
Ishtar Terra, are about 1000 km long and 
up to 500 km wide, and rise more than 11 
km above the mean planetary radius. 

Recently, images of the Ishtar Terra 

Reports region were obtained with the 12.6-cm- 
wavelength radar system at  Arecibo Ob- 
servatory in Puerto Rico (Fig. 3 and 
cover). These images, which map the 
backscatter cross section per unit area 
(surface reflectivity), have resolutions of 
3 km (111, a significant improvement 
over previous Earth-based images (12). 

Venus: Identification of Banded Terrain in the 
Mountains of Ishtar Terra 

Because the sub-Earth point on Venus is 
restricted to t9" of the equator, the 
angle at  which the surface is illuminated 
by the incident radar wave varies from 

Abstract. High resolution images obtained with the Arecibo radar system at a 
wavelength of 12.6 centimeters reveal numerous parallel 10- to 20-kilometer-wide 
bands of high radar backscatter situated on and oriented parallel to the major 
mountain ranges of the Ishtar Terra region of Venus. Geometric and morphological 
characteristics suggest that the bands represent Earth-like tectonic deformational 
features, ~ u c h  as folds and faults. 

near zero close to the sub-Earth point to 
a value approximately equal to the lati- 
tude at  high latitudes. Appropriate scat- 
tering laws as  a function of incidence 
angle and methods of data acquisition 
and display were discussed by Campbell 
and Burns (12). At the latitudes of Ishtar 
Terra (55" to 75"N), the slope af the 

The smaller bodies of the inner solar 
system (the moon, Mercury, and Mars) 
are each characterized by a single, glob- 
ally continuous lithospheric plate dating 
to the first half of solar system history (1, 
2). In contrast, Earth, which is approxi- 
mately twice the radius of the largest of 
these small bodies, has many laterally 
moving lithospheric plates, large por- 
tions of which are less than 200 million 
years old. Conduction dominates the 
transfer of heat through the lithospheres 
of the smaller terrestrial planets, while 
lithospheric plate recycling is the domi- 
nant mechanism on Earth (3). 

Venus is of extreme interest in under- 
standing the thermal and tectonic evolu- 
tion of the planets because it is approxi- 
mately the same size and density as  
Earth and is Earth's closest planetary 
neighbor. The Pioneer mission to Venus 
provided a near-global topographic map 
of the planet with an average horizontal 
resolution of about 100 km and an aver- 
age vertical resolution of about 200 m (4, 
5).  Analysis of the global physiography 
shows that approximately 8 percent of 
the surface lies more than 1.5 km above 

the mean planetary radius. This highland 
terrain is concentrated in several areas. 
the three most distinctive being Ishtar 
Terra, Aphrodite Terra, and Beta Regio 
(5). Although the physiography of Venus scattering law increases so that both 
can be broadly characterized, the Pio- 
neer Venus data are of insufficient reso- 
lution to identify specific geologic pro- 

small-scale (wavelength-size) surface 
roughness and changes in mean surface 
slope could be important. The average 

cesses responsible for physiographic 
provinces and major topographic fea- 
tures. Thus the question of the presence 

scattering properties of the planet have 
been removed (12) so that the images 
show the ratio of the received power to 

of plate tectonics and associated features 
on Venus is a subject of intense debate 
(3, 6-10). Critical to the understanding of 

that corresponding to the average scat- 
tering behavior of Venus. 

The images show the major features of 
the tectonic style of Venus is the origin 
of the major mountain ranges on Ishtar 
Terra (Figs. 1 and 2). These regions are 

Ishtar Terra known from previous Earth- 
based observations (12, 13), including 
Lakshmi Planum, a 1200-km region of 

unlike high topography on the moon, 
Mars, and Mercury, which is predomi- 
nantly associated with large volcanoes or  

low backscatter, and a series of regions 
of very high backscatter dominated by 
the Maxwell, Akna, and Freyja ranges 
(Figs. 1 to 3 and cover). More signifi- 
cantly, however, the new higher resolu- 

the rims of large circular impact basins 
(1). Akna Montes trend north-northeast 
and are about 1000 km long and up to 
300 km wide. Freyja Montes are continu- 
ous with Akna, but trend east-west, ex- 
tending more than 700 km and rising 

tion images reveal that the regions of 
very high backscatter are characterized 
by a series of linear bands that are gener- 
ally parallel to the long axis of the moun- 

to similar elevations. Maxwell Montes 
trend approximately northwest in central 

tain ranges. 
Akna Montes, extending along the 

western edge of Lakshmi Planum, rise 
abruptly from the southwestern edge of 
lshtar Terra to an elevation 6 to 7 km Fig. 1. Mountains of 

western Ishtar Terra 
(mercator projection). 
Ishtar Terra is out- 
lined by a 1.5-km ele- 
vation contour that 
defines the base of the 
highlands province on 
Venus (5). Dotted re- 
gions lie below t h ~ s  al- 
titude. The base of 
Maxwell Montes is 
outlined by a 4.5-km 
elevation contour. All 
other mountains are 
outlined by a 4.0-km 
contour. Bars labeled 

above the mean planetary radius within a 
horizontal distance of less than 100 km. 
The broad cross-sectional topographic 
form (Fig. 2A) shows that the mountains 
are somewhat asymmetric with steeper 
slopes toward Lakshmi Planum to the 

Maxwell 

east. They extend northeastward in a 
slightly arcuate band 100 to 300 km in 
width and turn north-northeastward at  
about 69"N, continuing in this direction 
until merging with the generally east- 
west trending Freyja Montes. The height 
and width of Akna vary along the strike 
of the range. Topography is highest A,  B, and C correspond to profiles shown in Fig. 2. Elevations are kilometers above mean 

planetary radius (6051.5 km) (4). along the southern section, where three 
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broad highs reach an elevation o f  6 to 7 
km. Maximum elevations are not direct- 
ly correlated with the width o f  the range; 
at the southernmost peak the width is 
about 100 k m  while at the northern peak 
(- 69"N) the width is about 300 km. The 
highest point in Akna Montes lies on this 
latter peak, where there is a very small 
area 7 to 8 km in elevation. The northern 
section o f  the Akna is predominantly 4 to 
6 k m  in elevation. 

Topographic patterns also differ be- 
tween the northern and southern sec- 
tions o f  the Akna Montes. In the south 
the 5- to 6-km elevation forms a continu- 
ous band along the range, while to the 
north this band breaks into a series o f  
small, linear to arcuate patches. The 
high resolution radar images (Fig. 3) 
show a distinctive set o f  high backscatter 
bands extending along the strike o f  the 
entire range, curving eastward at the 
northern end o f  Akna to merge into 
similar banded terrain in Freyja Montes. 
The bands begin abruptly at the south- 
western edge o f  Ishtar Terra, where 
there are at least six parallel bands with 
widths o f  10 to 20 km. These merge into 
two to three major bands o f  very high 
backscatter, and this major textural pat- 
tern extends the full length o f  the south- 
ern arcuate portion o f  Akna Montes. As 
Akna Montes turn northward and the 
terrain decreases in elevation, the bands 
become somewhat less distinct but can 
still be traced into Freyja Montes. T o  the 
east the banded texture disappears near 
the base o f  the mountains and is not 
obvious in Lakshmi Planum. To the west 
bands o f  comparable length and width 
but lower backscatter are visible to the 
edge o f  Ishtar Terra, a distance o f  about 
400 km.  Pioneer Venus data (4, 14) show 
that the southern portion o f  Akna is 
characterized by very high reflectivity 
and root-mean-square slope values. 
North of  about 69"N, these values are 
lower. 

Pioneer Venus data on Freyja Montes 
are not complete (4, 5) .  Available topo- 
graphic data show the range to be hook- 
shaped, with the major trend extending 
east to west along the northern edge o f  
Lakshmi Planum for over 500 k m  and 
curving toward the south at the eastern 
end o f  Lakshmi Planum. Along the east- 
west portion the topography is a com- 
plex series o f  peaks and depressions with 
diameters o f  approximately 100 km. 
Peaks rise locally to 6 to 7 km and 
adjacent lows extend to 3.5 to 4 km (Fig. 
2B). The eastern portion o f  Freyja is 
higher and consists o f  a major high re- 
gion about 200 km in diameter that turns 
southward and is surrounded by smaller 
hills and depressions. The high resolu- 

tion images reveal that the linear east- 
west portion o f  Freyja is dominated by 
the same type o f  banded texture seen in 
Akna Montes (Fig. 3). This terrain is 200 
to 300 km wide and is composed of  up to 
15 bright bands separated by bands o f  
lower backscatter. High backscatter 
bands are 10 to 20 km wide and up to 
several hundred kilometers long. The 
bands o f  highest backscatter are general- 
ly correlated with the highest topogra- 
phy. The high terrain 300 km in width at 
the eastern end of  Freyja is character- 
ized by high backscatter, but the pat- 
terns are dominated by shorter linear 
segments arrayed in a variety o f  direc- 
tions. Pioneer Venus data (4, 14) show 
that most o f  Freyja is dominanted by 
high reflectivity and root-mean-square 
slope values. The high topography along 
the eastern end appears to be character- 
ized by relatively lower root-mean- 
square slope and reflectivity values than 
the surrounding mountains. A narrow 

(100 to 150 km wide), relatively low (1 to 
2 km above Lakshmi Planum) mountain 
range extends southward along the east- 
ern edge o f  Lakshmi, curving eastward 
to merge into Maxwell Montes. 

Maxwell Montes are located in east- 
central Ishtar Terra. They rise from a 
low point along eastern Lakshmi Planum 
and extend east-northeast for about 300 
km until converging with the main north- 
northwest-trending mountain range (Fig. 
1 and cover). The main part o f  Maxwell 
Montes is a massive mountain some 600 
to 700 km long and 300 to 400 k m  wide 
and rising more than 11 km above the 
mean planetary radius. The profile o f  the 
mountain is asymmetric, with the steep- 
est slopes along the western side (Fig. 
2C). At the northern and southern ends 
o f  the main mountain range the topogra- 
phy descends to 2 to 2.5 km,  1 to 2 k m  
below the main plateau. The high resolu- 
tion images show levels o f  backscatter 
and a banded texture comparable to 

Fig. 2. Topographic profiles of p 
Akna, Freyja, and Maxwell 5 
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Fig. 3. Radar images - 
of (A) Akna Montes 
(65.0" to 72.4' north 
latitude, 310" to 322" 
longitude) and (B) 
Freyja Montes (70" to 
76" north latitude, 
318" to 342" longi- 
tude). The blue areas 
represent regions of 
normal backscatter; 
the green and yellow 
areas, regions of high 
backscatter; and the 
red areas, regions of 
very high backscat- 
ter. The banded ter- 
rain is parallel to the strike of the mountainous 
the mountain regions. 

those of the Akna and Freyja montes 
(cover). The distinctive banded terrain is 
concentrated in west-central Maxwell, 
the highest region of the mountain range, 
and trends parallel to the long axis. On 
the northern and southern slopes (at low- 
er elevations) the banded terrain merges 
into mottled regions of high backscatter 
cross section. To the east on the lower 
slopes the well-developed banded terrain 
is replaced by a circular feature over 100 
km in diameter. The main portion of 
Maxwell Montes has high reflectivity 
and root-mean-square slope values (4, 
14). Banded terrain is also evident along 
the mountain range at the southern edge 
of Lakshmi Planum. 

A number of hypotheses can be pro- 
posed to explain the nature and origin of 
the high backscatter bands, including 
formation or modification by such basic 
geological processes as wind activity, 
mass wasting, volcanism, and tectonism. 
Eolian processes can sort sedimentary 
particles into linear bands (dunes) of 
various grain sizes that often are orient- 
ed parallel to the slope. However, the 
wide spacing of these bands and the 
possibility that eolian erosion on Venus 
is less efficient than on Earth (15) suggest 
that eolian activity is not the primary 
process responsible for the bands. Vol- 
canic processes can produce lava flow 
units that differ from the surrounding 
terrain in composition, surface rough- 
ness, and topography, causing variations 
in the backscatter cross section and thus 
in discriminability in radar images. In 
addition, lava flows 10 to 20 km wide and 
hundreds of kilometers long are known 
for )he moon (16) and Mars (17), and 
some authors (5) have proposed a vol- 
canic origin for Maxwell Montes. How- 
ever, most lava flows are oriented nor- 
mal to the strike of the regional slope, 
while the vast majority of the bands 
described here run parallel to the strike. 
Mass wasting processes produce a varie- 

topography and shows the highest backscatter in 

ty of features on Earth, such as slumps 
and talus aprons, which contain varia- 
tions in grain size and local slope and are 
oriented parallel to regional slopes. The 
steep slopes of the venusian mountains 
would seem to make them susceptible to 
mass wasting and erosional processes, 
although the nature of these processes 
on Venus is not known. The extremely 
linear and continuous nature of many of 
the bands over hundreds of kilometers, 
however, suggests that mass wasting 
processes are not the primary cause of 
their origin, although such processes 
may have played a role in their enhance- 
ment. Deformational features on Earth 
(folds and faults) are often extremely 
linear. and a combination of formational 
and &gradational (erosional) processes 
can produce major belts of linear high 
topography that have been observed as 
banded terrain in radar images. The Ba- 
sin and Range province of the western 
United States, for example, is character- 
ized by a broad topographic high several 
hundred kilometers wide and bv a series 
of linear mountains produced by exten- 
sion and block faulting, with dimensions 
comparable to those of some parts of the 
banded terrain on Venus. The Appala- 
chian Mountains of the eastern United 
States form a broad, linear topographic 
high approximately 1500 km long and 100 
to 200 km wide. The Appalachians con- 
tain a system of folds and faults formed 
at an ancient convergent plate boundary 
in a compressional tectonic regime and 
subsequently exposed by erosion. Fold 
wavelengths and fault separation dis- 
tances are typically 5 to 20 km. These 
features are oriented parallel to the topo- 
graphic trend of the mountain range and 
appear as banded terrain in radar images 
(18). 

The close correlation of the banded 
terrain with the mountainous topogra- 
phy, the parallelism of topography and 
bands, and the continuous nature and 

regular spacing of the bands lead us to 
conclude that deformational processes 
may account for the banded terrain of 
Ishtar Terra. These characteristics are 
more comparable to plate tectonic-relat- 
ed features on Earth, such as folded 
mountain belts, than they are to most 
features known on the smaller terrestrial 
planets. The exact nature of potential 
deformational or tectonic processes re- 
mains unclear because of the lack of 
sufficient resolution to distinguish geo- 
logic details and because of the poor 
understanding of possible tectonic pro- 
cesses on Venus (3,8, 9). Indeed, defor- 
mation associated with viscous relax- 
ation of mountainous topography and 
enhanced by the high temperature of 
near-surface rocks (19, 20) may be a 
factor in the formation of the bands. A 
more quantitative assessment of the ge- 
ometry and textural patterns of the band- 
ed terrain may provide information to 
further distinguish potential modes of 
formation of these distinctive features. 
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Tobermorites: A New Family of Cation Exchangers 

Abstract. Tobermorites have cation-exchange and selectivity properties intermedi- 
ate between those of clay minerals and zeolites. Aluminum-substituted tobermorites 
in particular show high selectivity for cesium. This new group of cation exchangers 
may find applications in catalysis and in nuclear and hazardous waste disposal. 

Tobermorite, Ca5Si6H2018 + 4H20, is 
a naturally occurring hydrous calcium 
silicate in calc-silicate rocks. Of the vari- 
ous hydrous calcium silicates, the tober- 
morite group (I) is the most important in 
cement hydration. Isomorphous substi- 
tution of aluminum for silicon in the 
dreirketten of tobermorite has been ob- 
served (2), and we recently reported 
cation-exchange and Cs+-selective prop- 
erties of the aluminum-substituted tober- 
morite (3). We report here the discovery 
of tobermorites as a new family of ex- 
changers. Clay minerals and zeolites act 
as cation exchangers, sorbents, and mo- 
lecular sieves which have myriad appli- 
cations in catalysis, nuclear and hazard- 
ous waste disposal, and waste-water 
treatment. Tobermorites have layer 
structures similar to those of 2: 1 clay 
minerals (4), but the structure varies 

with the chemical composition as well as 
with the nature of the synthesis (5) .  
Wieker et al. (6) recently elucidated the 
structures of synthetic tobermorites, us- 
ing solid-state high-resolution "Si nucle- 
ar magnetic resonance spectroscopy. 
The chemical composition and structure 
of tobermorites are important in their 
cation-exchange and selective proper- 
ties. 

We synthesized tobermorites from 
many starting materials at 80" to 200°CC. 
Zeolites, such as clinoptilolite from Ida- 
ho, phillipsite from Nevada, and Linde 
3A, were used as some of the silica- 
alumina sources. Other materials such as 
amorphous Si02 (-400 mesh); quartz 
(crystalline Si02) (-325 mesh); 
Na2Si03 - 9H20; AlC13 - 6H20; and 
NaOH also were used (Table 1). Teflon 
capsules were used for synthesis at 85" 

ing pressure of 30 MPa. The solids were 
removed frorh the capsules or bottles 
and washed with deionized water prior 
to x-ray diffraction analysis (XRD), 
scanning electron microscopy (SEM), 
cation exchange, and cesium sorption 
measurements. The normal, anomalous, 
or mixed behavior of the tobermorites 
was determined by heat treatment at 
300°C for 20 hours, after which they 
were examined by XRD (5). Tobermor- 
ites are described as normal if the basal 
spacings decreased to 10 A or less after 
heating to 300°C and anomalous if they 
did not shrink below 11 A under these 
conditions. The term "mixed tobermor- 
ite" is used for products containing both 
normal and anomalous tobermorites. 

We measured the cation-exchange ca- 
pacity (CEC) of the various products by 
using a modified version of the method 
of Dolcater et al. (7). A known weight 
(10 to 50 mg) of each sample was washed 
twice with 3N KC1, then washed three 
times with 0.01N KC1 to remove excess 
KC1 and to prevent hydrolysis of K+ 
from the exchange sites (a correction 
was made for excess 0.01N KC1, which 
was determined by weighing); the K+ 
was displaced from the exchange sites 
with four washings of 1N CsCl(112 hour 

Table 1. Cation exchange capacities and selective cesium sorption properties of synthetic tobermorites. Abbreviations: SS, saturated steam; TA1, 
aluminum-substituted tobermorite; A, anomalous, C, crystalline; PC, poorly crystalline (became amorphous at 300°C); M, mixed; VC, very 
crystalline as determined by XRD; amor., amorphous; N ,  normal; ND, none detected. 

Temperature Cation Cesium sorption Kd (mllg) 
Sam- 

("C); pressure; Mineralogy by exchange from solution* 
~ l e  Initial sample mixture XRD after capacity duration (days) No. 

of treatment treatment (meql 0.02N 0.02N 
100 g) CaCI2 NaCl 

1 420 mg Na2Si0, . 9H20  + 39.6 mg 180"; SS; 1 TAl (A, C), calcite? 182$ 4,144 .C 626 2,683 r 106 
AlC13 - 6H20  + 76.8 mg CaO 

2 420 mg Na2Si03 . 9H20 + 39.6 mg 85"; SS; 4 TAl (PC), calcite 164$ 756 i 7 654 r 9 
AlC13 - 6H20  + 76.8 mg CaO 

3 210 mg Na2Si03 - 9H20 + 5.3 mg 180"; 30 MPa; 14 TAl (M, VC), calcite 146 14,240 
kaolinite + 38.4 mg CaO 

4 45.9 mg phillipsite + 16 mg amor. 200"; 30 MPa; 28 TAl (A, VC) 148$ 20,370 r 1,985 8,930 
Si02 + 38.4 mg CaO 

5 22.2 mg Linde 3A + 34.8 mg amor. 200"; 30 MPa; 28 TA, (A, VC) 158$ 6,328 i 258 3,670 
Si02 + 38.4 mg CaO 

6 50.7 mg clinoptilolite, Idaho, + 200"; 30 MPa; 28 TAl (A, VC), xonot- 80$ 9,150 4,412 t 157 
10.4 mg amor. S i02 + 38.4 mg lite, calcite 
CaO 

7 2.22 g Linde 3A + 3.48 g amor. 80"; SS; 22 T A ~  (N, PC), calcite 144$ 461 + 15 484 t 18 
Si02 + 3.84 g CaO + 24 g 
NaOH 

8 5.04 g CaO + 5.4 g amor. 80"; SS; 12 12.6-A tobermorite 130$ 42 51 + 2 
Si02 + 32 g NaOH (N, VC), calcite 

9 38.4 mg CaO + 49.3 mg quartz 200"; 30 MPa; 28 Tobermorite (A, 48 120 190 
(-325 mesh) VC), xonotlite 

10 38.4 mg CaO + 49.3 mg quartz 200"; 30 MPa; 28 Xonotlite (VC), 12 8 ND 
(-325 mesh) quartz 

'Plus or minus sign denotes standard deviation (N weighting) based on three or four replicates. ?Calcite is a common constituent of hydrous calcium silicate 
synthesis. $Average of duplicate determinations. 
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