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ABSTRACT
o« artz monzonite residuals in the western Mojave Desert indicates that current weath-
| :ll‘rl:rll:ill llllrE::itic rocks is not renewing the boulder mantles characteristic of this region. gou]dﬁr
§ #re irenently disintegrating to expose massive outcrops that change thereafter only by the e]:ac -
l“lutlnn shells. The existing boulders were originally isolated as corestones by subsurface chemi-
: :mlnu anel have been ex by the stripping of a thick weathered mantle formed during prﬁ-
i perlods of greater moisture availability. North of the San Bernardino Mountains deepl\;'eat -
#4 eharacterized by brick red surface horizons, rubefied calcrete crusts, and the presence of core-
& irus matrix are widely encountered beneath basaltic remnants havmg radiometric agesl _:nhexcehss
¥, Cuntinulty between these relict weathering profiles and present boulder mantles establis esft e
nherited features. The gradual onset of aridity during the later Tertiary terminated subsur ac:i-

Nl necelerated surface erosion, bringing about the massive exposure of Tertiary corestones a.l;]
dantrollod Tertiary “weathering front.” Slope retreat and pedimentation occurred hen_-:;];n t 3

il u soll cover; thus the extensive granitic pediments of the region are also relict forms inherite

tilary landscape.

Gilluly 1946; Melton 19655). Under the
present float of more or less spheroidal
boulders, a second crop is assumed to be in
formation through a concentration of chem-
ical weathering at joint intersections, which
tends to round the apices of originally plane-
faced blocks. Bryan (1925, p. 85-86) de-
scribed the process as follows: “As the bed-
rock of the mountain slope disintegrates,
and the rain washes away the finer frag-
ments, protuberances of the bedrock are
left that consist of the most compact rock
between the most widely spaced joints. The
protuberances are cut loose from the bed-
rock by the same process that formed them,
and a new crop of boulders comes into
existence. By these slow but continuous
processes the mountain front recedes, main-
taining its angle of slope according to the
spacing of joints and the granular structure
of the granite.”

Davis (1938, p. 1360-1361) shifted the

INTRODUCTION

hout the deserts of the south-
nited States, hillslopes developed
tl¢ rocks have a distinctive appear-
peeeding from their characteristic
I naked boulders, which, together
010 mussive rock slabs, ribs, and
Ive rlse to landscapes unlike those
with any other geological ter-
liyee the pioneer essays of Lawson
and Bryan (1923, 1925) concerning
i landforms in the southwestern
Miatos, American physiographers
Hot dissented from the view that’
% mantling granitic slopes are prod-
if vontinuing near-surface weathering
In woll-jointed rock (Davis 1938;

. nusctipt received September 25, 1970; re-
June 14, 1971,
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emphasis to the subsurface, stating that
“inasmuch as a supply of subsoil boulders
is always ready to be laid bare,” the retreat
of granitic mountain faces is at the rate of
inward penetration of subsurface chemical
decomposition. He noted that “the boulders
which now conspicuously cover the faces of
desert granitic mountains are homologus
[sic] with the invisible boulders of similar
mountains in humid regions, although these
are covered with a forested soil, as I have
elsewhere shown.”

According to either of these views the
general character of granitic inselberg sur-
faces in desert settings could not be expected
to change through time; boulder-clad slopes
are retreating, and retreating slopes remain
boulder clad. Likewise, the processes cur-
rently observable are assumed to account
for all the forms seen.

More recently, Melton (1965a, 19655) has
suggested that boulder production has been
accelerated periodically by the mechanical
effects of lowered temperature, concluding
that exceptionally coarse alluvial deposits
in southern Arizona, and possibly also the
boulders still mantling granitic slopes, are a
consequence of intensified freeze and thaw
cycles during the Pleistocene. This climatic
hypothesis has not been accepted without
argument (Lustig 1966). Simultaneously,
however, Melton (19656, p. 720) supports
the conclusion of Bryan that boulders are
continuing to be produced by the weather-
ing of well-jointed rock. In a remark that
could easily be overlooked, Melton makes
the important observation that some of the
weathering he noted was probably relict
from an undetermined age.

Meanwhile, investigators of certain Old
World and Southern Hemisphere deserts
have identified boulders, tors, and massive
outcrops in these regions as relict features
inherited from antecedent morphogenetic
regimes. The boulders are regarded as form-
er corestones isolated in the subsurface by
chemical weathering along joint planes and
exposed at the surface as a consequence of
climatic desiccation and stripping of a
weathered mantle formed under prior humid

conditions. Examples have been identified
in the central Saharan highlands (Dresch
1959), and the outstanding analyses of
Australian desert landscapes by Mabbutt
(1961, 1965) are predicated upon this view.

My own observations of the granitic ter-
ranes of the Mojave Desert of California
likewise suggest that the present character
of slopes in the latter area is not a conse-
quence of continuous arid morphogenesis,
as is ordinarily supposed (e.g., Warnke
1969). In this region, as in the central
Sahara and the Australian deserts, a variety
of evidence indicates recent erosional strip-
ping of a weathered mantle, and further
discloses that the ubiquitous boulder cloaks
are but a transitional form in an evolution-
ary development triggered by regional cli-
matic changes initiated in the late Tertiary.
The familiar landform types of the present
Mojave Desert are thus viewed as both new
and ephemeral, bearing little resemblance
to the forms of a few million years ago but
predicated upon the development of those
forms, and at the same time displaying a
residual disequilibrium with the existing
climatic regime.

Accordingly, points to be discussed in-
clude the derivation of boulders from solid
outcrops and deep weathering profiles, the
fossil nature of deep-weathering profiles in
the Mojave Desert, and the significance of
prior weathering and landscape develop-
ment in the evolution of the contemporary
landscape of this region.

CHARACTERISTICS OF THE STUDY AREA

The evidence for this interpretation of
the geomorphic history of the Mojave
Desert has been gathered in the course of
studies pursued intermittently over several
years in that portion of the desert marginal
to the San Bernardino and Little San Ber-
nardino Mountains between Victorville and
Dale Lake (fig. 1). Within this district the
areas of Lucerne and Johnson Valleys and
Joshua Tree National Monument have re-
ceived closest attention.

Lucerne Valley and neighboring Johnson
Valley lie in the rain shadow of the 10,000-
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llernardino  Mountains, while
T'ree Nutlonal Monument is located
the Nulton Depression and includes
ul the Little San Bernardino Moun-
Wl nreans receive less than four
ul precipitation annually, with a
winter muaximum. Creosote bush

(Larrea divericata) is dominant on alluvial
aprons and pediments, with Vucca schidi-
gera and Joshua trees (V. brevifolia) en-
countered above 3,000 feet. All drainage
presently terminates in closed basins oc-
cupied by dry lake beds lying at elevations
between 2,500 and 2,800 feet. Morpho-
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logically diverse granitic divides rise about
2,000 feet higher, with pediments and al-
luvial aprons accounting for more than half
of the local relief in certain areas.

The majority of bedrock erosional forms
are developed in quartz monzonite of Meso-
zoic age, which, in a variety of textures, is
ubiquitous in the western half of the Mojave
Desert. As describad by Dibblee (19644,
1964b, 1967a, 1967b), this rock is charac-
teristically gray white, massive, medium
grained, equigranular (average grain size
usually 2-3 mm), and weakly coherent
where weathered; breaks down by separa-
tion of grains; is composed of quartz,
potassic feldspar (orthoclase or microcline),
and plagioclase (oligoclase or andesine) in
generally equal proportions; and contains
297,-7%, biotite and a total of less than 29,
sphene, apatite, zircon, magnetite, and
hornblende—the latter being rare. Granite,
granodiorite, gneiss, and metavolcanics are
encountered locally.

Granilic relief features—The positive re-
lief forms of the region consist of short
comb ridges and clusters of juxtaposed rock
cones rising above extensive erosional pedi-
ments, portions of which display a diversi-
fied relief of bouldery tors, more massive
rock bosses, and extensive plane surfaces
scored by gullies along open joints. A few
tabular granitic massifs are also present;
these exhibit little erosional development in
certain instances, as shown by an absence of
peripheral pediments and by the wide
separation between young canyons that oc-
casionally interrupt the steep margins of
the massifs.

The positive granitic relief forms in this
area, as in most granitic terranes, consist of
wash slopes, boulder-clad slopes, and mas-
sive outcrops. Wash slopes are encountered
locally on pediments and the larger residual
masses wherever the bedrock is too thor-
oughly decomposed to release solid boulders
(fig. 2). They are smooth surfaces, veneered
with coarse grus in downslope transport,
and may attain angles in excess of 30°.

More commonly, the steeper slopes are a
jumble of subangular to spheroidal boulders

F16. 2.—In the foreground, wash slopes on de-
composed quartz monzonite in Joshua Tree Nation-
al Monument. Typical boulder slopes in the distance.
Boulders and tors of less decomposed rock are left
in relief as the more thoroughly decayed material
is removed by surface wash.

of a variety of shapes and sizes clearly
derived from plane-faced blocks bounded by
intersecting joints (fig. 3). The boulders may
be either sound or well decayed, the latter
often displaying various degrees of cavern-
ous weathering under case-hardened ve-
neers. Where the boulders remain in place,
the joint configuration within the mass is
usually apparent; however, nonorthogonal
jointing frequently produces a chaos of
enormous blocks, looming walls, and giant
pinnacles.

By contrast, massive outcrops are nor-
mally broken by sheeting fractures, the

Fi6. 3.—Characteristic boulder slope on well-
jointed quartz monzonite west of Lucerne Valley.
A variety of joint patterns is evident, but sheeting
dominates.
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iletails of their topography being supplied

by the surfaces and edges of lenticular
exloliution slabs. Such outcrops assume the
fornm of domes and buttresses often sur-
puninded and surmounted by in situ boulders
“\I" 'll 5]-

All exposed surfaces, including those
flenrly exhumed from beneath an alluvial
#uver, have been patinated by a varnish qf
Waoluble iron and manganese oxides that is
. presently being destroyed by pitting and
] lihlng. On long-exposed surfaces of some-

What lecuyed rock the impregnation is deep
#nough Lo rebind the partially disaggregated
Balorlor material, producing a “case-hard-
@l rind an inch or two thick. Case
plening has affected all surfaces on the
Jorlty of inselbergs and tors, reaching
I Into closed joints that penetrate mas-
o outcrops. This dark brown, almost

¥10, 4, —Massive outcrop, showing sheeting and
vertleal joints, Joshua Tree National Monu-
I, Molght, about 100 feet.

Fiu. 8 —~Massive outcrops being exposed by
jiegration of the boulder mantle, Joshua Tree
Wil Monument. Two domes are present in this
W, snih crowned by boulders originally defined by
ta that project into the domes themselves.

black, weathering cortex has been in lar_ge
part removed from many outcrops, its
destruction being initiated by networks of
cracks normal to exterior surfaces. Sub-
cutaneous chemical action commencing
along the lines of these cracks eventually
leads to the detachment of plates an inch or
more thick, exposing decayed rock stained
buff by iron oxide. This material is being
affected by granular disintegration.

Massive outcrops differ from the above
in that they ordinarily bear scattered rem-
nants of a formerly more complete but pure-
ly surficial patina of iron and manganese
oxides imparting a medium gray color to the
rock., Most such outcrops lack the separate
zone of buff ferric oxide stains always found
beneath thicker weathering rinds and, de-
spite surficial flaking, are sound enough to
make a hammer bounce. By contrast, rock
currently being exposed by the stripping of
weathered residuum is only weakly co-
herent, crumbling into grus when struck
even though the mafic minerals are so little
altered that the rock may show little or no
staining by iron oxide.

The present weathering style on exposed
surfaces is a generally reliable index of rock
soundness. Solid outcrops shed fine scales
of fresh minerals, but granular disintegra-
tion is characteristic where there has been
slight to thorough chemical alteration of the
rock mass. Scaling likewise occurs on cavern-
ous surfaces that maintain relatively hu-
mid microclimates; however, such scales
consist largely of secondary minerals, un-
like those shed by exposed surfaces.

RELATION OF BOULDERS TO
MASSIVE OUTCROPS

Where boulder mantles and massive out-
crops are found in close association, the
relationships between thé two make it diffi-
cult to envisage the contemporary forma-
tion of boulders by weathering into well-
jointed rock.

Massive granitic outcrops in the Mojave
region are generally encountered in the
form of domes similar in most respects to
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the domed inselbergs described in the cen-
tral Sahara (Birot 1958; Dresch 1959),
Brazil (Birot 1958), Australia (Twidale
1964), and Nigeria (Thomas 1965, 1966);
such domes are encountered wherever gra-
nitic rocks appear in arid or semiarid set-
tings. These forms have been attributed to
local decreases in joint density or suppres-
sion of jointing along lines of tectonic com-
pression, the boulders that frequently litter
their surfaces being viewed as a product of
subaerial weathering of dome surfaces (e.g.,
Birot 1958; Twidale 1964). Thomas has
interpreted the similar bornhardts of the
subtropical Nigerian savannas as ‘“ex-
humed” portions of highly irregular sub-
surface weathering fronts, and he regards
superincumbent boulders as having been
isolated by chemical decomposition in the
subsurface.

One cannot deny that domed inselbergs
in the Mojave Desert are structurally con-
trolled and constitute compartmented land-
forms conforming to local joint configura-
tions. Whether they are also localized
individually by diminished joint density is
difficult to determine, since the bedrock
between them is ordinarily obscured by
alluvium and residual deposits. Where this
bedrock is exposed, as in pediment passes
just north of the Lunar Buttes of Lucerne
Valley, density of jointing does not appear
to differ significantly from that in higher
standing areas.

The configuration of individual granitic
hills suggests that the contrast between
boulder mantles and massive outcrops is
itself not altogether attributable to varia-
tions in joint density. The massive outcrops
are frequently subjacent in position to
boulder mantles and are being exposed by
disintegration of the latter. Dwindling con-
centrations of more or less decayed blocks
and boulders on the crests and flanks of
many smooth domes give them the appear-
ance of emerging hemispherical cores (fig. 5).
It is clear that certain boulder mantles are
derived from fragmented exfoliation shells,
but others seem related to older orthogonal,
rthombohedral, and less systematic joint

systems that are traceable into the intact
dome surfaces below. In many instances
well-rounded  boulders, occasionally dis-
playing cavernous weathering, rest on ex-
panses of granite that remain smoothly
planate across the same joint partings that
have defined the overlying much-reduced
blocks. Thus, between the present boulder
mantles and the dome surfaces beneath
them, there is a notable lack of a transi-
tional zone of blocks that are becoming
boulders (fig. 6).

Twidale (1964) has suggested that closed
joints in crystalline rocks may result from
compression, as in local synclinal flexures,
whereas open joints favorable to the pene-
tration of decay effects would proceed from
tensional stressing in adjacent anticlinal
warps. In the present case, however, closed
joints project upward into mantles of
boulders rounded to various degrees, in-
dicating quite effective weathering in these
same partings to a fairly well-defined level,
at which rock decay appears to have halted
rather abruptly.

Even where the rock exposed on dome
surfaces is decayed, as indicated by granular
disintegration, invasion of cracks by iron
and manganese oxides may cause their
margins to project above the mass of the
rock, rather than forming reentrants in its
surface (fig. 7). Accordingly, jointed sur-
faces of relatively sound quartz monzonite
do not appear to be developing a micro-

F16. 6.—Preweathered boulders atop massive
outcrop. Spheroidal boulder (center) is 6 feet high.
Cavernous weathering in large block at right pro-
duces hollows adequate to shelter several humans
simultaneously. Note patination to edges of part-
ings, suggesting minimal present weathering into
cracks.
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Fin. 7.—Massive outcrop broken by vertical
ils. Margins of blocks project above centers be-

¢ ol wlight case hardening. No present 'tendency
W wonthering to be concentrated in partings. Lo-
fon In north of Lunar Buttes of Lucerne Valley.

llef related to present weathering at
tlenl cracks. This is not to say that no-
pre have fractures in exfoliation shells
n enlarged by weathering and erosion;
ever, such etching is confined to mani-
ly unsound rock that appears to have
preweathered in the subsurface, as
he liscussed elsewhere.

One cannot dismiss the possibility that
Itational creep or relaxation following
nding will in time cause the fragmenta-
ol sound exfoliation plates along the
of observable fractures, isolating sepa-
hlocks that thereafter become rounded,
fucing a new boulder mantle. While
entation of this type undoubtedly
M, observation suggests that it is not a
erul phase of development. Moreover,
ough it could account for the absence of
naitional zone of incompletely sepa-
| blocks, mechanical fragmentation does
¢xplain the advanced decay of'many
Ider covers as compared with their sub-
"I ..

"o upper surfaces of granitic domes tl'_:us
Lo constitute an interface separating
ewhat decayed rock from subjacent
nil material. Although the density of
s In many massive outcrops is probably
He, If iny, less than in the boulder zones
Wriinal to them, it does not appear that
itinvition of the present style of develop-
1 will renew the boulder crop currently

in existence. Meanwhile, existing boulders,
most of which are somewhat decayed
throughout, continue to be reduced by
granular exfoliation and cavernous weather-
ing. It therefore appears that one must
anticipate the eventual disappearance of the
boulder mantles of granitic hills and their
replacement by multiconvex exfoliating
domes resembling the bornhardts and sugar-
loafs well known in the subtropical granitic
landscapes of the African savannas and
similar regions.

ORIGIN OF EXISTING BOULDERS

If there is little tendency for disintegrat-
ing boulders to be replaced under existing
conditions, how were the boulder. cloaks
originally formed? The answer to this ques-
tion can be seen in exposures of the sub-
surface in an expanding number of excava-
tions for highways, pipelines, and even
residential subdivisions in the Mojave
Desert. )

Wherever artificial cuts into erosional
surfaces on granitic rocks are available for
examination in the Mojave, one is struck
by the advanced chemical alteration of the
subsurface materials, which may be de-
composed to depths of scores of feet even
where complete boulder mantles are present
(fig. 8). Weathering profiles vary consider-
ably but commonly consist of subangular t'o
spheroidal corestones in a grus matrix. This

# o

F16. 8. —Decomposed quartz monzonite henea}h
a boulder litter, Yucca Valley. Decayed rock easily
bulldozed. Boulders represent a lag of former core-
stones exhumed during Plio-Pleistocene denudation.

8 T. M. OBERLANDER

fact has been verified by seismic inspection,
which reveals that granitic pediments hav-
ing discontinuous bedrock outcrops may
transmit seismic waves at velocities little
above those in sandy alluvium, velocities
characteristic of fresh granite being de-
tected only sporadically as large corestones
are encountered. The unsound condition of
subsurface granitic rocks in the drier por-
tions of California is attested in many en-
gineering studies (e.g., Kiersch and Treasher
1955) and in the quarrying industry, which
is characterized by small operations utilizing
isolated surface boulders and monolithic
domes rather than large pits.

The corestones visible in excavations are
of all sizes and vary widely in definition and
degree of development, some being grada-
tional into their grus matrix, while others
are surrounded by discrete spalls of much-
altered rock. These variations presumably
derive from subtle differences in petrog-
raphy and local weathering solutions. The
breakdown of granitic rocks by the decay of
biotite and partial hydration of plagioclase
feldspars appears to proceed similarly
wherever studied in the western United
States, according to the descriptions by
Larsen (1948), Kiersch and Treasher (1955),
Wahrhaftig (1965), Eggler et al. (1969), and
others.

Where exposures of the subsurface are
available, the origin of surface boulders can
hardly be in doubt. Wherever large boulders
are strewn over wash slopes on pediments

and residual masses, the subsurface rock is
friable and may be resolved into a complex
of more or less well-formed corestones sur-
rounded by grus. The surface boulders are
corestones exposed by erosion and reflect
joint-controlled subsurface chemical weath-
ering of surprising effectiveness for a desert
environment. Although such boulders have
been preweathered in the subsurface, they
may appear more solid than still-entombed
corestones due to case hardening of their
exteriors,
Once exposed at the surface, further de-
cay of the boulders is greatly retarded, This
phenomenon has been noted in a variety of

climatic settings (Dresch 1959; Thomas
1965; Wahrhaftig 1965) and is a conse-
quence of the greater humidity, under
average conditions, of the subsurface en-
vironment as contrasted with that of the
surface. Thus surface boulders may persist
in the landscape long after their subsurface
counterparts have been totally disinte-
grated. Evidence to be presented indicates
that the antiquity of such boulders, mea-
sured from their inception as corestones,
can be established and is far greater than
one might reasonably expect.

FOSSIL NATURE OF THE DEEP-
WEATHERING PROFILES

Deep weathering of granitic rocks poses
somewhat of a geomorphic anomaly in the
face of Quaternary moisture regimes in the
Mojave Desert. The latter are documented
by sporadic massive carbonate crusts en.
countered widely in alluvium, from a few
inches to 3 feet below the surface. While
certain K-horizons (calcrete, caliche) ap-
pear to be a consequence of upward capil-
lary rise from a former water table, the
morphology of others indicates accretion
from above as a consequence of shallow
penetration of moisture (Gile et al. 1966).
Whether the carbonate crusts of the Mojave
region formed during Pleistocene moist
phases or are a product of the contemporary
climate, it seems clear that even under the
most exceptional of present conditions
meteoric water must not penetrate far
below the levels at which the carbonate
crusts occur. Studies of the relationship
between precipitation quantities and leach-
ing effectiveness (Jenny and Leonard 1939,
Arkley 1963), as well as the presence of
massive calcrete layers at shallow depths,
suggest that under existing conditions
meteoric moisture may never gain access
to the subsurface “weathering front” in
many areas of the Mojave Desert, where
decomposed granitic rocks are commonly
found at depths in excess of 100 feet. This
indicates that the deep weathering observed
occurred under conditions unlike those of
the present. If such is the case, the weather-
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Iy prohiles, their included corestones, and
the houlider mantles derived from them must
be tenrded as fossil forms.

Il linck of rudimentary pedogenic de-
~ Welopinents on moderate slopes underlain
By sonew of rock decomposition scores of
I In depth is another anomaly that can
I he explained by assuming that the
thering profiles formed under conditions
t nu longer prevail and are incomplete
lu (runcation by erosion.

B QUATERNARY WEATHERING PROFILES

Thero Ix direct evidence that the decom-
| granite, included corestones, and
#ee houlders encountered in the western
hve Desert are decapitated remnants
vlent weathering profiles. Fortunately,
\ilornary lavas, erupted locally, have
ihed fragments of Tertiary land sur-
which are accessible for study today.
lunnics of Tertiary and Quaternary age
Pequently encountered north of the San
rdino Mountains where they are as-
ol with transcurrent faults parallel
Nun Andreas system. Several such
ron extend northwestward out of the
ernurdino range, their trends clearly
| by rift topography and springs.
and there along their traces masses of
It lava appear, themselves rifted apart
wnce of continued displacement along
ilures, In some areas denudation has
| the entire land surface by 200 feet
#e nince the volcanic episode; else-
there has been just enough erosion to
the ancient surface onto which the
les were erupted.
fopographic surfaces and fragments
Ith that are preserved under lavas in
tern Mojave are distinctly different
those oncountered on present denuda-
siirfacos, All are deeply weathered and
{0 development under conditions un-
thome of the present, this fact being
ol In distinctive reddish saprolites
fylng thicknesses overlying rock de-
ol to depths of several tens of feet.
firus similar to that encountered over
nporary denudational surfaces is found

only in the basal portions of the archaic
weathering profiles.

Localities in which ancient soils could be
recognized are indicated in figure 10, The
range of both site and soil characteristics is
illustrated by four exposures on the eastern
periphery of Lucerne Valley.

Sites 1 and 2 are encountered near the
southern end of the Fry Mountains, where a
tongue of basalt approximately 1 mile long
curves westward from a vent now stranded
more than 500 feet above the desert surface
on a residual mass of quartz monzonite.
Throughout much of its length the base of
the flow stands about 200 feet above its
surroundings, approaching to within 50 feet
at its terminus. A K/Ar date of 8.9 + 0.9
m.y. has been obtained from the basalt.

At site 1 on the south side of the flow
the basalt covers a brick red saprolite that
includes a concretelike pedogenic crust
(fig. 9). The crust, which could be described
as either a ferruginous calcrete or a cal-
careous ferricrete, is composed of two hori-
zons, each as much as 10 inches thick,
separated by 1-3 inches of silty material.
The lower and thicker of these crusts rises
locally to pinch out the upper layer. Micro-
scopic examination, as well as the depth of

F16. 9.—Indurated layers in Tertiary paleosol
at site 1 east of Fry Valley. The truncated soil in
colluvium is exposed at the base of basalt having a
radiometric age in excess of 8 m.y. Hammer rests on
top of lower calcrete horizon (upper horizon ob-
scured by recent rockfall), which pinches out upper
horizon in center of photo. At right, exhumed core-
stones in direct contact with basalt. Entire weather-
ing profile, including crust, corestones, and sub-
jacent altered rock, is brick red.
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F16. 10.—Accessible remnants of Tertiary weathering profiles north of the San Bernardino range. Gross
physicial characteristics of the sites are noted in table 1. Areas shown may be located on fig. 1.

rubefaction in the weathering profile, rules
out any possibility that either the color or
induration is a consequence of baking by the
lava. The indurated layers are developed in
colluvium dominated by subangular frag-
ments of quartz and feldspar, with common
chunks of aplite, and are cemented by iron
oxide and calcium carbonate in intimate
association. The compound, cross-cutting
character of the crust indicates that the
carbonate cement was not derived from
chemical decay of the overlying basalt. X-
ray diffraction verifies an obvious paucity
of clay minerals in the weathering crust but

reveals that K-feldspars are quite fresh,
Microscopic examination indicates that the
iron oxide and carbonate are both authi-
genic, the oxides presumably being fixed in
the weathering profile as a consequence of
an alkaline soil solution.

The indurated layers at the top of the
profile rest on a foot or two of strongly
rubefied quartz monzonite saprolite that
grades downward with no change in color
into friable, spheroidally weathered quartz
monzonite and biotite quartz monzonite,
Finely ground dry samples from the in-
durated layers and subjacent regolith and




ayveidl rock range from reddish brown
VI 4 4) 10 red (2.5 YR 4/6) and dark red

VIt 4/0). Rubefaction gradually de-
aen li the zone of spheroidal weathering.
Wi 1015 feet of the surface, iron oxide

b, while still highly conspicuous, take
formn of separate concentric shells in
lilunl vorestones with less stained shells

weii, Helow this zene, which is 15-20
Wik, ferric oxide stains are absent, and
Pk uray weathering patina is presently

nwiy from sound quartz monzonite.
Jﬂnl rone, commencing 30-40 feet be-
# noll wurface, is typical of sound rock
oxposed elsewhere over the desert

north side of the lava flow (site 2)
| somewhat higher ground in the pre-
l¢ landscape. Although reconnais-
il not locate any upslope extension
vilerete, the zone of incoherent
| teslduum here thickens to more
feet, This material is mottled in
| erodes to smooth convexities along
ulls. Undisturbed aplite veins crop
exposed faces of the decomposed
Mmoneonite and biotite quartz mon-
‘#utablishing this unconsolidated ma-
bedrock rather than the immature
irkoses of the area, with which it
tonfused. The mottled character of
It In diagnostic of deep-weathering
On quartz monzonite and may re-
Ination of the phase of rubefaction
#ll former corestones had acquired
of their longer-decayed grus matrix.
nunt of the Tertiary landscape that
Appreciably from the foregoing is
Mien 12 and 13 one-half mile north-
Old Woman Springs and 7 miles
Bl the preceding location. These ex-
o nmsociated with the Old Woman
Fuult, which extends obliquely out
Ban Wernardino range. A fault scarp
high at this locality is capped by
o which  K/Ar date of 8.2 + 0.5
a lwen obtained. The basalt with a
tim ol ush overlies an unconsoli-
Allivinl urkose deposited on decayed
itlte,
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The upper 6 feet of the arkose is strongly
colored by iron oxide, and a second rubefied
zone occurs near the middle of the deposit.
The latter is fine grained and poorly sorted,
lacks visible bedding, and includes little,
if any, nongranitic debris. Accordingly, the
transition to the subjacent granodiorite
saprolite is inconspicuous. The granitic
residuum is about 5 feet in depth and grades
downward into disintegrating corestones
and rooted granodiorite knobs at the base
of the exposure. The residuum is buff at the
top, while the corestones beneath exhibit
the usual light gray hue of unpatinated
surface outcrops of granitic rock in the
neighborhood. No pedogenic crust or clearly
demarcated textural horizon has been
noted in this exposure.

A different sequence is exposed on the
opposite (northeast) side of the fault (site
13) only a few yards from the preceding
exposure. Here several remnants of basalt
having a thin substratum of ash recur, but
the ash is in direct contact with a dark red,
clay-rich, residual saprolite that is veined
by aplite. The red saprolite grades into un-
sound but coherent buff-colored granodi-
orite at a depth of 5-8 feet. The abrupt
termination of the arkosic alluvium and the
marked change in the character of the re-
siduum at the line of the Old Woman
Springs Fault appears to be a consequence of
lateral displacement along the fault since
eruption of the basalt.

The exposures at sites 12 and 13 flanking
the Old Woman Springs Fault reveal a
period of general and rather deep rubefac-
tion of a composite cut-and-fill surface
formed during the late Miocene or early
Pliocene. Visible fragments of the erosional
portions of this Tertiary landscape are
everywhere strongly weathered, reminding
one of the Tertiary landscapes of central
Australia as reconstructed by Mabbutt
(1965). While most exposures of this surface
are vividly colored as a consequence of the
decay of iron-bearing silicates in a strongly
oxidizing environment, climatic conditions

in the Mojave Basin were nowhere condu-
cive to the formation of true lateritic weath-
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ering profiles of the type found in the pres-
ent arid heart of Australia; and complete
parallelism in the landscapes of the two
regions should not be expected. Neverthe-
less, many of Mabbutt’s conclusions re-
garding the evolution of Australian scenery
by the stripping of a weathered mantle as a
consequence of progressive desiccation seem
pertinent to the development of landforms
in the Mojave Desert.

General characteristics of the weathering
profiles—Figure 10 indicates the distribu-
tion of Tertiary paleosol remnants located
in the study area, and table 1 summarizes
the nature of the different exposures. Sur-
face expression of the relict weathering
profiles takes three forms. Uppermost, and
most conspicuous where preserved, is the
red saprolite (Zone I), 1-6 feet thick and
occasionally including either claypans or
crusts cemented by calcium carbonate and
iron oxide. The range of Beckman pH
values 4-6 inches below the surface in clay-
rich residuum is 6.2-7.3; in claypans, 7.3-
7.4, and in red calcrete layers, 6.4-7.8. The
higher figure in the last reflects contamina-
tion by recent carbonate dust and white
caliche veins extending into the overlying
lavas. Vein fragments and angular granitic
clasts are locally plentiful at the base of
Zone I and identify some of the material as
colluvium.

Below the saprolite is weakly coherent
pink to gray granitic rock that produces
smooth multiconvex surfaces where exposed
(Zone II). This zone, which is as much as 40
feet deep, is thoroughly decayed, despite a
relatively fresh appearance, and does not
release boulders as it is worn away. It is
thus the material of most wash slopes.
Zone II surfaces are frequently littered with
fragments of aplite and quartz that are
stained dark red by iron oxide, and less
strongly colored veins of these materials are
visible in every Zone II exposure. The lag
of more highly colored vein material has
been derived from eroded portions of the
weathering profile. The pH values in this
zone range between 7.0 and 8.8, the latter
figure being obtained from the suballuvial

exposure at site 16. Below this is the boulder
zone (Zone III),

Zone IIT exposures consist of sound
boulders, knobs still rooted in the solid rock
beneath, and friable former corestones that
have been exposed and let down as a lag
deposit as denudation has proceeded. In-
cluded in Zone III are all projections that
are being etched into relief at present by
erosion of preweathered material marginal
to sound rock. This applies particularly to
current etching in joints, which is here re-
garded as erosion of preweathered material
within Zone III, which terminates down-
ward at the Tertiary weathering front.

As indicated above, decomposition and
rubefaction are not everywhere coextensive
in these weathering profiles. In general,
granitic residuum and decayed granitic rock
are at least buff colored as a consequence
of iron oxide staining, but, locally, as at site
12 west of the Old Woman Springs Fault,
the decomposed rock is uncolored. On the
other hand, very strong coloration has de-
veloped in relatively solid rock at site 1,
Negro Butte (site 5), and elsewhere. At
site 1, weathering Zone I overlies Zone I11
directly, Zone II being absent altogether;
and at sites 5 and 9, only Zone I1I occurs.

All paleosol exposures are partially trun-
cated as a consequence of erosion preceding
the eruption of the Tertiary basalts. Terti-
ary alluvial arkoses and conglomerates, such
as those at the Old Woman Springs locality
and adjacent to site 4, occasionally inter-
pose between the lava and the relict weath-
ering profiles on granitic rock, and them-
selves bear surficial pedogenic developments
similar to those on the latter. The upper
portions of these alluvial deposits are strong-
ly rubefied and include clay pans and
calcrete crusts as much as 10 feet thick.

Red soils are also found on a few rem-
nants of ancient surfaces that have not
experienced volcanism and cannot be dated
with assurance. Such weathering profiles are
thin (6 inches to 2 feet to coherent rock) but
are well developed texturally and are con-
spicuous because of their color. They vary
in pH (6.2-7.4 at approximately 4 inches)
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TABLE 1
MuRFHOLOGICAL CHARACTERISTICS AT SITES OF TERTIARY WEATHERING PROFILES
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Vo u high content of montmorillonite
I:layer clay, which locally forms im-
hle puns more than 10 inches thick.
08l nccessible example is found on the
doratudded pediment fronting the
Bl corner of the San Bernardino
fiorth of Ruby Mountain,
8 Tertlary arkose deposits—Recog-
of the Tertiary regolith is to some
hampered by the striking similarity
rance of granitic residuum to the
Iy alluvial arkoses found in scattered
fen north of the San Bernardino
h I'hin has produced errors on recent
fonl mips, which in several instances
il wouthered granitic outcrops as
B or fuil to note the base of alluvium
i | with weathered granitic surfaces.
ke noted are at sites 4, 12, and 18,
Intively, an enormous valley fill of
b Plelstocene (?) arkosic alluvium be-
the Mulpuis Lava (exposed in Sheep

Springs Canyon, site 16) has been mapped
as quartz monzonite because of its resem-
bla{lce to the granitic material of the op-
posite canyon wall (Rodman Mountains
quadrangle). Although most such errors ap-
pear to have proceeded from long-distance
identifications, the two materials are hard
to distinguish even upon close macroscopic
examination because of the clay content;
al:!undance of incompletely decayed mafic
minerals; lack of rounding, sorting, chan-
nelll'{g, and bedding; and paucity of non-
granitic debris in many exposures of the
arkose. Both have been rubefied to similar
depths below the surface and in many cases
have similar color, texture, and perme-
ability.

The great depth of the Tertiary arkosic
formations in the area drained by Pipe’s
Wash and north of Pioneertown and its
exte:nsion north into Lucerne Valley reflects
equiplanation on an impressive scale in the
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late Miocene. A composite surface of re-
golith-covered granite and granitic alluvium
was created, the remnants of which rise
about 200 feet per mile westward into the
San Bernardino Mountains. This surface
was stabilized under strongly oxidizing
conditions long enough to acquire a rela-
tively uniform degree of coloration extend-
ing to depths of several feet over areas of
both aggradation and erosion, and to pro-
duce ferruginous calcrete horizons in both
types of settings. Rubefaction of the Terti-
ary alluvial deposits clearly occurred in situ,
being developed from the surface down-
ward.

The most complete description of the
alluvium has been given by Shreve (1959,
p. 15-18; 1968, p. 12-14), who named the
formation the “Old Woman Sandstone,”
with lower Blackhawk Canyon designated
as the type locality. Shreve recognized that
the material rested in depositional contact
on a surface of gneiss and quartz monzonite
that is deeply weathered and has a local
relief of “at least 150 feet.” Local relief of
the subjacent surface in fact exceeds 400
feet in the area of Pioneertown. As marble
clasts are absent from the formation despite
its proximity to the San Bernardino Moun-
tains, it is thought to have originated prior
to the thrust faulting that brought marbles
to surface positions in the Tertiary and that
presumably accounted for a major part of
the elevation of that range (Richmond 1960).

Tertiary climate of the Mojave Basin.—
If the Tertiary arkosic deposits predate the
major uplift of the San Bernardino range,
the pedogenic developments on the allu-
vium, as well as the relict weathering profiles
on granitic rocks that are found in associa-
tion with it, are explained. Assuming an
atmospheric circulation pattern similar to
that of the present, less than full uplift of
the Transverse Ranges (San Gabriel, San
Bernardino ranges, etc.) implies less than
full development of the rain shadow to
which the Mojave Desert owes its existence.
The available paleobotanical evidence also
suggests that Tertiary weathering profiles
must have been developed under conditions

more humid than those of today. According
to Axelrod (1939, 1950), during Miocenc
time the Mojave Basin supported a vegeta-
tion association of thorn scrub, chapparal,
and open live oak and conifér woodland
interspersed with grassy plains. The esti-
mated annual precipitation was 15-25
inches, with rainfall occurring throughout
the year. By mid-Pliocene time grassland
and semidesert shrubland had become dom-
inant, the precipitation probably decreasing
to 10-15 inches and tending toward a strong
winter maximum. The floristic change in-
dicating the onset of conditions similar to
those of the present did not occur until the
late Pliocene or early Pleistocene and is
presumed to be a consequence of full de-
velopment of the rain shadow proceeding
from several thousand feet of additional
uplift of the Transverse Ranges (Axelrod
1958, p. 476). Stratigraphic evidence sug-
gests that the present interior drainage pat-
tern of the western Mojave Basin likewise
did not become established until this time
(Hopper 1947, p. 401). Although dis-
memberment of preexisting oceanic drain-
age systems has been attributed to tectonic
damming associated with the intensified
orogenic activity of this period, such a
tendency would clearly be facilitated by
increasing climatic desiccation.

While the available botanical evidence
regarding the Tertiary climates of the
Mojave Basin seems consistent with the
geological history of the area, the pedo-
logical evidence is itself not so conclusive,
The characteristic rubefaction of the relict
weathering profiles would seem to suggest a
climate considerably more humid that the
present. According to Van Houten (1961,
p. 106, 112-113, 120), the climatic require-
ments for the formation of red soils are
“fundamental,” with the redbeds of deserts
having inherited their pigment from older
deposits or having formed during earlier,
more humid periods. A considerable litera-
ture, cited by Van Houten, supports this
view. However, more recent investigations
by Walker (1967) seem to show rather con-
vincingly that in situ rubefaction occurs in




W¥luin in un area of Baja California re-
Wing about 3 inches of precipitation

mlly, ‘The principal requirements for
furmintion of hematite pigment from
dwnring silicates, according to Walker,
hgh Lh and pH of interstitial water,
Wuter tuble, sparse vegetation, and time,

teil nolls he describes are rich in carbon-
throughout the profile and have a matrix
miture clay, especially montmorillon-
Although the ancient soils observed in
Mujuve Desert are similar in the first
I, vortain of the calcrete (or ferricrete)
\iten khow a dearth of clay minerals
tloncription, at the same time reveal-
ty frosh feldspar fragments.
II: Walker's work dealt exclusively
Mluvium in various depositional en-
pnty, there seems no reason not to
hin Interpretation to weathering pro-
ned on bedrock as well, The sticking
hero Is the depth of decomposition and
tlon in the Mojave, where granitic
k In decayed 100 feet below the sur-
nome localities and may be vividly
hy Iron oxide throughout the upper
y even where the rock remains co-
« Rubefaction of the mineralogically
but far more permeable Tertiary
I nowhere exceeds this depth, leav-
buse of the formation uncolored and
\ng recognition of its contact with
nt oxidized residuum.
0 llmuibly the usual association of
Oklde content and climate cannot be
#l, nnd perhaps the depth of Tertiary
fing noted in the Mojave Desert can
iined us a consequence of time alone.
heloss, the existing botanical evi-
and the difficulty of decomposing
| depths in excess of that normally
(eil by moisture under contemporary
lons, suggests that the fossil weather-
Mlon of the Mojave must have formed
vinditions more humid than those of
nent, These climates would, nonethe-

# semlirid at best, with high tempera-
il molsture regimes possibly resem-
{hime now encountered only 1,000~
foet higher on the pinyon pine-,
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juniper-, and chaparral-clad slopes of the
adjacent San Bernardino and San Gabriel
ranges. In such settings residuum continues
to blanket steep slopes on granitic rocks in
sufficient depth that outcrops are not con-
spicuous. It seems reasonable to suppose
that the configuration of slopes in these
ranges is similar to that prevailing in the
Mojave hills of late Tertiary time.

TERTIARY WEATHERING AND THE
EXISTING LANDSCAPE

Although the existence of ancient weath-
ering profiles containing corestones can be
established without difficulty, additional
proof is required to demonstrate convinc-
ingly that these same weathering profiles
are relevant to contemporary landscapes in
the Mojave Desert. Evidence that this is
the case is present in the form of several
instances of continuity between datable
relict weathering profiles and complete
boulder mantles typical of those that
dominate the present scenery in this region.

The most accessible example of the rela-
tionship between Tertiary weathering pro-
files and contemporary boulder mantles is
found at site 13 one-half mile northwest of
Old Woman Springs (fig. 11). Here a
boulder-clad granodiorite hill is half ringed
by a pediment some 35 yards wide, which
terminates downslope against knolls of
clayey red saprolite capped by basalt that
has a radiometric age of 8.3 m.y. Projection
of the base of the lava would bring the sub-
jacent saprolite well above the present
boulder-clad slopes of the hill, as indicated
in figure 12. Such a projection suggests that
between 20 and 40 feet of red saprolite and
decayed granodiorite has been removed
from the hillslope since emplacement of the
lava. Friable granodiorite, grading down-
ward in color from pink to white, forms the
surface of the fringing pediment. Downslope
projection of the layer of boulders mantling
the hillslope places them subjacent to the
material of the pediment. The boulders are

thoroughly decayed and crumble under
hammer impact. A vertical section down
through the Tertiary weathering profile
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F16. 11.—Paleosol site 13 adjacent to Old Woman Springs Fault. Six-foot figure (circle) provides sc_ale.
Boulders at left project under wash slope in center. Basalt (right) caps paleosol remnants that project
above boulder slopes. Radiometric age of basalt exceeds 8 m.y.

Fic. 12.—Diagrammatic representation of con-
ditions at Old Woman Springs (site 13). 4, Im-
mediately after the Pliocene volcanic episode. B,
At present, indicating characteristic morphological
zones of Tertiary weathering profiles. The vertical
scale is somewhat exaggerated (see fig. 11).

may thus be examined by moving hori-
zontally from the gullied lava and subjacent
residuum (Zone I), across the pediment
(Zone II), and into the boulders at the base
of the residual hill (Zone III).

One-and-a-half miles farther southeast
along the Old Woman Springs Fault (site
14), one encounters the same horizc.mtal
sequence: basalt, clay-rich red soil, frlal:_ele
granitic rock, granitic boulders. Here dis-
location along the fault has tilted the lava
steeply so that a traverse on the ground is
almost normal to the weathering profile,
making its relationship to exposed boulders
quite clear. ol

It is conceivable that these low-lying
sites have been buried by alluvium from the
San Bernardino range since eruption of the
basalt, an explanation that would account
for the surprisingly limited amount of
denudation that has occurred. However,
less accessible but equally clear displays of
the continuity between subvolcanic Tertiary
weathering profiles and surface boulder
mantles are seen on the peripheries of Fry
and upper Johnson Valleys, as at site.f; ‘?’. 4,
9, and 10 (fig. 13). There is little possibility
that these sites have not been exposed con-
tinuously since volcanism occurred, many




14 I'nleosol site 3, north of Johnson Val-
tatedl hasalt fragment (right) caps red paleo-
leh projects under main volcanic accumula-
(40 lo11 In situ boulders in foreground exposed
uh through the paleosol.

1 heing situated at high points in the
paje, with their associated lavas stand-
#oll uhove all younger deposits.
fd boulider cover—All ancient granitic
oring profiles in the area investigated
uited w mass of easily eroded material
I wones of spheroidal weathering in
i countless numbers of corestones
| exposure as surface boulders. When-
nidation became more active than
nee chemical decay, the first core-
1o be uncovered would have been
ghly decayed and friable at the sur-
ero their existence would be quite
pral, Only the development of a
rdoned rind could prevent their rapid
Into heaps of grus. Those core-
exposed by deeper erosion would be
povinder kernels that would in time
4 formidable armor where exhumed
4. Vrious degrees of prior subsurface
lon, reluted to position in the weath-
ulile nttacked by erosion, provide a
Bily sntisfactory explanation of the
fotie but otherwise puzzling local
lona In the conditions of existing sur-
pililers of similar petrography. Unless
I s nppreciated, one is at a loss to
it for the lack of uniformity in the
t constituting local groups and
some being highly colored, some
some thoroughly decayed under a
#ridened cortex, some sound enough
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to ring to the hammer and bearing only a
film of desert varnish.

Slope profiles—A subsurface origin for
granitic boulder mantles in desert regions is
consistent with the results of Melton’s
inquiry (1965b) into the geometry of boul-
der-clad slopes in southern Arizona. Ac-
cording to Bryan (1923, 1925), Dresch
(1959), and others, declivities of granitic
hillslopes mantled by boulders are deter-
mined by the dimensions of the boulders
present at any point. As boulder size is
controlled by joint density, such hillslopes
are structurally controlled. Melton’s de-
tailed quantitative investigation of a typical
boulder slope in Bryan’s Papago Country
refutes this hypothesis.

Boulder-clad granitic hills in the Mojave
Desert are frequently sigmoidal in profile,
with concave lower slopes passing into
convex summits. The boulders covering such
hills do not show any systematic changes in
caliber throughout concave, convex, and
straight slope segments; and there is no
evident tendency for any size grouping to
dominate any particular slope configuration.
This is easily explained, as is Melton’s con-
clusion, if the present boulders are recog-
nized as corestones exposed by the stripping
of a weathered mantle. The observed slope
profiles reflect the character of denudational
processes operating on this mantle, which
was subject to sheetwash, rill erosion, and
mass transfer, unlike the present boulder
slopes. Where a chaos of boulders can be
resolved into generally straight or concavo-
convex slopes, a former soil cover over the
whole landscape seems to be a necessity.

Pediment formation.—Peripheral to the
boulder-clad slopes of this study are classic
erosional pediments, 1-3 miles wide. The
development of these surfaces is clearly
linked with that of the positive relief forms
that stand above them. A recent summary
of the literature on desert pediments indi-
cates that most investigators of these fea-
tures in the southwestern United States
have regarded them as the concomitant of
the wearing back of a mountain front or
escarpment (Hadley 1967). Where the latter
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is boulder-clad, backwearing is assumed to
progress by the slow disintegration of sur-
face boulders that are continuously re-
placed from solid rock by weathering into
joints (e.g., Gilluly 1946; Warnke 1969).

The present investigation suggests that
inselberg surfaces have not retreated as
exposed rock walls, and in the last 8 m.y.
have been modified primarily by the re-
moval of previously decomposed over-
burden. This has in some cases measured as
little as 2040 feet in depth; elsewhere more
than 200 feet of material has been removed,
including perhaps 50 feet of relatively sound
rock. Assuming that parallel slope recession
has indeed produced the pediments, it ap-
pears that during retreat the slopes were
mantled with clay-rich residuum under a
cover of vegetation, and that the pediments
originated during a semiarid period within
the Tertiary, rather than being a product
of the present arid phase. They would there-
fore be fossil forms that have changed dur-
ing the present arid epoch only by the
removal of a formerly complete mantle of
residuum. Individual pediments in the area
investigated are studded with boulders,
penitent rocks, and tors, exposed by the
stripping of the same weathered mantle
that covered the adjacent hillslopes.

As projection of the subvolcanic weather-
ing profiles in the Mojave indicates a
saprolite cover over the whole granitic land-
scape, no place is left for the rock faces
postulated by King during the pediplana-
tion cycle (King 1967, p. 157). In this re-
gion parallel rectilinear slope retreat and the
expansion of pediments apparently pro-
ceeded in the presence of the very blanket
of soil that King described as having “dire
consequences upon the active evolution of
the landscape as a whole” (King 1967,
p. 158).

CONCLUSION

Some 8 m.y. ago the Mojave landscape
seems to have been one of rolling hills
covered with a soil whose characteristics
were developed in response to a climate
distinct from that of the present. Although
subsequent loss of the upper horizon of this
soil precludes any precise summary of the

pedogenic processes of the time, the resull
was a strongly rubefied argillaceous regolith
in which clay pans and calcrete (or fer-
ricrete) horizons were developed even on
sloping surfaces. These effects suggest a hot
semiarid climate in which soil formation and
surface denudation were more or less in
balance. Such an interpretation is in agree-
ment with the available botanical evidence,
which indicates progressive deterioration of
vegetation throughout the Miocene and
Pliocene in both the Great Basin and
Mojave Desert, the present climatic regimes
of these regions becoming fully established
only during the Pleistocene. In the Mojave
the gradual transformation in vegetation,
which probably included many fluctuations
similar to those known from the Pleistocene,
left increasing proportions of the surface
unprotected by a plant cover and acceler-
ated denudation of the soil, whose renewal
was simultaneously retarded by the estab-
lishment of a negative moisture balance
throughout the year.

Erosion triggered by deterioration of the
vegetative cover over the Mojave Basin has
by now stripped the mantle of fine residuum
from most hillslopes, leaving them covered
by a litter of spheroidal to subangular boul-
ders. These were formerly subsurface core-
stones isolated by chemical weathering
along joint planes. In many instances fri-
able decomposed rock remains beneath the
boulder cover. Complete armoring of slopes
with residual boulders arrests the denuda-
tional process until such time as the protec-
tive boulder mantle itself disintegrates. Al-
though the boulders have been preweathered
in the subsurface, interposition of phases of
patination and case hardening allows them
to endure at the surface far longer than
their internal condition would suggest. In
certain instances weathering profiles are
such that several successive mantles of
corestones will be concentrated before the
Tertiary weathering front is exposed.

Nonetheless, nearly all granitic areas of
moderate relief show examples of near-
complete removal of the boulder mantle,
exposing smooth cores of undecomposed
rock rising tens to hundreds of feet above
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lanil aurfuces. Such desert domes appear
the undecayed cores of Tertiary hill
teaulting from fluvial dissection and
Milenndation, rather than residuals
thelr presence to paucity of joints
4)

# [irther evolution of the larger mono-
nsaew will evidently proceed as out-
by 'Ihomas (1965) in his discussion of
thilown of bornhardts into kopjes.
I projections, including kopjelike
will he eliminated by microexfolia-
Ml granular disintegration operating
Il rock surfaces exposed to the at-
Pre processes whose effectiveness in
Mg minor irregularities is manifest
I bure rock is exposed on desert
in hut which cannot account for the
In themselves.

Fitry to assumptions predicated upon
tnious renewal of boulder mantles
thering of exposed outcrops, this
lutlon indicates that granitic land-
In the Mojave Desert have been

evolving in a sequential manner since the
late Tertiary. This evolution has been
triggered by climatic change, and reflects
the instability of a landscape determined
under conditions that no longer exist. Con-
sequent changes in morphology will cease to
be diagnostic of climatic change only when
all weathered residuum inherited from the
Tertiary morphogenetic regime is stripped
from elevated portions of the landscape and
transferred to adjacent basins of sedimenta-
tion.
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14 livolution of domed residuals under different geomorphic conditions. 4, Nigerian bornhardts
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ed by surface lowering (Thomas). Subsurface decay
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