
tion. Alternatively, as the Mendocino 8. B. Tunin. unpublished data. 
9. M. McWilliams, Rev. Geophys. Space Phys. 21, triple junction passed, a "tectonic snow gqq (1983). 

plow" created by the differential topog- 10. J. G. Vedder, D. G. Howell, J. A. Foman, SOC. 
Econ. Paleontol. Minerol. Pacific Sect. Paleo- 

raphy of juxtaposed old and young oce- geogr. Sym .3,239 (1979). 
lithosphere at a transform fault may 11. kAF, PR. M W .  A- Cox. Tectonics 3,157 

be a credible driving mechanism, de- 
pending on the depth to which such a 
feature might persist. 
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Dust Devils on Mars 

Abstract. Columnar, cone-shaped, and funnel-shaped clouds rising 1 to 6 kilome- 
ters above the surface of Mars have been identified in Viking Orbiter images. They 
are interpreted as dust devils, confirming predictions of their occurrence on Mars 
and giving evidence of a specific form of dust entrainment. 
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One of the major geologic processes 
on Mars is the entrainment and transpor- 
tation of dust by winds, but spacecraft 

observations of the genesis and develop- 
ment of local and global dust storms on 
Mars are sparse (I), and the specific 
conditions necessary for dust entrain- 
ment are poorly known (2). It has long 
been suspected that dust devils occur on 
Mars and that they may be important in 
the initiation of large dust storms or in 
increasing the general atmospheric dust 

content (3). We now report the discovery 
of dust devils in Viking Orbiter images; 
this finding provides an important docu- 
mentation of a specific form of dust 
entrainment by winds on Mars. 

Dust devils have meteorological as 
well as geological significance. Fluid mo- 
tions in an atmospheric boundary layer 
can be driven either by stresses due to 
the mean wind (forced convection) or by 
buoyancy due to heating of the gas adja- 
cent to the surface (free convection) (4). 
Dust devils are an example of the latter. 
On Earth, large-scale eolian transport is 
generally due to forced convection. 
Moderate to high winds characterize 
forced convection, and on Mars, where 
the atmospheric density is only about 1 
percent of that on Earth, it is estimated 
that winds must exceed about 25 to 40 m 
sec-' to initiate soil movement (5). Be- 
cause near-surface winds this strong are 
rare (6), it is of great interest to discover 
that other modes of dust entrainment are 
acting. 

Small bright clouds with long, tapered 
shadows (Fig. l), distinctive forms 
among the many albedo and atmospheric 
features observed on Mars, were initially 
found during mapping of linear wind 
streaks in Amazonis Planitia. A search 
was then made of all Viking Orbiter 
images for other dust devils. Criteria for 
positive identification of a feature as a 
dust devil were (i) an elongated shape, 
(ii) a nearly vertical orientation, and (iii) 
transience. The first two criteria rule out 
cumulus clouds or streaks of windblown 

son shows which features are variable and which are topographic forms. Dust devils are shown 
craters visible in (Bi. (Ci Image 34BOI: clear filter: 36"N. 153"W: i = 38.6". Dust devils are iden 
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Fig. I .  Vikinl lust devils. 
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dust. The last condition required two 
time-lapsed, high-resolution images of 
the same area. The first two conditions 
required use of the feature itself and its 
shadow to deduce its shape and orienta- 
tion. Positive detections were made only 
in high-resolution images (60 to 80 m per 
pixel) on revolutions 34, 35, and 38 of 
Viking Orbiter 2 (L, = 122" to 124'; L,, 
aerocentric longitude of the sun) and on 
revolution 119 of Viking Orbiter 1 
(L,  = 139"). Ninety-seven dust devils 
were documented in the Orbiter 2 cover- 
age of Arcadia Planitia at 33" to 43"N, 
148" to 160°W, and two were found at 
37"N, 192"W (near Phlegra Montes). 

The images containing dust devils 
were taken at emission angles of only 10" 
to 27' (which is close to nadir viewing). 
The shapes of the clouds were thus best 
determined from the shadows, which 
provided a cross section along the line of 
illumination. The shadows followed the 
shape of the dust cloud in those cases 
imaged at the largest emission angles. In 
particular, the shapes of the shadows 
were consistent only with the clouds 
extending from the ground and not with 
clouds separated from the ground and 
fortuitously aligned with the ends of their 
shadows. The overall shapes of the 
clouds were columnar, cone, funnel, or 
irregular, and they were generally four to 
ten times as high as they were wide. The 
only color data for the clouds were for 
the two observed on revolution 119a. 
The red to green ratio (A = 0.59 ym, 0.54 
pm) was approximately 1.7, which is 
consistent with dust but not consistent 
with condensate clouds. 

The heights of the clouds were mea- 
sured from the shadows to about +- 200 
rn (Fig. 2A). Nearly two-thirds (61 of 99) 
of the clouds were between 1.0 and 2.5 
km in height; the maximum height was 
6.8 km. Widths of the clouds varied 
greatly (Fig. 2B). The bases of all the 
clouds were apparently narrow; many 
shadows were on the order of 1 pixel (70 
m) across. The widest areas near the 
tops of clouds were nearly 1 km across. 
The visible forms were thus similar to 
terrestrial dust devils in general struc- 
ture, with a narrow base and a wider top 
(7). 

The clouds were observed at times and 
seasons consistent with a near-maximum 
heating of the ground by insolation. All 
clouds were imaged at 14 to 15 hours 
local time in local summer (L, = 122", 
139"), when the subsolar latitude was 
within 13" to 20' of the clouds. Under 
these conditions, surface temperatures 
probably reached about 265 K in the 
afternoon and fell to about 180 K at night 
(8). 

Height (km) 

Fig. 2. Sizes and shapes of Martian dust 
devils. (A) Histogram of heights of dust devils 
from shadow measurements; accuracy is 
about 2200 m. Some features that may be 
200 to 500 m high are not included because 
repeat imaging was not of sufficiently high 
resolution. (B) Sketches of approximate 
shapes of some clouds as judged from shad- 
ows cast with illumination angle of approxi- 
mately 45". This projection is close to (but not 
exactly) that which would be seen from 
ground level. 

Geologically, the dust devils occurred 
on smooth plains. In Arcadia Planitia 
dust devils were not seen on the rougher 
areas composed of outliers of the Olym- 
pus Mons (9), which has ridges and 
knobs 100 to 200 m high and 1 to 5 km 
long that are spaced on the same scale. 
The topography of the smoother areas 
has knobs spaced many kilometers apart 
and usually much less than 100 m high. 

We have made an approximate photo- 
metric analysis of the dust clouds and 
shadows. The brightest parts of the 
clouds are 5 to 30 percent brighter than 
the plains, and the shadows are 2 to 10 
percent darker. The brightness of the 
clouds and the darkness of the shadows 
are closely related. Interpretation of 
these numbers is difficult because of 
uncertainties in particle optical proper- 
ties, but our initial estimates [based on 
optical properties of the diffuse dust haze 
on Mars obtained from the Viking land- 
ers (lo)] indicate that the optical depth 
along the sun path (incidence angle, 45") 
is approximately 0.3 to 0.5. The low 
contrast of the shadows results from the 
diffuse brightness of the Mars sky. 

We can make a simple estimate of the 
dust loading. If the particles are 10 ym in 
diameter and their density is 3 g ~ m - ~ ,  an 
optical depth of 0.5 requires about g 
cm-2 along the illumination path. For a 
path length of 250 m, which is about the 

width of the thicker dust devils, this 
mass implies a loading of approximately 
3 X lo-' g ~ m - ~ ;  this is not an unreason- 
able amount for the atmosphere to carry. 
A typical dust devil, 2 km high and 
roughly 200 m in diameter, would con- 
tain on the order of 3 x lo3 kg of dust. 

It is difficult to estimate occurrence 
frequency from the small data sample. 
The images containing dust devils repre- 
sent about 3 percent of the total area 
covered by images with incidence angles 
less than 50" and resolution better than 
150 m per pixel. Elimination of the 
rougher areas within this set would in- 
crease the fractional area that shows 
dust devils. Quantitative cataloging of 
rough areas with the global geology map 
(11) is not practical because the different 
roughnesses of interest are not discrimi- 
nated by the global maps. We suspect 
that the occurrence frequency on smooth 
terrain near midday and at subsolar or 
summer latitudes may be high. This con- 
jecture is supported by the observation 
of dust devils in the Arcadia Planitia 
region on the 3 days imaged at high 
resolution (out of 5 days' total time). 

The frequency of dust devil occur- 
rence has implications for the structure 
of the atmospheric boundary layer on 
Mars, and comparison with Earth may 
shed light on the dependence of bound- 
ary layer structure on the external pa- 
rameters. Free convection occurs under 
conditions of light mean wind and 
strongly heated soil. Near local midday 
in the summer hemisphere on Mars these 
conditions should be met frequently (12), 
and Viking lander measurements have 
verified this expectation (13). But the 
most common form of free convection is 
plumes, which have an aspect (height to 
width) ratio near unity and show no tight 
organization or high wind speeds such as 
those seen for vortices. Plumes are the 
convective elements that produce the 
well known "thermals" on Earth. Both 
observation and theory (14) for Mars 
show that plumes do not develop suffi- 
ciently high velocities to raise dust. 

For development of dust devils, the 
atmospheric convection field must orga- 
nize into vortices. Necessary conditions 
for transformation of convection from 
plumes to vortices are not well under- 
stood but are of great importance. One 
requirement is the presence of vorticity 
in the flow, although it has been argued 
that in the case of dust devils the vortici- 
ty can originate in the boundary layer 
itself as vertical shear (15). It has also 
been argued that the depth of the con- 
vection layer is a key quantity and that 
the relatively thick convective layer on 
Mars favors vortex formation (16). It is 
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A Potent Nonpeptide Cholecystokinin Antagonist Selective for 
Peripheral Tissues Isolated from Aspergillus alliaceus 

Abstract. A new, competitive, nonpeptide cholecystokinin (CCK) antagonist, 
asperlicin, was isolated from the fungus Aspergillus alliaceus. The compound has 
300 to 400 times the afinity forpancreatic, ileal, and gallbladder CCK receptors than 
proglumide, a standard agent of this class. Moreover, asperlicin is highly selective 
for peripheral CCK receptors relative to brain CCK add gastrin receptors. Since 
asperlicin also exhibits long-lasting CCK antagonist activity in vivo, it should 
provide a valuable tool for investigating the physiological and pharmacological 
actions of CCK. 
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Research has been accelerating in re- 
cent years on the discovery, mechanism 
of action, and function of neuropeptides 
(I). Nonpeptide agonists and antagonists 
of neuropeptides are being sought to aid 
studies of their physiological functions 
and ultimately to provide leads for po- 
tential therapeutic developments. We re- 

Fig. 1. Structure of asperlicin. 

port now the discovery from a microbial 
source of a potent, competitive, nonpep- 
tide antagonist of the classic gastro- 
intestinal transmitter cholecystokinin 
(CCK). 

CCK is a hormonal regulator of pan- 
creatic and gastric secretion, contraction 
of the gallbladder, and gut motility (2). 
CCK also exists in the brain and may 
have an equally important role as a cen- 
tral nervous system transmitter (3). 
However, in spite of the potential thera- 
peutic utilities for CCK antagonists, pre- 
viously reported nonpeptide antagonists 
such as proglumide, dibutyryl guanosine 
3'3'-cyclic monophosphate (dibutyryl 
cyclic GMP), and benzotript exhibit only 
low in vitro potencies, which limit their 
in vivo usefulness (4). Some peptide 
fragments of CCK have exhibited greater 
in vitro potency as CCK antagonists (5) ,  
but are subject in vivo to rapid degrada- 
tion in physiological fluids (6). 

Our new CCK antagonist, asperlicin, 
was isolated from an Aspergillus allia- 
ceus strain which has been deposited 
at the American Type Culture Collection 
with accession number ATCC 20655 (7). 
The structure of asperlicin (Fig. 1) was 
determined by mass spectrometry, nu- 
clear magnetic resonance, and x-ray 
crystallography (8). Its chemical desig- 
nation is [2S-[2a,9P,9(R*),9ap]]-6,7-di- 
hydro-7-[ [2,3,9,9a-tetrahydro-9-hydroxy- 
2 - (2 - methylpropyl) - 3 - 0x0 - 1H- imidazo 
[1,2-alindol-9-yllmethyll-quinazolino [3,2 - 
a][l,4]benzodiazepine - 5,13-dione. To our 
knowledge asperlicin is the first nonpep- 
tide antagonist of a neuropeptide to have 
been isolated from microbial sources. 

Asperlicin was compared with known 
CCK antagonists for its ability to dis- 
place the specific binding of lZ5I-labeled 
CCK-33 to CCK receptors in rat pancre- 
atic tissue (9). All agents inhibited the 
specific binding of CCK in a concentra- 
tion-related manner. The concentration 
of asperlicin causing half-maximal inhibi- 
tion of binding (ICS0 = 1.4 FM) was con- 
siderably less than those of the nonpep- 
tide CCK antagonists proglumide, ben- 
zotript, and dibutyryl cyclic GMP and 
similar to the potent peptide antagonist 
N-carbobenzoxy-CCK-(27-32) (Table 1). 
The specific binding of 12'1-labeled CCK 
to guinea pig brain tissues (9) and of ' 2 5 ~ -  

labeled gastrin to guinea pig gastric 
glands (10) was not affected by asperlicin 
at concentrations 70 times its ICso for 
inhibiting pancreatic 12'1-labeled CCK 
binding; this result indicates a high de- 
gree of selectivity for peripheral CCK 
receptors. 

To examine the mechanism by which 
asperlicin inhibits CCK binding in pan- 
creatic tissue, 125~-labeled CCK binding 
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