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EROSION AND SEDIMENTATION IN A SEMIARID ENVIRONMENT

CHANNEL AND HILLSLOPE PROCESSES IN A SEMIARID AREA, NEW MEXICO

By Luxa B. Leoporp, WriLLray W. Exaert, and Roeerr M. Mryricx

ABSTRACT

Ephemeral washes having drainage areas from a few acres
to 3 square miles are shown by actual measurement to be ac-
cumulating sediment on the streambed. This aggradation is not
apparent to the eye but is clearly shown in 7 years of annual
remeasurement.

A similar aggradation was in progress in the same area some
3000 vears ago as evidenced by ap alluvial terrace later dis-
sected by the present channel system. At that time as well as
at present. aggradation occurred even in tributary areas drain-
ing & few acres. Colluvial accumulations merge with channel
deposits and blanket the valleys and tributary basins even up
to & few hundred feet of the drainage divides.

The present study concerned the amounts of sediment pro-
duced by different erosion processes in various physiographic
positions in the drainage basins. Measurements show that by
far the largest sediment source is sheet erosion operating on
th~ =mall percentage of basin area near the basin divides.

" movement, gully head extension. and channel enlarge-
\ ire presently small contributors of sediment compared
with™ sheet erosion on unrilled slopes. As in previous studies,
not all of the erosion products could be accounted for by ac-
cumuiations on colluvial slopes and on beds of channels. The
discrepancies are attributed primarily to sediment carried com-
pletely out of the basins studied and presumably deposited
somewhere downstream,

Aggradation of alluvial valleys of 3 square miles area and
smaller both in the present epieycle, and in prehistorical but
post-giacial times in this locality. cannot be attributed to gully-
ing or rill extension in the headwater tributaries but to sheet
erosion of the most upstream margins of the basins,

Studies of rainfall characteristics of the 7 years of measure-
ment compared with previous years in the 100-year record do
ot provide a clear-out difference which would account for the
presently observed aggradation of channels. Longer perind of
measurement of erosion and sedimentation will be necessary
to identify what precipitation parameters govern whether the
channels aggrade or degrade.
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ALLUVIAL FILLS IN WESTERN VALLEYS

To cross any valley in the foothills of a large part of
the western conterminous United States is to traverse a
flat floor of stream-deposited alluvium. Many such
floors, once smooth and undissected, are now trenched
by arroyos or troughlike gullies. Abandoned flood
plains or alluvial terraces can be seen in many such val-
leys, representing the surfaces of previous valley fills.
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A large literature describes the local sequences of al-
luviation and erosion in such valleys, and there appears
to be considerable contemporaneity in the timing of
these alterations in post-Pleistocene time over an area
that stretches from Wyoming to Texas. When grazing
by cattle reached peak intensity about 1880, the most
recent epicycle of valley trenching began in what is
now believed to be a coincidence of climatic conditions
conducive to erosion and degradation of the vegetative
cover by overuse.

The alluvium which now fills these valleys and which
is being trenched is usually similar in texture to that
representing the fills of previous epicycles, though in
some places the recent fill material is somewhat coarser.
This alluvium is predominantly silt. often fine sandy
silt, sometimes silty fine sand. The amount of clay is
generally not great. The fills may be only a few feet
deep in ephemeral tributaries draining several acres,
and can be at least 50-feet thick through long distances.
The latter figure applies to the alluvial valley, 150 miles
in length, of the Rio Puerco. a tributary to the Rio
Grande.

Three periods of late Pleistocene and recent alluvia-
tion are recognized in many places in Western States.
The most recent fills now being eroded are less deep
than those of previous periods of aggradation repre-
sented by the terraces which stand above the present
valley floors, so even larger amounts of alluvium were
stored in valleys in the past than are now observed.

Thus an immense amount of silty and fine-sandy al-
luvium has been produced by ephemeral drainage basins
in the five states—Arizona, New Mexzico, Utah. Colo-
rado, and Wyoming—and has been deposited in valleys.
When a period of valley trenching occurred, much was
eroded out, carried downstream, and the process re-
peated.

It is logical to suppose that the source of sediment
which would contribute to such aggradation during the
periods of alluviation would be rill and gully erosion
in the headwater tributaries. Deposits in the valley
must have been derived from the basin upstream. But
alluviation, when it occurred in the main valleys or
master streams. also affected minor tributaries as well.
The ground surface seems to sweep from valley floor
up to the adjacent hills and up tributary valleys in con-
cave-to-the-sky profiles. The topography of the ad-
jacent hills seems to have been drowned in a sea of al-
luvium. softening and smoothing the surface configura-
tion of the whole landscape. This phenomenon occurs
widely and is the general rule in Nebraska, Kansas, Mis-
souri, and the driftless area as well as in New Mexico,
Wyoming and other parts of the Rocky Mountain area.

EROSION AND SEDIMENTATION IN A SEMIARID ENVIRONMENT

So widespread has been the phienomenon of valley
aggradation with silty alluvium and so large are the
volumes of sediment involved that the geomorphologist
may wish to see examples of present-day streams cur-
rently undergoing such alluviation, and to discern the
areal sources of the material being deposited. But, in-
terestingly, it is difficult to designate channels under-
going such a process—at least any that are identifiable
by visual or qualitative criteria. The processes which
were so important even in the historic past cannot easily
be observed at present.

Furthermore, if Leopold and Miller (1954) were cor-
rect in their assertion that the source of the valley
alluvim was not in channel and gully erosion of the
headwaters, then the processes of such sediment produc-
tion must have been mass wasting and sheet erosion.
The first of these is a process little studied and the sec-
ond is a process studied far more on agricultural than
on grazing or uncultivated areas. Little is known
about rates of such processes on nonagricultural land,
nor have the effects of relief, land slope, vegetation dens-
ity, or other relevant factors been observed.

The present investigation was initiated to study both
process and rate of aggradation and degradation in the
channels, rills, and on the hillslopes of a drainage basin
typical of many parts of the semiarid West. This
paper is a progress report on that study.

Investigations of the kind described here involve the
operation of field stations and specific experiments over
a period of several years. Results can be obtained only
at infrequent intervals because of the sporadic char-
acter of the precipitation. The general method, then,
was to establish observation stations which could be
visited for resurvey during a period of a few weeks in
summer each year, and to maintain a more restricted
number of observations after each important storm.
The area chosen, Arroyo de los Frijoles near Santa Fe,
N. Mex., was one in which previous work had been done
by Leopold and Miller (1956), and for this reason it
provided a familiar geographic and geologic back-
ground on which to base further investigations.

Our objective was to integrate several aspects of
fluvial processes operating in the area: specifically, to
study sheet erosion on the divide and interstream areas,
slope retreat adjacent to steep-walled gullies that pre-
vail in the uplands, and in particular, the movement of
coarse and fine sediment down the arroyos of various
dimensions. To this end, various kinds of measuring
devices were gradually developed and installed. The
results reported here represent information collected
during 7 years of observation, but some measurements
have been made for only a part of the 7-year period.
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GEOGRAPHIC SETTING

Arroyo de los Frijoles and the other ephemeral chan-
nels discussed here are a few miles west-northwest of
ga~+~ Fe, N. Mex. (figs. 138 and 139). They are typi-
c nany small arroyos or dry channels in the low-
lin__of the Rio Grande Depression at the base of the
Sangre de Cristo Range. .\s one approaches Santa Fe
from the west, the Sangre de Cristo Mountains appear
to be abutted by a broad sloping surface underlain by
poorly consolidated sand and gravel. There are actu-
ally several surfaces differing but slightly in elevation.
However, the local relief is considerable, with rolling
hills dissected by gullies, rills, and broad sandy-floored
washes. As is typical of arid regions everywhere, these
channels present almost endless variety. They range
from tiny rills near the drainage divide to deep, wide
arroyos incised in flat alluvial valleys. Vegetation is
sparse. both adjacent to the channels and on the inter-
fluves between them. In general the area is a wood-
land association, including juniper, pifion, sage, and a
low-density understory of grasses.

Because of its geological character and climate, the
area studied is characterized by huge amounts of both
fine and coarse sediment readily available for transpor-
tation. During runoff sediment may be derived from
the unconsolidated country rock or from recent alluvium
adjacent to the channels.

An arroyo discharges water only when a moderately
he  rain falls on the drainage basin. This is a sum-
n, ‘enomenon because heavy rains fall only from
thanaérstorms. No flow occurs during the winter.
Ordinarily during a summer there are about three rain-
storms of sufficient magnitude to produce runoff. How-
ever, only exceptional rains affect an entire drainage

36°

|
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FiGoRm 138.~—Area in New Mexico where detailed studies
were made.
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basin the size of the Arroyo de los Frijoles at Sand Plug
Reach (drainage area=3.75 sqmi).

VALLEY ALLUVIUM

Many widely separated areas in southwestern United
States have undergone three periods of alluviation fol-
lowed by erosion, and there is evidence of approximate
simultaneity of the respective events from one aresa to
another. That some or all of these events should have
occurred in the study area would be a logical supposi-
tion.

Arroyo de los Frijoles through most of its length is
incised into an alluvial fill of silty sand which at present
has a surface configuration characterized by two ter-
races, and paired remnants of each are common along
the principal drainage ways. The higher terrace stands
about 5 feet above the channel bed in upper tributaries
and tends to remain about the same height downstream
along the 7-mile reach which we have studied in detail.
The terrace tread is uniform and flat, and vegetated, as
are the hills, with pifion and juniper and an understory
of grass. Along much of the stream length the terrace
is bounded by a vertical wall, at least on one side of the
channel, but elsewhere it slopes down to the lower ter-
race in a subdued S-shaped profile which may have a
maximum slopeof 1: 5. Such a rounded scrap is gener-
ally vegetated with bunch grasses of low density. The
terrace tread grades in a smooth curve to the adjacent
hills, and its whole width seldom is more than 300 feet.

The low terrace averages about 1-2 feet above the
present streambed and is seldom bounded by vertical
banks. Its surface tends also to be somewhat irregular
and can usually be recognized by the occurrence of rab-
bit brush, locally called chamiso [Chrysothamnus nau-
seosus (Pall.) Britt.], which occurs neither on the high-
er terrace nor on the presently active point bars.

Typical aspects of the valleys and the terraces are
shown in figure 140.

The stratigraphic relation of the alluvium of the high
terrace to the bedrock underlying the adjacent hills is
commonly seen in the vertical banks. The valley fill was
laid in a shallow U-shaped trough cut into the friable
and poorly consolidated bedrock, and the bed of the
present channej lies very near the bottom of this trough
in the smaller valleys and probably close to it even in the
main stream. That is to say, the present stream has cut
nearly through the valley alluvium and most of the
depth of alluvium can be seen in the cut banks or vertical
walls.

The relation of the alluvium underlying the tread of
the lower terrace to that of the upper terrace is difficult
to decipher. So nearly the same is the alluvium under
the two terrace treads that even when a vertical bank
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cuts through both. no stratigraphic contact is obvious,
though an inset relation is suggested by the contacts
seen. The same difficulty is often observed in alluvial
fills of western valleys. We have concluded after in-
spection of many sections, that the lower terrace repre-
sents the top of an inset fill and that Arroyo de los Fri-
joles is an example of a two-fill, two-terrace alluvial
valley (see Leopold and Miller, 1954, p. 3, for a discus-

IN A SEMIARID ENVIRONMENT

sion of the classification of terraces and fills). A dia-
grammatic cross section is presented of this valley in
figure 141. We here apply the name Coyote terrace de-
posits to the alluvial deposit under the higher terrace
so prominent along streams in the vicinity which will
be referred to as the Coyote terrace.

The type locality for the Coyote terrace deposits will
be along the Arroyo de los Frijoles at what we will
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describe here as our main-project reach, in the NW1,
SE1 sec. 17, T. 17N, R. 9E., 4.2 miles from Santa Fe.
The name is derived from Coyote C. Arroyo at Las
Dos (see p. 205), where a sample of charcoal buried in
this deposit gave a date of 2800 =250 years B.P. (USGS
sample W1328).

Coyote terrace deposit is alluvium consisting of red-
brown, slightly indurated silty sand or fine sand, some-
times fine sandy silt, with occasional discontinuous lenses

95-885 0O—66——2

N

F1auRe 140.—Typical aspects of the valleys and the terraces. 4, Drain-
age basin of Coyote C. Arroyo; the man is standing on a flat surface
of alluvium or colluvium. B, Two terrace levels along Arroyo de los
Frijoles: the lower terrace, about 18 inches above the channel bed.
is in the foreground; at the tree mear the channel edge, the upper
terrace stands 5 feet above the present bed and grades smoothly to
adjacent hills, C, Arroyo de los Frijoles; the channel is cutting
into the upper terrace material that here stands 8 feet above the
present bed elevation; the view i{s on the left bank just downstream
from Fence Line Headcut; bedrock crops out in the channpel bed at
this place, dipping downstream.

of fine gravel. When dry, the cut banks stand vertically
and are hard to dig with a shovel. The alluvium is
5-10 feet thick and rests on bedrock, which here is un-
consolidated sand and gravel. The top several inches
may contain more fine sand or silt than at greater
depths. No soil zonation is apparent though the upper
6 inches are slightly darker from the admixture of
humus and incipient soil development.

The Coyote terrace forms a curving surface as it rises
away from the valley floor and joins the hillslopes un-
derlain by the Santa Fe Group. The alluvium inter-
fingers with colluvium at the valley sides and extends
upstream in minor tributary valleys, where the distinc-
tion between valley alluvium and colluvium at the base
of the slope often cannot be made.

In the Tesuque Valley.just 4 miles to the north, sim-
ilar alluvial terraces have been studied by Miller and
Wendorf (1958) at a location shown on figure 139.
There, two terraces occur at 18-20 feet and 8-10 feet
above the present channel; the alluvium underlying the
higher one contains dateable artifacts and charcoal. A
C' date of charcoal lying 130 inches below the surface
of the upper terrace was 2230=250 years. Between the
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Fi16oBe 141.—Diagrammatic cross section, Coyote terrace depoasits.

Tesuque area and Arroyo de los Frijoles, the agreement
of dates, the similarity in form, the comparable char-
acter of the alluvial materials, and the geographic prox-
imity of the areas suggest that the respective periods
of deposition and erosion in the valleys of the whole
area are correlative and may be considered Coyote ter-
race deposits.

Though the terrace heights and the depth of alluvium
of the Coyote terrace deposits differ somewhat from
valley to valley as indicated by the comparison between
Arroyo de los Frijoles and Tesuque Creek, such a valley
fill is ubiquitous in all the ephemeral valleys in the area.
It typifies all the drainages rising in the foothills which
lie west of the Sangre de Cristo Range and east of the
escarpment of La Bajada, a distance of 11 miles or more
in most places, and extending north-south at least from
Cuyamungue, 12 miles north of Santa Fe, to San Cris-
tobal, 25 miles south of the city. This area of more
than 100 square miles has been seen, at least in recon-
naissance, during this study, and our impression is that
similar relations would be observed over a much larger
area in central New Mexico. The Coyote terrace de-
posits correspond to Deposition 2 in the regional allu-
vial chronology of Kirk Bryan. (See Leopold and Mil-
ler, 1954, p. 38.)

THE LOCAL BEDROCK

The hills being drained by the network of ephemeral
channels are composed of the upper beds of Santa Fe
Group. The whole group is at least several thousands
of feet thick, but that part with which we are concerned
includes the upper zones only, principally the Tesuque
and Ancha Formations (Miller, and others, 1963, espe-
cially p. 50-51 and pl. 1). The geologic map by these
authors includes similar landscape 3 miles north of our
study area which they mapped as Tesuque Formation
described as follows (p. 50) :

The Tesuque Furmation of the Santa Fe Group, as defined

here, consists of poorly consolidated, water-laid silt, sand, and
gravel, mostly tan in color. . . . . Abrupt changes in texture, both

vertically and horizontally, are the rule. Bedding is locally dis-
tinet, but few beds can be traced more than a mile or two. Some
of the sandstone beds are fairly well sorted and locally cross-
bedded. Their coherence is due to cementation by calcium car-
bonate. At most places, even in unconsolidated materials, the
sediments are highly calcareous.

The Tesuque Formation was derived Trom Paleozoic and Pre-
cambrian rocks of the mountains. The presence of a consider-
able quantity of quartzite pebbles. for example near Tesuque,
indicates drainage southward from Rio Santa Cruz or Rio de
Truchas, which requires a radical difference from the present.
drainage pattern.

Miller, Montgomery, and Sutherland (1963) consider
the Tesuque Formation to be Tertiary. They identify a
Pleistocene or upper Pliocene Ancha Formation consist-
ing of remnants of a once-continuous sheet of unconsoli-
dated gravel which extended originally from the west-
ern part of the Sangre de Cristo range to the Rio
Grande. The gravels were considered to be laid down
as fan deposits derived from glacial action and carried
out to cover the older Tesuque beds as glacial outwash
deposits.

Those workers did not map as Ancha Formation any
of the deposits in the area just to the north ; the bedrock
materials with which we deal are probably entirely
Tesuque Formation. Because, as Miller, Montgomery,
and Sutherland stated (1963, p. 51), 100-300 feet of dis-
section has occurred since deposition of the fan gravel
comprising the Ancha Formation, the concentration of
gravel on many hilltops which we observe in our study
area may represent a lag concentrate of gravel derived
from Ancha beds which now have been removed.

Other than the gravel concentrate on hilltops, the de-
cription given by Miller and his associates fits the bed-
rock materials. : Those authors, as well as we, observed
many places where the upper surface of the Santa Fe
beds is weathered. A zone of caliche, 2-3 feet thick lo-
cally, permeates the sandy, or elsewhere the gravelly,
bedrock materials. This caliche where it crops out does
not affect the alluvium or colluvium and indicates proc-
esses of soil formation and weathering related to events
prior to the deposition of the Coyote alluvium.
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RELA.TIO\ OF VALLEY ALLUVIUM AND COLLUVIUM TO | profile, that alluvial and colluvial material fll a former

HEADWATER AREAS

The surface of the Coyote terrace can be followe.d as
remnants along the main valley of Arroyo de los Frijoles
4~ 1 ather washes upstream to where the present channel
‘ a few feet wide. Similarly, the surface can be
to._~ed up lateral tributaries where it grades to the
adjacent hills. Colluvium deposited by rills and uncon-
centrated wash merges and interfingers with alluvial
deposits of the main vallevs and tributaries. Excava-
tion by shovel in the bed of any small, even any steep,
cributary reveals alluvial-colluvial material within a few
hundred feet of the watershed divide. The same rela-
tion of alluvium to headwater slopes was found in east-
ern Wyoming by Leopold and Miller (1954) who sum-
marized their findings in these words (p. 83):

The terraces of master streams can be traced directly into
many tributaries of moderate size, indicating that erosion of
alluvium in the master streams was accompanied by gully ero-
sion in tributaries, even the ephemeral ones.

s * * likewise. aggradation in the main stream vaileys was
accompanied by deposition in tributary valleys and draws.
Probably these deposits were derived by mass movement and
sheet erosion on upland slopes.

It seems logical that the shift in relations between runoff
and vegetation which caused erosion of all major streams would
also affect the smallest tributary valleys in a similar way at
the same time. . . . As the deposit in the main valley grad-
ually increased . . .. .the wash slopes that were graded to the
main river accumulated material which blanketed all except the
most prominent hills and uplands. The area of upland from
whirk alluvial materials were being derived by erosion shrank,
v » area of deposition increased.

\«_percentage of area of a small basin blanketed
with alluvium-colluvium is exemplified in Coyote C.
Arroyo. (See fig. 139 for location.) This typical
drainage basin has an area of 0.064 sq mi (40.8 acres)
of which 0.022 sq mi (14.4 acres) is covered by alluvi-
um-colluvium, the remainder being hillslope and hill-
top area of Tesuque Formation. In this example, then.
3+ percent of the surface area was alluviated, and the
average distance from the head of deposition in small
swales to the watershed divide was 190 feet. The al-
luviation extends headward astonishingly close to the
drainage divides. The proximity of the colluvial-
alluvial deposits to drainage divide can be seen in fig-
ure 1404.

The relation of the small tributary draws to the head-
water slopes may be typified by the two examples in
figure 142. Profiles of the surface of the alluvium-
collurium merge smoothly into the unrilled hillslope
underlain by bedrock. Cross profiles drawn nearly
parallel to the contours of the side hills demonstrate,
In conjunction with the stratigraphic evidence seen in
the channel walls and in pits dug in the plane of the

¢ channel system cut into the bedrock and that subse-

quently the present channels have reevacuated parts of
the earlier system. The present channel network in-
cised into the alluvium makes a present topography
similar to that existing before the Coyote terrace
deposition.

This conclusion is supported by observations of the
extent of gravel which more or less covers many of the
rounded hllltops of the area. In the blopewash Tribu-
tary example in figure 142, section B-B’ crosses from
west to east a gravel-covered hilltop, a gravel-free area,
and again a gravel-covered hilltop. At the base of the
zhannel on the right bank the bedrock is permeated
with a white cement, presumably CaCO,.

Exposures elsewhere also indicate that hilltops cov-
ered with lag gravel are usually underiain by bedrock.
Thus the deep layers of silt exposed in present channel
walls were deposited in channels which disseeted the
bedrock. The alluvium lapped up against the gravel-
covered slopes and in places covered the gravel.

Investigations of the relation of the alluvium to the
bedrock topography showed that the underlying
Tesuque Formation generally appears no more weath-
ered at the contact than elsewhere. In some places,
however, alluvium was deposited over a surface heavily
cemented with caliche. The caliche appears as a hard
cement where ihe Tesuque was gravel, and where the
Tesuque was silty, as a whitish calcification of a zone
extending 3—4 feet below the contact, and especially con-
centrated on fracture planes. Hard nodules of caliche
in the silt are seldom seem, but amorphous soft masses
without sharp boundaries are common.

These facts support the conclusion reached by Miller,
Montgomery, and Sutherland (1963), that a long period
of weathering under subhumid conditions was followed
by a semiarid climate during which caliche permeated
an undulating topographic surface. Our observations
add the additional postulation that, subsequently, this
topography was first alluviated and later erosion de-
veloped a drainage network similar to and about the
same depth as the present one; the erosion removed part
but not all of the materials which had undergone
calichefication.

To summarize, alluviation during Coyote terrace time
aggraded not only the main valleys but small tributary
draws as well. Post-Coyote terrace erosion reexcavated
much of the earlier topography. The problem posed by
this sequence of events is the following:

If alluviation took place in all the headwater draws
at the time the main valleys were being aggraded, where
did all the debris come from, and by what processes?



" 200 EROSION AND SEDIMENTATION IN A SEMIARID ENVIRONMENT

s
S 130~ A
b S 2 N i
Z 120+ g
<
z 3
- Q
@ =
g !10F b Alluvium,
! £ ) “‘Bedrock :
= 5 i T ‘
o lmkz SO o -
z : o ™ Tributary channel bed
Z 90r LA -
e .
<
4 80:
0 100 200 300 400 500 600 700
DISTANCE. IN FEET
"
- =
") |
tw 1
'S i
z 5
z , |
= 110+ Bedrock _é
s i
g - |
“ 100— . ‘ :
0 25 50 75 100 125 150
DISTANCE. IN FEET
A.—UNNAMED TRIBUTARY TO NORTH FRIJOLES ARROYO AT STAGGER REACH
150 -
: |
= i ; PO
< ! - Bed, Little Green . !
- 140{— S N B Rock Guich & =
g ! / PR edrock
< i ! - :
E 1304 e o7 -
3 ! o - \Bed. Slopewash
< 3 i h ]
E; 120?_ g tributary channe
! <
& 3
Z 110+ 2 -
2 100+ S =
s Z :
“ £
vt

DISTANCE. IN FEET

B B
= 140 Surface gravel—-»l ;<—-Surface gravel 7
& ' |
"
z 130 w E -
z | |
e |
= Postulated contact: -
E 120 }- e alluvium and bedrock i
@ edrock ) |
Y410 L i ! I ; : ! ) ] 1 ] i I J

o - 50 100 150 200 250 300 350

DISTANCE, IN FEET
B.—SLOPEWASH TRIBUTARY TO NORTH FRIJOLES ARROYO

Ficuap 142.—Two examples of small tributaries showing stratigraphic and topographic relation of alluvium to bedrock.




CHANNEL AND HILLSLOPE PROCESSES, SEMIARID AREA, NEW MEXICO 201

Clearly. the sediment was derived from the hills above
the areas of alluviation but not from rills or .gullles'on
these hills, as evidenced by the absence of gulhgs or rills
of any depth or importance outside of those which were
pe- lluviated. Thus the sediment must have been

d from processes other than rill and gully erosion,
swally. sheet erosion or mass movement. This
hypothesis attributes to the latter processes greater ef-
feacy than we at least would have supposed. We were
led, then. to devise methods of measurement which
would allow the construction of a sediment budget, how-
ever approximate, to ascertain whether relative impor-
tance of present processes would shed light on these
avents of the past.

Another problem is highlighted by the postulates
stated. It is usual to suppose that alluviation of a
master stream would provide a rising base level for the
cributaries which enter into it. Then the aggradation
in the tributary would similarly provide a rising base
level for its own subtributaries. Though this scheme is
a simple one and would lead to field relations here ob-
served, it also implies that the alluviation of the head-
water tributaries would lag in time that of the main
stem. But these inferences do not agree with field ob-
servations in the Arroyo Frijoles area.

It seems much more likely that in our study area the
relation of runoff to vegetation which would lead a main
stream to aggrade would similarly have the same result
on the tributaries. e believe that control by base level
is tively minor factor in alluviation of the valleys

st _
}h‘e/remainder of this paper is organized around the
measurement program instituted to investigate these
questions. The sample areas studied will be described,
the measurement methods outlined. and the results sum-
marized. These measurements will then be discussed in
terms of the problems outlined (see p. 236). We begin
with a discussion of the study areas. ‘

STUDY AREAS , .

The areas of special study shown in figuge 139 in-
clude Arroyo de los Frijoles through its uppérmost 7
miles and some smaller basins of several acres in an area
¢ miles distant, near Las Dos. The principal basin,
Arroyo de los Frijoles, has a channel width which
ranges from the smallest recognizable rills a few inches
wide to an arroyo 100200 feet wide. All channels more
than a foot wide have a flat predominantly sandy sur-
face dotted in places with scattered gravel.

Larger scale maps, figures 143—45, show details of the
areas of intensive study and will be referred to in later
discussions.

Figure 146 illustrates the character of the country
and the aspect presented by main and tributary chan-

4 Arvoyo Falta ... ...
¥ Coyote C. Arroyo,atdam.............

nels. Figure 146, 4 and B. shows a small tributary
within a few hundred feet of the headwater divide, a
subbasin we called Slopewash Tributary.

At a point 1.1 miles from the furthest divide the
North Frijoles Reach is typical. figure 146. One mile
farther downstream the channel is larger, as shown at
Locust Tree Reach (fig. 146D). Main-Project Reach,
4.9 miles from the headwater divide and at a place
where the drainage area is 2.87 sq mi, is illustrated in
figures 146 and F.

Some characteristics of each of the study areas are
indicated in table 1. _

- TABLE 1.—Characteristics of locations studied
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METHODS OF STUDY - .

Observations of nearly all the types described here
began in the period 1958-61 and are continuing as this
paper is written. Water stages of flow are measured by
recorders at gaging stations installed on North Frijoles
Arroyo and at Main Project. The duration of individ-
ual flows is generally two hours or less and current-meter
measurements for the construction of stage-discharge
rating curves are impracticable without a full-time resi-
dent hydrographer. Stage-time hydrographs are ob-
tained from the stage recorders, but maximum discharge
for each flow is computed using a survey profile of
high-water marks. This, combined with cross-sectional
areas of flow determined by scour chains (described be-
low), permits the computation of discharge using an
estimated value of flow resistance.

A network'of 12 nonrecording rain gages is observed
after each significant summer rain.

Depths of scour and fill in channels are measured by
chains set vertically in a dug hole in the streambed. At
maximum depth of scour the chain is bent over by the
flow and is usually covered by fill on the receding stage
(Emmett and Leopold, 1964).
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F10URD 143.—Arroyo de los Frijoles.

~ Erosion pins, consisting of a 10-inch nail put through

a washer, driven flush with the ground surface, are used
to record increments of surface erosion. Some of these
pins are arranged in a grid over certain plots, but gen-
erally the nails are in a line as a transect from hilltop to
base or across a channel as a cross-section.

Mass-movement pins are set on a line between immov-
able bench marks, and are surveyed for alignment by
transit.

Many rocks have been painted for identification and
observed for movement after each flow.

The individual plants on some 3 x 3-ft quadrats have
been mapped and are to be remapped periodically to
observe changes with time.

Although the methods are simple, the labor after each
storm (about 3 per summer) and during the annual
resurvey of all observation points is rather great.

MAGNITUDE AND FREQUENCY OF RAINFALL AND
STREAMFLOW, 1958-64

Rainfall has been measured since 1959 at 12 locations
within the drainage basin, as shown in figure 143. Sum-

mary of data A (p. 247) contains a partial summary of
the data collected from these sites.

The gages were not read after each shower, but efforts
were made to read them at least after every flow-produc-
ing storm. The sporadic nature of storms is indicated
by the unequal distribution of rainfall among stations.

At the Main Project Reach a recording rain gage has
been installed at the location of the water-stage re-
corder. Precipitation data (summary of data B) col-
lected here allow a better indication of the rainfall char-
acteristics. The record is too incomplete to show the
mean annual precipitation which at that location must
be about 12 inches per year.

The 1,300 cfs (cubic feet per second) flow of July 25,
1962, the second. highest flow recorded at the Main
Project Reach, was caused by a storm which registered
L.5 inches in 25 minutes at the Main Project gage.

Channel discharge is measured or estimated at three
places in Arroyo de los Frijoles: Main Project, Locust
Tree, and North Frijoles. Gaging stations are installed
at the Main Project and at North Frijoles reaches. Dur-
ing the period 1958-63, runoff occurred at the three
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measuring stations on the dates indicated in table 2. in
which are presented values of peak discharge. Spaces
in the table usually refer to no flow: however, in a few
instances some flow may have occurred but was of neg-
1 '3 magnitude. Flow data discussed in this report
. peak values.

S’ .

TapLE 2.—Summary of peak discharges. in cubic feet per second,

at three locations along drroyo de los Frijoles, 1958-63

*(a) and tb) refer to separate flows or different peak flows occurring on the same day |

Date North Locust | Main

i Frijoles . Tree | Project
1968 ‘ ] ‘ "

{111 20 L. SR (sammmmeconn .
Semermoer 5.1 1IN T 10-18
N NS ' 194 1,320 3,060

October 9. ..--..
Qctober 16(a)..
(b)

OCObOF 17 e eI
June ...
July 8.-.-

127

. 85
J <. . 90 150 3
September 19. . .o ) R PO PR
1963
JUlY 20 oo 10 5 15
September 2l.. ... .. ... e reemaemma—————. 5 391 316

Most storms are intense and so local that only a part
of the drainage basin is affected by each. Only twice
(September 13, 1958, and July 25, 1962) was there in-
creasing discharge in the downstream direction due to
heavy rainfall over the entire basin, and these two storms
caused the greatest flows during the period of record.

For each of the three measurement locations, the peak
flows experienced were arranged according to rank and
recurrence intervals were computed. These are plotted
against their corresponding discharge and are shown as
dashed lines in figure 147. Recurrence intervals are
determined by the U.S. Geological Survey method,
T=%, where 7 =recurrence interval in years, n=
number of years of record, and m=magnitude or rank
of flood, the highest being number one.

Excepting the two storms just mentioned, the spotty
distribution of precipitation implies that data collected
at each of the three reaches may be considered as inde-
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pendent flows. If this were in fact true. a tvpe of
station-year analysis might be attempted by combining
5-years of record for each of three locations into a syn-
thetic 13-year record. The solid line on figure 147 gives
this average frequency of the three reaches. The solid
circles on this graph represent all flows at the three sta-
tions, arranged in order of magnitude.

For small flows all moderate-size drainage areas are
capable of receiving sufficient rainfall to produce a sim-
ilarity in flow frequency. For drainage areas larger
than some given size, further increases in area would
not increase the size of flood of a given frequency.
This feature is indicated by the fact that a flow of 2-
year recurrence interval is about the same at Locust
Tree and Main Project Reaches despite the fact that
the drainage area of the latter is about twice that of
the former.

The present data exceed by fivefold the values pre-
sented by Leopold and Miller (1956, fig. 21, p. 24). The
latter values should not be considered applicable to the
foothill area of ephemeral streams though they were
so considered in that report. It is now obvious that
flow frequencies of the gaged streams emanating from
the high mountains are not comparable with and are
smaller than values for ephemeral washes in the foot-
hills, despite the lower mean annual precipitation of
the latter areas.

The problem of flow frequency is of paramount im-
portance to evaluation of erosion and sediment trans-
port processes. Though the method of determining
frequency is still open to further study in ephemeral
basins, figure 147 expresses the occurrence of events in
the studied basin during the period of observation.

CHANNEL FORM AND BED MATERIALS

A salient aspect of the change in channel character-
istics downstream is the increase in width, shown in
figure 148. As defined here, channel width refers only
to the active channel which is swept free of vegetation
except for annual plants. In some places the actual
width between the steep banks is greater than indicated
on figure 148. Such reaches usually include remnants
of the lower terrace, which not only supports some vege-
tation but also stands 1-2 feet above the presently
active bed.

The variability of channel width quite evident in fig-
ure 148 seems large, but one does not realize how large
the variance is in the usual channel until he begins to
make quantitative measurements. On a perennial east-
ern stream not much larger in drainage area than Ar-
royo de los Frijoles, the ratio of the standard deviation
to mean channel width averages about 0.25 (data from
Wolman, 1953, fig. 37), whereas for a reach of Arroyo
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F1aURN 144.—Slopewash Tributary

de los Frijoles below the junction of North and South
Frijoles it is about 0.39. Also, the variability of width
is not so great above that junction where the drainage
area is less than 1 sq mi. In an ephemeral basin, it ap-
pears that when the drainage area exceeds the size of
the usual summer thunderstorm, only parts of the basin

EROSION AND SEDIMENTATION IN A SEMIARID ENVIRONMENT

contribute runoff. Thus different reaches of channel
experience different sequences of flows, and this prob-
ably tends to increase the variance of channel width.

The increase in drainage area with channel length is
shown in the top part of figure 148. At three places.
sudden increases in drainage area occur where rela-
tively large tributaries enter the main channel. How-
ever, as mentioned above, it appears that these increases
in drainage area affect channel width only incidentally,
as the size of a given storm may or may not extend
over the whole contributing area.

The bed of Arroyo de los Frijoles is predominantly
sandy with scattered fine gravel and cobbles, but there
are local concentrations of rocks. Considering first the
nongravelly areas which predominate, sieve analyses
are shown in figure 1494. The median diameter for all
surface samples are within the limits of medium to
coarse sands.

Three samples from Arroyo de los Frijoles provide
comparison of median grain diameter at points down-
stream in the same basin.

Drainage | Median
Location sampled aresa grain size
(sq mi) (mm)
Slopewash Tributary.___.__._. 0. 05 0. 56

North Frijoles Reach___._.._._ .56 .78
Main Project Reach._._____._ 2. 87 .72

Though a larger number of samples may have yielded
a more uniform set of values, at least it can be said that
there is no progressive decrease of the size of sand down-
stream.

Figure 14938 illustrates the composition within the
area of a gravel concentration or bar. Clearly, the
majority of the larger particles are in the top 2 inches
(discussed in more detail on p. 212) and the composition
over the full depth of the concentration is more coarse
than in a nonbar area. Downstream tips of gravel bars
are characterized by material a little finer than in non-
bar areas. This is an expected pattern and is observed
in other depositional phenomena such as mudflows.

The largest particle occurring in each 100-foot seg-
ment of the channel of Arroyo de los Frijoles was meas-
ured, and the results are plotted in figure 150. The
size of the material in the Slopewash Tributary is as
large as that in North Frijoles and, indeed, almost as
large as that anywhere in the whole length of the stream.
Maximum particle size actually increases somewhat
downstream, and local variations from section to sec-
tion are commonly two to threefold.

In gravelly perennial streams the occurrence of pools
and riffles is characterized by considerable bed relief.
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FIGURE 148 (Above and ieft).—Photographs illustrating several of the
individual study areas. 4, Slopewash Tributary: the area shown is
along the masa-movement llne (see fig. 144 for location). B, Slope-
wash Tributary ; the area shown is within the erosion plot. C, North
Frijoles Reach, Arroyo de los Frijoles: the view is downstream from
above the gaging station. D, Locust Tree Reach, Arroyo de los

The riffle is a gravel bar or accumulation which is a
topographic high, a feature which rises well above the
maan bed elevation. The pool is a trough below mean
‘evation,

\__~ the larger ephemeral streams of the area here
studied, there is no such relief on the dry streambed.
In fact the bed is remarkably flat across its width and
closely resembles a gently inclined plane, for the lon-
gitudinal profile is quite straight.

Only in detailed mapping did we become aware of
the fact that local concentrations of gravel on the sand
bed correspond in principle to the riffle of the perennial
river. These bars, as we call them, are so slightly ele-
vated above mean channel bed elevation that they would
not be recognizable as a topographic high. Rather, we
have mapped them merely by inspection of surface tex-
ture. Because some gravel particles occur everywhere,
designation of a bar is rather subjective, but generally
it implies individual cobbles spaced within several diam-
eters: whereas in areas not called bars the spacing of
cobbles would be 20-50 diameters or more. Typical
gravel concentrations are illustrated in figure 152D.

SPACING OF GRAVEL BARS

The position of gravel bars in the vicinity of the
Main Project Reach as mapped each summer during the

~—

Frijoles; view upstream: visible in the foreground are rock groups
from the painted rock experiments. £, Main Project Reach, Arroyo
de los Frijoles; the view is downstream from above the gaging sta-

tiom. F, Main Project Reach, Arroyo de los Frijoles, looking
upstream.
period 1958-63 is shown in figure 151. It seems ap-

parent that the posmon of a gravel bar remains remark-
ably stable. This is true despite the fact that two or
three flows of sufficient magnitude to move the material
on the bars occurred between the successive mappings.
For example, the largest flow measured during the en-
tire period of study occurred between mappings in 1958
and 1959, and at that time scour to depths of 0.4-1.4
feet occurred. Thus all the material of the surface of
the channel bed moved downstream, yet the bars were
rebuilt in approximately the same places as before.
However, with each annual mapping, a few bars are
missing in the new map that were present in the old
map, and also a few new bars appear.

Beginning in 1961, a more intensive effort was made
to map gravel accumulations. It is this effort, rather
than an actual increase, which, in figure 151, shows
more extensive areas of gravel beginning in 1961.

In accordance with observations elsewhere the gravel
bars are spaced on the average at a distance equal to five
to seven times the channel width, and this ratio persists
through all the years of record.

Measurements of gravel size and density on the sur-
face of gravel bars were made at two different times
separated by major flows. It was found that both the
size distribution and density of particles greater than
1 inch in diameter remained almost the same.
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MOVEMENT. OF COARSE PARTICLES
We had hypothesized that gravel bars owe their exist-

ence to the fact that particles in juxtaposition are less,

easily moved by flowing water than when widely sep-
arated. Marked cobbles arranged in groups of various
spacings and collected after individual flows would pro-
vide a means of testing under field conditions whether
this hypothesis would be sustained.

The following procedure was developed Cobbles
taken from the channel were completely painted. Each
was given an indentification number equal to its weighi
in grams, and this number was painted on the cobble.
The rocks were placed in the channel in groups, each
group contained a chosen particle-size distribution and
comparable groups differed in spacing of the rocks.
After each flow the entire length of the channel was
searched for painted rocks. Those found were recorded,
collected, and replaced to await the next flow. This
procedure was carried out after each significant storm-
flow during the summers of 1958-63, inclusive, and dis-
continued thereafter.

N

In these studies a-group of.particles consisted of 24
individual rocks _arfa.nged in a parallelogram. The
distance or spacing between particles was one of three
values, 2 feet, 1 foot, or 0.5 foot.

Except for the initial summer (1958) the individual
groups included four particles in each of the following
size (weight) classes:

Intermediate
axis, approzimate

Wé(aM clase mean diameter
(grams) (mm)

300-500 85
500900 85
900-1,7T00 o e 106
1,700-3,300 125
3.300-8,500. : 160
6,500--13,000.. - : 230

Individual particles in the grid were arranged in a
Latin Square pattern, in which each line of six particles
includes one and only one of each of the size classes,
and in each cross-tier, no rocks of the same size are in
juxtaposition.
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GRAIN DIAMETER, IN MILLIMETERS .
B.—SIZE DISTRIBUTION FOR SEVERAL LOCATIONS WITHIN A GIVEN REACH, MAIN PROJECT REACH

Fi1gURE 149.—Bed-material grain-size distribution, sieve analyses.
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FicUar 150.—Downstream distribution of coarsest particle in each 100-foot segment of channel.

\A/lso. for several flows, the experiment included some
rock groups composed of only one weight class. In this
arrangement, rocks were spaced on 1, 2, or 3 diameters
rather than by the absolute distances of 0.5, 1.0, or 2.0
feet.

At the Main Project where the channel is straight,
there were initially eight ranges of rock groups about
110 feet apart. The groups having 1-foot spacing lay
along the centerline of the channel and the groups hav-
ing V5-foot and 2-feet spacing on either side, alternating
from one range to another. Arrangement of the four
upstream ranges was the obverse of that for the four
downstream ranges so as to eliminate bias in across-the-
channel variation. The position of each particle was
individually recorded together with its weight and di-
mensions of the long, intermediate, and short axes. In
addition there were two lines of boulders (as much as
97.500 g) spaced 9 feet apart across the channel in this
reach. At various times additional temporary ranges
of particle groups have been installed at the Main Proj-
ect Reach, but the eight ranges and two lines of large
particles described above were maintained during the

entire investigation. After each flow we measured the
distance that individual particles moved, and in prep-
aration for the next flow, reconstructed each particle
group in accordance with the specifications described.

Procedure at other reaches was basically the same
as for the Main Project Reach. At the Locust Tree
Reach there were originally two ranges, three since 1960,
each including groups having two different spacings,
and also a line of large rocks spaced 6 feet apart. The
channel is so narrow at the North Frijoles Reach that
the groups having different spacings were located along
the length of the channel rather than along a line per-
pendicular to it.

At the Railroad Reach there was a single line of an-
gular basalt boulders weighing as much as 111,000 grams
and spaced 4 feet apart. The Stagger Reach had two
lines of basalt boulders weighing as much as 47,500
grams, and spaced 3 feet apart. Basalt is a lithology
foreign to the drainage basin and was derived from
highway and railroad fills.

Tracing the downstream movement of painted gravel
particles during a flow involved certain difficulties. An
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A.—SAND AND GRAVEL BARS FROM BELOW BUCKMAN ROAD BRIDGE TO HALF~MILE SECTION

initial problem was to find a paint that is weather re-
sistant during long periods of immobility and is abra-
sion-resistant during transport. Qil-base paints proved
unsatisfactory because they peeled excessively. Except
for the first year, water-base masonry paint was used
with satisfactory results.

Even if the paint remains intact and every particle
found is identifiable, there are still losses due to burial
of particles in the sand, entrapment in brushy areas, or
transport outside the search area. The rocks from a
given group may move downstream distances ranging
from a few feet to 3 miles, depending on the magnitude
of the flow. Because of their bright color, painted
rocks are plainly visible in the sandy channel unless

F16URN 151.—Spacing and composition of

completely buried. Many particles are found partly
buried (fig. 152) and the data on losses indicate that
others become completely buried. Recoveries range
from more than 90 percent in small flows to 2 percent
for one exceptionally large flow. Apparently the losses
have decreased since adoption of a water-base masonry
paint, but even under optimum conditions losses of 10—
30 percent during small flows and 30-50 percent during
large flows are to be expected. The greatest losses
occur in the smaller size classes.

Deep burial in the sandy channel seldom occurs in the
area studied. Many holes 4 feet deep were drilled in
the channel bed for installation of scour chains, and no
coarse gravel was encountered. The composition of
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B.—~SAND AND GRAVEL BARS FROM HALF-MILE SECTION TO SAND PLUG REACH

avel bars, Arroyo de los Frijoles, 1858—63.

-avel bars lends support to the conclusion that coarse
wrticles occur only at or near the channel surface. A
ypical bar (fig. 152D) is strewn with coarse gravel,
nd in a typical cross section it is apparent that this is
nly a surface veneer extending at most a few grain-
liameters deep.

Even when the hed scoured more than a foot in a high
low and subsequently filled to the original elevation,
arge gravel particles did not become deeply buried and,
for the most part, projected slightly above the refilled
surface.

The explanation of this phenomenon appears to be
the Bagnold-dispersive-stress (1956) caused by grain-
to-grain impact during motion. The stress increases

-885 0—86——4

—’

as the diameter squared and the large particles, sub-
jected to highest stress, are forced to the bed surface
where the dispersive stress is zero.

Subsequent to these observations, some streambeds
in Maryland (annual precipitation 44 inches) were
sampled to determine whether similar phenomena oc-
cur. It was found that gravel-bed streams in a sub-
humid regionalso tend to have a concentration of the
largest particles at the surface of the channel bed (Leo-
pold and others, 1964, p. 211).

For the purpose of segregating the influence of size
and spacing on particle movement it is not necessary to
consider the distance a given rock moved during a flow;
that is, whether it was actually found downstream or




214 EROSION AND SEDIMENTATION IN A SEMIARID ENVIRONMENT

%

Rt e AT

- -
ve

F1eURR 152.—The painted rock experiments and & naturally occurring accumulation of large particles. 4, Main Project Reach, showing Latin
Square position of painted rock groups in the sandy channel. B, Rocks moved from Main Project Reach during flood of August 4. 1960 ;
Bote scour pits around each boulder. C, Detail of rock weighing 7.100 grams at Main Project Reach. partially buried by sand and organic
debris during flow of August 4, 1980. D, Gravel bar at Sand Plug Reach, Arroyo de los Frijoles, looking upstream.
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S’ F16URE 153.—The effect of spacing on percentage of rocks moving for a given discharge and particle size.

was simply missing. The particle had moved and how
far it had moved was of no consequence. For each flow
the percentage moved by size class and spacing was
studied. In all, 14,000 observations were available for
rock movements. The consistency of the data ranged
from excellent to poor. A typical set of data are plot-
ted on figure 153 to illustrate. From the set of graphs
exemplified in this figure. further analysis was made in
a manner explained in a separate paper by Langbein
and Leopoid. The pertinent results are presented in
figure 154.

In summary, the results show that a larger flow is re-
quired to move particles which are close to one another
than if they are spaced far apart. The influence of
spacing decreases with increasing spacing and becomes
negligible for spacings greater than about eight diam-
eters. For example, a discharge of 11 cfs per ft would
not move 500-gram particles if spaced at one diameter,
but the same discharge would move 5,000-gram parti-
cles if spaced more than five diameters apart.

The effect of spacing on particle movement leads to

_

the concept that a gravel bar is a kinematic wave caused
by particle interaction, and is comparable in thec-y to
concentrations of cars on a highway.

Owing in part to the phenomenon just described, the
distance a coarse particle moves during a given flow is
only slightly related to its size (fig. 155 and table 3).
Particles lost are assumed to have moved distances com-
parable to those found. For some flows, all the particles
recovered , regardless of size, were transported distances
roughly equal. This is probably related to downstream
decrease in discharge due to percolation into the chan-
nel. The relation of distance moved to maximum dis-
charge during the flow is shown in figure 156. In gen-
eral, the small particles do not travel materially farther
than the large ones, and nearly half the flows include
examples of larger particles moving farther than small
ones. There is thus no neat progression of transport
distances inverse to particle size.

SCOUR AND FILL

Scour and fill data from the Arroyo de los Frijoles

are being collected by means of scour chains buried ver-
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Fiaver 154.—Summary of data relating discharge, size, and spacing for painted rock experiments.

tically in the streambed with the top link at or slightly
above the bed surface. After a flow the elevation of the
streambed is resurveyed and the bed is dug until the
chain is exposed. If scour has occurred, a part of the
chain will be lying horizontally at some depth below the
channel bed (fig. 157). The difference between the pre-
vious streambed elevation and the elevation of the hori-
zontal chain is the depth of scour. The difference be-
tween the existing bed elevation and the elevation of the
horizontal chain is the depth of fill. If no scour has
occurred the depth of fill is the increase in bed elevation.

Scour chains, each 4 feet in length, were installed
along a reach of nearly 6 miles, beginning in Slopewash
Tributary and ending at Sand Plug Reach. The loca-
tion of the chains usually followed the low-sater chan-
nel. Over most of the study reach chains were placed at
1,000-foot intervals. In the Main Project Reach of

2,000 feet, chains were placed at 100-foot intervals. This
spacing was believed sufficient to determine any down-
stream trend in the scour pattern in this arroyo. At
seven of the chain sections, additional chains were in-
stalled across the width of the channel and provide an
indication of any lateral variation in scour.
Scour-and-fill data are available for most of the 22
significant flows in the 7-year period, 1958-64. All data
obtained during the scour-chain record are on file with
the U.S. Geological Survey, Washington, D.C., 20242.
However, since some chains were installed before others,
an equal length of record does not exist for each chain
location. In addition some chains, usually those in the
uppermost or lowermost reaches, were not surveyed after
each flow. These missing segments of data disallow a
complete picture of scour and fill for individual storms,

>
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TABLE 3.—Relation of transport distance to flow discharge

{Leaders indicate t hat data are insurBicient for an average or that category is inapplicable. Distance measurements centered in two columns represent data

classes averaged together) from adjscent size
Discharge Average transport distanoce, in fest, by size class of particle, in grams
: Location Date | % 1 3 ! ! 1,700- | 3,300~ | 6,500~ | 13.000- | 26,000~ | 52.000- | A
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but the net change in bed elevation since the time of the

‘_ Initial survey may still be obtained.

By 1959 the majority of the chains had been installed
along the arroyo. Scour-and-fill data for a sample flow,
for the year 1962, and for the period 1958-62 are shown
in figure 158. The upper part of the figure shows the
drainage area of Arroyo de los Frijoles and the general
location of the chains by chain number. For the two
individual flows, the lower dashed line represents the
depth of scour. The upper dashed line represents the
depth of fill. The heavy solid line represents the net
change in bed elevation after scour and fill.

The nature of the flash flow is such that the entire
length of the arroyo may not be flooded with each storm.
The flow-producing rain may be so located that only
lower reaches received runoff, or, for a smaller storm
near the headwaters, a part or possibly the entire flow
may be absorbed into the ground by percolation before
is reaches a downstream section. A third possibility re-
mains that a particular chain section may be left dry or
has very little scour because it was not in the low-water
path of flow. For a single storm, then there is a con-
siderable variation in the recorded depth of scour from
section to section. This variation is further exempli-
fied in the Main Project Reach where the chains are

placed at 100-foot intervals. In spite of individual
variations a general consistency prevails among the
data, that is, at most sections along the channel there
is a scour and subsequent fill. All flows produce this
same pattern; the magnitude of scour is primarily de-
pendent upon hydraulic factors of individual flows, and
these factors are related to the intensity and total
amount of rainfall.

North Frijoles, Locust Tree, and Main Project reaches
of the channel are the objects of special study and are
also the reaches where flow rates are measured. It is
within these reaches that the chain sections are located
to determine cross-channel patterns of scour. The mean
depth of scour at a section may be determined by av-
eraging the values from the several chains at each of
the sections. Mean values of scour for each recorded

flow are tabulated in table 4. The data are plotted in

figure 159. Despite considerable scatter among the data.
the mean scour depth appears to be proportional to the
square root of discharge per unit width of channel.

An increasing depth of scour downstream is not ob-
served in any single profile (fig. 158).

Probably for similar reasons. the depth of scour is
apparently independent of channel width. Channel
widths have been illustrated on figure 148. No sys-

_‘——-————
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rematic relation of local depth of scour to the corre-
sponding channel width could be established.

The seven chain sections provided data to study lateral
variations in scour across the width of the channel. One
of these sections. chosen as representative of a typical
reach, is illustrated on figure 160. This figure, illustrat-
ing a Main Project section near station 25,000 feet, in-
dicates a net aggradation for the 6-year period. The
whole width of the channel scours during nearly every
flow, but the amount of scour and fill varies across the
width.

The progressive effect of scour and fill over the length
of the channel is illustrated in figure 161. [xcept for
several isolated reaches.'aggradation is occurring over
the entire length of the channel. For the period of
record. thris aggradation amounts to an average of 0.04
ft per yr including rthose reaches which show a net
scour.

Net scour in individual reaches can be partially ex-
plained either by natural or man-caused events. For
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examples, at a stationing of 32,000 feet (fig. 161) the
large flow of 1958 cut through a fan-type deposit (lit-
erally a sandplug and hence the name for this reach)
at the chain location and indicated a large net scour.
This fan had earlier been deposited at the mouth of an
entering tributary. .\t this sand fan most of the chan-
nel width was accumulating & net till and now, 1964, an
islandlike deposit over a foot high occupies a large part
of the channel width. Channel-wide, a net aggradation
does exist at that location, but because of the placement
of the chain a net scour shows on the graph of figure 161.

Also. in some of the upstream reaches of the channel,
excavation of sand by local contractors is responsible.
at least in part, for the apparent net degradation at
these sections.

The downstream profiles of the channel bed showing
progressive accretions of sediment during aggradation
probably represent as detailed an historical record of

this process as has been compiled.
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FiGURE 157.—Horizontal part of chain lying at depth of maximum
scour, here about half a foot. Vertical part of chain disappears
below man’s hand.

The record demonstrates some nonuniformity along
a channel 6 miles long, some short reaches not following
the general trend. The reaches not participating in the
aggradation do so consistently, but as in the Sand Plug
Reach at the lower end of the studied length, the reason
for its deviation relates to special and understandable
local circumstances. Interestingly, the random pattern
of storm occurrence does not lead to a random location
of reaches of sediment accretion, for the increment of
deposition is rather uniform from year to year.

The exaggeration of scale in figure 161 must be kept
in mind, and the variations in yearly increments are
really very small considering the channel length in-
volved. If one short reach aggraded-a tenth of a foot
more than another a thousand feet away, the channel
slope in the reach would be shanged by only 0.0001 foot
per foot. The variability along the ehannel due to the
irregularities of depositional increment are of this or-
der. Thus, despite random character of storms and the
local loss of flow to channel percolation the mean slope
of the bed is maintained over long reaches.

A more complete discussion of the records of scour
is given by Emmett and Leopold (1964). For the pres-
ent purpose, suffice it to say that scour is associated with
dilation of the grain bed—through the scour depth, but
that individual particles may move intermittently and
at a speed much less than that of the water. The vol-
ume of material scoured and moved is large. Because
of its low mean speed downstream, that whole volume
does not move entirely out of a long reach but, in effect,
is shifted downstream only a limited distance.

IN A 3SEMIARID ENVIRONMENT

~ TaBLE 4.—Mean depth of scour as a function of discharge

North Frijoies Reach
Upper section Lower section
Date of low Discharge
1
Discharze | Scour Discharge Seour
(cts) (cfs per 1t: | (te) {cfs per ft) j$49]
17.8 0.87 0.018 1. 46 0.050
194 9.7 L2218 16.2 977
140 7.0 -103 1.7 460
30 2,50 . 083 .17 000
67 3.50 . 068 5. 59 138
9 10 .023 67 315
58 2.90 130 4. 84 . 268
30 11.50 . 188 19.20 . 598
L PO SO .58 . 040
90 4.50 (183 7.50 7S
10 50 180 .83 .28
5 .25 203 | .42 . 448
Locust Tree Reach
Discharge Scour (ft)
(cfs) (ctspertt) | Upper | Middle | Lower
section : section | sectlon
1320 4.0 0.820 {.............. l ............
62.5 1.69 132 0.078 | 0. 255
2.5 .56 . 196 . 060 .078
380 9.0 . 260 212 . 205
498 12.47 . 464 408 ... . ...
350 8.75 . 194 368 1| .393
850 16.28 .80 138 foeeininnas
150 3.78 el N IS femmaaenenoas
450 11.2 .272 334 | .300
15 .38 134 .078 133
318 7.9 .314 } 320 305
Main Project Reach
I TUpper-Reach Lower Reach ; Low-water chains
i ‘
C ' i ' :
| Discharge | Bcour | Discharge ! Scour - Discharge | Scour
(cfsperft)| (ft) |(cfsperft)| (ft) :(cfsperft)i {ft)
0.235 | 0.053 0.288 | 0023 i ... ili.ioe.-.
38.0 . 830 43.8 - Y N DO JO
.047 | .050 .057 | .008 i 0.050 | 0.028
.147 | . 000 LI78 1 240 . 158 043
L2268 | .033 L3214 L0221 282 . 057
.412 | .036 L5001 033 0 . 439 .048
1.79 . 088 2,17 425! 1. 90 .128
1.15 .12¢4 L 40 U8 1.23 L 145
2.94 128 b 3.13 . 318
15.3 .511 18.6 L8101 16.3 .23
.059 | .024 L0721 .010 | . 062 . 000
4.8 . 238 5.59 L1751 4.9 .24

HILLSLOPE EROSION
EROSION PLOT ON SLOPEWASH TRIBUTARY

To measure the rate of hillslope erosion a grid system
of erosion pins was installed in 1959 on one of the slopes
in the drainage area of Slopewash Tributary. The gen-
eral location of this grid system, or erosion plot, is
shown in figure 144, and the locality is illustrated in
figure 143. The erosion plot—onsists of 61 nails with
washers spaced on 5-foot centers on an area 50X 50 feet
having a relief of 5 feet and furrowed by two shallow
and narrow rills. These rills join midway through the
grid system into a single larger rill.




FIGURE 158.—Downstream pattern of scour. fill, and net change in bed elevation for a single-storm, a 1-year, and a 3-year period.

At the time of the installation, the nails (10-inch
spikes) were slipped through a large washer and driven
into the ground in a vertical position until the bottom
of the washer was flush with the ground surface. Ero-
sion undermines the washer, which then falls down a
length of the pin. The pin protrudes above the washer
at a distance equal to the erosion during the interven-
ing period. While maximum erosion is marked by the
washer, deposition may be recorded as the height of any
material above the washer, a desirable feature in such
places as a rill bottom where maximum and net erosion
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on the erosion plot and on transects. Elevations of all
nail heads were measured and resurveys show that the
nails remain stable and are not being heaved by frost
action.

An attempt was made to map erosion values as topo-
graphic contours of erosion quantity, but because of the
short length of record no systematic trend is apparent
among individual values. At this time it appears that
the pins on the steeper slopes adjacent to the rills show
a slightly higher rate of erosion.

Pins in or near rills tend to show some deposition on

generally ditfer. Figure 162 shows typical erosion nails

195-885 O - 66 - 3

the washer following scour. Depth of overland runoff
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is greater in such locations and it might be that erosion
occurs during maximum overland flow depth and that
deposition follows as the flow subsides. But deposition

- 1s the exception and not the general rule. The majority
of the pins show very little or no filling on top of the
washer.

Erosion data have been collected in the years 1961-64.
Data in 1961 included only values of erosion and later.,
both erosion ana deposition. The average erosion dur-
ing the 3-year period. 1959-64. was 0.0117 ft per yr,
and deposition on some of the pins averaged 0.0041 ft
per yr—a net average rate of erosion of 0.0076 ft per
yr.

Summary of data C contains data from the erosion-
pin plot in Slopewash Tributary.

SLOPE-RETREAT PINS ON SLOPEWASH TRIBUTARY

Fifty-seven erosion pins are arranged on four lines
transverse to the steep sides of Slopewash Tributary.
These pins are the nail-with-washer just described. and
are designated as “‘slope-retreat pins” on the location
map of figure 144. An enlarged sketch elaborating de-
tails of these pins is shown in figure 163.

The pins are arranged in three groups, each group
consisting of two lines spaced 2 feet apart. Each line,
with pins spaced at 2-foot intervals, extends down the

steep slopes to the channel bed and, for one pair of lines,
cuts across the channel and up the steep slopes on the
opposite side of the tributary. The slopes range in
steepness from 21 to 38 degrees, and these generalized
slope angles are marked on figure 163 for identification.

The pins were installed in 1959 and erosion measure-
ments were made once a year in the period 1961-64. Net
values of erosion for the period are shown below the pin
numbers on figure 163.

For the 57 pins, the average rate of net erosion is
0.0142 ft per yr. This figure consists of an average rate
of maximum erosion of 0.0281 ft per yr and an average
deposition of 0.0139 ft per yr. Individual measure-
ments varied from a net deposition to an erosion of more
than 0.08 ft per yr. A summary of all data from the
slope-retreat lines is included in summary of data D.

Perhaps more meaningful rates of erosion could be
obtained by dividing the 57 pins into 3 categories.
Category 1 includes pins 1-29 of the upper line, cate-
gory 2 includes pihs 3045 of the upper line, and cate-
gory 3 includes the 12 pins, 46-57, in the lower line.
Categories 1 and 3 are similar in their physiographic
locations, but the pins in category 2 differ in that here
apparent erosion is being disguised by channel deposits
on some of the pins near the channel edge and by an
accumulation of sloughed material on some of the lower
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CHANNEL

FIGURE 162.—Erosion pins consisting of 10-inch spike and washer, 4,
Erosion pins in grid system. Slopewash Tributary (scale is a 6-inch
ruler). B, Erosion pins on slope-retreat line, Slopewash Tributary.

pins on the sloping bank. Thus the 16 pins in this cate-
gory actually show an average of a net deposition. Most
likely this apparent deposition is only temporary, as a
scour of the channel deposit will not only expose the
lower nails again but will also allow the sloughed ma-
terial to continue its downslope journey to the channel.

Rates of net erosion for pins in each of the three cate-
gories are: category 1, 0.0210 ft per yr; category 2,
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—0.003¢4 ft per yr (the minus represents net deposi-
tion) : and category 3, 0.0183 ft pes yr. More complete
computations are included at the end of summary of
data D.

Exzcepting those pins just mentioned in category 2,
generally only those pins on the channel bed showed
consistent deposition above the washer, and the fact that
in most places these pins were completely buriedsindi-
cates an aggrading channel. Undoubtedly much of the
aggraded material is derived from the erosion of the
steep slopes adjacent to the channel. However, the ero-
sion rate on these slopes more than compensates for the
volume accumulation of sediment on the channel bed.
Implicit, then, is that much of the eroded fine-grained
sediment is being carried further downstream.

Oddly, in the pin lines here discussed, the greatest
rates of erosion were on the less steep slopes (upper left
group on fig. 163), but in considering all observations.
steep slopes generally show a greater rate of erosion
than less steep slopes. No attempt is made at this time
to ascribe to either of these two sets of measurements
the percentage of total sediment which each produces.
While the gentler slopes have a smaller erosion rate,
their land area within the watershed is greater. Conse-
quently, in terms of total volume of sediment, the gentler
slopes may yield the greater amount.

Location and elevation of pins along lines CB and
BA as well as the net 6-year erosion at each are indi-
cated on the profiles of figure 164. The profiles provide
an insight to the occasional contradictory data among
pins. It.appears that the greater steepness in local sur-
face slope (that slope within 1-2 ft of the pin) is accom-
panied by the greater erosion. The greatest erosion is
indicated by those pins on the very steep slopes just
adjacent to, but not in, the channel bed. The pins on a
locally flat slope, especially those just downhill of a
steeper slope (see pins 2CB and 3CB, fig. 164) actually
show a deposition occurring. This deposited material
was undoubtedly derived in part from the greater ero-
sion on the steeper slopes just uphill, for example, from
pin 1CB. Pins on relatively unbroken slopes are in gen-
eral agreement with each other and usually indicate
about the average rate of erosion. Thirteen of the 17
pins showed a net erosion and 4 a deposition. If only
those pins showing a net erosion were considered, the
average rate of erosion would increase from the reported
0.0072 ft per yr to 0.017 ft per yr. The former value is
in agreement with the value from the erosion plot and
the latter with the value from the slope-retreat lines.
Generally, the topography along the iron-pin lines is
intermediate between that of the erosion plot and that
of the slope-retreat lines.
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OTHER MEASUREMENTS OF SLOPE EROSION ON Rates of erosion for each of the three lines were con-

SLOPEWASH TRIBUTARY sistent, ranging from 0.021 to 0.027 ft per yr. These

The second additional set of measurements for rates | values approximate the higher values for the slope-

of erosion consists of eight iron pins located at the | retreat pins in Slopewash Tributary, and it is believed

chain-sections below the junction on Slopewash Trib- | that they exceed somewhat the average rate of erosion

ut~-v (see fig. 144 for chain-section locations). These | for the entire drainage of Coyote C. Arroyo, as is evi-

‘ ‘oot lengths of iron reinforcing rod, installed and | denced by a lower value for the grid system than for
on_-ved as previously described. For each chain- | the slope-retreat lines in Slopewash Tributary.

section. a pin was located on each sloping bank and, for |  Attempts to correlate individuz'tl rates of ero§ion with
two of the sections, a pin was situated in the channel | Individual local ground slopes did not result in a neat
bed. regression of erosion rates with lessening slopes. To

Installation was made in 1958 and data were collected | the observer on the ground, it appears rather instinc-
in 1958-64, excepting 1961. The average rate of ero- | tive that greater erosion is occurring on the steeper
sion for the bank pins is 0.0108 ft per yr and the bed | Slopes; however, the .dlspanr,y in t,hg, data is suﬂicxgnt
pins indicate an average deposition of 070083 ft per yr. | [0 mask attempts to illustrate graphically the relation
These rates are in agreement with the other observed | ©f slope to rate of erosion.

rates for slope erosion and channel aggradatlon. TRACING OF FLUORESCENT SAND

EROSION NAILS ON COYOTE C: ARROYO 3 A fluorescent sand (ASTM mesh size 40) was placed
along three lines in two of the study areas to trace the
movement of individual fine-grained sediment. One line
was along the hillcrest of Morning Walk Wash (see
fig. 139). The other two lines were in Coyote C. Ar-
royo, one along the nail line ED and the other along
: HiRe o the mass-movement line (see fig. 145).

and also a resurvey of the pin elevations indicates no | The sand was placed in 1961 and the initial position
heaving due to either freeze-thaw or wet-dry acrions. was marked. In 1962 the movement of this sand was
The average of the 65 pins indicates a yearly net erosion | (etermined by searching for grains at night with a
of 0.0237 foot. .All the data for the pins are tabulated | black light. Despite a relatively large amount of ero-
in summary of data F. sion indicated by the erosion nails, the individual sand

On slopes leading into the headcut of Coyote C. Ar- |
royo, a total of 65 erosion pins with washers are located ;
on 3 lines., as shown in figure 145. The pins were in-
stalled in 1961 and have been remeasured yearly to 1964.
Profiles were run on the pins to determine the slope,
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grains appeared remarkably stable. For tha short dis-
tance of 5-10 feet individual grains moved in quantity.
However, for distances greater than this very few grains
could be found. Maximum distance at which we found
a grain was about 50 feet.

The original concentration of the grains was not re-
corded and it is not known how many of the grains had
actually moved but could not be found. The concen-
tration of grains in the initial position was still large
in 1962. However. it is believed that many grains,
either by moving completely out of the searched area
or by being covered, were not found.

In 1964 a second attempt was made to trace the
movements of the fluorescent sand. The concentration
at the original placement area had considerably lessened
over that observed in 1962. Many grains were found
within 50 feet of the original line and a few were found
between 30 and 100 feet. Below 100 feet, but within
several hundred feet, a few grains were found which
fluoresced with the same characteristics as the placed
grains, but comparison of these with grains from other
observations indicated that they probably were native
fluorescent minerals.

If any conclusion may be drawn from these experi--
ments it would be that grains on the flat of a watershed
divide are moved very slowly but that, once they are on
the steeper slopes and within an area capable of over-
land flow, they are moved much more rapidly. This
conclusion is supported by a 1-vear set of data for ero-
sion pins on a transect across a divide near the houses

~of Las Dos. These pins are referred in the project
files as Corral Flat nail and washer line, but because of
the short period of record are not elsewhere presented
in this report. The 1-year of data show no erosion or
deposition exceeding 0.005 foot, and the average for the
line indicates little or no systematic movement of indi-
vidual grains.

CHANNEL ENLARGEMENT IN SLOPEWASH TRIBUTARY

Although the slope retreat pins give an indication
for the rate of channel enlargement, another set of
measurements was designed specifically to provide rates
of bank recession and channel aggradation-degrada-
tion. This set of measurements, designated as nail sec-
tions A-J (location shown on fig. 144, consists of 10
observation sections spaced approximately at 50-foot
intervals along Slopewash Tributary. At each section
2 nail with washer was located on each sloping bank
and one at the center of the channel bed. Rates of ero-
sion and deposition were observed as previously
described.

The sections were installed in 1959. Data have been
collected yearly to 1964, excepting 1960. These data

IN A SEMIARID ENVIRONMENT

show that the average rate of bank erosion for the side
pins is 0.0248 ft per yr. Deposition occurring ar some
of these pins averages 0.0038 ft per yr. The net bank
recession is then equal to 0.0190 ft per yr. The channel
bed pins indicate an eroded depth of 0.0694 ft per yr.
This depth probably occurs as scour while surface run-
off is flowing in the channel. Subsequent fill amounts
to 0.1024 tt per vr. This leaves a net deposition of
0.0330 ft per yr, indicating an aggrading channel. This
observation is consistent with other measurements indi-
cating a channel aggradation. The channel aggrada-
tion is not confined to lower reaches of the channel but
also extends upstream into the uppermost headwater
rills. All nails in the channel on sections A-H show
net deposition, and these vary in distance to warershed
divide from 400 to 800 feet. Still, the amount of depo-
sition in the small channels does not account for the vol-
ume eroded from upslope surfaces.

This excess of sediment is being supplied to the main
streams and accounts for the aggradation observed
there and reported in the section on scour and fill.

2\ summary of data for the nail sections are included
in summary of data G.

SOIL CREEP OR MASS MOVEMENT
SLOPEWASH TRIBUTARY

To measure the magnitude of downslope soil move-
ment occurring as soil creep, lines of mass-movement
pins were installed in Slopewash Tributary and in
Coyote C. basin (see figs. 14+ and 145 for locations).
The line in Slopewash Tributary is along the east fork
some 100 feet above the junction of the tributaries. The
line chosen crosses the meandering channel several
times, and thus the pins are on the steep slopes (about
1:1) of the channel banks, alternately on one side and
the other of the tributary. In figure 146 the photograph
was taken with the camera at the north end of the line
and the man is standing at the south end.

The two ends of the line are monumented and located
in such a place that the monuments themselves are sub-
ject to no downhill movement. Iron rods, -feet long,
were used to monument these end points. Generally
at 5-foot spacings along the length of the line, 14 'nch
galvanized iron pipes, 10 inches long, were driven ver-
tically into the ground. At the time of installation they
generally protruded about 0.1 foot above the ground
surface. .\ transit was set up over the center of the
monument on the north end of the line, orientéd to the
center of the monument at the south end of the line,
and the distance of each pin away from the line of sight
was recorded. Similar measurements are made on a
resurvey except that the angle of the pin from the ver-
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rical and any irccease in protrusion above the ground
surface are also recorded.

Resurveys were made annually from 1961 to 1964
The average rate of downslope creep of the pin tops is
r in. per yr. Considerable variations exist among

lual measurements. However. all pins show net
:ihﬁﬂ/lill movement for the 3-year period. Individual
variations probably retlect local influences of the par-
ticular pin loeation: tfor examples, a twig. rock, local
slope, or proximity to the channei.

All of the soil protile to the full depth of the pin is
not moving as fast as the average rate reported. Most
pins are rotating downhill, indicating that the top
lavers of soll creep at a faster rate than the lower layers.
The average rotarion of the pins is 1.4° per year. For
seven of the pins the pin angles themselves explain all
the observed downslope creep, the point of rotation be-
ing very nearly at, or slightly above. the bottom of the
pin. For the other eight pins the center of rotation
is a short distance beiow the bottom of the pin. For this
latter set of pins it follows then that the entire soil
profile, at least to the depth of these pins, must move
downslope some distance. An average value of the
downhill movement for the bottom of all pins is 0.003 in.
per yr (a computed, not an observed value). This value,
being so nearly equal to zero, indicates that only about
the top 8 inches of soil are involved in mass-movement
and that the soil nearest the surface has the greatest
movement.

e the pins are leaning downhill and some of the
p__agth protrudes above the ground surface, a more
meaningful value of downhill creep would be that com-
puted for the pin at the ground surface rather than at
the pin top. These computations show the average rate
of soil creep at the ground surface as 0.205 in. per yr,
slightly less than the 0.225 in. per yr attributed to the
tops.

Movement at the ground surface and at the pin base,
along with the depth of inserted pin, allows computa-
tion of the volume of material moving. This value is
0.87 cu in. per in. of slope base per year, or 32 cu ft per
mile of slope base per year.

The increasing protrusion above the ground surface
observed at the mass-movement pins was also used to
study erosion rates. The average rate of erosion for
these pins is 0.025 ft per yr. Generally, these are the
steepest slopes (approximately 45°) for which erosion
values were obtained and they show the largest rate of
erosion.

A summary of the downhill movement of the pin tops,
rotation of the pins, and erosion at the pins are in-
cluded in summary of data H.

N
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COYOTE C. ARROYO

A mass-movement line of pins as just described was
also installed along a tributary to Coyote C. Arroyo
(location shown on fig. 145). The average downhill
movement of the pin tops for the period 1961-64 was
0.267 in. per yr. During the period one pin showed an
unexplained uphill movement.

The average downhill pin rotation during the period
of observation was 1.7° per year. The relation of down-
hill movement to pin rotation is the same for these pins
as for the pins in Slopewash Tributary.

The pins on this line showed greater erosion than
those in Slopewash Tributary. Thus, computations for
the rate of downhill movement at the ground surface
used a value for the length of pin exposed equal to the
original protrusion plus one-half of the erosion. Com-
putations show the average rate of movement at the
surface as 0.202 in. per yr, a figure remarkably close to
that obtained in Slopewash Tributary. The volume rate
is somewhat less than that in Slopewash owing to a
smaller depth of soil movement, here 7.5 inches. The
computed volume rate of mass-movement is 25.5 cu ft
per mile of slope base per year.

A summary of data for the mass-movement line in
Coyote C. Arroyo is included in summary of data I.

HEADCUT ENLARGEMENT
FENCE LINE HEADCUT

Fence Line Headcut is a tributary to the Arroyo de
los Frijoles, entering on the left bank about 1,500 feet
below the Main Project Reach. Figure 165 is a photo-
graph of this headcut in 1964. In 1960 the headcut was
staked with six iron pins, each 4 feet in length. The
rate of enlargement of the headcut is determined by -

F16URs 165.—Fence Line Headcut.
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FIGURE 1868.—Aspects of the drainage area of Coyote C. Arroyo. 4, The largest headeut, cut in valley alluvium of Coyote C. Arroyo (also see map of

fig. 187).

B, Channel of Coyote C. Arroyo about 800 feet downstream from headcut pictured in 4; man points with shovel to position

where C!* sample was obtained to date the Coyote terrace deposits. C, View near the watershed divide of Coyote C. Arroyo; note the lag
gravel typical of headwater areas not covered by colluvium. D, Typical view of the valley alluvium ; coarse particles are found here only in

watercourses, as in that in foreground.

measuring the distance from the iron pins to the verti-
cal walls of the cut. Resurveys indicate that the head-
cut is slowly enlarging at all points of measurements,
but that the greatest rate of enlargement is at the up-
stream end where the headcut is advancing nearly 1.5 ft
per yr. Height of the vertical walls of the cut averages
6 feet.

The average volume of sediment discharged by this
one gully is estimated at over 500 cu ft per yr, mostly
from headward advancing.

COYOTE C. ARROY0 HEADCUT

Coyote C. Arroyo is a discontinuous gully involving
four headcuts. About 2,000 feet below the headwater
divide is the largest of the headcuts, below which the
gully is continuous to the master stream. The area
around this largest headcut has been studied in detail
and figure 166 includes photographs of the vicinity.
Rate of headcut enlargement is being recorded by yearly
planetable mapping and by measurements from iron
pins driven at known distances from the vertical walls.
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F100RE 167.—Topographic map and profile of Coyote C. Arroyo headeut.

The planetable map of 1962 is shown in figure 167 and,
as a dashed line, the outline of the headcut as it appeared
the previous year. Most of the headcut has retreated
some and the greatest amount of retreat is recorded in
extremities which extend either up the primary direc-
tion of the channel or in the direction of tributary
swales. Measurements from the pins to the cut bank
:ndicate a lateral retreat of 0.4 ft per yr and a retreat at
the most headward extreme of 2.6 ft per yr. Thus, while
the map of figure 167 provides some insights about

N

headcut retreat, mapping is not sufficiently accurate to
delineate the relatively minute retreats which are oc-
curring. :

The initial 400 feet of channel profile is shown below
the headcut map to provide an indication of channel
slope and the sloughed material associated with the
headcut. The average slope of the channel here is 0.03
ft per ft compared to 0.02 ft per ft in the channel 1,000
feet downstream. The volume of material contributed
to the stream by the enlargement of this headcut has
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been computed to be 1,630 cu ft per yr for the penod | ported as missirg in a given flow but were found after

1961-64.

- MOVEMENT OF LARGE PARTICLES IN HEADWATER
RILLS

SLOPEWASH TRIBUTARY

T'wo of the channels that have been studied in detail
with respect to movement of individual rocks, Green
Rock Gulch and Little Green Rock Gulch, are shown
mn figure 144. The former is also illustrated in figure
168. Starting at or near the mouth of these two chan-
nels individual rocks, each 3-6 inches in diameter, were
completely painted. They were then replaced in the
rills at measured distances from the mouth. This dis-
tance, in feet, was painted on each rock for identifica-
tion and the total number of rocks at each distance was
recorded. A total of 250 rocks was painted in Green
Rock Gulch and placed at distances of 147 feet up-
stream of the mouth. Forty rocks were painted in
Little Green Rock Gulch and placed from 21 to 36 feet
upstream of the mouth,

The initial placement was in 1959 and resurveys were
made annually. At the time of the resurveys the move-
ments of the individual rocks were easily discernible
because identification numbers on the painted rocks
were no longer in consecutive order nor at the distance
corresponding to their number.

Although the number of rocks moving has not been
large, the recovery percentage is high. In 1964, 5 years
after placement, 88 and 78 percent respectively of the

- rocks in the two gulches are still accounted for. Miss-

ing rocks are usually those that moved but later were
obscured by either vegetation or a sand covering, that
is, they were not buried in place. This is suggested
by some of the rocks in the main study which were re-

FIGURE 188.—Green Rock Guich, a tributary to Slopewash Tributary.
Rocks wash into this minor rill from the lag gravel covering some of
the hillslopes seen in the background.

a subsequent flow.

The data have not been sufficient to describe a trend
in movement. Both the upper and the lower halves of
the reach on Green Rock Gulch show about 25 percent
of their rocks moving or missing. Because of the large
number of rocks not moving and the large variability
in distance of those moving, the data are perhaps not
yet meaningful. However, the longest distances re-
corded to date are of rocks originally placed in the
lower 10 feet of channel and these have moved as much
as 540 feet.

GUNSHOT ARROYO

Gunshot Arroyo is the first tributary entering Arroyo
de los Frijoles below the sweeping S-curve half-mile
downstream of the Main Project Reach. Measurements
in Gunshot Arroyo include the tracing of large particle
movements in the channel bed and on a steep sloping
bank of the channel, the retreat of a knickpoint formed
in the channel by an outcropping of semiresistant Santa
Fe formation, channel enlargement, and degradation-
aggradation studies.

In 1960 the initial survey and installations included
the selection, painting, and replacing of rocks in the
channel. The rocks, ranging in diameter from about
3 to 10 inches, were completely painted and numbered
with the distance in feet corresponding to the initial
position upstream of the junction with Arrovo de los
Frijoles. The largest number is 880 and the watershed
divide is located at station 1,150 feet. The rocks were
placed at 10-foot intervals.

In 1962 a complete resurvey was made of the exist-
ing measurements and a longitudinal-profile survey was
run from 150 feet below the mouth of the arroyo to and
over the watershed divide. This profile is shown on
figure 169. No vertical or cut banks were observed above
station 620 feet and the channel disappeared above sta-
tion 1,050 feet.

Superposed on the profile of figure 169 is a schematic
illustration of the rock movements as recorded in 1962.
Each rock position is identified as to moving, missing,
or stationary. For those rocks which were found, the
distance moved in feet is indicated by the number above
the original position of the rock.

Most rocks below station 750 feet moved. Down-
stream from station 750 feet to station 450 feet, most
of the moving rocks were found. Below station 450
feet a large percentage of the rocks were reported miss-
ing. The upper of the two mentioned subreaches has
a gravel bed and the lower a sand bed. In the lower
reaches of the channel most rocks that had moved were

found partly buried in sand and, with few exceptions,
those which had traversed the length of the tributary

.. q——
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and into the channel of Arroyo de los Frijoles were not
found. The rocks above station 750 feet were consistent
in that none had moved despite the fact that these
were on the steepest slopes.

At the time of the 1962 survey the rocks moving and
found averaged a transport distance of 39 feet; the
‘maximum distance recorded was 120 feet. If considera-
tion were given to the missing rocks, which probably
were transported entirely out of the tributary, these
distances would be considerably increased. Of the rocks
originally placed, 37 percent were missing and 22 per-
cent had not moved.

After the 1962 survey the rocks found were returned
to their original position, but the missing positions were
not filled. Resurveys in 1963 and 1964 of these remain-
ing rocks recovered only one rock reported missing in
1962. This adds credence to the probability that miss-
ing rocks were transported entirely out of the tributary.

In 1963 the number of total missing rocks increased
to 82 per cent, and all but 2 of the 55 rocks remaining
after the 1962 survey had moved. Of these 14 were
found and averaged a transport distance of 218 feet and
a maximum distance of 930 feet. The large increase in
percentage of missing rocks is probably attributable to

the storm which caused a 1,300 cfs flow at Main Project -

and which occurred between the surveys of 1962 and
1963. Most rocks remaining for the latter survey were
from upstream positions and had longer distances to
travel before being exposed to the greater chance of
loss in the main channel. By 1964 the number of miss-

N rocks had increased to 85 per cent.

Painted rocks on a typical steep slope (approximately
45°) at station 190 feet were resurveyed in 1962, 1963,
and 1964. The rocks painted were native to the slope
and generally ranged in intermediate-axis diameter
from 1 to 3 inches. On an uncounted number of rocks
painted in 1960, 175 remained in 1962 and 164 remained
in 1964. Thus, in the last 2 years only 6 per cent have

IN A SEMIARID ENVIRONMENT

moved off the slope and have become lost in the channel.
Between annual surveys an average of only 3 per cent
of the rocks (excluding those missing) moved over one
foot, but a gradual slumping was noticeable. In 1964,
118 rocks (72 per cent) had slumped downhill a meas-
urable amount, and this ! <:ping averaged 0.6 foot for
the 4-year period. It appears that the effects of gravity,
aided by such processes as freeze-thaw and wet-dry,
have an appreciable influence on coarse particles on
steep slopes.

The monumented knickpoint in the Santa Fe forma-
tion at station 417 feet averages about 1.3 feet in height,
and between 1960 and 1964 no measurable amount of
upstream retreat was recorded.

" Scour chains placed in the arroyo bed at station 25

feet, 230 feet, and 468 feet indicate the channel is ag-

grading at a rate of 0.06 ft per yr for the 2-year period

1962-64. Although thisis a short-term record, the value

is in agreement with that of the main arroyo, 0.04 ft per
r.

Y MORNING WALK WASH

In 1961, painted rocks were placed at 10-foot intervals
in the channel of Morning Walk Wash near Las Dos
(fig. 139). The painted rocks ranged in diameter from
3 to 5 inches, the average rock size native to the gullies.
A total of 166 such rocks were placed along the thalwegs
of the two main channels and a smaller rill draining the
hillslope.

A resurvey in 1962 indicated a very large percentage
of the-rocks had moved. Table 5 is a condensed presen-
tation of the rock movements between 1961 and 1962.
For example, in the north gully three times as many
rocks had moved in the lower reaches than in the
upper reaches and the rocks in the lower reaches tended
to move greater distances. Many of the rocks were
found in a fan deposit at the mouth of the channel.

As in Gunshot Arroyo the rocks found during the

TABLE 5.—Summary of particle movement Morning Walk Wash, 1961-62
(L, lower reach; U, upper resch]

South gully North gully |
South
Particles rill

L U [Totalor L U |Totalor

average average
Total originally placed. . ... oo, 44 43 87| ° 12 34 33 67 ‘
Percent moving, on basis of: '

Total found . . ... ieaa. 41 40 40 25 77 12 45
Total found plus total missing. . _......... 93 63 78 25 91 30 61 '

Percent not moving or not found. .. ... _...._. 48 77 62 100 | eecee e e e
Distance moved, in feet, on basis of total found: '

AvVerage . iieececaccmceaaan 177 | 339 258 '3 8 I [N PPN PRSI
MaXimuUm. o o eeaeaanee 473 | 723 feeoao.. 1613 oo | e l

! Lower reach.
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survey were returnerd to their original position to await
movement during subsequent flows, but the missing posi-
tions were not filled with new rocks. Thus data after
1962 became less meaningful except to determine the
J  ‘ion rate of the originally placed rocks. Data for
i the painted rock experiments in headwater chan-
nersare included in summarty of data .J for 1961-64.

The condition of the paint on the rocks found indi-
cates that the rocks are transported with only little
abrasive action. that is. they are not broken up in place
and removed as smaller particles, this despite the rolling
and tumbling over other rocks in their trip downstream.

Two monumented cross sections of the channels were
installed in 1961 and resurveyed yearly to 1964. Dur-
ing this period the upper section, 170 feet above channel
mouth, showed no significant changes, while the lower
section at the mouth showed about 0.2 foot of deposi-
tion in each channel bed. This value is consistent with
other observations for channel aggradation.

SEDIMENTATION IN CHANNELS AND RESERVOIRS

About 1937, at the lower end of Coyote C. Arroyo
some 1,900 feet downstream of the present position of

235

the largest headcut. an earth dam was constructed across
the arroyo. In 1961 the reservoir behind the dam was
topographically mapped by planetable, and it was
planned that resurveys would allow the determination
of the amount of fill accumulating within the reservoir.
Contours of equal deposition occurring during 1961-62,
as well as original topography, are shown in figure 170.

Computations determining the volume amount of sed-
iment collected in the reservoir during the period 1961-
64 are shown in table 6. This amount totals 6,245 cu
ft or 2,082 cu ft per yr. If the average rate of erosion
shown by the erosion nails is assumed as a basin-wide
average, the reservoir is shown to collect only about 5
percent of the total eroded sediment. However, the
computation of this percentage may be of only academic
interest because, as was remarked previously, values
of the erosion rate computed from the pins installed
in this basin are believed to be too large for the basin
as a whole. Most of the sedimentation was in the year
1961-62.

The field-sketch map of figure 145 shows six channel
cross sections at various distances up the arroyo. These
cross sections were first surveyed in 1961; they have

(Y1,
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FiguRs 170.—Topography of dam and reservoir on Coyote C. Arroyo and contours of deposition, 1961-62.
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TABLE 6.—Observed gedimentation in reservoir behind dam on Coycte C. Arroyo, 1961-64

Decrease in area of cross section : Effective ' Average depth of deposition (ft) | Effective | Amount of sedlmentation ! (cu ft)
due to deposition (sq ft) + width of | | aresof
Cross section | End pins ; secf:ti;m H _ i niwrto)“
t J ! i ( sq .
i ¢ 1961-62 | 1961-63 I 1061-84 | l 1961-62 ‘ 1961-63 I 1061-84 1961-62 | 196163 | 1961-84
: . . : i
1.. 10.0 10.0 10. 4§ 30 | 0.33 ! 0.33 0.35 | L. 500 330 | 330 | 3%
2. 23.3 2.2 24.3 | 43 i .54 .61 .56 825 43 508 | 460
3. 29.0 38.0 30.0 53 .55 It .4 900 500 | 650 | 688
4.. 30.5 | 50.5 55.8 85 ¢ .55 .92 1.01 913 505 I 340 | 920
5. 34.0 | 68.0 3.0 60 i .57 .13 1.22 1. 436 820 1,820 | .75
6 15.5 | 3.5 14.5 ¢ 35 i R 3 .24 .42 1. 850 31 | 445 | 3
7 51.5 | 4.5 39.5 1 40 | 1.29| L1l 9 1,338 1,725 ) 1,485 | 1.328
P OBA e e e o e o e e ic e acacemcccaceccatmecaaneaniemeccmeaseeisemeessansemccenmamanen 5,140 | 5,878 i 8. 248
P33Tt A T ¢ g Y 5, 140 2,938 1 2, 082

t Amount of sediment contributed from basin (40.8 acres):

2082

waxaamm 012 per T

been resurveyed yearly to 1964 and allow computation
of deposition in the channel. Stationing and channel
changes are summarized in table 7. The volume ac-
cumulations of sediment in the 1,435-foot reach in-
cluded by the sections are also shown in the table.
These data indicate that 3,192 cu ft per yr of sediment
is deposited in this reach, which corresponds to channel
aggradation of about 0.10 ft per yr. This value repre-
sents about 8 percent of the total eroded sediment indi-
cated by the erosion pins. ’

The percentages of total eroded sediment accounted
for by the surveys in the reservoir and in the lower
reach of channel are not total reservoir and channel
storage of sediment for the entire basin. QOur studies
have indicated that even headwater rills are aggrading,
thus there is much more channel length in the basin
available for sedimentation processes. Although the
surveyed reservoir is the only man-built barrier, other
natural reservoirs are also available. The discontin-
uous nature of the channels provides many alluvial fans

and flats which may be considered as natural reser-
voirs: at least, sedimentation rather than erosion is oc-
curring in these areas.

ANALYSIS OF SEDIMENT. BUDGET

To account for sediment volumes contributed by ero-
sion and to compile a balance sheet is not easy, because
of the variance within the measurement data. With re-
gard to what appears to be the main process contribut-
ing debris (sheet or surface erosion), the problem is how
to average the rates observed by the nail and washer
data at various localities and derive a figure applicable
to the whole contributing area. To use the data on vol-
umes contributed by headcuts presents little problem
because there are only a few headcuts per square mile in
the study area. Bank cutting and consequent channel
enlargement is not an important source of sediment, as
indicated by measured cross sections of channels. The
data on mass-movement pins present a special problem
because, lacking knowledge of certain details of the

TABLE 7.—Obaserved rates of channel changes in Coyote C. Arroyo

Change in channel shape
. Channet (+, deposition; —, scour; Length Volume of sediment ! (cu ft)
Section stationing (sq ft) of reach
(ft) (ft)
1961-62 1961-63 1961-64 1961-62 1961-63 1961-64
30 +30.75 +29. 00 +28.25 120 3, 690 3, 480 3, 390
210 +8.75 +10. 00 +11. 00 165 1,445 2, 100 2,310
365 +16. 75 +14. 10 +14. 75 225 3,770 3, 180 3,320
650 -2.70 —-. 50 . 00 290 —785 —145 0
955 +.70 +. 80 +1.10 395 265 315 435
1,435 ~-1.30 —-25|. +.50 ©240 310 —860 120
TOtBl - - o e e e e ——— 8, 075 8, 870 9, 575
Rate—cu ft pPer YT . e e————— 8, 075 4, 435 3,192

! Amount of sediment contributed from basin (40.8 acres):

3192

BEXa 0 0 1012 £t per yr
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process, tho total area subject to effective sediment con-
tribution from this source is difficult to estimate.

No great problem is presented by channel aggrada-
tion, for these measurements are far more complete
+* - for other processes. Two important sources of pos-

‘ error remain—the unmeasured volume of debris
“p-—siDg out of the basin as bedload or suspended load,
and the trap efficiency of the reservoirs.

These difficulties face any investigator who is con-
structing a sediment budget. No perfect solution is
available, but at least the assumptions made in the com-
putations can be stated and the implications of the as-
sumptions can be analysed. Although the quantities are
only roughly approximate, a summary of debris inflow.
outflow, and storage is attempted. Table 8 summarizes
the average values of the measurement quantities.
These values are arithmetic averages of individual read-
ings taken over the period of measurement at the re-
spective measurement points. Because comparison of
mean and median values shows no great disparity, we
used mean values exclusively in this report.

The main assumptions enter the computations in pro-
gressing from average-measurement data, table 8, to
computations of average rates of erosion and deposition
summarized in table 9.

The main source of data on sheet erosion is the pin-
and-washer installations. More variance is noted be-
tween successive years than among the respective pins
in the same year. Within a given group of nails the
r rate of erosion for the 3-year period was plotted
. Aividual pins against the local ground surface
Stopé at the pin, but no correlation was found. This
lack of correlation is attributed to the fact that each
group of nails applied to only a small range of slope
values. Some influence of slope probably can be seen
in the comparison of values of surface erosion in table
8. For example, the average land slope on the erosion
plot of Slopewash Tributary is less than on the najl
lines of Coyote C., and the corresponding net erosion
rates are 0.008 and 0.024 ft per yr respectively.

But it appeared unjustifiable to correlate these net
erosion values for different localities merely with slope
because many other factors probably are also operative.
The significance could not be tested statistically with
only seven localities.

The average value of surface erosion for the whole
basin (0.015 ft per yr: see table 9) represents our best
judgment of the order of magnitude. This value is in
agreement with the result obtained by equal weighting
of number of pins and number of years of data, 0.0145.

Two values of volume eroded by headcut retreat are
available. Approximately the average of these two was
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TABLE 8.—Data on measured rates of erosion and deposition

[SWT, Slopewash Tributary]
Erosion
Surface erosion:
Erosion piot, SWT:
Pins
Years._.. -
Net erosion—~ft per yr _—
Slope-retreat pins, SWT:
Pins._ ———

Nail lines, Coyote C. Arroyo:
Pins -

Net erosion—ft per yr__ . ___________
Nail sections, bank, SWT:

Pins.

Years ———— — _—

Net erosion—ft per ¥r.. oo __
Mass-movement pins, SWT:

Pins —

Years - -—- '

Net erosion—f£t per yr. ——-
Iron pins, SWT:

Pins -

Years —-

Net erosion—{t per yr
Chain section pins, on banks. SWT:

Pins

Years. ..

Net erosion—{t per yr. -

Gully erosion :
Coyote headcut:

Retreat (ft per yr):
Laterally._
Headward. e cm———a
Volume of material eroded—cu £t per yr..

Fence line headeut :
Years.._
Retreat (ft peryr):
Laterally - -
Headward..
Volume of material eroded—cu ft per yr_
Mass movement (soil creep) :
Slopewash Tributary:

PinS. e e

Years._..__ -

Downhill movement at ground surface—in.

per yr -

Volume of material moved—cu ft per mile of

slope base per yr
Coyote C. Basin :

Pins ——

Years

Downhill movement at ground surface—in.

per yr. : -

Volume of material moved—cu ft per mile

of slope base per yr
Movement of individual rocks:
Morning Walk Tributary:

South gully and rill :
Rocks —
Years —— -
Rocks moved—percent. . .oooooeocoeon.
Average distance moved——ft per yr....--

61

0. 008

57

0. 014

0.019

15

0. 025

19

0. 007

0. 205
32

12

0. 202
25

75
180
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TABLE 8.—Data on measured rates of erosion and deposition—
Continued

Erosien—Continued

Movement of individual rocks—Continued
Morning Walk Tributary—Continued
North Gully:

ROCKS e m e 87
YRS e e mm e m——— 3
Rocks moved—percent . ccoeoemaoo—- 67
Average distance moved—it per yr-___ 96
Gunshot Arroyo:
ROCKSem e e e ——————— S8
YeRTrS e e cccm e memmm—e—me—————————— 4
Rocks moved—percent o ccamccmacccccan 100
Average distance moved—ft per yro ... 93
Green Rock Gulch:
ROCKS e e 250
Years e m——————— e ——————————————— 5
Rocks moved—percent oo oo 23
Average distance moved—ft per yro_ .- 39
Little Green Rock Gulch:
Rocks — - e 40
Years e mccmrec—mmmee———————e—————————— 3
Rocks moved—percent . e _o_-- 32
Average distance moved—ft per yro_....a-.. 1
Deposition
Aggradation of channels:
Slopewash Tributary:
Nail section:
Number of chains. pins or sections.__..__ 10
YeArS . o ———— 3
Average net aggradation—ft per yro._._ 0.033
Pins at chain section:
Number of chains, pins, or sections__._.__ 2
Years e e 6
Average net aggradation—ft per yro..._. 0. 003
Arroyo Frijoles, mainstem: including North
Branch:
Number of chains, pins, or sections._____.__ 20
YOeRrS e e ———— 8
Average net aggradation—ft per yroooo—.-_- 0. 040
Coyote C. Arroyo:
Number of chains, pins, or sectionS. ... 8
Years_. - -— - _— 3
Average net aggradation—tt per yro. ... 0. 100
Gunshot Arroyo:
Number of chains, pins, or sectionso oo ... 3
Y AL e e ———————— - 2
Average net aggradation—ft per yro_--_—._ 0. 060
Filling of small reservoirs:
Coyote C. Arroyo Dam:
Drainage area—sq mile - 0. 064
Years. 3
Volume deposition—ecu ft 8, 245
Sediment collected—ton per sq mile per yr__. 1,433
Big Sweat Dam:
Drainage area—sq mile 0. 0060
Years. —— 1.2
Volume deposition—en £t __ 95.3
Sediment collected—ton per sq mile per yr__. 660

applied to the number of headcuts per square mile esti-
mated from detailed knowledge of the area.
Mass-movement pins are installed on sloping gully
walls which are steeper than the hillslopes in general.
Though when the measurements were begun we had not
expected downhill creep to be of significance in a semi-
arid climate, our observations and those of others (for
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TABLE 9.—Average rates of erosion and derosition

Erosion
Surface erosion:

Average rate—ft. per yr - 0.015

Percentage of total basin contributing-------.__ 85

Erosion rate—tons per 8q mi per ¥ro-eco—— .. 13, 800
Gully erosion:

Average volume per headcut—cu ft per yr-______ 1. 000

Headcuts per 8q Mio oo oo oo 4

Erosion rate—tons per sq mi per Flooe————oo-- 200
Mass movement:
Average downhill rate at ground surface—in.

9253 ol 2 oSS IR 0. 20
T.ength of channel affected—mi per sq mi__.___.. 35.6
Average volume eroded—cu ft per sq mi per yr__ 1. 960

Total volume—tons per sq mi per yro._ -~ 98
Total erosion—tons per sq mi per yroooeo oo

Deposition
Aggradation of channels:
Channel area—sq £t per 8q MicceoooccoococoC 379X 10
Average rate of deposition—ft per yro ... 0

summary see Leopold and others, 1964, p. 349-353) in-
dicate that it is a process which cannot be disregarded.
Mass wasting should deliver debris to the rills and chan-
nels in proportion to the rate of downhill creep and to

" the total length of channel in a given area. A drainage

density was computed by using a Horton analysis of the
number and lengths of channels. In a square mile the
order of the largest channel including rillsisseven. The
number and lengths of various orders are as follows:

! Adjustment to channe! segments
Length |
Order Number (miles) :
Length | Number ! Number
(mile) i X length
i | (miles)
1 1.2 0.50 | 1 | 0.5
3.5 .70 .48 | 4.5 2.2
11 2 L1 4.5 | 1.8
45 11 .08 1 58 | 3.3
140 Q8 027 | 188 ! 5.0
400 025 .013 | 40 | 7.0
1,200 o1 .01 ) 1,600 | 18.0
L 07 [N (U FER e i | 35.8
H :

By this estimate there are about 35 miles of chan-
nel and rill in a square mile area, and because there are
two banks of a channel, the length of channel boundary
possibly subject to debris production by creep is some
70 miles. Using an average of 28 cu ft per mile of slope-
base per year,

28 X 70=1,960 cu ft per yr per sq mi,
which at 100 lbs per cu ft is 98 tons per sq mi per yr.

Movement of individual rocks was not included as a

separate item of contribution to sediment production.

I T S S ~—— RN T —n— —
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Depositional data consisted of channel aggradation
which was computed into tons per square mile as fol-
lows:

i Segment | Width

i Channel

Order ! length | () area (sq ft)
(miles) | )

\‘/7. ............................. 0.51 2 I 75, 000
5.. 2.2 16 186, 000
5.. [ 3 67. 000
4. 3.31 3.5i 61, 000
3.. 3.0 251 66, 000
2.. 70! 1.3 48,000
1 16.0 : .9 76, 000
................................................ 579, 000

Then 579 X 10° sq ft of channel area aggrading at 0.05 ft
per yr is 28,900 cu ft; at 100 pounds it equals 1,440 tons
per sq mi per yr.

The collection of sediment behind the dam in Coyote
C. Arroyo gave a figure of 1,633 tons per sq mi per yr.
The production and trapping of sediment may be sum-
marized as follows:

Total sediment Sediment
{tons per aq¢  production

mi per yr) (percent)

Surface erosion. ... __._.__._.___ 13. 600 97.8
Gully erosion..... ... ___.____._. 200 1.4
Madss movement. ... ... ____.__. 98 .7

Total oo ... 13, 900 100+
Deposition in channels. _____________ 1, 440 10
Trapped in reservoir....______._____. 1,633 12

Total. ... 3,073 22+

\_-r the largest contribution of sediment is by sheet
erosion. Channel deposition is only about half of the
total sediment trapped. the latter being only about one-
quarter of that produced. It is recognized that if the
budget were correct and the reservoir trap efficiency
were 100 percent. the total of deposition in channels and
trapped in the reservoir would equal sediment produc-
tion. It is our opinion that the sediment moved as
sheet erosion does not all get into the channel, but is
temporarily stored in thin deposits widely dispersed
over the colluvial area. and that furthermore, there is
a very low trap efficiency to the reservoir.

Other measurements of sediment accumulation in
western United States give values of 1.200 to 2,400 tons
persq miper yr ( Brown, 1943).

To our knowledge. of the published reports on sedi-
ment yield from semiarid drainage basins. by far the
most excellent is that of Hadley and Schumm (1961),
who measured. among other things, sediment accumu-
lation in a large number of stock ponds and small res-
ervoirs. These data were studied in relation to geo-
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logic formation, runoff. and varicus geomorphic char-
acteristics of basins. Their data are far more compre-
hensive than ours insofar as sediment accumulation in
reservoirs is concerned. The only unique feature of
the present data is that we attempt to assess the relative
importance of different processes of sediment produc-
tion.

Despite their deficiencies, our data bear comparison
with the more extensive values published by Hadley
and Schumm, as in the following :

Sediment accumulation: Acreftper  Tona per

Coyote C. Arroyo (0.064 sq mi) ac- sgmiper sgmipr
. cumulation in reservoir and chan- v ot

- 1.41 3.073
Average curve for all lithologies, for

0.06 sq mi area (Hadley and

Schumm). . ____ .. ._______..__. 1.8 3.930

t Based on 100 lbg per cu ft.

For small basins the sediment accumulation observed
by us in New Mexico is of the same order of magnitude
as in basins of similar size in Wyoming underlain by
shale or other lithologies high in silt content. Hadley
and Schumm (fig. 30, p. 173) showed that for the Che-
yenne Basin sediment accumulation was related to re-
lief ratio (basin relief divided by basin length). The
average relief ratio for our Coyote C. and Slopewash
tributaries is 0.59. Entering this value in the Hadley-
Schumm curve for all lithologies, the estimated value
of sediment accumulation is 2.4 acre ft per sq mi per
yT, and in the curve of those authors applicable to Fort
Union formation only, the value is about 2.5. These
values are slightly higher than the 1.41 observed in
Coyote C. Arroyo but still of the right order of mag-
nitude.

The finding of Hadley and Schumm (fig. 26, p. 163)
that sediment accumulation per unit area of basin de-
creases rapidly with increasing drainage area is in keep-
ing with our result that sheet erosion basin-wide esti-
mated from erosion pins gives a value of sediment pro-
duction about 4.5 times larger than can be accounted
for in channel aggradation and reservoir accumulation.
This feature is probably related in part to the same
cause postulated by those authors: absorption of water
in the dry channel beds below areas affected by local
storms. But the fact remains that even in our detailed
study of deposition, sediment spread thinly over collu-
vial areas does not show up in measurement data.

Another interesting comparison is with data on sedi-
ment production by dry sliding of debris on the steep
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slopes of southern California. Krammes (1960) meas-
ured debris in metal troughs laid on contour in burned
and unburned areas in San Dimas Experimental Forest
near Glendora. He found a sediment yield of 24.7 tons
per acre per year (13.800 tons per sq mi per yr) after
a brush fire. which compared with 2.69 (1,720 tons per
sq mi per vr) before the fire had denuded the slopes.
Of the total annual vield 89 percent of the debris was
contributed during nonrain periods by dry sliding. The
figure for prefire condition is about half the sediment
vield observed by us in New Mexico, but the postfire
figure is five times larger than our value.

Returning to the question posed earlier in this report,
it appears that in semiarid areas of the type studied
sheet erosion not oniy predominates as a sediment source
but also seems quite capable of providing the sediment
making up the bulk of alluvial fills during periods of
aggradation. Indeed, the present channels are aggrad-
ing, and at 0.05 ft per yr the observed rate would eventu-
ate in a fill as deep as the Coyote alluvium under the
high terrace in 100-200 years. No doubt such a rate
would not be sustained as an average for so long a period
because in a century there would be some years, no
doubt, during which net degradation would occur.

Nonetheless, the present processes and their rates ap-
pear quite capable of resulting in deposition of alluvial
fills comparable to those of past periods which filled
major valleys. The present is, then, a reasonable pic-
ture of conditions during which valley aggradation
occurred in post-Pleistocene time.

The importance of sheet erosion makes it quite pos-
sible that aggradation can occur in tributaries, even in
small channels only a few hundred feet from the water-
shed divide. Gully or rill erosion was probably insig-
nificant or absent during the deposition of the principal
alluvial fills in these valleys. Gully erosion assumes its
important role during periods of valley trenching or
arToyo cutting as was observed in the post-1880 period.

CLIMATOLOGICAL OBSERVATIONS DURING
AGGRADATION

From the archeologic materials and a C'* date, it is
computed that the upper part of the Tesuque formation
accumulated in the Tesuque Valley, a few miles from
our study area, at an average rate of 104-156 yr per ft
(Miller and Wendorf, 1958, p. 190). During the period
1958-64 we observed an average rate of channel bed
change that would result in aggradation at the rate of
about 25 yr per ft. The present landscape is similar to
that under conditions which probably prevailed in the
same area, let us say, in the first centuries of the Chris-
tian era. But the land at present has hardly begun to
recover from widespread devastation of the overgrazing
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in the late 19th century. The combiration of a grazed
range and the present climatic swing provides compara-
ble rainfall-runoff conditions to those caused by a some-
what more unfavorable climate but uncomplicated by
the effects of grazing animals.

What are the salient aspects of climate in relation to
vegetation which create the difference between a period
of aggradation and one of degradation in valleys? This
question has merited the attention of many geomorphol-
ogists and has been answered tentatively in a variety of
ways. Considerable evidence points to a coincidence
of increasing aridity with degradation and inereasing
huadity with aggradation, but tnere are opposite
views. Reaching a firm conclusion will have to await
continuation of just the kinds of observations being here
reported. Because we cannot hope to obtain a definitive
answer to the question with 7 years of measurement, we
are publishing our results principally to encourage
others to join us in similar programs of simple measure-
ment over a period of time in order that there will grad-
ually become available concurrent data on rate of chan-
nel change, precipitation, and runoff.

The precipitation record for Santa Fe, N. Mex., is the
longest in the United States. This record has been
analysed in detail for its relation to the erosion problem
(Leopold, 1951) and even then, 14 years ago, the diffi-
culty of analysis lay not in the length of the precipita-
tion record but in the lack of quantitative data on land
erosion and channel changes. Our measurement data
are not yet enough, but the nature of the problem can
be more clearly seen than was possible without them, as
will now be explained.

Leopold (1951) showed that the mean annual pre-
cipitation at Santa Fe did not significantly change be-
tween the first and second half of the century of record,
but the frequency of daily rainfall amounts did change.
In the present discussion we will review briefly that
argument and bring the analysis up to date of the pres-
ent writing, 1964.

Three graphs are presented in figure 171. Graph 4.
the annual march of yearly precipitation totals, is
plotted without any averaging. Graphs B and C show
that part of the annual amounts contributed in summer
(July-Sept. incl.) months. The mean summer total of
6.08 inches consists mostly of thunderstorm rainfall
which each season begins about July 15 after a rela-
tively dry late spring and early summer. Thunder-
storms are nearly daily occurrences in the nearby moun-
tains from mid-July to early September. Graph €
shows that part of the summer rainfall made up by rains
totalling one inch or more in a day.

In the three parts of figure 171, trends in the 114
years are not easily discernible without the use of mov-

;



CHANNEL AND HILLSLOPE PROCESSES, SEMIARID AREA, NEW MEXICO 241
25 —
A. INDIVIDUAL YEARLY RAINFALL
20 = Mean annual rainfail. Long-term -
| ,\ average=13.72 inches
| | JAN ) |
E/lsz\/A « I‘ g ]\ (WA )
LM /\../\ - \/\/\/ 14
§ 10 f— / i‘ /\\// /\ (\ -
g ;J l/\\[\.{ ! \/\U/V\/\ /\/\—/\AAAAI‘\AA A AA AA/\AA/
LA N LTRSS
8. INDIVIDUAL' SUMMER

RAINFALL

W
—_
(—
—==7
E <
]

C. INDIVIDUAL SUMMER RAINFALL FROM RAINS EQUAL
TO. OR GREATER THAN 1.00 INCH PER DAY

Mean annuai rainfali. Long-term -
average=6.06 inches

1850
1860
1870
1880
1890
1900

(=] (=] [=3 [=] QQ

5 & 2 3 3 g 8

— -y -t e - -y —
YEAR

FI1GURE 171.-—Precipitation, Santa Fe, N. Mex.

ing averages. Inspection of the graphs reveals the dry
period of rhe 1940's and early 1950's and the heavy
summer rainfalls-of the early 1850,

Figures 172 and 173 break the precipitation record
ir*- its summer and nonsummer components, and then

—— e —

again into the number of rains of different categories of
size of daily rainfalls. The secular change in number
of nonsummer rains of less than 0.5 inch in a day so
prominent in Leopold's analysis is obvious here, figure
1738. A more subdued but parallel trend is seen also
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F16URE 172.—Number of individual summer rains (July-Sept. inel.), Santa Fe, N. Mex.
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F1euas 173.—Number of individual nonsummer rains, Santa Fe, N. Mex.

in the number of summer rains less than 0.5 inch per
day. These secular changes leave the general impression
that the last 25 years were more similar to the first
25 years of record than to the middle of the record
period : that is. 1942-57 seems to resemble 1853-72.

This impression is strengthened by examination of
figure 174 which shows the annual march of the average
intensity of rain expressed as inches per day per rainy
day, that is, the number of inches of rain in a year di-
vided by the number of rainy days that year. The rains
of the early and final part of the record were more in-
tense than during the middle of the record.

Similar analysis led Leopold (1951) to argue that the
period coincident with the advent of heaviest grazing,
185080, was characterized by a deficiency of the low-
intensity rains which succor vegetation and by more
than the average number of heavy rains which could
act upon a weakened vegetal cover and promote erosion.
This argument is a reasonable one, but to demonstrate

its validity one needs concurrent and detailed data on
erosion rates. Such concurrent data are now available
for the 7-year period 1958-64, but this period includes
years of both high and low intensity rainfall. The pre-
cipitation data are not clearly of the character that one
could say unequivocally that erosion should be large or
should be small. In short, the 7-year record is not long
enough.

But the nature of the question ought to be clear from
the data presented. Geomorphologists must make
quantitative observations of erosion rates and channel
changes over a long enough period to be clearly related
to the concurrent precipitation record.

It is our hope that the presentation even of the short
record now available will spur our colleagues to estab-
lish similar aréas and continue simple measurements
over a period of time so that those who follow us will
have more to work with in analysis of this hydrologic
and geomorphic problem.
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A.—Summary of nonrecorded rain-gage data. Arroyo de los Frijoles, 1959-63

rDate of observation may be several days after storm date. Record should not be considered as annual precipitation. Tr., trace amounnt. Gage locations shown on fig. 143]
b

l Precipitation, (o inches, at rain-gage~

Date of observation -
Lo | 2 3 s 5 8 7 8 9 10 1 12
¢.%0| L13| o8] o0so| o088 1.05 0.80 1.20 120 080 100 1.08
25 | L e R FUUO I RO SO, 1 OO SO 30
50 'S8 30 .35 32 236 fueeemeaciaeananann 30 |icacaana.n , 8§
7 RO 100 fomeeane 1.45 140 ... 1.40 L38 el 132 1 126
................................. i .76 i .70 .88 80 .85 .80 .90 .90 1.05 .04 10,
ﬂw:: __________________________________ 50 .00 .80 65 .35 Tr, Tr, Te, .00 .00 l.£| {ftl)g
D+ . 20 1.00 .80 I, .7 .50 .65 .45 .35 1.10 .38} .81
Vom0, . LTI 1.30 2.70 2.40 1.90 2.20 2.30 2.20 2.30 2.40 2.50 2.50 | 1.80
.00 .00 .00 .00 .00 Tr. .10 .30 .10 20 e
.20 .40 .30 .20 .20 .20 .20 .20 .30 .20 (.ol
-10 .00 .00 .00 .20 Tr. .20 .10 .20 Tr. .51
.20 .40 .30 .50 .40 .50 .50 .30 .10 Tr. .18
.10 .80 .90 .40 .80 .60 .80 -90 .60 .60 .87
1.20 1.30 1.00 1.10 1.00 1.30 1.20 1.30 1.40 1.20 | 1.3
1.10 115 1.10 90 1.00 .80 .80 .96 110 .35 | 1.13
.88 1.40 .95 87 1.00 .82 1.00 .79 .89 5 1.35
.20 F{ ) ERESTPTIP PR RPN RO SR NS SR IUSURR ! .90
.50 35 1.30 1.20 .20 .20 .30 - 101 1.09
2.00 | .50 .30 .80 .80 .70 1.00 1.10 .30 | 1.50
I R IS VST Y RSO .60 .00 .50 .80 .20 .00 .00 ! .00
1
__________ 1.20 .90 .20 .75 .80 ] .1 .55 .50 |
35! __________ 40 .40 .80 .75 .75 , 60 .55 .% Z:ﬁ
__________ .02 Tr. Tr. .00 Tr. Tr. Tr. Tr.} = "Tr. .20
.00 T .50 .30 .38 .20 .10 .00 .00 .00 .07
.20 .20 .40 30 .30 .36 .40 .20 .28 .20 .40
1.30 1.40 1.10 1.00 .10 1.30 1.30 1.20 1.30 1.10 1.67

B.—Summary of recording rain-gage data, Arroyo de los
Frijoles, 1359-62
{Date of observation is within several days of major precipitation, but total precipita-

tion includes also that between observations. Records should not be considered
cﬂomftl‘se]m for use as annual precipitation. (Gage located at Main Project Reach; see

g.
Precipitation
Date of obaervation (inches)

80759 - mne . 1.06
8-20-59.... ... 26
I 3
N 10-02-59 - oo 08
10-30-59. ... 1. 50
11-13-59_ ... .- 50
12-17-50._..._.llC o1
1-21-60. o ooeeenn . 50
2-20~60.. ... ... 50
5-18-80._. ... ... 00
6-10-80- ... 1.10
7-15-60. - - oo 1.20
8-05-60--- - ... 81
8-23-60. - 25
10-07-60, - oo 70
10-17-60, - - oo 1.89
12-12-60_ - - - 60
11261 oo 10
4-03-61__.__ I 1.30
4-18-61.-.. ... o] 38
6-16-61..... . ... 20
6-19-61-. ... 80
62081 ......... 30
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CHANNEL AND HILLSLOPE PROCESSES. SEMIARID AREA, NEW MEXICO

D.—Summary of data, slope-retreat ping in Slopewash Tributery, 195964

Minus values in the net change columns represent deposition rather than erosion]

249

1959-61 1961-62 | 1962-63 1963-64 1959-64 | Net change 1960-64
' . : ! ! ! ! ;
in Erosion  Deposition: Erosion i Depositioni Erosion wOmvoa..:on_ Erosion | Deposition | Erosion | Deposition Total | Yearly
| ) ; _ ! _ average
( 3 i) ) aw L [ 3} ‘ (ft) (tt) (1) (1) () |t per yr)
0.03 | 0.00 i n.o1 | 0.0l | 0.5 | 0.000 0.075 0.010 0.065 | 0.013
04 00 02 01| .03 000 .150 .010 L 140 28
3 00 .01 03 | .035 .015 .125 . 048 . 080 .016
00 % 00 .ol .01 _ .015 .000 128 .010 115 028
: T .8“ 02 .01 015 .000 L1458 010 | . 135 027
. 03 00 | 02 02| . 030 000 . 250 . 020 .230 . 046
16 2 .:_ 3 : . 080 . 000 .330 .330 . 000 | - 000
00 ! .03 .00 00 | 06 | . 070 .030 110 . 090 .00 . 004
00 i 02 | .00 | A T . 030 . 000 . 160 . 010 150 . 030
0 .01 00 | 04 o) .015 .000 . 095 .010 .080 .016
00 | o i 00 | 06 : . 040 .000 . 140 000 .140 028
.03} 08 | Nig 3 e . 015 . 000 . 145 .120 . 025 .05
001 O 00 | 06 1 02 | . 005 . 000 .098 .020 .075 .0t5
.00 02 00 1 03 i ) . 005 . 000 . 005 . 000 . 098 -019
00 i 00| -u28 ! 025 | .020 . 015 - 085 . 040 .025 | . 005
. ' . | t |
00 i S .00 | L0185 ‘ . 035 . 000 .110 .000 110 .22
001 03 00 35 .035 . 000 140 .000 . 140 028
00t 1 00 i L0 03 | . 040 040 . 330 .070 .260 . 052
, : H
0 | 131 00 i 02 .02 _ .020 .020 . 460 .040 420 084
0 | .07 | 00 ! g 0| 025 .025 .215 .085 .150 030
i 2 10 03 .03 | .030 .040 .280 .350 -.070 ~ 014
i 03 00 03 04 | . 050 - 008 . 140 . 045 . 095 019
' 06 g2 0 04 .030 020 . 150 120 .030 . 006
e RIT 05 070 . 000 . 120 . 080 . 040 - 008
| 020 00l 05 | 05 | .020 .000 110 .050 . 060 012
| .03 m .038 000 .280 .030 230 046
.00 .035 .005 .13§ . 035 . 080 .018
.00 | . 000 . 040 . 080 .040 . 040 . 008
01 .020 . 000 . 080 .010 .070 014
.00 | .058 .138 .085 . 208 -.120 - 02¢
.00 | .080 .088 A0 - 178 . 065 —.013
.8_ .078 . 145 .138 . 285 -.120 — 024
.00 .028 . 048 .078 155 —. 080 -.018
.00 | .030 .080 . 040 .110 —-.070 - 0l4
00! . .030 008 .070 083 018 003
00 . .015 . 000 075 020 . 055 .011
.00 2 T I 080T e e Jo40 | T 'm0
00 | .04 . 050 .080 .120 .190 —. 070 — 014
S_ . .03 . .030 . 000 . 080 .010 .070 .014
.00 . .02 . . 050 . 000 .100 . 030 .02 . 004
00 1 . .ol . . 080 .000 .120 .Q70 .050 | .010
00 | . .01 . . 040 . 000 .120 . 040 Aos_ .018
.00 | . .02 . .030 . 000 .110 .010 .100 . 020
............. S 19 .04 . 050 .000 . 140 040 100 | 020
1 -0 .00 .04 .110 . 000 . 220 . 040 .180 . 036
.05 .00 .00 .03 .010 . 000 . 0680 . 030 .030 006
.03 .00 .01 .00 . 000 040 . 040 . 040 . 000 . 000
.04 .00 .00 | .02 .020 .020 . 060 . 040 .020 | . 004
]
.02 .00 0 | .02 . 000 .010 . 040 . 030 .010 . 002
.03 .00 .08 .00 . 090 . 000 . 200 . 000 .200 . 040
.03 .00 .07 .00 .070 . 000 .170 . 000 .170 . 034
.10 .08 .01 .00 .030 . 000 . 140 . 050 .090 | .018
.02 .01 .01 .00 .070 .000 . 100 .010 .080 | .018
.10 .04 .00 .15 .210 .000 .310 .180 120 | .0
i , .09 .04 .00 | .02 . 060 . 000 .150 . 060 .QS“ .018
H . !
Summary of erosion rates. in fool per year
Pins Erosion Deposition  Net erosion Pins Erosion Deposition  Net evosion
129 oL 0. 0326 0.0116 0. 0210 46-57 . 0.0272 0. 0089 0.0183
O .0197 0231 . 0034 [ 7 S .0281 .0130 0142
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RATES AND MODES OF DENUDATION,
WHITE MOUNTAINS, EASTERN CALIFORNIA*

DENIS E. MARCHAND

Department of Geology and Geography, Bucknell University,
Lewisburg, Pennsylvania 17837, and U.S. Geological Survey

ABSTRACT. Long-term total crosion vates in the White Mountains, cstimated from
depths of removal beneath 108-m.y.-0ld basali, range fiom 1 10 3 om per 1000 years,
Present rates of chemical denudation, corvected for onnibutions from the atmospheie
and biospheYe, are 0.14 10 0.19 cm por 1000 years in dominantly adamellite 1errain
and 1.7 1o 2.1 cm per 1000 years in areas underlain by Reed Dolomite. 'I'liese ligures
sie much lower than Reed Dolomite denndation rates estimated  from butanical
cvidence in the same arca (LaMarche, 1968) but are consisiens with crosion rates iy
the nearby Siersa Nevada. Chemical denudation by plant uptake and liger crosion
was evaluated and compared with removal in solution. Although total amounts of
bisgeachemical erosion do not appear to be significant, this process may account for
iue part of the extraction of P and K and s apparently responsible for appicciable
pustions of Al, Fe, and Ma denudation,

In streain warers draining doloniite, partial pressures of CO, exceed values for
air and adamellite-devived waters by over an oider of magnitude, ‘Chese dilleiences
are ascribed o biological factors rather than 1o solution of carbonate mincrals.

INTRODUCTION

The upland surface of the southern White Mountains is underlain
Ly diverse lithologies, has been little affected by human activities, and
is drained by a number of small streams, many of which can be relaied
to single rock types. The region thus provides an opportunity to study
modern denudation rates of contrasting materials under- 3 reasonably
consistent  semiarid, subalpine climate. Current chemical erosion by
seams was estimated by standard methods of gaging and water analysis,
Plant licter collections, organic matter waps on the streams, and wet
chemical analyses of plants alowed estimates of the biological com-
ponent of chemical denudation, 2 potentially important aspect of the
geochemical cycle. The presence of a radiomewically daced Tertiary
busalt in the area permitted calculation of long-term erosion rates for
wmparison with modern values.

Location and physiography.—Situated eust of the Sierra Nevada
dose 10 the Nevada border, the White Mountains extend northward
from Westgard Pass to Montgomery Peak (north of fig. 1) with elevy-
tons along the mountain divide ranging from 2290 m ar (he pass
10 4345 m at White Mountain Peak (fig- 1). The area investigated (lig.
2} spans approximately 80 sq km along the crest of the southern
part of the range, east of Bishop, Calitornia. A gently undulating pog-
1aphic surface slopes eastward and southward from Sheep Mountain, in-
wrrupted by peaks such as Blanco Mountain, County Line Hill, il
Campito Mountain vising 150 m or more above the rolling 1ervain, I'he
Heep western escarpment of the vinge descends 2000 (0 3000 1 1o (e
Hoor of Owens Valley at gradicot ol 190 1y Per kow he castern (lank
Mopes much more gradually bud is indised by a series of canyons as mudly

* Publication authovized by the Disedtor, 118, Gealogival Suivey
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Fig. 1. Map of east-central California, showing location of the study arca.

as 310 m deep which drain southeastward to Deep Springs Valley and
eastward to Fish Lake Valley,

Climate.—The White Mountains lie in the rain shadow of e
Sierra Nevada and are generally characterized by a cold, dry climaie
(BWK to BSk of Képpen notation). Climatic data for the Crooked Creek
(3096 m) and M:. Barcroft (3803 m) Laboratories of the White Moun
tain Research Station are given in table 1. Precipitation occurs largely
in the form of snow and as intense summer storms, which are often quite
localized. Powell (ms) reports 20 cm of rainfall in slightly more than
liours on Chiatovitch Creek north of White Mountain Peak, duwring a
July storm. Data from five auxiliary weather stations maintained in the
study area from June, 1966 to August, 1967 indicate that temperature,
are about 3° to 6°C higher on the uplind surface than at the Crooked
Creck Laboratory, situated in a small valley. This information (sce
Marchand, ms, p. 16-25, for more complete discussion) also  shows

(
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Fig. 2. Generalized geologic map of a

. ! rtion of th 3 i ati
of litter collection sites. Topographic relief X appre cly 100D e howing location

is approximately 1000 m.
that although precipitation and relative humidity are slightly higher in
the northern part and temperatures somewhat lower, present climatic
gradients in the area investigated are not pronounced,

Vegetation—The flora of the study area includes the Sagebrush
Scrub and Bristlecone Pine Forest plant community types of Munz and
Keck (1959, p. 11-18). Toward lower elevations the vegetation passes into
Pinyon Juniper Woodland and ar higher elevations into Alpine Fell
Fields. Stands of bristlecone pine (Pinus aristata), limbey pine (Pinus
flexilis), and aspen (Populus tremuloides) make up a discontinuous
wee canopy along the carest of the range below about $800 m, A nearly
continuous understory of shrubs is dominated by sagebrush (drtemisiy
tridentata and A. arbuscula) and 10 a lesser extent by rabbitbrush
(lerysolhamnus viscidiflorus), mountain mahogany (Cercocarpus ledi-
folius and C. intricatus), creambush (Holodiscus microphyllus), moun-
::.ain misery (Chamaebatiaria millefolium), and currant (Rilu':s velu-
tinum). Beneath this two-story canopy of wees and sagebrush scrab s ;
nearly ubiquitous but sparse cover of grasses and herbaceous perennials
mostly low to the ground and often inconspicuous, N

The distribution of plint s

¢ weies in the arvea is strongly controlled
by geologic substrate (Mooney,

St Andre, and Wrigh, 1962). Edaphic
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TAbLE 1

Sunmary of climatic means and extremes from (:roqke(_l Creek (3_096.m)
and Mt. Barcroft (3803 m) Laboratories for the indicated periods

Crooked Creek Lab® M. Barcroft Lab®*
p €ne .
Highest maximuin temperature (°C) z;; s

Mcan maximum temperature (°C) 18 s
Mecan temperature (°C) . ) —26
Mcan minimnum temperature (°C) —4.

Lowcest minimum temperature (°C) —?2”6 —317“2’
Mecan diurnal diflerence (°C) s o
Largest diurnal difference (°C) 24 “
Smallest diurnal difference (°C) l.ﬁ oot s
Days 0°C or above per year 291. =
idi £5.
Mean 8 am. relative humidity (%) 50.7 5
481.%
Mcan 8 aan. barometer (mm Hg) 523.8 +
419.6
Mean snowfall (em/yr) 2!l)(|)g l8.3¥
Meun snow depth (an) . 38. e
Highest snow depth (an) 225‘8 ol
Mcan snow water (em/yr) 6-9 -
Mecan rainfall (cm/yt) 32.7 o
Mecan total precipitation (em/yr) . .
F 40.
Mean maximum wind (km/hr) 28.4
Maximum wind direction (%) 58 127
north ., .0 a1
northeast A o
east gg 5:0
southcast 6'5 £
South 2.2 170
e 296 399
nor 8
northwest 103 9
* 1949-1965
*+ 1953-1965
§ 1953-1962

restriction is evident in all stories of vege.tu(ional strata, ‘[rox‘u b“s-l‘lcc'm'ui
and limber pine to the smallest perennials and grasses. ']-hf, pr mcnp.nd
botanical discontinuities occur across boundaries between car uuatfe an
noncarbonate rocks; dolomites and limestones support smu.la.r vegetation,
as do, with a few notable exceptions, noncarbonate luholognef.. .
Geologic history—Complex mixtures of sednmem:fry, |gr.1eo:i, an
metamorphic rocks comprise the !)edrock o[. the soulhef n IWllute (-(:::":-:
tains (fig. 2). The oldest swrata in the region are a slighdy me “»|'0.|
phosed late Precambrian-early Cambrmn. succession of (ll}‘n)oge:)sf)tllc "1{‘1‘..
sandstone, shales, limestones, and dolomites (Nclsqu, 1962, IJ.bb). A ul
Precambrian Wyman Formation, consisting |n"|mu.r|ly of s:u.ulatone .uAu
shale with minor but conspicuous ler}ses of white lunesl'one, is .tl.nc. o'l('lulI
of this group. Overlying the Wyman is l!lc .Rccd ‘Df)l(fm‘uc, d.lll.lbb.l'V(' i“<H|
very pure carbonate rock. The Deep bprmgs l‘Ollll.Ill.()l.lr (..Ol.l’ll.)l lb(l, a
alternating members of limestone or (lulom'n‘c and clastic rocks ((llf.l!ll-
itic sandstone and shale) overlies the Reed. The next younger lormation
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is the Campito, consisting of a lower quartzitic sandstone member, the
Andrews Mountain, and an upper shale member, the Montencgro. The
voungest stratigraphic unit of the group is the Poleta limestone, which
also contains some shale.

This succession was tilted toward the west and then inruded by
the Sage Hen Flat and Cottonwood adamellites during Jurassic and
Cretaceous time (compare Krnuskopf, 1968, for a sununary of the in-
volved plutonic history of the area). Early 10 middle ‘Lertiary erosion
resulted in the beveling of a regional surface of low relie, although
monadnocks of Reed Dolomite and Andrews Mountain sandstone stood
well above the erosion surface during its development. Parts of this sur-
face were subsequently covered by extensive basaltic flows, K/Ar dated
by Dalrymple (1963) at 10.8 m.y.

In terms of late Cenozoic structure, the White Mountains represent
a tilted horst, with relative uplift on the west greatly predominating
over the east. The range is bounded on the west by a steeply dipping
fault zone having up to 3050 m of normal displacement. The eastern
margin is faulted along the northwest side of Deep Springs Valley, but
individual displacements here are in the order of 300 m or less. The
basalts and underlying erosion surface are tilted and faulted from 1830
m at the northeast end of Deep Springs Valley to 3290 m at Bucks Peak,
showing that uplift of the range occurred later than 10.8 ny. ago.
Bateman and Wahrhaftig (1966) have presented convincing evidence for
vegional uplift of east-central California and westernmost Nevada Dbe-
tween about 9 and 3.5 m.y. and formation of Owens Valley and other
collapse structures along the axis of upwarping during a period of
downfaulting beginning about 2.5 ny. ago. The major part of the
Waucoba Lakebeds, exposed on the upthrown side of the frontal faul
cast of Big Pine, possess an exclusively Sierran mineralogy and apparent.
ly represent deposition in an early Pleistocene pluvial lake prior to the
downfaulting of Owens Valley. The uppermost of several rhyolitic tulls
in the lakebeds has yielded a K/Ar age of 2.3 m.y. (Hay, 1966, p. 20).
Coarse clastic debris from the White Mountains intertongues with and
overlies the upper part of the lakebeds, which now dip westward at 50
to 7°. Bateman (1965) reports remnants of the Bishop Tulf, K/Ar dated
at 700,000 yrs (Dalrymple, and others, 1965), locally preserved along the
west flank of the range at altitudes about 600 m above its level in the
Owens Valley. Displacements along the boundary fault, probably down-
dropping the Owens Valley rather than uplifting the White Mountains,
apparently were concentrated in the period between 2.3 and 0.7 m.y.
ago but have continued in significant amounts to the present. Regional
arching and uplife appears 1o have preceded faulting by ag least ) m.y.
in this region.

Pleistocene glaciation along the eastern slope of the White Mountaing
mcised cirques and U-shaped valleys into the upland surfuce and lefy
morainal and outwash deposits along the valley walls and floors, Accord-
ing to D. R. Powell (1967, oral commun.), recognizable placial adviances
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in the White Mountains appear to correlate with those of the eastern
Sierra Nevada. The study area, however, bears no evidence of glaciation,

Present geomorphic processes—Surficial processes in - the White
Mountains have been discussed in some detail by Kesseli and Beaty
(1959), Beaty (ms), Powell (ms), and LaMarche (1968). Frost heaving,
solifluction, altiplanation, nivation, and other periglacial phenomena be:
come increasingly important toward higher elevations. Rillwash chan-
nels as much as 5 cm deep and debris accumulations behind trees, fallen
limbs, bushes, and lirge boulders are especially common on the relatively
bare slopes beneath pine forests. Talus slopes and stone stripes are fre-
quent, particularly in the Campito and other sandstones or shales. Al
though eastward-draining canyons are gradually eroding headward ino
degraded remnants of the White Mountains erosion surface, fairly ex-
tensive parts of the surface are still undissected and often serve as local
or temporary base levels for periglacial processes and slopewash. The
net effect of this situation is the accumulation of colluvium (consisting
of weathered and unweathered rock, mineral, and organic material) on
gentle slopes and in topographic lows on these surfaces.

Loose particulate material and plant litter are removed largely
during the major summer Storms. Kesseli and Beaty (1959, p. 27-3%)
report that 60 percent of White Mountains floods occur in July or Au
gust. Winter floods, resulting from warm rain on snow cover, and spring
floods, due to rapid snowmelt, are much less common and usually of
lesser magnitude, according to these authors. In checking weather
records back to 1872, they find an average of about one major flood per
year for the range as a whole. Flood frequency at any given locality i
about once in every 5 to 10 years. Episodes of high runoff result in the
clearing of rock and plant debris that has accumulated temporarily on
the slopes, especially if the storm follows a period of rainfall sufficient
to saturate the surface soil. Consequently erosional processes in semiarid
ranges such as this are extremely sporadic.

LONG-TERM RATES OF DENUDATION

Methods.—Most of the topographic surface in the area lies 50 m o
more below the level of the Tertiary erosion surface. Approximate lony:
term rates of erosion can be estimated for the Cottonwood and Sage Hen
Flat plutons using the average depths of erosion beneath the projected
base of the radiometrically dated basalt. This method’ assumes that the
erosion surface beneath the basalt had relatively low relief over ihc
areas measured, that the basalts were never covered by younger deposits,
and that erosion began immediately after their extrusion. Presemh
available evidence supports these assumptions, but assumptive enon
would tend to increase the rates reported here. Four topographic prohle:
were constructed across parts of the Cottonwood adamellite and v
across the Sage Hen Flat adamellite (fig. 3). For cach prolile, the base
the basalt was projected across the intervening distance, eroded do.
sectional area determined by planimeuy, and the area divided by d..

(
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TABLE 2

Comparison of total and chemical erosion rates and aeolian deposition
rates (cm/1000 yrs) for varying lithologies and areas. Chemical
and aeolian rates are present-day values; total rates are
averages for the last 10.8 m.y.

Probable Most Probable
minimum  probable maximum

Total, Sage Hen Flat adamellite 4 basalt 17 20 2.4
Total, Cottonwood adamellite 4 basalt Ll 1.6 20
Chemical, Cottonwood Basin (largely dolomite) L7 — 21
Chemical, Sage Hen Creek Basin

(largely adamellite) 0.14 —_ 0.19
Acolian deposition, study arca average (see p. 127) 0.05 — —_

as 37 m, was then added to the amounts of lowering for the adamellite
to obtain total erosional depths.

Results—Total rates of erosion, calculated using means and ex-
tremes of both radiogenic age and depths of degradation to compute
maximum, minimum, and most probable values, are listed at the top
of table 2. Since there is a possibility that the basalt-stripped areas were
topographic highs at the time of eruption, the “most probable” values
may be somewhat low. Differences in rates between the two intrusives
are not necessarily significant, because there is less control on the pro-
jected base of the basalt across the Sage Hen Flat pluton than across
parts of the Cottonwood pluton, but the higher rates for the Sage Hen
adamellite plus basalt may reflect absence of resistant basalt capping
over part of Sage Hen Flat. From local topographic relationships (pl.
1), it is evident that the dolomite and basalt are more resistant to
erosion than the adamellites. Consequently the long-term erosion rates
for adamellite plus basalt are undoubtedly lower than those for adamel-
lite alone, which. may fall in the range of 3 to 4 cm per 1000 yrs. The
total long-term Reed erosion rates cannot have exceeded those of the
adamellite for any appreciable period of time; otherwise relief between
the dolomite and the plutons would have diminished with time, a trend
that is contradicted by geologic and topographic evidence.

Discussion.—Denudation rates presented here are lower by an order
of magnitude than the average rates of LaMarche (ins), who measured
the lowering of local areas in Reed Dolomite terrain with respect to the
axes of bristlecone pine roots. LaMarche’s mean rate of about 30 cm
per 1000 ycars is consistent with some published data (Corbel, 1959;
Schumm, 1963), but high denudation rates in many areas can be related
to accelerated erosion caused by construction, lumbering, overgrazing,
cultivation, pollution, and other human activities (Meade, 1969). At 30
cm per 1000 years the basalt-covered topography would have been
stripped to its present level in less than 900,000 years, yet the basalt has
Leen exposed o erosion for 10.8 m.y. Degradation was undoubtedly in-
creased by regional arching and lowering of base level due to downfault-
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PLATE 1

A. View south across Sage Hen Flat, showing Bl S e
s ) , al M ;
Reed Dolomite, extending above the Sage Hen Flat agdamc.lllci?c. ountn

T

» underlain by

ing along the range flanks, but these structural events were
pleted before 0.7 m.y. It appears unlikely that greatly acce
has occurred in this area during the past few thousand years, while the
measured bristlecones were growing, Studies in the Sierna l.\ic\';nd;vu b);

Lugely com-
ferated crosion
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Helley (ms) and in the San Joaquin Valley by Janda and Croft (1967)
suggest that major alluviations (and hence erosional events) occur dur-
ing glacial rather than interglacial periods, even in unglaciated drainage
basins. By analogy the past several thousand years, under postglacial
conditions, should be characterized by comparatively moderate or low
denudation rates. It should be noted, however, that L.aMarche recorded
values in the order of 9 cm per 1000 years on gently sloping interfluves.
Perhaps these lower rates are better equated with regional long-term
figures than are the average bristlecone rates, which are strongly in-
fluenced by the preponderance of steep slopes in the present-day Reed
Dolomite terrain. The long-term aveérage denudation rates given here
(1 to 3 cm per 1000 yrs) are probably less than those at present in the
region, and because of basic assumptions the values of this paper should
probably be regarded as somewhat low. Thus the discrepancy between
the long-term rates and values based on the bristlecones could in fact
be reconcilable. A clearer answer may emerge from core drilling in
Deep Springs Valley sediments, where depth to potentially datable ash
deposits (Marchand, 1970) would permit determination of sediment
volumes deposited over a known period of time.

The erosion rates of this paper agree well with those of a number
of local and regional studies. In compiling suspended load and reservoir
siltation data for much of the Sierra Nevada, Janda (1969, oral
commun.) finds maximum rates of 3.0 cm per 1000 years for the entire
range. He reports highest values at intermediate elevations (1500-2500
m), progressively decreasing toward higher altitudes, although this rela-
tionship may hold only for ranges with similar distribution of precipita-
tion, vegetation, and soils. Helley (ms) estimated present denudation in
the Sierra Nevada foothills at 4.3 an per 1000 years, based on complete
suspended load, bedload, and dissolved load data, and showed that this
figure was consistent with alluvial fan deposition during the past several
hundred thousand years. Wahrhaftig and Curry (1966) reported ex-
tremely high erosion rates in the North Coast Ranges of California, but
Brown and Ritter (1969) showed that the measured rates of 15 to 75 cm
per 1000 years are anomalously high and restricted to this region.

PRESENT RATES OF CHEMICAL DENUDATION BY DISSOLVED LOAD

The drainage basins of Sage Hen Creek and of the South Fork of
Cottonwood Creek above the Poison Creek confluence (fig. 4) were se-
lected for studies of present chemical denudation because their streams
have nearly continuous flow, were relatively accessible for sampling, and
drain predominantly monolithologic terrain—Sage Hen Flat adamellite
in the case of Sage Hen Creek and Reed Dolomite in the case of Cotton-
wood Creek. Pertinent information concerning the two basins is sum:
marized in figure 4. Rates of removal by solution were calculated from
discharge and water quality data obtained at temporary gaging station
(pls. 2 and 3) on each of the two streams.

(

BASIN OF COTTONWOOD CREEK, SOUTH FORK, ABOVE THE
POISON . CREEK CONFLUENCE
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PLATE ‘2

M 7 -' L . 0
summer and fall of 1966 and at several intervals d(;m{\g tl;le s:mn:linbrii
i 1 oods
i determine discharge during ,
1967 until August 15. To Lo
levels were projected to the staff gage (or read\from ‘tlhe d"(-)lc.)) e
age, in the case of the 1967 flood on Sage HFn Creek), l‘:)o'-bl' '|e a.;d
ﬁett{e;mincd by plane table and alidade mapping of .the de rllle:) "n .
flood velocities were calculated from the Chezy-Manning equation,
v = _l_'ig_RV: Y
n |
where n is Manning roughness,* R is the hlydrauhc rainnz,b:n;;::ea ll::
: £ Flood channel areas weve \
slope of the water surface. _areas . |
::l'nluimc(ry and flood discharge was then calculated from the wea
VClOdly ln‘Od“c" ces Divisi .S, Geological Sunvev
k¢ [-i'““"i'_'os Ofl o l“’u'ujrczi:;ib:‘ji::l‘lt:ful:':l‘::"):':i"ul.iu'n huulhphuwgl.nplh
Menlo Pak, Calif., estimated roughness
of the channcels.
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View dowastream at Cottonwood Creek gaging site, showing organic mater Lap
{foseground) and staff gage and water-level recorder (left rear).
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Alluud X Viroud

39.1 cfs for Sage Hen Creek, August 2, 1966

(used in establishing the rating curve)

30.6 cfs for Sage Hen Creck, July 13, 1967

134, cfs for Cottonwood Creek, July 13, 1967
Cottonwood Creck was found to have a steady flow of a Pproxi-
mately 2.0 cfs throughout the year, the single muajor exception being the
July 13, 1967 flood. Total yearly discharge was obtained by extrapolating
the mean discharge throughout the period and adding the flood value o
the total:

(]

I H

Qo = (2.0 ¢fs) (361 days) + (134 cfs) (1 day)
= B62 cls-days
= 211 x 1o+ gs/yr.
Since Sage Hen Creek showed considerable lluctuation in runoil, o

stage-discharge curve (fig. 5) was utilized to estimate discharge from gane
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SAGE HEN CREEK RATING CURVE
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Quota = 159 cfs-day = 3.89 X 100 gs/yr

Chemical composition of stream watgrs.—-Water. samples wﬁ:fera:)li
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1967 .

(

White Mountains, Eastern California 123

1967. Samples cover all parts of the flow regimes except flood stage,
which occurred only once during the sampling period. The procedures
of Barnes (1964) were followed for field determination and calculation
of pH and alkalinity. Water samples were filtered through 0.45-micron
paper into air-tight polyethylene containers, A portion of each sample
collected during the summer of 1967 was acidified to pH 2 to prevent
precipitation of metals and was used for analysis of Al, Fe, and Mn,
All analyses were conducted by the Menlo Park, California, laboratories
of the Water Resources Division, U.S. Geological Survey. Aluminum
values are markedly higher for the 1967 samples, reflecting either pre-
cipitation of Al in previous samples or solution of particles less than 0.45
microns in the acidified portions. There is relatively good agreement of
Fe and Al values in the 1967 Sage Hen Creek samples with those re-
ported for granitic waters in the Sierra Nevada, by Feth, Roberson, and
Polzer (1964). pH, alkalinity, and temperature varied considerably, and
Sage Hen Creek, a very shallow stream, displayed diurnal Auctuation in
tation concentrations as well.

Chemical data for the two streams are given in table 3. Cottonwood
Creek samples at the gaging site are characterized by higher concentra-
tions of Ca, Mg, and HCO, + CO,, and by lower Na, CI, and SO, than

TasLe 3
Field and laboratory analytical data for Cottonwood and
Sage Hen Creeks (all concentrations in ppm)

Sage Hen Creck Cottonwood Creck

¢ based on | analysis
** based on 2 analyses
epm = equivalents per million

Standard Standard
Mecan deviation Mcan deviation

ficld pH 8.46 0.49 8.05 0.21
Spee. cond. (ymhos) 97 256+
A 1.03 0.09 0.78 0.02
Na* 6.58 0.34 1.48 0.04
Car 14 2 26 1
Mg 1.58 0.16 159 0.4
Bare 0.5 0.5
Mn 0.009++ 0.004¢
e 0.040%+ 0.031%
K\l 0.029+¢ 0.044+
310, 17 1 99 19
B 0.015%¢ 001
tield HCO,— 58 9 162 3
\NO, 2 0.34¢+ 0.3+
0, 8.7 09 2.7 04
r0, 0.16++ 0.08¢
Water temp (°C) 155 5.1 76 0.5
Cation epm Lt 269

' Anion epm 1.18 273

‘ \u. of analyses 8 11
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TABLE 4

Most probable and extreme values for p'flrtial pressures oi c;n!‘l)on
dioxide in stream waters and comparison with atmospheric
pCO,, taken as 2.3 X 10—+ atm.

Sage Hen Creek Cottonwood Creek
Maximum &5; X :g: %;g ;( ;g::
3 1.87 X .
PCOum Mo bmble 408 X 10— 720 X 10—
i 9.3
pCOsm» Maximum 8.7 23
—— Most probable 0.81 o
PCOsa Minimum 0.18

Sage Hen Creek, also sampled at the gaging site. The -ch.eu!ns;r); ul.
natwral waters in this area will be considered in some detail in a futuic

publication. Barnes (1965) has investigated the geochemistry of Birds

ireek, located just south of the area. ) o
¢ Partial pr::ssures of carbon dioxide in the stream waters (table 1,

mputed using the relationship:
were comp E1+) (HCO,-)
PC02 (aq) = K‘ Kc%

where
(H+) (HCO,™)

T T (H,CO,)

and (.00,

K(:02 = ]')CO;

i re us r K, and
The values of Harned and Davis (1954, p;l2030)i:::i¢(:) r:xsf)(,fi [l‘()::o ,,u ,-i..‘.-
i m . o
i employed for deter X
a graphical solution was N
theg data of Markam and Kobe (1941, P- 449). Calculz.uedbl:rtalgouu‘:‘.
Sage Hen Creek are close to atmospheric .CO._. pressu;t;. put Cotton
u;oodg Creek shows a most probable CO, paru:lll plrcssllxrtf (e'r s‘;)riugg];. et
i imi utations for the headwa :
than the air, and similar comp e abie £ rane w10
y i stream (not shown in ta r )
e o e P he dolomite terrain thu:
i i ir. Waters related to the !
times higher than the air. /ate : jomite terrain
i de concentrations t )
e much higher carbon (.lIO)fI . o
z:jrmellite-derigved fluids. Solution of dolomite would tend to increas

) i tually lower than that «
t the pH of Cottonwood Creek is actually : .
Ef:;e y:{en Crl;ek. The explanation for the striking CO, conwast b

st parti ic in the nmunk.
tween the two groups of analyses must partially lie in the

vege o lall lll"(,l ences l)LlWL : t woO lholo 2LES T ‘ll(. -I(l-lln(.""(‘) o
iect ll h
(L, o M1 §10]]1 (4] I

O aLec by l"l bC| NNe, sape l lllbh 16 21 ASSCS, WhC|(.c|5 bl l\‘l((“ .
(l e l | l | [ ulh ) , ol ‘ ‘., N i
l) 1 (l Sparse coverage OI certam el L'n"ldl lle e ‘()llllll :
!) I
me an o l lbﬁ i
l ‘ l ) i y )

White Mountains, Eastern California 125

the two groups of plants. In any event it js apparent that local vegeta-
tional changes may play an important role in controlling the pH of
sround water, even overriding the effects of pronounced lithologic con-
urasts, and hence in regulating rates of chemical degradation.

Adjustments for chemical denudation calculations.—Fhe data above
xrve to emphasize the contention of Janda (1969) that large amounts
of many of the chemical species usually included in computing rates of
chemical denudation have in fact been contributed from the biosphere
and atmosphere and do not reflect net chemical losses from the rock and
wil. Following Janda, the values of table 3 were correcied in table 5
+ follows: (1) concentrations in precipitation (average values for four
win and three snow samples collected between June 30, 1966, and June
30, 1967) were subtracted from concentrations in stream waters, (2) no
mineral phases that could supply any appreciable amount of nitrogen
weur in either the adamellite or dolomite, so NO, was eliminated from
the chemical denudation totals, (3) no known phases thut could supply
LS, or P occur in the dolomite, so thejr concentrations in Cottonwood
Creek waters were assumed to represent the approximate levels of
nonlithospheric contributions in the area and were therefore subtracted
“iom the corresponding values for Sage Hen Creck, (4) no carbonate
phases exist in the Sage Hen Flat pluton, so the alkalinity figures for
vge Hen Creek were also assumed to be nonlithospheric and were sub.
uacted from those of Cottonwood Creek. Nonlithospheric anions can-
uot veach the stream waters without a corresponding input of cations,
but due to the absence of any information regarding cation additions
ium the biosphere, this corvection was omitted. For this reason the
vilues reported here might be somewhat high, but since losses in solu-
tion via deep percolation to springs at lower elevations were also un-
culuated, the two effects should tend to cancel one another. Comparison
vi B and NO, between precipitation and stream water indicates thag
precipitation has not been greatly concentrated by evaporation,

Since water-quality figures during flood dischaige were not known
wr either stream, two sets of rates were computed for each: values
-»uming constant dissolved load (probable maximum) and values as-
aming flood concentration equal to that of precipitation (probable
ainimum).

Results and discussion.—Denudation rates for individual species
- total dissolved solids in each basin are summarized in the right-hand
.vlumns of both sides of table 5. When converted to numbers indicating
aerage lowering of the land surface, calculations for Cottonwood Creek
soin (primarily underlain by dolomite) yield values of 1.7 1o 9 | cm
.«r 1000 years and Sage Hen Creck Basin (almost entirely in adamellite)

uws rates of 0.14 to 0.19 cm per 1000 years (table 2). "These figures indi.
e that, in terms of chemical denudation by dissolved load, (he dolomite
:rain is presently being lowered more than ten times as rapidly as the
jacent adamellites. Since the Reed stands in positive relief agating the
amellites (pl. 1), 1otal rates of denudation for the dolomie nust be
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e lelappazzasssy 235 the same as or less than those for the granitic terrain, and therefore
3 TR X XX X X X X X X | | X% X mechanical erosion must bg much greater for_ the lateer. Ol.)scrvauons
3~ & oG o@mmny @ D by the author ax!d b¥ Kesseli al_ld Beaty (1959).m(l|cate that virtually all
AN §’3 SRR NRBN NN N - the detrital erosion in the White Mountuins is accomplished by runoff
82 and floods accompanying intense summer storms. Because of the ex.
3 3 X5535323538 85 5 uemely sporadic nature and variable intensities of such storms, reliable
2 5“ H XXXXXXXXXX | | XX X present values of the mechanical component of erosion would be dif-
4§ 5 NENROAOR@ @y ® ficult to evaluate by suspended load and bedload measurements. Present
£ adabiin i a it winimum rates of aeolian deposition in the White Mountains, based
- .7 - on dust trap and snow residue data from Marchand (1970), are in the
g :nag“ ' 2% w%§§g *32 |88 order of 0.05 cm per 1000 years (table 2). Presu.mably aeolian erosion
&5 Eg ceri~coorad | TnNo {rom the range crest occurs at a comparable or higher rate, Perhaps the
a best means of determining overall physical erosion rates in the region
§ g - would lie in studying rates of detrital accumulation on alluvial fans
2 £3E|sn 3888538 %09 and bajadas along the base of the range.
g pSg|-og~eeerS~gods
_g a CHEMICAL DENUDATION BY UPTAKE AND LITTER EROSION
3 Lovering (1958, 1959) first raised the possibility that plants may re-
.'é' : I,lseens88s 3 & move significant amounts of some elements released by weathering, bas-
2 2 XXX X % X X X PIX 10} x ing his arguments on ash analyses of certain accumulatqr pl:!ms and
2 .g, 2 ¢ g PR | 2 postulations as to pos§1blf: amounts of removal. The followmg_ dlSC.uSSIOIl
5 Ew Q§ [~veimwmbe - o presents a semiquantitative assessment of chenuc-al degra@auon m the
w A above two drainage basins by plant uptake and litter erosion and com-
3 g ,§§ “155e533582 2 = parison with values for dissolved load transport. The results indicate
g 2 | |E I xxxxxxx | X1 x that although plant extraction is apparently of liule importance in
9 |21 § mwvo—ooe o = terms of total amounts of chemical removal, it may be significant for
a % e certain elements, especially metals.
§ 2 - Methods.—To obtain data for removal rates by plants, chemical
RRE g*"g'e‘ $!ow§§§3 analyses were made of typical plant species, and organic matter carried
E I3 Sg EE|S-guoss~ I lg 11 by cach stream was collgm:fl in traps over a l-year period. Attemps to
% § i - analyze the plant material in the traps proved unsuccessful due to ap-
ot preciable contamination by silt and clay particles. As a check on litter
g '§E crosion rates, amounts of litter fall were measured at each of three col-
o - .
3 ?:g e q§,3§q3n 83 lcmonsue's. ‘ . ‘ ‘ .
S e—-gﬁooovoo§°°° Chemical concentrations in vegelation.—For practical reasons, only
35 a few of the hundreds of White Mountains plant species could be
analyzed. Above-ground portions of sagebrush (drtemisia arbuscula),
8 junegrass (koeleria cristata), and sandwort (drenaria kingii), and twigs,
5F - a»“g“égég,.\_@,ss_ needles, and cones of bristlecone pine (Pinus aristata) and limber pine
2gls8eCcccsscecss {Pinus flexilis) were collected on both dolomite and adamellite. Above-
E sound portions of flax (Linum perenne) were obtained from dolomite
werrain. These six species were chosen to represent vegetational groups
S o follows: Pinus aristata and Pinus flexilis—rees; Avtemisia arbuyeuly
9 a —sagebrush and shrubs; Kocleriq cristata—grasses;  Arenarig kingfi—
& P . o aoncarbonate-associated herbs; and Linum perenne—carbonute-associ-
© g 208 =9859 © -
2/ 0RZ2RAAn0T A aA bk

‘ ated herbs.,
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Plant samples were washed with distilled water and oven dried at
104°C. Into 30-ml digestion flasks 0.2000 to 0.5000 g of each dry sample
was weighed. Five ml of concentrated HNO, and HClO, were added,
and the samples were digested overnight in a sand bath. The samples
were then heated on Kjehldahl burners, until they appeared coloress
and HCIO, fumes were evident. The solutions were cooled and diluted
to 100 ml in volumetric flasks with 10 meq/l SrCl, (to mask interfer-
ences). Aliquots were taken for subsequent analysis. Potassium, Na, Ca,
Mg, Fe, and Mn were analyzed by atomic absorption spectroscopy.
Phosphorus in plant solutions was determined colorimetrically by the
molybdenum blue method of Johnson and Ulrich (1959), using stannous
chloride as reducing agent. Aluminum was analyzed by the Eriochrome
Cyanine R. method of Jones and Thurman (1957). The methods of
Wooley and Johnson (1957, p. 872) were employed in the dry ashing and
Si analysis of plants. Analytical results are summarized in table 6.
Percentage cover for the 6 plant groups, estimated at about 20
randomly spaced sites on each lithology and then averaged for dolomite
and for adamellite, is given in column 12 of table 6. These figures are
recalculated to 100 percent in the last column. The percentages of totl
vegetation (in terms of cover) were then used to obtain weighted
averages for each elements in plants on each substrate, for example:
Weighted average Si = (percent Si in species x) (percent X in
total vegetation) +
(percent Si in y) (percent y in total
vegetation) + ...+
(percent Si in n) (percent n in total
vegetation).
Finally, since Cottonwood Basin includes 11.7 percent adamellite terrain,
a weighted average for this basin was computed from the dolomite and
adamellite values. Although Sage Hen Creek Basin drains a small area
of Wyman metasediments in addition to the adamellite, vegetational
changes across this contact are not pronounced, and the adamellii
values were applied to the entire basin.
Rates of litter erosion—To estimate amounts of plant litter carried
by each stream, temporary organic matter traps (pl. 3) were instalid
near the gaging stations on each creek, and transported litter was col-
lected over the period August 17, 1966 to August 17, 1967. The original
traps were triangular copper screens (0.01 mm opening) 91 cm on a side,
encased in a 10 cm X' 10 cm wood frame, with an attached four-ply
plastic catch bag on the upsiream side. The fine mesh, however, wa
found rapidly to impede stream flow as material accumulated and w.
useful only over short time durations (1 or 2 days). For longer period,
coarser screening (2 mm opening) was used. The traps had several maju
disadvantages: (1) they tended to collect rock particles as well as plau
debuis, especially after several days or weeks when the trap became hilled
and (2) they caused stream damming, an effect that also increased wili,

(
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time. These problems were minimized by cleaning traps frequenth

TABLE G
major plant species on Reed Dolo

mite and Sage Hen Flat

d : i
averages used for calculation of chemical denudation

) of some

on (dry wt basis
amellite and weighte

Chemical composition
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Collected organic matter was washed as free of sediment as possible, oven
dried, and weighed. Additional weight caused by sediment particles was
believed to be more than compensated for by losses of organic matter
during accumulation and collection (around, under, or through the
trap). Amounts of removal in the form of finely divided organic materi-
als were not evaluated but could be important.

At Cottonwood Creek, an average rate of 47 g per day was calculated
from daily collections during August, 1966. Discharge here remained
essentially constant throughout the year, litter transport did not change
appreciably, and the creek did not freeze during the winter. The daily
rate of litter transport was therefore extrapolated for the year, with the
exception of the July 13, 1967, flood. Unfortunately the Cottonwood
Creek trap was washed out by this flood, so no direct measurement of
organic matter transport was possible. The amount was estimated by

multiplying the normal rate of accumulation by the ratio of flood dis
charge to normal discharge. The total yearly amount of organic matter
transport was then calculated as follows:
Litter fyear = (daily rate) (364 days) +
(daily rate) (Qicoa/ Qaormar) (1 day)
= (47) (364) + (47) (134/2.0) (1)
= 20,300 g.

At Sage Hen Creek the litter transport data are somewhat more
complete. The trap held during the July, 1967, flood, and collections
obtained throughout the year totalled 2,990 g. It was obvious, however,
that part of the flood debris had escaped the trap, both over the top and
around the sides, and so the total figure is a minimal value.

Rates of litter fall and potential litter erosion.—The amounts of
litter fall at three relatively level sites of up to 230 sq m were meas
ured over a l-year period. Four sites (fig. 2), two in Sagebrush Scrub
and two in Bristlecone Pine Forest community types, were originally
selected, but heavy winter snows and uncleared roads made June col-
lections impossible at site 3. Each site was cleared of debris on June 26,
1966, and plant litter from the same area, as marked by metal stakes, wa,
hand picked on June 26, 1967, oven dried, and weighed. Litter fall data
for sites 1, 2, and 4 and calculated values of yearly litter rates for each
basin are given in table 7.

' The rates based on total litter fall, 8.9 X 107 g per year and 2.0 x
10" g per year for Cottonwood Basin and Sage Hen Creek Basin, respec-
tively, presume that all plant debris is eventually removed. That at least
some litter remains and eventually decompases is evidenced by the
accumulation of plant debris and humus beneath treees and shrubs and
the presence of from 0.5 to 2.3 percent organic carbon in ten analyzed
soils from as many different lithologies. Decomposition rates are certain-

ly not high in this dry, cool climate though, and it does not seem .
reasor '~ to assume that at least 1 percent of the yewrly liter fall »
strip; m the slopes, especially in such steep terrain as occurs within

the k

_Adolomite. Such an assumption would give minimumn yeul

;
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litter erosion rates of 890,000 g for Cottonwood Basin and 200,000 g for
Sage Hen Creek Basin, figures one to two orders of magnitude greater
than those obtained by direct collection along the streams. The large
discrepancy between the two sets of rates may lie in (1) inability of the
organic matter traps to collect all transported plant material, (2) errors
in assumptions used to obtain total organic matter transport (that is,
flood transport not proportional to flood discharge or yearly extrapola-
tions of daily rates not valid), (3) difficulty of obtaining representative
yearly erosion rates from an area where sporadic flooding comprises a
large proportion of the total discharge, and (4) erosion of yearly litter
fall below the postulated 1 percent minimum or significant errors in
licter collection.

Rates of biogeochemical removal.—The product of plant concentra-
tion and litter erosion rates gives an estimate of chemical denudation
by this biogeochemical process for any given element. The figures of
table 6 and measured litter fall and litter erosion values were used 1o
compute maximum and minimum denudation rates (table 8). The
maximum rates assume total removal of litter and are at least an order
of magnitude too high; the minima are definitely too low, due to trap
losses. No “most probable’ values can be assigned from the present data.

Summary and comparison.—Total chemical denudation by dis
solved load exceeds the maximum possible litter erasion component and
is about four orders of magnitude greater than the minimum contribu-
tion of litter erosion. The relative importance of dissolved load is
greater in Cottonwood Basin as would be expected from its dominantly
carbonate lithology.

Denudation rates of nine elements are compared for both mechan-
isms in figure 7. The huge spread between maximum and minimum
litter denudation values creates considerable problems in interpretation,
but several trends are apparent. The effect of litter erosion in accom-
plishing chemical removal increases relative to dissolved load according to

TABLE 8

Rates of chemical denudation by plant uptake and litter
erosion in gs/yr for total area of each basin

Sage Hen Basin Cottonwood Basin

Max* Min#+ Maxe Min#*
Si 3,600 085 28,000 6.6
Al 240,000 36 450,000 104
Fe 7.200 1.1 66,000 15
Mn 980 0.15 5.300 1.2
Mg 42,000 6.3 190,000 42
Ca 176,000 26 810,000 180
Na 1.410 0.22 7.500 14
K 66,000 10 330,000 74
P 10,780 1.6 49,000 1
Total 548 X 10° 822 194 X J0° 4.35 X W®

* based on vate of hiter fall
*¢ based on measured rate of litter transport
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i ios, but they also accelerate chemical solution of pedro§k.
%Nw:mli(;'wga?:sl and evergyreens generally contain less morgax};g sc;hd;
than do annuals, perennials, grasses, fmd deciduous plants. Disso vel
load would be of greatest importance In areas of highly or moderately~
soluble lithologies. High soil pH would tend to favor losses of metals
by plant extraction rather than leaching. Plant uptake and !nuer t(:;os;qn
should, therefore, be most important in steep, rugged terrain un l—fr .m(;
by relatively insoluble materials, having a moderate to lngh. sc:;l pb f ;;n'[
supporting dense herbaceous or deciduous vegetation. It is gu }:d ul i
this biogeochemical process would ever be significant for Na, a,l g or
Si, except in areas dominated by plants that accumulate thestl?( e ;mcm;
in extraordinarily large quantites. Appreciable amounts of K, P, :rn:c :
especially metals, however, may be removed from rock by organic ‘p.l
esses coupled with litter erosion. Improved organic matter traps, gagn: g
records, and analytical data should lead to mucl} more accurate estimates
of vegetational extraction as a chemical denudation component.
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LANDSCAPE  INHERITANCE AND THE
PEDIMENT PROBLEM.IN THE MOJAVE DESERT
. OF SOUTHERN CALIFORNIA -

THEODORE M. OBERLANDER

Depai-txxlellt of Geography, Universi t};‘ of Culifornia,
' Berkeley, California 94720

ABSTRACT. Currently there 2ppears to be no expansian of granitic pediments {a the
Mojave Desert due to szhilizition of Tock slopes under the existing climate. The pres-
ence of carly Pliocene volcanics on the higher portions.of both major and tninor pedi-
ments graded to existing base levels indicates those erosional surfices to be inherited
features, formed in their entirety priar to the establishment of full desert condirions
ia the Mojave region. During the late Pliocente and Quaternary the Mojave pediments
have been altered primarily by the stripping of a weathered mangle inherited from the
preccding semiarid morphogenetic system. ¥ragments of this mantle are preserved un-
der Terunaty vaicanics widely distributed throughout the reglon. Active pedimentation -
iu the Tcmag lundscape seems' to have been predicated upou “denudational equilib-
rium” in which hillslope erosion was in balance with regalith renewal by rapid chemi-
cal breakdown of granitic rock along the subsurface weathering front. Reladonships
ac piedniont angles jin the presenc siripped landscape require parallel rectilinear hack-
wearing (rather than downwearing) of soil-covered slngm during most active landscape
morphogenesis. Tertiary weatheriug profiles and landscape evolution in the Mojave
region uppear similar to those of non-desert areas in which pediments appear to be
expanding at present. Pedimentation by slope retreat in a soil-covered Luulscape can
he explained in terms of a combination of Andings previouslg' contributed by Schumm
- (1958, 1962, 1966), Ruxton and Berry (19613, and Eununcte (1970),

INTRODUCTION

The results of recent morphometric analyses of Mojave Desert pedi-
ment landscupes (Cooke, 1970; Cooke and Reeves, 1972) are illuserative
ot the degree to which the most fundamental quesrions related to desert
pediments yemain unresolved. Cooke has advanced several good reasons
for the unproductiveness of past research on pediments. “L'o these I ven-
ture to add one more of a quite different nature, which this paper will
attempt to substantizce: namely, that in the Mojave Desert region, at
least, it is futile ro attack the pediment problem through analysis of con-
termporary process/form associations because the classic pediment Jand-
scapes ‘in this region developed under an aliogéther ditferent morpho-
genetic regime’ than that dominant in the area at present. It appears that
pediments are still expanding in crystalline rock in the southwestern
United Stares but not in true desert landscapes and not in the manner
suggested by the majority of American writers on the subject.

THE PEDIMENT PROBLEM

The “pediment problem” that has occupied the attention of so many
distinguished American geomorphiologists proceeds from the difficulty of
accounting for the conspicuous ramplike erosion surfaces that truncate
resistant rock in che arid regions of the southwestern United States and
that terminate so abruptly against steep mountain walls and relief forms
of the “insclberg™ type. The fact char bold relicf forns are developed in
bedrock that differs in no apparent way from that exposed on adjacent
erosionally subdued pediments is the crux of the pediment problem. The

849
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‘ origin of geometrically similar erosion surfaces that bevel relatively erod-
N ible materials adjacent to resistant rclief-forming outcrops has seldom
' been regarded as an enigma. However, surfaces of the latter type, which

were discussed by Gi'bert in 1877 (p. 120-126) in his discussion of “plana-
tion,” have also come to be known as “pediments” (for example, Denny,
1967; Twidale, 1967; Cooke and Warren, 1978) despite warnings against
the tendency (Howard, 1942; Tator, 1952; Birot and Dresch, 1966). Plana-
tion surfaces bordering uplands composed of more resistant rock (peri-
pediment of Howard, glacis of Birot and Dresch) arc commonly capped
by gravels derived from rocks other than these truncated, are clearly Jo-
calized by outcrop pattern, and (except where peripheral to a horizontal
cap rock) have ncver becn imagined as expanding headward through
time. These characteristics are all in marked contradistinction to periph-
eral erosion surfaces that are cut into the rocks of the npland itselt. In
the following, the term pediment is used exclusively in reference to the
more problematical form — the vamp-like erosion surface cutting the
same resistant rock that forms the adjacent upland.

. ‘THE. PEDIMENT JLANDSCAPE

Erosional pediments abutting on rocky inselbergs, escarpments, and
mountain walls are particularly characteristic of the granitic terranes of
southern Arizona and the Mojave Desert of soutnern California, extend-
ing also into the Sonoran Desert in Mexico. According to the most recent
summay of the literature on pediments in the southwestern United

~ States (Hadley, 1967), the preponderant opinion is that pediments trun-
- cating hard rock have originated as a concomitant of the backwearing of
escarpments and scrve as slopes of transportation for the fine products
of weathering derived from the pusitive forms rising above them. Where
granitic rock is involved, there is an _Lrupt change of slope, the “pied-
mont angle” (Ruxton, 1958), between the pediment, which rarely attains
a slope in excess of 5 degrees, and the steeper forms rising above it at
angles generally exceeding 20 degrees. The steep slo re in most cases

_mantled with boulders, whereas the pedunent surface is vene h
—soagse sand gecasionally interrupted by exposures ot i Frequently
granitic pediment surfaces are studded witlt TOC<y tors or are dissected
by washes cut into decomposed bedrock or opened along joints in sounder
material. '
It has Leen noted by many investigators thae the reduction of granitic
" boulders to a certain minimum size (approx 30 cm, or 1 ft, diam) is fol-
lowed by their direct breakdown into grus. ‘The conspicuous slope break
between pediments and surmounting residual masses has been attributed
to thc resulting bimodal size distribution of granitic debris: the steep
Loulder slopes above pediments being rcgarded as the repose slopes for
blocks lovsened by weathering into joints (for example, Gilluly, 1937),
N and the pediment being the minimum slope permitting evacuation of the
grus resulting from weathering in the boulder zone. Bryan (1923) and

3 /\Dnvis (1938). pointed out that weathering of most non-granitic racks pro-
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duces fragments havipg a contintious gradation of sizes; as a consequence
- pediments developed on such rocks commonly merge with mountain
front slopes by way of a smooth coucavity, with no abrupt slope break
cvident. The association of pediments with granitic rocks has generally.
been stressed (Davis, 1938; Gilluly, 1937; Tuan, 1959; Birot and Dresch,
1966) and attributed to the distinctive bimodal size grading of granitic
weathering products. ‘This suggests that the presence of a well-defined
piedmont angle is critical to identification of the pediment landform. A
recent analytical treatment of pediment systems (Cooke and Warren,
1973, p. 188-215) contains no suggestion that existing pediment forms may
not be the product of processes presently observable in desert regions.

THE PEDIMENT PROBLEM TODAY

Recent quantitative studies have cast doubt upon certain of the
above assumptions. Melton (1965) established that the angles of boulder
slopes are not clearly related to boulder size, refuting Bryan’s concept of
the “boulder contiolled” slope, and morphometric analyses by Mam-
merickx (1964), Cooke (1970), and Cooke and Reeves (1972) have indi-
cated that pediment slope cannot be correlated with pediment lengeh,
tributary area, rock type, or particle size, which suggests that the func-
tion of cxisting pedimcnes as slopes graded lor transportation is not as
straightforward as some have supposed. On the hasis of deaudation rates,
the eviclence of paleosols, and current weathering tendencies the present
author has attempted to show that the backwearing of slopes required to
produce pediments is not occurring at present in granitic tevranes in the
Mojave Desert, where the major landscape features appear to be relict
from pre-Quaternary non-desert morphogenctic regimes (Oberlander,
1972), ‘ ' .

THF. PRORLEM IN IT$ GROGRAPHICAL SETTING

The following interpretation of Mojave Desert padiments presents
[urther evidence suggesting that the origin of these erosional forms is not-
to be sought in studies of the existing morphogenetic regime but through
reconstruction of the Tertiary history of the region. The evidence is de-
rived not only from examination of the pediments themnselves but from
associated landforms and surficial depasits suggestive of the environment
in which the pediments were developed. :

The conclusions offered here are an application of previous findings
related to Tertiary weathering profiles in the Mojave Desert (Oberlander,
1972). The reader is referred to the latter for the details summarized wich
litcle substantiation in the first portion of the present paper. The work
as a whole is bascd upon examination of granitic landforms in various
portions of the Mojave Desert over a period of several yecars, with par-
ticular concentration upon the.area extending from Victorville to Dale
Lake (in the maximum rain shadow of the San Bernardino Mountains)
and between Baker and Amboy in the central portion of the desert (fig,
1). "The annual precipitation in these areas is generally less than 100 inm
(4 in.), the majority occurring between November and April as a result
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Fig. 1. Mojave Desert ‘area and adjacent locations referenced in text. Lines judi-
cate major faults, Patterned areas represenc ecording uplands and peripheral pediments.
Uupauerned areas represent Quaternary alluviam. : -

of [routal activity. The characteristic vegetalion is creosote bush (Larea
divericata) and Yuccae schidigera, joined at higher elevations by Yucce
brevifolia, with isolated pinyon pine and juniper encountered above
1100 m (3500 ft) at points of runoff concentration from bire rock slopes.
.'2."The scenery within the areas studicd is diverse, the southern region
being dontinated by cxtensive pediments peripheral to large and small
granitic masses, while the central desert area includes several broad,
almost featurcless granitic domes (such as Cima Dome) having diameters
of 3.to 8 km, as well as significant granitic highlund masscs bordered by
pediments exposing hedrock a kilometer or. more: beyond the mountain
front. The dominant granitic rock is medium-grained equigranular quarez
menzonite containing 2 to 7 percent biotite and equal proportions of
plagioclase and potassic feldspar. Granite, granodiorite, gaeiss, and mcta-
volcanic rocks are local constituents of the pediment-inselberg landscapes
of the region. . 3 S
GENERAL CONSIDERAJIONS

" Before considering the specific evidence bearing upon the origin of
the Mojave peditnents two facts should be noted::
'+ 1. Botanleal indications (Axelrod, 1958) and stratigraphic evidence
related to the time of uplift of the Transverse Ranges (Richmond, 1960)
Loth suggest that the rain shudow accounting for the Mojave Desert was

not fully developed until late Pleistocene time. Axelrod's interpretation
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of the palynological record has been disputed insofar as it ignores the
possible-existence of local peckets of aridity prior-to this time —a point
\—~  of great importance in the evolution of the Mojave Desert flora — but
~ his conclusion that aridity became general over the region this recently
‘has not been ‘argued (Johnson, 1968). Assuming (generously) thut the
present arid conditions became prevalent about 6 m.y. ago and that pedi-
mentation by slope backwearing en e minimun rate of e-
treat in bedrock necessary to produce pediments as little as 1500 1n (5000 l_
—Ir) in lengrh would be 254 mm (10 in,)/1000 yrs. B
2. The presence of patination {“desert varnish™) and case hardening
over boulders and massive rack outcrops on residuals rising above pedi-
ments suggests that retreat of such surfaces is exceedingly slow at present.
Relations at the sites of induraced radiometrically-dated wood rat (Neo-
toma) middens in the Lucerne Valley area and Joshua Tree National
Monument indicate no obvious retreat of the quartz monzonite facey
that have cnclosed them over the past 10,000 yrs. Beyond the Mojave
Desert proper, there has been no measurable wearing back of the granitic
outcrops in the climatically and morphologically similar Alabama Hills .
of the Owens Valley region in approximately 50,000 yrs, since the Tahoe- s
age glacial outwash of Lone Pine Creek accumulated against them. North. ™
of the San Bernardino Mountains basalts laving radiomerric ages ‘ex-
. / ceeding 8. m.y. lie within 40 m of existing low elevation piedmont angles ~ " /iuo
(Oberlander, 1972). Depths_of removal of ‘quartz ,mb‘nz_p'uite bepearh
radiometrically dated basalt in the adjacent White Mountains indicate’
rates of erosion ranging Between 10 and 30 mm/1000 yrs over the past
10.8 m.y. (Marchand, 1971). Removal of well-decayed quartz monzonite
and ‘grunodiorite from-bencath basale dated ac 8.9 = 0.9 my. in-the =1

Y'

Lucerne Valley area of the western Mojave Desert (Oberlander, 197 2) €.
provides a maximum erosion rate of approximatcly 8 ram /1000 yrs. €— g

Adherence to the belief that the Mojave pediments are a product of
backwearing of houlder-clad slopes under the cxisting morphogenetic
regime (for example, Warnke, 1969) requires ove to find some means of
reconciling the denudation rate thereby required with the preceding cvi-
dence of slow contemporary modification of exposed bedrock surfaces!
Unless the length of the arid period has been underestimated by an order ;é

“ol magnitude, it must be admitted that the Mojave pediments are pot

=~ PIINAari, Yadpr { O Anld marnhoee

THE TERTIARY LANDSCAPE

Although. Quaternary erosion clearly has produced the existing
topogriphy in terranes composed of less consolidated materials, both di-
rect and indirect cvidence suggests that the granitic pediments of chic
Mojave region are indeed rclict forms inherited from prior non-cesert
landscapes. Such landscapes were still in existence in the present desert
region some 8 ¢o 10 m.y, ago. Their rannancs, locally aflected by both

.\ vertical and horizantal tectonic displacements, are widely distributed in
> the Mojave Desert and can be -recognized through their distinctive:

L e Semaam e e e
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'weathering profiles, which are preserved under basaltic lavas having

radiometric ‘ages in excess of 8 m.y. Details relating to key sites, the

_ nature of the ancient weathering profilcs, and their significance in the

development of existing boulder slopes, have been published previously
(Oberlander, 1972). The picture that can be assembled from investiga-
tion of all accessible sub-volcanic exposures in the Mojave Desert west of
Raker and south of Barstow is one of a strongly weathered Jandscape
blanketed by an occasionally brick-red (5YR 4/4 to 2.5YR 3/64/6) argil-
laceous soil locally containing either dense clay pans or massive calcrete
crusts (these also rubified and thus easily distinguished from Ileistocene
developinents). .

This ancient landscape included both cue and fill surfaces of con-
siderable extent, surmounted by steepsided hills that appear to have
maintained a soil cover. The steep phase of the soil is preserved in a few
sub-volcanic exposures, and its former existence is suggested indirectly
by the convexo-concave nature of certain existing boulder slopes, as well
as by projection of truncated soil remnants preserved on pediments
(Oberlunder, 1972). Stone layers in the basal soil and local discontinuitics
hetween the soil mantle and subjacent friable rock suggest that movement

a soil cover on moderate to steep slopes implies a complete cover of vege-
ation of non-desert composition and type and tends to support Axelrod’s
conclusions regarding the Miocene and Pliocene flora of the region. Paral-
lel rectilinear slope recession appears to have been characteristic, predi-
cated upon the existence of a mantle of saproljte overlying an active
subsurface weathering frone along which chemical alteration of the sub-
surface rock kepr pace with surface crosion. Preserved sub-velcanic ex-
posures indicate that exposed bedrock was friable and easily planed by
surface wash. There are no exposures of Tertiary basalt in contact with
sound granitic rock. - ' .

In the Mojave region early Pliocene hillslope weathering profiles in
yuartz monzonite and granodiorite varied in depth hetween 6 and 14 m
(20 to 40 {r), with rock decay occasionally extending to depths in excess of
30 m (100 ft) in piedmont aveas. The subsurface wcathering front in
grauitic vock varied greacly in position and character as a consequence of
local siructural and petrographic characteristis. In many localities there
is clear stratigraphic continuity between the boulders littering present day
hillslopes and corestone horizous in the basal portions of weathering pro-
files covered by volcanics having K-Ar ages excceding 8 m.y. Wherever
datable materials and in situ boulders have been seen together the boul:
ders can be shown to have been derived from an early Pliocene regolith
(Oberlander, 1972, figs. 11, 12, 13). The associated landscapes are often
cluse to existing base levels and are unusual only by the presence of a
few thin basaltic remnants. Thus 1 believe that the existing boulder
mantles chavacteristic of granitic hillslopes in the Mojave Desert may
cousist, in general, of former corestones originating within pre-Quater-
nary weathering profiles. Thicse have been exposed by Quaternary strip-

. Ef a colluvial mantle was characteristic of some hillslopes. Maintenance o?!
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piug of the Tertiary weathered mantle. Cessation of subsurface decay
and acceleration of surface erosion during the late Pliocene and Quater-
nary is presumed w Le the consequence of the establishment of negative
moisture balances and deterioration of the vegetative cover during Plio-
cene and Pleistocene time. These changes have been documented by
Axelrod’s analysis of the pollen record since: Miocene time (Axelrod,
1958). The general climatic desiccation of this period scems largely at-
tributable to tectonism producing rain shadow conditions east of the

. rising Western Cordillera, particularly the Sierra Nevada, and the Trans.

verse and Peninsular ranges of southern California.

TERTIARY PEDIMENTS

Saprolitecovered pediments were an integral part of the Tertiary
landscape. Certain existing pediments still carry remmants of Tertiary
weathering profiles preserved under remnants of lava flows that have
survived the general denudation of the past few million years. Such
examples clearly indicate that existing pediments in the Mojave region
were already fully developed at least 8 m.y. ago and have been modified
subsequently only by removal of soil aind decayed rock inherited from the
Tertiary morphogenetic regime. .

In this regard the nature of the somewhat misleading parallel to the
well-investigated history of Australian arid landscapes should be made
clear. In both the Australian and southern Californian deserts stripping
of an inherited Tertiary weathered mantle followed late Quaternary
climatic desiccation. The absence of strong tectonism in interior Australia
indicates that the stripping process there was primarily a consequence of
climatic change and its effect on the vegetative cover (Mabbutt, 1965). Tn
the Mojave region pediments have downslope profiles exposing bedrock
to a distance of a kilometer or more beyond hillfronrs, with Tertiary

*volcanics' preserved on the pediments themselves. On the contrary, the .

Australian pediments seem to be secondary features formed subsequent -

to the onset of aridity, being a consequence of Quaternary subsoil natch- . . .

ing of structurally determined hill bases inhierited (rom the Tertiary land-
scipe (Mabbuce, 1965, 1966). Similar natching has likewise affected the

bases of bedrock eminences in the Mojave Desert but is a very superficial - ¢

feature, amounting to a few meters at most. Pedalogical and stratigraphic
evidence suggeses that the Mojave climate has been more arid than that
of interior Australia since early Tertiary time. Thure was no laterite or
silcrete formation in the Mojave region prior to the onset of full desert:
condlitions, and the existing climate and vegetation continue to be of a
somewhat more xeric nature than their counterparts in the Australian
deser*s. Thus comnplete parallelism in the development of the two regions
should not be anticipated. However, Mabbutt's clear demonstration that
the Australian interior has been stripped of an inherited mantle as 2
consequence of climatic change, without assistance from tectonism, is of
the utmost importance 10 an understanding of the existing Mojave Desert
landscape. '
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Fig. 2, Granite Springs pediment, east of Baker, Calif, (Hallaran Spring 15-min quadrangle), Numbered scctions cover
256 km* (1 sq milc). E:‘carpmcm to east is composed of flood basalts of probably Pliocene age, covering decayed quarte
monzonite. At locations A, B, and C, Tertiary quarz mongonitc weathering profiles are” preserved under remnants of
basalt dated at 9.2 m.y. Bedvock is exposcd west of the pediment apex to approximately the 792 m (2600 £t) contour, a
distance of some 5.6 km (3.5 miles), , -
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An instructive example of Mojave pediment characteristics may be-
seen 24 km (15 miles) east of Baker at Granite Spring (FHalloran Spring
15-min quadrangle). At this locality remnants of basalt having a K-Ar -
age 0f.9.2 = 0.6 m.y. indicate that Pliocene lavas flooded westward acrass |
the higher portion of a classically-formed pediment and onto its lower
slopes (fig.-2, pl. 1). Radiometric ages of basalts from the summit and base
of the bedrock pediment, spanning a distance of 3.2 km (2 miles), vary
by only 1 percent, suggesting that the samples were taken from remnants
of a formerly continuous single sheet, as would be concluded from the
field relations. Even if the remnants are from different flows, they definc
one subvolcanic surface. Thus the Granite Spring pediment is more than
8 m.y. old and has heen modified during lute Pliocene and Quaternary
time only by the stripping of the Tertiary weathering profile seen be-
neath the remaining basultic fragments. As could be anticipated in the
case of au erosion surface produced by backwearing, weathering below
the sub-volcanic Tertiary surface was significantly deeper toward the
distal portions of the pedimeit. Subsequent erosion, stripping off the
lava and underlying Tertiary saprolite, has left basalt-capped mesas
standing 70 m (200 fr) above the denuded pediment at the 1040 m (3400
ft) level, whereas those near ‘the summir, 120 to 180 m (400 to 600 fr)
higher, rise much less conspicuously 30 m (100 ft) or less above the sur-
rounding topography. The height of such mcsas, excluding the thickness
of the lava, approximates the local depth of weathering in the Tertiary

landscape, reflecting the fact that arid Quaternary denudation has selec- P —

tively affected previously decayed rock and has been ineffective in the
sound rock cxposed at the ancicnt -weathering front. It is tempting to
suppose that the steepening of pediment gradient resulting from erosional
stripping in this instance may have been 2 general tendency during the
transition to desert conditions at the close of the Tertiary. Such an in-
terpretation would be based on the normal inverse relationship berween
surface slope and surface water discharge. In actuality, any such steepen-
ing more probably is diagnostic of the depth profile of the erodible
weathered mantle inherited from the prior morphogenctic system -— the
latest phusc of removal terminating against the more resistant surface of
the former weathering front.

As the bases of 8 to 10 m.y. old lava caps in various widely separated
localities in the Mojave region repeatedly stand 20 to 45 m (70 to 150 f1)

. above adjacent solid and continuons granitic outcrops, the average depth

of pre-Quaternary weathering on the larger granitic pediments appears
to have fallen' within this range. -

STRIPPING OF PEDIMENTS VERSUS PEDIMENT “"EXUUMATION™

During the late Pliocene and Quaternary, pediments and residuals
alike have been largely denuded of their former rcgolith mantle. The
consequcrnce in the case of hillslopes has been to lcave them clad with
bouiders: some let down as a lag of corestones, others delineating the
joint-controlled pre-Quaternary basal surface of weathering (Oberlander,




Summit of Cranite Springs pediment and basal remnants viewed from north. Relief on pediment ided by resistance
of northwest-trending dikes. Small intrusive neck of basalt centered in gap hetween basalt caps in middle distance. Behind
this is the highest vemnant of flow basalt (C in fig. 2). '
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1972). In the case of pediments, stripping, presumably as a consequence
of deteriorating vegetative cover associated with climatic desiccation, has
led to wholesale exposure of the Tertiary weathering front, which has
been interpreted by several prior observers as “exhumation” of a rock-cut
suballuvial bench (for example, Tuan, 1959; Cooke, 1970, p. 36-37).
Examination of relict weathering profiles indicates that the granitic
pediments of the Mojave were not cut in rock but were extended by ero-
sion of regolith that was constantly being renewed at the weathering
 front, 2s proposed by Ruxton and Berry (1961) in their model of slope
retreat based on observation of Sudanese landscapes. According to this
reconstruction, the Mojave pediments were not formed as suballuvial
benches in a desert environment in the manner firse proposed by Lawson
(1915) but developed as either wash-graded or maturely-dissected foot-
slopes fronting escarpments retreating under semiarid conditions. Fxport
of detritus to a few distant tectonic depressions appears to have been
characteristic during pedimentation. These depressions originated by
subsidence during post-Eocene tectonic dislocations, trapping fluvial and
lacustrine sediments that formerly had been carried to the sea (Dibblee,
1967). The present local endoreic hydrography with rising base levels
- and the encroachment of alluvial embankments onto the pediments them-
selves seems to be a subsequent development resulting from late Pliocene
and Quaternary desiccation.

The Quaternary alluvium presently veneering pediments in the
Mojave Desert may consist predominantly of translocated weathering
prodlucts inherited from the pre-Quaternary landscape. After the sarongly
oxidized and occasionally duricrusted surface horizons of the Tertiary
soil were removed from pediments and associated uplands, a much greater
thickness of erodible decomposed quartz monzonite was bared. Seen with-
out the distinctive surface soil this material would not be (and has net
been) recognized as the C-horizon of a formerly more extensive weather-
ing profile. This inherited preweathered matcrial is continuing to be
croded today, both on pediments and residual relief, and is the source
of modern alluvial acewnulations.

The present alluvial veneer over: pediments is in contact with the
bases of most sizable mountainous masses due to continuing sediment.
arvivals from large catchments or long slopes above, where large quanti-
ties of preweathered material persist. However, where pediments are
crowned by very small residuals, the alluvial edge is well separated {rom
the summit relicf forms, which uniformly consist of naked rock which
supplies fav less detritus than existing transportational processes arc-com-
petent to remove from the slope foot (pl 3, p. 863). Bedrock exposures
below the piedmont angle in such-instances are expanding, Lut after a
complex evolution apparently involving (1) the general stripping of the
upper portion of the former weathering protile; (2) transport of debris
continuing to issuc from the higher residual relief, in which erosion has
exploited deeply decayed partitions to vastly iucrease the mesorelief; and
(3) stipping to solid rack at the former weathering front as a consequence
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of diminution of sediment deliveries from increasingly denuded tributary
slopes. The processes that have resulted in the present degree of bedrock
exposure cannot be envisaged as simple and uni-directional in time, as

.such-a landscape .would .be a delicate indicator of the mmany climatic
* fluctuations that have affected the southwestern United States over the
past several million years.

. Trimming of projecting bedrock irregularities on bedrock pediment
surfaces continues to occur subaerially, but such projcctions have them-
selves been exposed by stripping of preweathered material, and the total
amount of backwearing produced by surficial exsudation and flushing
(masely in the form of basal undercutting) seems nowhere more than 4
or 5 m — half this amount. being more characteristic. This scems essen-
tially the full extent of erosional modification of solid granitic outcrops
under the present morphogenetic system. Even this doubtless includes
removal of some material preweathered along the Tertiary basal surface
of rock,decay. o ' .

As existing “‘stripped” pediments vary in configuration from planar
expanses of massive rock to bouldery chaoses, it is. not clear whether the
Tertiary ‘pediments were smooth surfaces — “graded” for transport of
sediment arriving.from the steeper relief above them — or were “born
dissected”” as proposed by Gilluly (1937) and Sharp (1940). Jf the firse is
true, pediment stripping may have been accelerated by erosional stagna-
tion in the higher standing relief as a consequence of near-complete loss
of its own much thinner regolith. Fven if pediinents are “born dissected”,
as seems likely, decrease in sediment. arrivals from divide regions as a
consequence of cither diminishing relief or regolith stripping on steep
slopes would trigger incision of washes, leading to eventual exposure of
solid rock at the former weathering front. In either case the change
would be very gradual, involving slow adjustnent of pediment wash pro-
files to existing sediment-discharge rclationships and modes of water and
sediment transport. _

' THE PIEDMONT ANGLE

Where the slopes of pediments and insclbergs ave regarded as a con-
sequence of the bimodal size distribution of granitic weathering products,
the sharpness of the picdmont angle between the pediment and sur-
mounting residual relief is generally emphasized. The reality of this sharp
slope break cannot be disputed where boulder slopes terminate downward
against surfaces of sandy alluvium, as is commonly the case; it is also well
defined at the base of domed inselbergs that rise abruptly above well
planed crystalline rock. In the Tertiary landscape, however, sharply de-
fined piedmoint angles appear not to have been present, for all surfaces
scem. to have been mantled by saprolite, with no coutrast in the size of
particles on retreating hillslopes and expanding peripheral surfaces.

Where bedrock is exposed continuously from hillslope to piedmont
in the present landscape, a sharp picdmont angle may or may not be
present. Where the pediment is itsclf free of detritus at the piedmont
angle the nature of the latter varies according to the character of the as-
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sociated hillslope, which may be composed of solid rock or loase boulders.
The best developed piedmont angles appear where the smaller detached
houlders first exposed on hillslopes in the stripping proccss have disinte-
grated, exposing smooth ‘domelike forms or well-jointed steepsided
masscs rising from exposed solid bedrock pediments. The associated pedi-
ments have likewise been scverely denucled, -as seen in the absence of
boulders and tors and the continuous flat expanses of sound rock in which
only the master joint sets .are open (usually in one dominant direction),
with the subsidiary joints being tightly compressed. The sharp piedmont
angles defining granitic domes are frequently situated on open joints,
bLuc they also cut across joints perpendicularly. Tn such instances com-
plete disintegration of former boulder mantles has been followed by basal
weathering at the ground surface, a true desert phenomenon that girdles
tlic inselberg, creating an abrupt piedmont angle unrelated to joint con-
Rguration. Basal undercutting amounting to 3 to 4 m in some cases cre-
ates a very sharp piedmont angle by a process having nothing to do with
the original backwearing that produced the pediment itself. .

‘Where the Tertiary weathering profiles were unusually deep as a
consequence of high macro-porosity due to dense jointing, the stripping
process has left slopes mantled with a residuurm of loose boulders (former
corestones) of relatively small size (0.5 to 1 m diam). The hills north of
Yucca Valley are au accessible example. Beneath. this rubble the sub-
jacent rock is decayed to a depth of several meters. The profiles of such
slopes reflect the original surface slope, which in the Tertiary landscape
appears to have been smoothly concave from hillslope to pediment. The
piedmeont angle remains poorly developed in such settings, as the boulder
slope is transitional into the pediment over a Lroad concavity. ‘There is
no possibility of basal weathering in such circumstances as there are no
solicl outcrops to be notched..

T P
LOCALIZATION OF THE PIEDMONT ANGLE

All the foregoing :is predicated upon evidence that backwearing
has indeed occurred, and that the plan.and position of the pusitive relicf.
forms — hill fronts, escarpments, domes, and tors —are not fully pre
determined by structural characteristics. Whereas backwearing of slopes
in semiarid and arid regions has been acccpted by most American geo-
morphologists (Hadley, 19A7), observers of arid landscapes in some other
patts of the world have stressed almost total structural control of the
morphology and position of both major and minor relief elements, in-
cluding the picdmont angle (for example, Twidale, 1967). According to
the latter view, parallel rectilinear slope recession occurs only where a
relatively resistant caprock is being undercut by the more rapid erosion
of its substrate: . DR '

Wellkuown quantitative investigations Ly Schumm (1336, 1962)
scem to refute this hypothesis. However, Schumm’s analyses have con-
centrated upon manageable small scale landforins in essentially soil-free
landscapes, from which extrapolation to larger forms and longer time
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scales may be hazardous. Likewise, Emmett's overland flow experiments
(1970) seem to explain the mechanism of parallel retreat of soil-covered
convexo-concave hillslopes, but his conclusions rest upon an extremely
likely but as yet unproved deduction regarding the most probable balance
of the hydrologic factors in overland flow. Ruxton and Berry (1961) have
outlined a mechanism of slope backwearing that appears to be in com-
plete harmony with the Mojave cvidence; however, caution is advisable
in any extrapolation from present Sudanese landscapes to those of the
Tertiary in southern California. Thus, it does not appear that one can
disregard the possibility of downwearing (as opposed to backwearing) of
major relief forms, even under arid conditions.

In a landscape that is dominated by downward erosion, all piedmont
angles scparate areas of either unlike lithology or unlike joint density;
both the position and the plan of relief forms are structurally predeter-
mined; and existing pediments do not enlarge signficantly through time.

Opposing any such interpretation of the Mojave landforms are sev-
cral facts that seem much more compatible with horizontally migrating
piedmont angles between backwearing hillslopes and expanding pedi-
ments: ' :

1. The landscape existing during the period of pediment formation
in the Mojave rcgion was veneered with a soil developed on granitic
saprolite that appears to have blanketed hillslopes and pediments alike.
“I'his soil and its parent saprolite are preserved under basaltic remnauts
in a variety of locations and on slopcs as stcep as present boulder slopes
jn the region. Thus the eroding land surface and the joint controlled
weathering front were well separated and independent of one another
during the period of most active morphogenesis. Variations in effective
joint deusity appear to have been insufficient to permit the agencics of
transportation to be more effective quantitatively than those of downward
yock decay even where abrupt positive relief forms are present today.
Hillfronts seem to have retreated under conditions of denudational equi-
libriuin (Ruxton and Rerry, 1961; Ahnert, 1967) in which creation of
eradible material by weathering below the surface is quantitatively
equivalent to erosion of the surface. The Tertiary geomorphic system
appears to have been “transport-limited”, whereas the presently-existing
system is “weathering-limited”. How parallel rectilinear slope retreat
can occur in a transport-limited system is considered at the conclusion of
this paper. : - .

2. A downslope transect through the weathering profile preserved
uander Tertiary basaltic remnants on the Granite Spring pediment (fig.
2; pl. 1) indicates that the depth of weathering was proportionate to
distance from the pediment apex. This single instance is compatible with
the backwearing hypothesis, since the time available for rock decay
should increase outward from the apical region as the pediment extends
headward at the base of a shrinking residuil mass. Unfortunately, no

other pediments in the Mojave region have been sufficiently engulied by



pediment problem in the Mojave Desert of Southern California 863

lavas to allow preservation of ancient weathering profiles over a signifi-
cant distance along the pediment radius. -

3. If downwearing under the control of joint density is altogether

responsible for the epigene profiles of the desert, the ramp-like pediment
form is difficult to explain. No onc would suggest that the distance be-
tween joints increases regularly as the pediment rises. Thus one must
assume that the pediment profile was, initially at least, a slope of wans-
portation and not totally the consequence of structure. The downwearing
hypothesis would require an enormous contrast in bedrock characteristics
to allow steep-sided structurally controlled relief forms to abut against
smooth slopes across which bedrock resistance has been entirely subju-
- gated by decay and hydraulic erosion.
It is clear that in the granitic terranes of the Mojave Desert no such
conurast in resistance exists between the pediment and surmounting
residual masses. Indeed, this has been the essence of the pediment prob-
lem in the southwestern United States. Pediments in the Lucerne Valley
district of the Mojave Desert expose sound quartz monzonite over ex-
pauses of tens to hundreds of hectares, often remaining free of either re-
siduum or alluvium a km beyond the hillfront. Joint spacing ahove the
picdmont angle and outward from it for hundreds of meters may be
measured to the centimeter with a steel tape on the ground, and the
overall pattern is clear and unambiguous in aerial view (pls. 2 and ).
In such a naked Jandscape one is often perplexed by the surprising ab-
sence of correspondence hetween structure and surface form. Where open
~ vertical joints dominate the mesorclief, as in the Granite Mountains,
narrow fins of rock in areas of close jointing may stand as high as thick
* monolithic slabs; likewise, the jointing scen on smooth pediments may
extend into rough hill masses without discernible change in density or
character (pl. 3). While the residvat relief is compartmentalized by joint-
ing, the piedmont angle not uncommonly ruas transverse or ablique to
the domiinant joint set and may be localized on minor fractures whose
adjacent counterparts produce little or no surface effect. Indeed, it was

the anomalous relationship between visible jointing characteristics and’
slope pluns and profiles that first suggested to the writer — independently |

‘of the direct evidence discovered later -— that a blanket of residuum must
have been present in some depth over the cntirety of this landscape while
its present relief was being established.,

FEDIMENT MORPHOMETRY

Morphometric analyses of the characteristics of pediments and as-
sociated landscape elements have failed to prochice evidence of the mode
of ovigin or geomorphic function of the pediment landform (Mam-
merickx, 1964; Cooke, 1970; Cooke and Reeves, 1972). Cooke has adduced
evidence for pediment exhumation, but the exhumation hypothesis fails
to explain the origin of the erosion surface so revealed. Both Cooke and
Mammecrickx found that, among other enigmas, so fundamental a prop-
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erty as pediment slope corrclates only weakly with “pediment length”
(as usually defined) and shows little relation to rock type or particle size.

. While agreeing with Cooke’s criticism of past research on pediments,
I feel that for two reasons morphometric analysis of the pediment land-
form — as it appears in the Mojave Desert — will not be able to provide
more positive results than more traditional investigative approaches to
the pediment problem, These reasons have to do with the nature of the
information used in the morphometric analyses that have Leen carried
out and the inapplicability of the technique to relict landscapes.

_ First, the fundamental property of “pedimenc length” has heen de-
fined as the exposure of bedrock between the upper edge of the alluvial
apron and the mountain front (Tuan, 1959; Cooke, 1970); chis is easily
mecasured both in the field and on geological maps and aerial photo-
graphs but treats only the emerged portion of an iceberg-like phenome-
non. The bulk of the erosion surface whose leugth and slope might be
expected to be correlated inversely is presently hidden from view beneath
the ubiquitous alluvial veneer and reccives no consideration in the analy-
sis. ‘The stripping and/or exhumation that has exposed the pedinient is
a recent superficial development unrelated to the formation of the ero-
sion surface itself. It has resulted from local imbalances between wcather-
ing and erosion perhaps contingent upon tcctonism or the evosional
condition of the sedimnent source (the upland). Recent migrations of the
alluvial edge, characterized as “exhumation”, bare an erosion surface
produced at a different time by different processes. Thus “pediment
length”, defined as the recently exposed portion of a partially buried
erosion surface, should have little bearing upon the pediment slope estab-
lished much earlier by an altogether diffcrent mechanism.

‘T'he second disability of morphometvic ahalysis in the Mojave
Desert context proceeds from the facts presented in the present paper:
the pediments of the Mojave region are relict from a prior morpho-
geuetic system. Morphometric analysis of a landscape undergoing active
pedimentition would doubtless yield positive results. Buc: conventional
morphometric analysis of a relict landscape that has heen stripped to a
fossil weathering [ront can at best reveal anomalies that indicate lack of
adjustnent between forin and process in the landscape.

Existing bedrock pedimcnt slopes appcar to express the surface
slopes in the Tertiary landscape minus the thickness of the former
weuthered mantle. Thus the longer pediment slopes might be signifi-
cantly stcepened by arid stripping owing to downslope increase in the
depth of pre-Quaternary weathering, as in the Granite Spring example.
As this effect would not be so marked on shorter pediments, whose mean
gradients have been presumed to be relatively steep (Lawson, 1315;

- ‘Cooke, 1970), pcdimecnc gradients might not differ significandy after

stripping regardless of pediment length. Absence of good correlation be-
tween pediment length and pediment slope in the stripped Iandscape
procuces a geomorphic quandry and a tendency to introduce the possi-
hility of tectonic disturbance. [lowever, restoration of the pre-Quaternary
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868  Theodore M. Oberlander—I.andscape inheritance and the

slope éradierlts might well show that prior to stripping the relationship

between pediment slope and pediment length actually was of the ex-
pected nature. R ' o o _

~ What morpliometric analysis can do, and apparently has done in the
case of pediment studies, is to indicate 2 lack of consistent relationships
between elements of the existing landscape hitherto regarded as closely
associated. Other types of evideace are then required to produce cxplana-
tioas for the uncexpected discrepancies. In the present case we have the
obverse of the nice morphemetric relationships described by Denny (1967)
in reference to alluvial fans and fuvial planation surfaces in several
regions of the western United States, which could be interpreted as ex-
pressing steady-state development. Tn Denny's investigations the study of
paleosols was intentionally disregarded. This seemed valid because the
forms desaribed wuly appear to be products of the morphogenetic system
in which they are preseutly seen, quite unlike the granitic pediments of
the Mojave Desert.

ENISTING ANALOCUES TO TERTIARY PEDIMENTATION
The classic pediments cutting crystalline rocks in the desert South-
west of the United States continue to be treated by many geomorphol

ogists as products of arid morphogencsis (for example, Hadley, 1967;
- Warnke, 1969; Cooke and Warren, 1973). However, investigators working -

clsewhere have identified pediments in a.wide vaviety of climatic settings.
Beyond the United States the pediment landforu is widely recognized as
au indicator of semiaridity rather thun true desert conditions. This view
appears to take cognizance of the efficiency of surface wash resulting
from torrential raiufull that occurs seasonally on surfaces lacking a dense
vegetative cover. So widely experienced an observer as Birot has suggcsted

that the development of pediments o1 crystilline rock is most rapid in

the warm aud seasonally wet low-latitude thorn forests, with pediment
formation in the less humid mid-latitude semijarid cuvironment being
much less effective (Birot, 1960).

Analogues to the conditions under which pedimentation seems to
have occurred in the Mojave region in pre-Pliocenc time appear to cxist
today in the southwestern United States. On the lee side of the San
Gabriel and San Bernardino ranges, less than 1000 m above the nearby
pediments of the western Mojave Desert, shrubland dominaced by pinyon
pine, oak, juniper, and chaparral species form a cover over steep slopes
that maintain a venecr of granitic saprolite only occasionally interrupted

by exposed corestones and tor-like outcrops. As these ranges have been

elevated by Plio-Pleistocene movements, which continue today, they are
bordered Ly alluvial fans rather than pediments, although the fans ap-
Jcar to cover range-front pedimeses in some cases. However, the upland
topagraphy includes numbers of surfaces of low relief that can easily be
construed as pediments that are continu ing to expand by the slow erosion
of fine rcgolith on adjacent slopes. Similar surfaces veneered by reddish
soils under 4 dense brush cover are conspicuous in Riverside County west
of the San Jacinto Range and south of Hemet.

el
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A clearer parallel to the Tertiary lundscape of the Mojave region
exists in the uplands of central Arizona. Weathering profiles and surface
forms in granitic areas such as the Sierra Prieta, west of Prescott, seem. to
present a modern counterpart to the ancient Mojave landscape.

Throughout the Sierra Prieta, red weathering profiles derived from
quartz monzonite abound with corestones in various stages of disengage-
ment from surrounding votted bedrock. Although these occasionally ap-
. pear at the surface, the steeper slopes overlocking the western piedmont
of the range, and rising from valleys within it, are essentially smooth,
being cut across friable decomposed rock. A pediment borders the low
western escarpment of the Sierra Prieta, exposing thoroughly decomposed
(uartz monzonite in a 2.5 kim-wide band along the mountain front (fig. 3).
Beyond this, rubified bouldery alluvium laps onto the pediment, thicken-
ing westward. A chin layer of colluvium similar in appearance to the
bouldery alluvium is conspicuous on the lower slopes of scveral residuals
that rise from the pediment just at the upper margin of the alluvial
apron. Grauitic hounders in both the colluvium and alluvium are strong-
ly decayed and friable.

The western pediment of the Sierra Prieta emerges from bencath the
onlapping older alluvium at an elevation of about 1500 m (5000 ft) near
Wilhoit (Kirkland 15-min quadraugle), where it is casily accessible from
1lighway 89 (fig. 3). The wansition fromn pediment to older alluvium is
clearly evident in the texture of the surlace material — coarse grus char-
acierizing eroding pediment surfaces, in contvast to the argillaceous sur-
face soil on the older alluvium. Exposed corestones are thinly scattered
over the rolling surface of the pediment, but most slopes are smooth, be-
ing developed in saprolite veneered by a lag of coarse grunules and vein
fraginents. The proportion of bare ground exposed on the pediment is
no more than 30 to 35 percent, the present cover consisting of bunch
grass, scrub oak, mounatain mahogany (Cercncarpus). catclaw acucia (4.
gregii), manzanita (Arctostaphylus), prickly pear (Opuntia), and other
shrubby species. Appropriately, both the flora and the climatic regime
of the Sierra Prieta, whick receives ycar-around precipitation averaging
well in excess of 500 mm (20 in.), closely corresponds to Axelrod's recon-
struction of conditions in the western Mojave during Miocene time, when
the Mojave pediments appear to hiave been expanding. The vegetation
of the Sierra Pricta pediment and hilliront is sufficiently dense thae paths
must be consciously searched out, and backtracking is frequently neces-
sary (pl. 5). Cattle trails and washes provide the besc access. The composi-
tion and density of the vegetation has been atfected to an unknown ex-
tent by grazing, and shrubby growth may be more characteristic at pres-
~ ent than under former natural conditions. Open areas of bunch grass, in
which no bare ground is expused, arc present on the older alluvium and
may approximate the natural cover in the picdmont zone.

The overall slope of the bedrock pedimncenc is about 4 degrees, but it
is far from a plune surface. If pedimentation is indeed active here, as it
seems to be, there can be no doubt that pediments in this arca are “born
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Fig. 3. Pediment along western frant of Sicrra Prieta, west of Prescott, Aviz. (Kirkland 15-min quadranglc). Num-
hered seetans cover 256 km? (1 %) miic). Decomprsed granite of the peditnent is expaicd contintuotisly from the upland to
Willwit, the upper edge of the aluvial apron Lo the west move ur loss coinciding with ¢he 1524 m (5000 {r) contour.
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Sierra Pricta pediment, showing nature of relief and density of vegetative cover. Light areas on distart hillslopes are grass.
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dissected” and exemplify Ruxton and Berry's “dissected plinch”, which
NG borders actively retreating hillfronts in the dry savanna and wet semi-
~ arid regions of the Sudan (Ruxton and Berry, 1961). The Wilhoit pedi-
ment merges with the low frontal escarpment of the Sierra Prieta by a
sweeping concavity that is accurately portrayed by 50-ft (15.24 m) contours
on the Kirkland 15-min quadrangle (fig. 3). As the contours indicate, dissec-
tion of the upper pediment is more severe than gullying on the frontal es-
carpment; nevertheless, the lines of erosion on the pediment do indent the
slope of the mountain front. Here we apparently have an excellent ex-
ample of 2 mountain [ront vetreating, without change in declivicy, in.
) ---» consequence of ¢rosion_of fine weathering products that_are_continually
renewed by subsurface rock decomposition. The products of slope erosion
. are evacuated through a network of washes that dissect the pediment,
o which is a multi-convex surface that_is_itself lowered uniformly as the
M #Heter,,,, mountain front recedes. While it is tempting to imagine the eroding
*-A«--g,; “/ scarp/dissected pediment/alluvial apron association migrating relenclessly
wh,,. 5 eastward without change in either form or elevation, the ross-cutting
" rclationships between the older (rubified and dissected) and younger
alluvial deposits signify breaks in the continuity of erosion and deposi-
tion in the piedmont zone. It could be expected that in an area currently
receiving 500 mm of precipitation, pre-Quaternary and Pleistocenc
climadic fluctuations —and resultant periodic changes in vegetative
cover and runoff —would have marked effects on scdiment deliveries
N~ and hydraulic gradients. Detailed investigation of this locality, as of mast
- others, would almost certainly indicatc complexitics in Quaternary ero-
K sional history. What the Sierra Prieta piedmont does seem to illustrate,
A however, is an_observable case of parallel rectilinear backwearing of soil-
ilerence  covered slopes devcloped on saprolite containing dctached corestanes.
P The presence of thoroughly decayed spheroidal boulders (originally
corestones) in the older alluvium of the piedmont zone clearly indicates
that the deep weathering noted on eroding surfaces did not post-date
pedimentation but was, in fact, critical to it
' This instance reinforces the evidence from Tertiary weathering pro-
- files in the Mojave Descrt indicating that pediment .development in
,f Lrystalline rock is predicated upon the existence of u saprolite that can
.be croded 2{ surface wash Dut at no greater rate than its renewal by sub-
surface weathering.

SLOPE RETRFAT IN THE TERTIARY LLANDSCAPE

The problem of how parallel rectilinear slope retreat can proceed
in a convexo-concave soil covered landscape may-not be as dificult as
once supposed (for example, King, 1967, p. 157). Schumm (1962, 1966)
has demonstrated that backwearing at a constant angle requires only
that there be no accumulation of debris at the slope foot. His quantita-
u tive investigations in the Badlands of South Dakota indicate how this
S~ condition is achieved in the casc of the miniature pediments of that area,
P where decrease in roughness from hillslope to pediment result in water
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flows on the pediment having velocities as high or higher than those on
the hillslope. Schumm (1956) had previously: established that the Pprocess
of creep tends to anchor the slope foot, causing the slope angle to di-
minish with time, Schumm’s field measurements thus indicated that
where surface wash was the principal mode of sediment transport, slopes
rctreated parallel to themselves, whereas removal by gravitational trans-
fer caused slope flattening. More recently, controlled experiments on
slope development by Emmett (1970) have suggested that the normal
transition from laminar to mixed to turbulent overland flow on hili-
slopes produces parallel retreat of soil-covered slopes that ate convex at
the summit, straight in the middle portion, and concave ac the base. It
secms “significant that convexaconcave slopes are characteristic in the
Sierra Prieta and in those localities within the Mojave Desert where the
boulder cover is best preserved and slope profiles are least altered from
their Tertiary configuration. "

For continuous slope retreat in this manncr, “denudational equilib~
rium” must prevail; that is, subsurface weathering penetration must pro-
vide erodible materials at a rate at least equal to removal by surface
wash. Ruxton and Berry (1961) have preseated evidence suggesting how
this requirement is met in Sudanese landscapes. They pluce emphasis on
the particularly aggressive natuve of subsurfuce moisture on soil-covered
hillslopes. As subsurface water migrates downslope it is replenished more
rapidly than on level surfaces, making it more reactive with the bedrock
at the weathering front. A parallel with the well-known effects of solvent
motion on limestone solution seems obvious. Thus decay of subsurface
rock oir hillslopes is rapid — providing a continuous supply of erodibie
material — but is not intense (mature weathering products not having
tie to form prior to erosional removal). Ruxton and Berry's conclu-
sions are based upon tangible evidence of the presence of strong subsur-
face flow and rzmoval of both solid and dissolved material on both hill-
slopes and pedimenes (Ruxton, 1958; Ruxton and Berry, 1961). The same
evidence, mainly in the form of lateral eluviation of fines, can be seen in
many parts of the Mojave Desert where alluvium is present or a weathered
mantle persists. o

The possibility of parallel retreat of soil-covered slopes having been
demonstrated by several types of evidence, it remains a question whether
those of the Tertiary Mojave region would lend themselves to this mode
of development. On the basis of facts presently available the crucial fac
tor appears to be the relutive importance of creep versus overland flow in.
the erosional process: "This would appear to be controlled by both the

_surface and mass permeability of the quartz monzonite weathering pro-
file. Eligh surface permeability discourages overland flow and favors the
creep process (Schumm, 1956). However, creep may be less active on ma-
terials of high mass permeability than on materials with a shallow
permeable layer, where a sharp weathering front ar discrete lubricated
zone is present, or where volume changes are localized, producing a well
defined horizon or zone of shear. It is an obvious temptation at this point
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to emphasize the high mass permeability ef quaretz monzonite residuwn.
Obvious colluvial mevement in the Terriary Mojave weathering profiles
has, in fact, been discovered only in instances in which there was an
abrupe transition to altered but cohcrent rock less than a meter below
the surface. The vast majority of exposures of Tertiary surfaces investi-
gated closely resemble those of the Sicrra Prieta, which has almost_every-
.Where been eroded by surface wash. In both instances, weathering pro-
files characteristically are gradational into solid rock throngh a zone of
corestones in a saprolite or grus marrix qverlying a highly irregular joint
controlled weathering front.

CONCLUSION

The contemporary landscape in such areas as the Sierra Prieta, as
well as observations by Ruxton and Berry. Schumm, and Emmertt, seem
to demonstrate that parallel rectilinear slope recession can and does pro-
ceed in saprolite-mantled terranes like those that characterized the Mo-
jave region during the Tertiary. This type of development accounts for
the pediment landscape of the present, which we see stripped of a former
weathered mantle. This stripping presumably occurred as a consequence
of Pliocenc climatic change that produced greater surface exposure due
to impoverishment of the vegetative cover. Stripping of hillslopes to solid
rock at the former weathering frone has terminated pediment expansion
by arresting the retrcat of slopes, which are essentially stagnant under
present conditions. It seems ironic that the problem of pediment forma-
tion in the North American deserts may be, in the last analysis, the prob-
‘lem of slope retreat in a soil-covered landscupe. :
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STRIKE-SLIP PAULTING. AND OROCLINAL BENDIKC AT YUCCA

_ MOUNTAIN, NEVADA: EVIDENCE FROM PROTOCROLOGIC ANRD

IREMATIC ANALYSSS
O'NEILL, J. M., WHITNEY, J.W., and HUDSON, M.R., U.5. Ceological
Survey, M.S. 513, Federal Center, Ueonver, CO 80225

The main mructural grain at Yucca Mountain, ae seen from low-sun angle

. serial photographs, is 8 pronounced north-trending linear fabric defined by

~pull-apart zones, {2) slickenlines, and (3) spparent offset of strean chsnnels.

parallel, east—tfited faulz blocks. Fault—tlock ridzes sre bounded on the west

by normal faults that appear as isclated, colinesr scarps in alluvium and as .

offset bedrock unirs. - All ridge~bourd4ing 1atiis in this ares are scructurally
connected to adjacent subparallel faults, 303t comaonly by 2 1ort north west=
trending fault splays. The generally north-trending hgh-sngle fauits prim arfly
display downtothe-west norsal offert but also have s minor, awxfllary
cosponent of left=lateral alip. Left-lateral alip is indicated by (1) en echelon
fault splays that are structurally linked, commonly by northwesc-trending

These pull-apart zores range from tens of meters to more than J kfloaecers
vide. The smallest pull=apart zones sre wvell developed along the Windy Wash

. and Salitario Canvon faults on-the vest side of Yucca Mountain. The largast

of these festures 1s interpreted to structurally link the Bow Ridge and
Salitario Canyon faults in the north-central part of Yucca Mountain, directly
south of VTucca Wash; the pronocunced northwest-trending dralnage sveten -
this northem part ¢f Yucca Mountain appears to be contralled by tense.n
fractures related to the left-lateral coaponent of movement on these north-
rending faults. Midwav Vallev, directly east of the large pull-spart zone,
aav als0 owe its ocigin, in pert, to & pull~spart a schanism.

Paleom agnetic data collected from Miocene seh-flow sheets indicate
that Zuccn Mountain has undergone clockwise vertical-axis rotation as large
as 30, This rotation increases to the south and bdegan about !5 Ma. The left-
lateral coamponent of alio along Yucca Bouncsin faulta is interpreted ro
reflect diaplacem ents betveen rigid fault hlecks within » structural domain
undergoing clock wise, “domino stvle'” rotadon. Evidence of left-lsteral slip in
Gusternary depceits suggescs that clock wvise rotation s an ongotng process.

0:45 p.m. Whitniey. John W Ne 1399

QUATERNARY MOVEMENT ON THE PAINTBRUSH CANYON.
STAGECOACH ROAD FAULT SYSTEM. YUCCA MOUNTAIN, NEVADA

WHITNEY. John W. and MUHS, Daniel R.. U.S. Geological Survey, Box

25046, M/S 913, Denver. CO 80225

The north- 10 northeast-trending Pzaintbrush Canvon-Stagecoach Road fault system
22 primarv tault svstem for which maxmum vibratory greund motion and surtace
Uspucement will be calculated for the design of the potential underground
tepository af Yucca Mountain and auacent surface facilities in Midway Valley. The
Lauii svstem is 33 km long near the cast edge of Yucca Mountain, and well exposed
uong 11ive segments. The three soutnern segments show Quaternaiy fault activity
over distances of 3-4 km on each segment. and Qusternary movement 1s suspected,
ot not proven. on the northern segments. Slickenlines exposed on Teruary-age fault
ool on the three southern segments demonstrate a component of left-lateral slip
"0 rakes as great as 47°. Deflected and oftset stream channels that cross the Fran
hure and Stagecoach Road fault segments suggest that leii-laterai obhque
Mwvement nas conttiued during the Quaternary

Fauits and tractures are expos=d 0 a depth of aboul 2V m in deep arrovos cut
NiL 3ana ramps on the west Banks oi Busted buttz and Fran Rudee. At least four.
Yrobabiv 1ive. $oiis are present tn the sand ramps: all are oftset. but not al! soils are
Abusey 4, cach ATOVO. An apparent maximum dip-shp displacement of 4.1 m was
Measurey on the deepest soil exposed at Busted Sutte. This soil nas a maxumum age
w 400Ut 700.000 yr. fur 1t cvarhies an colian 32nd unit that conains the 738.000-yr-

6v10°02E026° VNN
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| N BEAM ANALYSIS FOR THE DETERMINATION OF CATION RATIOS

«S A MEANS OF DATING SOUTHERN AFRICAN ROCK VARNISHES

>

- C.A. PINEDA and M. PEISACH

National Accelerator Center, PO Box 72. Faure. 7131 Republic of South Africa

L. JACOBSON
Stare Museum. Windhoek. 9000 South West Africa

Stone artefacts found on the surface over much of the arid areas of Southern Africa are often covered with a rock varnish. the
trace element composition of which has been analvzed by particle-induced X-rav emission (PIXE) and particle-induced gamma-rav
emission (PIGME). Because Ti deposited in the varmish is less soluble and mobile. substitution of alkali metals by Ti served as a basis
for dating. An experimental relationship was established between the “cation ratio” and the age of artefacts dated by more
conventional means. This relationship provides a cation leaching curve from which undated samples can be dated by their cation

rauos.

1. Introduction

The determination of the age of archaeological
artefacts from surface sites is often impossible using
conventional methods such as radiocarbon dating, be-

use they lack direct association with dateable organic

'\r\/iaterial. For about a century {1] interest has been

directed to the coating observed on rocks and artefacts
from arid regions. This coating has been referred to as
*“rock varnish” [2], but the term “ patina” has been used
in South Africa [3.4] for this phenomenon although the
former term will be used here.

Varnish.or patina had long been considered by South
African archaeologists as a means of dating [3] stone
artefacts but the result of varnish thickness measure-
ments on Middle Stone Age artefacts from the Erongo
Mountains of Namibia were not found to be meaning-
ful [4]. In both instances. varnishes were confused with
the weathering of rock surfaces. Rock varnishes are
relatively thin surface layers formed from dust par-
ticulates. silicate clavs and small amounts of organic
material. Their rate of formation depends on climatic
factors and biological processes {2]. Elemental analyses
of the varnish have shown that this is not necessarily
derived from the matrix on which it was formed and
usually consists of clay minerals containing, inter alia.
Mn and Fe: the minor elements include Na. P, S. K. Ca
and Ti [5].

Because Ti deposited in the varnish layers is less
soluble and mobile [8.9]. substitution of alkali metals by
Ti can serve as a basis for dating by using ratios of

/’\_/lkali metals (K. Ca) to Ti. here called the cation ratio.

0168-583X /88 /$03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)

In this study these cation ratios gave an indication of
how long the artefact had been exposed to the leaching
process and could thus be used to date the artefact.

2. Experimental
2.1. Description of the samples

To test this technique. a suite of artefacts with rock
varnishes of different thicknesses and colours and from
a number of surface sites were selected. Samples
originated from the region of the Orange river in the
Northern Cape. South Africa. Details of these samples
are given in table 1.

2.2. Irradiation and measurement

All the analysed artefacts were small enough to be
irradiated inside a multipurpose scattering chamber [6].
Varnish spots were selected at random for analysis.
These spots were irradiated with a collimated beam. 300
pm in diameter. of 5 MeV *He ™ ions. obtained from the
Faure Van de Graaff accelerator. Average beam cur-
rents were about 1 nA. The X-rays generated by the
bombarding beam were measured with a Si(Li) detector
placed at 90° to the beam about 11 ¢m from the point
of incidence of the beam on the artefact. Two absorbers
of photographic film. each about 135 pm thick, were
placed in front of the detector 1o prevent the passage of
scattered ions and of low energy X-rays. Collected data
were recorded on magnetic tape for off-line processing.

V. APPLICATIONS
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Table 1

Description of analysed samples

Sample Excavation - Typological Approximate
ntity site classification age/10° vr
/1

460/2 Site 3. Joubertsgif, Smith-field 1

84607/3 (see sample 8459) B

8459/1A Site 2. Joubertsgif. Smith-field 10

8459/1B 7.2 km ENE of Norval’s Pont A

8459 /1C on edge of HF Verwoerd Dam (Late Stone Age)

8462/1 Site 1. Dagbreek. MSA* 11 80

8462/2 9.6 km SSW of Bethulie

8462/3

8461 /1A Grootverlang on the Van der Kloof MSA* 1 120

8461/2A Dam. 27 km ENE of Petrusville

8461 /1B

8461,/2B

2 MSA = Middle Stone Age.

Analysis by PIGME with a beam of *He™ at the
bombarding energy of 5 MeV was carried out simulta-
neously with PIXE to determine the content of N. O.
Na, Mg and Al through the measurement of the intensi-
ties of the following prompt gamma-rays: 871 keV *N
p(1. 0); 351 keV 'O n(l, 0); 417 keV **Na n(2. 0) and
440 keV #Na (1, 0); 585 keV Mg (1. 0): and 709 keV
27A1 n(2.0). The gamma-rays are named according to

‘e chemists’ convention [7].

In order to obtain analysis of increasing thicknesses
of varnish. selected sampies were bevelled at an angle of
about 5° with a new silicon oxide wheel running at
variable speeds up to 1500 rpm. The bevelled surface
formed a wedge of varnish in which the various layers
of formation were revealed. Thus the exposed length of
about 6 mm couid be analysed stepwise to provide a
scan across the entire varnish thickness.

10° . : . .
i Fe
[ 410°
101. -
_ i -— Rock Substrate
[« 13
g Ca Mn J10¢
2 103 T ]
“ I Ca T Cr ’
S I
a K 3
» A 4110
€ 102 :
é 10 - \/ \\4/\"'
i . Jo?
10’ i Wm
Patina Surface
110’
L 1 v LI 4 T j T 100
50 100 150 200 250 300
Channel Number

Tig. 1. X-ray energy spectra of varnish surface (lower curve) and the rock substrate. obtained from bombardment with 5 MeV *He™*

ions.




C.A. Pineda et al. / IBA as a means of dating rock varnishes 465

3. Results and discussion
3.1.. X-rav spectrometry

A typical X-ray energy spectrum obtained from a

\/varnish sample bombarded with 5 MeV ‘He~ ions is

N -

shown in fig. 1. The spectrum is compared with that
obtained from the rock substrate. The varnish shows an
increased concentration of Ti. but decreased concentra-
tions of K and Ca. reflecting the changes of the catuon
ratio (K + Ca): Ti. The concentrations of Cr. Mn. Fe.
Cu and Zn in the varnish and the rock substrate are
very similar. It may be noted that under these condi-
tions of analvsis the sensitivity of PIXE is poor for
heavier elements. but is useful for determining elements
with Z < 30.

3.2. Rock varnish scan

When comparing a series of spectra obtained from a
scan across a wedge-shaped laver of varnish. it was
necessarv to determine the relative yields from the
elemental components. A plot of the summed relative
vield from K and Ca is shown in fig. 2 as 2 function of
the relative Ti vield. Included in the figure are plotted
points from replicate analyses of the stone matrix. The
most recent portion of the varnish (outer layer) and the
oldest laver (interface substrate-varnish) are marked in
the figure. Deviation from linearity occurred in the
direction of increasing Ti content and corresponded to

“ increasing age. as was expected from the postulate that

varnish growth is accompanied by leaching of alkali
earths [2]. The composition of the basalt stone matrix of
the artefact showed a very high relative concentration of
K and Ca. different from that in the varnish. Because
the replicate analyses agreed reasonably well with each

12200 ; r . T T
= .
cJ2200 - =" —1
3 =
(]
:
x
B -
@
> :
E
< y
i
I
-t
|
!
c : !
< 22272 F 3o} £IC3 8200 csis 12000

vL'ount Yeld Ti

Fig. 2. The summed relative yield from K and Ca as a function

of the relative Ti vield obtained from a scan across a wedge-

shaped varnish layer. Replicate analyses from the stone matrix
are plotied for comparison.
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Fig. 3. Plot of the first two axes of a correspondence analysis

of the data on the content of K. Ca. Ti. Mn and Fe 1mn

measured spots of a scan across the varnish thickness. The

dotted line is inserted for the eve to distinguish the *horseshoe

effect’” as a result of graded variation of elemental concentra-
tons.

other. it was accepted that its composition was homoge-
nous in the scanned area.

Nitrogen could be considered as a marker for organic
material. Since the leaching of organic material was
though to run parallel to the leaching of varnish compo-
nents that are relatively immobile [8.9]. the relative yield
of (K + CA): N was compared to that of (K + Ca): Ti.
No correlation was found between these two sets of
ratios. It was therefore deduced that the rates of deposi-
tion and removal of organic material were different
from those of the inorganic elements.

Preliminary comparison of elemental ratios of Na.
Mg and Al relative to Ti have. as yet. proved inconclu-
sive.

3.3. Correspondence analysis of the data

Elemental concentrations of K. Ca. Ti and Mn rela-
tive to Fe obtained from a scan across the varnish laver
of sample 8459/1B were used to calculate correspon-
dence analysis plots [10.11] to visualise the multielemen-
tal composition data from the various scan spots. A plot
of the first two axes is shown in fig. 3. The dotted line
was added 1o the figure to allow the eye to distinguish
the “horseshoe effect” resulting from graded concentra-
tion changes. The order in which the points appear in
the plot of the horseshoe was found to correspond to
different depths of varnish. and hence different ages.
During the scan, the beam had a diameter of 0.3 mm
and the step size between scan spots was also 0.3 mm.
Accordingly, overlapping of beam spot halos could have
affected the precision of analysis detrimentally.

V. APPLICATIONS
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(K+Cal/Ti

Cation ratw

2l ; Lo el : IS
103 10° 10°
Typologicat Age/ Years B.P

Fig. 4. The correlation between the cation ratio and the typo-
logical age.

3.4. Cution ratio—-age correlation

The approximate age of the analysed samples was
first estimated on typological grounds. This information
is included in table 1. The analytical data for all the
samples were used to calculate the mean and standard
deviation for the cation ratios K: Ti. Ca:Ti and (K +
Ca): Ti. These values were plotied as a function of the

yological age and the resuiting values obtained for the

\rﬂ/‘( named ratio are shown in fig. 4. The error bars in

e figure refer to the standard deviation. It will be
noticed that the standard deviation increases with time.
reflecting a higher variability of the cation ratio if it is
accepted that all specimens from one site have the same
age. Alternatively. the wide spread of cation ratios for
older specimens could indicate that not all of the speci-
mens have the same age. although found on the same
site. Another interesting point is the similarity of the
curve in fig. 4 to those published from other areas {2].
Even making due allowance for local environmental
differences. the curve has the same apparent “kink™ at
approximately 10° years as well as the same overall fit.

This is most encouraging and confirms the validity of
the cation ratio curve established in our experiment.
although much work still remains to be done to extend
and refine our initial results particularly. for different
areas within southern Africa.

Thanks are due to Mr. M. Wilson of the South
African Museum. Cape Town. Republic of South Africa.
who kindly supplied a number of sampies for analysis
and the details of the archaeological sites and Dr. J.
Deacon of the Archaeology Department. Stellenbosch
University. for commenting on patinas and the tvpo-
logical dating. Final responsibility for anv interpreta-
tions remains ours. however. The staff of the Faure Van
de Graaff accelerator are thanked for their helpful
cooperation. This work may form part of a thesis to be
submitted to the University of Cape Town (by C.A.P)
and is published with permussion.
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Effect of height and orientation (microclimate) on
~~amorphic degradation rates and processes,
wc-glacial terrace scarps in central Idaho

B 4

KENNETH L. PIERCE U.S. Geological Survey, Box 25046. M.S. 913. Federal Center. Denver. Colorado 80225
STEVEN M. COLMAN U.S. Geological Survey, Woods Hole. Massachusets 02543

ABSTRACT

Terrace scarps can serve as & nearly ideal natural laboratory for
the study of the evolution of slopes. This paper examines the effects of
scarp size (height) and orientation (microclimate) by keeping constant
variables such as age, iithology, and regionai climate.

1f a scarp degrades as a closed system. and downslope movement
is directly proportional to surface gradient, the evolution of the scarp
is modeled by the diffusion equation. For a group of scarps of same
age and known starting angle, the diffusion-equation model predicts
the reiation between maximum scarp angie (6) and scarp height (h).
Late Pleistocene terrace scarps now as steep as 33.25° as well as
measured angles of repose for sand and gravel, require a starting angie
as steep as 33.5°. For latest Pleistocene idaho and Utah scarps, as &
increases, 4 is gentler (more degraded) than modeled by the diffusion
equation with a constant rate coefficient. The degradation-rate coeffi-

* ~t(c)increases tenfold with scarp height; it should not change with

height if downslope movement is solely determined by surface

tent (to the first power). Soil wash appears to be responsible for

this departure from the diffusion-equation model, for transport rate by
soil wash is a function of scarp size (height).

South-facing scarps are less vegetated and more degraded than
north-facing scarps. For scarps 2 m high, the degradation rate (c*) on

Figure 1. Stages in the evo-
lution of a terrace scarp. 1. Lat-

S-facing scarps is 2 times that on N-facing scarps; for 10-m scarps, it is
S times.

The observed dependence of the rate coefficient ¢* on scarp
height can be removed by normalizing c* to values for west-facing
scarps of the same height. The residual c* values caiculated by this
method correlate well with differences in incident solar radiation re-
sulting from the different scarp orientations and maximum gradients.
This correiation demonstrates the importance of orientation on slope
processes and their rates through the differences in freeze-thaw cycles,
soil moisture, and vegetative cover.

Scarp morphology may be used to estimate age, if one accounts
for the effects of climate and for scarp height, orientation. and lithoi-
ogy. For example, using the dated Bonneviile shoreline scarps for
calibration and comparing only scarps of equal height, we estimate the
Drum Mountains fault scarps to be 9,000 yr oid. This age is about
twice that produced by previous diffusion-equation calculations that
have not accounted for the height as we have here, but it is the same as
independent geologic estimates of their age.

INTRODUCTION

Understanding slope processes is fundamental to geomorphology,
because most of the landscape is in slope. Measurement of slope processes
is difficult. however. and. for most slopes, neither their original form nor

eral undercutting of terrace
gravels by stream to form a
scarp steeper than the angle of
repose. 2. This oversteepened
slope rapidly ravels to form a
rectilinear scarp at the angle of
repose, here inferred to be 33.5°
(see text), which is our starting
form for diffusion-equation

4. 10,000 yrs, 6=20°

5. 15,000 yrs, 6=17°

modeling, 3, 4, 5. Scarp profiles ot

o
— .

T Xyt Ly

predicted by diffusion-equation

1. UNDERCUT SCARP
2.”"STARTING FORM",8=33.5°—

3. 5000 yrs, 6=25°

model at stated time intervais
(degradation rate coefficient,
of 12 x 10~ m¥/yr).

ACCRETIONARY
COLLUVIUM °

4.

. VERTICAL EXAGGERATION-2X

Anappendixofsurpmemmmmdeﬁvedvduamdatenwithwpplememuydmimionofmesurpsandmel!llm
Procedures can be obtained free of charge from the Data Repository of the Geological Society of America. Request Supplementary Data 86-17

from the GSA Documents Secretary.

dgical Society of America Bulletin. v. 97, p. 869-88S, 15 figs., 5 tables. July 1986.
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‘hetr age 15 known. Rates of degradauon may vary greatlv among naturai
slopes pecause of differences in locai ciimate. surficial matenais. and slope
Drocesses.

For ~ 100 terrace scarps iormed 1n late giaciai ume on ailuvial fans in
semuarid centrai Idaho, this study examines scarp degradauon following
wo themes: (1) the effect of size theight) of scarps on rates and kinds of

N Terrace scarps. narrow ramps between alluvial surfaces. provide an  slope processes and (2) the climauc effect of differences in scarp orienta-
:deal naturai laboratory for studving geomorphic processes. Their onginal  1on on siope processes and rates.
form and age commoniv can be inferred. Maternal eroded from the upper Along a singie-age scarp. Bucknam and Anderson (1979) first docu-
part of the scarp is deposited on the lower part in an essenuaily closed mented that § (maximum scarp angle) increases approximately linearly
system. Terrace scarps integrate the long-term effects of siope processes. with log / (scarp height) and that. for a given height, & diminishes with
and. because thev are formed in unconsolidated matenais. ihe system 15 scarp age. Subsequent studies. drawing on stope models using the diffusion
“transport-limited™ rather than “loosening-limited” (Gilbert. 1377: Carson  equation (Culling, 1960. 1963. 1965), studied the reiation between 6. A,
and Kirkby. 1972; Nash. 1980a). Figure | shows stages in the idealized and age for fault. terrace. and wave-cut scarps {Nash, 1980a. 1984;
evolution of a terrace scarp. Colman and Watson. 1983; Hanks and others. 1984; Mayer, 1984). This
N
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Figure 2. Aerial photographs of ailuvial fans in the Big Lost River Valley, [daho. showing locations of terrace-scarp profiles studied (short
" lines, numbered as in Appendix). Carbonate-coat measurement sites (letters and circied dot) on surface estimated to be ~15,000 yr oid.

A. Ramshorn Canyon fan: inset maps show locations of study area in central Idaho and locations of scarps studied on Anderson Canyon fan,
which is 2 km south of the southwest corner of the area of the photograph.




LATE-GLACIAL TERRACE SCARPS. IDAHO

diffusion-equauon model simpiv assumes that conunuity exists and that
downslope movement is direcly proportionai to surface gradient. Along a
scarp with different neights, the relation between 8 and # is predicted by
the diffusion-equation model. Our analysis of scarps in idaho and Utah
shows that. compared to lower scarps. higher scarps are more degraded
than moaeied by the diffusion equauon. The greater degradation of these
high scarps probably results from increased soil wash. which is not mod-
eled by the diffusion equauon. This height effect can be incorporated into
age esumates of fault scarps based on the diffusion-equation model.

Slopes of varving onientauon have climauc differences. This influence
of microciimate commoniv is mantiested by asymmetry of valleys. al-
though the processes invoived are poorly understood (Carson and Kirkby.
1972: see Dohrenwend. 1978, Table 1. for outline of problem). Stream
activity at the base of valley slopes introduces complications (Melton,
1960: Dohrenwend. 1978). whereas terrace scarps form a closed system
and permut 1solation of microclimauc etfects on slope processes.

Microciimate varies greatlv among the central Idaho scarps. as shown
by vegetative cover of desert-shrub appearance on steep south-facing (S-
facing) scarps. contrasted with that of praine-grassiand appearance on the
steep, north-facing 1 N-facing) scarps. Other faciors vetng equai. S-facing
scarps have iower slopes. larger volumes of transported matenai. and
higher transport rates than do N-facing scarps. The dispanity between
N-facing and S-facing scarps increases with slope and height. For ail scarp
orientations. the degradation rates correlate with the incident solar radia-
tion. Solar radiation affects the rates and relative importance of slope
processes through its interrelated effects on soil moisture, vegetauon. and
freeze-thaw and wet-dry cycles.

GEOMORPHOLOGY AND MEASUREMENT OF
TERRACE SCARPS

Setting

The terrace scarps studied are on three adjoining alluvial fans along
the east side of the Big Lost River Valley of central Idaho (Fig. 2; see Scott.
1982, for regional surficial geologic map). We studied scarps on the
Ramshorn, Anderson. and King Canyon alluvial fans at aititudes between

871

1,800 and 1.900 m. These canvons head 1.000-1.500 m higher, com-
monly in cirques. The fans siope 3° to 4.5 and consist of gravei and sand
derived from upper Paleozoic carbonate rocks. The terrace scarps were
formed by lateral-stream pianauon of fan gravels and are distinct from
Basin Range fault scarps. which also cut across the heads of some of the
alluwial fans (Scott and others. 19851,

The climate 15 coid and semianid: MAT is 5.5 °C and MAP is 23 cm
{U.S. Weather Bureau. 1959. Arco and Mackay stauons). Solar radiation
and global cloudiness index at Pocatello are 415 Langieys and 63% and at
Boise are 406 Langieys and 62% (Knapp and others. 1980). Generalized
maps by Visher (1954, p. 135-136) show that the area has >130 freeze-
thaw cycles a vear. with frost penetrauon to 50-100 cm. Soil moisture
builds up during winter and early spnng and is consumed by evapotranspi-
ration during spring and early summer. Although the climate during the
last two-thirds of the scarps” history (Holocene me) probably was similar
1o the present. colder climates and consequent greater soil moisture of late
glacial time prevailed during their earlier history ( Pierce and Scott. 1982).

Scarp Measurement and Orientation

About 100 terrace scarps having various onentations and heights
were profiled using an Abney level. measuning wape. and rod ( Appendix:
Fig. 1)} We estimate that scarp heights are accurate within a few
percent for scarps higher than 5 m and are accurate within 5% to 10% for
scarps 1~2 m high. The maximum scarp angle (8) commonty subtends
about one-half of the scarp height. We esumate 6 to be accurate to within
about a degree. Profiles were measured perpendicuiar to the trend of the
scarp, proceeding from slopes in the plane of the proiile of 0° to 2° on the
lower surface to equally low slopes on the upper surface. Some S-facing
scarps had upper surface siopes 3% to 4° in loess (Fig. 3B). The scarp height
excluded any thickness of the loess greater than 0.5 m (Fig. 3), because
that loess partly postdates the scarp, and it is readily eroded by deflation
and by soil wash. Errors in the measurement of 4 and 6 would produce
only minor effects on our anaivsis.

'The appendix is available free of charge by requesting Supplementary Data
86-17 from the GSA Documenis Secretary.

Figure 2B. King Canvon fan.
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Figure 3. Cross sections across scarps showing greater degradation of S-facing than of N-facing terrace scarps of equal height. The solid
inclined line represents an assumed starting angie of 33.5°. See text for discussion of diffusion-equation simulated profiles.

The scarps were divided into four groups based on orientation
(Fig. 4). The stronger drying effect of the afternoon sun and the prevailing
southwest winds make scarps that are oriented somewhat west of due
south the warmest and driest and those that are slightly east of north the
coolest and wettest. The boundaries between orientation groups conse-
quently are arbitrarily shifted 17° clockwise, so that the warmest and
coolest siopes are inferred to center in their respective groups (Fig. 4).
Analysis for the east-facing group is not presented. because only six suit-
able profiles were found.

Origin and Evolution of Scarps

The terrace scarps were formed in unconsolidated gravel during lat-
eral planation by late-giacial streams. They show concave re-entrants sep-
arated by cusps similar in curvature to the channelways on the late-glacial
alluvial surface (Fig. 2). At the time of uncercutting, the scarps are inferred
to have been steeper than the angle of repose (Fig. 1). Shortly thereafter,
piecemeai gravitationai collapse (raveling) from the free face reduced the
scarps to the angle of repose (Wallace, 1977), the “starting form” of this
study (Fig. 1). At the “starting time.” the scarps were stable enough to be
vegetated. as currently are SOme SCArps as steep as 33° to 35°, and scarp
degradation thereafter proceeded by much slower processes (Fig. 1).

The scarps probably attained the angie of repose in a short time,
compared to their estimated 15,000-yr age. In Nevada, 2-m fault scarps in
gravelly sand have raveled to an angie of repose of ~33° in 70 yr (K. L.

s Number of S =
3 scarps per 188

ingofmnmredmrps,asweﬂasaveugeoﬁenuﬁonofsumh
eachgroup.l!oundariubetweenorienmionclassesareshiftedl7°
clockwise (see text).
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Pierce, unpub. data). Within 2 wk of the 1983 Borah Peak. Idaho, earth-
quake. scarps in gravel had raveled to slopes of 37 = 1°, which spanned
three-fourths of the 2-m-high scarps along Arentson Creek (K. L. Pierce.
unpub. data), and scarps along Rock Creek had raveied to 30 = 1° (R. C.
Bucknam. 1983. oral commun.). A vear after the eanhguake. scarps on
Rock Creek had local angie-of-repose “graded™ surfaces of ~35° (K. L.
Pierce. unpub. data).

We use a starting angie of 33.5°, because some scarps 1n the data set
are as steep as 33.25° (Appendix). and other vegetated scarps in gravel in
the area are as steep as 35°. Angles of repose in sand and gravel pits
average 33° (Rahn. 1969). Angles of repose in weli-sorted sand having a
porosity of 40% are 30°, but in mixuwres of sand and gravel-sized spheres
(porosity = 20%). the angie of repose increases to 35°-36¢ (Statham. 1974,
Table 2). Although a starting angie of 35° or steeper may be appropriate,
for our diffusion-equation analysis we use the more conservative value of
33.5°. because a kev finding of this study is the dependence of the rate
coefficient on the height of the scarp. and choosing a steeper starting angle
would accentuate this dependence.

The starting angie is considered to be independent of orientation or
height. Rahn (1969) found that angles of repose in gravel pits and in
stream banks show no reiation to orientation. Furthermore. a posittve
correlation between starung angie and scarp height, such as might be
caused by deep-seated siumps. was not observed and is uniikely for the
heights of low-cohesion, sandy gravei forming the scarps.

Age

For eastern Idaho. Pierce and Scott (1982) presented evidence that
the last interval of major fluvial activity on alluvial fans was in late-glacial
time and that alluvial activity since then has been minor and generally
confined 1o the mountain areas and fan heads. The scarps in this study
were formed by lateral planation during this last episode of Pleistocene
alluvial activity. Near the fan heads, small side-stream fans bury the main
channel and show that the main streams have been relatively inactive since
late-glaciai time. On the basis of regional climatic history, the scarps were
cut before the late-glacial to modern climatic shift that occurred
11,000-12.000 yr ago and do not predate full-glacial time, dated as
~18,000-20,000 yr ago (Pierce and Scott. 1982; Porter and others, 1983:
Heusser, 1983). Major, but not final, degiaciation of the Rocky Mountains
Occurred ~ 14,000 to 15,000 yr ago (Porter and others, 1983, p. 99;
Carrara and others, 1984). The scarps are inferred to date from the last
time of extensive fluvial activity on the fans ~15,000 yr ago and are
probably not more than 4,000 yr younger or older than 15,000 yr.

_ The late-glacial fan surfaces and associated terrace scarps show no
Significant differences in age. Braided channels are clearly displayed on
aerial photographs (Fig. 2), as they also are on other late-giacial, but not
Older, fans in the region. Pierce and Scott (1982) showed that the thickness
of carbonate coats on clasts from caicic soil horizons is a useful correiation
and relative-age method. Ten different sites where ~ 20 individual carbon-
ate coats were measured averaged 1.07 + 0.16 mm as follows: Ramshorn
fan, 1.0+ 02,10+ 03.13 + 04,1.1 £04,1.3 205, 1.2 £ 04; King
fan, 1.0 £ 02, 1.1 = 0.4, 09 + 03; Anderson fan, 0.8 £ 0.3. These
Carbonate coats are of the same thickness as those on nearby till and
Outwash deposits of later Pinedale age (Pierce and Scott, 1982). Dating of
Carbonate coats by the 239Th/ 24U isochron method indicates the rate of
Suild-up of these coats is ~1 mm/15,000 vr (Szabo and Roshoit, 1982;
Pierce and Scott, 1982; Pierce., 1985),

Soils associated with the late-glacial fan surfaces are weakly devel-
Oped, having cambic B-horizons ~ 15 ¢m thick and calcic horizons ~ 30 cm
thick. The caicic horizons contain stages I and II carbonate morphology
'€ and others, 1966), consistent with soils on late glacial deposits in the

Tegion. The soils at the tops of the scarps are not cemented and conse-
Quently have not inhibited scarp degradation.
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Two 25- 10 30-m scarps at the head of the King Canyon fan may
have been undercut after late-glaciai time, although their form and the
retation between material eroded and material deposited on them do not
suggest younger undercutting (Appendix. Part 3. sites 86 and 87). These
S-facing scarps are not used in the analysis. but they are shown on plots
because their large degradation requires degradation rates at least equai to
those based on iower scarps.

In conciusion. the scarps used in this analysis are all about the same
age and are reiict from large stream flows and associated lateral planation
during late-glacial time. These scarps are estimated to be ~ 15,000 yr oid,
on the basis of (1) the similar thicknesses of carbonate coats in soils at 10
sites on alluviai surfaces, the depositing streams of which also undercut the
scarps: (2) the carbonate-coat thicknesses similar to those on outwash
surfaces of the last glaciation: (3) carbonate coats | mm thick, indicating
an age of 15.000 yr based on “30Th/234U isochron caiibrated rates of
deposition: (4) only local modification of the fans by the main streams
since late-glacial time: (5) dating of major (but not final) deglaciation in
the Rocky Mountains ~ 14.000 to 15,000 yr ago (Porter and others. 1983,
p. 99): and (6) similarity with the Lake Bonneviile area in Utah, where
deposition of fan gravels had largely ceased when the Bonneville shoreline
was abandoned ~14.000 yr ago (W. E. Scott. 1983. written commun.:
Scott and others. 1983). An uncertainty of +4.000 yr is based on end of
glacial conditions ~11.000 yr ago and full glacial conditions
20.000-18.000 yr ago, with fluvial activity and extensive regrading of fan
surfaces from full-glacial time to 14,000-15.000 vr ago.

Present Character of Scarps

The scarps are cut into deposits of sandy gravei. Graveily colluvium
on the scarps now has a silty matrix derived from loess (Pierce and others,
1982) deposited on or at the top of the scarps. The scarps have a rounded,
convex upper part and a concave lower part. N-facing scarps are steeper
than S-facing scarps (Fig. 3). The midsections are steepest and have a
nearly constant surface gradient for about one-half of the scarp height.
Excavations show that erosion has occurred above the scarp mid-point
and deposition below it. Nearly all of the material eroded from the upper
half has been deposited on the lower half, and. with the exception of a
minor voiume of silt, no detritus has been carried beyond the base of the
scarp.
N-facing scarps are better vegetated than are S-facing ones (Fig. 5).
Bare ground is exposed over ~70% of the surface on the highest S-facing
scarps, compared with only ~ 10% for the highest N-facing scarps. N-facing
scarps have a silty, root-bound sod ~5-10 cm thick that is resistant to
penetration by a shovel, whereas the surface materials on S-facing scarps
are nearly cohesionless, with widely scattered roots.

On the scarps, a surface layer one stone thick mantles nearly stone-
free silt ~5-15 cm thick. This segregation of stones from silt is best
developed on S-facing scarps. Frost heaving most likely moves stones to
the surface and leaves silty material behind (Washburn, 1980, p. 80-90).
This segregation process appears to be strong enough to maintain the
stone-poor layer, despite mixing due to other slope processes.

Near the mid-points of S-facing, W-facing, and N-facing scarps, pits
were dug through the scarp colluvium to in-place gravel to determine the
geometry of materials on the scarp. Above the scarp mid-point, colluvium
is generaily about one-half metre thick and contains 20% to 60% (by
volume) loessial silt. On some S-facing scarps, colluvium near the
mid-point appears thicker; at one site it is | m thick just above the scarp
mid-point. Below the mid-point, the colluvium thickens in a manner con-
sistent with an inclination of 30° to 35° on the contact betwees colluvium
and the underlying sandy gravel (see Figs. | and 3). Pits near the scarp
mid-point exposed soils with cambic B-horizons developed above weak
caicic horizons with stage | to stage il carbonate development.
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Figure 5. Photographs showing denser vegetation cover on N-facing scarps (left) than on S-facing scarps (right). The lower photographs
are of high scarps. where vegetation differs the most. The upper photographs are of low scarps, where vegetation differences are more subtle.

MORPHOLOGICAL ANALYSIS USING THE
DIFFUSION-EQUATION METHOD

The rate of downslope transport (R) can be expressed as:
_ dy
R =kx™( ix ", (1

where . m. and n are constants and x and y are horizontal and vertical
distances. For many slope processes, here called “Group A processes”
{Table 1), the rate of downsiope transport is directly proportional to
surface gradient. so that m = 0 and n = . For these processes, combination
of equation | with continuity relations yields an equation dentical o that
for diffusion:

dy o

i C;;. )

vhere ¢ is time, and ¢ is a rate coefficient, assumed here not to vary with

\_-bosition or time. We refer to this diffusion equation with a constant rate

coefficient simply as the diffusion equation. For discussion of derivations

and assumptions regarding equation 2. see Culling (1960. 1963, 196S),
Souchez (1964), Hirano (1968), Kirkby (1971). Nash (1980a. 1984),
Colman and Watson (1983), Hanks and others (1984), Mayer (1984),
Trofimov and Moskovkin (1984), and Andrews and Hanks (1985).

We assume a rectilinear starting profile at the angle of repose (Nash,
1980a. 1984). We use an analvtical solution for equation 2 (Colman and
Watson. 1983, note 11).

h

c =
(41"’ tan « erf-! (tan 6/tan a)

where h = scarp height, a = starting angle (33.53°), ¢ = 15.000 yr, eri-l =
inverse error function. and 8 = maximum stope 2ngl=. This solution yields
resuits identical to Nash's numerical solution.

Other slope processes, here cailed “Group B processes” (Table 1), are
more complex. because downslope movement is not proportional simply
to the surface gradient (1o the first power). For these processes, m may
range from 0 to 2.5, and n may range from 1 10 3 in equation | (Kirkby,
1971). Kirkby (1971, p. 26) suggested that for soil wash without guilying,
m =1, and n = 1-2. whereas for soil wash with gullying, m = 2.andn=2.

(53

©))
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TABLE |. COMPARISON OF GROUP A PROCESSES (EQUATION 2 OR EQUATION | WITH m = 0,
2= 1) AND GROUP 8 PROCESSES (EQUATION | WITH m = 5-2, a 51)

Process References

Group A: D

directiy propo

0 surtace grodiens and ikeresore moaesed by diffusion equanon

_p Soil creep. Expanmon and contracuon due 0
(recming and thawing. wetting and drng.
and cranges. Dn o
animal burrowing and loCoOmMOUON. and by
growth. decay. and wing MOvement of plants.

Daveom 18891 Mitchetl 11976}
Souchez (1964). Culting (1963. 1965);
Schumm ¢1967). Carson anda Kirkby
11972): Young (1972).

Raindrop impact. Ra:nsolash on siopes resus

De Ploey and Savat (1968): Young
n net downslope movement.

11972, p. 661
Possibly Group A

Solifiucton. imporuam 8t gh lainudes ang
high alutudes. More dependent on morure
thas stope. Proporuonal © surface
gradient f0r mes MOt throughout year

Washbura. (1980, p. 2051, Young (1972,
p 6l

Gwﬂ:Dommma]umwdmvormdmrmdwnawmmmlmw.wtmm
modeled by diffusson eouanon

Soil wash (siopewasn) Both without gulining.
im=03-1) and wuth gullying (m = | 21 Mom
effective where grouna surface 1 exposed

Kirkby (1971, Carson and Kirkby
(1972); Schumm (19561 Zingg (19401
Young (1972, p 62-70). Smuth ans
Wischmeser 11962).

Cohessom-timted creen. “Efficency” of creep
PIOCESE & IUNCUON Of the SUACE gradient,
50 A 24 (see Fg 15)

Figure {5. thes paper. Emoinc
OOAETVALIONS SURESL LRAL A 15 60t
>1. see Carson and Kirkdv 11972
p 286~291) Harms (1973 Fyr §)

For soil creep where m = 0, so0il cohesion may cause » to be greater than i;
such creep processes may be Group B processes rather than diffusion-
equation-modeled Group A processes.

The profile of a scarp degraded by Group A processes would, from
the base up, increase in slope to the mid-point and then decrease in siope to
the top (Fig. 6). The form of a scarp degraded by Group B processes. if
dominated by soil wash, is a profile with an increase in gradient toward the
top of the scarp (Fig. 6). If the two groups of processes operate with equal
over-all effect, a composite slope profile resuits that has a nearly constant
surface gradient for about one-half of the scarp height (Fig. 6).

The scarps in the study area were similar to this composite profile
(ifig. 6) in that their middle half has an essentiaily constant slope. Synthetic
diffusion-equation profiles based on maximum angle and scarp height
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commonly differ slightly from the surveyed profiles by having iess materiai
eroded from the crest and less material deposited at the base than modeled
by the diffusion equation using ¢ (Fig. 3). The meaning of these departures
may in part be due to uncertainty in measurement. For exampie, Dave
Nash (1985, wnitten commun.) provided a synthetic profile that is a very
close fit to the actual profile (x’s in Fig. 3) by making the following
changes: a 0.7° rather than a horizontal slope for the upper and lower
surfaces. a 7% increase in 6. and a 3% increase in A These changes cause
only a 5% decrease in the calculated value of ¢.

As the maximum angle is a simple parameter that can be accurately
measured, and because it represents both a large pant of the scarp and the
part of the scarp where transport rates are greatest. we use maximum angie
in our analysis. following the work of Nash (1980a, 1984).

EFFECT OF HEIGHT AND ORIENTATION ON SCARP
DEGRADATION (RESULTS)

This analvsis makes the following assumptions: (1) that starting an-
gles are the same for all heights and orientations of scarps, (2) that the
scarps are approximately the same age, (3) that lateral planation forming
the scarps was great enough to resuit in the entire scarp being steepened to
the angle of repose (starting angle), (4) that scarp height does not change
significantly through time (upper and lower slopes horizontal in profile),
(5) that degradation of these scarps may be considered a closed system, (6)
that the lithology of the gravels and the effects of loess deposition are not
significantly different among the scarps, (7) that regional climate within
the study area is essentially constant, and (8) that runoff across the scarps
comes only from the catchment area of the scarp. We think these assump-
tions are reasonable either on grounds aiready discussed, or because we do
not know of evidence to the contrary.

A useful way 10 present scarp morphology data is the method of
Bucknam and Anderson (1979). For six sets of scarps of different ages in
Utah, they found a strong empirical correlation between & and log 4. For
the N-, S-, and W-facing Idaho scarps (Appendix), linear regressions of &
against log A have coefficient of determination (© of >0.90) (Fig. 7).
For a given scarp height. S-facing scarps have degraded to slopes
two-thirds those on N-facing scarps (Table 2).

“ 'COMPOSITE PROFILE
EQUAL EFFECTS OF GROUP
'GROUP B PROCESSES

A AND -

VERTICAL EXAGGERATION=2X

GROUP 8 PROCESSES,
PROFILE CONTROLLED BY SOIL WASH

N «  AND OTHER PROCESSES

GROUP A PROCESSES, RxSINE. MODELED BY
DIFFUSION EQUATION. PRORLE CONTROLLED
BY CREEP, FREEZE-THAW, RAIN SPLASH,

—— o
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betw,

gure 6. Shapes of scarp profiles formed by Group A and Group B processes (after Kirkby, 1971). Solid line is a visual compromise
°¢nlinesAnndB.andiupproximawspmﬁlewhmcmupAmdBpmmprodmeqmleﬁem.
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' N-FACING SCARPS . e Figure 7. Relation between
- ; 6 =208logh+9.2_ // P maximum scarp angle () and scarp
W og n=24 12=095 s e : height (&, on log scaie) for N-, S-,
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oo W P - given height have degraded to in-
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o H ’ -39 . >
= 20- M “ w s scarps. For regression analyses, n is
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73] 9=16.6 log h+8.1 excluded from regression analysis,
2 n=30, r*=0.90, SD=1.3° because they may be younger than
2 the others (see text).
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P
ALL SCARPS
s . =159 log h+8.2
57 n=92, r2=0.74, SD=3.2
0 ; 1 H H T T 1 '
1 2 3 4 5 10 20 30
SCARP HEIGHT(h), IN METERS
TABLE 2. AVERAGE VALUES AND RATIOS FOR S-FACING AND N-FACING SCARPS OF Relation between Maximum Angle and Scarp Height
(1) MAXIMUM SLOPES (61, (2) VOLUMES TRANSPORTED AND MOVED ACROSS SCARP
MID-POINTS, AND (3) AYERAGE RATES OF MOVEMENT ACROSS MID-POINTS
For scarps of the same age, Bucknam and Anderson (1979) showed
Scarp hesght Measurement Slacng N-facng South: North that maximum angle steepens with increasing scarp height. We restrict this
m Masumum siope (8, degres) " 185 on section to W-facing scarps wherg micrqclir'natg. as reﬂected. by solar
Volume (m”) 18 1o 28 insolation. is nearly constant for different inclinations of W-facing siopes
Average rue (m3/1.000 yr) 02 007 (Fig. 8).
o T Sops 18 degrees) 82 3 ges As ¢ will be constant if the rate of downslope movement is directly
average rzi2 1n?/.000 y1) a6 02 proportional to the surface gradient, the diffusion-equation model predicts
10m Maumum siope 19, degraee) 0.1 0 067 the relation between & and k (Fig. 9, “S™-shaped lines). For W-facing
X?;:‘::mm.m v '?:Z o; 2 scarps. however, ¢ increases with scarp height ( fig. .9). This means tl.m.,
15m Maxionum siope (6, degre) e - 0t6 using values of ¢ determined for low scarps, the diffusion equation predicts
Volume ) 303 13 7 that higher scarps should be steeper than they actuaily are.
Avernge e (/1,000 1) w0 o The terrace scarps show a strong, linear relation between ¢
Noie: Maximum siopes from regreson values from Figure 7. Volumes besed om & i-m-wide belt aad regremmon (degradation-rate coefficient, equation 3) and A, such that ¢ increases by

values from Figure | 1. Rates based on scarp sge of 15.000 yr (sec w1 The differences w average rates oerween N- snd
S-Macing scarps are icss than the differences 1 the rase coetficients ¢* (see lext).

1.5 % 10~ m? with each metre increase in & (Fig. 10). For processes
modeled by the diffusion equation (downslope movement 2 linear function
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Figure 8. Change in so- 5
lar radiation index (S/) with
both scarp orientation and
surface gradient at lat. 44°N
(from Frank and Lee, 1966).
This index is the percentage
of potential direct solar-beam
radiation that couid fall on a
surface of the given orienta-
tion and inclination and does
not account for cloudiness,
topography, and diffuse solar 0
radiation.
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of surface gradient. Table 1), ¢ should not change with scarp height.
Because ¢ is not constant with changing scarp height. we designate our
degradation rate coefficient as c*.

Owing to this unexpected finding that ¢* depends on h we also
calculated c* values for the Bonneville shoreline scarps. assuming a start-
ing angle of 33.5° (Bonneville data from R. C. Bucknam. 1983, wnuen
commun.). The Bonneville scarps are also formed in alluvial-fan gravels
under a semiarid climate. are ~ 15,000 vr old (Scott and others. 1983). and
are similar in orientation (E-facing and W-facing). The strong dependence
of ¢* on h for both the Bonnevilie and Idaho scarps (Fig. 10) demonstrates
that the diffusion equation does not completely model degradation of
either set of scarps.

The dependence of ¢* on 4 is sensitive to the starting angle: gentler
angles diminish the dependence, and steeper angies accentuate it. Nash
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(1980a) found that a 25° starting angle produced the best constant ¢ fit to
the Drum Mountains data. Colman and Watson (1983) sought to elimi-
nate the dependence of ¢ on A by reducing the starting angie, yielding
starting angles of 30° for Bonneville scarps and 28° for Drum Mountains
fault scarps. Hanks and others (1984) noted that ¢ depended on 4, assum-
ing a 90° starting angle, but they minimized this relation by assuming
starting angies of 31° or lower for the Bonneville and 26° for Drum
Mountains scarps.

We think the starting angle is related to the angle of repose and is best
determined from consideration of the matenals invoived and field mea-
surements of vegetated scarps at or near the angle of repose (Nash, 1984),
rather than by selection of a starting angle that minimizes the dependence
of ¢ on A (Colman and Watson. 1983; Hanks and others, 1984). As noted
previously, several vegetated N-facing ldaho scarps are steeper than 330
Although the Bonneville scarps are now gentier than 29.5°, none surveyed
both face north and are as high as the steepest idaho scarps. A starting
angle of 33.5° better fits the Bonneville data. because it halves the standard
deviation of 7 about & (our value is 3.2 m*. versus 5.9 m* of Colman and
Watson, 1983).

The dependence of c* on # indicates that Group B processes, most
likely soil wash (slope wash), are involved. Although the dependence of c*
on h indicates that the diffusion equation does not completely model the
processes operating on the scarp, we find c* a useful quantification of scarp
degradation rates and fc* of total degradation amounts. Comparison of
scarp degradation in terms of either ¢* or tc* has two advantages over
other methods. It accounts for (1) the reduced absolute rates of transport as
the surface gradients decrease and (2) volume differences based on the
correct relation between height and volume (for scarps of different & but the
same 6. the volumes moved are proportional (o the ratio of their heights
Squared).

35 ~ X i T
i P
. T T
30— // // /f// / —
| A
Figure 9. Departure of ' W-FACING SCARPS, S S S s
W-facing Idaho scarps rom 55 CENTRAL IDAHO Vs -
relation between ¢ and A (on 9=166 log h+8.1 e
log scale) predicted by diffu- . y

sion-equation model for S
degradation-rate coefficients
(dashed lines, ¢ ¥ 10~ m2/yr
for a 15,000-yr-old scarp).
W-facing Idaho scarps (W)
define the regression line
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shows an apparent increase
of about fivefold. A similar
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Figure 10. Dependence of the ap-
parent degradation-rate coefficient (c*)
on & for W-facing centrai Idaho scarps
(W). Also shown are Bonneville shore-
. line scarps that face west or east (solid
dots). For the Bonneville shoreline
scarps, calculations of ¢* use “surface
offset” rather than height, so as to ac-
count for the effect of the fan siopes
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Climatic Effects of Orientation

Differences in degradation between N- and S-facing scarps (Fig. 3)
may be quantified by estimating the volume of material removed from the
top and deposited at the base of a scarp, as determined by planimetry of
the area between the present scarp profiles and the inferred original recu-
linear form (Figs. 1 and 3; Appendix). About three times more matenal
has been removed from the upper pars of S-facing than N-facing scarps of
the same height (Fig. 1 1). Total volume moved. or mean rate of transport,
across the scarp mid-point differs by thirtyfold from 2-m-high, N-facing
scarps and 15-m-high, S-facing scarps (Fig. 11: Table 2). As the S-facing
scarps have degraded to lower slopes, and rate depends on surface gra-
dient, differences in mean rate ( Table 2) underestimate the actual contrast
between N-facing and S-facing siopes.

Using the diffusion-equation model, S-facing scarps have c* values
that increase greatly with A, whereas c* values for N-facing scarps increase
much less with 4 (Fig. 12; Table 3). The relations between ¢* and 4 for
different orientations (Fig. 12) show both a height effect in addition to that
modeled by the diffusion equation and an orientation or microclimatic
effect. Solar radiation is probably important to the different slopes of c*

versus /1 regression lines (Fig. 12), for it increases with steepness (and
height) for S-facing scarps but decreases with steepness for the N-facing
scarps.

Potentiai solar-beam radiation is an important and available determi-
nant of microclimate for the different orientations and inclinations of
scarps (Fig. 8). For the Idaho scarps, differences in solar radiation affect
snow cover, number of freeze-thaw cycles, soil moisture, and vegetative
cover. An additional climatic factor is a prevailing southwesterly wind that
dries scarps facing south and west and drifts snow onto scarps facing north
and east.

For a given latitude. solar index (S7) is the percentage of potential
solar-beam radiation on a slope of given. orientation and inclination (6
used for inclination) compared to that on a surface kept perpendicular to
the sun’s rays throughout the day (Fig. 8 and Appendix. interpolated from
Frank and Lee, 1966). The index does not account for scattering or
blockage by clouds and topography.

To examine the climatic effect of solar radiation on degradation
raes, Iwo procedures are used: (1) regression analysis of ST and % on
¢* and (2) removal of height effect on ¢* and then comparison of the
residual with S7.
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The dependence of c* on S7 and 4 is first evaluated by stepwise
regression analysis, which shows # has a greater effect on ¢* than does SI.
F-statistics for the stepwise regression, however, indicate that the contribu-
ton of S7 to the regression is large and highly significant.

Step 1.
c*=29k-29
(r2=.77. 5D = 8.4 x 10~*m?/yr). )

Step 2,
¢=275h+067 SI-31.1
(r? = 90, SD = 5.4 x 10~m?/yr). (5)

The second procedure removes the height effect from c* by normaliz-
il scarps to W-facing ones, where S7 does not change with surface
"’dm!l_ion (Fig. 8). The regression line for the W-facing group (Fig. 10)
of Ximates this normalizing line, except that the average orientation
fOrl:e W-facing group is 36° north of due west (Fig. 4). A normalizing line
line ue-west-facing scarps would therefore have a steeper siope than the

f°l'_ the W-facing group in Figure 10. To construct a normalizing line

ot ting ¢* versus & for due-west—facing scarps. a line with values of

bd::fw“ between those of N-facing and S-facing scarps of the same
Was defined (Fig. 12).

ing

SCARP HEIGHT (h), IN METERS

For each scarp, ¢* was subtracied from the normalizing line, yielding
residual c*. For S-facing scarps, residual c* is positive and increases with
height; for N-facing scarps, residual ¢* is negative and becomes more
negative with height (Fig. 13). These trends parallel the changes in the
solar index for N- and S-facing slopes (Fig. 8). The regression line for the
W-facing scarps has a negative slope one-third as great as that for N-facing
scarps (Fig. 13), compatible with the former's average orientation 36°
north of due west (Fig. 4).

A plot of residual ¢* on solar index (SI) shows a clear positive
dependence (Fig. 14). Linear regression (Fig. 14, equation 1) has a poor
correlation coefficient, largely because of the S-shaped distribution. A
cubic equation (Fig. 14, equation 2) does better, but an unlikely negative
slope occurs in the middle of the range, and the standard deviation remains
rather large.

The very high and low values of residual c* relate to special circum-
stances noted in the field. The two N-facing scarps in this group have
maximum slopes that are so close to the estimated starting angie of 33.5°
that they are very sensitive to the exact value chosen. If a 35° starting angle
is chosen, they plot much closer to the other points.

The 8 S-facing scarps with high residual ¢* values are the only ones
higher than 11 m (Fig. 14). Residual ¢* for these scarps averages ten times
that for smaller S-facing scarps with similar SI Such large differences in
caicuiated rate cocfficients suggest that a geomorphic threshold has been
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exceeded. For these high S-facing scarps, high residual c* values probably
resuit from accelerated soil wash. The rate of transport by soil wash
depends on slope length, which closely correlates with scarp height. Fac-
tors favoring the importance of soil wash for these scarps are the following:
(1) they are the highest, longest, steepest scarps and have the greatest
amount and velocity of runoff: (2) they have the least vegetative cover: ( 3)
they show abundant evidence of downsiope movement such as colluviai
mounds decimetres high uphill from bushes: (4) smail fans of debris occur
at the base of these scarps: and (5) following an intense storm in the
summer of 1983, decimetre-wide and -deep rills were cut into these scarps.

Deletion of the eight S-facing and two N-facing scarps from the
regression analysis results in improved linear-regression values (Fig. 14,
equation 3). A cubic equation (Fig. 4, equation 4) accounts for the obvious
S-shaped distribution of points and yields the best results (r2=082,SD =
1.7 x 10 m?/yr, n = 84). The height-normatized rates of scarp degrada-
tion (res. ¢*) thus correlate well with the simple climatic variable solar
index, in spite of the following known deficiencies of this anaiysis, that (1)
additional climatic effects such as wind are involved, (2) the diffusion-
equation incompletely models the degradation of these scarps, (3) the
normalizing procedure for determination of residual ¢* is crude, and 4)
potential rather than actual solar radiation is used.

15

DISCUSSION AND IMPLICATIONS

This study has several impiications regarding geomorphic processes,
slope evolution, vailey asymmetry, slope-process modeling, and morpho-
logic dating of fauit and terrace scarps. Discussion addresses, first, the
implications of the height effect in addition to that modeled by the diffu-
sion equation. then morphologic dating, and. finally, the effect of climate
on slope degradation.

TABLE 3. CHANGE IN DEGRADATION RATE COEFFICIENT (c* « 10m3/vr), WITH FIVE
HEIGHTS OF N- AND S-FACING SCARPS

Scarp hegne S-aag N-acag South : Nortk = South - North »
2 sS4 3 1.8x 24
3 162 (%] J6x 12
10 34 68 50x .
15 52 92 $.x 43.
20 0. i2* 6.0x% b A
Noer chnage was fom tFig. 12) for each heght.

'Hh&ﬁgm.d_vlﬂm“hm.hﬂnmdmh.




_ LATE-GLACIAL TERRACE SCARPS. IDAHO : 381

|
30

20 4

Figure 13. Plot showing that
residual ¢* for S-facing scarps is
positive and increases with A,
whereas residual ¢* for N-facing
scarps is negative and becomes
more negative with £ Residual c*
caiculated by normalizing ¢* values
to those estimated for due-W-fac-
ing scarps (Fig. 12). The average
orientation of W-facing scarps is
north of due west, and thus this
group pilots between N- and due-

res. ¢"X10 *m?/yr (RESIDUAL RATE COEFFICIENT)

87
S-FACING SCARPS 5 -~ '
res.c’=1.57 h - 2.12 / 86
n=32 1%:0.77 SD=4.07X10*m?/yr _~

(DUE WEST)

“\__W-FACING SCARPS
res.c*=-0.49 h-0.55
n=30, r%0.33, SD=1.24X10"*m?/yr

%
N-FACING SCARPS -

res.c*=-1.56h+1.77 7
n=24, 13:0.96 SD=1.42X10"*m?/yr

W-facing scarps. For arrows. see
Figure 11.

-20
|
|

-30 Jl

0
40

T
- EIGHT S-FACING SCARPS |
MORE THAN 1im HIGH 3

1. tes. ¢* =072 $/-30.0 !
n=94, ?=053 SD=65 *

2.res. ¢*=000613 570734 (5/-43.18)
wl. -345 S/+ 993
n=194, =073, SD= 5.1

| 3.res. c* =039 5170
n=84 =072 SD=21 \
wl] 4 res. c* =000178 5°-0225 (SI-42.481

953 S/ + 268
n=84 1 =082 SD =17

res. c*x 10 *m%/yr (RESIDUAL DEGRADATION RATE COEFFICIENT)

' LN Vi
+ ~

e |
TWO N-FACING SCARPS2 33°

2 . Y m %0

SOLAR INDEX (S/}, IN PERCENT

1 1

5 10 15 20
h {SCARP HEIGHT), IN METERS

Height Effect in Addition to That Predicted by the
Diffusion-Equation Model

For the diffusion equation (equation 2) to fully model scarp degrada-
tion, the degradation-rate coefficient ¢ shouid be independent of scarp size,
but it changes as a function of height by about tenfold both for W-facing
Idaho scarps and for W- or E-facing Bonneville shoreline scarps. if one
assumes an initial angle of <30°, this dependence on height can be reduced
or eliminated, but stable, vegetated scarps as steep as 33.25° to 35° require
starting angles no less than 33.5°. Angles of repose of 33.5° or greater are
appropriate for sand and gravel, and they become steeper as porosity is
decreased by addition of fines, such as loess. The diffusion equation thus
incompietely models the degradation of these scarps.

Processes that may contribute to the relation between c* and height
or orientation are listed and ranked in Table 4. Soil wash is probably the
main factor responsible for the increase in ¢* with scarp height, because
(1) soil-wash rates depend on siope length (Zingg, 1940; Carson and

Figure 14. Relation between residual c¢* and solar index (SI)
showing the effect of local climate on scarp degradation. As the solar
index increases, the scarps are subject to both more freeze-thaw cycles
and greater drying. Both of these climatic effects result in higher
residual c* (height-normalized degradation rate coefficient). The low-
est r2 and SD value are for equation 4. in which the 8 S-facing scarps
higher than 11 m (empty circles) and the N-facing scarps steeper than
33° (below graph) were not included in the regression analysis (see
text). Units for standard deviation (SD) are 10~4m?/yr.
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TABLE 4. SCARP HEIGHT (OR SIZE) AND ORIENTATION (MICROCLIMATE) ATTRIBUTES THAT
PROBABLY AFFECT THE APPARENT DEGRADATION-RATE COEFFICIENT

Height 151221 sttnbutes Onentanos | METOCUMALE} SLNOULES

Sotl wash more erfective 0 more southeny. dner.
less-vegetaied siopes

Sol wash increases with siope

Frecze-thaw cycies greater on weeper. more
‘ength 1ang heaghts

southerty siopes

Efficency of creep may increase
with surfsce gradent (F1g.
154

Cohesion resistance 10 Creep KSs 0a dner. fess-
vegetased siopes

Lesser infiltration andg greaser

Winter snOWpSCK Protects more norLherty siopes irom
runoilf on steeper uopes

wanier €roson and (reeze-taw an0 eNAANCES 30u
mouture and hence vegelalion cover

Stoeper siopes dner becaust thev INLECETX Jess
Precipetation per unit honzontal ares

Nose: antnbutes lsted in order of esumated imporance.

Kirkby, 1972: Young, 1972); (2) the effects of soil wash are observed on
the idaho scarps; and (3) soil wash is a logical factor to explain the over-ail
increase in c* from well-vegetated N-facing, through W-facing, t0
poorly vegetated S-facing scarps. In addition, soil wash with guflying is the
most logical factor 1o expiain the very high ¢* values on highest S-facing
scarps.

Nash (1980b, 1984) did not recognize a dependence of ¢ on 4 for
wave-cut scarps near Lake Michigan or for fault scarps in the West Yel-
lowstone area. Soil wash does not appear to be important in the degrada-
tion of these forested scarps. The presence or absence of a dependence of ¢
on & supports the inference that an additional process. such as soil wash,
strongly affects the nonforested [daho scarps.

Nonlinear creep might also result in a dependence of ¢ on /& (equation
1, n >1). Expansion processes such as freezing lift material in a direction
normal to the surface {Fig. 15). Upon coatraction, vertical settling would
result in downslope movement “V ,," but soil cohesion due to clay, plant
roots. surface tension of water. interiocking of grain edges, and other

factors reduces this amount by a retrograde vector *V.” (Davison. 1889
Young, 1972. p. 51). With increases in surface gradient and Vg, deforma.
tion will disrupt the soil. and cohesion. especiaily that resuiting from
interlocking grans. wiil be lessened and efficiency increased (Fig. 1S,
Va4/Vpa). Creep processes in which “efficiency” increases with surface
gradient are not modeled by the diffusion equation with 2 constant rate
coefficient.

Another way to regard this efficiency factor is in terms of movement
from one stabie position to another across an intervening threshold requir-
ing an input of energy (Mitchell. 1976). As represented by rotling a cubic
boulder down surface gradients of increasing steepness. the greater the
surface gradient. the larger the difference in energy state of the different
positions and the lesser the threshold between the two positions.

Either the efficiency or energy-state model suggests that the increase
in rate of downslope creep may depend on the surface gradient to a power
exceeding unity. Such a power function wouid resuit in a scarp with less
material removed from the top and deposited at the base than predicted by
the diffusion equation based on 6. Figure 3 and four other simulations of
N-facing scarps show this kind of departure of surveyed profiles from
diffusion-equation simulations.

Although the simple assumption of the diffusion-equation model, that
the rate of downsiope movement is a linear function of the surface gra-
dient. is not fully warranted for the Idaho and Utah scarps, the model is
still quite useful. The model accounts for the decrease in rate as surface
gradients decrease through time, as well as for correctly scaling volume
relations between scarps of different heights.

Morphologic Dating of Scarps

Mayer (1984) anaiyzed the variation in morphologic parameters for
several fault scarps in the southwestern United States. He concluded that

EXPLANATION

Vn Expansion vector normal to scarp surface

Potential verticai settling vector for cohesionless material

V3  Actual settling vector due to cohesion between soil particies
Potential downsiope vector for cohesioniess material

Actual downsiope vector for cohesive material

V; Retrograde vector

Vad
——— Efficiency of process
Vp 4 Y p

Figure 15. Vector diagram
illustrating how interreiations
between cohesion and surface
gradient may alter the efficiency
of creep processes resulting
from expansion and contraction.
With the increase in surface
5° gradient from 5° to 30° the:

value of V,4 changes more than
does V, (see text).
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the scatter in morphologic data indicates large uncertzinties for morpho-
logic age estimates. Factors affecting morphologic variation of scarps are
(1) age, (2) lithology, (3) climate and climatic history, (4) orientation, (5)
height, (6) erosion by drainages crossing the scarp. (7) scarp burial by
alluvial or eolian deposition. and (8) for multipie-event fault scarps.
amount. and timing of offsets. Lithology can have a large effect. Along a
fauit scarp in Nevada. Dodge and Grose ( 1980) showed that 6is 6° 1o 10°
less for Iake clays than for fan gravels. Factors 6 and 7 can be avoided or at
least recognized by appropriate field selection of profiling sites. Factor 8
presents difficult problems, but muitiple-event scarps may be recognized
by such features as abrupt steepening on the scarp, offsets changing with
the stratigraphic age of offset unit, and fault scarps higher than those
reasonably associated with a single faulting event,

If age-independent sources of variation can be accounted for, more
reliable estimates of age may be obtained. In the following exampie, we
modify the diffusion-equation model and estimate the age of an undated
scarp by comparing it with a dated scarp. The undated Drum Mountains
fault scarps and the dated Bonneviile shoreline scarps occur in the same
area where similar lithologies have degraded under similar climates on
scarps facing either east or west, Using scarp-offset. maximum-slope, and
fan-slope data from the Drum Mountains scarps (R. C. Bucknam. 1983,
written commun.). and assuming a starung angie of 33.5°, our methods
lead to a regression equation:

€* =116 h+ 269
(n=49.r2=040,SD = 2| x |09 m2/yr). (6)

Given the 15,000-yr age of the Bonneville scarps (Scott and others, 1983),
the age of the Drum Mountains scarps can be estimated using ¢* values
from the two areas, estimated from the regression equations at the same
height (Table 5). The dependence of c* on 4 is weak for the Drum

lountains scarps (2 = 0.4), in large part because the range in 4 is low, but

N the standard deviation (SD) of c* about 4 is actually less than that for the

Bonnevilie scarps. For the Drum Mountains scarps, we place a higher
confidence than r2 = 0.4 for the dependence of c* on h, because 72 values
of 0.84 and 0.7 are determined where the range in 4 is greater on idaho
and Bonneville scarps.

This method estimates an age of ~9,000 yr for the Drum Mountains
Scarps (Table 5). Judging from the scatter of data points about the regres-
Sion lines for the two scarp heights, we estimate the error limits to be about
+25%. Other diffusion-equation dating of the Drum Mountains scarps is
4,800 yr (Colman and Watson, 1983) and 3,600-5,700 yr (Hanks and
Others, 1984). These estimates compare Drum Mountains scarps averaging
?-4 m high with Bonneville scarps averaging 4.6 m high. Owing to the
'Bicrease in c* with /4 documented in this paper, the twofold difference in 4
explains why previous ages are about one-half our estimate. An age of

~9,000 yr is more compatible with the early Holocene age (7,000 two

TABLE s age ESTIMATES OF DRUM MOUNTAINS FAULT SCARPS BASED ON COMPARISON
WITH BONNEVILLE SHORELINE SCARPS OF SAME HEIGHT (SURFACE OFFSET)

Scarp height (offses) Locauon ot g '
m* !0"mz/y1 yrs
im Boasevilie 36 5! 15,000
Drum Mountasns 50 s 8.300°
Sm Bonnevilie 1477 9st 15,000
Drum Mountains 85 (1] 38,7000
Now

o S8 2quaton & for &=, Drum Moumaras scarms.
‘A k"“mkmnqﬂuo{ls.myrlmwm 1983
Ml‘mqmamt‘ummm

10,000 yr) estimated by Crone (1983) for the Drum Mountains fault scarp
on the basis of locat stratigraphy and soil development calibrated using the
15.000-yr-old Bonneviile shoreiine.

Orientation aiso needs to be held constant or accounted for in using
the morphology of a dated scarp 10 estimate the age of an undated one.
Correction for onentation could be esumated. if the locai effects of orienta-
tion or solar radiation are known (Figs. 7, 10, 12, and 14). The greatest
rates of change in solar radiation and, thus. microclimate with angular
changes in orientation occur for easterly and westerly onentations (Fig. 8).
Scarp onentations of =30° from due east or west might result in significant
scatter of scarp morphoiogy data. For exampie. Bonneville scarps facing
northeasterly generaily have values above the average line, whereas scarps
facing southwesterly generaliy have vaiues below it (Figs. 8 and 10; orien-
lation data from R. C. Bucknam. 1983, written commun. ).

The W-facing central Idaho terrace scarps are degraded an amount
similar to that of the Bonneville shoreline scarps (Figs. 9, 10), dated as
15.000 vr old. Assuming climatic differences are munor, Figure 10
indicates the central Idaho scarps are aiso ~ 15,000 yr oid.

Usefuiness of # versus log 4 Plot. For most studied scarps, the
simpie & versus log 4 relation has lower coefficients of determination or
standard deviations than those caiculated from diffusion-equation analysis
(Figs. 7. 9. 10. 12: Bucknam and Anderson, 1979: Colman and Watson,
1983). Regressions of & on iog 4 predict unreatistic extremes of negauve
slopes for verv low scarps, as well as slopes greater than the angie of repose
for very high scarps (Nash. 1980a). For common heights of fauit, terrace,
and shoreline scarps, however. ¢/log 4 plots are still a useful relative-age
method for comparing scarps. Figure 9 shows 6/log A plots to have a linear
fit to scarp data not modeled by the constant “c” assumption of the
diffusion equation. Hanks and others (1984, Fig. 11) showed that plots of
tangent § against scarp height are useful for displaying such data in a
format appropriate to the diffusion-equation model. but such piots are
noniinear for the Bonneville data (starting angle = 33.5°).

Dating by the (h,/h;)* Relation. For scarps having the same max-
imum angle, Nash (1980a) showed that their ages are proportional to the
ratio of their heights squared {hy/h3)?, if factors other than age are con-
stant, and if the diffusion equation applies. For #/1og k regression lines of
the Drum Mountains compared to the Panguitch fault scarps, Mayer
(1982) showed that Nash's (4,/h1)? relation predicted greater age ratios
with greater height of scarps. The Panguitch scarps are mainly muitiple-
event fault scarps: such scarps have 6/log & regression lines displaced to
the right and have lesser siopes than scarps representing only the last event
{Colman and others, 1981: Machette and McGimsey, 1982, p. 5-8). This
is at least part of the expianation of why dating by the (h,/h2)? relation
gives too old an age for high, most likely multiple-event fault scarps.

For the single-event Idaho terrace and Utah shoreline scarps, the
“height effect in addition to that modeied by the diffusion-equation™ aiso
causes a problem in dating by the (h/h,)? relation, For the two ages of
scarps, this method will overestimate actual age differences by mistaking
an increase in ¢* with 4 for an increase in age.

Effects of Climate on Scarp Degradation

Greater degradation of slopes facing the equator has been commonly
noted, but quantification of this observation in terms of materiai moved,
rates, and rate coefficients generally has not been possible (Carson and
Kirkby, 1972, p. 385-389). For central ldaho scarps, S-facing scarps have
degraded to slopes 65% to 75% as steep as N-facing scarps, and about 3
times more material has been moved (Table 2). The volumetric differences
underestimate the differences in rate coefficients (c*), because the surface
gradients of S-facing scarps are now less. A similar orientation effect is
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apparent for Pleistocene Lake Bonneville scarps in Uuah (R. C. Bucknam.
1985. written commun.), where 5 recently profiled S-facing scarps have
" degraded to slopes 80% of those of E- or W-facing scarps.
» The velocity of colluviai movement across the mid-points of the
[daho scarps and the kind of accuracy needed if one wanted to measure
modern slope movements can be estimated. assuming a linear increase in
velocity above a depth of 20 ¢m (Carson and Kirkby. 1972. p. 286). For
the 6-m-high scarps in Figure 3, the velocity of the ground surface aver-
aged 1.5 mm/yr for the N-facing scarp and 5.6 mm/yr for the S-facing
scarp.
Diffusion-Equation Model and Orientation (Microciimate) Dif-
ferences. S-facing scarps degrade faster than do N-facing ones by amounts
that increase with scarp height (Fig. 12; Table 3). Microclimauc changes
with orientation are similar to regionai climatic differences: vegetation on
15-m-high, N-facing scarps has the morphologic appearance of a praine
grassland. whereas that on the S-facing scarps has the appearance ofa
shrub desert. For 15-m-high scarps in sandy gravel. the vegetation charac-
ter and associated degradation rates for S- and N-facing Idaho scarps
might be used to infer that scarps in Nevada covered with a sparse shrub
desert might degrade about five times faster than scarps in Nebraska
covered with a dense prairic grassiand.

For N- to S-facing scarps in centrai Idaho, ¢* values range by neariy
two orders of magnitude (Fig. 12). This range encompasses vaiues of ¢
determined in semiarid areas for E- or W-facing scarps in Utah, Idaho,
and New Mexico and scarps in forested areas near West Yellowstone,
Montana (Nash. 1980a, 1984; Colman and Watson, 1983; Hanks and
others, 1984: and M. N. Machette, 1984, written commun.).

Values of ¢ faster than any of the Idaho terrace scarps have been
determined. Scarps 20 m high in a forested area of Michigan have ¢ values
near 120 x 10~* m2/yr (Nash, 1980b), and scarps 30 m high along the
well-vegetated central California coast have ¢ values of 100 x 104 m¥/yr
(Hanks and others, 1984). Notably, these Michigan and California scarps
are higher than the Idaho scarps and occur in finer-grained material under
a moister climate.

For S-facing central Idaho scarps higher than 11 m, c* ranges from
~40 to 100 % 10-% m2/vr. These rapid degradation-rate coefficients ap-
pear to result from soil wash with guilying (equation i, m=2,n = 3 see
Kirkby, 1971). These high rates reflect the vuinerability of surficial mate-
rials to rill wash when heavy rains fall on poorly vegetated slopes having
catchment areas large enough for runoff to become concentrated in small
channels.

Solar radiation is the main climatic variable among the terrace scarps
in semiarid central Idaho (Table 4). Greater solar radiation resuits in
higher degradation-rate coefficients (c*) by reducing soil moisture, min-
imizing vegetation and root stabilization, increasing freeze-thaw cycles,
and reducing snow cover. Removal of the “scarp height effect in addition
to that modeled by the diffusion equation” results in a strong reiation
between residual ¢* and solar radiation (Fig. 14, equation 4, r2=0.82).

In central Idaho, climate is such that variation in scarp orientation
results in pronounced vegetation differences. In wetter and perhaps alsoin
drier areas, vegetation differences and associated differences in degradation
rates may not be as pronounced.

Russell (1909) noted that siope asymmetry in the United States was
more prominent north of the January freezing isotherm and suggested that
this asymmetry was caused by more numerous freeze-thaw cycles on
S-facing slopes and a greater duration of snow cover on N-facing slopes,
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two of the four orientation effects (Table 4) that we consider important for
central Idaho. A laver of stone-free siit below a surface stony layer on
S-facing Idaho scarps shows that frost heaving and segregation are strong
enough to dynamicaily maintain this sorung in spite of other processes
mixing the two layers.

Microciimatic differences do not aiways resuit in greater degradation
of S-facing siopes at temperate latitudes in the Northern Hemisphere. Near
the Utah-Nevada border, R. E. Anderson (1983. oral commun.) noted
steeper S-facing siopes of valleys incised into basin-fill deposts: the steeper
S-facing siopes may resuit from a cement of soil carbonate stabilizing the
drier. S-facing slopes. In centrai Utah, a different process resuits in slope
asymmetry. R. Fleming (1984, oral commun.) noted that in areas of
moderate precipitation, N-facing slopes underlain by the North Horn
Formation are gentier than S-facing slopes. The North Horn Formation is
rich in swelling clays, and greater soil moisture caused by lesser solar
radiation on N-facing siopes may enhance soil creep. :

CONCLUDING STATEMENT

Geologic studies such as this can rather simply quantify slope degra-
dation by integrating over thousands of years the effects of siow geomor-
phic processes. Modern slope measurements yielding resuits comparable to
this study would be expensive and require years of observations. They
would require depth-integrated measurements of slope movements in the 1
mm/yr range for many tens of scarps and be compromised by “atypical”
processes associated with possible overgrazing and trampling of slopes by
cattle.

Additional studies of scarps of different heights and orientations in
areas with different climates, vegetation, and materiais shouid lead to a
more fundamentat general understanding of slope processes and their rates
and of the evolution of slopes through time and under changing climates.
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Identification of the surface and subsurface soil conditions at the
same site has been accomplished through visual inspection and
laboratory tests on soil specimens which have been obtained from
borings or through other soil sampling techniques, as weli as from
dara acquired from soil moisture measuring devices,

It is the explicit goal of this etffort to develop lieid experimental
techniques that can be utilized in point-. plot-, and basin-scale
studies conducted for the purpose of aggregating, in a physically
based manner, large-scale processes related to the hydrologic cycle,
in conjunction with digital terrun analysis, geographic information
systems and remote sensing.
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An Unusual Playa Scraper at Double Lakes, TX

C C Reeves Jr (Department of Geosciences,
Texas Tech University, Lubbock, TX 79409;
806-742-3115) (Sponsor: Stanley Cebull)

Examples of "grooving" of sediments and rock
by overlying moving objects are common in
glacial and arid areas. However, controversy
concerning the cause/method of movement has
been centered on the playa scrapers of the
western United States.

Whereas movement was first attributed to wind
for California scrapers, very heavy ( 300 1b)
scrapers led Stanley (1955) to suggest wind-
blown ice floes. Sharp (1960) subsequently
provided a theoretical study showing that
scrapers could be propelled across a muddy
playa only by winds of unusual velocity (125
mph), and then only if a sufficiently high
pore pressure existed beneath the objects.
Motts {1969) found considerable evidence on
several California playas for moving ice
floes, but Sharp and Carey (1979) concluded
that the stone scrapers on Racetrack Playa
(CA) had been moved by the wind and that
,...ice sheets are not required."

The recént discovery of a heavy steel water
tank pl8ya scraper and track conclusively
shows that 1) movement has been intermittent,
2) that the ‘most recent event moved the tank
about 400 feet, 3) that the tank did not roll
during,movement but remained in a fixed po-
sition, 4) that the tank was oriented normal
to the prevailing direction of movement
(norman to wind direction), and S) that the
tank was subsequently rotated 90° after last
movement. All of the above is consistent
with the tank having been frozen in a drift-
ing ice floe.

216 133h  POSTRR

USING COSMOGENIC NOBLE GASES TO ESTIMATE
EROSION RATES

J__Poths and F Goff (Both at: Los Alamos
National Laboratory, Los Alamos, NM 87545)

We have analyzed for He and Ne in quartz and
sanidine separates from 3 samples of Bandalier
Tuff on the Pajarito plateau near Los Alamos,
New Mexico. Two are surface samples from
different locations on a single mesa, and the
third is a shielded sample taken from a road
cut. Both minerals from the exposed sanples
show clear signals of cosmogenic Ne-21: There
is no excess Ne-21 in the shielded sample,
implying that "background" nuclear reactions
are negligible. The ratioc of cosmogenic Ne-21
in sanidine/quartz is 1.8+/-0.4. Using a
surface Ne-21 production rate (currently known
only within a factor of two) of 150 atoms/gm-yr
for sanidine at the s Alamos location, a
density of 1l.25g/¢m for tuff, and an
attenuation length for production of cosmogenic
Ne-21 of 160gm/cm“, the two samples vyield
erosion rates of 1.8+/-.5 and 2.8+/-.5 cm/1000
yrs (analytical uncertainties only). This rate
is similar to those measured at Hawaii of 0.8~
1.1 en/1000 yrs (1), and lower than the rate
for erosion in stream beds in the Bandalier
Tuff of 200cm/1000 yrs (2). Better calibration
of the Ne-21 production rate will make this a
very viable and useful technique for estimating
ercsion rates on surfaces developed in a
variety of rock types. In contrast, all
samples show little or no cosmogenic He-3 (<5%
of that expected based on Ne-21), reiterating
Cerling's result (3) that cosmogenic He is
readily lost from quartz and feldspar. Refs:
(1) M. Kurz, Geochim. Cosmochim. Acta 50,2855-
2862, 1986; (2) F. Goff & L. Shevenell, Geol.
Soc., Am. Bull. 9%, 292-302, 1987:; (3) T.
Cerling, Quatern. Res. 33, 148-156, 1990.
Support provided by BES/Geosciences.
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Rapid Long-Term Rates of Erosion in NW Pakistan

“_/ and R.A. Beck (Dept. of Geological Sciences. Univ.
of Southern Catifornia, Los Angeles. CA 9(X189-0740)

Chrenologic control derived from numerous magnetic polarity
~iratigraphies, in combination with stratigraphic control from
and detailed mapy penmits mini long-term

crosion rates during the past 6 Myr to be calculated for portions of the
Himalayan foreiand basin in northern Pakistan. The simplitied

tratigraphy of the foreland p a wedge of fluvial sandstones
und overbank sediments that is ~3-6 km thick and overlies a
predomi ly carbonate succ n of ~§ km thick In several
different areas. the timing of the initiation and cessation ot uplittcan
be closely constrained based on the straugraphic and structural
signature of deformational events that 1s preserved within the forelund
sirata. These events include development of a box fold. initial
translation of a hanging wall up a rontal ramp, and Jater translation
across the adjacent thrust flat. Mean rautes of uplift, averaging 2-15
mm/yr, were sustained over intervais of (1.2-1.6 Mvr. Given the
resolution of the avaslable ume constrainis, the rate of denudation of
the uplitted Huvial strata closely approaches the rate of uplift. Within
the Soun Synciine, a mean thickaess ot 3 km across an area of >X0
km? was removed in <0.3-0.2 Myr. Two episodes of deformation
are discernable in the Salt Range. During the first, a mean of ~1.5 km
of tluvial strata were removed over an inerval of ~1.3 Myr from an
area fikely 1o exceed 3(X) km2. whereas in the second. 2.5-3.0 km of
strta were eroded during the past 1.0 Myr from an ares exceeding
1300 km2. Rates of denudation appear 1 have dropped dramatically
when predominantly carbonate struta were being exposed to erosion.
“These observations suggest that 1) mod; ly to weakly ¢ d
tluvial strata are highly susceplible to erosion when uplifted: 2) rapid
rates of thrust motion and uplift may produce relatively subdued
topography when fluvial strata are involved: 3} due to erosional
stnpping of an allochthon, significant crustal subsidence directly

winb to the emplac of a thick hanging wall may not occur.
although the redistribution of the eraded sediment foad would be
expected o cause more distnibuted subsidence to occur, and 4 in
contrast 10 several previous studies, long-term rites of eroston can
approach rates of uplifi under special conditions.

H52B CA: 414
Groundwater Hydrology II
Presiding: T C J Yeh. Univ of Arizona

Fri 1330h

H2B-1 133

A Steady-State Solution for Flow to a Finite-Diameter Well
in a Multiaquifer Groundwater System

N Hsu and T Chang ( Both at: Department of Civil
Engineering, National Taiwan University, Taipei, Taiwan,
Republic of China)

In this paper, a steady-state solution for flow to a finite-diameter
well in a multiaquifer groundwater system is given. Aquifer and
aquitard properties may vary from one layer 1o the next but are

d to be i pic and h in the horizontal
irecti N lly, the soiution of a li ig u
p is required for the ical evaluation of the probl
Hi . the solution developed in this paper is more general
and can be reduced to the special case in which the diameter of
the well is app ing zero. pumping is from 2 number of
aquifers, an iteratve algonthm is proposed to calculate the
pumping rates from these aq Ni ical pies are pro-
vided 10 caiculate the solut for a hypothed ltiaquife
groundwater system. The sensitivity of the diameter of the well
to the solution is further i i d
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Jhae Use of Vertical jniarpol.ticn su
i'cr liogeling Lezky Ayuifer Froblems

J. M. McCartny and A. Buikis (Both at: Dept.
of PRYSIcs and Mathematics, Latvia Univer-
sity, 226098 riga, Latvia, U3SR)

Vertical interpolation functions are assumed
to represent the vertical head aistribution
for the ayuifers and aquitard of a leaky
aquifer system. Coefficients for tne inter-
polation functions are cnosen to conserve
o488 ana satisfy the bounaary conaitions in
the vertical airection. Using this represen-
tation of the vertical nead distribution, it
is quite easy to integrate over depth ana ob-
tain a modified version of the classical
leaky aquifer problem. Tnis modification is
easily implemented and provides a number of
important advantages over the classical ap-
proach, including:

1) No mouel modification is necessary wnen
the depth of the separating aquitard
approaches zero.

2) A good approximztion to the vertical
head distribution can easily be gener-
ated using the vertical interpolation
functions and the moaified solution to
the classical leaky aquifer problem.

This page mav be ireelv copied.
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An Evalvation of Parallel-Processing Algorithm Efficiency for Larga.
Scale, Three-Dimensional, Unconfined Groundwater Flow Simuly.
tons

M.M. Hughes, C.T. Miller. and A.S. Mayer {Department of Fnvira.
mental Sciences and Engineering, 105 Rosenau Hall, CB# 7400
University of North Carolina. Chapel Hill, NC 27589-7400; 919.
966-2643)

The simulation of transient, three-dimensional. saturated REOUndwates
tlaw problems is performed routinely. However, accurate simulating ,q
typical heterogeneous systems can lead to discretization patterns with
100.000 or more degrees of freedom. While problems of this size raq

simuiated with available computing resources. it is desirable to : -
the computational burden below the level required by popular rugje.
domain models. I’revious research has demonstrated that algors hmg
that exploit vector and parallel processing hardware can signncantly
reduce computational requirements. )

a

This research involves the comparison of Picard, Newton-Rapison.
and Broyden iterative methads for resolving the noniinearities asso.
cated with unconfined flow—within the construct of a parallel soly.
tion algorithm. terative and dircct matrix-vector solvers also are ap.
alyzed with respect to computational efficiency. A predictor-corrector
finite-el t approximation is employed in space, while a variable
[t ighted finite-diffc e approximation for poral derivatives
is used. This approach uncouples a three-dimensional problem into,
first. 2 parallel sct of two-dimensional problems, and sccond. a paral.
I set of dii ional probl . Compari are made botween
the parallel finite-element model and a commonly-used finite-difference
maodel, for a series of large-scale simulations. Solution results are shown
as a function of vector and parallel processing implementation under
two hardware platforms: a Convex C240 and a Cray Y-MP. The re-
sults reinforce the importance of proper algorithm and code design Lo
exploit emerging computer archilectures.
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Convergence and Accuracy of Numerical Solutions to the Richards
Equation

T.-C. Jim Yeb and Rajesh Srivastava (Both at: Department of
Hydrology and Water Resources. University of Arizona, Tucson,
Arizona 85721)

Analytical solutions describing the transient soil-water pressure
distributions during one-dimensional, vertical infiltration toward
the water table through horm and two-layer soils are
derived. Exponential functional forms are used to represent the
hydraulic conductivity and pressure reiation and the soil-water
release curve. Steady-state profiles are used as initial conditions.
Hydraulic behaviors of the soils during wetting and drainage
scenarios are simulated.

Numerical models using Picard, Modified Picard, and
Newton-Raphson iteration sch are ¢« d. Simulated
pressure and moisture content profiles in homogeneous and
layered soils, using these models are compared to those obtained
from the analytical solutions. Accuracy of the numerical mode.s
is examined. The criterion for selecting the time-step sic:
ensuring the convergence of the numencal solutions is derivec
Generally, the time-step size is proportional to the element si:
and moisture capacity, and 1s inversely proportional to tne
intiltration rate.
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Two-phase Flow Simulations in Porous Media: Mass
Conservation and Phase Velocities

Michael A. Celia and Philip Binning (Water Resources
Program, Dept. of Civil Eng.. Princeton University,
Princeton, NJ 08544, 609-258-5425 and 609-259-4660.
EMail: CELIA@KARST.PRINCETON.EIU and PHILIPOKARST.
PRINCETON . EDU)

Richard E. Ewing {Dept. of Mathematics., University
of Wyoming, Laramie. WY 82071, 307-766-4933)

Simulation of multiphase flow in porous media involves
many important steps, including careful development

of numerical simulation methods. The resulting simula-
tor should, at a minimum. respect the conservation
principies inherent in the governing equation, including
conservation of mass and any inherent maximum principle.
Simulators with these attributes may then be used to
conduct numerical experiments from which certain
physical responses say be observed and studied.

A mass-conservative numerical simuiator has been devel-
oped to solve the equations of two~phase flow in porous
media. This simulator uses a simultaneous solution
algorithm with the unknowns being iteration increments
of the two fluid pressures. The algorithm has been
applied to a variety of two-phase systems., including
the simultaneous flow of air and water in unsaturated
soila. Such air/water simulations may be used to
study fundamental behaviors of the unsaturated zone,
including veloctity distributions of each fluid phase.
Simulation results indicate that under certain Infil-
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is a byp
9 g-9 g conducted by the
U.5. Bureau of Reclamation along the Friant-Kemn
Canol in California’s San Joaquin Valley {Anony-
mous, 1981). During these studies, o brief investi-
gation was made of peculior rock stripes or
“flows" on the Sierra Nevado foothill slopes foc-
ing the valley. The rock siripes seem to provide
some palsoclimatological data which may be of
general geologic interest...editor.
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REGIONAL SETTING

The study area is located at the western
hase of the well defined, steep Sierra Ne-
‘a foothills, along the eastern margin of
_central part of the San Joaquin Valley

\m’Frsno and Tulare counties, California

(Figure 1). Elevations of the valley floor
along the Friant-Kern Canal, near the
foothills, are on the order of 400 feet while
the tops of the foothills close to the vailey
have elevations up to 1,000 to 2,000 feet.

By

-

Sacramento, California

The present climate is semiarid with hot,
dry summers and cool, wet, foggy winters
(Elford, 1970). Mean annual precipita-
tion in Fresno is 11.14 inches (Kahrl,
1978-79).

Native vegetation was represented
originaily by California Prairie, and at the
Kings River by the Valley Oak Savanna
‘(Kiichier, 1977). At the present time, the
steep foothill slopes are grass covered and
are used as cattle ranges, while the valley
floor is blanketed by irrigated fields and
orchards.

The foothills are underiain mostly by
Mesozoic granitic rocks and locally by ba-
sic Mesozoic intrusive rocks (Matthews
and Burnett, 1965), whereas the valley
floor is blanketed by thick alluviat fill fre-
quently composed of highly plastic, red-
brown clays (Huntington, 1971; Ste-
phens, 1982).

N.P. PROKOPOVICH, Engineering Geologist
U.S. Bureau of Reclamation, Mid-Pacific Region

pes on Sierra Nevada Foothills
FRESNO AND TULARE COUNTIES

The average angle of hill slope varies.
Based on an interpretation of published
7Y, minute USGS topographic quadran-
gie maps in the Stokes Mountain area, the
average hill slopes dip 17 to 20". Most of
the barren, grass covered hillslopes here
frequently show three fairly well
defined units: (1) upper steep slopes with
numerous bedrock outcrops and a rather
thin clayey colluvium; (2) a somewhat
less steep colluvium blanketed middle
portion of the slope with no or very few
bedrock outcrops; and (3) a relatively flat
colluviai apron at the base of the foothill

slope.
DESCRIPTION OF ROCK STRIPES

Peculiar, very prominent striations in
the form of echelons of narrow, down-
ward oriented rock stripes on the colluvi-
um blanketed hill slope below the steep
upper slope with numerous rock outcrops
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Figure 1. Locotion mop showing the study areo and generalized distribution of rock stripes on the western siope of the Sierra Nevada foothills.

1. Friont-Kem Canal of the U.S. Bureau of Reclamation

AT

3. Area with observed rock stripes

S,
) - nw 4. Presence of the stripes as noted from aerial photography.
N NS 2. Generalized position of the base ne Some stripes may be present in other (not explored) areas
hd of the Sierra Nevada foothilis between the Kings River and Stokes Mountain.
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were noted in several places on the foot-

ill front and on two partially isolated bed-

sck knobs between the Kings River and
Stokes Mountain (Figure 1; Photos 1, 2,
and 3). Particularly good striations oc-
curred on the slope of Stokes Mountain in
sections 14, 22, and 27, T16S, R25E
(Photos 1, 2, and 3), and on the western
slope of Campbell Mountain—a partially
isolated bedrock knob in Sections 23, 25,
and 26, T24S, R23E.

Only a few stripes extended into the
belt of rock outcrop above the coiluvium
blanketed slope. Practically no stripes
were noted on the relatively gentle slope
on the surface of the colluvial apron at the
base of the foothills. Some individual
stripes are over 2,200-feet long. Small
stripes are only 3- to 6-feet wide, larger
stripes are 15-feet to 100-feet wide, and
the average width of stripes on Stokes
Mountain is about 40 feet. Many stripes
become wider toward the bottom. Some of
the stripes have the shape of a vertically
oriented “Y™ and appear to be developed
by a junction of two originally separated
tributary stripes. A few other stripes have
the shape of an “inverted Y.”

Several stripes start at loosely “jointed"’
or fractured outcrops of otherwise fresh,
hard intrusive rocks. At the downslope

id, the rock stripes rapidly disappear in

\_-a¢ blanket of colluvial clay. A close in-

spection of several rock stripes on Stokes
Mountain indicated that the stripes oc-
cupied gentle, 2- to 3-feet deep, downward
oriented depressions on the colluvial
apron, which are filled with large, angular
to semianguiar, fresh blocks of very hard,
massive granitic rock which are up to 2 to
3 feet and larger (Photo 4). Edges on
many rocks are sharp. No rust stains or
other traces of intense chemical weather-
ing were noted on rocks. In cross-section,
the enveloping rock surfaces of the stripes

" are not flat but appear to be slightly con-
vex.

- Individual rock flows are separated by
belts of “normal” grass covered slopes,
60- to 100-feet and more wide, with rela-
tively Tew or no loose rocks or outcrops.

Rock outcrops at the head of a few rock
stripes were inspected. In all cases they
were composed of loosely fractured, fresh,
very hard intrusive, medium-grained,
massive granitic rocks (Photo 5). Some
loose rocks were 3- to 5- and more feet
long. No rust stains or other evidence of
chemical weathering were noted on rock
surfaces and minor questionable weather-

\g here was less than | mm thick.

N
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Photo 1.

A B T

Aerial photograph of the Friant-Kern Canal showing a portion of Stokes Mouniain with

aumerous rock stripes. Arrow indicates direction of the canal flow. The conal is about 83 feet wide.

Photo 2. General noﬂhtdy view of rock stripes on the western slope of Stokes Mountain. The Friant-Kern

orchards

Canal is in the foreg ; ol

py valley floor in front of Stokes Mountain. Rock stripes

appear light colored becouse of the higher grtm cover.

]

Excavations of red, highly plastic, col-
luvial clay at the Friant-Kern Canai at the
base of the foothills, encountered numer-
ous semiangular and more or less worn
fragments of hard, mostly granitic rock
types embedded in the colluvial clay. The
presence of these rocks interfered with
past lime treatment operations of the ca-
nal lining, which were conducted to sta-
bilize canal banks in the vicinity of Stokes
Mountain.
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ORIGIN OF ROCK STRIPES

There is no doubt that the scattered
bedrock outcrops on the steep upper por-
tion of the foothill slopes are the source
for the rocks in the rock stripes. The an-
gularity of the loosely fractured intrusive
rocks in the outcrops (Photo 5) and rock
flows indicate rather short distances of
transportation for the rocks in the rock
stripes. The freshness of the hard, massive



CONCLUSION

Peculiar rock stripes on siopes of some
Sierra Nevada foothills southeast of the
City of Fresno are probably relict micro-
landscape forms created in an ancient
Pleistocene periglacial zone by intense
frost weathering and mass-wasting.
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CORDELL DURRELL

Cordell Durrell, Professor Emeritus of
Geclogy, University of California, Davis,
died on October 12, 1986 after a brief ill-
ness.

Durrell was born in 1908 in San Fran-
cisco and grew up around Oakland. He
received his A.B. and Ph.D. degrees in
Geology from the University of Califor-
nia, Berkeley in 1931 and 1936, respec-
tively. He was an instructor in geology at
UC Berkeley in 1936-37, and a geologist
for Richfield Oil Corporation in Los An-
geles in 1937-38. In 1938 he became an
instructor in geology at the University of
California, Los Angeles, beginning an as-
sociation that lasted for 25 years. In 1943
he received a two-year leave of absence
from UCLA to work for the U.S. Geologi-
cal Survey helping to assess United States
resources in barite and optical-quality cai-
cite. He returned to UCLA in 1945 with
the rank of Assistant Professor, and re-

30

ceived promotions to Associate Professor
in 1946 and Professor in 1951.

Durrell began his geologic work in the
Sierra Nevada near Visalia in 1933. In
1938 he began work on the Blairsden
quadrangie in the northeastern Sierra Ne-
vada, a study that continued the rest of his
professional career. During the course of
this work, he became the principal au-

thority on the Cenozoic geology of the.

Sierra Nevada and surrounding regions.
A book containing the main results of his
life-long work will be published by the
University of California Press.

In 1963 Durreil went to the University
of California, Davis as Professor and
Chairman of Geology to oversee the
planned growth of the Department, then
small, into a first-rank research and teach-
ing group. During his Chairmanship
(1963-67) he laid the foundation for De-

partmental expansion and planned a new .
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building, which was occupied in 1971. He
remained an active and influential mem-
ber of the department until his retirement
in 1976. Even after retirement he came to
the Department daily.

Durrell was a member of the American
Geophysical Union and the American As-
sociation of Petroleum Geologists, and a
Fellow of the Geological Society of
America, as well as of the Sociedade
Brasileiro de Geologia.

Professionally, Durrell was known as an
outstanding and dedicated educator and
as an expert in Sierra Nevada geology. As
an educator he inspired hundreds of
graduate and undergraduate students at
both UCLA and UC Davis, many of
whom have gone on to distinguished geo-
logical careers in industry, government
service, and in academic communities.

...Department of Geology,
University of California, Davis. A2
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Chapter 1

Introduction

Roger B. Morrison

Morrison and Associates, 13150 West Ninth Avenue, Golden, Colorado 80401

Grove Karl Gilbert, in his classic monograph on Lake Bon-
nevillte (1890, p. 1), succinctly described for all geologists the
importance of the Quaternary:

When the work of the geologist is finished and his final comprehensive
report is written, the longest and most important chapter will be on the
Jatest and shortest of the geological periods.

This book reviews the Quaternary geology of the contiguous
United States beyond its glacial limits. Knowledge of the Quater-
nary has become increasingly important because it applies to
many facets of paleoclimatology, engineering, and environnental
geology, hydrogeology, and neotectonics.

We focus chiefly on Quaternary stratigraphy, not geo-
morphology. Geomorphic processes and systems that have
»perated in various regions of North America are discussed in

\w_~Graf (1987). We also avoid discussing glacial geology as much as

possible, although glacial relations are mentioned in areas adjoin-
ing glaciated ones. Richmond and Fullerton (1986) provide a
recent synthesis of the glacial stratigraphy of the United States.
Our volume also partly subordinates the Holocene and late Wis-
consin records because Wright and Porter (1984) describe these
records; also, Ruddiman and Wright (1987) cover part of this
time span.

This book has two parts (see Table of Contents for details of
coverage). The first part has short reviews of topics of general
interest to students of the Quaternary: Quaternary paleoclimatol-
ogy, dating methods applicable to the Quaternary, Quaternary
volcanism, and Quaternary tephrochronology. Quaternary tecton-
ism is treated in Slemmons and others (1991). Nonetheless,
many of the regional chapters in this volume describe neotec-
tonism within their region.

The second part of the book, more than three-quarters of its
length, contains syntheses of Quaternary nonglacial geology of
major regions of the contiguous United States. Chapters in this
part are arranged to cover successive north-south strips from the
Pacific to Atlantic coasts (Fig. 1 and Contents). The boundaries
of these chapters generally conform to the outlines of the physio-

graphic provinces of Fenneman (1930), with minor adjustments.
The regional chapters provide general overviews for each region,
augmented with summaries of detailed studies that give represen-
tative samples of the region. Consequently, the regional section
has some gaps in its coverage of the unglaciated contiguous
United States (Fig. 1). Most of this book covers regions west of
the Mississippi River because of the generally better degree of
accumulation and preservation of nonglacial Quaternary sedi-
ments there, and because fewer definitive studies have been made
of equivalent deposits in the eastern United States. We have tried
to synthesize the most up-to-date research, much of it previously
unpublished, which results in conclusions often agreeing with, but
in other places very different from, those given 25 years ago in
Wright and Frey (1965).

WHY THE QUATERNARY PERIOD IS
EXCEPTIONAL IN GEOLOGIC TIME

Climatic change is the outstanding characteristic of Quater-
nary time. Starting about 2.5 m.y. ago, the amplitude of climatic
cycles increased greatly (Fig. 2), causing frequent large changes in
the rates and types of deposition in both marine and terrestrial
environments, to a degree that makes the better Quaternary strat-
igraphic records exceptional in geologic time. Fairbridge (1962,
p. 111) commented:

Seen from the vantage point of the whole geologic time scale . . . we
must say: the present climatic, oceanographic, structural, and sedimento-
logical picture of the Earth is abnormal. If we use the Lyellian philos-
ophy of assuming the present is the direct key to the past we run a grave
danger of being wrong. There is nothing wrong with that basic logic, but
processes and relative factors are liable to great changes in velocity,
scope, volume, etc.

Homo sapiens evolved in the late Pleistocene, and began to
change from a hunting-gathering to a farming society 10,000 to
9,000 years ago, beginning human “civilization” soon after the
start of the Holocene. From this perspective it is easy to under-
stand why knowledge of the climatic, tectonic, and erosional/

Morrison, R. B., 1991, Introduction, in Morrison, R. B., ed., Quaternary nonglacial geology: Conterminous US.: Boulder. Colorado, Geological Society of

~ America, The Geology of North America, v. K-2.
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Figure 1. Landforms of the United States (by Erwin Raisz, published with permission of Kate Raisz).
Dashed color line shows the maximum southern extent of the Laurentide and Cordilleran ice sheets;
generally this is the pre-Wisconsin ice margin. The solid color lines outline the coverage by the various
regional chapters in this book, designated by their chapter numbers. Dotted color lines indicate overlap-
ping coverage between adjacent chapters.
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Figure 2. Late Pliocene and early Pleistocene records of percent CaCO;
and 680 (from benthic foraminifera) in a deep-sea core from the North
Atlantic Ocean. The abrupt increases in CaCO; near 2.55 Ma and
especially 2.4 Ma mark the onset of ice rafting into the North Atlantic
brought about by appearance of moderate-sized ice sheets in North
America and Europe, after more than 1 m.y. of stable warm climate.
(From Ruddiman and Wright, 1987a; after Shackieton and others
(1984) and Zimmerman and others (1985); core site 552 at 56°03°N,
23°14'W))

‘\__-depositional history of the Quaternary Period is important in

order to comprehend our changing environment and to predict
our future.

Well-documented summaries of the development of con-
cepts about the Quaternary and Pleistocene are given in Flint
(1957, chapter 1; 1971, chapter 2). The Pleistocene was first
defined (Lyell, 1839) on the basis of fossil mollusks. Later it
became equated to widespread glaciation (the Great Ice Age) and
also to the appearance of humanoids (the Age of Man) and
certain other vertebrates. Modern research shows that these crite-
ria (and biostratigraphic criteria such as microfossil assemblages)
are too imprecise in chronostratigraphic definition to be interna-
tionally acceptable for marking the boundary between the Ter-
tiary and Quaternary Periods (see Fig. 5). At present, two
boundary levels are being considered, at about 1.65 and 2.5 Ma
(see below), but a formal decision about this boundary and selec-
tion of an internationally acceptable boundary stratotype have
not yet been achieved either by the International Association for
Quaternary Research (INQUA) or by the International Geologi-
cal Congress.

The deep-ocean core record

The most comprehensive record of late Cenozoic climatic
change on a global scale is the oxygen-isotope (81807 160) rec-
ord from deep-ocean cores (Figs. 2, 3, and 4) (Emiliani, 1955,

1967, 1970, 1972: Shackleton, 1969; Hays and others. 1969,
1976; Shackleton and Opdyke, 1973, 1976: Shackieton and oth-
ers, 1984; Johnson, 1982; Imbrie and others, 1984 Ruddiman
and Kidd, 1986; Ruddiman and Wright, 1987b). This record
chiefly shows changes in the volume of ice stored on the conti-
nents during glaciations, and subordinately, temperature changes
in the ocean-surface layer (Mix, 1987; Shackleton, 1969).

The oxygen-isotope record from deep-ocean cores has be-
come a standard for Quaternary chronology, even among geolo-
gists who study terrestrial deposits, because the best deep-ocean
cores provide far more complete sequences, with fewer time gaps
than any terrestrial records. The deep-ocean record correlates
strongly with long loessial records from central Europe (Fig. 3)
(Kukla, 1975, 1977; Fink and Kukla, 1977) and China (Kukla,
1987, 1989; Kukla and others, 1988; Kukla and An. 1989). The
marine oxygen-isotope cycles also correlate strongly with astro-
nomical Earth-orbital cycles (Fig. 4), suggesting that Earth-
orbital mechanisms were “pacemakers” for Quaternary climatic
cycles (Hays and others, 1976: Johnson, 1982: Imbrie and others,
1984; Ruddiman and Wright, 1987a).

These records lead to the following four conclusions:

1. At least 17 complete interglacial-glacial cycles have oc-
curred since the end of the Olduvai normal-polarity Subchrono-
zone (about 1.65 Ma), and perhaps as many as 44 such cycles
after the 2.48-Ma Gauss-Matuyama magnetic reversal (Gauss-
Matuyama magneto-chronozone boundary) are recognizable in
the loess sequences in China (Kukla and An, 1989; Kukla, 1989).
The seven completed interglacial-glacial cycles during the past
620,000 years lasted between 88 and 118 k.y. apiece (Fig. 4,
Table 1), an average duration of 100.000 years. Therefore, they
were similar but not identical in duration. Also, they commonly
differed in amplitude. Some cycles had stronger maxima and/or
minima than others during their glacial and/or interglacial phases
(Figs. 3, 4).

2. Five major interglacial intervals occurred during the past
529,000 years. Three of these were composed of two or three
interglacial episodes separated by one or two cooler episodes
(Table 1, Fig. 4). Interglacial episodes are defined here as times
when the 6180 values in deep-ocean-core data (from Imbrie and
others, 1984, Table 7) were consistently at or below Holocene
interglacial (since 9 ka) values; the 6180 value of —0.05 is used
here as a cutoff between interglacial and subglacial conditions.

On this basis, for the five completed interglacial-glacial cy-
cles during the last 529,000 years, the interglacial episodes lasted
from 28 to 49 k.y., or 27 to 42 percent of a given interglacial-
glacial cycle (Fig. 4 and Table 1). This means that, including the
Holocene, interglacial conditions prevailed for 39 percent of the
last 529,000 years.

Interglacial and glacial intervals clearly have been somewhat
erratic in occurrence and magnitude and have not been identical
in duration. The last pre-Holocene interglacial interval, compris-
ing all of O-isotope stage 5, lasted 55 k.y., albeit with two cool
episodes (O-stages 5b and 5d; Figs. 3 and 4) in its later part. Its
first part, O-stage Se (Sangamon in the strict sense), was some-
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vhat stronger than the Holocene and lasted about 18.000 years—
nger than the Holocene. The three interglacial episodes within

“—tage 5 occupied a total of 89 percent of stage 5 and 42 percent of

the whole O-stage 2-5 interglacial-glacial cycle.

3. [ce accumulation accelerated greatly at the O-stage Sto 4
transition: between 68 and 77 ka there was a 2-fold increase in
the 6180 ratio in deep-ocean cores. The Wisconsin/Wirm glaci-
ation peaked during oxygen-isotope stages 4 and 2 (stage 3 wasa
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weak interstadial), and climaxed at 18 to 20 ka during O-stage 2.
Deglaciation began about 15 to 14 ka and was almost complete
about 9 ka, starting the interglacial phase of the Holocene.

4. Projecting this record into the future, it appears virtually
certain that the Holocene interglacial will be followed by a long
glacial phase. Such a cold phase will cause crises in food and
energy supplies far more severe than any since civilized man
developed. We are privileged to live in an exceptional time by
paleoclimatic standards.

There are no certain paleoclimatic means of predicting ex-
actly when the change from the present interglacial conditions to
a much cooler climate will occur (note the erratic distribution and
time spans of previous interglacials in Fig. 4 and Table 1). How-
ever, the past records provide a frame of reference that indicates
possibilities. First, it is important to recognize that Earth now has
progressed past an interglacial maximum into a somewhat cooler
phase. If the Holocene resembles the last interglacial (which is
rather unlikely), we Earthlings will soon (within hundreds to a
few thousand years) come to the end of a warm episode like
O-stage Se, to enter a few thousand years of oscillating climate,
with one or more subglacial cold episodes alternating with one or
more near-Holocene-interglacial warm episodes. Then comes the
onslaught of a long, severe major glacial phase lasting tens of
thousands of years. The “Greenhouse Effect” warming is an aber-
ration lasting perhaps several hundred years—and badly timed. it
is too bad that it can’t be postponed until it would help mitigate
the inevitable next cooling phase, which will be beyond human
control.

Correlations of deep-ocean oxygen-isotope records with
other terrestrial sedimentary and paleoclimatic records

Although the deep-ocean oxygen-isotope record correlates
strongly with loess records in central Europe and China (Fig. 4)
(Kukla, 1975, 1977, 1987, 1989; Fink and Kukla, 1977; Kukla

-t

Figure 3. Comparison of the deep-sea and central-European loess
records for the last 900,000 years (from Morrison, 1978). A, the
interglacial-glacial cycles represented by an important core from the
Equatorial Pacific Ocean. Oxygen-isotope stage numbers are in color.
The ¢ven numbers at the left indicate glacial maxima, and the odd
numbers on the right denote interglacials. Also, in black horizontat
dashed lines, are Terminations (T | to T 11) in the O-isotope record;
these are the midpoints of the sudden transitions from glacial to intergia-
cial conditions. B, a synthesis of the paleoclimatic record from key loess
sequences in Czechoslovakia and Austria (Kukla, 1970, 1975, 1977).
The horizontal axis represents semiquantitatively the indications of cli-
mate, from very cold glacial at far left to warm interglacial at far right,
determined from snail faunas, sedimentologic, and pedologic criteria.
The paleosols (shown in color) formed during the interstadials and inter-
glacials. The black parts of the paleomagnetic data column reprssent
normal polarity and the white parts, reversed polarity; B, indicates the
Blake reversed polarity event; M/B, indicates the Matuyama-Brunhes
Chronozone reversal (shown somewhat too young because it was based
on 1977 data); J, indicates the Jaramillo normal-polarity Subchron.
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13 through 21 (see text).

\_/ and others, 1988; Kukla and An, 1989); correlations with other
terrestrial records commonly are less clear. Early investigators of
terrestrial sequences tended to recognize only the more pro-
nounced, larger amplitude manifestations of climatic change, es-
sentially megacycle sets composed of more than a single
interglacial-glacial cycle in the marine record.

The differences of opinion on correlation between marine
and various terrestrial Quaternary sequences are due partly to the
fragmentary character of nearly all terrestrial sequences (glacial,
alluvial, lacustrine, volcanic, etc.) because of: (a) episodic deposi-
tion, with disconformities or diastems that represent small to large
time-gaps in the geologic record; (b) disjunct records at various
sites (natural/artificial exposures, drillholes, etc.) due to local
erosion or nondeposition of units or concealment by younger
deposits; and (c) many terrestrial records being diachronic/
asynchronous within regional areas. Also, as paleoclimatic
proxies to the deep-ocean record, the climate-cycle manifestations
on land commonly were out of phase with the deep-sea record,
being modified by time lags in the responses of various ocean/ter-
restrial systems to given climatic changes, by global differences in
weather patterns, and by local orography, tectonism, and other
factors.

The effects of glaciation were felt far beyond the glaciated
areas. Along the coastal margins, glacioeustatic changes in sea
level (commonly more than 100 m between glacials and intergla-

cials) controlled not only the patterns of marine regressions and
transgressions, as recorded by coastal marine terraces and plat-
forms, but also controlled cycles of fluvial entrenchment and
alluviation of coastal valleys, as well as episodic development of
coastal dunes (Chapters 7, 19, and 21, this volume).

Unfortunately, some workers who make paleoclimatic
models still propose “finger-matching” correlations between the
deep sea and various terrestrial records. For example, many mod-
els date the last pleniglacial at 18 to 20 ka because it is the
maximum of marine oxygen-isotope stage 2. However, the end
moraines that record the maximum southward extent of the
Laurentide ice sheet during the last glaciation range in age from
about 22 to 14 ka in various places (Richmond and Fullerton,
1986). Also, the highest late Wisconsin pluvial-lake strandlines in
the Great Basin range in age from about 18 to 13 ka. Earlier
pluvial lakes in the Great Basin were at times out of phase with
each other and with Sierra Nevada glaciations by tens of thou-
sands of years (Morrison, Chapter 10, this volume).

Despite problems in sea versus land correlation for deter-
mining giobal or continental paleoclimatic models, there is no
doubt that repeated climatic cycles of several orders of magnitude
characterized the Quaternary. On land, these climatic cycles re-
sulted in terrestrial-process cycles of similar orders of magnitude,
causing repeated cyclic changes in the rates of all surficial proc-
esses (fluvial, eolian, mass-wasting, pedogenic, etc.), at times to
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TABLE 1. COMPARATIVE DURATIONS OF INTERGLACIAL EPISODES VERSUS
WHOLE GLACIAL-INTERGLACIAL CYCLES OF THE MARINE RECORD*

N Oxygen-isotope Age of Age of interglacial Percent of
interglacial-glacial whole episode(s) interglacial
- cycle (O-isotope stages) cycle vs glacial time
2-5 10-128 (118) 73-85 (12)
91-110 (19) (49)
110-128 (18) 42
6-7 129-245 (116) 188-219 (31) (41)
233-243 (10) 35
8-9 245-338 (93) 302-337 (35) 38
10-11 338-426 (88) 391-424 (33) 33
12-13 426-529 (103) 478-506 (28) 27
14-15 529-620 (91) 572-580 (8)
592-602 (10) (24)
612-618 (6) 37
*Ages listed are in thousands of years; durations of various episodes follow in parentheses. imbrie
and others' (1984) Table 7 is the source of the ages as well as the 3180 values from which the
various oxygen-isotope cycle boundaries, maxima and minima, and interglacial episodes are based.
Interglacial episodes are defined here as those with 8180 values of minus 0.5 or less, comparable
1o or less than those of the interglacial part of the Holocene, after 9 ka (see Fig. 3).
N

N

such a degree as to cross an important geomorphic threshold,
changing the dominant fype of process in a given area. Nowhere
on Earth have surficial processes acted at a steady state through-
out the Quaternary!

Using the Great Plains as an example, I (Morrison, 1987)
illustrate the results of the crossing of various levels of geomor-
phic thresholds, to induce erosion-deposition-landscape stability
cycles of four orders of magnitude: (a) microcycles lasting in the
10- to 100-yr order of magnitude; (b) mesocycles of a 1,000- to
10,000-yr magnitude; (c) macrocycles lasting 95 + 25 k.y.; and
(d) megacycles that lasted 400 to 500 k.y. The macrocycles were
approximately equivalent to, but not necessarily coeval with, the
interglacial-glacial cycles of the marine record. The megacycles
correspond to four or five interglacial-glacial cycles in this record
and exhibit the strongest expression of four successive dominant-
process stages: typically, (1) widespread downcutting, (2) lateral
erosion, (3) alluviation, and (4) landscape stability and soil
development.

CHRONOSTRATIGRAPHIC DIVISION
OF THE QUATERNARY

Table 2 shows the chronostratigraphic divisions of the Qua-
*ernary used in this volume and the current best estimates of their
_soundary dates. The divisions are chiefly those used by Rich-

mond and Fullerton (1986). The boundary dates are based
mostly on correlations between oxygen-isotope data from deep-
ocean cores and astronomical data on Earth-orbital variations
(Berger, 1987), as discused below.

Formerly, the Pleistocene was divided on the basis of glacia-
tions, the most striking manifestations of climatic change in the
terrestrial stratigraphic record. The “classic” divisions in North
America and Europe were based on the few then-recognized
glaciations and interglaciations, and these divisions commonly
were used akin to chronostratigraphic units. Now, as a resuit of
more advanced research, many more glaciations (and interglacia-
tions, stadials, and interstadials) are recognized throughout the
Northern Hemisphere (Sibrava and others, 1986). Also under-
stood is the fact that the boundaries of the physical units in
glaciated areas (tills, outwash deposits, etc.) are strongly time
transgressive (Richmond and Fullerton, 1986, p. 6, 8, 183-184,
Chart 1).

Consequently, Quaternary workers are moving toward de-
fining major chronostratigraphic boundaries on the basis of geo-
logically isochronous units, such as tephra layers and geomag-
netic reversals (Fig. 5). Tephra layers have limited areal extent,
but magnetostratigraphic chronozone and subchronozone
boundaries are recognizable throughout the world and therefore
are now more frequently used internationally. This is illustrated
by the recommendation of the INQUA 1987 Congress that the
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TABLE 2. DIVISIONS OF THE QUATERNARY AND THEIR BOUNDARY DATES
AS USED IN THIS VOLUME*

Present
Holocene
(Oxygen-isotope stage 1)
1&) to 12 ka
Late Wisconsin (Oxygen-isotope stage 2)
o ["-mmTmmessesesssssosesesesosooooo- ke e el ~28 ka
§ Middle Wisconsin of Richmond and Fullerton (1986)
8 (O-isotope stages 3 and 4)
e ~71 ka
a Late Sangamon (Early Wisconsin and Eowisconsin of Richmond
§ and Fullerton, 1986; O-isotope stages 5a-5d)
---------------------------------------------------------- ~115 ka
Sangamon of Richmond and Fullerton (1986)
(O-isotope stage Se)
~128 kat
Late-Middle Pleistocene (llinoian of Richmond and Fullerton, 1986;
2 O-isotope stages 6-8)
R L L LA C ~300 ka
» Middle-Middle Pleistocene of Richmond and Fullerton (1986)
& (O-isotope stages 9-15)
R S R C L L L LR L E L L EE L L R ~620 ka$
§ Early-Middle Pleistocene (Richmond and Fullerton, 1986}
= (O-isotope stages 16-19)
— (Matuyama-Brunhes Chronozone boundary) 750-775 ka**
Early Pleistocene
""" == Upper boundary of Olduvai Subcron ~==-====cescesccccnnccccacar== 165 Ma
— or__ Gauss-Matuyama Chron boundary 2.48 Ma
Pliocene
5.0-5.5 Mat
Miocene

Notes: *See text for supporting arguments.

tCorals from the highest strandlines of the last interglacial on Barbados and Curacao gave mean
ages of 125 to 126 ka by high-precision uranium-thorium dating (Bard and others, 1989).
§Richmond and Fulierton (1986) use the Lava Creek B tephra layer, dated 620 ka by K-Ar and
fission-track (G. A. Izett, U.S. Geological Survey, personal communication, 1987) to identify this
boundary in much of the western U.S. This is the approximate age of the boundary between oxygen-

isotope stages 15 and 16 (Figs. 1 and 2).

**INQUA's Subcommission on Subdivisions of the Pleistocene in 1987 recommended that the
Matuyama-Brunhes paleomagnetic Chronozone boundary be adopted internationally as marking the
boundary between the lower and middie Pleistocene.

#The Miocene-Pliocene boundary currently is dated 5.0 to 5.5 Ma (Odin, 1982)

Matuyama-Brunhes Chronozone boundary be adopted interna-
tionally as the boundary between the lower and middle Pleisto-
cene. Also, both the upper boundary of the Olduvai Subchrono-
zone and (preferably) the Gauss-Matuyama Chronozone bound-
ary currently are candidates for marking the Pliocene-Pleistocene
(Tertiary/Neogene-Quaternary) boundary internationally (see
below).

Age of the Pleistocene-Holocene boundary

Unfortunately, there is no magnetostratigraphic chronozone
or subchronozone boundary at or close to the preferred position
of the Pleistocene-Holocene boundary. Based on the deep-sea
record, the Pleistocene-Holocene boundary should be placed at
the boundary between O-isotope stages 2 and 1 (Termination I,
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Fig. 3), commonly given as about 11 to 12 ka (e.g., Ruddiman
and Wright, 1987a; Imbrie and others, 1984, Tables 6 and 7).
.owever, in deep-sea cores from around the world this boundary

“—is time transgressive between about 9 and 13 ka. Its various terres-

trigl litho- and biostratigraphic representations in North America
and western Europe average about 10 ka (Fairbridge, 1972),
albeit with much diachronism. Hopkins (1975) proposed an arbi-
trary age of 10,000 years as a compromise for divergent opinions
based on land data. However, this proposal does not meet the
requirement of the International Stratigraphic Code that a chron-
ostratigraphic boundary of this rank be based on an internation-
ally acceptable stratotype. Richmond and Fullerton (1986)
accept 10,000 years as a provisional date for the Pleistocene-
Holocene boundary; however, they note (p. 186) that it is a
geochronometric boundary without a stratigraphic basis; it does
not date the termination of continental glacial activity in the
United States, and it has no significance in the overall record of
glaciation in the United States. Neither INQUA nor the Interna-
tional Geological Congress have decided on a suitable stratotype
and date for this boundary.

The Sangamon- Wisconsin boundary

For more than two decades, leading workers in Quaternary
geology in the midwestern United States have placed the lower
boundary of the Wisconsin(an) at 70 to 75 ka (e.g., Willman and
Frye, 1970). This age corresponds to the boundary between ma-

ine oxygen-isotope stages 5 and 4, and would make O-stage 5

-‘\,/entirely interglacial. However, Richmond and Fullerton (1986)

regard the O-stage 5d to 5a interval to be part of the Wisconsin
glaciation and designate it “Eowisconsin” and “Early Wiscon-
sin.” This is because they correlate moderate glacial advances on

the Yellowstone Plateau, Wyoming (as well as in Alaska and
perhaps eastern Canada), with O-isotope stages 5b and 5d. None-
theless, there is no reliable documentation in Europe or Asia of
glacial advances correlative with O-stages 5b or 5d (Sibrava and
others, 1986). Therefore, many students of terrestrial and marine
records still regard the whole of O-stage 5 as a single, albeit
modulated, interglacial.

Age of the Matuyama-Brunhes Chronozone boundary

The Matuyama-Brunhes (M/B) magnetostratigraphic
Chronozone boundary has been proposed by the INQUA Com-
mission on Subdivisions of the Pleistocene (1987) as the most
acceptable marker for the boundary between the lower and mid-
dle Pleistocene. However, the age of this magnetostratigraphic
boundary cannot be ascertained directly; like all geomagnetic
reversals it must be determined by dating underlying and overly-
ing strata by isotopic, fission-track, or other methods at many
localities. The best approximation of the age of the M/B chrono-
zone boundary appears to be about midway between the esti-
mates of Mankinen and Dalrympie (1979), Imbrie and others
(1984), and Johnson (1982) (730 + 11, 734 + S and 788 ka,
respectively), for the following two reasons.

1. Johnson’s (1982) date of 788 ka is somewhat too old,
because it does not allow enough time between the M/B chrono-
zone boundary and the end of the Jaramillo Subchronozone (well
dated at 890 ka), as evinced by deposition rates in many deep-sea
cores (G. J. Kukla, personal communication, 1989). Nonetheless,
Richmond and Fullerton (1986) accept Johnson’s date as a pro-
visional age for the M/B boundary.

2. On the other hand, the ages for the M/B reversal used by
Mankinen and Dalrymple (1979) and by Imbrie and others
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(1984) clearly are too young because they are younger than the
Bishop Ash, which has normal polarity. Glen Izett (U.S. Geologi-
cal Survey, personal communication, 1989; Izett and others,
1988) redetermined the age of this tephra layer, obtaining 738 +

“— 3kaasa weighted mean of 15 dates on sanidine (14 40K 40A ¢

Aates and one 3%Ar-40Ar date). The Bishop ash lies 3 m above the
M/B reversal in a Lake Bonneville (Utah) sequence cored at the
southern edge of the Great Salt Lake, and a strongly developed
paleosol lies just below the ash layer; the M/B reversal is esti-
mated from deposition rates to be between 15 and 40 k.y. older
than the Bishop Ash, giving an age of 753 to 778 ka for the
reversal (Eardley and others, 1973, Fig. 1 and p. 212). Also, in
two borehole cores near Bakersfield, California, the M/B bound-
ary was identified in lacustrine clay 3.7 and 4.9 m below the
Bishop Ash; the average deposition rate including diastems is 11.7
cm/ 1,000 yr, making the approximate age of the M/B boundary
about 775 Ma (Davis and others, 1977). Furthermore, on the
basis of K-Ar ages from a volcanic sequence in the Jemez Moun-
tains, New Mexico, the age of the M/B reversal is estimated to be
about 770 ka (G. A. Izett, personal communication, 1984).

Because of the above considerations, the Matuyama-
Brunhes Chronozone boundary is tentatively dated at 750 to 775
ka in this volume. The Bishop tephra layer is a key marker <1 m
to rarely >3 m above the M/B reversal in remnants scattered
widely over the western United States (Chapters, 5, 6, 7, 10, 13,
14, this volume).

Correlation of the deep-ocean-core and astronomical
earth-insolation chronologies

Many deep-sea core-record chronologies were presented be-
fore Johnson (1982) published the first attempt to correlate the
deep-sea oxygen-isotope and Earth-orbital records by statistical
analysis, using oxygen-isotope data from a core from the central-
western Pacific Ocean. Toward the same goal, Imbrie and others
(1984) used more sophisticated statistical techniques to correlate
data from this and four other deep-sea cores (from the Southern
Atlantic, Indian, and Southern Oceans, and Caribbean Sea), and
to correlate the core records with astronomical earth-orbital pa-
rameters (Berger, 1984). Three of the cores penetrated the M/B
chronozone boundary. Imbrie and others initially used two cali-
bration points: 127 ka for the O-stage 5/6 boundary, and 730 ka
(from Mankinen and Dalrymple, 1979) for the M/B chronozone
boundary. After the oxygen-isotope curves were “tuned” to the
precessional parameters and averaged, the final ages of these
calibration points were 128 and 734 ka, respectively.

However, the 734-ka age for the M/B chronozone bound-
ary is too young, as explained above; a better estimate is between
750 and 775 ka. From the present back to about 620 ka the
deep-sea O-isotope data not only are fine-tuned to close agree-
ment with astronomical data but also agree well with terrestrial
data; however, earlier than 620 ka the ages given by Imbrie and
others become discordant, particularly with terrestrial data such
as European and Chinese loess sequences (G. J. Kukla, written
and oral communication, 1989). For example, O-isotope stage 19

is only 10,000 years long in Imbrie and others (1984), yet on land
it is represented by a polygenetic paleosol comparable to all
paleosols in the whole of O-isotope stage 5. Moreover, starting
with interglacial O-stage 13 and continuing through interglacial
stages 15, 17, 19, and 21, the 6130 minima are not nearly low
enough; these minima indicate only weak interglacial to subgla-
cial conditions (compare Figs. 3 versus 4). In contrast, the central
European and Chinese loess records (Fig. 2) show by degree of
paleosol development and snail faunas that O-stage 13 was one of
the Pleistocene’s stronger interglacials, and that O-stages 15, 17,
19, and 21 were as strong or stronger than the Sangamon.

Because of these problems, I regard the portion of Imbrie
and others’ (1984, Table 7) data pertaining to ages older than 620
ka as somewhat too young; also, back beyond about 745 ka the
oxygen-isotopic data strongly suppress the true amplitudes of
interglacial minima.

Age of the Pliocene-Pleistocene boundary

Two quite different stratigraphic levels/ages currently are
proposed for the Pliocene-Pleistocene boundary: (1) the end of
the Olduvai normal-polarity Subchronozone, dated about 1.65
Ma; and (2) the 2.48-Ma Gauss-Matuyama magneto-chronozone
boundary.

Placing the Pliocene-Pleistocene boundary at the end of
the Olduvai Subchronozone. This is the provisional boundary
selected in 1981 by joint resolution of the Working Group of the
International Geological Correlation Program Project 41
(Neogene-Quaternary Boundary) and the International Union for
Quaternary Research (INQUA) Subcommission 1-d on the
Pliocene-Pleistocene Boundary (International Commission on
Stratigraphy Working Group on the Pliocene-Pleistocene Bound-
ary). Nevertheless, the end of the Olduvai subchron is seriously
unsuitable as a candidate for this geologic-period boundary, for
the following reasons.

1. Aguirre and Pasini (1985) propose that the international
stratotype for the Pliocene-Pleistocene boundary be designated as
the top of the Olduvai normal-polarity Subchronozone in the
Vrica section, southern Italy. However, the proposed stratotype
area is much deformed and fauited, with many tectonic and
erosional hiatuses; even the Vrica section is truncated. Moreover,
the paleomagnetic, tephrochronologic, biostratigraphic, and
chronologic data are ambiguous and may be in serious error
(Kukla, 1987, p. 214-216). Identification of the Olduvai Sub-
chron here is questionable; the normal-polarity strata may repre-
sent an older subchronozone such as the Reunion (Arrias and
Bonnadona, 1987).

2. The relatively short Olduvai Subchronozone cannot be
identified paleomagnetically in many Pliocene-Pleistocene ma-
rine and terrestrial sequences, and identification of the precise
position of its upper boundary is even less common.

3. Neither the Olduvai Subchronozone nor its upper
boundary marks a substantial climatic event on a global basis;
they are not marked by a distinctive woridwide litho- or biostrat-
igraphic discontinuity.
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Published comments adverse to placing the Plio-Pleistocene
oundary at the top of the Olduvai Subchronozone include
*»\/,.(ichmond and Fullerton (1986, p. 186), who state,

. 7. there are no criteria by which the Pliocene-Pleistocene boundary
thus defined can be located accurately in the stratigraphic sequences in
the US.A. . . . The Pliocene-Pleistocene boundary thus defined has no
significance in the stratigraphic and chronologic framework of glaciation
in the United States. . . .It has no significance with respect to the disper-
sal of microtine rodents . . . or other vertebrate faunas . . . that distin-
guish the North American land mammal ages; . . . 00 clear significance
with respect to climatic or environmental changes in North America
based on biotic criteria.

In addition, G. L. Smith (Chapter 11, this volume) observes,
regarding the deep-core record at Searles Lake, California,

... the 1.6 Ma “beginning of Quaternary time” falls near the middle of a
virtually uninterrupted intermediate hydrologic regime that lasted about
0.75 m.y.

Kukla (1987) comments that the proposed Pliocene-
Pleistocene boundary at the top of the Olduvai Subchronozone
has no lithostratigraphic or biostratigraphic representation in the
loess sequences of China.

Geologists working with offshore core and seismic data in
the Guif of Mexico generally cannot recognize this boundary on
stratigraphic or paleomagnetic grounds; they almost uniformly
orefer a more distinguishable boundary.

- The Gauss-Matuyama Chronozone boundary as a
candidate for the Pliocene-Pleistocene boundary. Mounting
evidence indicates that the 2.48-Ma Gauss-Matuyama Chrono-
zone boundary would be a more suitable candidate for the
Pliocene-Pleistocene boundary (Ruddiman and Wright, 1987b;
Kuukla, 1987, 1989; Kukla and An, 1989). Arguments on behalf
of placing the Pliocene-Pleistocene boundary at the Gauss-
Matuyama magnetic reversal are as follows.

1. The Gauss-Matuyama magnetic reversal was close in
time to a sudden cooling of the Earth and the initiation of
moderate-sized ice sheets in North America and Europe, between
2.55 and 2.4 Ma (Fig. 2), after several million years without
significant glaciation. This cooling ended a Pliocene warm period
whose climatic cycles were much smaller in amplitude than those
of the Pleistocene and never became colder than the Pleistocene
interglacials, even at high latitudes (Matthews and Poore, 1981).
This climatic shift—the true beginning of the “Great Ice Age”—is
recorded in cores from the subpolar North Atlantic and the Lab-
rador and Norwegian Seas by a marked increase in 130, a de-
crease in percent CaCOj (Fig. 3), and an increase in ice rafting
(Backman, 1979; Shackleton and others, 1984; Zimmerman and
others, 1985; Ruddiman and Kidd, 1986; Eldholm and Thiede,
1987; Srivastava and Arthur, 1987; Ruddiman and Wright,
1987a).

2. This drastic climatic change is well represented by litho-

_ logic and biostratigraphic discontinuities in marine and terrestrial
\_~ sequences throughout the world (e.g., by the start of loess deposi-

tion in Europe and China (Kukla, 1987, 1989; Kukla and An,
1989).

3. The Gauss-Matuyama polarity reversal can be identified
unambiguously in terrestrial and marine sequences throughout
the world, much better than the top of the Olduvai
Subchronozone.

4. Placing the Pliocene-Pleistocene boundary at the 2.48-
Ma Gauss-Matuyama Chronozone boundary will accommodate
the two classic concepts of the Quaternary, of it being “The Great
Ice Age” and also that it is “The Age of Man” (the earliest
humanoids evolved near this time).

Some significant revisions in Pleistocene terminology

Much of the “classical” terminology for designating the age
of Pleistocene deposits is now revised throughout the Northern
Hemisphere (Sibrava and others, 1986). Geologists in the United
States should note the recommendations that terms such as Yar-
mouth(ian), Kansan, Afton(ian), and Nebraskan be abandoned
(Richmond and Fullerton, 1986, p. 6-7, 183-184) because they
have been widely misused as chronostratigraphic names. These
names were originally based on litho- and pedostratigraphic units,
but they oversimplify a complex stratigraphic record and have led
to much miscorrelation of units. Other classical terms, including
Sangamon, Illinoian, and parts of the Wisconsin are more nar-
rowly redefined; Richmond and Fullerton (1986) also recom-
mend that the names Wisconsinan and Sangamonian (which
have chronostratigraphic connotations) also be abandoned.
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