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ORIGIN OF LUNAR LIGHT PLAINS

By E. C. T. CHAO; CARROLL ANN HODGES; J. M. BOYCE, and L. A. SODERBLOM;
Reston, Va.; Menlo Park, Calif.; Flagstaff, Ariz.

Abstract.—Most Cayley-type Imbrian-age plains deposits and
adjacent mantled slopes, including those at the Apollo 16 site,
may be composed—at least near the surface—of ejecta from
the Orientale basin, the youngest multiringed impact basin on
the Moon. The distribution and apparent age of the plains
deposits and preliminary data on the highly feldspathic breccias
collected by the Apollo 16 crew indicate that these surficial
materials are neither locally derived nor part of the Imbrium
ejecta. Stratigraphic relations, crater size-frequency distribu-
tions, and dating by erosional morphology of superposed
craters have established Cayley light-plains deposits as younger
than the Imbrium basin and older than mare material. All such
crater-dated Cayley-type plains on both the near and far sides
of the Moon are contemporaneous within the limits of the
technique. Furthermore, comparisons of the crater size-
frequency distributions of the Hevelius Formation (Orientale
ejecta) and the plains show that the Cayley and Hevelius
Formations are indistinguishable in age. The surface and near-
surface materials of the Apollo 16 plains, therefore, are con-
temporaneous with Orientale basin ejecta—not with Imbrium
ejecta, in which both crater densities and crater degradation
are greater than in the light plains. Imbrium ejecta may, how-
ever, be present on the surface at the Apollo 16 site where
excavated by craters from depth. Limited age data now avail-
able on the Apollo 16 samples are consistent with this inter-
pretation. We conclude that rocks of Orientale provenance may
be predominant on and near the surface at the Apollo 16 site.
This hypothesis implies that the catastrophic Orientale impact
struck a highland area underlain by highly feldspathic ma-
terial and spread it over much of the Moon. Thus, much of the
lunar highlands crust need not consist of anorthositic materials
to any significant depth. These conclusions apply to the plains
at the Apollo 16 site and most of the other Cayley-type plains,
but we do not exclude the possibility that, moonwide, the
plains may be polygenetic.

Before the Apollo 16 mission, the light-plains de-
posits at the Descartes site were interpreted on the
basis of photogeologic criteria as most likely volcanic,
possibly old mare-type basalt or more silicic lavas and
(or) pyroclastic materials (Milton, 1968; Wilhelms
and McCauley, 1971; Milton and Hodges, 1972; Trask
and McCauley, 1972; Head and Goetz, 1972; Elston
and others, 1972). Free-fall or ash-flow tuff was sug-
gested to explain the apparent differential compaction
observed in other areas where plains and adjacent
mantle of the terra seemed to be composed of the same

material (Howard and Masursky, 1968; Cummings,
1972). Because impact breccias predominate in the
returned Apollo 16 samples (Lunar Sample Prelim-
inary Examination Team (LSPET), 1973; Wilshire
and others, 1973; Chao, 1973b), the origin of these
plains deposits must be reexamined.

Widespread distribution of ejecta from lunar basins
was recognized by Gilbert (1893), and Cayley-type
plains were interpreted as Imbrium ejecta by R. E.
Eggleton and C. H. Marshall (unpub. data, 1962).
After the Apollo 16 mission, this hypothesis was resur-
rected (Eggleton and Schaber, 1972). The similarity
of the plains to patches of ejecta around very small
craters was noted by Head (1972), and widespread
plains were described as part of the continuous ejecta
from Orientale (Eggleton and Schaber, 1972; Hodges
and others, 1973).

In order to determine the origin of the Cayley-type
light plains, we reexamined their physical properties,
distribution, and relative ages on Apollo orbital and
Lunar Orbiter photographs. All plains similar to those
at the Apollo 16 site were remapped on both near and
far sides between 45° N. and 45° S. (fig. 1; D. E. Wil-
helms, written commun., 1973). Soderblom and Boyce
(1972) studied crater frequency distributions and rela-
tive ages of these light plains. Hodges (Hodges and
others, 1972, 1973) examined the photogeologic data
and field relationships at and near the Apollo 16 site
and around Orientale. Chao (1973a, b) considered the
lithology, petrography, chemistry, and radiometric
ages of the Apollo 16 samples and compared these with
data from the Imbrium basin ejecta obtained on the
Apollo 14 mission. We have also considered the modes
of transportation and deposition of ejecta required to
account for the origin and distribution of light plains.
Continuous hummocky ejecta blankets are readily
attributed to their source basins, but ejecta beyond
these continuous deposits have not been sufficiently
examined heretofore. In any large lunar cratering
event, there must be a range of ejection velocities be-
tween that of the continuous ejecta and that of particles
that escape the Moon. If ejection angles are small and
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Light-colored plains deposits of Imbrian age (Cayley-type plains and
other units). Near-planar deposits with lobate contacts and flow
textures obviously part of Orientale basin ejecta are not included,
nor are certain far-side deposits identified as old mare materials by
presence of mare ridges.

Terra-mantling materials. Because of divergent conventions on source
maps and uneven photographic coverage, this unit is mapped in more
detail between 70°W. and 140°E. than elsewhere. Additional ex-
tensive deposits occur peripheral to Orientale deposits. In other
areas, mantling materials are approximately proportional in abun-
dance to Cayley-type plains deposits

Orientale deposits, including rugged rings of uplifted pre-basin rock,
Hevelius Formation, plains and mantling materials obviously grada-
tional with Hevelius Formation, and secondary impact craters

Fieure 1.—Distribution of Cayley-type light-colored terra
plains material, terra-mantling material, and previously
mapped Orientale ejecta between 45° N. and 45° S. All con-
vincingly identifiable patches of Cayley-type plains larger
than 25 km are shown, as are mantle patches between 70° W.
and 140°-E. (see below). Patches of other units larger than
50 km are shown. Unmapped plains and mantle patches
smaller than 25 km seem approximately proportional in

All materials (mostly mare and crater materials) younger than the
Orientale and Cayley-type plains deposits. Craters Petavius and
Humboldt may be older

i

All materials older than the Orientale and light-plains deposits. Cer-
tain enigmatic units near Orientale which are hilly and furrowed
and hilly and pitted (h) are included but age relative to Orientale
is uncertain

Approximate limit of Fra Mauro Formation

number to mapped patches in any given area. Compiled by
D. E. Wilhelms from the following sources: 70° W. to 70° E.,
Wilhelms and McCauley (1971) ; 70° E. to 140° E., Wilhelms
and F. El-Baz (unpub. data, 1973); 140° E. to 140° W,
D. E. Stuart-Alexander (unpub. data, 1973); 140° W. to
70° W., D. H. Scott, M. N. West, and J. F. McCauley (unpub.
data, 1973). All areas previously mapped as plains were
rechecked.
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volume great, ejecta deposited at these velocities may
be widespread enough to account for the light plains.
Our data and interpretations support the hypothesis
that the surface and near-surface materials of some
light plains, including those at the Apollo 16 site, are
at least partly composed of ejecta from the Orientale
basin and that the materials of many rugged areas,
such as the Descartes highlands, are overlain by similar
material. :
Acknowledgments.—We are indebted to D. E. Wil-
helms, who reexamined, rechecked, and remapped the
lunar light -plains deposits of various areas, and to
H. J. Moore and D. E. Wilhelms for their critical and
constructive reviews of this manuscript. This study
was conducted on behalf of the National Aeronautics
and Space Administration under contract Nos.
T-1167B (experiment S-222) and T-2357A.

RELATIVE AGE AND DISTRIBUTION OF CAYLEY-TYPE
- PLAINS

The Cayley Formation was defined as light-colored
(intermediate albedo) terra plains deposits of Imbrian
age in the central near side of the Moon (D. E. Wil-
helms, unpub. data, 1965; Morris and Wilhelms, 1967 ;
Wilhelms, 1970, p. F27-F28). The name was adopted
for the plains at the Apollo 16 site (Milton, 1968;
Milton and Hodges, 1972) because of similarity with
plains at the type locality near the crater Cayley. In

I o°
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- 30°S

45°S

this paper, the term “Cayley-type” plains will be used
in place of the formal Cayley Formation for units with
the following characteristics: (1) Generally flat and
smooth surfaces, as seen at telescopic resolution, (2)
intermediate albedo between that of mare and that of
very rugged uplands, (3) higher crater frequencies
than those on mare material and less than those on the
Fra Mauro Formation, (4) apparent lack of mare-type
ridges, and (5) in some places, a population of large
subdued craters that appears mantled. Light plains of
other ages also occur but will not be considered further
(Wilhelms and McCauley, 1971; Boyce and others,
1974).

Most Cayley-type plains occur in topographic lows,
including circular craters and troughs concentric with
multiringed basins. The deposits appear to transect.
structures and textures of the Fra Mauro Formation
and Imbrium sculpture, as in the crater Ptolemaeus
(fig. 2) and at the type area near the crater Cayley.

On telescopic and Lunar Orbiter photographs, many
Cayley-type plains are similar in texture and albedo to
adjacent terra. Some of these terra units have been -
mapped as thick mantling members of the Cayley
Formation or as terra material of Imbrian age
(1:1,000,000-scale maps of the U.S. Geological Survey’s
Geologic Atlas of the Moon; Wilhelms, 1970, p. F28).
These units have about the same areal distribution as
Cayley-type plains (fig. 1) and are especially abundant
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FicURre 2.—Crater Ptolemaeus, 150 km in diameter (Apollo 16
orbital oblique photograph, A16-05781). Mare Imbrium is to
the north on the right. Cayley-type plains deposits occupy
crater floor. In this low-sun photography, topography mantled
by the Cayley is clearly evident; continuations of lineaments
on the unburied adjacent highlands are visible. These linea-

near Orientale (though not distinguished there in
fig. 1). The terra units have been interpreted as con-
temporaneous with or somewhat older than the Cayley-
type plains; that is, the “pools” of plains may repre-

ments are part of the Imbrium basin radial system (Imbrium
sculpture) and presumably formed when the basin formed.
Cayley-type material probably also mantles the more rugged
looking rim of Ptolemaeus as well as small crater depressions
within the rim (lower left and lower central part of the rim
area).

sent either concentrations of a single widespread de-
posit or unrelated material that filled preexisting
depressions. On the best Lunar Orbiter and Apollo
high-resolution photographs, contacts between these
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terra and plains units appear gradational, supporting
the first interpretation. Most Cayley-type surfaces
appear rolling-and undulating (Wilhelms, 1972). The
surficial materials of Cayley-type plains and adjacent
terra may have a common origin as parts of a wide-
spread blanketing material. Because the “blanket” is
relatively thin, the underlying topography related to
preexisting units and events can still be detected.

By means of a technique of crater morphology an-
alysis, relative ages of light-plains deposits in many
areas (including Ptolemaeus, fig. 2) on both near and
far sides were obtained (Soderblom and Boyce, 1972;
Boyce and others, 1974). The results are presented in
terms of D, defined as the diameter of a crater which
would be eroded to an arbitrary small slope (1°) under
the impact flux that has accumulated on the surface in
question (Soderblom and Lebofsky, 1972). The areas
of Cayley-type deposits measured show a strikingly
narrow range of ages (D, 500-600 m), indistinguish-
able within the limitations of the method. Measure-
ments of Dy, for the Fra Mauro Formation are greater
than about 1,000 m. More recent work by Boyce, Dial,
and Soderblom (1974) confirmed previous results
showing that, in all localities measured, a distinct and
consistent gap exists between Dy, values for the Cayley-
type plains and Dy, for the Fra Mauro Formation and
older plains contemporaneous with it (fig. 3).

The frequency distribution of craters per unit area
also shows that Cayley-type plains are contempo-
raneous with one another and with the Hevelius

14 T T T T T T T
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Figure 3.—Histogram of 90 relative ages (D, diameter of a
crater eroded to 1°) determined for upland light-plains units
moonwide. Note that there are two distinct age groups.
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Formation (McCauley, 1967) which comprises the con-
tinuous ejecta from the Orientale basin. Soderblom
and Boyce (1972) and Boyce, Dial, and Soderblom
(1974) measured the frequency distribution of craters
larger than 500 m in diameter in Cayley-type plains.
(Craters of this size were used because smaller craters
might have reached a steady-state distribution.) A
comparison of the crater-frequency distribution on the
Hevelius Formation with that on the Cayley-type
plains at different sites is shown in figure 4; frequency
distributions of fresh craters larger than 500 m in
diameter are indistinguishable between the Hevelius
Formation and Cayley-type plains, within the error
of measurement, indicating approximate contempo-
raneity of the two units. The distributions are also

T

ORIENTALE EJECTA ————\

CAYLEY-TYPE PLAINS

o
“
T

APOLLO 11 SITE

CUMULATIVE NUMBERS OF CRATERS WITH DIAMETER >D/10%km?2
o
>
T

FORMATION

1
10°
CRATER DIAMETER, IN METRES

103
102

F1eure 4.—Cumulative diameter frequency of craters on the
Fra Mauro Formation (Swann and others, 1971; Soderblom
and Boyce, 1972), Orientale ejecta (Ulrich, 1968; Boyce and
others, 1974). Cayley-type plain (Soderblom and Boyce, 1972;
Boyce and others, 1974 ; Grudewicz, 1974) and the Apollo 11
site (Morris and Shoemaker, 1968). The Apollo 11 curve and
the steady-state curve of Trask (1966) are included for
comparison. Note that the crater densities of the Cayley-type
plains and the Orientale ejecta are similar and that they are
both very different from the crater densities of the Fra
Mauro Formation and of the mare at the Apollo 11 site.
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equivalent to those older than mare basin materials
within the Orientale basin (Ulrich, 1968).

Furthermore, craters larger than 8 km in diameter
are less degraded and therefore younger on Cayley-
type plains than on the Fra Mauro Formation but are
identical morphologically with those on the Hevelius
Formation, thus substantiating the correlative ages of
the plains and Orientale (T. W. Offield, written
commun., 1973) by yet a third method (Pohn and
Offield, 1970; Offield and Pohn, 1970).

Cayley-type plains and terra that appear mantled
are widespread over the entire lunar surface (fig. 1),
but they are particularly abundant in belts peripheral
to both the Imbrium and Orientale basins. Plains are
concentrated adjacent to the Fra Mauro Formation
(fig. 5) in the central near side (Eggleton and Schaber,
1972) and also occur in large patches north of the
Imbrium basin (B. K. Lucchitta, unpub. data, 1974).
The ages of all the latter northern plains have not
been determined because of inadequate photographic
coverage, but two localities have a relative age equiva-
lent to that of the Fra Mauro Formation, older than
Cayley-type plains (Boyce and others, 1974). Plains
peripheral to the Hevelius Formation are abundant
and are clearly identified as deposits of ejecta from the
Orientale basin (Eggleton and Schaber, 1972, figs.
29-9-29-10; Moore and others, 1974). Cayley-type
plains and the gradational terra unit are also concen-
trated inside and just outside the main ring of the
Nectaris basin (including the occurrence at the Apollo
16 site).

The distribution pattern is incomplete because it is
disrupted by younger mare basalts and crater ejecta,
but it suggests that plains and mantled terra units are
related genetically to multiringed basins (Eggleton
and Schaber, 1972). Those Cayley-type plains periph-
eral to the Hevelius Formation include channels and
lobes radial to Orientale, indicating that plains are
formed by materials that are related and associated
with the lineated Orientale ejecta (Eggleton and
Schaber, 1972, fig. 29-10). Cayley-type plains periph-
eral to Imbrium are probably formed in part by
similar ejecta from Imbrium that accumulated in the
circum-Imbrium depressions and smoothed out irregu-
larities. However, because the surface of these plains
in the central near side is younger than the Fra Mauro
Formation (Soderblom and Boyce, 1972), a post-
Imbrium source or event is required to account for that
surface.

THICKNESS OF PLAINS DEPOSITS

Cayley-type plains commonly overlie older but rec-
ognizable cratered surfaces, suggesting that a particu-

ORIGIN OF LUNAR LIGHT PLAINS

lar part of the plains may have had a complex history.
Where plains deposits occupy the floor of an impact
crater, estimates of thickness may be made by using the
crater depth-diameter equations of Pike (1968, 1972).
In Ptolemaeus, the apparent thickness of postcrater
fill is 2 to 3 km; the central peak, if present, is entirely
buried. Evidence suggests that this accumulation 1is
composed of ejecta from at least three source craters
or basins: Orientale, Imbrium, and Alphonsus. The
pre-Imbrium crater Alphonsus overlaps Ptolemaeus;
thus, its ejecta must be part of the earliest filling
material. A population of large craters that appear
mantled is visible in Ptolemaeus; the largest of these
are probably secondary craters from Imbrium. A linear
trough parallel to Imbrium sculpture is also discernible
at low sun angle (fig. 2). Part of the filling deposit,
therefore, is probably ejecta from the Imbrium basin.
The range of ejecta from Imbrium is equivalent to that
from Orientale in which a planar facies of ejecta
occurs, intermingled with secondary craters (Moore
and others, 1974) ; an analogous facies of planar ejecta
from Imbrium is therefore postulated in this central
highlands area peripheral to Fra Mauro Formation.
The subdued large craters and sculpture suggest that
a mantle of still younger material was emplaced.

In Albategnius, an adjacent large crater also con-
taining Cayley-type plains, some mantled craters are
subdued and rimless but well defined, permitting an
estimate of thickness of overlying material. On the
basis of an original rim height of a buried crater 4.5
km in diameter (Pike, 1972), this thickness is approxi-
mately 200 m. Mantled topography is also present,
though not as conspicuous, in the vicinity of the Apollo
16 site (Eggleton and Schaber, 1972). Additionally,
evidence of stratigraphic layering in Apollo 16 orbital
and ground-based photographs of North Ray and
South Ray craters (Ulrich, 1973 ; Apollo Field Geology
Investigation Team (AFGIT), 1973), further supports
the postulate of sequential deposits.

As shown by the crater-erosion model and the crater-
frequency distributions in Ptolemaeus and Albategnius
(fig. 4), the so-called crater-age clock of the surface
has been reset. This modification can occur as a result
of deposition, erosion, or both. An influx of material
(such as crater ejecta) may be deposited on the surface,
gradually building up a discrete layer, or material may
impact the surface in amounts sufficient to erode—and
thus subdue—the preexisting topography (Boyce and
others, 1974). Where the influx of material occurs, the
maximum size of craters obliterated is dependent
mainly on the thickness of the subsequent deposit.
‘Where material impacts the surface, a surficial deposit
forms which progressively fills in craters and subdues
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their rims, so that, depending on the flux distribution
of material, craters smaller than a given size range are
obliterated and those larger are subdued. In either cir-
cumstance, a substantial influx of debris is required,
and the apparent contemporaneity of Cayley-type
plains implies a common source and (or) process of
deposition. The additional evidence of synchroneity
with Orientale compels investigation of that basin as
a potential source of surficial plains materials. We
consider that the Cayley-type plains formed mainly as
a depositional unit which effectively reset the pre-
existing crater-age clock.

DATA FROM RETURNED SAMPLES

Large impact basins probably have distributed a
- wide range of rock types as ejecta over much of the
Moon because of the great vertical and lateral extent
of the rocks excavated. The same process also appears
to be the only one that can distribute a blanket of
ejecta of relatively homogeneous composition widely
over the lunar surface. The distinct highly feldspathic
composition of the Apollo 16 returned samples and
their radiometric ages suggest derivation of these
rocks from such a source basin. The highly feldspathic
rock suite probably contributes to and accounts for the
albedo that is characteristic of the light plains. The
sample data are discussed below in support of the
hypothesis that a significant amount of ejecta from
Orientale reached the Apollo 16 site and may be pres-
ent to some extent at the Apollo 14 site as well.

Apolio 16 samples

The Apollo 16 samples are distinctly more felds-
pathic than those from other highlands sites. Breccias,
hornfels, and crystalline rocks are all unusually high
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in alumina. Studies of coarse fines from 12 samples
(Chao and J. A. Minkin, unpub. data, 1973) show that
in addition to the white anorthositic rocks, among the
light-gray to black lithic types, three types predomi-
nate: (1) Dark-gray to black olivine-plagioclase
xenocryst-laden crystalline rock, (2) feldspathic micro-
noritic hornfels, and (3) plagioclase-dominant xeno-
cryst-laden partly devitrified glass. Compared with
coarse fines of the Apollo 14 Fra Mauro site, the
Descartes samples are distinctly richer in CaO and
ALO; MgO being dominant over FeO if the total
mafic oxides are more than 10 weight percent. They are
lower in FeO, TiO., K.O, and P;0,. Although low-
Al,O; and high-K,O breccias such as 60315 and 62235
are included in hand specimens from Apollo 16, they
are rare among the coarse fines we have studied. The
porous feldspathic breccias of Apollo 14, as represented
by 14063, contain light-gray micronorite hornfels frag-
ments (Chao and others, 1972) which are character-
ized by K-rich mesostasis, whereas fragments with
K-rich mesostasis are exceedingly rare in Apollo 16
feldspathic breccias. Hence, both light-gray and dark
lithic fragments which characterize the Apollo 16
breccias are different from those of the Apollo 14 Fra
Mauro materials.

Because regolith is derived from underlying ma-
terials, its bulk chemical composition should essentially
reflect that of the underlying deposit. Table 1 shows
representative chemical analyses of regolith composi-
tions at Apollo 14, 15, and 16 sites. The Apollo 14 Fra
Mauro and the Apollo 15 Apennine Front materials
are similarly low in Al,O; (16-18 weight percent) and
CaO (10-12 wt percent), whereas the Apollo 16 rego-
lith is very high in Al,O; (about 28 wt percent) and
CaO (about 16 wt percent) and lower in FeO, MgO,
K.O, P,0;, and TiO, than the Apollo 14 and 15 ma-

TABLE 1.—Chemical_composition, in weight percent, of selected Apollo 14, 15, und 16 materials
[N.d., not determined] s

Apollo 14 Apollo 15 Apollo 16
Fra Mauro material!

Annealed Regolith Regolith Regolith
breccia microbreccia Fines ! miecrobreccia 2 Fines 3 microbreccia ¢ Fines 4
14303,34 14047,27 14259,12 15265 15091,38 61295.5 61220,2
Si0: S, 47.49 47.45 48.16 46.94 46.47 45.19 45.35
TiOz oo 1.98 1.48 1.73 1.40 1.31 0.56 0.49
AOs o 16.05 17.75 17.60 16.71 17.47 28.29 28.25
FeO 10.96 10.36 10.41 11.18 11.57 4.52 4.55
MgO 10.99 9.35 9.26 9.95 10.50 4.72 5.02
Ca0 . 10.03 11.19 11.25 11.19 11.77 16.16 16.21
Na, O . 87 5 .61 b1 41 45 42
KO .46 49 51 25 18 .09 .09
POs oo 56 ) .39 .53 .25 .16 .10 .10
MnO _ — — 15 .13 J4 15 a7 .06 .06
Cra0s oo .21 22 .26 .33 .24 N.d. N.d.
___________________________ N.d. N.d. N.d. .08 N.d. .06 .06
Total ___ o __ 99.75 99.56 100.46 98.94 100.25 100.20 100.60

1 Chao, Minkin, and Best (1972). 2 LSPET (1972).

3 Carron, Annell, Christian, Cuttitta, Dwornik, Ligon, and Rose (1972). * LSPET (1973).
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terials. This distinction is pronounced and suggests
that the highly feldspathic Apollo 16 materials did not
come from the same local geochemical regime as the
Fra Mauro or Apennine Front samples.

Unfortunately, a comparison of the distributions of
the Cayley-type materials with the distribution of
high-Al,O; materials recorded by remote X-ray fluores-
cence measurements is impossible because of the large
area of the cells sampled by the X-ray mapping (Adler
and others, 1972a,b).

Contamination of Apollo 14 site by highly
feldspathic material

If Orientale ejecta is as widespread as suggested
here, some fraction of it certainly would be expected
to occur at the Apollo 14 site, overlying the Fra Mauro
breccias. To determine the possible influx of Cayley-
type material at the Apollo 14 site, we compared the
bulk composition of the fines and regolith breccias with
that of the Fra Mauro breccias as classified by Chao
(1973b). The typical Fra Mauro breccias are charac-
terized by a high KREEP (potassium, rare-earth ele-
ments, phosphorus) component (Rose and others,
1972; Willis and others, 1972; Scoon, 1972; Taylor
and others, 1972; Philpotts and others, 1972; and
Strasheim and others, 1972). Inasmuch as the Apollo
16 Cayley-type materials are highly feldspathic and
poor in KREEP, their contamination of the Apollo 14
regolith materials should cause an increase in AlQOj
and CaO and a decrease in K,O or P,0; as compared
with the Fra Mauro materials. Table 2 lists the cal-
culated amounts of the Apollo 16 type of fines which
would be required to raise the Al,O; content of 14303
to that of the Apollo 14 regolith. An estimated 14 to
17 weight percent of material similar in composition
to Apollo 16 fines 61220 or 66081, respectively, is re-
quired. Feldspathic breccias such as 14063 also are
present in the Fra Mauro Formation. To account for
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the higher Al,0, content in the regolith, 27 percent
of 14063 would be required (table 2). This amount
appears to be much too high, judging from its scarcity
in the boulders near Cone crater. Minor-element data
are inadequate to make a meaningful comparison be-
tween the Apollo 14 regolith and the Fra Mauro
breccias with respect to influx of the Cayley-type ma-
terial.

The above data suggest contamination by a thin but
chemically distinct deposit of Cayley-type materials
at the Apollo 14 site; these materials may have been
derived from Orientale. Such identification of a source
basin according to chemical data is subject to uncer-
tainty because the target material and the ejecta of
even a single basin may be vertically and laterally
variable. Nevertheless, the distinctions cited are sug-
gestive of unrelated source areas.

Radiometric ages

The youngest possible age of a large impact event
may be preserved in shocked ejecta samples, but at the
Apollo 16 site the breccias have highly complex his-
tories. In order to interpret the radiometric age of a
rock it is essential to know (1) the ultimate source of
the rock, (2) effects of subsequent thermal or shock
metamorphism, and (3) degree of annealing, if any.

Dates from Apollo 14 Fra Mauro materials inter-
preted as Imbrium ejecta indicate the age of the Im-
brium event to be about 3.9 b.y. (Chao, 1973a). The
maximum age of Cayley-type material must be the
youngest crystallization or metamorphic age of frag-
ments in Apollo 16 breccias, provided that they have
not been reset by post-Cayley craters. The minimum
age must be that of the oldest known mare basalt; on
the basis of the crater-erosion model (Soderblom and
Lebofsky, 1972), relative ages of maria are everywhere
younger than Cayley-type plains and Orientale ejecta.

TABLE 2.—Chemical composition, in weight percent, of Apollo 14 Fra Mauro material, Apollo 1} and 16 fines, and miztures of
Apollo 1} Fra Mauro material and Apollo 16 fines
[N.a., not available]

Apollo 14 Fra Mauro material!

Apollo 16 fines 2 Mixtures (percentages given

Apollo 14 in parentheses)
Annealed Feldspathic Regolith fines *

breccia breccia microbreccia 14303,34(73) 14303,34(83) 14303,34(86)

14303,34 14063,46 14047,27 14259,12 66081,2 61220,2 14063,46(27) 66081,2(17) 661220,2(14)
Si0: .- 47.49 44.69 47.45 48.16 45.38 45.35 46.73 47.13 47.19
TiOz e~ 1.98 1.48 1.48 1.73 67 49 1.84 1.76 1.77
AlOs o ___ 16,05 22.31 17.75 17.60 26.22 28.25 17.75 17.75 17.75
FeO ________ 10.96 6.71 10.36 10.41 5.85 '4.55 9.80 10.11 10.06
MgO _____ 10.99 10.80 9.35 9.26 6.39 5.02 10.93 10.22 10.15
Ca0 ________ 10.03 12.70 11.19 : 11.25 15.28 . 16.21 10.75 10.90 10.90
Na.O - ______ .87 .76 5 .61 .39 42 .84 78 .81
K:O o ___ .46 156 49 51 13 .09 .38 40 41
POs oo .56 22 .39 .53 13 .10 .46 .49 49
MnO ________ 15 .08 13 14 .08 .06 13 13 14
Crs0s e __ 21 21 22 .26 N.a N.a. N.a. N.a. N.a.
Total .__ 99.75 100.11 . 99.56 100.46 100.52 100.54 99.61 99.67 99.67

1 Analysts: H. J. Rose and others, U.S. Geological Survey (Chao and others, 1972).

2 LSPET (1973).
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Several Apollo 16 samples have been dated by either
argon-40-argon-39 or rubidium-strontium methods;
the youngest of these is 68415, a feldspathic basalt. The
rubidium-strontium crystallization age of this rock is
3.84+0.01 b.y. (Papanastassiou and Wasserburg,
1972a). Ages of other samples range from 3.90 to 4.24
b.y. (Papanastassiou and Wasserburg, 1972b; Tera and
others, 1973; Albee and others, 1973; Husain and
Schaeffer, 1973). Sample 68415 was collected at station
8 from a mappable ray of South Ray crater, about 5.5
crater diameters away. At this distance, 68415 prob-
ably was derived from relatively shallow depth within
the crater (Chao, 1973b). Its bulk composition
(LSPET, 1973) is nearly identical with the repre-
sentative Apollo 16 fines. Hence, 68415 is likely from
the Cayley-type materials, and 3.84 b.y. may approxi-
mate the maximum age of the uppermost plains unit.

The oldest mare basalt ages so far determined are
those of some Apollo 17 basalts from Taurus-Littrow.
Rubidium-strontium ages reported for basalt 77035
are 3.83+0.1 b.y. (B. W. Chappell and others, oral
commun., 4th Lunar Sci. Conf., Houston, Tex., 1973)
and 3.82+0.06 b.y. (Evensen and others, 1973). The
rubidium-strontium age of basalt 75055 is 3.83+0.12
b.y. (M. Tatsumoto and others, oral commun., 4th
Lunar Sci. Conf., Houston, Tex., 1973), and the argon-
40-argon-39 age of 75055 is 3.78+0.04 b.y. (Huneke
and others, 1973).

Because the Cayley-type plains are contemporaneous
with the Orientale basin, the age data indicate that the
Orientale basin probably formed between 3.84 and
3.83 b.y. The means of deriving the plains materials
from the Orientale basin is discussed below.

TRANSPORTATION, DEPOSITION, AND VOLUME OF
ORIENTALE EJECTA

We have cited evidence indicating that the upper-
most materials of Cayley-type plains and mantle de-
posits shown in figure 1 may be composed chiefly of
Orientale ejecta. The topographic expression and dis-
tribution of these units can be accounted for by appro-
priate transport and deposition mechanisms. Figure 6
shows ranges of transport of ballistic ejecta, expressed
in terms of the subtended angle on the lunar sphere
(8) plotted as a function of ejection angle y; and veloc-
ity (V). The Apollo 16 Descartes site is approximately
99° (3,000 km) from the Cordilleran rim of Orientale
and 114° (3,450 km) from the basin center. Ejecta from
Orientale can reach the Apollo 16 site and beyond at
velocities of 1.6 to 2.3 km/s when ejection angles are
60° and less. Ejecta from lunar craters clearly have
been deposited at distances greater than 3,000 km, as
illustrated by the crater Tycho whose rays extend
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F1GURE 6.—Diagram showing the launch range in terms of
the subtended angle ¢ (upper right corner) as related to
launch velocity V: and to the launch angle v¢ (D. R.
Chapman, written commun., 1973).

more than 3,000 km (Baldwin, 1963). The ejecta ballis-
tics model of Shoemaker (1962) would disperse ejecta
from Copernicus some 5,500 km, or half the circum-
ference of the Moon.

The plausibility of this hypothesis depends on wide-
spread distribution of substantial quantities of Orien-
tale ejecta. Estimates of the amount of ejecta from
Orientale depend on a number of assumptions. Vol-
umes of approximately 0.26 to 0.91 million cubic kilo-
metres have been calculated using an empirical rela-
tionship between crater-radius and ejecta-thickness
distribution in which basin radii of 195 and 310 km
were assumed for Orientale (McGetchin and others,
1973). A geometric model of a basin using a spherical
segment 390 km across and a depth-diameter ratio of
0.05 yields volumes of 0.61 to 1.82 million cubic kilo-
metres depending on assumed slump conditions (Short
and Forman, 1972). Much larger estimates of ejecta
volumes from lunar basins also have been made. Di-
mensions cited by Dence, Grieve, and Plant (1974) for
Imbrium, based on models for terrestrial impact cra-
ters, yield a volume of about 50 million cubic kilo-
metres. This volume scaled down to Orientale, two-
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thirds as large as. Imbrium in diameter, is about 15
million cubic kilometres. Kaula and others (1974)
obtained a .difference in crustal thickness of 43 km
between terra and mare near Serenitatis and Smythii
and estimated the volume of a 300-km radius basin to
be about 12 million cubic kilometres.

We estimate the volume of ejecta of Orientale to be
about 8 million cubic kilometres. This estimate, prob-
ably as reasonable as any, assumes the basin to be a
spherical segment (Short and Forman, 1972) 750 km
across and 37.5 km deep (a depth-diameter ratio of
0.05). The depth-of the present basin is about 6 to
8 km, but bulking of the brecciated floor materials,
major isostatic adjustment, and subsequent flooding by
mare materials have reduced the original depth. Selec-
tion of a diameter of 750 km is based on the following
considerations. The innermost 400-km diameter ring of
Orientale closely resembles the inner ring of the small
double-ring basin Schridinger (300-km outer-ring
diameter) which appears to be intermediate between
large craters with incipient rings of central peak blocks
(for example, Humboldt) and the multiringed basins.
This hummocky “peak ring” (Hartmann and Wood,
1971)—much lower topographically than the promi-
nent outer rim—probably represents a transition from
central peak to uplifted ring. Unlike the Cordilleran
ring, the inner ring at Orientale shows no indication
of superposed ejecta. The inner ring, therefore, prob-
ably formed in much the same manner as a central
peak, uplifted from below (as implied by Baldwin,
1969, 1972). The continuity of the intermediate Rook
ring, its circularity, and the regularity of its spacing
from the Cordilleran scarp suggest that it too may
have formed as a peak ring inside the transient cavity.
The Cordillera of Orientale is equivalent to the third
and most prominent ring of the Imbrium basin; these
outermost rings are demonstrably equivalent to the
rims of smaller craters (Moore and others, 1974). Some
slumping from the Cordilleran scarp has undoubtedly
occurred, just as smaller craters enlarge by formation

of wall terraces. The transient basin cavity probably ..

had a diameter somewhere between the Rook and
Cordilleran rings; for convenience, we have used the
approximate intermediate diameter of 750 km in our
calculations. ‘
Quantitative distributions of ejecta from lunar
craters as a function of distance from the crater are
poorly understood, and many models are possible (Mec-
Getchin and others, 1973). In lieu of a demonstrably
valid model, about 10 to 20 percent of the total volume
of Orientale ejecta is considered a reasonably conserva-
tive estimate of that fraction distributed beyond the
continuous ejecta blanket (David Roddy, oral
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commun., 1973). Assuming that this fraction is dis-
persed evenly over the lunar surface (38 million square
kilometres), a deposit 20 to 40 m thick would be pro-
duced. In reality, ejecta are concentrated along rays
and lobes, so that actual thicknesses might range from
zero to considerably greater than 20 to 40 m. Accord-
ingly, thick deposits of Orientale ejecta are possible in
Cayley-type plains and terra mantle units; 200 m or so
of fill within Ptolemaeus and Albategnius is possible,
and a significant deposit of Orientale ejecta can occur
at Apollo 16. Locally, amounts may be very small, as
at the Apollo 14 site.

The proposal that lunar light plains result solely
from secondary impact debris (Oberbeck and others,
1974) is unlikely for the following reasons: (1) Young
craters such as Theophilus and King (Howard, 1972)
have smooth plains as ejecta facies, (2) Cayley-type
plains near Orientale basin are clearly a facies of
Orientale ejecta (Moore and others, 1974), (3) the
relative ages of all terra light plains investigated fall
into two distinct categories, corresponding to the
Orientale and Imbrium events, and (4) ages of Apollo
16 samples are post-Imbrium, not pre-Imbrium like
those of the surrounding terrain. Furthermore, moon-
wide dispersal of ejecta from multiringed basins is
theoretically probable. The impact of secondary pro-
jectiles undoubtedly caused some mixing of preexisting
materials with the Cayley-type plains deposits, but
the extent of mixing by metre-sized secondary ejecta
fragments and by a blanket of ejecta are not likely to
be significant (Chao, 1974).

GEOLOGIC IMPLICATIONS

The recognition of widespread ejecta from the
youngest basin has important geologic implications:
(1) It explains the origin and distribution of the
Cayley-type plains deposits, (2) it accounts for the
gradational relation between lunar light plains and
mantle deposits, (3) it imposes geologic constraints on
Interpretations of orbital remote-sensing data, and (4)
it -constrains interpretations of the major highlands
stratigraphic units.

If the Cayley-type plains and the closely associated
mantle deposits (fig. 1) are Orientale ejecta, and if
the Descartes highlands are older than the surficial
plains deposits, then the Descartes materials at the
Apollo 16 site.must also be mantled by Cayley-type
materials; the similarities among the returned samples
(H. G. Wilshire, written commun., 1974) suggest this
relation. Such a mantle probably prevented sampling
of bedrock at Stone Mountain, so that Descartes rocks
may have been returned only if North Ray crater
penetrated them (Hodges and others, 1973). -
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We do not extrapolate our interpretation to all lunar
light plains. Some of the patches east of Mare Marginis
and Smythii have ridges that could be of the mare
type; therefore, these may be old basalts. Other light
plains, too small to map in figure 1, are locally derived
impact ejecta from craters and basins, and larger
patches may be also. For example, the plains and
mantles in the floors of the craters Petavius and Hum-
boldt cannot be ejecta from Orientale or any other
basin if these craters are indeed younger than Orien-
tale.

Proof of this hypothesis for the origin of the lunar
light plains deposits is not conclusive, but it does
account for mich observational data. Chemical charac-
teristics alone do not negate the possible Imbrium
origin of some samples. The effect of secondary crater-
ing at the Apollo 16 site, although present, does not
preclude deposition of significant amounts of primary
ejecta from both Imbrium and Orientale to form dis-

crete deposits. The radiometric age data are consistent -

with the photogeologic evidence that the Cayley ma-
terials are younger than the Imbrium materials. How-
ever, ejecta from the Imbrium basin may be at the
surface at the Apollo 16 site in ejecta of post-Cayley
craters. Proximity to the Nectaris basin suggests that
Nectaris ejecta is also present at depth (Hodges and
others, 1972) and therefore could have been sampled,
for example, by the North Ray Crater. Hence, the
much younger North Ray Crater ejecta that overlie
typical Cayley-type materials may contain “local”
materials such as the older Imbrium or Nectaris ejecta.

SUMMARY

Evidence for a depositional, basin-related origin of
the Cayley-type plains is as follows: (1) Localization
and concentration peripheral to the lineated and
hummocky ejecta of the large multiringed basins and
(2) existence of a planar facies of continuous ejecta
at Orientale and in the ejecta blankets of small craters.
A direct relation of Cayley-type plains to Orientale is
demonstrated by the equivalent crater-frequency and
crater-erosion model ages. These plains are distinctly
younger than the Fra Mauro Formation and remnant
plains of Imbrium age. Therefore, although Cayley-
type plains are common peripheral to the Fra Mauro
Formation, the age of the surfaces requires deposition
of younger material on probably planar ejecta from
Imbrium. Furthermore, the Apollo 16 samples are
distinctly different from those of Apollo 14.

According to this hypothesis, basin-forming impacts,
exemplified by Orientale, produced ejecta which were
distributed irregularly over the surface of the Moon,
forming discontinuous deposits from zero to several
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tens of metres thick. Some contamination of plains
deposits by preexisting local material probably oc-
curred, but primary ejecta are dominant. Preexisting
topography is observable in many places, and most
Cayley-type plains are probably underlain by a planar
facies of Imbrium ejecta, which-—at least at the Apollo
16 site—overlies Nectaris ejecta. Cayley-type plains
deposits include Orientale ejecta sufficiently thick to
reset the crater-age clock. The composition of the
plains samples implies that Orientale was formed in a
highly feldspathic terrane, resulting in a widespread
blanket of feldspathic breccias over much of the Moon.
The lunar highland crust, therefore, may not be under-
lain by a continuous layer of anorthosite cumulate to
any significant depth. The Orientale event probably
occurred some time between 3.84 and 3.83 b.y.

We do not exclude the possibility that some Cayley-
type plains may have a different origin.
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A MODEL FOR EARTHQUAKES NEAR PALISADES RESERVOIR,
SOUTHEAST IDAHO

By DAVID SCHLEICHER, Denver, Colo.

Abstract.—The Palisades Reservoir seems to be triggering
earthquakes: epicenters are concentrated near the reservoir,
and quakes are concentrated in spring, when the reservoir
level is highest or is rising most rapidly, and in fall, when
the level is lowest. Both spring and fall quakes appear to be
triggered by minor local stresses superposed on regional tec-
tonic stresses; faulting is postulated to occur when the effec-
tive normal stress across a fault is decreased by a local in-
crease in pore-fluid pressure. The spring quakes tend to occur
when the reservoir level suddenly rises: increased pore pres-
sure pushes apart the walls of the graben flooded by the reser-
voir, thus decreasing the effective normal stress across faults
in the graben. The fall quakes tend to occur when the reservoir
level is lowest: water that gradually infiltrated poorly per-
meable (fault-gouge?) zones during high reservoir stands is
then under anomalously high pressure, which decreases the
effective normal stress across faults in the poorly permeable
zZones.

This paper considers a seemingly anomalous con-
centration of epicenters in southeast Idaho, just west
of the Palisades Reservoir (fig. 1). The reservoir is
about 4 by 27 km (2.5 by 17 mi) and as much as 67 m
(200 ft) deep at highest water level. It impounds the
- -Snake River in Swan Valley, a northwest-trending
graben between the Snake River Range on the north-
east and the Caribou Range on the southwest. The
bounding faults are the Grand Valley fault (north-
east) and a series of parallel faults including the Swan
Valley fault (southwest). The ranges comprise upper
Paleozoic and Cretaceous sedimentary rocks.

The region including the Palisades Reservoir lies in
the Rocky Mountain seismic belt (Ryall and others,
1966), which extends from northwest Arizona north-
ward through central Utah, along the Idaho-Wyoming
border, and through western Montana. The Palisades
area has probably been seismically active through at
least Quaternary time. Preliminary- gravity data, for
example, suggest a few kilometres of fill in the Swan
Valley graben, (D. R. Mabey, oral commun., 1972),
suggesting in turn that the faults bounding the graben

are large structures, and thus that they have been ac-

tive for a long time.
The Palisades Reservoir was filled in the fall of 1956.
Before 1959 so few earthquakes were reported in the

surrounding region that there is no direct evidence
whether filling the reservoir has affected their fre-
quency or magnitude. But indirect evidence—namely,
the spatial and temporal distributions of the earth-
quakes—suggests that the reservoir has affected the lo-
cal seismic pattern from 1960 to 1969, a period selected
because seismic data are fairly complete.

SEISMIC PATTERN

The epicenters in the Caribou Range cluster were
located by the Worldwide Seismograph Network of the
NEIS (National Earthquake Information Service,
formerly the U.S. Coast and Geodetic Survey), and
plotted locations may differ from true locations by 10-
40 km. Most of these epicenters are plotted at the in-
tersections of 0.1° meridians and parallels.

Spatially, the epicenters form a distinct cluster cen-
tered about 20 km west of the Palisades Reservoir. It
is plausible to assume that the precision of locating
epicenters is better than the accuracy—in other words,
that the techniques for location are good, but that the
knowledge of local seismic-wave velocities is less good
(L. C. Pakiser, oral commun., 1973). Thus it is rea-
sonable to assume that the observed clustering is real,
albeit possibly mislocated.

The number of epicenters in the cluster is consist-
ently and atypically high: five epicenters are reported
at one 0.1° grid intersection, four at or near three in-
tersections, three at or near three intersections, and two
at nine intersections. Contouring these numbers pro-
duces a reasonable contour pattern (fig. 2). The two-
epicenter contour is about 50 km across. The four-epi-
center contour defines an elongate high, plausibly
nested within the overall anomaly. The high is most
pronounced and most sharply defined at the north end
of the concentration, where the four-epicenter “level”
is about 5 km wide; its crestline extends about S. 45° E.
—roughly parallel to the graben—for about 15-20 km

‘before becoming less well defined.

The anomaly can be seen in regional perspective by
examining the concentration of epicenters throughout
a representative surrounding part of the Rocky Moun-
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FIcure 1.—Index and location map for Palisades Reservoir and surrounding area (ERTS photograph 1069-17411, Sept. 30, 1972).

tain seismic belt. The NEIS map of epicenters (U.S.
Coast and Geodetic Survey, 1970) suggests that the co-
ordinates 42°—44° N. and 110°-112° W., within which
the reservoir is centered, generally circumscribe one
cluster of epicenters. Concentrations of epicenters
within this cluster were determined by counting the
numbers of epicenters reported for 1960-69 in a 1,000-
km? circle, using the technique employed for petro-

fabrics or structural geology, or recently for deter-
mining housing density from a topographic map
(Bryant and Reed, 1972). The results (fig. 3) docu-
ment a concentration of epicenters in the Caribou
Range west of the reservoir, as well as a slightly
smaller and less intense concentration southeast of
Soda Springs. The results can be compared directly
with Smith’s (1972) observations of earthquake re-
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Ficure 2.—Generalized contours showing concentration of epi-
centers, as plotted on a 0.1° meridian-parallel grid, 1960-69.
Cross, epicenter located by Sbar and others (1972); open
triangle, station at which Sbar and others (1972) detected
other shocks ; numbers in parentheses show number of shocks.
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currence rates in the Rocky Mountain seismic belt. For
an area of 1,000 km2, he observes about one quake of
Richter magnitude 3 or more per 2 yr. The Caribou
Range cluster shows up to 36 quakes per 1,000 km* dur-
ing the 10 yr considered here, the Soda Springs cluster
up to 23. All the NEIS epicenters have magnitudes
greater than 3, so both clusters represent anomalous
numbers of quakes.

More accurate epicenter locations are available for
the period 381 October to 27 November 1964, when
Westphal and Lange (1966) monitored a local seismic
net in the Caribou Range. They detected 264 micro-
shocks scattered through the range. The largest cluster
of epicenters lay about 10 km (6 mi) west of the reser-
voir. Sbar and others (1972) monitored a local net in
the Caribou Range from 19 to 22 August 1969. They
located seven epicenters in the range—five of them very
near the center of the NEIS cluster, and two just west
of the Palisades Reservoir (fig. 2). An additional 112
shocks were detected but not actually located. Of these,
87 shocks were detected by a station about 5 km (3 mi)
west of the reservoir; 46 of these shocks were within
7 km (4 mi) of that station and less than 7 km deep.
August and November typically have few quakes of
magnitude 3 or more (compare next paragraph). Still,
many of these August microshocks occurred so close
to the reservoir that they may well have been triggered
by it. Whether the more scattered November micro-

shocks also were triggered by the reservoir remains

equivocal.

The temporal distribution of the Caribou Range
earthquakes (fig. 44) independently suggests that some
or all of them are triggered by the Palisades Reser-
voir. The quakes tend to cluster in spring (February,
April, and June) and, very strongly, in fall (Septem-
ber and October). For points with two or more re-
ported epicenters, the general pattern of clustering is
much the same for swarms of quakes that occur no
more than a few days apart as it is for all quakes. June
has the highest average reservoir level for 1960-69, and
September has the lowest. The suggestion is that both
high and low reservoir levels can trigger quakes (fig.
4B). The spring quakes tend to occur when the reser-
voir level rises sharply (fig. 4C). By contrast, the fall
quakes tend to occur when reservoir levels are lowest ;
this relation is clear if these low levels are rotated
above the abscissa (fig. 4B).

Hagiwara and Ohtake (1972, p. 250-251) report
that nearly 60 percent of the quakes near the Kurobe
Dam in Japan occur between 1500 and 0300 hours. For
the Palisades area, although the fall quakes are er-
ratically distributed through the day, the spring quakes
tend to occur around noon or midnight.
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RELATED STUDIES

Lake Mead is perhaps the most studied example of
a reservoir that seems to have triggered earthquakes
(Carder, 1970). No quakes were reported in the sparse-
ly inhabited area before the dam was built. The first
was reported in September 1936, as the reservoir was
being filled. Some thousands of quakes have been moni-
tored since 1937, when seismographs were first set up.
All but a few percent have occurred within about 80
km of the dam, and their average depth is probably
less than 6 km (Carder, 1970, p. 52). All Richter mag-
nitudes have been less than 5. As with the Palisades

MODEL FOR EARTHQUAKES NEAR PALISADES RESERVOIR, SOUTHEAST IDAHO

Reservoir, quakes tend to occur when the water level
is highest or lowest.

Rothé (1969) has reported other reservoirs that seem
to have triggered earthquakes. Typically, few or no
quakes are noted before reservoir filling; after filling,
the number increases and commonly shows some cor-
relation with water level. Hypocenters are very close
to the reservoir, and some, at least, are practically at
the surface. Most of the quakes are small, but Richter
magnitudes of 6 or more are reported for Grandval
Dam (France), Kremasta Dam (Greece), Koyna Dam
(India), and Lake Kariba (Rhodesia, Zambia). Earth-
quakes have also been attributed to reservoir filling in
Japan (Hagiwara and Ohtake, 1972).

Similarly, earthquakes have apparently been trig-
gered by injection of liquid wastes into a deep disposal
well at the Rocky Mountain Arsenal near Denver,
Colo. (Healy and others, 1968), and by injection of
water for petroleum secondary-recovery operations
near Rangely, Colo. (Raleigh, 1972).

TRIGGERING MECHANISMS

The means by which reservoirs may trigger earth-
quakes is poorly understood. The quakes are variously
associated with high water levels (Carder, 1970; Rothé,
1970), with low levels (Carder, 1970), and with rapid
changes in level (Rothé, 1969). The onset of faulting
has been attributed to changes in pore-fluid pressure
(Lane, 1971; Raleigh, 1972), to the load imposed by
the water (Carder, 1970; Gough and Gough, 1970b),
and to weakening of the rocks by water saturation
(Hagiwara and Ohtake, 1972). Generally prompt seis-
mic response suggests that quick-acting changes are re-
sponsible; changes in stress thus seem more likely than
changes in mechanical properties. The geologic setting
of the reservoirs is varied, and the exact mechanism
of faulting is almost certainly dictated by the geologic
units, by the prevailing stress field, and by the orien-
tation and sense of displacement of the fault or faults
affected by the reservoir.

In general, faulting is caused by changing stresses.
The change ultimately leads to a stress difference so
great that faulting occurs, again reducing the stress
difference. In large part, the change of stress that
causes faulting near some reservoirs is almost certain-
ly tectonic. In unknown part, the change is probably
due to modification of stresses at the depth of fault-
ing by changes in load or pore pressure induced by
changes in reservoir level. Apparently, this modifica-
tion of stress—probably by much less than 1 percent—
is great enough to trigger faulting.

Of the stresses causing normal faulting, as near the
Palisades Reservoir, the vertical stress is the most com-
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pressive principal stress (Hubbert and Willis, 1957, p.
157). It is thus tempting to think of the reservoir as
simply an additional “load” that directly triggers
faulting. But faulting is caused by critical differences
in effective stresses—total stress minus pore-fluid
pressure (Hubbert and Rubey, 1959, p. 134). It is thus
likely that the weight of added water in the reservoir
directly triggers faulting only if the reservoir water is
perched, not merely the topmost part of a continuous
ground-water column. The early quakes associated
with observed settling around Lake Mead may fall into
this category. Carder (1945, p. 191) suggests that at
least some of them were due to reactivation of normal
faults between granite and basin-fill sediments, and
level surveys showed that the sediments had settled
about 10 cm. Settling, however, appeared to have
ceased by the time of a second level survey in 1941,
and Carder (1970, p. 51) suggests that subsequent
quakes have been triggered by seasonal load fluctua-
tions. Gough and Gough (1970a) cite a very similar
settling (as much as 23.5 cm) around Lake Kariba.
If, on the other hand, the reservoir water is merely
the top of a continuous water column, the weight of
the reservoir water cannot add directly to the effective
vertical stress. Loading may trigger normal faulting
for a short period (a few years?) after reservoir fill-
ing. Indeed, Gough and Gough (1970b) noted a
marked decrease in seismicity after Lake Kariba had
been filled. If earthquakes continue, however, the sug-
gestion is that stresses are being modified by changes
In pore-water pressure. Stresses may also be modified
by the viscous effects of seasonal changes in ground-

water flow through the porous materials beneath the

reservoir.

PROPOSED MECHANISM FOR THE CARIBOU
RANGE QUAKES

The exact means by which a reservoir may trigger
earthquakes clearly depends on the geologic setting of
the reservoir. If the Palisades Reservoir is triggering
some or all of the Caribou Range quakes, the mech-
anism that follows may explain how. Even if the reser-
voir is not triggering these quakes, the proposed mech-
anism may apply to other reservoirs that fit the model
described below.

The Palisades Reservoir occupies a graben. South-
east Idaho in general may be considered a region of
tectonic relaxation (compare Hubbert and Willis, 1957,
p- 158) ; that is, the region is currently being extended
along normal faults. The most compressive principal
stress (os) is thus vertical; the least compressive prin-
cipal stress (o) is horizontal and perpendicular to the
strike of the faults (fig. 5). Recurrence of faulting
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More permeable basin-fill sediments/ Less permeable fault-gouge zone

Fieure 5.—Schematic section across graben. o, and o;, tectonic
stresses ; AL, rise in reservoir level; Ap, rise in pore pressure.

suggests that o, is continually decreasing. Hubbert and
Willis (1957, p. 157) postulate that normal faulting
occurs when ¢, falls to about one-half to one-third of
3. The faulting increases o,, which then gradually de-
creases until it is again small enough to cause fault-
ing. Except for the effects of erosion on the upthrown
block and deposition on the downthrown block of a
normal fault, ¢; remains nearly constant and equal to
the stress imposed by the weight of the overburden.

The area around the Palisades Reservoir would al-
most certainly be subject to earthquakes even if the
reservoir were not there. Ryall, Slemmons, and Gedney
(1966) show high seismic flux for the area before 1932,
24 years before the reservoir was filled. The effect of
the reservoir must thus be merely to trigger faulting—
that is, to modify its timing, intensity, or location—
when tectonic stresses are on the verge of causing it
anyway.

One explanation of how the Palisades Reservoir
might trigger faulting depends on the following as-
sumptions:

1. The geologic structure can be modeled as a trape-
zoidal prism of basin-fill sediments between the
normal faults that bound the graben (fig. 5).
Movement takes place on these faults or on nor-
mal faults in the graben (not shown in fig. 5).

2. The sediments in the graben are relatively perme-
able; near the reservoir, the water table in the
sediments changes by about the same amount as
the reservoir level.

3. At least parts of the fault zones bounding the
graben are far less permeable than the sedi-
ments in the graben. The poor permeability of
the fault zones means that water tables on op-
posite sides of each zone are practically inde-
pendent. It is plausible to think of the poorly
permeable zones as clayey fault gouge. (The
model will also work if the fault zones are much
more permeable than the basin-fill sediments.)

4. The water in the reservoir is not perched, but rather

is part of a continuous ground-water column.
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5. The effects of ground-water movement along the
graben can be neglected. This presupposes that
for intervals of a month or so, the water table
in the graben is controlled predominantly by
changes in reservoir level rather than by ground-
water flow along the graben. A recharge dome a
few times the length of the reservoir is likely.

A rise in reservoir level and the associated local rise
in water table increase the pore-water pressure in the
sediments filling the graben. Because the fault zones
are relatively impermeable, the increased pore pressure
pushes outward on both fault zones, slightly compres-
sing the rocks outside the graben. But in the graben,
o: 1s decreased, and the likelihood of faulting is ac-
cordingly increased between the impermeable gouge
zones. Note that the total range of variation in pore
pressure throughout the entire year is about 1 bar,
corresponding to about 10 m (30 ft) of change in reser-
voir level.

These spring quakes need not presuppose imper-
meable fault zones; they would follow from virtually
the same mechanism if the bedrock walls of the graben
are less permeable than the sediments of the graben.

Hubbert’s famous sandbox (1951, fig. 1) suggests
a mechanical analog. The sandbox is a rectangular
box, open at the top, partly filled with sand. A parti-
tion in the box fits and moves like a piston in a
cylinder. Imagine that the sandbox is modified by add-
ing “ground water,” saturating the sand to about equal
levels on opposite sides of the movable partition, which
is impermeable and leaks negligibly around the edges
(fig. 6). If the partition is moved far enough to the
right, normal faults will form in the left part of the
box. If the movement of the partition could be stopped
just before the onset of normal faulting, raising the

Movable
partition

N

F1qgure 6.—Model sandbox, showing how normal faulting is
triggered by increase in pore pressure (Ap) caused by rise
in reservoir level (AL) when horizontal tectonic stress
(o1) has been reduced almost to the point of faulting by
moving partition to the right.

MODEL FOR EARTHQUAKES NEAR PALISADES RESERVOIR, SOUTHEAST IDAHO

water level in the left part of the box would nudge the
partition just far enough to trigger the incipient fault-
ing.

To make the sandbox further approach the model
for the Palisades area, the partition should dip to the
left about 60°, representing a poorly permeable nor-
mal-fault zone. The dimensions of the box parallel to
the strike of the fault zone should be greatly increased.
A mirror-image partition on the left would complete
the “graben,” and a dam would impound a reservoir
on the sloping floor of the graben. The partitions
would be moved very slowly to decrease o,. Each
“spring,” water would be added to the reservoir fast
enough to maintain a ground-water recharge dome
around the reservoir. Whenever the sand was on the
verge of faulting, a sudden rise in reservoir level
would impart a sudden nudge to both partitions, and
that nudge would tend to trigger faulting in the
graben. In the real graben, movement will probably oc-
cur on faults on the inner side of one or both fault
zones (on the grabenward side of the least permeable
part of the zone) or on faults in the graben neglected
in this simplified model.

The fall quakes probably follow from a slightly dif-
ferent mechanism. It is likely that the zones of fault
gouge are gradually permeated during spring, when the
reservoir level is high (fig. 7). When the level again
falls, pore water is trapped in the gouge zones, and its
pressure is greater than that of the pore water in the
more permeable sediments of the graben. The normal
stress across shear surfaces in the fault zones is thus
reduced (compare Hubbert and Rubey, 1959, p. 142),
and normal faulting again becomes likely, despite the
increase in o, in the graben itself. In contrast to the
spring faulting, this faulting is probably concentrated
in the least permeable parts of the fault zones.

This mechanism can be modeled with three books and
a plastic bag. Two of the books are stacked with the
bag between them, and one end of the stacked books is
rested on the third book. The slope of the stacked books
should be such that the top book will almost slide off
the stack. When the plastic bag is blown up, increasing
the “pore-fluid” pressure above ambient (atmospheric)
pressure, the top book immediately begins to slide.

RAMIFICATIONS

Strong earthquakes, regardless of their origin, are
cause for concern. Rothé (1969, p. 29, 38) reports seven
quakes of Richter magnitude 6 or more at four reser-
voirs; two of the areas were allegedly aseismic before
the reservoirs were filled. It cannot, of course, be un-
equivocally demonstrated that filling the reservoirs
“caused” the earthquakes, or that the quakes were more
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Fraure 7.—Postulated distribution of pore-fluid pressure (p),
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locus of probable fault movement.

than a temporary response to filling. But the onset of
seismicity in a previously aseismic area, or even an in-
crease of seismicity in a known seismic area, can be
unsettling. The 1967 Koyna, India, earthquake of
Richter magnitude 6.4 killed 177, injured 2,300, and
fractured the dam (Rothé, 1970, p. 232) ; repairs cost
more than £1.5 million (Lancaster-Jones, 1972, p. 778).
Clearly, a better understanding of mechanism is
needed.

Fluctuating reservoirs, under the right circum-
stances, may provide a convenient way to trigger small
quakes, thereby preventing tectonic stress differences
from increasing to dangerous levels. If the dam is engi-
neered to withstand the shocks, and if secondary com-
plications such as landsliding do not occur, an increased
frequency of small quakes associated with the reservoir
may prove beneficial. But conversely, repeated trigger-
ing of movement along one part of a fault might in-
crease the seismic danger elsewhere along the fault.

FURTHER STUDY

The Palisades Reservoir offers an unusual oppor-
tunity to study the effects of pore-fluid pressure on
seismicity. The structural geometry of the graben is
simple enough that it would be fairly easy to model.
Seismic data for the area are becoming more abundant
and accurate. Further study presupposes installation
of a local seismic net to monitor quakes of intensity
smaller than those detected by the current regional net,
so as to locate hypocenters more accurately, to deter-
mine first motions, and to further study the peculiarly

nonuniform distribution of quakes during the year.
More accurate delineation of hypocenters may make it

possible to detect seasonal variations in their position

and to map out the geometry of one or more active
faults at depth. The model proposed here implies
dilatancy of the graben sediments before spring fault-
ing; measurement of strain and seismic velocity will
directly confirm or negate that hypothesis, and bear on
dilatancy as a general premonitory effect (compare
Scholz and others, 1973). Only rarely can the earth
scientist conduct an experiment at this scale.

REFERENCES CITED

Bryant, Bruce, and Reed, J. C., Jr., 1972, Map showing approxi-
mate density of houses in the Evergreen quadrangle, Jef-
ferson County, Colorado: U.S. Geol. Survey Mise. Inv. Map
I-786-D.

Carder, D. S, 1945. Seismic investigations in the Boulder
Dam area, 1940-1944, and the influence of reservoir load-
ing on local earthquake activity: Seismol. Soc. America
Bull,, v. 35, no. 4, p. 175-192.

1970, Reservoir loading and local earthquakes, in Adams,
W. M, ed., Engineering seismology—the works of man:
Geol. Soc. America Eng. Geology Case Histories, no. 8, p.
51-61.

Gough, D. I, and Gough, W. 1., 1970a, Stress and deflection in
the lithosphere near Lake Kariba—I: Royal Astron. Soc.
Geophys. Jour., v. 21, no. 1, p. 65-78.

1970b, Load-induced earthquakes at Lake Kariba—II:
.Royal Astron. Soc. Geophys. Jour., v. 21, no. 1, p. 79-101.

Hagiwara, T. and Ohtake, M., 1972, Seismic activity associated
with the filling of the reservoir behind Kurobe Dam, Japan,
1963-1970: Tectonophysies, v. 15, no. 3, p. 241-254.




400

Healy, J. H, Rubey, W. W., Griggs, D. T\, and Raleigh, C. B,
1968, The Denver earthquakes: Science, v. 161, no. 3848,
p- 1301-1310.

Hubbert, M. K., 1951, Mechanical basis for certain familiar
geologic structures: Geol. Soc. America Bull, v. 62, no. 4,
p. 355-372.

Hubbert, M. K., and Rubey, W. W., 1959, Mechanics of fluid-
filled porous solids and its application to overthrust fault-
ing, [Pt.] 1 of Role of fluid pressure in mechanics of over-
thrust faulting: Geol. Soc. America Bull, v. 70, no. 2, p.
115-166.

Hubbert, M. K., and Willis, D. G., 1957, Mechanics of hydraulic
fracturing: Am. Inst. Mining, Metall, and Petroleum
Engineers Trans., v. 210, p. 153-166.

Lancaster-Jones, P., 1972, in Seismic activity at man-made
reservoirs—discussion (of R. G. T. Lane): Inst. Civil
Engineers Proc., v. 51, p. 777-T78.

Lane, R. G. T., 1971, Seismic activity at man-made reservoirs :
Inst. Civil Engineers Proc., v. 50, p. 1524,

Raleigh, C. B., 1972, Investigation of seismic activity related to
reservoirs, in Symposium on instrumentation—practical
applications and results: Assoc. Eng. Geologists Bull., v. 9,
no. 3, p. 177-183.

Rothé, J. P., 1969, Earthquakes and reservoir loadings: World
Conf. Earthquake Eng., 4th, Santiago-de-Chile, Preprints
A-1, p. 28-38 and addendum.

MODEL FOR EARTHQUAKES NEAR PALISADES RESERVOIR., SOUTHEAST IDAHO

1970, Seismes artificiels [in French with English
summ.] : Tectonophysics, v. 9, p. 215-238.
Ryall, Alan, Slemmons, D. B., and Gedney, L. D., 1966,

Seismicity, tectonism, and surface faulting in the western
United States during historic time: Seismol. Soc. America
Bull,, v. 56, no. 5, p. 1105-1135.

Sbar, M. L., Barazangi, Muawia, Dorman, James, Scholtz, C.
H., and Smith, R. B., 1972, Tectonics of the Intermountain
Seismic Belt, western United States—microearthquake
seismicity and composite fault plane solutions: Geol. Soec.
America Bull, v. 83, no. 1, p. 13-28.

Scholz, C. H., Sykes, L. R., and Aggarwal, Y. P., 1973, Earth-
quake prediction—a physical basis: Science, v. 181, no.
4102, p. 803-810.

Smith, R. E. [R. B.], 1972, Contemporary seismicity, seismic
gaps, and earthquake recurrences of the Wasatch Front,
in Environmental geology of the Wasatch Front 1971:
Utah Geol. Assoc. Pub. 1, p. I1-I9.

U.S. Coast and Geodetic Survey (Natl. Earthquake Inf. Cen-
ter), 1970, Map NEIC-3012, from Seismicity of the United
States: Washington, D.C., U.S. Dept. Commerce, Environ-
mental Sci. Services Adm., 1 sheet.

Westphal, W. H., and Lange, A. L., 1966, Local seismic moni-

toring; final technical report: Stanford Research Inst.
Rept., 242 p.



Jour. Research U.S. Geol. Survey
Vol. 3, No. 4, July—-Aug. 1975, p. 401408

COMPUTER-GENERATED SHADED-RELIEF IMAGES

By R. M. BATSON, KATHLEEN EDWARDS; and E. M. ELIASON,
Flagstaff, Ariz.; Menlo Park, Calif.

Abstract—Digital image-processing techniques have been de-
veloped to make shaded-relief images from digitized topo-
graphic data. The resulting images have at least two advant-
ages over aerial photographs: (1) The images are true map
projections containing no relief-induced distortion, and (2)
tonal variation is unambiguously identified with relief, rather
than with snow, vegetation, or other albedo variations. Parallax
can be introduced into these images in the computer, and
stereoscopic pairs can thus be created.

The techniques of “hill-shading” or “shaded relief”
have been used in cartography for many years to pro-
duce the illusion of a three-dimensional relief map.

Shaded-relief maps are useful because they convey
~ an instant impression of the shape of the land if they
are skillfully done. In this sense, they are better than
photographs, which contain such a variety of image
densities not related to relief that landforms are ob-
scured or obliterated (fig. 1). Orthophotomaps with
contour lines contain a wealth of information but still
lack the impact of a good relief map from which in-
formation has been selectively deleted for clarity. Base
maps upon which geologic maps or other colored over-
lays are placed must be carefully designed lest base
tones distort the color and hence the interpretation of
the final map. A high-contrast base consisting solely of
lines is one answer to this dilemma, but a low-contrast
shaded-relief base, in which tone variation is unam-
biguously identified with relief and no other surface
characteristic, makes a dramatic improvement in the in-
terpretability of a map.

Two methods are currently in use to produce shaded-
relief maps. One method was developed by P. M.
Bridges and J. L. Inge at the U.S. Air Force Aeronau-
tical Chart and Information Center and Lowell Ob-
servatory in Flagstaff, Ariz., during the lunar mapping
program in the 1960’s. This method is based on inter-
pretation of photographs and visual observation of the
surface to be mapped (Inge, 1972). The method re-
quires skill and training in photointerpretation and a
well-developed ability to visualize and portray land-
forms accurately, regardless of their illumination and
color on photographs. In a second, more traditional
method, an illustrator utilizes topographic contour

lines to determine the degree of shading required. This
paper describes a technique in which a computer is
used to produce shaded-relief maps by the second
method.

Computerized production of shaded-relief maps uti-
lizes techniques and concepts developed for planetary
mapping from spacecraft television pictures (Levinthal
and others, 1973). Relief is identifiable on photographs

" because natural surfaces reflect varying amounts of

light as a function of the slope of the surface, the tex-
ture of the surface, the angle from which it is illumi-
nated, and the location of the viewer (fig. 2). This
phenomenon has been used in photometric studies of
the lunar surface with telescopes, and complex laws
have been proposed to define the luminance of the
Moon with respect to the above geometric parameters
(Minnaert, 1961 ; Hapke, 1963). No such complex func-
tions, however, are necessary for simple portrayal of
shaded relief. A relatively simple function such as the
Lommel-Seeliger law is perfectly adequate. This law
states that

1 1)

I= cose
1+—5

cos ¢
where I=the intensity of the reflectance,
e=the angle between the observer and the slope
normal, and
i=the angle between the sun and the slope
normal.

This equation was used to produce the shaded-relief
image in figure 3.

The data for this image were compiled by DMA
(Defense Mapping Agency) from the Montrose
1:250,000 quadrangle (fig. 4). Personnel from this or-
ganization have measured altitudes by interpolation
from contour lines at 100-m intervals. The values have
been recorded on magnetic tape for each 1:250,000
quadrangle in the United States.

The computer program for shaded relief converted
each pair of altitude values along each east-west line to
a slope whose value was used in equation 1 to compute
a brightness level for the interval between the pair of
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Fieure 1.—Part of ERTS image 1407-17190 of the area of the west half of the Montrose quadrangle, Colorado (1 :250,000-
scale topographic series). North is at top; east-west distance at center of photograph is about 55 mi (88 km).

altitudes. This set of values was then recorded on mag- The interpolation method used by DMA resulted in
netic tape for input to an Optronics Corp. Photowrite peculiar artifacts in parts of the image. These arti-
device that produces film output from digital image facts are clearly related, in form and location, to the
playback. contour lines from which the relief data were derived.
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F16URE 2.—Factors that affect the intensity of reflectance from
the ground surface. The two factors most critical to deter-
mination of reflectance according to the Lommel-Seeliger law
are angles i and e. See text for discussion.

Level surface

The artifacts can be prevented by higher order inter-
polation techniques.

The contrast of the image may be modified in the
computer by redefining the brightness change for each
slope increment, or by computing the brightness values
with a lower or higher Sun. The illumination used to
produce figure 3 was 30° above the western horizon.
That for figure 5 was 5° above the western horizon, and
that for figure 6 is 60° above the western horizon.

Simple manipulation of the digitized altitude data
makes it possible to form stereoscopic shaded-relief
images for additional clarification of surface structures.
A detailed discussion of stereoscopic parallax is con-
tained in Tewinkel, Schmid, Hallert, and Rosenfield
(1966, p. 22-25). Introduction of stereoscopic parallax
into a shaded-relief image requires only the very simple

equation

ap=ah(K), @)
where Ap is the displacement due to height, on the
image plane, of an object whose height is Ah. K is a
constant selected arbitrarily that will determine the
strength of the stereoscopic illusion. Large values of K
will result in exaggerated stereoscopic perception of
relief, whereas small ones will produce a weak percep-
tion. A value of A was selected for figure 7 such that
no value of Ap was greater than 2 mm.

An acceptable stereoscopic pair can be made by us-
ing t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>