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Crustal plateaus on Venus constitute one of that planet’s most
intriguing tectonic features. They host so-called “tessera” terrain,
or deformed crust exhibiting two or more sets of intersecting tec-
tonic lineaments, which comprises ~8% of Venus’ surface. Major
questions surrounding crustal plateaus and tessera terrain include:
(1) What is the nature of crustal plateau deformation? What struc-
tures are present, and what are their spatial and temporal relations?
(2) What is the global distribution of tessera terrain? Does it form
a global layer under the regional plains, cropping out in crustal
plateaus, or is it confined to crustal plateaus? and (3) What are the
implications of (1) and (2) for understanding the processes respon-
sible for formation and deformation of crustal plateaus? Structural
and kinematic analyses reveal that deformation at Ovda Regio,
Venus largest crustal plateau, is characterized by linear shallow
steep-sided troughs (ribbons), long arcuate long-wavelength folds,
short mid-wavelength folds, and wide complex graben. Temporal
relations between structures lead to a three-phase regional strain
history consisting of (1) layer-normal flattening of a thin competent
membrane resulting in radially oriented, distributed extension (rib-
bon formation); (2) modest contraction of a thicker layer (concen-
tric folding at plateau margins, interference folding in the plateau
interior); and (3) limited extension localized at fold crests (graben
formation). Wavelength analysis of ribbons and folds places lim-
its on the thickness of the competent layer during each stage of
deformation and reflects an early shallow brittle—ductile transition
(BDT) that deepened with time. Ovda’s deformation, topography,
and gravity are all spatially correlated, strongly suggesting a ge-
netic relationship between surface deformation and processes caus-
ing crustal thickening and plateau uplift. Thus tessera terrain at
Ovda Regio is likely confined to the topographically high plateau
and does not extend beneath the surrounding regional plains. Simi-
lar patterns persist at other crustal plateaus, indicating that tessera
terrain is in general confined to crustal plateaus and does not form a
globally continuous layer. Ovda’s structures, their spatial and tem-
poral relations, the resulting strain history, and the behavior of the
BDT through time support a model of mantle plume upwelling in a
thin lithospheric regime for crustal plateau formation and contra-
dict previous downwelling models. Similarities between structural
and kinematic trends at Ovda Regio and other crustal plateaus lend
support to this idea.  © 1999 Academic Press
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INTRODUCTION

Crustal plateaus represent a major class of tectonic featur
on Venus and are the focal point for a heated debate concerr
ing venusian tectonics. Crustal plateaus are characterized &
so-called “tessera terrain,” originally defined as any terrain ex:
hibiting two or more sets of intersecting lineaments (Barsukov
et al. 1986, Basilevskyet al. 1986) and further characterized
and subdivided into distinct types by Hansen and Willis (1996).
The debate has two main positions: Do crustal plateaus repre
sent outcrops of a global layer of tessera, or do they instea
reflect localized processes that created the plateaus and al
caused the surface deformation they exhibit? If the latter, thel
what process(es) were responsible? Any answer to this que:
tion must address crustal plateau surface structures. Structur
features preserved on planetary surfaces record strain resultir
from stresses in the crust or lithosphere. Thus, mapping the sp:s
tial distribution, orientations, and temporal relations between
and among structures can provide clues about regional-sca
deformation mechanisms and therefore provide clues for tec
tonic processes. This is particularly true on Venus, which lacks
an asthenosphere and shows strong mechanical coupling b
tween mantle and crust (e.g., Phillips 1990, Bindschadler ant
Parmentier 1990, Grimm and Phillips 1991, 1992). In this papel
we present an integrative study of surface structures and their re
lationship to topography and gravity for the crustal plateau Ovde
Regio. Our goal is to elucidate crustal plateau deformation anc
formation mechanisms.

Ovda Regio

Ovda Regio resides in the equatorial highland Aphrodite Terrz
and is Venus' largest crustal plateau (approximately 6000
2500 km), extending from 20l to 15°S and from 50E to 110E
(Fig. 1). Ovda borders regional plains to the north, the large
tessera inlier Salus Tessera to the west, the crustal plateau The
Regio to the east, and Kuanja and Ix Chel chasmata and ass
ciated corona-like structures to the south. Fractures and othe
structures associated with these chasmata overlap spatially wi
crustal plateau structures at the plateau’s southern margin. Ovd:
topographic boundaries are steep, with elevations dropping fror
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FIG. 1. Magellan SAR image of Ovda Regio showing the study area, structural Domains I, Il, and 1l and locations of Figs. 2a-2d and 3 (boxes).

4to 5 km above mean planetary radius (MPR) in the plateau intghich could modify structures (lava flows or impact cratering)
rior to elevations at or near MPR in the plains (see Bindschadkae not significant for crustal plateaus, surface morphologies r
et al. 1992a, Fig. 11, for topographic profiles). A topographifiect the underlying structural forms (Connors 1995). Therefore
saddle,~2.5 km above MPR, lies between eastern Ovda atlis analysis relies heavily on SAR data. Magellan altimetry anc
Thetis regiones. Elevations between western Ovda and Sajuavity data are useful for determining gross plateau structur
are near MPR. Ovda is composed of two quasi-circular regioragd support mechanisms, but do not have sufficient spatial re
which may represent separate tectonic entities. The western mdution to address tectonic structures.

tion (herein called western Ovda) extends frorfiN.@ 15°S and Our structural analysis employed digital full-resolution
50°E to 75E; the eastern portion (herein called eastern OvdégMIDR; 75 m/pixel) and compressed-once (C1MIDR; 225 m/
extends from 1N to 15°S and 75E to 110E. This work fo- pixel) Magellan SAR images, viewed on a SUN Sparc-10 work:

cuses on eastern Ovda. station equipped with the Interactive Data Language (IDL) for
image processing. IDL allows analysis of digital images while
Other Work manipulating the grayscale stretch, greatly enhancing our abi

ity to distinguish lineaments and surfaces, especially in aree

Bindschadleret al. (1992a) cpnducte_d preliminary arFa.'yS'S f high radar backscatter. We also used 1 : 5,000,000 hard-co
of Magellan data for Ovda Regio, focusing on characterizing al- . X . X
. . . : mosaicked SAR images for synthesis of detailed maps. In cor
timetry and gravity, accompanied by a reconnaissance study of . " .
. , . ducting the structural analysis, we were concerned with tw
tectonic structures along Ovda’s NE margin. These workers re-." . i . :
- ! . major issues: (1) radar interpretation and (2) structura
ported no formal geologic mapping or structural analysis of this
. o methods.
area. Gilmoreet al. (1998) mapped structures in isolated areas

of Ovda Regio, focusing on the sequence of deformation at eacrhadar interpretation. The NASA Magellan mission produ-

Iocatlor_m The cqrrent work rep_resents the first comprehens%/gd high-resolution¢100 m) SAR images 0f98% of Venus’
geologic analysis of Ovda Regio.

surface. The Magellan satellite used a side-looking transmitte
receiver which emitted pulsed microwave energy at awavelengt
of 12.6 cm. Data were collected in both left- and right-looking

Magellan synthetic aperture radar (SAR) data are ideal fgeometries and from various incidence angles (Ford and Pla
examining structures on Venus. Because erosion is minimal D893, Plaut 1993a). SAR images result from microwave energ
Venus (e.g., Kaula 1990, Connors 1995) and the other processflected from the surface. The strength of a reflected puls

Methodology
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manifested as brightness in SAR images, depends primarily amits, or stratigraphy (e.g., Senske and Stofan 1993). Construc
surface slope and roughness (Fetdal. 1989, Farr 1993). A ing a stratigraphic sequence of units requires knowledge of emr
smooth slope oriented at a low local incidence angle (i.e., thlacement mechanisms. For example, lava flows, eolian unit:
angle between the surface normal and incident radar) refleatsl impact crater ejecta are successively deposited from abov
most of the incident energy back to the spacecraft, producihgrusive units can be emplaced across or between preexistin
a brighter lineament in SAR images than a slope oriented alagers. In some cases, where clear embayment or superpositic
high local incidence angle, which reflects most of the incidenglationships between lithologic units are visible, it is possible
energy away from the receiver. For a given uniform slope,ta determine relative ages; in other cases, units abut against ol
surface with high meter- or sub-meter-scale roughness leadatmther, and relative ages are impossible to determine. Primal
high radar backscatter and appears brighter in SAR images tstnuctures can also help determine depositional sequence. Te
asmooth surface. Roughness at scales less than the 12.6 cm ftathér structures may be used in some cases to identify a dept
wavelength appears darkin SAR images. Geological features siteonal sequence; however, tectonic structumey notbe used
manifested in SAR images as lineaments and surfaces; theretorilentify lithologic units. For example, unit A, which exhibits
radar brightness characteristics are eminently useful in identifyrinkle ridges, may be partially covered by unit B, which lacks
ing and characterizing structures. Features identifiable in SARinkle ridges. Unit A might be older than unit B, or the wrin-
images include wrinkle ridges, folds, fractures, scarps, impdde ridges may not have formed in unit B, for some mechanical
craters, and lava flow and ejecta units. reason. The former is the simplest interpretation and the mos
Radar images are produced by converting the two-way travdigkly, in the absence of evidence for the latter. Although wrin-
time for a reflected pulse to a ground range, assuming flat tde ridges or other tectonic structures may provide evidence fo
pography. Thus, topographic slopes may be subject to imagimdative timing between units, they provide no absolute tempora
artifacts (e.g., Farr 1993, Plaut 1993a, Cannors 1995). Slopesistraints. Unit A may have existed for 1 day or for 1 Gy before
may be imaged as shorter or longer than they actually are (foverinkle ridges formed.
shortening or elongation), may be imaged with their tops be-Conversely, volcanic flow units might be useful for deter-
low their bases (layover), or may not be imaged at all (radarining relative age relationships between structures. On Venus
shadow). Foreshortening and layover occur for slopes facing flows are identified based on radar brightness and scatterin
cidentradar, whereas elongation and shadow affect slopes faathgracteristics, which result from roughness and slope as we
away from incident radar; none of these effects will affect slop@s composition. Therefore, identification of a flow unit requires
that strike parallel to the radar look direction. Layover, foreshorseparation of the effects of slope from the effects of roughnes
ening, and elongation are accentuated for small radar incidemee composition. This can be difficult in areas where structures
angles, and shadow is accentuated for large incidence anglesich are defined by slope, overlap spatially with flows. For ex-
Radar incidence angles for all Magellan cycles are greatest beaple, a dark area between two fold crests may be dark becau:
tween 10N and 10S (42.3-45.7for cycle 1, 24.9for cycle 2, of its topographic relationship to the fold crests, or because i
and 22.6-25.5for cycle 3); thus, for Ovda Regio, layover, fore-is filled by a smooth flow. In the absence of independent evi-
shortening, and elongation are minimal, whereas radar shadidswnce it is not possible to distinguish between the two. In Ovde
should be accentuated. Regio, the presence of tectonic structures and the resulting hig
radar backscatter makes clear identification of flow units diffi-
Geologic mapping and structural analysiswhen perform- cult. In general, areas that might be interpreted as flows show n
ing geologic mapping, two distinct types of elements must m®nsistent regional age relationships to each other or to tecton
mapped: (a) lithologic units (rock types) and (b) morphologicatructures and thus are not useful in determining the sequenc
features. Lithologic units on Venus are limited to eolian depositsf deformation at Ovda Regio at a regional scale (Hameteh.
impact crater ejecta, and volcanic flow units (e.g., Weitz 1992998). In order for volcanic flow units to be useful in this capac-
and are identified in SAR images on the basis of radar brightnétyover an area the size of Ovda Regio, volcanism would have tc
or emissivity, together with flow features such as lobes or flomave been continuous throughout the deformation process ov
fronts. Morphological features can be subdivided into primatie entire region, much as sedimentation is effectively contin-
structures (structures that accompanied deposition) and tectaraas on Earth. Volcanic flow units in Ovda are localized and
structures (structures that formed after unit emplacement dimdited in areal extent and, as we outline in a later section, cove
are not associated with emplacement). Primary structures carembay most tectonic structures. In the absence of consiste
be used to characterize associated lithologic units and provated robust stratigraphic controls, then, unraveling Ovda’s defor
clues to unit emplacement. Primary structures include cindmation sequence requires an understanding of the mechanisr
cones, channels, lobate flow fronts, and impact craters. Tectorésponsible for forming tectonic structures.
structures reflect the kinematic evolution of a region and mayA tectonic structural and kinematic analysis requires: (1) iden-
place constraints on dynamic processes. Tectonic structurediiiication of structures using radar characteristics; (2) mapping
clude wrinkle ridges, folds, fractures, and faults. the spatial distribution and orientation of structures; and (3)
For lithologic units, we must be concerned with spatial distrdetermination of temporal relations between structures. Step
bution and depositional and temporal relations between distiggnerally cannot be accomplished solely by carrying out step
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1 and 2; one must also understand how each structure forf8-100 km long. The traces of trough-bounding lineaments o
For example, in the case of two intersecting lineaments, onetopography and other structures are approximately straight, su
which terminates against the other, the relative order of formgesting steep trough walls. Trough walls generally end abruptl
tion of the two depends on what structures the lineaments réprming parallel trough terminations in map pattern, though
resent. If they are dikes, the throughgoing lineament is youngsome join at their ends, forming V-shaped terminations in maj
because dikes intrude across preexisting rocks (“cross-cuttpegtern.

relations”). However, if the lineaments are open fractures, theWe interpret these ridge-and-trough morphological feature
throughgoing lineament is older, because fractures cannot pragpbe correlative with the structures described by Hansen ar
agate across free surfaces. Thus to deduce structural tempilis (1996, 1998), which they called “ribbons.” These work-
ral relations, it is necessary to understand deformation mearns described two structural end-member ribbon varieties
anisms. This type of analysis is the cornerstone of structufal tensile-fracture ribbons, which form by tensile fracturing anc
and kinematic work on terrestrial planets and icy satellites (e.gubsequent extension of a very thin brittle layer separated from
McGill 1971, Golombek 1985, Banerdt and Golombek 1988&luctile substrate by a sharpabllement; and (b) shear-fracture
Golombek and Banerdt 1990, Tanadtaal. 1991, Banerdt and ribbons, which form by normal faulting and subsequent exten
Sammis 1992). Once a mechanical basis for relative timisgpn of a similar thin brittle layer. Shear-fracture ribbons are
between structural elements is established, the resulting tegssentially long, narrow, flat-floored graben. Diagnostic sheal
poral history provides clues about deformation mechanisnisacture ribbon features are:

Such a temporal history is vital to understanding the impli-

cations of Ovda Regio’s structures for crustal plateau forma-(1) width of ridges and troughs, and thus, spacing (wave
tion. length); Hansen and Willis (1998) reported shear-fracture rib
bon wavelengths in Thetis Regio as 3.5-4.5 km (reflecting th
distance from trough center to trough center), and we obtai
similar values for Ovda Regio (Table 1);

(2) aspect ratios; ribbon troughs commonly range up ftc
100 km in length, giving them extreme length-to-width aspeci
ratios;

Tectonic structures appear in SAR images as lineaments an3) approximate straightness of trough-bounding scarps, in
surfaces. We determine the nature of these features based on figing steep walls;
radar characteristics. Lineaments exhibit several types of charac4) morphology of trough-bounding scarps; shear-fracture
teristics. Single lineaments interpreted as fractures can appeailaisons may display accommodation structures (multiple brigh
thin, straight, or anastomosing lines with uniform radar brightr dark lineaments) in their walls, and individual troughs are
ness and high tonal contrast with surrounding features (Fardmmonly difficult to trace due to the normal-fault character of
et al. 1989, Stofaret al. 1993, Keep and Hansen 1994, Hansetheir walls; tensile-fracture ribbons, by contrast, exhibit troughs
and Willis 1996). Alternatively, single lineaments interpretedounded by single, well-defined scarps;
as fold crests can be wide, straight or curved, and radar brigh{5) trough walls that cannot be exactly matched across in
along one side, with a gradual brightness transition across thdividual troughs; tensile-fracture ribbons, by contrast, exhibif
(Solomon 1991, Stofaet al. 1993; Keep and Hansen 1994 matching trough walls;

Hansen and Willis 1996). This tonal gradation is most pro- (6) trough terminations; shear-fracture ribbon troughs termi
nounced if the fold crest is oriented at a high angle to radaate with trough floors ramping up to the level of ridges; tensile:
look direction. Areas between fold crests are commonly rad@&acture ribbons show V-shaped terminations;

dark and may be locally filled by interpreted lava flow material, (7) penetrative, pervasive fabric defined by ribbons over thou
though this interpretation requires evidence above and beyaahds of square kilometers. Ovda’s ridge-and-trough structur:
radar darkness (Keep and Hansen 1994, Hansen and Willis 1986w all of these characteristics; features 1-6 are shown |
Hanseret al. 1998). Figs. 2b and 2c and 3, and feature 6 is illustrated in Fig. 9. Wi

Lineaments may also be paired. In Ovda Regio, sets of paireghclude that Ovda’s ridge-and-trough structures are correlati
lineaments define a system of alternating topographic troughih the shear-fracture ribbons of Hansen and Willis (1998).
and ridges over much of the study area (Fig. 2). The linea-
ments defining trough walls show abrupt tonal transitions rela-Other sets of paired lineaments, found in spatial correlatio
tive to the surrounding areas. This effect is accentuated for Iwith folds, commonly curve outward across fold crests anc
eaments trending at high angles to radar look direction. Ridg#sscribe short (10-25 km), wide (5—10 km) lens-shaped depre
and trough floors commonly have uniform radar brightnessions oriented perpendicular to fold axes (Fig. 3). Depressior
Lava flows—so interpreted because of their uniformly radapounding lineaments show uniform radar tonality and high con
dark (hence smooth) surfaces and because they obscure stmast in radar brightness with surrounding terrain. Some floor
tural lineaments—Iocally embay or flood troughs. Individuagxhibit uniform radar tonality, indicating that they are smooth
ridges and troughs are on the order of 1-3 km wide and updad possibly flooded; others show multiple scarps defined b

RESULTS OF THE STRUCTURAL AND
KINEMATIC ANALYSIS

The Structures



120 GHENT AND HANSEN

90.1E

5.4S E

FIG. 2. Full-resolution SAR images (left) and structural maps (right) of examples of structural domains. Locations shown in Fig. 1. (a) Domain | (
look image). Folds are the only structures present. Heavy lines show major fold trends; shorter-wavelength folds parallel larger folds butadireotompm
(b) Domain Il (left-look image). Thin lines, ribbon troughs; heavy lines, folds; heavy ticked lines, graben; ticks denote lows. Circular fela¢uceritet is an
impact crater. (c) Detail of Domain Il (right-look image). Heavy black solid lines, fold crests; thin ticked black lines, ribbon trough walls; higatigked lines,
graben; ticks denote lows. (d) Domain Il (left-look image). Symbols same as (b).

radar-bright interior lineaments. We interpret these structuresadold crests and their interior accommodation structures, an
graben (e.g., McGill 1971, Basilevskyal.1986, Solomomtal. the detail in Fig. 3b shows shear-fracture ribbons, illustrating
1991, Bindschadleat al.1992a, Keep and Hansen 1994, Hansethe characteristics listed above.

and Willis 1996). Though ribbons and graben commonly occur In order to describe the spatial distributions of ribbons, folds,
in close spatial association, the two structures differ morphologrd graben, we divide eastern Ovda into three structural do
ically. Their differences are highlighted in Fig. 3; the detail imains (I, II, and IIl), distinguished on the basis of fold styles
Fig. 3a shows several graben, illustrating their tendency to widand orientations (Fig. 1). In the next sections we detail the
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FIG. 2—Continued

characteristics, distribution, strain, and relative timing of struspaced to map at this scale parallel the larger folds. Fold lengtt
tures in each domain. range up to 100 km and describe an overall chevron-shaped m
pattern. This terrain has been called “lava flow terrain” becaus
its structures resemble those of the surface of a terrestrial p
hoehoe flow, though at a much larger scale (Hansen and Willi
Domain | (~500x 400 km, centered at-2.5°N, 87.5°E) 1996). A data gap immediately west of Domain | obscures it:
hosts closely spaced, anastomosing folds (Figs. 1 and 2a). Rekbktern boundary.
wavelengths inferred from crest spacings range continuouslyin principle, it should be possible to determine heights of
from the limit of SAR resolution100 m) to 1 km. Fold crests folds in Domain | using stereo methods (e.g., Plaut 1993a]
mapped in Fig. 2a show major trends; many folds too closeyowever, this would require positive identification of identical

Domain |
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FIG. 3. (After Phillips and Hansen 1998): Full-resolution left-look SAR image of portion of NE fold margin of Ovda (Domain Il) showing NW-trendin
folds, and NE-trending complex graben (a) and shear-fracture ribbons (b). Location shown in Fig. 1. Note morphological differences betwesmirgrabes;
see text for details.

points on fold crests and troughs in a stereo pair of imagekes not exist in Domain I. The extremely close fold spacing in
Domain | folds are too tightly spaced and too small to be aBomain I, however, suggests that fold heights are at most equ:
curately resolved in this way; furthermore, it is nearly impoge their wavelengths, or 100 m to 1 km. Without robust con-
sible to unequivocally identify identical points on fold creststraints on fold amplitude, we cannot calculate interlimb angles
or troughs in two images. Neither can the parallax method of estimate the shortening accommodated by these folds. Howv
Connors (1995) be applied, because this method is derived éver, using empirical fold wavelength to layer thickness ratios
discretely dipping surfaces, and there is no evidence tlait3—6 (Sherwin and Chapple 1968, Smith 1977, Huddlestor
Domain | fold limbs are straight. Layover effects at the equatand Lan 1995, Kobberger and Zulauf 1995), we can estimat
are minimal due to high radar incidence angles; furthermoithat Domain | folds reflect shortening of a layer 20 to 300 m
use of layover to quantify fold heights requires an unambiguothick. Furthermore, the fold axes’ multiple orientations indicate
base level at a known elevation relative to the fold crest, sucbnstriction, or shortening along two of the three principal strain
as a lava flow that has flooded all around a fold. This situati@xes.
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Domain Il 4

Domain Il occupies the northern, northeastern, and easte 35
topographic plateau boundaries and hosts ribbons, folds, a
graben (Figs. 1, 2b, and 3).

Folds. Foldsarelong (up to 300-400 km) with arcuate trace £ 25
and wavelengths (inferred from crest spacing) of 15-30 kr &
(Figs. 2b and 2c). Folds with wavelengtk® km parallel large 2
folds, occurring along and between large fold crests. Polyha® 15
monic folds of this type can result from folding a package o
rock with internal layers of different thicknesses, such as a lay
ered flow unit; the smallest wavelength folds are parasitic fold s
(Ramsay and Huber 1987). As in Domain |, it is not practica
to determine absolute fold amplitudes using layover or paralle ¢ 0.5 1.0 1.5 2.0 2.5 3.0
differences; however, we can estimate a likely range. Both fol . fold amplitude (km)
crests a.nd trothS are exposed at t.he surface, indicating that tl}—qG. 4. Plot of shortening versus fold amplitude in Domains Il and Ill.
total relief reSUItmg from the folds is less than or equal to th@urves correspond to fold wavelengths in km. Gray area represents the mc

plateau relief at the location of the folds. Topographic profil@gely fold amplitudes. Note that amplitude is defined as half the vertical distance
through Ovda’'s northeastern fold margin show total relief dfom fold trough to crest.

~0.5 km (Bindschadleet al. 1992a); thus fold amplitudes at

that location (half the vertical distance from crest to trough) afg,e most likely maximum estimates of shortening (uskg

likely less than_or equalto 0.25 km. Due'Fo the0-km footprint 4 g km) for Domain Il folds range from 0.1% for 30 km wave-
of Magellan altimetry data for Ovda Regio (Plaut 1993b), we s ngih folds to 0.5% for 10-km wavelength folds (Fig. 4). Even
low for the possibility that the total reliefin Domain Il isas greaf o — 1 km (which is unlikely), shortening estimates increase

as 1 km, corresponding to a fold amplitude of 0.5 km. Thus YWshly to 0.2% for 30 km wavelength folds and 2% for 10 km
take 0.5 km as the maximum probable value for Domain Il fo'ﬁ/avelength folds.

amplitudes. If we approximate fold limbs as planar, and assumerp,q regular spacing of Domain Il folds reflects competen

that the folded layer has uniform thickness, the interlimb ang|I§yer thickness (e.g., Sherwin and Chapple 1968, Smith 197

is given by Solomon and Head 1984, Huddleston and Lan 1995, Kobberg

. and Zulauf 1995). Folds with 15- to 30-km wavelengths yield

| = 2atant /2A), @ competent layer thickness estimates of 2.5—-10 km using empi

ical wavelength-to-layer thickness ratios of 3—6. We interpre

: ; : the base of the regional competent layer to be at or above tt
amplitude. IfA=0.5kmand. = 10-30km, interlimb anglesare " . ” i . .

169 to 176, and limb dips are 6to 2°. Folds of this character brittle—ductile transition (BDT); that is, the depth to the BDT in

are classified as “gentle” (Ramsay and Huber 1987, Twiss awas region is greater than or equal to the competent layer thick
Moores 1992) ' ness. Brown and Grimm (1997) estimated the depth to the BD

We estimate shortening as follows. Elongation of aline Iengmrfo,Ids n Ovdawnh 15kmwavelength & k'm using thermal .
in a particular direction is defined as gradient considerations; the same calculation performed usir
larger wavelengths would yield a deeper BDT. The Brown anc
e= (s —1)/l, (2) Grimm (1997) value falls within our estimated range.

wherei is interlimb angle is fold wavelength, and is fold

Ribbons. Shear-fracture ribbons occurthroughout Domain |
wherel; andl; are final and initial line lengths, respectively, anQFigs. 2b, 2c, and 3). They typically trend perpendicular to fold
eis fractional elong.ation (nggative valut_as indicate shortening}egts. Locally, two nearly orthogonal ribbon sets are presen
In order to apply this equation to Domain Il folds, we assumene dominant set trends subnormal to fold crests. Ribbon trougt
(1) that the shortened layer maintained a constant thickness dif rigges track across folds of all wavelengths with no obviou
ing shortening (parallel-style folding) and (2) that there was ngyange in width, spacing, or trend correlating with fold crests o
homogeneous layer shortening prior to folding. These assumyggeys. Trough walls are roughly parallel across folds; ribbor
tions imply that shortening is entirely accommodated by fom"‘l@oughs, unlike large graben, generally do notwiden significantl;
and therefore provide minimum strain estimates. In terms of folgh,oss fold crests (Fig. 3; Hansen and Willis 1996, Phillips an

amplitude and wavelength, Eqg. (2) becomes Hansen 1998, Fig. 1). Ribbon wavelengths are uniform over th
domain.
o M2 YA+ (/2P (3)  AsoutlinedinHansenand Willis (1998), Ovda's shear-fractur

VAZ + (1/2) ribbons are in fact long, narrow, graben (Fig. 5a). Becaus
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a Alpha and Ovda regiones that fit the description of shear-fracturt
ribbons outlined above, calling them “steep troughs” in Ovda
and “parallel grabens and grooves” in Alpha. These workers
inferred trough-bounding scarp heights of “no more than severa
hundred meters” for ribbons in Alpha, and interpreted Ovda’s
trough-bounding scarps as steeply dipping, consistent with ou
intepretations.

Ribbon fabric characterizes all of Domain Il. In order to un-
derstand the significance of this fabric, we must determine hov
much extension is accommodated by ribbons and how it is pat
titioned. Because ribbons are regularly spaced (Figs. 2, 3), the
structural wavelength reflects competent layer thickness at th
time of their formation. Hansen and Willis (1998) used wave-

_ | = length instability analysis to deduce competent layer thicknes:

c W W : during ribbon formation with terrestrial boudins as a mechanica
| | L dif ] 1 | analog. Boudins form in a competent layer embedded in or over

Dl [Ar=DL L 1 lying a less competent matrix, subjected to layer-normal flatten
A ing (e.g., Ramberg 1955, Rast 1956, Ghosh 1988, see Price al

Cosgrove 1990 for a review). Boudins show both tensile-fracture

and shear-fracture characteristics. Field observations and anal

L-% (d wt) experiments indicate that boudin wavelength-to-layer thicknes:

d | N _ ratios are generally 2—4 for brittle boudins, and as high as 10-2

: ' for pinch-and-swell structures in which ductile flow dominates

| l (e.g., Talbot 1970, Price and Cosgrove 1990, Kobberger an
incipient fractures

|
Ai=DL-Z(dw) A
Zulauf 1995, Kidan and Cosgrove 1996). These two end-membe

ratios, when applied to ribbons, provide bounds on layer thick-
ness during Domain Il ribbon formation. To use these ratios
FIG.5. Schematic cross-section of shear-fracture ribbons showing orieaCcUrately, however, we must know the wavelength(s) of in-
tations of principal strain axex &y > 2). (b) Schematic diagram illustrating Cipient shear failure prior to layer fracturing. However, only
trough and ridge definitions, and competent layer thickness. (c) Block diagraffe final state is preser\/ed at Ovda Regio; and because she:
showing parameters psed in calculating layer thiclfness qnd extehsiugn- fracture ribbons are not tensile fractures, we cannot simply
sectlengthpD, layer thicknessy; andwy, trough and ridge widths, respectively; L
d, trough depth, structural wavelength; anék, final block area. (d) Block m_at,Ch trough walls to recc_m_StrUCt the !n|t|al ,State (Hansen an
diagram of ribbon terrain prior to extensiof, initial block area. Willis 1998). To address this issue, we infer ribbon wavelengths
using the distance from trough center to trough center. Thi:
wavelength exceeds the incipient fracture wavelength becaus
ribbons comprise a class of feature morphologically distin@tincludes some unknown amount of finite extension (Figs.
from Ovda’s complex lens-shaped graben, we distinguish ®b and 5c). Therefore our wavelength measurementsare
tween ribbons and graben to avoid the a priori assumption th@um values, resulting irmaximumlayer thickness estimates
the two features have the same genetic origins. We retain the tefiminimumextension estimates, regardless of the wavelength
“ribbons” instead of “graben” to avoid confusion in referring tqo-layer thickness ratio used. Although ribbons define a co-
these features. herent pattern over the entire domain, folds, fine-scale linea
In many locations, as in Figs. 2b and 2c, ribbon troughs trengents, areas of high radar backscatter, and lava flows locall
subparallel to the radar look direction. This orientation, togethebscure ribbon details. Furthermore, ribbons commonly trenc
with the narrowness of trough-bounding lineaments and the fagitrallel to the radar look direction. All of these factors influ-
that layover effects are minimal in Ovda make it impossible #nce our ability to measure long uninterrupted transects. Fo
conduct a radargrammetric analysis similar to that of Hansanalysis, therefore, we chose transects which exhibit contin
and Willis (1998) to determine ribbon wall heights or dips. Thaous “exposure” of ridges and troughs. We measured ribbol
morphological and scale similarities between ribbons in Ovagugh and ridge widths directly from digital FMIDR SAR im-
and Fortuna suggest that Hansen and Willis’ values of 250 ages for four transects through Domain 1l (Table I). We define
for wall heights and 75-90for wall dips may be appropriate a trough as the area between the outermost edges of a pair
estimates for Ovda’s ribbons, though shallower dips may l®ugh-bounding lineaments (Fig. 5b). We choose this definitior
possible. The fact that trough-bounding lineaments do not sysecause it allows us to unambiguously determine trough bounc
tematically deviate over fold crests suggests that trough wadlfies in SAR images, whereas attempting to locate the center ¢
are steep. Bindschadlet al. (1992a,b) described structures ira trough by eye would lead to error. Thus our transects begin an
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TABLE |
Data and Mean Wavelengths for Six Transects through Ribbon Terrain in Domains Il and 111

Transect Start/end lat/lon Ny = N; wym (km) £ st dev wim (km) = st dev Am (km) £ st dev
o S B mess mmow s
Rig:\ltblook 55260758%%5420EE 12 140084 2804080 oLt

end at the outer edges of troughs. Wherever ribbon trough ahe existing ribbon fabric. We do not observe such a fabric. It i
ridge widths can be measured, their ratios are consistent wétlso possible that the weak layer during ribbon formation wa:
those obtained for the chosen transects, giving similar waws® thick that it absorbed all the strain experienced by the stron
lengths; therefore estimates of layer thickness and extension ayer extending at depth; but this is in effect the same as optio
tained using transect data apply to ribbons outside transect linflt3. Thus we treat the base of the competent layer during ribbo
(e.g., Table Il). Mean wavelengths for four individual transecfermation as equivalent to the BDT.
range from 3.4 to 4.2 km, with an overall mean of 3.7 km Gilmoreet al. (1998) also mapped shear-fracture ribbons a
(Table I). This mean value yields maximum layer thickness estiarious locations in Ovda Regio. These authors’ mapping an
mates of 0.9-1.9 km, using the brittle wavelength-to-layer thickaterpretation agree with ours on several points: (1) The fea
ness ratios of 2—4, and estimates of 0.2-0.4 km using the ductilees Gilmoreet al. (1998) mapped are the same features as oL
ratios of 10—20. These values are end-member estimates; insbiear-fracture ribbons; these authors used the same criteria
ther case, ribbon wavelengths suggest that ribbons deformeddentifying these structures as those outlined above in Hanse
extremely thin competent layer. This conclusion is also consasad Willis (1998). Furthermore, they report trough widths of
tent with previous analysis; Bindschadlet al. (1992b) con- 1-3 km, in agreement with our trough width estimates. (2) The
cluded that the “narrow width and spacing” of shear-fractufeatures are extensional. These authors call shear-fracture ri
ribbons in Alpha suggests a mechanical decollement at depltiums “graben”; for the reasons outlined above, we retain th
of 1-5 km, though they do not provide details concerning thdirm “ribbons.” (3) The features are regularly spaced. The may
estimate of depth to the mechanical discontinuity. ping of Gilmoreet al. (1998) reflects a structural wavelength in
The mechanical discontinuity at the base of the brittle, ribboagreement with our estimates (their Figs. 7, 8). (4) The feature
forming layer could represent one of two things: (a) a weak laygrminate at a mechanical discontinuity.
within the crust, underlain by another strong layer or (b) the BDT. The analysis of Gilmoret al.(1998) also disagrees with ours
If (a) were the case, we would expect to see a second wavelengttiwo major points: (1) Gilmoret al.(1998) do not distinguish
of extensional structure, also regularly spaced, superimposedetween ribbons and larger complex graben, in spite of morphc
logical dissimilarities (our Figs. 2b, 2d, and 3; Bindschadler

TABLE Il and Head 1991, Bindschadketral. 1992a, Solomoet al. 1992,
Data for Five Transects in Domain I1 Hansen and Willis 1996, 1998, Phillips and Hansen 1998
Parallel to Transect Ila Hanseretal.1998). Identifying ribbons and graben as equivalen

structures leads Gilmoret al. (1998) to conclude that ribbons

Ila subtransect Am (km) :
and graben formed synchronously and by the same mechanis
a 3.55 (2) Gilmoreet al. (1998) do not address the structural wave-
b 3.61 length of ribbon fabric. Instead, following on (1), they assume
3 ‘3‘-21 a triangular geometry for an individual ribbon/graben, using
e 317 range of bounding fault dips of 60—7&nd widths of 0.5-5 km,
Mean 3.49 and calculate the depth to the meeting point of the boundin

st dev 0.37 faults trigonometrically (their Fig. 1a). The authors argue tha
this meeting point is located at a mechanical discontinuity. Th
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resulting layer thickness estimates encompass a range fromfrally, >~ w,/>" w; can be expressed &wm/Niwim, where

to 9 km. We disagree with this approach. First, regardless Nf and N; are number of ridges and number of troughs, re-
bounding fault dips or widths of individual structures, sheaspectively, andv,, andw, are mean ridge and trough widths,
fracture ribbons in this region define a coherent, penetrative fabspectively:

ric, and it is therefore the structural wavelength which reflects

layer thickness and not the geometry of an individual structure. . d/D

Second, the larger, complex graben are not regularly spaced and ~ 1—d/D + (Nywym/Newm)

so do not define a coherent fabric and thus have no discernible

structural wavelength. These structures should be distinguisted our transects, /Nt = 1. Thus,

from the ribbons on this basis, in addition to their morpholog-

ical differences (Hansen and Willis 1998, Phillips and Hansen e— d/D ) (4)
1998, Hanseet al. 1998). Therefore, the Gilmowt al. (1998) 1—-d/D + wim/wim

reported range of 0.5-9 km for layer thickness, derived assum-

ing that ribbons and graben are the same structure, is not vafiierefore extension depends onthe ratio® andwm/wim. We
Thus we maintain that shear-fracture ribbons are distinct fropgh directly determine the ratiom/wim, and we have estimated
complex graben, and reflect a shallow BDT at the time of theft@ximum values fob to be 0.9-1.9 km. We evaluate Eq. (4) for
formation. various values of trough depth to competent layer thickness ratic

Ribbon extension can be estimated using Eq. (2). AssumifigD (Fig. 6). Extension estimated in this manner ranges fror
p|ane strain (that iS, no extension a|0ng ribbon trend), Shears to 65% over the domain. Extension estimates are not well
fracture ribbon extension occurs by motion of trough materigPnstrained because (a) our structural wavelength estimates ¢
in two dimensions: parallel to the trend of the transegtand  hotinclude finite extension of ribbon troughs, as outlined above
vertically @) (Fig. 5a). In anx-z cross section, elongatioe)( and (b) extension depends on trough depths, which are not we

becomes known. However, regardless of the absolute amount of extensiot
ribbon fabric represents penetrative extension, distributed ove
e= (A — A)/A, 3) the entire domain. This is the critical constraint on deformation
mechanisms.
whereAs andA, are the final and initiat—zcross-sectional areas, Graben. Graben in Domain Il cut fold crests and are ori-
respectively. The final aredy, is ented with their long axes perpendicular to fold crests (Figs. 2b
2d, and 3). Graben range fror5 to 75 km long and are5—
A = DL, 15 km wide at the center, with length-to-width aspect ratios of

5-15. Graben commonly widen substantially over fold crests
and accommodate limited, localized extension. Graben spac
ing is not periodic; therefore we cannot deduce competent laye
thickness at the time of graben formation using graben wave
lengths.

(Fig. 5¢) where is layer thickness andis transect length. The
initial area, A, is

A=DL—d) u,

(Fig. 5d) whered is trough depth anab; is trough width. As-
suming uniform trough depths along a transect, elongation is

dZwt

ST DbL—d>w

% extension
1

L can be expressed as the sum of ridge widths and trough widtl
yielding

e— d Z Wt
DY w—dYw+DY w’
Expressing elongation in terms dfD and)_ w,/>_ wx, Wim/Wim,

d/D FIG.6. (a) Plots of extension versus mean ridge width: mean trough width

/ . . :

= . ratios wrm/wim) for various values of trough depth: competent layer thickness
1- d/ D+ Z wr/Z Wt ratios @/ D). Range ofwm/wwm appropriate for Ovda Regio shown in gray.
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Temporal relations. Ribbons, folds, and graben overlap spa- oy — oy (MPa)

tiallyin Domain Il. Lava flows do notinteract with ribbons, folds, -400 -200 0 100 300
and graben regionally such that it is possible to use cross-culttil  RElS R EESD EACE B5 \ L
or superposition relations to determine consistent temporal r folds BDT
lations across Ovda. Distinct flows outside lava-flooded basin 2| -2
when identifiable, are limited and localized. The majority ol
lava flows within and outside basins are cut only by comple:
graben (Banks and Hansen 1998). Several of Ovda’s interi’g 2 BDT
lava-flooded basins show complex magmatic and deformati(i
histories, possibly indicating several phases of both process g 6
and some indicate reactivation of previously formed structure §
A detailed analysis of these basins and flows is outside the sca
of this work. However, flooded intratessera basins develope

0

ribbons 4

O, = 10 MPa
e=3.17x10"%s
surface T = 1000 K8

dominantly late relative to ribbon, fold, and complex graber &5 ha"'slgafe cooling

formation (Banks and Hansen 1998). 10 dT/dz = 25 K/km Phri?i?pse& 10
Ribbons and folds are spatially correlative in Ovda Regic Brown & Grimm 1997 Hansen 1998

In the absence of robust stratigraphic constraints, (e.g., tho 5 ] | l ] | ] 12

provided by continuous sedimentation or volcanism), it is not
possible to determine which structure formed firstwithout under- FIG. 7. Rheological profiles through venusian crust for ribbon formation
standing the mechanical conditions necessary for each strucf{jg8t Phillips and Hansen 1998) and for folding (left; Brown and Grimm 1997).
to form (as outlined under Methodology). Thus we examin‘léensmn is positive, compression is negative; BDT, brittle—ductile transition.
mechanical requirements for formation of ribbons, folds, and
graben. in strain rate), the formation of ribbons after folds would re-
Graben generally reside at fold crests, are oriented with theguiire formation of a foldedetollement, at a uniformly shallow
long axes perpendicular to fold axes, and widen over fold crestigpth over the entire (several thousandkdomain. Above the
indicating that graben postdate folds in Ovda Regio (e.dolded dicollement, the crust would extend, forming ribbons,
Bindschadleret al. 1992a, Hansen and Willis 1996; see alswith extension below the decollement occurring in a differ-
McGill 1971 for similar analysis of lunar graben). ent manner. Gravitational relaxation might result in extensior
Hansen and Willis (1998) examined in detail each of the pofellowing contraction; however, extensional structures woulc
sible temporal relations between ribbons and folds. They caofa) likely be oriented parallel to fold axes, or (b) if oriented at
sidered three possibilities: (1) ribbons predate folds; (2) ribbohgh angles to fold axes, would be lens-shaped graben cuttir
form coevally with folds; and (3) ribbons postdate folds. Thefold crests. Ovda’s ribbons are oriented at high angles to fol
concluded on the basis of ribbon—fold geometry and the diffeaxes, but are not lens-shaped and extend across multiple fc
ences in depth to BDT reflected by ribbons versus folds thatests and valleys, apparently unaffected by local fold topogre
ribbons most likely predate folds in their study areas. We haphy (see additional discussion under Overall Patterns). We co
demonstrated here that the ribbons and folds at Ovda Regio distde, as did Hansen and Willis (1998), that the most plausibl
play the diagnostic characteristics of crustal plateau ribbons amghothesis is that ribbons predate folds.
folds outlined by Hansen and Willis (1998), and we can thereforelt is possible for a single competent layer in constriction to
apply the ribbon—fold temporal relations derived in that work tsimultaneously form mutually perpendicular folds and boudins
Ovda. We summarize those results as they pertain to Ovda Regatbberger and Zulauf (1995) experimentally produced perper
below. dicular buckle folds and boudins in a Plasticene layer embedde
If Ovda’s shear-fracture ribbons have walls that dig,80e in an incompetent matrix subjected to compression in two di
would expect ribbon troughs to widen at fold crests if ribbonsiensions. The resulting boudin wavelengths were comparab
postdate folds. Ovda’s ribbon troughs do not systematically or larger than the resulting fold wavelengths. In Ovda Re:
widen at fold crests (Figs. 2, 3); thus they (a) predate foldingio, ribbon wavelengths are typically an order of magnitude
(b) have steeply dipping walls, or (c) both. smaller than fold wavelengths, indicating different layer thick-
Ribbon wavelengths indicate that ribbon formation requiresesses for ribbon versus fold formation. Folds and ribbons coul
a very thin competent layex(.9—-1.9 km) over a ductile sub-have formed synchronously with the observed wavelengths
strate. The BDT during folding (at least 2.5-10 km) was deepwvo distinct competent layers were deformed, one at the surfac
than during ribbon formation, resulting in greater strength tand one at depth. This situation would likely result in two or
deeper levels. A return of the BDT to ribbon-forming depth ainore distinct wavelengths of both contractional and extension:
ter folding would likely cause relaxation of long-wavelengtlstructures, which is not observed.
folds, as illustrated by rheological profiles of the crust (Fig. 7). Thus, the data are consistent with the interpretation that rik
Even if this difficulty could be avoided (e.g., by a sudden chang®ns formed diachronously with folds and graben and that eac
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accommodating the transition from brittle to ductile behavior
likely widened with time as it deepened. The evolution of the
BDT as reflected by surface structures must be addressed |
models of Ovda’s formation and evolution.

. Bhaaei )
ribbon formation
(extension

£ _

g Domain Il
phase 2 ; Domain lll, located both west of Domain | and between
folding  p & Domains | and Il (Figs. 1 and 2d), also hosts ribbons, folds, anc

(contraction) ]
$ graben.
10 km (Domain 11), '5 . . X .

phase 3 1-5 km (Domain 1) @ Folds. Domain lll folds differ from Domain Il folds in terms

graben formation _ i of orientation and length; fold trends vary, giving the region a

) _// 77 — “pasin and dome” appearance (Ramsay and Huber 198

Chap. 4; Hansen and Willis 1996). Folds are generally shor
(~25-50 km) with 5- to 15-km wavelengths (Fig. 2d). The same
radar characteristics define folds in this domain as in the oth
ers. In the eastern region of Domain lll, folds trend dominantly
NE and NW; in the western region, folds trend dominantly NE,
b - ribbons with some trending N to NW. This apparently disorganized mag
pattern is characteristic of interference folding, which can resul

fold axis either from constriction or multiple episodes of deformation of

X a competent layer (Ramsay and Huber 1983, 1987). The pa

graben tern preserved in Domain Il is consistent with a single episode

of constrictional layer-parallel deformation (see Ramsay anc

_ _ _ _ Huber 1983, p. 66, Fig. 4.11E). Following the same reason

FIG.8. (a)Block diagrams illustrating the three phases of Domain | defo"—

mation: ribbon formation (extension), folding (contraction), and graben form%r-]g as for Domain Il, a maximum value @{= 0.5 km andi =

tion (local extension). (b) Strain ellipse showing relative orientations of ribbon ,_15 km yield interlimb angles of 157-172limb dips of
folds, and graben at any point in the marginal fold domaiandz represent 11—4, and shortening of 2-0.2% (Fig. 4). For each orientation of
maximum and minimum principal strains, respectively. folds, spacing is regular, and we apply the same wavelength ca
culations as for Domain Il folds. Fold wavelengths of 5-15 km
and wavelength to layer thickness ratios of 3—6 yield competen
phase of deformation was characterized by a competent lajayer thickness estimates ofLl—-5 km.

with a unique thickness range. The most likely timing of struc- Ribphons. Domain 1l ribbons differ from Domain Il ribbons
ture in Domain Ilis (1) ribbons, (2) folds, and (3) graben, eachy in that they are more difficult to trace due to the disor-
step representing an increase in depth to BDT. Our data provigéized nature of spatially overlapping folds, leading to higher
no absolute constraints on the duration of ribbon formation r¢lsgar backscatter. Ribbons track undeviating over folds of vari
ative to the duration of folding or on the length of time elapseg|;s wavelengths and orientations. We measured two ribbon trar
between phases. sects through Domain |1l to determine competent layer thicknes:
Strain history. Domain Il records a three-phase strain hisa"d extension (Table 1, Fig. 6). The overall mean wavelengtt
tory (Fig. 8; Table II): (1) flattening normal to a thin brittle for these transects is 3.6 km, corresponding to maximum laye

layer (<0.9-1.9 km) which fractured and extended to produce
ribbons; (2) minor contraction{5%) of a thicker competent

€

BDT =22.5-10 km
(Domain 11), 1-5 km (Domain 111)

layer (2.5-10 km), expressed as concentric folds; and (3) mi- o TABLEIII )

nor extension localized at fold crests, resulting in graben. A Compilation of Structural Data for Domains I, 11, and 11

single bulk strain ellipse can account for ribbons, folds, and Depth to BDT

graben at any location, implying that all three phases coufghmain Structures Straintype  Elongation (km)

record progressive deformation with similar regional orienta

tions of principal stress axes (Fig. 8b). Therefore it is not neces- ! Interference folds  Contraction ? 0.02-0.3

sary to call on multiple deformation events to explain Domain Il I Ribbons Extension 5-65% <0.9-1.9

structures Concentric folds Contraction <—5% 2.5-10

. ) . . . Graben Extension ? >2.5-10
During Domain Il deformation, the BDT migrated downward _ _ -

Ribbons Extension 5-50% <0.9-1.8

. : : .l
through the crust with tlmg. Further_more,progresswe thickening Interference folds ~ Contraction  <—5% 15
of the competent layer involved in the deformation suggests Graben Extension " ~1-5
that the BDT also widened as it deepened—that is, the zone




STRUCTURAL AND KINEMATIC ANALYSIS OF OVDA REGIO, VENUS 129

thickness estimates of 0.9-1.8 km, and minimum layer thicknesslata gap to the west and by lava flows to the northeast. Whe
estimates of 0.2—0.4 km. The ratias,/wm for the two tran- the Domain I-Domain Il boundary is visible, ribbons fade out
sects are 0.76 and 0.87, yielding extension estimates of 5-5Q@8&tyard the boundary.

again depending on trough depth. These extension estimates aflds vary in wavelength and trend between domains (Figs. 9
similar to those obtained for Domain Il. Ribbon characteristi@nd 9c); fold orientation and style distinguish domains from
are uniform throughout the domain; wherever ribbon trouglme another. Closely spaced anastomosing folds characteri
and ridges are visible, their width ratios are consistent with tliomain |, whereas Domain Il hosts long-wavelength folds,
mean transect values. Thus, layer thickness and extension estiich form a concentric map pattern coincident with the topo:
mates calculated using transect data apply to the entire domairaphic plateau margins. Mid-wavelength folds of several ori

Graben. Domain Il graben are similar to Domain Il graberntations characterize Domain |1I.

but are locally more sinuous (Fig. 2d). Domain Il graben trend Graben are limited to large fold crests in Domains Il and Ill,
normal to fold axes and cut fold crests. with their long axes perpendicular to fold axes. Graben to nc

T | relati Bv th N ted 1 form a discernible pattern independent of folds and so do nc
emporal relations. by theé same arguments presented 10§, qnq o distinguish between structural domains.

Domain Il the most likely deformation sequence in Domain Il Domain Il folds, which define the boundaries of the deforma-

is ribbons, and then folds, and then graben. Graben occur F{%h, are limited to plateau topography and do not extend int

per_ldic_ular o fold axes, cut fold crests, and widen atfold cres{ﬁe plains; ribbons and graben are also confined to the platee
indicating that graben postdate the folds. Ribbons (1) show PBrthermore, Domain Il folds are coincident with and parallel to

tendency to widen at fold crests, (2) have structural wavelengm% | , . : “ » :
o ) o ) ateau’s topographic boundaries. The “contact” (not a litho
that indicate formation within a thing0.9-1.8 km) competent b pograp (

. . logic contact) between deformed high topography and surrounc
layer, and (3) show no evidence thatthewmorphology or c.har g volcanic)plains does not showgcleapr \?olcgn}i/c embaymer
ter was affected by local fold topography or orientation (Fig. 9 elationships; there are no clear visible large-scale embayme
Folds deformed a generally thicker (1-5 km) competent Iay% '

The diff betw tent | thick tor ribb Slationships between the marginal fold belts and surroundin
€ dilierence between competent fayer tiCkness 1or NbboNS 4 i flows. Local lava flooding within the marginal fold

and folds in Domain IIl is not as pronounced as in Domain I‘jelts is largely restricted to contained basins bounded by folc

but folding prior to ribbon formation would still require migra- nd/or fault scarps. Because Ovda’s intratessera basins are |

tion gtl.rl‘(e IB [I)T tcti)\;vard g‘e surf?c%[)oIIOW|r;g fo!d forma:tlc:r 3nt§§hysically connected to exterior plains, there is no evidence t
would Tikely lead to patterns ot ribbon extension controfle ggestthat basin fill represents invasion of plains lava from ou

local fold topography and orientation. Thus, the simplest a e the plateau’s boundaries (Fig. 1). Ovda is thus a structural
most direct interpretation of the data is that ribbons predatS unded plateau

folds in Domain llI.
Temporal relations. As we have outlined above, ribbons

Strain history. Domain Il records (1) flattening normal to ; : X
a thin layer, which fractured and extended to produce ribbo ost likely predate all other tectonic structures in each of th
! Omains. Furthermore, ribbons form a coherent structural pa

(2) layer-parallel constriction of a thicker competent layer, re- . o : : ;
sulting in interference folds; and (3) limited extension localize m overt_he entlr_e area, rl_bbons N Dor_naln Il physically con- .
ectedo ribbons in Domain 111, and their trends and geometries

at fold crests, resulting in graben (Fig. 8; Table IlI). Structura] " . . .
wavelength-to-layer thickness ratios allow estimation of Iay@ rsist across domain boundaries (Figs. 9a and 9c). Therefo

thicknesses for each of these three phases. These estimate$ rljg_bons formed.flrst in each of the domegns, ribbons T““St b
g&a{grywhere the first formed structures. Ribbon formation ma

gether with the temporal relations among structures, indicate t b tially diach ‘h the similaritv of rib
competent layer thickness, and thus the depth of BDT, increa € been spatially diachronous, NOWever, the simpiartty of 1o
ons over the entire region and the coherence of the region

as the deformation progressed. spatial pattern they describe are most easily explained if the rik
Overall Patterns bons formed broadly synchronously. Also, graben in all three

. ] . domains postdate associated folds. Graben formation over tl
~ Just as structural domains provide a useful way of interprefpiire region could also be spatially diachronous, but is broad|
ing local patterns and strain histories, overall structural patterps, |55t phase of deformation. Thus the most likely sequence
across and between domains provide fundamental constrayigsrmation over the entire study area is (1) ribbons, (2) larg
for Ovda’s evolution as a whole. folds, and (3) graben.

Structural patterns. Ribbons, absent only in Domain I, de- It is difficult to fit Domain | folds into this relative sequence,
fine a broadly radial pattern relative to the plateau boundariescause Domain | lacks ribbons, large folds, and graben. Be
over most of the study area (Figs. 9a and 9c). They define a coleuse the strain history for each domain strongly suggests th
ent spatial pattern over the study area, crossing the boundatiesBDT deepened with time over the entire region, it is reason
between Domains Il and 1l with no change in trend, width, spaable that the structures reflecting the shallowest BDT (Domain
ing, or geometry, unaffected by the changing character of foldsfalds) formed early in the preserved deformation sequence
the boundary. The margins of Domain | are largely obscured byese folds occupy a small fraction of the plateau’s area, an
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FIG. 9. Maps illustrating structural patterns across domain boundaries. Area same as Fig. 1. Shaded area denotes Domain lll. (a) Ribbons mapped
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visible on this map. (b) Folds, which delineate domain boundaries. (c) Ribbons and folds together.
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may therefore reflect local variations in stress or crustal propveen phases—for example, that ribbons most likely predate
erties at the time of their formation. The deformation Domainfblds—but place no constraints on the absolute age or duration
folds record is not representative of the plateau as a whole. deformation or on the time lapse between phases of deformatio

Strain history. The structural data for allthree domains com- Craters and absolute timing?Impact craters on crustal
prise a coherent strain history for eastern Ovda, which reflepigiteau tessera have been used to infer the duration of foldir
an early shallow BDT that deepened with time (Table IIl). Thi crustal plateaus (Gilmoret al. 1997). These workers argued
earliest recorded strain is radial membrane extension (ribbortegt impact craters are deformed only by late graben; none a
exceptin Domain I, which experienced interference folding ofdeformed by folds. They interpret this to indicate that folding
thin layer, possibly in response to the surrounding thin-layer esecurred quickly. However, as outlined above, Ovda’s folds gen
tension. The competent surface layer across the region thickeredlly represen&5% shortening. A circular crater shortened by
with time, and dominant strain changed from radial membra®&o would not appear greatly deformed, depending on the sca
extension to margin-parallel contraction at the plateau bourmfthe crater relative to the fold and where on the fold the crater i
aries and interference folding in the plateau interior. The latdetated. Gilmoreet al. (1997) also stated that any craters which
recorded strain is extension localized at fold crests. existed prior to crustal plateau deformation were eliminated b

The structures at any one location in the study area are csitrong contractional deformation associated with tessera form.
sistent with a single bulk strain ellipse. There is no evidence ftion. Our analysis reveals no evidence for strong contraction:
local reorientation of principal strain axes between phasesdg#formation; and even 100% shortening (for which there is n
deformation. Furthermore, the orientations of local bulk stragvidence) would likely leave deformed but recognizable craters
ellipses define a coherent pattern relative to the plateau topoddgen folds (interlimb angles100°) accommodate the bulk of
phy (Fig. 10). This implies that all three phases of deformatidhe contractional strain. Furthermore, the pristine character c
are intimately related and record stages of the same process. fiteserved craters in Ovda are consistent with alack of large-sce
resultis acoherentand relatively simple preserved structural fabrusting, at least expressed at the surface, unless all craters
ric. Reconnaissance mapping of other crustal plateaus and sdemted by thrust faults happened to be only in footwall location:
large tessera inliers indicates that similar structural patterns artl therefore completely covered; thus large-scale thrust faul
surface strain histories are preserved in those locations as wielyy probably did not act to tectonically remove craters. Gilmore

Dividing the strain history into three separate phases (eady al. (1997) also attempted to determine the absolute tempc
extension, intermediate contraction, and late extension) is a uss-duration of folding by binning all crustal plateau craters for
ful way to describe the process of deformation. However, asyatistical analysis. This binning assumes that all crustal platee
of these phases could be spatially diachronous or broadly sy@ssera is the same absolute age, yet there is no evidence to s
chronous. Our data place constraints on the relative timing lgsrt this (see Hansen and Willis 1996). Furthermore, the sma

8N

FIG.10. Localstrain ellipses superimposed on the structure map of Fig. 8. Strain ellipses, not drawn to scale, are intended to show the orientatjoais of |
strain axes at various locations in the study area.
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number of craters on Venus makes estimates of age based dBeveral current resurfacing and geodynamic models rely ol
crater density for any one class of terrain statistically meaninte global tessera hypothesis (e.g., Solomon 1993a,b, Turcot
less (Campbell 1998). Thus our data and others’ work contradit§93, Herrick 1994, Nimmo and McKenzie 1998). Proponents
or at best, fail to support, critical assumptions required by tleé this hypothesis (e.g., Ilvanov and Head 1996, Head anc
analysis of Gilmoreet al. (1997). We conclude that the crateBasilevsky 1998, Head and Coffin 1998) hold that regional plains
record provides no constraints on the absolute age of surfdaea generally embays tessera terrain (i.e., crustal plateaus ai
deformation, nor on the duration of any phase of that deformlarge inliers) and that other tectonic features deform these flows
tion. Furthermore, Ovda’s strain history indicates that at ofiéis leads to a global “stratigraphic” sequence (encompassin
time, the BDT was very close to (or at) the surface, indicatintgpth lithologic units and tectonic features), in which tessera ter:
that the crust was ductile to very shallow levels; any impacin is a geologic unit residing at the base of a global strati-
craters present prior to the migration of the BDT to the surfaggaphic column. These authors then conclude that because
would likely be annealed, and would leave no record of thesiome locations the regional plains slope away from the plains-

existence (Hansen and Willis 1998). tessera “contact,” plains lava has embayed tessera terrain, au
tessera therefore forms a global layer, locally uplifted in crustal
SYNTHESIS plateaus and large inliers. This scenario cannot satisfy constrail

(c), except by remarkable coincidence. We have demonstrate

The goal of this work is to document the constraints on crusthiat tessera terrain preserved at Ovda Regio exhibits a well
plateau formation provided by preserved structures and othifined structural pattern, the limits of which are defined by
physical characteristics of Ovda Regio. Compiling the resultgsganized fold belts. Reconnaissance mapping shows this to k
of our structural analysis with characteristics of Ovda’s gravityue in the other crustal plateaus and some tessera inliers, as we
and topography, we arrive at the following. (a) Crustal plateaif¢esseraformed a global layer, then we would have to conclude
show quasi-circular planforms with topography characterizdéhsed on exposed areas, that similar patterns persist everywhe
by steep sides and approximately flat tops. (b) Ovda’s grawader the plains. If this were the case, it would be remarkably
ity anomaly is spatially correlated with high topographyortuitous that uplift occurred such that at least four resulting
(Bindschadleret al. 1992a), and indicates a shallow apparemuasi-circular plateau planforms (Ovda, Thetis, and Alpha re-
depth of compensation interpreted to reflect support by thiciones and Tellus Tessera) coincided exactly with individual
ened crust (Bindschadler and Parmentier 1990, Grimm 19%@&ttern units. Thus the best explanation for our observations i
Simonset al. 1997). Thus the steep topographic boundary sutirat tessera is not globally continuous, but is restricted to region
gests a sharp spatial transition from thin to thick crust at the plahere it is currently preserved.
teau boundary. (c) Ovda’s high topography is structurally bound-Another model for tessera formation spatially associates tes
ed, and deformation is spatially correlative with topographgera with crustal plateaus, but divorces surface deformation fror
(d) Other crustal plateaus and some large tessera inliers pres@noeesses responsible for crustal thickening and plateau upli
similar relationships between high topography and structu@olomonet al. 1998). In this model, excursions in surface tem-
patterns as in Ovda Regio (Phillips and Hansen 1994, Hangmrature result from emission of magmatically derived green-
et al. 1997). (e) Ovda’s surface records a strain history of reouse gases following one or more regional- or global-scale
gional extension by layer-normal flattening, followed by minomagmatic events. Prolonged periods of anomalously high sur
organized contraction at the plateau margins and constrictiorface temperature would lower the crustal viscosityaléady-
the interior, and finally, local extension limited to fold crests. (fihigh plateaus supported by thickened crust, and allow therma
The regional BDT was very shallow—possibly at the surface-and gravitational stresses to create tessera terrain. This mod
early in Ovda’s evolution and then deepened with time. predicts global synchroneity of tessera formation, but not globa

In order to use these constraints to evaluate models for crustahtinuity; deformation is dependent on high topography, anc
plateau formation, we must first ask the question: What is tkbould differ for areas of differing elevation. Constraint (d),
global distribution of tessera terrain? Is it globally continuoushen, would imply that all preserved crustal plateaus and large
cropping out only in crustal plateaus, or is it localized to crustédssera inliers were at approximately the same elevation durin
plateaus? If tessera is globally distributed, we must conclutle period of high surface temperature. Some, therefore, mus
that crustal plateau deformation was not genetically relatedhiave been uplifted or subsided since tessera formation. Thel
crustal thickening and plateau uplift, because crustal plateasisio structural evidence for this; all of the crustal plateaus anc
and inliers are spatially localized. If tessera is instead localizediers show the same broad structural relationships as thos
to crustal plateaus, we may conclude either that surface defeorded at Ovda Regio. Furthermore, this model does not ex
mation and crustal thickening processes were genetically relaptdin the observed structural patterns; the ribbons, in particulal
or unrelated. We can further conclude in this case that tessetsich should (in the Solomoet al (1998) model) be grav-
formation must have occurred during or after plateau uplift; otlitational collapse features, are oriented 90 their predicted
erwise, the plateaus would have to have been serendipitoustientations relative to plateau topography and fold limbs, anc
uplifted to coincide exactly with the preexisting deformation. their orientations are not apparently controlled by any local
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topographic variations, but show incredible coherence over theg(d) Both the downwelling and the upwelling models can ac-
whole plateau. commodate similarities among crustal plateaus and tessera i
The constraints outlined above indicate instead that crusliaks. In both models, these features each form by a similar mecl
plateau surface deformatiomas genetically related to crustal anism, which links surface deformation to plateau uplift, but
thickening and plateau uplift. Two current models might adoes not depend on the amount of uplift to produce the preserve
count for this relationship: the downwelling, or coldspot, modeaitructures. Furthermore, neither model places constraints on tl
(e.g., Bindschadler and Parmentier 1990, Bindschadler and Hage of any individual plateau or requires synchroneity of indi-
1991, Bindschadleet al. 1992a,b, Bindschadler 1995) and theidual plateau formation. Both models allow viscous relaxatior
upwelling, or hotspot, model (Hansen and Willis 1998, Phillipsf thickened crust following cessation of mantle flow, which
and Hansen 1998). The downwelling model proposes that crustauld lead to subsidence and “sinking” of old plateaus relative
plateaus formed above long-lived convective or diapiric mate young plateaus.
tle downwellings, resulting in horizontal convergence of duc- (e) The downwelling model predicts a strain history of early,
tile lower crustal material due to mechanical coupling betweémtense contraction, followed by late extension resulting from
crust and mantle. The subsolidus flow of crustal material, gravitational relaxation (Bindschadleral.1992a). This is con-
maintained long enough, would lead to crustal thickening. Byary to the above outlined strain history of extension—contrac
contrast, the upwelling model proposes that crustal plateaus toa—extension. Furthermore, the downwelling model calls for
large igneous provinces produced by mantle plumes impingingich more contractional strain than is actually recorded (e.g
on thin lithosphere; crustal thickening occurs by magmatic pr&indschadleet al. 1992a,b). In contrast, the upwelling model
cesses. This upwelling model is distinct from the pre-Magellgredicts early extension, followed by minor contraction and late
upwelling models of Herrick and Phillips (1990) and Phillipgocal minor extension (Hansen and Willis 1998, Phillips and
et al. (1991), which have been discarded on the basis of Magansen 1998).
ellan observations (e.g., Bindschaddtial. 1992a, Phillipsand  (f) The downwelling model never allows for the BDT to ap-
Hansen 1994). We examine the downwelling and new upwellipgoach the surface. Mantle downwelling would be expected t
models in light of each of the above constraints. cause the BDT to deepen until a sufficiently thick accumulatior
of crustal material exposed to high mantle temperatures expel
(a) Both the downwelling and upwelling models can accongnced partial melting. This melt would likely not migrate very
modate quasi-circular planforms, if the proposed downwellirfgr upward, bringing the BDT to the surface over the whole
is axisymmetric. However, models of sustained axisymmetnitateau, but would likely pond and crystallize in the subsurface
mantle downwelling do not predict steep-sided, flat-toppethe upwelling model, however, predicts pervasive crustal frac
plateau topography, but rather predict a broad swell or toporing upon plume—-lithosphere contact, resulting in magmati
graphic dome (Bindschadler and Parmentier 1990, Fig. 13ajection, intrusion, and extrusion, heating the crust to ductil-
Kidderand Phillips 1996, Fig. 7). Upwelling, by contrast, can adty, and likely producing lava flows at the surface (Phillips and
commodate crustal plateau shape; even though the initial crustahsen 1998). Subsequent cooling from the surface downwal
response to the presence of a mantle plume would be a breaslld cause the BDT to deepen with time. Thus the upwelling
swell, magmatic accretion, and viscous relaxation following logsodel satisfies constraint (e), whereas the downwelling mod
ofthermal supportwould lead to steep sides and a flat top. Terrdses not.
trial oceanic plateaus, known to form by plume-type upwelling
:)oepnséath relatively thin lithosphere, exhibit steep sides and f,lﬁ\lew Upwelling Model
(b) Both the downwelling and the upwelling models can ac- The upwelling model of Phillips and Hansen (1998) is dis-
commodate the spatial correlation of gravity with topographtinct from, and should not be confused with, pre-Magellan up.
However, mantle downwelling does not result in a sharp tramelling models, of which there were two: the spreading cente
sition from thin to thick crust at the plateau boundary, but pranodel (Head and Crumpler 1987), in which crustal plateau
duces a gentle shape mirroring the surface topographic swedire thought to be sites of Earth-like crustal production; anc
(Bindschadlerand Parmentier 1990, Fig. 13a; Kidder and Philligise volcanic rise model (e.g., Herrick and Phillips 1990, Phillips
1996, Fig. 7). By contrast, the Hawaiian islands, formed overed al. 1991), in which volcanic rises were proposed to evolve
terrestrial mantle plume, are underlain by magmatically thickato crustal plateaus. The spreading center model was reject:
ened crust which transitions sharply to typically thin oceanlmecause it does not accommodate the quasi-circular planforr
crust (Watts and tenBrink 1989, Fig. 15). of crustal plateaus, and Magellan SAR images showed no ev
(c) Both the downwelling and the upwelling models can adence for large-scale crustal production or the expected rift-lik
commodate spatial correlation of structures with topography. $tructures (e.g., Bindschadlet al. 1992a, Grimm 1994). Fur-
both cases, underlying mantle flow causing plateau formatitmermore, Magellan gravity data indicate no thermal signatur
is localized beneath the plateau; thus surface strain shouldftye crustal plateaus (e.g., Bindschadkdral. 1992a, Phillips
localized to the same region. and Hansen 1994, Simoasal. 1997). The volcanic rise model
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was rejected because Magellan SAR images showed no esimilarities among crustal plateaus and large tessera inliers su
dence for large-scale constructional volcanism or related strgests that this is the case for all of these features and that simil:
tures (Bindschadleet al. 1992a, Phillips and Hansen 1994 processes formed each of them individually.

Bindschadler 1995). The new upwelling model (Phillips and 2. The strain history recorded at Ovda Regio reflects perva
Hansen 1998) derives from recent observations of Magellaive regional extension, followed by minor regional contraction,
SAR data (Hansen and Willis 1996, Pritchat@l. 1997, Hansen then minor localized extension. This strain history is consisten
and Willis 1998), including those outlined here. In this newith formation by an upwelling mantle plume impinging on thin
model, volcanic rises and crustal plateaus are both surface kkosphere, and inconsistent with formation by localized mantle
pressions of mantle plumes, bat different timesin Venus’ downwelling and horizontal lower crustal flow.

history, reflecting different tectonic regimes. Volcanic rises 3. The structural patterns at Ovda Regio also indicate an earl
result from mantle plumes interacting with thick- 100 km) shallow BDT and a progressive increase inthe depth to BDT with
lithosphere in the modern stagnant lid convective environmetithe. This constraint supports a mantle plume origin rather thar
(e.g., Phillips 1994, Moore and Schubert 1995, Phillips aradmantle downwelling origin for crustal plateaus.

Hansen 1998; see also Solomatov and Moresi 1996), at a surfacé. The topographic and inferred subsurface shapes of crust:
temperature of~750 K (Barsukowet al. 1992). Crustal plateaus plateaus are also more consistent with the upwelling plume
resulted from mantle plumes interacting with thin lithosphem@odel than with the downwelling model.

undgr an ancient mobile lid convective regime, possibly accom- 1 re work, focusing on the details of the plume-lithosphere
panied by a surface temperature as high as 1000 K (Phllhf%%eraction within the framework of this model will provide valu-
and Hansen 1998). High surface temperatures may have rer

X : ; 4 a%e constraints on the mechanisms of heat loss on Venus in tf
sulted from magmatic outgassing accompanying widesprea

: . . . past, and thereby will help to elucidate the thermal and tectoni
regional plains volcanism due to pressure-release melting,in
) history of the planet.
the shallow mantle as a consequence of regionally or glob-
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