
ment system that is oriented with re- 
spect to the axis of rotation. It is gen- 
erally thought that such a lineament sys- 
tem is caused by stresses in the planet's 
crust produced by changes in the plan- 
et's rotational equilibrium figure. The 
NS and EW lineaments are then the 
tensional and compressional features, 
and the NE and NW lineaments, the 
complementary shear directions. 

Unfortunately, in the Mariner IV 
frames studied, north is always within 
10? of being perpendicular to the scan 
direction; thus, the major lineament 
directions, that is, NW and NE, always 
nearly cut diagonally across the check- 
erboard pattern produced by the TV 
digital system. Similarly the EW linea- 
ment direction is always nearly parallel 
to the scan lines. Consequently, a num- 
ber of the lineaments may well be in- 
strumental in origin. 

Two differences between "low-lat- 
itude" and "high-latitude" lineaments 
are noted. First, in the low-latitude 
group (group a) the NW direction 
contains over three times as many line- 
aments as the NE direction, while for 
the high-latitude group (group b) 
the difference is a factor of 2. It is 
possible that the reduction in disparity 
in the latter group is due to lighting 
effects, since on the high-latitude frames 
the lighting favors the detection of fea- 
tures with a NE trend. Secondly, the 
angle between the shear directions is 90? 
to 95? for the low-latitude group and 
105? for the high-latitude group. Al- 
though this difference may be accounted 
for by projection, or other distortions, 
Vening Meinesz (10) has indicated that 
in the case of the earth the angle be- 
tween shear lineaments should increase 
in high latitudes. 

Since the lineament systems of the 
earth and moon are probably a result of 
the decrease in the rotational angular 
velocity that the two bodies have experi- 
enced throughout their histories, it 
seems likely that the Martian lineament 
system had a similar origin. The changes 
in angular velocity caused by tidal 
interactions of Mars with Phobos and 
Deimos are completely negligible and 
that caused by the sun is a few per- 
cent at most (MacDonald, 11); thus 
other mechanisms must be sought. 
Wise (12) has postulated that the 
earth lost a considerable amount of 
angular momentum by an interaction 
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late that Mars once had a magnetic 
field but lost it, since the Mariner IV 
results indicate that the Martian mag- 
netic field is no greater than 3 X 10-4 
that of the earth (13). According to 
the widely held dynamo theory, a 
liquid iron core is necessary for a geo- 
magnetic-type field. Though the dynam- 
ical oblateness of Mars indicates that 
it is more homogeneous than the 
earth (14), studies of the internal 
structure by MacDonald (15) and 
many others indicate that Mars may 
have at least a small iron core. This 
core would probably have been liquid 
during at least some time after its for- 
mation, so the dynamo requirements 
may have been fulfilled for an early 
aeromagnetic field. 
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Recent metallographic studies have 
shown that natural and artificial shock 
waves cause a number of microstruc- 
tural changes in iron meteorites (1, 2). 
These changes have been used in a 
qualitative manner to categorize such 
meteorites into lightly (< 130 kb), 
moderately (130 to 750 kb), and 
heavily (> 750 kb) shocked groups 
(2). However, most of these changes 
can be produced either by shock or by 
heat-treatment in the i-atmosphere re- 
gion (2). Thus, in the absence of un- 
equivocal indicators of shock, it may be 
difficult to decide whether a meteorite 
has been shocked or has been artifi- 
cially heated at atmospheric pressure. 
Since the meteorites' shock histories 
can be related to other parameters, it 
would be very desirable to establish 
unambiguous shock criteria. 

It occurred to us that these shock- 
induced microstructural changes in iron 
meteorites might also be accompanied 
by crystallographic alterations in the 
meteorites' constituent minerals. Ideally, 
such alterations would not be repro- 
duced by simple heating and thus they 
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would serve as unequivocal indicators 
that shock had occurred. In order to 
investigate this possibility we have stud- 
ied, by x-ray diffraction techniques, a 
number of minerals common to iron 
meteorites. These minerals, which in- 
clude kamacite (a-Fe), taenite (y-Fe), 
troilite (FeS), cohenite (Fe3C), and 
schreibersite (Fe3P), were removed as 
undeformed single grains and were 
x-rayed without rotation in a 57.3-mm 
powder camera; manganese-filtered 
FeKa radiation was used. The meteor- 
ites include a suite of Canyon Diablo 
specimens studied metallographically by 
Heymann et al. (2) and natural and 
artificially shocked Odessa specimens 
(3). We found that shock does in- 
deed affect the crystallographic charac- 
ter of minerals from iron meteorites 
(4). 

For taenite and troilite our prelimi- 
nary results were not conclusive. How- 
ever, grains of kamacite, schreibersite, 
and cohenite show definite evidence of 
shock-induced crystallographic altera- 
tion. Figure 1 shows typical diffraction 
patterns for cohenite from lightly (A), 
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X-Ray Diffraction Study of Minerals from 

Shocked Iron Meteorites 

Abstract. Difiraction analysis of minerals from iron meteorites indicates a 
pronounced shock-induced alteration in the minerals' crystallographic character. 
The extent of alteration seems to be dependent on the degree of shock and can 
therefore serve as a measure of shock intensity. The changes appear to be due 
to the minerals' direct recrystallization during passage of the shock wave. 
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A 

Fig. 1. X-ray diffraction photographs of cohenite grains from lightly (A), moderately 
(B), and heavily (C) shocked Canyon Diablo meteorites; specimens 26, 35 50 (2). 

A j 

C 

Fig. 2. Diffraction photographs from natural (A) and artificially shocked samples (B 
600 kb; and C, 1000 kb) of the Odessa meteorite. Same irradiation conditions as in 
Fig. 1. Note the similarities between Figs. 1 and 2. The single crystal (A) is converted 
to an aggregate with a strong preferred orientation (B), and then to an aggregate 
showing both preferred and random orientation (C). 

A 

D 

'`:ji ' i::::''` ̀~`'' M El 10::::::::i:::::i. ?;:::?i?: ???? 

Fig. 3. Diffraction photographs of lightly (A) and moderately (B) shocked schreibersite 
and lightly (C) and moderately (D) shocked kamacite. The pronounced preferred 
orientation shown in Figs. 1 and 2 (B) are also shown in Fig. 3 (B and D). A and C 
are from Odessa; B and D are from specimens 52 and 28 (2). 
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moderately (B), and heavily (C) 
shocked Canyon Diablo meteorites. 
The only features evident in A are the 
spots typical of an undeformed single 
crystal of cohenite. In B the spots are 
replaced by dark line segments indica- 
tive of pronounced preferred orienta- 
tion. This preferred orientation may 
also be responsible for the streaking ob- 
served near the outlet port at the left of 
the films. A combination of preferred 
orientation and more or less random 

crystallite orientation is shown in C. 

Complete random orientation would be 
indicated by the appearance of rings, of 
constant intensity, at d-spacings cor- 

responding to those of cohenite. Cohen- 
ite more strongly shocked than the 
sample whose pattern is shown in C 

yields a diffraction pattern showing no 

preferred orientation, although the 

crystallite orientation is not completely 
random (5). 

Figure 2 shows diffraction patterns of 
cohenite from the Odessa iron meteor- 
ite: A, natural cohenite; B and C, 
typical patterns of cohenite grains 
shocked artificially to 600 and 1000 kb, 
respectively (3). The features shown 
in Fig. 1 (B and C) are reproduced 
in Fig. 2 (B and C). Figures 1 and 
2 indicate that the degree of crystal- 
lographic alteration of cohenite is pro- 
portional to the shock intensity up to 

pressures of 1000 kb. The diffraction 
features are not similar to those in- 
duced by the deformation of single 
crystals (6) but indicate, instead, co- 
henite's progressive shock-induced re- 

crystallization. 
We can eliminate the possibility that 

the features shown in Figs. 1 and 2 can 
be produced by simple heating. As is 
well known (7) cohenite is thermody- 
namically unstable with respect to 

graphite and iron unless pressures of 

many kilobars are applied. Thus the 
diffraction pattern of unshocked cohen- 
ite, annealed in vacuum, is essentially 
that shown in Figs. 1 and 2 (A) except 
for the presence of lines correspond- 
ing to those of a-iron in the annealed 
cohenite (5). 

Figure 3 illustrates diffraction pat- 
terns of unshocked schreibersite (A) 
and schreibersite from a moderately 
shocked Canyon Diablo meteorite (B); 
C is a pattern for unshocked kamacite, 
and D is a pattern for kamacite from 
a moderately shocked specimen. 

It has been shown previously that 
diffraction patterns of some minerals 
from a few stony meteorites show pre- 
ferred orientation (8, 9). For these 
cases there is evidence that this pre- 
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ferred orientation is also shock-induced. 

However, it should not be concluded 
that recrystallization is necessarily the 
only mechanism by which this diffrac- 
tion feature is formed. In meteoritic 
diamonds and in diamonds produced 
by anisotropic processes the preferred 
orientation apparently arises by prefer- 
ential conversion of the basal planes 
of initially polycrystalline graphite to 
(311) planes of diamond (9). We can 
reasonably expect that, in addition to 
stony meteoritic minerals, terrestrial 
minerals from meteoritic impact sites 
and artifically shocked materials will 
also show crystallographic alteration. 
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Interest in recent sediments has 
prompted attempts to recognize the 
modern analogs of ancient sediments 
now preserved as sedimentary rocks. 
Graywacke-type sands, characterized 
by very poor sorting, have seldom been 
identified (1). This is puzzling, in 
view of the widespread occurrence of 
graywacke throughout the stratigraphic 
column. Since many ancient gray- 
wackes are thought to have been de- 
posited by turbidity currents in deep 
water (2), it is surprising that most 
sands on the deep ocean floor are rel- 
atively well sorted (3). 

Cummins (4) has suggested recently 
that graywacke texture is post-deposi- 
tional in origin and that it occurs when 
chemically unstable grains are partially 
or completely disintegrated and form 
matrix during weathering, deep burial, 
or low-grade metamorphism. If Cum- 
mins is correct and graywacke texture 
has little to do with primary sorting, 
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then textural criteria are invalid for 
use in identification of modern gray- 
wacke-type sands; other criteria are 
needed. Two possible criteria are the 
mineral and chemical composition of 
the sediments. 

The sand-size fraction of most gray- 
wackes is largely restricted to lithic 
fragments, quartz, and feldspar regard- 
less of the age of the rock or its geo- 
graphic locality (5). As might be ex- 
pected, there is considerable variation 
in feldspar composition and type of 
lithic fragments in most graywackes. 

Pettijohn states: "there are a consid- 
erable number of chemical analyses of 
graywacke in the literature which show 
a remarkable homogeneity of composi- 
tion. Almost all these rocks would 
qualify as graywackes by any defini- 
tion" (5). 

The sediments carried by the Co- 
lumbia River bear a striking min- 
eral and chemical resemblance to many 
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graywackes. Sediments were obtained 
by a Van Veen grab sampler in 1964 
and 1965 from the bottom surface (to 
a depth of about 15 cm) of three 
downstream reservoirs of the Columbia 
River: Bonneville, The Dalles, and Mc- 
Nary. In all, 53 samples from the three 
reservoirs have been analyzed at least 
partially. The mean particle sizes of 
samples, in "phi units," the negative 
logarithm (base 2) of the diameter in 
millimeters, are: Bonneville reservoir 
(31 analyses), 2.45 q; The Dalles reser- 
voir (9 analyses), 3.79 p; McNary 
reservoir (13 analyses), 3.75 p. All 
are in the range of coarse sand to 
medium silt. The relatively coarse sedi- 
ment in Bonneville, the lowermost reser- 
voir, correlates with the greater current 
in that section of the river. 

The range and mean of the sorting 
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Mafic minerals* 
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* Mainly hypersthene, augite, hornblende, biotite. 
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Abstract. The mineral and chemical composition of sediments deposited in 
the three lowermost reservoirs of the Columbia River is remarkably similar 
to the composition of many graywackes. Lithic fragments are abundant. In 
comparison with an "average" sandstone, the sediments have low concentrations 
of silica and high concentrations of all other major constituents, except calcium. 
Sodium is more abundant than potassium. The sediments are generally better 
sorted than graywackes. If graywacke texture is post-depositional in origin, 
Columbia River-type sediments could be expected to form graywackes upon deep 
burial without any significant addition or removal of material. 
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