
ical reactions of the martian soil. To min- 
imize contamination by atmospheric 
components, the KO2 or ZnO2 (0.1 g) 
was placed in a glass tube and evacuated 
to 10-1 torr. Then, 0.2 ml of 50 percent 
H2180 was introduced into the tube. The 
use of 18O-labeled water would also en- 
able us to find the sources of 02 generat- 
ed by the interaction. Peaks at mle 32 
(1602), 34 (160180), and 36 (1802) were in- 

vestigated by mass spectrometry. Rela- 
tive peak intensities are listed in Table 3, 
with the background reading given be- 
fore the reading for 02 generated. The 
striking increase in the peak intensity at 
mle 32 indicates that KO2 and ZnO2 eas- 
ily release O2 upon reaction with water. 
In the case of the interaction of KO2 with 
water, the increase in the peak intensity 
at m/e 34 indicates that O2 is also gener- 
ated from the water. The formation of 
160180 may be explained as follows: 

2K1602 + H2180 -- 

2K160H + 2160 + 180 

160 + 180 -_ 160180 

These observations, although prelimi- 
nary, strongly suggest that the results of 
the Viking GEX experiments may have 
been due to surface chemical reactions 
on Mars (8). 
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Shock-Produced Olivine Glass: First Observation 

Abstract. Transmission electron microscope (TEM) observations of an experimen- 
tally shock-deformed single crystal of natural peridot, (Mgo.88Fe o.12SiO4, recovered 
from peak pressures of about 56 x 109 pascals revealed the presence of amorphous 
zones located within crystalline regions with a high density of tangled dislocations. 
This is the first reported observation of olivine glass. The shocked sample exhibits a 
wide variation in the degree of shock deformation on a small scale, and the glass 
appears to be intimately associated with the highest density of dislocations. This 
study suggests that olivine glass may be formed as a result of shock at pressures 
above about 50 to 55 x 109 pascals and that further TEM observations of naturally 
shocked olivines may demonstrate the presence of glass. 
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We know of no case in which olivine 
liquid (Mg2SiO4 to Fe2SiO4 in composi- 
tion) has been quenched to a glass. Nu- 
merous studies of the liquidus of olivine 
(1-3) and corresponding compositions in 
analogs of the system (Mg,Fe)O-SiO2 
[for example, LiF-BeF2 (4)] have never 
resulted in the unequivocal quench of 
such a glass. Furthermore, attempts to 
produce olivine glass by means of rapid 
fusion and quench techniques have also 
been unsuccessful (5). Similarly, the 
presence of olivine glass has never been 
unambiguously demonstrated in the ex- 
tensive studies of naturally and (a few) 
experimentally shocked olivines (6, 7), 
although it is known that most silicates 
that have been studied become amor- 
phous when subjected to shock of high 
enough intensity (7). 

We report the first observation of oli- 
vine glass and its synthesis by means of 
shock. A disk, cut from a crystal of San 
Carlos, Arizona, peridot, (MgO.88FeO.12)2- 

SiO4, was shocked along [010] (propaga- 
tion direction of the shock wave) (8). A 
peak pressure of 56 x 10'1 pascals (560 
kbar) was achieved by the "multiple-re- 
verberation" technique for a period of 
approximately 0.5 ,sec (9). 

Transmission electron microscope 
(TEM) observations (10) on ion-thinned 
slices of the shocked olivine revealed 
patchy, nondiffracting zones of no con- 
trast within crystalline and diffracting 
sample material (Fig. 1, a and c). The 
lack of diffraction contrast implies that 
the zones consist of material lacking 
crystalline order down to a scale of sev- 
eral nanometers. These zones grade into 
the surrounding crystalline olivine, and 
diffracting fragments within the amor- 
phous material indicate remnants of 
crystalline material. There is no evi- 
dence for phase separation or other het- 
erogeneities within the glass. Marked, 
spotty asterism in the diffraction pattern 
indicates misorientation of fragments 
and bending of the olivine (Fig. ld). Al- 
though the amorphous zones attain max- 
imum dimensions of 10 gm and more 
(representing approximately 1 to 2 per- 
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cent of the sample by volume), they were 
not evident during optical microscopic 
examination carried out on the shocked 
olivine prior to the TEM analysis. 

Regions of low dislocation density 
(Fig. lb), as well as the high-density tan- 
gles (Fig. 1, a and c), ban be found in the 
shocked sample, an indication of wide 
variations in shock-induced deformation 
on an extremely small scale. Significant- 
ly, the glassy zones are located within 
the regions of highest dislocation den- 
sity. This result may indicate that a 
threshold stress for the production of 
diaplectic glass exists, which was only 
achieved locally in the present experi- 
ments. 

Estimates of the average temperature 
of the sample at peak pressure are 
between 740 and 1000 K, based on 
the equation-of-state properties of the 
sample container (11, 12) and a model 
presented in (13). The temperature at- 
tained immediately upon the release of 
pressure is poorly constrained as a result 
of its strong dependence on the details of 
the irreversible thermodynamic path fol- 
lowed by the sample on compression and 
decompression (14, 15). Nevertheless, a 
temperature well below the melting point 
of olivine [above 2000 K at 1 atm and 
presumably much higher at 56 x 109 pas- 
cals (1, 3, 16)] is indicated at peak pres- 
sure and probably on pressure release 
(13, 14). 

These results suggest that the shocked 
olivine contains diaplectic glass [glass 
apparently formed in the solid state by 
shock (7, 17)]. The fact that the glassy 
zones are associated with the regions of 
the sample showing the highest amount 
of crystalline deformation suggests that 
they possibly represent portions of the 
sample quenched from material which at 
one point was in a high-pressure phase or 
phases. Although no microtextural evi- 
dence for the formation of any high-pres- 
sure phases was seen in the TEM stud- 
ies, Hugoniot equation-of-state data for 
olivine indicate partial transformation to 
one or more high-density phases at 56 x 
109 pascals [transformation is apparently 
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initiated at pressures in excess of about 
26 x 109 pascals (13, 18)]. Intense strain 
would be expected in areas surrounding 
zones of high-pressure phases as a result 
of the volume changes associated with 
transformation. The observed glass 
might then represent the olivine which 
has retransformed from the high-pres- 
sure phase or phases upon (or during) re- 
lease, forming a metastable glass rather 
than crystalline olivine. Such a process 
has been documented for SiO2 (19) and 
has even been found in static, high-pres- 
sure experiments (20). It is also possible 
that the phases formed in the olivine un- 
der shock compression lack long-range 
order and that the diaplectic glass may 
effectively have formed at high pressure, 
modified only by release to ambient con- 
ditions. In this regard, it is possible that 
olivine glass may be more stable than a 
highly dislocated crystal. For dislocation 
densities like those in the tangles (Fig. 1, 
a and c) the crystalline material might 

have a higher free energy than the glass, 
thus favoring spontaneous conversion to 
glass (21). 

Alternatively, in the above calcula- 
tions it is assumed that the thermal ener- 
gy is uniformly distributed throughout 
the sample on compression and decom- 
pression (accounting for phase transfor- 
mation). However, it has been argued 
(22) that yielding under shock is inher- 
ently inhomogeneous, leading to zones 
of high strain surrounding relatively 
unstrained material. As a result, thermal 
energy would be localized along "adia- 
batic shear bands" and the final shock 
deformation should be highly hetero- 
geneous, as observed in the shocked oli- 
vine sample. Such heterogeneous defor- 
mation could originate from the inter- 
action of the shock and release waves 
with heterogeneities (such as subbound- 
aries) in the original sample. If shear 
bands exist as postulated (22), they could 
generate high temperatures locally, al- 

lowing rapid solid-state phase transfor- 
mations or melting (22). In either case 
(transformation to either a solid or liq- 
uid), it is easy to understand how glass 
could be formed in conjunction with het- 
erogeneous yielding under shock. 

Finally, the results presented here 
suggest that further TEM observations 
should yield some olivine glass in natu- 
rally shocked samples if peak pressures 
were sufficiently elevated and postshock 
recovery sufficiently minor. On the basis 
of the present study, it appears that glass 
forms incipiently in olivine shocked to 
about 50 to 55 x 109 pascals. 

Note added in proof: Recent TEM ob- 
servations have revealed traces of glass 
in a sample cut from the same olivine 
crystal and shocked to 54 x 109 pascals 
in a separate experiment. We also wish 
to note Cotterill's suggestion that there 
may be a "natural" upper limit to dis- 
location densities (23). Applying his cal- 
culations to olivine yields an estimate 
(probably a lower bound) on the order of 
1013 cm-2 for the limiting, dynamic dis- 
location density. 
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Fig. 1. (a) Transmission electron microscope (TEM) image (200 kev, bright-field) of shocked 
olivine showing nondiffracting glassy zone (g) within diffracting and crystalline olivine (light 
areas) containing a high density of dislocations [presumably [001] screw dislocations (6, 7)]. (b) 
Bright-field TEM image (1 Mev) of shocked olivine exhibiting dislocation densities almost as 
low as that found in the starting material (typically 106 to 107 cm-2). (c) A TEM image (1 Mev, 
bright-field) of shocked olivine with glassy patches (dark, no contrast) grading into crystalline 
material containing a high density of dislocations. Scales in (a to c) are in micrometers. (d) 
Electron diffraction pattern (1 Mev) of the area in (c). 
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The rate of vertical mixing in the 
ocean (1) is too slow to account for the 
quantities of polychlorinated biphenyls 
(PCB's) found in Atlantic and Mediterra- 
nean abyssal sediments (2) if one as- 
sumes that they penetrate into the deep 
ocean only in the dissolved state. An al- 
ternative explanation is that PCB's are 
carried to the sediments by rapidly sink- 
ing particles. Several investigators have 
hypothesized that sinking biogenic mate- 
rial such as zooplankton fecal pellets and 
molts may accelerate the downward ver- 
tical transport of certain metals and ra- 
dionuclides (3). Analytical work has 
shown that both euphausiid fecal pellets 
and molts contain significant quantities 
of trace elements (4, 5) and radionuclides 
(6); therefore, the sinking of these partic- 
ulate products, especially fecal pellets, is 
strongly implicated in the removal of 
many such elements from surface wa- 
ters. Experimentally determined sinking 
rates of several hundred meters per day 
(7-9) for zooplankton fecal pellets and 
molts are compatible with the hypothesis 
that these products could act as effective 
conveyors of surface-introduced pollu- 
tants into the deep sea. Recent field stud- 
ies (9, 10) have shown conclusively that 
zooplankton fecal pellets not only pene- 
trate to great depth (2000 to 4000 m) in- 
tact but also in large numbers-650 pel- 
lets per square meter per day. We have 
found that freshly released euphausiid 
fecal pellets collected from natural popu- 
lations contain relatively high concentra- 
tions of PCB's, and we propose that such 
biogenic particles make a significant con- 
tribution to the vertical transport of 
PCB's in the ocean. 

The euphausiid Meganyctiphanes nor- 
vegica was examined since it is an abun- 
dant member of the zooplankton com- 

The rate of vertical mixing in the 
ocean (1) is too slow to account for the 
quantities of polychlorinated biphenyls 
(PCB's) found in Atlantic and Mediterra- 
nean abyssal sediments (2) if one as- 
sumes that they penetrate into the deep 
ocean only in the dissolved state. An al- 
ternative explanation is that PCB's are 
carried to the sediments by rapidly sink- 
ing particles. Several investigators have 
hypothesized that sinking biogenic mate- 
rial such as zooplankton fecal pellets and 
molts may accelerate the downward ver- 
tical transport of certain metals and ra- 
dionuclides (3). Analytical work has 
shown that both euphausiid fecal pellets 
and molts contain significant quantities 
of trace elements (4, 5) and radionuclides 
(6); therefore, the sinking of these partic- 
ulate products, especially fecal pellets, is 
strongly implicated in the removal of 
many such elements from surface wa- 
ters. Experimentally determined sinking 
rates of several hundred meters per day 
(7-9) for zooplankton fecal pellets and 
molts are compatible with the hypothesis 
that these products could act as effective 
conveyors of surface-introduced pollu- 
tants into the deep sea. Recent field stud- 
ies (9, 10) have shown conclusively that 
zooplankton fecal pellets not only pene- 
trate to great depth (2000 to 4000 m) in- 
tact but also in large numbers-650 pel- 
lets per square meter per day. We have 
found that freshly released euphausiid 
fecal pellets collected from natural popu- 
lations contain relatively high concentra- 
tions of PCB's, and we propose that such 
biogenic particles make a significant con- 
tribution to the vertical transport of 
PCB's in the ocean. 

The euphausiid Meganyctiphanes nor- 
vegica was examined since it is an abun- 
dant member of the zooplankton com- 

munity in the western Mediterranean 
and North Atlantic and sufficient biologi- 
cal data on the production rate of partic- 
ulate products have been compiled for 
this species (4, 11). During 1974-1975 M. 
norvegica and the microplankton which 
serve as its food were collected at a 
station 5 km off Villefranche-sur-Mer, 
France. We fished for euphausiids and 
microplankton at night with an Isaacs- 
Kidd mid-water trawl and a 1-m plankton 
net (76-,/m mesh aperture), respectively, 
by making several short oblique tows be- 
tween 100 m and the surface. All micro- 
plankton samples were carefully exam- 
ined and found to be free from adhering 
tar, oil, and paint chips. 

Glass and metal implements cleaned in 
advance were used to sort euphausiids 
from other species in order to avoid con- 
taminating the samples. Euphausiid fe- 
cal pellets and molts were collected on 
board and later in the laboratory by 
methods described elsewhere (11, 12) 
with the exception that all containers 
were either glass or metal. Although ex- 
treme care was taken to avoid unneces- 
sary contact between the samples and 
plastic materials, some contact inevita- 
bly occurred between the organisms and 
the nylon plankton nets. Cross-con- 
tamination of PCB's between plankton 
and nylon nets can occur (13); however, 
extraction of the nets used in our study 
indicated that PCB contamination from 
this material was negligible. 

Samples were analyzed by standard 
procedures (14) with modifications to 
adapt to small sample quantities. All 
samples were frozen, lyophilized, and 
pulverized in preparation for extraction. 
The relatively abundant samples, such as 
microplankton (0.1 to 1.5 g dry) and eu- 
phausiids (1 to 8 g dry), were subjected 
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