(west) and most frequently is two or three, which suggests that
0.2 < B/D < 1. Topography at the south Tharsis ridge belt has
been modeled by blind thrusting and associated folding
(Schultz and Tanaka, 1994), which is in accordance with the
results obtained by experimental models. At the North Atlantic
volcanic province, distinct contractional annuli have not be
identified, possibly because the location of anticlines may have
been primarily guided by Mesozoic structures. The range of
distances between the early plume center and the anticlines in
Figure 12 suggests either that B/D should have been low enough
to allow the formation of several annuli or that topographic
building was achieved in more than one stage.

In experiments in which the volcano is located close to a
rigid boundary (the box boundary in experimental analogues),
no peripheral annulus forms in the buttressed direction. Varia-
tions in crustal properties such as rigidity may thus provide an
explanation for peripheral belts only partially circumscribing
topographic uplifts. For instance, the martian dichotomy bound-
ary, which may be a lithospheric rheologic boundary (e.g., Mc-
Gill and Squyres. 1991; Breuer et al., 1993), may have impeded
ridge-belt formation beyond the boundary north of the Syria
Planum swell. Other explanations for the local absence of a
peripheral belt around parts of hotspot swells include thin or
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Figure 19. Rheologic requirements for contractional structures to form at the surface in response to plume impact, and rough estimates of
ranges of rheologic conditions prevailing while the contractional structures discussed in the text were being formed. NAVP—North Atlantic
Volcanic Province, SSPRB—south Syria Planum ridge belt, C—Venusian coronae, YC-—Yilgarn craton (interpreted to display either a con-
tractional peripheral belt or dome-and-basin folding), SPWR—Syria Planum wrinkle ridges, YF—Yakima folds, VR—Venusian volcanic rises,

CP—Venusian crustal plateaus, DC—Dharwar craton greenstone belts.

absent ductile crust in comparison to brittle-crust thickness and
ridge burial by more recent deposits or lavas. On Mars, eruption
of the Tharsis Montes-related lavas may have buried part of the
South Syria Planum ridge belt.

Crustal rheology for dome-and-basin folding
by Rayleigh-Taylor instability

Dome-and-basin folding can be modeled by isothermal ex-
periments of subsidence due to Rayleigh-Taylor instability de-
velopment at the interface between a dense volcanic load and
a lighter crust overlying a viscous mantle. This model requires
that the DBT (ductile-to-brittle transition) be located either

within the volcanic load or at the surface (Chardon, 1997). If

the DBT lies within the load, the brittle-ductile interface does
not deform, and sagduction does not produce any deformation
between this interface and the surface. Experiments in which a
thermal gradient is taken into account show that the instability-

amplification rate is closely dependent on the geothermal gra-

dient. Dome geometry depends on the ratio of the load to base-
ment thicknesses (Woidt, 1978). Formation of well-developed
domes requires this ratio to be at least 1 (Chardon, 1997).
Relationships between Rayleigh-Taylor instability and a
plume may be of two kinds. The dense load that sinks may be
a volcanic pile that erupted in response to plume impingement
on the bottom of the lithosphere. Subsequently, the thermal
anomaly due to the plume causes the DBT to shift upward
above the basement-load boundary, resulting in sinking of the
dense load. The other possibility is that a dense load at the
surface, or part of the load, is older than the plume, in which
case upward migration of the DBT destabilizes the older load
and causes it to sink. The latter case probably corresponds to
the Dharwar greenstone belts (Chardon et al., 1998). Complete
removal of the impact-crater record at Venusian crustal plateaus
before the beginning of the observed tectonic activity, as well
as short ribbon wavelength, supports the interpretation that the
DBT was close to the surface or even at the surface (Ghent and
Hansen, 1999), allowing sagduction of dense magmas erupted
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early in the plume history. The greenhouse effect on Venus
(current surface temperature, 470 °C; atmospheric pressure, 92
bars), if already operating by that time, would have facilitated
the DBT’s rising to shallower depth than would have been pos-
sible from the influence of the plume alone.

Rheologic model for mantle-plume—induced contraction

A major distinction should be made between cases in
which the lithosphere is strong enough to support the load of
erupted magma and cases in which the lithospheric support is
too weak to maintain a high topography after the initial strong
thermal anomaly has waned, resulting in volcanic-load sagduc-
tion (Fig. 19). Wrinkle ridges and peripheral belts correspond
to the first case, whereas dome-and-basin folding correspond to
the latter case. Whether the load can be maintained is primarily
governed by the thermal state of the crust and mantle, and the
volume of the load depends on the heat anomaly carried by the
plume as well as the size (gravity) of the planet.

B/D > 1 and DBT occurs below the volcanic load. On the
basis of available examples, no major structures are expected
to form as long as the brittle crust is thicker than the ductile
crust (Fig. 19A).

0 < B/D < 1 and DBT occurs below the volcanic load.
Decreasing B/D improves the likelihood of producing wrinkle
ridges by topographic subsidence (Fig. 19B). Available terres-
trial and extraterrestrial examples suggest that shallow and fine
rheologic layering is needed for wrinkle ridges to form. Mafic
lava flows interbedded with volcano-sedimentary sequences,
such as observed in terrestrial flood-basalt provinces, will pro-
vide the most likely conditions for wrinkle ridges to form. How-
ever, we cannot dismiss the hypothesis that some layered sed-
imentary sequences may also be suitable for wrinkle-ridge
formation. Because of the absence of adequate modeling at a
crustal scale, uncertainty exists on the maximum B/D ratio that
would allow wrinkle ridges to form. However, we expect that
ideal conditions required for wrinkle ridges to form are met
when the degree of isostatic load compensation C = 1, the level
of compensation being set by the elastic crustal thickness and,
hence, the geotherm steepness. Topographic subsidence trig-
gering wrinkle-ridge formation thus depends on the elastic
thickness, the density contrast between the crust and mantle,
and the size of the volcanic load (equation 3).

Contractional peripheral belts are expected to form under
similar conditions and are interpreted to result from gravita-
tional spreading of the excess topography created by the plume
in a brittle upper crust underlain by a weak layer of greater
thickness. Numerical and experimental modeling indicate that
if the elastic thickness wavelength of the plate supporting the
load is smaller than the load wavelength, then peripheral belts
will form if the ductile crust is thicker than the brittle crust. The
North Atlantic volcanic province peripheral belt displays fewer
contractional annuli than the South Syria Planum ridge belt,
which we interpret to reflect a higher B/D ratio in the former.

B/D = 0 and DBT occurs at the base of the volcanic
load. The geothermal gradient may increase sufficiently to raise
the DBT to the boundary between the basement and the load
(Fig. 19C). This scenario is interpreted to be the transition stage
between cases in which the volcanic-load topography can be
supported by the strength of the underlying materials and cases
in which it cannot and thus will tend to sink. This transition
stage does not appear to have been observed in the examples
discussed in this paper. Experimental modeling firmly suggests
that the volcanic load will not sink (Chardon, 1997). Models
by Merle and Borgia (1996) predict that this stage should cor-
respond to the observation of a contractional peripheral belt
composed of many closely spaced compressional annuli.

B/D = 0 and DBT occurs within the volcanic load. When
the geothermal gradient is high enough to shift the DBT to
within the volcanic load, the tectonic style is dominated by
dome-and-basin folding (Fig. 19D). Crustal-scale Rayleigh-
Taylor instability at the basement-load interface induces sag-
duction of the ductile part of the load, whereas the surface re-
mains mainly undisturbed. Mineralogical and geobarometric
constraints suggest that the Archean geotherm at the Dharwar
craton was high. The DBT during dome-and-basin folding, as
deduced from metamorphism, would have been at a depth
equivalent to ~200 MPa, i.e., probably 5 km or more (Moyen,
2000).

B/D = 0 and DBT occurs at or close to the surface. Under
these conditions, the surface expression of sagduction is struc-
tures having variable orientations that are functions of param-
eters such as distance to the locus of maximum subsidence,
mechanical heterogeneities in the crust at the surface, and re-
mote stress trajectories (Fig. 19E). Observation of pervasive
deformation on the crustal plateaus of Venus (which have un-
dergone very little erosion since their formation) argues in favor
of a very shallow DBT on that planet.

GUIDE TO USING CONTRACTIONAL STRUCTURES
TO LOCATE PALEO-MANTLE PLUMES ON EARTH

Identifying plume-related contractional structures

Wrinkle ridges and peripheral belts have been found in
post-Archean terrains, whereas dome-and-basin folding is ob-
served at some greenstone belts. Conditions suitable to wrinkle-
ridge and peripheral-belt development appear thus to have been
dominantly met after the Archean, whereas the absence of
greenstone belts in Proterozoic terrains suggests that Rayleigh-
Taylor instability-induced plume tectonics was probably re-
stricted to the Archean. This does not preclude that deformation
at some Archean cratons may also result from lithospheric
mechanisms akin to plate tectonics (e.g., de Witt, 1998). Fur-
thermore, the small number of examples discussed in the pres-
ent study does not disallow the possibility of wrinkle-ridge and
peripheral-belt occurrences in Archean terrains. Although struc-
tural analysis of contractional structures may be helpful in de-
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termining the location of past plume centers, the involvement
of a plume should be supported by independent evidence, such
as flood-basalt geochemistry and fanning dike swarms of simi-
lar age.

Guidelines to interpreting and using wrinkle ridges and
contractional peripheral belts to locate paleo-mantle plumes

Clue to past occurrences. The dilatancy due to injection
of dikes of the Mackenzie swarm seems to require formation
of contractional peripheral belts in order to avoid an anoma-
lously high domal uplift. Because radiating-dike swarms are
likely associated with most plumes and have been clearly iden-
tified for nearly 30 years (Ernst and Buchan, 1997), then con-
tractional peripheral belts are predicted to be quite common
unless the geodynamic context is unfavorable. For instance,
passive rifting approximately normal to the main dike trend
may produce enough room in the crust to accommodate the total
dike dilation.

Geometry of structures. When seeking evidence of past
plumes, contractional tectonic structures that must be consid-
ered include thrust faults and folds. The suspected wrinkle
ridges or peripheral belts should be oriented perpendicular to
radiating-dike swarms of similar age. Wrinkle ridges and pe-
ripheral belts are expected to surround the initial plume center
because both kinds of structures are initiated at the beginning
of plume activity. Nevertheless, perfect concentric geometry is
not expected in most cases, because tectonic stress resulting
from plate motions deviates the stress trajectories generated by
the plume (Muller and Pollard, 1977; McKenzie et al., 1992).
Structural analysis and comparison to the structural style at the
Yakima fold-and-thrust belt, as described in detail by various
authors (see references in the first section of this paper), should
help in evaluating similarities with wrinkle ridges.

Lithologic requirements. The planetary record tends to
demonstrate that stratified flood basalts provide the preferred,
if not the only possible lithology in which structures akin to
wrinkle ridges form. This argument may be important to con-
sider for distinguishing between ancient wrinkle ridges and
contractional peripheral belts. A peripheral belt would be ex-
pected instead of wrinkle ridges if the structures indifferently
affect both lava flows and basement. A further constraint is that
annulus diameter for a peripheral belt must be large enough to
circumscribe the entire initial hotspot-uplifted topography,
whereas wrinkle-ridge occurrence is independent of slope angle.

Factors clouding the contractional record. Factors deter-
mining the existence or absence of wrinkle ridges or peripheral
belts include the following: (1) The previously imposed struc-
tural grain of the crust is expected to guide the geometry of
subsequent deformations, similar to the influence of the Cle
Elum—Wallula topographic lineament on Yakima ridge orien-
tation at the Columbia Plateau. (2) Subsequent deformation
events may overprint the contractional features. In order to re-
geometry, subsequent deformation must be
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subtracted by some appropriate means such as unfolding bal-
anced cross sections or closing rift borders after accounting for
a rift shoulder effect. (3) There may not have been a thin brittle
crust at the time of plume activity. In terrestrial environments
similar to the present Earth, formation of wrinkle ridges or a
peripheral belt at hotspots requires a thin brittle crust or a brittle
crust that is thin compared to the thickness of the ductile crust.
These requirements are most likely to be met (a) when the crust
is oceanic, (b) when the crust has already been tectonically
thinned, (¢) when the crust is being thinned (e.g., by rifting),
or (d) when the hotspot thermal anomaly is high enough to shift
the DBT significantly upward.

If a rifting event predates, or is contemporaneous with,
flood-basalt volcanism, another constraint is that crustal stretch-
ing should not exceed a threshold value. Beyond this threshold,
the buoyant low-density mantle from which the melt has been
extracted will induce permanent uplift instead of subsidence.
Subsidence and subsequent wrinkle-ridge formation are possi-
ble only if there is no rifting associated with plume activity, if
rifting is aborted, or if most stretching postdates flood-basalt
emplacement. Details in regard to the stretching threshold can
be found in White and McKenzie (1989; Fig. 7). Aborted rifting
will probably enhance subsidence by trapping magma beneath
the thinned lithosphere (Thompson and Gibson, 1991), which
upon cooling will exert downward traction of the lithosphere,
generating further compression at the surface.

To give an example, this model explains why the Yellow-
stone plume was involved in tectonic contraction, whereas the
Ethiopian plume was not. Formation of the Yakima fold-and-
thrust belt on the Columbia River flood basalts occurred after
the underlying crust was significantly thinned earlier, during
the Eocene, but the stretching factor never exceeded [.5 during
the rifting event or during Columbia River basalt emplacement,
which would have marked the transition from subsidence to
uplift. Conversely, in western Ethiopia, eruption of the Abys-
sinian flood basalts, probably above the plume center (Korme,
1997)., occurred between 31 Ma and 29 Ma (Hofmann et al.,
1997) in a thick Precambrian basement, while extension in Afar
had not yet begun (Menzies et al., 1997; Courtillot et al., 1999).
That the crustal basement underlying the flood basalts was not
thinned by rifting may explain why no contractional structures
associated with the plume have been observed in the flood ba-
salts (Korme, 1997; Chorowicz et al., 1998).

In addition, at least two specific geodynamic conditions
can affect wrinkle-ridge and peripheral-belt formation.

1. Wrinkle ridges can be influenced by the magnitude of
the ambient stress field. Although the magnitude of compres-
sive stress generated by the plume may be sufficient to produce
wrinkle ridges, the extraterrestrial record, especially in impact
craters and basins, suggests that the ambient stress field is also
important and that the orientation of ridges will be a combi-
nation of the plume-related stresses and the regional ambient
stresses. It cannot be dismissed that in some instances, contrac-
tional structures would have formed anyway even in the ab-
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sence of a mantle plume, provided that a thick sequence of
stratified lava flows loaded a thin brittle crust. In such a case,
their geometry and orientation would have been fully deter-
mined by the geometry of the ambient stress field.

2. Peripheral belts can be influenced by lateral variations
in mechanical properties of the crust (e.g., crystalline crust vs.
sedimentary crust; oceanic crust vs. continental crust). (a) As a
first example, plume uplift at a small distance from a plate
boundary may tend to relax at the boundaries instead of forming
a peripheral belt. However, if the plate boundary is at a larger
distance from the topographic uplift edge, it will probably not
impede peripheral-belt formation, as illustrated in the next ex-
ample. (b) In example 2, peripheral-belt development needs lat-
eral free boundaries at some distance from the plume edge in
order to induce ductile creep in the lower crust (Merle and
Borgia, 1996). Thus, plume impingement beneath a huge intra-
continental basin is thought to provide appropriate conditions
for the formation of a peripheral belt, because the boundary
conditions may be considered as moving freely. Distribution of
the contractional features will be determined by the movements
in the creeping lower crust instead of by plate boundaries.
(c) As a third example, peripheral-belt development may be
impeded near the edge of a passive margin because of the thin-
ning of the continental lower crust toward the oceanic margin,
which will make upper-crustal contraction by folding and
thrusting impossible.

Conversely, plate-boundary stresses are thought to only
have a minor effect on wrinkle-ridge formation. Plume-related
subsidence exerts vertical stress on a well-defined part of the
crust that will relax in situ. Thus the stress that forms wrinkle
ridges is not transmitted to plate boundaries where they would
relax.

Most post-Archean plumes, provided that these conditions
have been filled, are candidates to have induced compressional
tectonics. As seen in the case histories discussed herein, even
when compressional features are recognized in association with
a mantle plume, they are usually attributed to plate tectonics
rather than plume tectonics. Therefore, we suggest that any con-
tractional features of the types that are spatially and temporally
associated with mantle plumes should be reevaluated for pos-
sible plume linkage.

Guidelines to interpreting and using Rayleigh-Taylor
instability-driven structures

Although Rayleigh-Taylor instability-driven plume tecton-
ics has been identified in greenstone belts, it provides only one
of several possible mechanisms of greenstone-belt formation.
Detailed structural mapping helps in assessing Rayleigh-Taylor
instability as a mechanism for greenstone belts. Detailed study
of the geometry of contacts between the basement and volcanic
units and detailed structural mapping of fold axes and crenu-
lation lineations, such as at the Dharwar greenstone belts (Char-
don, 1997; Chardon et al., 1996, 1998), have been demonstrated
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to provide strong constraints for evaluating this mechanism.
Remote-sensing techniques have proven to be another efficient
means of mapping and interpreting structures associated with
volcanic-load sinking above plumes (Ghent and Hansen, 1999).
Both concentric and radiating fold and microfold axes are ex-
pected to form in that context. Concentric fold axes would sug-
gest the outer part of the sinking load, whereas radiating fold
axes are expected to indicate closer proximity to the plume
center. Fold axes with various orientations and anastomosing
patterns would be interpreted to indicate the locus of maximum
subsidence, and the most intense deformation is anticipated in
such areas. Crosscutting relationships are expected to empha-
size polyphase deformation. Dome geometry gives a clue to the
volcanic-load thickness to basement thickness ratio.

Greenstone belts displaying such features provide con-
straints on the depth of the DBT and, hence, help reveal the
existing geotherm at the time of deformation. It should be
noted, however, that the locus of maximum subsidence, which
is mainly dependent on structural heterogeneities and volcanic-
load shape, may not coincide with the plume center.
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APPENDIX 1. ANALYSIS OF PROPOSED
RELATIONSHIPS BETWEEN THE YAKIMA FOLD-
AND-THRUST BELT AND CASCADIA SUBDUCTION

The influence of subduction on stress on land may be of two kinds
(Uyeda and Kanamori, 1979), depending on the subduction dip angle:
either compressional perpendicular to the trench (gentle dip) or tensile
perpendicular to the trench (steep dip). in which case extension tends
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to produce backarc spreading. Most subduction zones are consistent
with this model.

The present Cascadia subduction dip angle is within the range
4°-20° from the western deformation front eastward (Crosson and
Owens, 1987; Hyndman and Wang, 1995), in agreement with the cur-
rent compressive state of stress at the Columbia Plateau. The stress
orientation that would be predicted by subduction is, however, at odds
with the orientation of the Yakima fold-and-thrust belt. At compressive
margins, the direction of compression is normal to the trench if the
obliquity of the subducting plate’s slip vector relative to the trench is
either null or greater than a critical angle, partly depending on local
conditions (McCaffrey, 1992). Obliquity of the Juan de Fuca plate’s
slip vector is on the order of 45° offshore Oregon and the southern
half of Washington. Comparison with other subduction zones suggests
that if the compression at the Columbia Plateau was a consequence of
this subduction, the maximum-principal-stress trajectory would have
to be east-west to north-northeast—south-southwest, meaning that the
Yakima fold axes would have to be more or less normal to their ob-
served trend (Suppe et al., 1975; Zoback et al., 1990).

Alternatively, it may be suggested that at the time of Yakima fold-
and-thrust belt initiation, the state of stress was extensional and pro-
duced the Columbia Plateau subsidence in a backarc rifting environ-
ment (Reidel et al.,, 1989a; Saltus, 1993). Early Tertiary crustal
stretching actually took place in the Yakima area. First, however, it
almost stopped before flood-basalt eruption, which is the reverse of
what would be expected if subsidence was a consequence of backarc
spreading. Second, backarc extension requires a much steeper subduc-
tion dip angle than currently exists. Given that the Juan de Fuca plate
has almost entirely been subducted now and that slab dip angle is
expected to increase as a function of the age of the subducting plate
(Uyeda and Kanamori, 1979), the driving mechanism for an initially
high subduction dip angle (allowing for the Columbia Plateau area
stretching and subsidence, which would have then dramatically de-
creased to its present value) remains to be found. Third, Columbia
Plateau subsidence in response to subduction-related stress would
probably oppose the development of large-scale compressive struc-
tures such as the Yakima folds, in agreement with the absence of re-
ported fold-and-thrust belts, to our knowledge, in the other backarc
settings throughout the world (e.g., Von Huene et al., 1989, regarding
subduction at Peru).

The inconsistencies between the Columbia Plateau case and the
predictions from Uyeda and Kanamori’s (1979) subduction model may
be explained by the superposition of a regional stress source that dom-
inates over subduction-related stress. For instance, the state of stress
at the Altiplano-Puna high plateau (Andes), where extension is ob-
served to be parallel to the trench (Zoback, 1992), has been explained
by gravitational spreading of the high topography (Sébrier et al., 1985;
Froidevaux and Ricard, 1987). The state of stress on the upper part of
the subducting Cocos plate, at the Middle America Trench, includes
areas where compression is parallel to the trench, similar to the situ-
ation of the western Columbia Plateau. The high complexity of the
state of stress in this region has been attributed to the nearby triple
junction where the North American, Cocos, and Caribbean plates meet
(Guzmdn Speziale et al., 1989). At the Indo-Burma accretionary prism,
between the Burma arc and the Red River fault, the state of stress is
also compressional parallel to the trench and has been explained by
clockwise rotation of the South China block in response to the devel-
opment of the Eastern Himalayan syntaxis produced by the indentation
of India in the Eurasian plate (Holt et al., 1991; Holt and Haines, 1993).

Retro-foreland basins (i.e. basins in the foreland on the side of
the mountain belt opposite to the subduction) undergoing compression
not only have principal stress trajectories perpendicular to the state of
stress in the Yakima fold-and-thrust belt area, they also have a different

structural style. For instance, the Subandean zone displays thrusts

verging toward the South American plate edge. and both focal mech-
anisms and inversion of fault data sets emphasize that the maximum
principal stress is perpendicular to the trench, as predicted by Uyeda
and Kanamori’s (1979) model. The Subandean thrusts are connected
to deeper fault planes dipping toward the Andean cordilleras (e.g.,
Sébrier et al., 1985; Roeder, 1988). Similar observations have been
reported at the Pyrenean mountains. Subduction of the Iberian conti-
nental lithosphere beneath the European plate has induced folding and
thrusting in the Aquitaine retro-foreland basin, and the thrusts are con-
nected at depth to a major thrust dipping toward the Pyrenean axial
zone (Vergés et al., 1995). In both the Andean and Pyrenean examples,
the direction of shortening is directly due to plate convergence. The
Columbia Plateau regional tectonic setting is similar to that of these
retro-foreland basins, and if the Yakima fold-and-thrust belt had
formed in response to subduction processes, then seismic refraction
profiling should have imaged at least one large, deep, thrust plane
connecting the ridges at depth and dipping westward, but no such fault
was imaged (Catchings and Mooney, 1988). Absence of such a struc-
ture is in agreement with the absence of any large thrust fault or other
type of fracture in the sedimentary layers underlying the Columbia
River Basalt Group that would connect the overlying anticlines to deep
Cascadian structures to the west (Jarchow et al., 1994). Although Lut-
ter et al. (1994) interpreted the basalt-sediment interface as a décol-
lement level, no reflection has been observed on wide-angle seismic
profiles to mark this interface, either because of seismic reverberations
in the flood basalts or merely because it does not exist (Jarchow et al.,
1994).

From the foregoing, it follows that the Cascade Ranges and the
Columbia Plateau are distinct geodynamic units, implying that the Ya-
kima ridges appear to be currently growing independently from the
stress prevailing in the Cascades. The failure to follow Uyeda and
Kanamori’s (1979) model of subduction-generated stress implies over-

printing by another regional stress source. The subsurface structure of

the Yakima fold-and-thrust belt is also atypical of subsurface structures
in retro-foreland basins. We conclude that subduction-related stress
may have contributed to the stress producing the Yakima ridges, but
the primary stress source for the deviatoric stress to exceed rock

strength and trigger ridge growth parallel to the trench should be of
another type. Other stress sources are evaluated in the main body of

the paper.
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