
roscopic rheological parameters, such as 
viscosity and normal stress measured either 
for large (3, 4) or small (5) gaps. Our results 
show the crucial importance of a direct 
structural probe, such as synchrotron x-ray 
scattering, in the elucidation of the micro- 
structure that underlies the macroscopic 
rheological shear and normal stress respons- 
es of flowing complex fluids. 
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Relation of Major Volcanic Center Concentration on 
Venus to Global Tectonic Patterns 

L. S. Crumpler, James W. Head, Jayne C. Aubele 
Global analysis of NASA Magellan image data indicates that a major concentration of 
volcanic centers covering -40 percent of the surface of Venus occurs between the Beta, 
Atla,, and Themis regiones. Associated with this enhanced concentration are geological 
characteristics commonly interpreted as rifting and mantle upwelling. Interconnected low 
plains in an annulus around this concentration are characterized by crustal shortening and 
infrequent volcanic centers that may represent sites of mantle return flow and net down- 
welling. Together, these observations suggest the existence of relatively simple, large- 
scale patterns of mantle circulation similar to those associated with concentrations of 
intraplate volcanism on Earth. 

Detailed volcanological observations of 
the surface of Venus that are necessarv to 
address fundamental questions about its 
geological comparisons with Earth are now 
possible with Magellan synthetic aperture 
and altimetry radar data (I). Here, we 
concentrate on the distribution of these 
volcanic centers, their correlation with 
global geological characteristics, and the 
possible origin of these global characteris- 
tics through large-scale mantle anomalies 
and dynamic patterns. 

The initial analysis of Magellan data 
resulted in the identification, description, 
and location, to the nearest half-degree, of 
1662 individual volcanic centers and relat- 
ed features larger than 20 km in diameter 
(2-5). On the basis of the resulting global 
distribution map (Fig. lA),  volcanic cen- 
ters >20 km in diameter are not randomly 
distributed but are instead concentrated in 
certain specific regions. This pattern is in 
contrast to that for impact craters on Ve- 
nus. the distribution of which cannot be 
distinguished from that expected for a com- 
pletely spatially random case (6). However, 
volcanic centers are not arranged in linear 
patterns as are plate boundary volcanoes on 
Earth. In this respect and in terms of the 
estimated global volume flux (< 1 km3 per 
year) of associated volcanism (2), they are 
comparable to intraplate volcanism (hot 
spots) on Earth. 

Department of Geological Sciences, Brown University, 
Providence, RI 02912. 

Areas over which the concentration of 
volcanic centers exceeds the global mean 
density (3.5 & 2.9 centers per lo6 km2) by 
at least 2 s  vary in width from a few hun- 
dred to a few thousand kilometers in diam- 
eter over physiographically well defined ar- 
eas (Fig. 1B). An equidimensional region 
-13,000 km in diameter of moderate to 
high areal abundance of volcanic centers 
(>3 to 7 centers per lo6 km2) is centered 
near the equator at longitude -250°E be- 
tween the Beta, Atla, and Themis regiones 
(BAT). For comparison, the maximum 
density of hot spot volcanic centers on 
Earth (7) is -0.1 to 0.2 centers per lo6 km2 
(8). This smaller figure for Earth reflects the 
relatively younger age of Earth's sea floor 
(-70 million years) relative to the inferred 
average surface age (0.5 billion years) of 
Venus (9) and the greater number of vol- 
canic features on Venus, m k y   of which 
may not be of hot spot origin. Although the 
BAT anomaly is the largest global'concen- 
tration, smaller concentrations with similar 
density occur clustered about the equator in 
the opposite hemisphere near longitude 
70°E. Similar hemispherically symmetric 
distributions and hemispherically asymmet- 
ric concentration levels characterize the 
distribution of intraplate volcanic centers 
(hot spots) on Earth (1 0). 

The area of the BAT anomaly covers up 
to -40% of the global surface, and the 
density of the volcanic centers exceeds the 
global mean density over ~ 5 0 %  of the 
surface of Venus. Volcanic centers occur 
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with greatest frequency at intermediate al- 
titudes Yuolands") between l and 2 km . . 
above the mean planetary radius. Conse- 
quently, the spatial density of volcanic 
centers is less than the mean in relatively 
well defined areas that primarily include 
lowlands [elevations 16051.84 km (mean 
radius)] and highlands (elevations >2  km 
above the mean radius). Lowland areas 
encircle the BAT anomaly and occur as 
elongate and interconnected plains orient- 
ed east-west in the mid-north or mid-south 
latitudes (Sedna, Aino, and Helen plani- 
tiae) and as north-south swaths, approxi- 
mately 30" wide, of plains along meridians 
centered at the longitudes of Eastern Aph- 
rodite (165"E, Atalanta, Rusalka, and 
Helen planitiae) and, 180" of arc away, at 
345"E in Guinevere and Lavinia planitiae. 
Highlands are widely distributed and in- 
clude Ishtar Terra, Aphrodite Terra, Tellus 
Regio, Alpha Regio, and Beta Regio. 

The relations of major concentrations of 
volcanism to regional geologic characteristics 
yield some information about the state of 
regional strain, modes of crustal deformation, 
and processes of crustal formation on Venus in 
general. We identified five types of widespread 
geological features on Venus of potential sig- 
nificance in this respect (1 1) and determined 
their distributions by preparing a series of 
maps based on global mosaicked image data 
(scale = 1 : 8,000,000) (Figs. 2A and 3, A and 
B). These features are fracture belts, ridge 
belts, mountain belts, ridged plains, and 
tesserae. On the basis of a comparison of the 
distribution of these geological characteristics - - 
and volcanic centers, the following general 
correlations and interpretations may be sum- 
marized (Fig. 4). 

The largest contiguous area of fracture 
belts corresponds spatially with the area of 
the BAT anomaly (Fig. 2, A and B). 
Fracture belts are intemreted to be the sites 
of crustal extension and rifting, are globally 
abundant, and constitute a large fraction of 
the surface area in the low latitudes (+45") 
between longitudes 190" and 320" (Fig. 2, 
A and B). Isolated, smaller areas of similar 
extensional characteristics occur in the op- 
posite hemisphere. Because coronae are 
thought to develop from impingement of 
either deep mantle plumes (12) or shallow 
mantle instabilities on the overlying litho- 
sphere, the similarity in location of the 
concentrations of coronae and the overall 
BAT anomalv imolies that distributed man- , . 
tle upwelling is plausibly associated with 
the main concentrations of volcanic centers 
and extensional deformation. 

Volcanic centers are rare within tesserae 
(Fig. 3B), which include most of the high- 
lands. Tesserae represent areas of complex 
fracturing and deformation, are usually the 
oldest local stratigraphic units (13), and 
appear to originate from complex, mul- 

and Themis regiones. For 
the location of regional 
feature names, see Fig. 
3C. For definitions of the 
volcanic center types 
shown, see (2, 3). (8) 
Global contour map of 
volcanic center spatial 
density. All areas where 
spatial densities are in 
excess of the global 
mean are shaded. Note 
that the largest concen- 
tration is centered on the 
equator near longitude 
250°E and is surrounded 
by regions of less than 
mean density. A more 
dispersed concentration 
occurs in the opposite 
hemisphere and is centered 

Fig. 1. (A) Mercator pro- 270 0 90  
jection of the global dis- 78.5 
tribution of volcanic and 
magmatic centers on Ve- 
nus [from (2, 3)]. Dotted 
outlines indicate the main 
highland areas (regions 
> I  km above the mean 3 planetary radius); ruled 
areas are not analyzed; 3 
the dashed rule indicates 
areas examined from 
Arecibo image data (38). 
The anomalously high 
concentration of volcanic 
centers in the western 
hemisphere occurs be- 180 240 300 0 60  120 180 
tween the principal high- 
land areas of Beta. Atla. 

at approximately 70°E. 

• Large volcano x Nova A Intermediate . Arachnoid 
6 Corona 0 Caklera volcano Shield field 

Longitude ("E) 

tiphase deformation involving extension 
and -compression. The consistently higher 

. . * +  * * . . *  . . + .  

surface elevation of tesserae and their asso- 
ciated gravitv anomalies have been inter- 

Volcanic centers per 106 km2 

- ,  
preted to reflect greater than average crustal 
thickness (14) and correspondingly differ- 
ent strength characteristics (1 4, 15). With 
the exce~tion of a few small shield volca- 

20 23 27 210  

noes, large volcanoes, and coronae, volca- 
nism is absent within tesserae, even where 
such terrain occurs within the BAT anom- 
aly (for example, Beta and Phoebe re- 
giones). As tessera is generally the oldest 
local stratigraphic unit (1 3), it is unlikely to 
have deformed the latest volcanic centers. 
Some specific characteristic, such as rheo- 
logical or altitude-induced differences in " 
magma and country-rock density (1 6), ap- 
pears likely to be responsible for impeding 
magma ascent in areas of tesserae. 

Volcanic centers on Venus are also in- 
frequent in areas characterized by ridge 
belts, mountain belts, and ridged plains. 
Ridge belts are common in the lowland 
plains of Lavinia, Atalanta, Rusalka, and 
Vinmara planitiae and are most frequent in 
the swath (30" wide) of meridional plains 
around the BAT anomaly at 165"E and 

345"E. Mountain belts are restricted to 
Ishtar Terra. Both ridge belts and mountain 
belts (Fig. 3A) are interpreted to be the 
results of focused crustal shortening (1 7), 
differing primarily in the greater magnitude 
of inferred crustal shortening, higher topog- 
raphy, and orogenic belt character (1 7) of 
mountain belts. Ridged plains occur com- 
monly in low and morphologically uniform 
plains (18) and in the high-latitude plains 
areas of Helen, Lavinia, and Aino planitiae 
in the southern hemisphere and Sneguroch- 
ka and Atalanta planitiae in,_the northern 
hemisphere (Fig. 3A). They are character- 
ized by uniformly oriented sinuous-ridges 
across regions hundreds to thousands of 
kilometers in width (1 8) and are interpret- 
ed (1 8), by analogy with similar plains 
deformation styles observed elsewhere in 
the solar system (1 9), to represent areas of 
net regional crustal shortening in which 
individual ridges record crustal shortening 
of a few percent. Most of the lowland 
regions may be characterized geologically as 
broad plains consisting of vast sheets of lava 
and associated sinuous channels (4). Al- 
though the source vents cannot always be 
clearly identified, the distribution and ori- 
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Fig. 2. (A) Global distribu- 270 o 90 entation of distributary lava channels (4), 
tion of fracture belts 78.5 flow fields (2, 20), and small shield volca- 
(black) on Venus based on noes (2 I ) ,  all possible or presumed sources 
mapping from image data for plains lavas, imply that many of the 
mosaicked at a scale of 
1 :8,000,000. The largest 

60 observed lava floods originate near the up- 

concentration of fracture 40 lands or from local volcanic edifices and 

belts occurs in the region 3 flow toward the lowlands. Identification of 
between Beta, Atla, and 

20 large fissure-fed flows in the lowlands, if 
Themis regiones The cir- 1 present, must await more detailed mapping. 
cle is centered on the Beta, The largest negative geoid anomalies 
Atla, and Themis (BAT) -40 occur in areas characterized by low volcanic 
concentration anomaly ,and -60 center concentrations, such as Lavinia and 
is 130" in diameter. Fracture Atalanta planitiae (Fig. 3C). Although the 
belts are interpreted to rep- geoid on Venus is known to be  strongly 
resent areas of enhanced 
crustal extension. (El) Corre- -78.5 correlated with topography, the magnitude 

lation between the relative 180 240 300 o 60 120 180 of the anomalies in many of these areas 

6 g  
exceeds that attributable to topography 

- - alone (22, 23), and a dynamic downwelling 
areas of fracture belts and 80 

the areal density of volcanic 
centers and coronae on Ve- " - . . , Coronae 

-. .. . -. Ednriorul b.l - 5 component to the geoid signal is frequently 
nus. Totals are determined $ - . = inferred for most of .the lowland areas (23- 
for longitudinal bands 10" 5 60 1 25) where the above observations indicate 
wide and k45" in latitudinal y 1 50 - that there is abundant geological evidence 
extent. The greatest area of 5 g - for compressional deformation. There are 
fracture belts coincides with % 4 0  - 
the area over which volcanic 5 - 

additional means of generating the ob- 

centers occur with the served pattern of crustal shortening in the 

greatest frequency (the BAT - 2 8 lowland plains, including far-field compres- 
anomaly). - 3 sive stresses arising from the relatively static 

- 1 -. body forces associated with the largest re- ' gional rises (such as Aphrodite) (18). This 
l-flechanism was offered previously as an 

180 240 300 o 60  120 180 explanation of the similar annular arrange- 
Longitude (OE) ment of ridged plains on Mars about Tharsis 

Fig. 3. (A) Global distribu- 
tion of ridge belts and 78.5 
mountain belts (black) and 
ridged plains (diagonal 
ruled pattern) on Venus. All 60 
three of these geological 
features are interpreted to 40 
represent crustal shortening 3 
resulting from regional com- g 
pressive stresses and occur 3 - 
with the greatest frequency 
outside the area of the BAT 

- 
anomaly (circle). The extent -60 
of ridged plains is approxi- 
mate. (B) Global distribution 
on Venus of tesserae, sim- -78,5 
plified from (13). (C) Distri- 
bution of anomalous (5 -20 
m) geoid lows (indicated by 
ruled pattern). Based on an analysis of Pioneer-Venus data (22), a broad region 
containing geoid highs occurs in the location of the BAT anomaly and corresponds 
to a concentration of fracture belt 
Compared to isolated geoid high 
and occur generally within an an 
concentration. 

180 240 300 0 60 120 180 
Longitude ("E) 
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(26). However, many of the inferred char- 
acteristics of strain predicted in association 
with convergence and downward flow of the 
mantle in the Venus environment (25) are 
consistent with the known elevation, dis- 
tributed crustal shortening, and regional 
geoid anomalies seen in the lowlands and 
ridge belts. The regional downwelling of 
cool mantle and corresponding low regional 
heat flow throughout the lowlands and in 
areas characterized by ridge belts is consis- 
tent with infrequent melt generation and the 
paucity of volcanic centers in the lowlands. 

On the basis of these large-scale, simple 
patterns of distribution of geological char- 
acteristics on Venus, their correlation with 
volcanism, and geological evidence for as- 
sociated crustal extension and compression, 
we suggest that the pattern of mantle cir- 
culation on Venus might be relatively well 
organized at large scales: the BAT anomaly 
represents an area characterized by distrib- 
uted mantle upwelling and is encircled by 
low plains characterized by compressional 
ridges and anomalous geoid lows that rep- 
resent the effects of mantle downwelling 
(Fig. 4). Similar conclusions are based on 
an initial comparison of Magellari image 
and Pioneer-Venus gravity data (23). The 
abundance of large volcanic centers in the 
regions of extension and the relative dearth 
of volcanic centers in regions characterized - 
by compression implies that positive and 
negative thermal or melting anomalies, re- 
spectively, are associated with these geolog- 
ical characteristics. Coronae on Venus 
need not represent plumes ascending from 
the deep mantle but might instead repre- 
sent relatively shallow mantle instabilities 
that are enhanced regionally, as in the 
BAT anomaly, by broad-scale upwelling. 
Individually, they are not excluded from 
occurring in other dynamic settings. The 
current arrangement of large-scale surface 
geological characteristics on Venus may 
represent anomalous melting in broad ar- 
eas, as represented by the BAT anomaly 
and as a result of geometrically simple, 
global (low harmonic degree and order) 
patterns of interior convection. 

Large-scale thermal and chemical insta- 
bilities might originate by several means 
and suggest directions for future investiga- 
tions. The mechanisms include normal cy- 
cles of fluid thermal convection (27, 28) or 
cyclical thermal convection styles (29, 30); 
forced convection arising from large-scale, 
possibly cyclical, boundary layer instabili- 
ties (30, 3 1) ; or intrinsic planetary-scale 
inhomogeneities in the mantle. 

Recent studies have proposed that a 
massive resurfacing of Venus occurred 
about 500 million years ago, and several 
mechanisms have been postulated (9, 32) 
to account for the event. The patterns 
documented here may be linked to this 

Fig. 4. Summary of the global altitude and 
geological setting of volcanic and magmatic 
anomalies on Venus and the geological inter- 
pretation and the inferred origin of each setting. 

event. For example, overturn of a negative- 
ly buoyant crust and depleted mantle layer 
or episodic plate tectonics may produce 
large-scale mantle convection patterns such 
as those observed (30, 31) that persist long 
after the initiating mechanism. In size and 
relative volcanic flux, the BAT anomaly 
might be comparable to short-lived "super- 
.plumesv (33) on Earth. More refined pre- 
dictions of these models will permit these 
connections to be tested. 

The observed arrangement between vol- - 
canic centers and tectonic features on Ve- 
nus is consistent with recent three-dimen- 
sional modeling of large-scale convection in 
Earth's interior and the relation of that 
convection with tectonics and surface geol- 
ogy (27, 28; 34, 35). Numerical models of 
therpal convection in planetary interiors 
indicate that the pattern of convection for a 
wide range of rheological characteristics 
tends to organize into approximately equi- 
dimensional clusters of upwelling cells (27, 
28) even though individual upwellings 
might originate from either shallow or deep 
instabilities, depending on the details of the 
forcing mechanism. However. one conclu- - 
sion in current models is that the down- 
welling areas tend to be more organized and 
frequently form interconnected and approx- 
imately linear regions surrounding the more 
equidimensional areas of upwelling (28), 
which is in agreement with the geological 
evidence surrounding the BAT anomaly on 
Venus. The large, hemispheric size of the 
regions over which upwelling occurs implies 
a relatively deep mantle origin (28). The 
pattern of possible large-scale mantle mo- 
tion on Venus that we have derived from 
the geological characteristics bears some 
similarity to the inferred large-scale struc- 
ture of convection in the mantle of Earth. 
Two global concentrations of intraplate 
volcanic center abundances occur on Earth 
(7, 10, 34); these appear to be correlated 
with low density and warmer deep mantle 

anomalies, as determined from gravity and 
tomographic studies (28, 34), that are con- 
sistent with distributed upwelling, warming 
of the overlying mantle, and a correspond- 
ingly increased presence of partial melting 
in these areas relative to adjacent regions of 
the upper mantle (28). On Earth, the 
current, relatively simple pattern of distri- 
bution of subduction, the arrangement of 
continents and young orogenic belts, and 
the distribution of hot spots have been 
attributed to a fundamental, hemispheri- 
cally symmetric large-scale structure of 
Earth's interior (34). Similar patterns ap- 
pear to characterize the global geological 
arrangement of Venus. 

Regardless of the mechanism or timing 
responsible for global-scale inhomogene- 
ities in volcanic and tectonic features on 
Venus, these and other comparison studies 
(36) indicate that similar patterns appear to 
occur on the other terrestrial planets and 
differ only in the details of their manifesta- 
tions and relative importance in their re- 
spective global tectonic settings. In this 
respect, the hemispheric volcanism con- 
centration anomaly on Venus is comparable 
to patterns of intraplate volcanism on the 
other terrestrial planets, including Earth. 
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impact (1^4). Although a meteoritic com
ponent has been reported for impact glass
es, melts, and breccias at several impact 
craters (5) and meteorite (projectile) com
positions have been estimated (6, 7), un
equivocal identification of an extraterres
trial component has not been made for 
tektites (2). Tektites consist predominantly 
of terrestrial material (4) because the mete
oritic projectile is vaporized on impact (8). 
The only elements that seem to be diagnos
tic of a meteoritic component are some 
siderophile elements, especially members of 
the platinum group elements (PGEs). Their 
abundances and interelement ratios in me
teorites are considerably different from 
those in terrestrial crustal rocks. By using 

the Re-Os isotopic system, we are trying to 
characterize the isotopic differences be
tween the source rocks and the tektites and 
learn more about the impact process. Here, 
we present Re-Os isotopic analyses of Ivory 
Coast tektites that show the presence of a 
meteoritic component (not exceeding 
0,6%), This result supports the link be
tween the tektites and their presumed 
source crater and suggests Re and Os loss 
during the impact process. 

The abundance of PGEs is low in tek
tites and, as a result, only few tektites have 
been analyzed for their PGE contents. Mor
gan (9) analyzed six high-Mg australites by 
radiochemical neutron activation analysis; 
only one showed a distinct PGE enrich
ment over the typical abundances in upper 
crustal rocks, but the data did not allow the 
characterization of the projectile. Palme 
and co-workers (7, 10) analyzed the PGE 
content of two Ivory Coast tektites. Abun
dances of Ir and Os were 0.24 and 0.33 ppb 
and 0.099 and 0.199 ppb, respectively; the 
abundances of all other PGEs were below 
detection limits. Palme et al (10) suspected 
that an iron projectile might have been 
responsible for the Bosumtwi crater, but 
Jones (11) argued that the target rocks 
could supply the high Ir content because 
the Bosumtwi crater is in an area of gold 
mineralization. Thus, the available data 
were insufficient to definitely identify the 
meteorite group of the projectile or its 
contribution to the tektites. The problem 
of identification is amplified by unpredict
able fractionation between individual PGEs 
and other siderophile elements during im
pact (12, 13). 

Here, we show that the Re-Os isotopic 
system can be used to quantify target-bolide 
mixing during impact and to understand 
better the impact process. Osmium isotopes 
are able to provide an unambiguous tracer 
for the presence and proportion of an ex
traterrestrial component in tektites, impact 
glasses, and other impact-derived rocks and 
may help identify the target material. The 
absolute abundance of Os (and other PGEs) 
as well as the ratios of 187Re/1880s and 
1870s/1880s in meteorites are distinctly dif
ferent from the values obtained for old 
continental crustal rocks that make up the 
target material for tektites. It is unlikely 
that there is a significant fractionation of 
Os isotopes during impact. In an earlier 
study, Fehn et al (14) determined Os iso
topes in suevite and impact melts from the 
Ries and East Clearwater craters; however, 
the analytical methods were not yet sensi
tive enough to allow a quantitative discus
sion of any meteoritic contamination. 

The Re-Os isotopic system has impor
tant implications for the study of the man
tle-crust system (15) and meteorite chro
nology (16-18). It is based on the decay of 

Detection of a Meteoritic Component in Ivory Coast 
Tektites with Rhenium-Osmium Isotopes 

Christian Koeberl and Steven B. Shirey 
Measurement of rhenium (Re) and osmium (Os;) concentrations and Os isotopic com
positions in Ivory Coast tektites (natural glasses with upper crustal compositions that are 
ejected great distances during meteorite impact) and rocks from the inferred source 
crater, Lake Bosumtwi, Ghana, show that these tektites jncorporate about 0.6 percent 
of a meteoritic component. Analysis of elemental abundances of noble metals alone 
gives equivocal results in the detection of meteoritic components because the target 
rocks already have relatively large amounts of noble metals. The Re-Os system is ideally 
suited for the study of meteorite impacts on old continental crust for three reasons, (i) 
The isotopic compositions of the target rocks and the meteoritic impactor are significantly 
different, (ii) Closed-system mixing of target rocks and meteorites is linear on Re-Os 
isochron diagrams, which thus permits identification of the loss of Re or Os. (iii) Osmium 
isotopic compositions are not likely to be altered during meteorite impact even if Re and 
Os are lost. 
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