norepinephrine uptake into brain nerve
endings such as those observed in the
two models of fighting stress reported
here. It is possible that when “normal”
or ‘“abnormal” changes in mood or
mental function occur as sequelae to
chronic psychosocial stress, one im-
portant underlying mechanism may be
a sustained alteration of the normal
neuronal uptake. of norepinephrine in
the brain (/1).

Note added in proof: After this
report was submitted for publication,
we found that the K, for nor-
epinephrine uptake in the cerebral cor-
tex was increased immediately (68
percent, P < .05) after a single fighting
episode in previously isolated mice,
with no alterations in V,,,,; the differ-
ence in K, no longer existed 24 hours
after such single fighting episodes.

EpitH D. HENLEY
BEATRIZ MOISSET
BrRuCE L. WELCH
Friends Medical Science Research
Center, Inc.,
Baltimore, Maryland 21228, and
Johns Hopkins University
School of Medicine, Baltimore 21205
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Avalanche Mode of Motion: Implications from

Lunar Examples

Abstract. A large avalanche (21 square kilometers) at the Apollo 17 landing
site moved out several kilometers over flat ground beyond its source slope. If
not triggered by impacts, then it was as “efficient” as terrestrial avalanches attrib-
uted to air-cushion sliding. Evidently lunar avalanches are able to flow despite
the lack of lubricating or cushioning fluid.

An unusual feature at the Apollo 17
landing site has been interpreted as an
avalanche deposit (I, 2). The Apollo
17 avalanche, as it will be referred to
herein, is a thin deposit of bright ma-
terial that extends 5 km over a dark
plain from the base of a mountain
massif 2 km high (Fig. 1). This feature
may hold important clues to mecha-
nisms of debris transport where air or
water are not available as lubricants.
If it moved only by gravity, a low
effective “friction coefficient” of only
0.2 is implied. This low friction is
comparable to that of the Sherman
(Alaska), Frank (Alberta), and other
terrestrial avalanches in which the long
runout has been attributed to air-
cushion lubrication (3, 4). In this re-
port I compare the Apollo 17 avalanche
with similar features on the earth and
moon as a means of evaluating trans-
port mechanisms.

The Apollo 17 avalanche covers 21
km2, 2V4 times the area of the Sherman
avalanche (3). The thickness appears
to decrease from perhaps 20 m or more
at the mountain base to a few meters at
the distal end, as determined from the
size of small craters that penetrate the
deposit so that their ejecta include
darker underlying material (2). The

thickness averages perhaps 10 m, so
that the volume is approximately 200 X
106 m3. Unlike bright crater rays, the
margins of the deposit are fairly distinct
against the adjacent dark material.

The thicker, proximal end of the
deposit is ridged: low longitudinal
ridges are spaced 100 to 200 m apart
and are parallel or subparallel to the
apparent direction of movement away
from the slope. A narrow discontinuous
moat several meters deep separates the
avalanche deposit from the mountain
slope, but it appears to be crossed by
the longitudinal ridges. The moat may
be analogous to distinctive troughs at
some terrestrial rock avalanches (5).

A striking feature of the avalanche is
that it appears to have hardly been
influenced by preexisting topographic
irregularities. An older crater 1 km in
diameter and 60 m deep near the center
of the deposit is clearly visible and ap-
parently evenly mantled, as is also a
fresh-appearing wrinkle-like ridge (Fig.
1).

The source of the avalanche was
probably fine-grained regolith on the
adjacent mountain slope (most of this
slope is covered by such regolith). Two
small isolated blocky areas of possible
outcrop occur high on the slope above
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the avalanche, but, unlike smaller ava-
lanches (see below), there is no obvious
scar or rock ledge.

This avalanche is the largest example
of its type yet recognized on the moon
(6) and may therefore be anomalous.
Smaller avalanche deposits have been
recognized on the walls of several
craters 10 to 30 km in diameter (Fig.
2, A to C). A rare few extend beyond
the steep crater wall out onto the floor
of the crater (Fig. 2, A and B).

These crater-wall deposits show dis-
tinct margins which suggest that the
material moved as flows. Blocks are not
visible in the deposits at the resolution
of the photographs (~ 3 m). Charac-
teristically the source can be identified
at the top of the crater as an outcrop-
ping ledge or bright horizontal stripe
suggestive of an outcrop. The ava-
lanches are clearly due to local slope
failures.

The lack of an easily identified source
ledge for the Apollo 17 avalanche and
its unusually large size suggest that its
origin might differ from those in the
craters. One possibility is that it is as-
sociated with a ray of impact debris.

Similar avalanches have, in fact, been
triggered by secondary impacts. Figure
2D shows diffuse bright rays from a
very fresh crater. In two areas near
the primary crater (Fig. 2, E and F)
the rays impinge on old crater walls
that slope away from the primary
crater; the rays extend from the slopes
out onto flats (the old crater floors) in
lobate avalanche-like forms with dis-
tinct frontal margins. Small elongate
grooves and herringbone patterns that
are characteristic of secondary impact
craters are present on the slopes at the
proximal end of each lobe. Like the
Apollo 17 avalanche, the bright debris
in these lobes is finer grained than the
resolution limit of about 3 m and is
very thin; preexisting craters are evenly
coated and clearly visible, and the
largest lobes have faint longitudinal
ridging on the base of the slope. These
ray lobes evidently formed as a result
of the impact of ejecta on a regolith-
covered slope, which triggered ava-
lanches that moved out across the flat
beneath the slope as fragmental flows
with definite margins. Elsewhere the
crater ejecta simply splashed (r in Fig.
2, E and F).

For the Apollo 17 avalanche there
are no recognizable secondary-impact
or herringbone patterns and no clearly
associated rays. However, the direction
of movement of the avalanche coincides
with the orientation of a ray in Mare
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Serenitatis from the crater Tycho, and
an origin by the splash of ejecta from
a distant crater such as Tycho, or even
by primary impact such as by a cluster
of cometary debris, cannot be dis-
counted. If, however, evidence obtained
from the Apollo 17 mission points to
a local slope failure rather than a ray
origin, the Apollo 17 avalanche has
broad implications concerning mecha-
nisms of avalanche transport. One may
demonstrate this by comparing this
avalanche with terrestrial avalanches.
A number of large rock avalanches
on the earth also extend well beyond
the base of the steep slopes from which

Height (km)

they originated. These avalanches trav-
eled at high velocity (commonly 40
m/sec or more), and many moved out
so far beyond the base of the slope
that a surprisingly low effective “fric-
tion coefficient” is indicated. The low
friction has been attributed to fluidiza-
tion of the particles caused by mixing
with air (7) or to sliding on a cushion
of trapped air (3, 4, 8).

As a rule, large rock avalanches and
those that fall from great height move
out farther beyond the base of the slope
and have lower apparent coefficients of
friction. This is illustrated in Fig. 3,
where potential energy is plotted against

APOLLO 17 N

BRIGHT DEPOSIT

| | T
2 4

-
! ! 10

Horizontal distance (km)

Fig. 1. Apollo 15 photo of the Apollo 17 landing site. The bright deposit overlies a
dark plain and appears to be an avalanche from the massif to the south. Contours are
in meters; A-A’, line of profile shown; C, buried crater; R, ridge; B, bright margin;

and M, moat.
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Fig. 2. Avalanche deposits on the walls of lunar craters. (A) Jansen B crater (17 km
in diameter). The arrow shows the most prominent avalanche, which appears to
cross out onto the crater floor [NASA photo AS15 panoramic 9871]. (B) Lalande A
crater (12 km in diameter) [NASA photo AS16 panoramic 5400]. (C) Isidorus D
crater (15 km in diameter) [NASA photo AS16 panoramic 4502]. (D) Bright rays
around a crater 3 km in diameter near Gagarin. The rays are diffuse streaks except
in the two areas shown in (E) and (F) [NASA photo AS16 metric 0102]. (E) Detail
of the ray pattern. Inside an old crater (rim crest dotted) two rays impinged on a
slope facing away from the primary crater, apparently initiating avalanche lobes
(ariows). Elsewhere the rays are diffuse smears (r) [NASA photo AS16 panoramic
8934]. (F) Detail of a similar ray-initiated avalanche on the other side of the primary
crater [NASA photo AS16 panoramic 8941].

Fig. 3. Potential energy o™
of large rock avalanches,

plotted against the ratio

of the maximum total o}
horizontal distance trav-
eled to the maximum
total height of fall. The
data are approximate but
clearly show a trend
toward increased effi-
ciency with increased
energy. Terrestrial ava-
lanches are identified as
follows: A, Allen (I4), 3 Fe
B, Blackhawk (4); D, }.‘:I
D’Ousoi (I5); E, Elm | O Ose2

(4); Fa, Fairweather o J 1% g ooy o4
(14); Fe, Fernandina 0 2 4 6 8 10 12
(16); Fl, Flims (5, 15); Maximum horizontal distance/maximum vertical drop
Fr, Frank (4, 5); G,

Goldau (5); L, Little Tahoma Peak 3 (8); M, Madison (I7); P, Puget Peak (18);
Sa, Saidmerreh (15); S I, Sawtooth Ridge I (5); S II, Sawtooth Ridge II (5); Sc,
Schwan 1 (14); Sc 2, Schwan 2 (14); Sh, Sherman (3); SR, Silver Reef (4); Si,
Sioux (14); St, Steller (14); W, Wolf (16). Lunar avalanches are: Al7, Apollo 17;
and J, Jansen B crater.
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the ratio of the maximum horizontal
distance to the maximum vertical drop.
The potential energy is calculated in
terms of the estimated weight multiplied
by the average height of fall. The ratio
of the horizontal to the vertical distance
traveled represents a measure of the
“efficiency” of movement, and for slid-
ing avalanches this ratio may be thought
of as the inverse of the friction co-
efficient. Ratios larger than 1.4 to 1.7,
which correspond to the common angle
of repose of rockfall talus (30° to
35°), generally indicate movement be-
yond the base of the originating slope.
Figure 3 suggests that avalanches with
energies of less than about 1020 ergs
do not move far beyond their slopes.
More energetic avalanches are more
efficient.

For comparison, let us assume that
the Apollo 17 avalanche fell from near
the top of the mountain, Its potential
energy was then 1022 ergs, and the
ratio of the maximum horizontal dis-
tance traveled to the maximum fall is
about 4.7 (9). This would correspond
to a friction coefficient of 0.2. Plotted
on Fig. 3, these data for the Apollo 17
avalanche (A17) fall well within the
range of values for terrestrial ava-
lanches. If the thickness of the deposit
averages less than 10 m, or, if the
source was lower on the slope, the
Apollo 17 feature would plot lower and
more to the right, corresponding to an
even greater efficiency.

The Sherman (Sh) and Frank (Fr)
avalanches, both of which have been
attributed to air-cushion sliding (4),
plot nearby. The Apollo 17 avalanche
appears to have been comparably effi-
cient, yet with no air available for cush-
ioning or lubrication. The efficiency of
the smaller lunar avalanche in Fig. 2A
is also comparable with that of ter-
restrial examples near the lower energy
threshold for efficient movement (J in
Fig. 3).

If no fluid phase is available for
lubricating or fluidizing lunar ava-
lanches, how did they move? The lack
of a lubricant makes it unlikely that
they slid; more likely they flowed. Rock
avalanches at Little Tahoma Peak
(Washington) (8) and Bandai San
(Japan) (10) were described as behav-
ing like fluids of rapidly moving rock
fragments. Small inefficient flows of
dry rock fragments also occur in sand
runs and allied flows of loess and silt
(11), and are a familiar experience to
persons hiking on loose scree. Although
air buoyancy is a factor on the earth,
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the fluidity of these examples probably
involves primarily interactions between
the particles (12). The lunar avalanches
suggest that, irrespective of air buoy-
ancy, avalanches can behave efficiently
like fluids composed of rapidly moving
particles.

The idea that masses of rock frag-
ments can exhibit fluid behavior in the
absence of liquids or gases has im-
portant implications for geologic trans-
port mechanisms on the moon. For
instance, base surges (/3) or analogous
radial flows could be produced by im-
pact events in the absence of a gas
phase. Furthermore, where geologic
characteristics such as relict stratigraphy
do not demand it, it may not be neces-
sary to posit air lubrication to account
for efficient avalanches on the earth.

Data from the Apollo 17 mission
may make it possible to determine
whether the large avalanche at the land-
ing site originated locally and moved
in the absence of gas. In any event,
the characteristics of smaller lunar ava-
lanches (Fig. 2) strongly imply that
gas-free rock flows occur.

Note added in proof: Rocks col-
lected from the Apollo 17 bright mantle
are like those from the adjacent moun-
tain to the south, which supporis the
avalanche interpretation (/9). Photo-
graphic evidence obtained during the
Apollo 17 mission increases the likeli-
hood that this avalanche was triggered
by secondary impacts from Tycho (19).
The small sizes of secondary craters in
the vicinity suggests that the kinetic
energy added to the avalanche by these
impacts is small compared to the po-
tential energy of falling (1022 ergs).
The plotted position of the Apollo 17
avalanche in Fig. 3, therefore, would
change but little if this kinetic energy
were added; the problem of the “effi-
ciency” of this avalanche remains.

KertH A. Howarp
U.S. Geological Survey,
Menlo Park, California 94025
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Galdpagos
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Abstract. The existence of a monoclinic phase of hydroxyapatite, Ca;(PO,);0H,
has been confirmed, by single-crystal structure analysis (weighted “reliability”
factor = 3.9 percent on |F|?). The structure has space group P2,/b, a = 9.4214(8)
angstroms, b = 2a, ¢ = 6.8814(7) angstroms, and y = 120°, and is analogous to
that of chlorapatite. The distortions from the hexagonal structure with which the
monoclinic structure is pseudosymmetric are similar to those in chlorapatite,
including enlargement of that triangular array of oxygen atoms in which the
chlorine ion or, in hydroxyapatite, the hydroxyl hydrogen ion is approximately
centered. The hydroxyapatite specimen was prepared by the conversion of a
single crystal of chlorapatite in steam at 1200°C, was mimetically twinned, and

was approximately 37 percent monoclinic.

The agriculturally and scientifically
important apatite minerals, their tech-
nologically (lighting, catalysis, laser
host) important synthetic counterparts,
and the closely related “mineral” por-
tion of bones and teeth have, until re-
cently, been thought to occur only with
hexagonal crystal symmetry in crystal-
lographic space group P6,/m. A mono-
clinic pseudohexagonal form, space
group P2,/b, of both synthetic (I, 2)
and mineral (3) forms of chlorapatite
has recently been reported for speci-
mens with nearly stoichiometric (for
example, less than 5 to 15 percent de-
ficient) chlorine contents. In both
forms the chlorine ions occur in col-
umns. In the monoclinic form they are
fully ordered within columns and the
columns are ordered relative to each
other (I, 4). In the hexagonal form
the lack of full intracolumn ordering
is statistically representable as twofold
disorder of the chlorine positions about
mirror planes which, in the monoclinic
form, become glide planes.

In hexagonal hydroxyapatite the
hydroxyl ions are similarly arranged
in columns in twofold disorder with

the O—H direction pointing away
from the mirror planes passing through
the nearest coordinating calcium ions
(5). It was recognized (5) that adja-
cent hydroxyl ions in a given column
must occur in a head-to-tail fashion,
that is, O—~H O-H O-H, otherwise the
H-H approach would be too close. It
was later shown (6) that the fluorine
impurities in the mineral (from Holly
Springs, Georgia) were distributed and
that they provided reversal points for
the sense of the O-H direction within
a column. It was then conjectured [see,
for example, Young (7) and Elliott
(8)] that a hydroxyapatite specimen,
sufficiently free of impurities and va-
canies so that no significant number of
such reversal points were present within
the column, might also exhibit inter-
column ordering and, hence, the mono-
clinic P2,/b space group, analogously
to chlorapatite. Elliott reported (9)
that the diffraction pattern of hydroxy-
apatite crystals prepared from essen-
tially stoichiometric chlorapatite single
crystals, heated in steam at 1200°C
for 2 weeks (10), exhibited “extra”
reflections explicable on the basis of
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