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ABSTRACT

Well-developed desert pavements are present above eolian deposits that mantle flows of

the Cima volcanic field, located in the Mojave Desert,
geochemical data demonstrate that eolian and pedoge
evolution of these pavements. Eolian dust (1) accelera
rock, providing the source material for pavements, and
colluvium in flow depressions, eventually promoting de
evolving stone pavement. An increase in dust flux d
Pleistocene pavements as much as 20 cm above the
studies demonstrate for the first time that most desert

California. Soil-stratigraphic data and
nic processes play major roles in the
tes mechanical fragmentation of flow
(2) accumulates slowly below basaltic
velopment of cumulate soils below the
uring the Holocene has raised ancient
former land surface. The results of our
pavements do not form by deflation, by

overland flow, or by upward migration of stones through 2 slowly formed, clayey argillic
horizon. Desert pavements are born and maintained at the surface.

INTRODUCTION

Desert pavements, consisting of a one- to
two-particle-thick layer of closely packed, angu-
lar to subrounded gravel, are one of the more
prominent landforms of hot and arid regions
(Cooke and Warren, 1973; Mabburt, 1977; Rit-
ter, 1986). Desert pavements on surfaces of al-
luvial fans uvsually exhibit very little relief, are
darkly varnished, and occur above a relatively
gravel-free layer in which a moderately to
strongly developed soil has formed, Characteris-
tics of desert pavements have been used 1o map
Quaternary surficial deposits (Denny, 1965:
Bull, 1974; Shlemon, 1978; Christenson and
Purcell, 1985), and changes in the chemical
composition of vamish and the presence of or-
ganic carbon in vamish coating gravel of pave-
ments have proved to be useful for estimating
the age of the underlying materials on which the
pavement formed (Dorn and Oberlander, 1981;
Dorn et al., 1986; Harrington, 1986; Dethier
and Harrington, 1986).

Development of desert pavements is usually
attributed 1o deflation, erosion of fine-grained
material (Cooke and Warren, 1973: Ritter,
1986). or upward migration of gravel through
an increasingly clay-rich, gravel-depleted B ho-
rizon via alternating shrinking and swelling
(Springer, 1958; Jessup, 1960; Cooke, 1970:
Mabbutt, 1977; Dan et al., 1982). On the basis
of recent studies of pavement. soil, and land-
scape development in the Cima volcanic field.
we conclude, instead, that pavements are born
at the land surface and that pavement clasts are
never deeply buried in the underlying soil. Stone
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pavements on eolian-mantled lava flows in this
arca form at the surface by two major processes:
(1) colluviation of basaltic clasts from topo-
graphic highs into topographic depressions filled
with eolian silt and (2) detachment and uplifting
of clasts from bedrock surfaces 2s eolian fines
accumulate in fractures and along flow surfaces.
The pavements are maintained at the surface as
cumulate soils develop beneath the pavements in
response to the incorporation of eolian silts and
clays deposited on the land surface,

PAVEMENT EVOLUTION

The origin and evolution of stone pavements
on the basalt flows are directly linked to two
fundamental processes: (1) deposition and ped-

ogenic alteration of the eolisn mantle anc!
(2) mechanical weathering to form the rubbic
zone. The source of the clasts in the pavements i«
mechanically weathered basaltic bedrock de-
rived from topographic highs. Salt-rich eoliar:
fines accumulate in fractures of the basal
(McFadden et al,, 1986), and wetting and dry-
ing of the fines result in volumetric changes re-
lated to crystal growth or shrinking and swelling
of clay (Cooke and Warren, 1973). This volu-
metric change enhances fracturing and displace:
the basaltic clasts vertically and laterally (Fi ig. 1)
As displacement occurs, additional eolian fine:
and salts are deposited between the clasts.
further enhancing separation of clasts from the
underlying bedrock. Mechanical weathering o)

Figure 1. Stereopair showing eolian fines deposited in late Pleistocene fractured basaltic fiow
rock with pahoehoe texture, Fragments have been displaced as much as 4 cm laterally and 2 e

vertically from subjacent flow.
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Figure 4. Schematic cross section of Fort Ann-Whitehall area during Taconic orogeny. Arrow shows location of oulcrops discussed in text.

beyond the contsct now exposed, as illustrated
schematically in Figure 4. During thrusting,
stresses transmitted through the autochthonous
lower Paleozoic rocks caused minor east-over-
west displacement along favorably oriented foli-
ation planes in the underlying Proterozoic
gneiss. The preponderance of north-northeast-
striking planes that dip gently to moderately
east-southeast would be nearly optimum for
such movement. This displacement produced
the observed foliation-parallel slickensides and
minor offset of vertical dikes. In addition, minor
cataclasis occurred along contacts between rocks
of contrasting mechanical properties, such as
gneiss and marble, and thus provided access for
fluids. Similar features have not been reported in
the overlying Paleozoic rocks, possibly because
planar surfaces in the latter are less well defined.

Simultaneously, tectonic overpressures cre-
ated by the overriding thrust slice(s) expelled
connate brines from the autochthonous Paleo-
zoic rocks and forced these brines into the
underlying crystalline rocks along foliation
planes, lithologic contacts, and faults. These
fluids are likely to have been enriched in Mg, in
view of the evidence for hypersaline deposi-
tional environments in the Paleozoic rocks. The
overpressures were sufficient to create and main-
tain open spaces, which then were filled by K-
feldspar, dolomite, and celadonite. The brines
also caused dolomitization of the marbles,
serpentinization of calc-silicate minerals, and
precipitation of cherty silica. The mineral as-
semblages are consistent with an origin at tem-
peratures not over 420 °C in the presence of an

GEOLOGY, June 1987

aqueous fluid; the actual temperatures may have
been much lower in view of the presence and
purity of the K-feldspar.

Potential large-scale effects of pressurized
fluids expelled from sedimentary rocks as a re-
sult of overthrust tectonics have been described
recently by Hearn and Sutter (1985) and Oliver
(1986). We believe that these rocks display evi-
dence of the same phenomenon on & more local
scale.
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topographic highs also results in the develop-
ment of colluvial wedges of rubble and the con-
comitant infilling of topographic depressions
with the colluvial material. These clasts move
laterally by colluvial and alluvial processes into
the topographic lows in which abundant silt has
accumulated, and they form a surface layer or
armor of stones (Fig. 2; Wells-et al., 1985). On
progressively older flows, the extent of bedrock
highs decreases as the eolian mantle and stone
pavement fill in the lows and coalesce; thus, the
source area for basalt clasts is significantly re-
duced on flows older than 0.4 Ma (Wells et al.,
1985). Pavements on flows younger than 0.4
Ma have mixtures of clasts that were derived
episodically from topographic highs, presuma-
bly due to a decrease in the rate of supply from
increasingly subdued topographic highs. In con-
trast, relative-age data for clasts in pavements on
flows older than 0.4 Ma indicate fewer differ-
ences in the residence time of clasts in the
pavement. This is supported by the data on the
reddening (iron oxidation) clast undersides: only
10%-20% of clast undersides in pavements on
flows younger than 0.4 Ma have weakly red-
dened, oxidized coatings, whereas clast under-
sides on flows older than 0.4 Ma are all
reddened to SYR and 2.5YR hues. This suggests
that no new clasts are added to pavements once
the bedrock topographic highs are reduced by
erosion and buried by eolian sediments, and
once stones are added to the pavements, they are
typically maintained at the surface by processes
that inhibit burial.

SOILS DEVELOPED IN THE EOLIAN
MANTLE BENEATH THE PAVEMENT

Soils exhibiting a wide variation in the degree
of development occur in deposits underlying the
pavement. These deposits are quarz-rich, well-
sorted sandy silts that have been transported to
the flow surfaces largely as windblown sus-
pended load (Wells et al., 1985) where they are
trapped by the rough surfaces of the flow (Gree-
ley and Iversen, 1981). Between major periods
of eolian deposition, a lower eolian flux rate
permits development of soils in the eolian depos-
its. Moderate eolian depositional rates are ap-
parently critical for maintaining clasts at the
land surface. In the Cima volcanic field, three
distinct phases of soil development are recog-
nized on flows younger than l.1 Ma: weakly

developed soils on flows younger than 0.18 Ma -

(Fig. 2); strongly developed soils containing
thick argillic horizons on flows that are 0.18 to
0.7 Ma (Fig. 2): and strongly developed soils
containing truncated argillic horizons that are
massively impregnated by pedogenic CaCO; on
flows that are 0.7 to 1.1 Ma (Dohrenwend ct al.,
1984).

A critical aspect of soil and pavement devel-
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opment on flow surfaces is the formation of the
vesicular A (Av) horizon. Such horizons, ob-
served in many desert soils, are typically more
clay- and silt-rich than the underlying soil parent
materials. The spherical vesicles are probably
due to entrapped soil air that expands as soil
temperature rapidly increases after summer rain-
fall events (Evenari et al., 1974). Some of the
sand and silt fractions of the Av horizons of
desert soils may be attributed to comminution of
gravel lithologies susceptible to mechanical
weathering (Mabbutt, 1977; Ritter, 1986); how-
ever, the paucity of basaltic material in the Av
horizon emphasizes the largely eolian origin of
material that composes this horizon. Vesicular
horizons in the study area have a pronounced
columnar structure (Fig. 2) that is attributed to
alternating shrinking and swelling of the clays in
the increasingly clay-enriched Av horizon
(McFadden et al., 1986). Significant amounts of
trapped eolian silt and fine sand and solutes are
more readily transported below the surface

through these cracks. The walls of the Av peds
are typically coated with loose silt and are al-
most noncalcareous due to this process. In con-
trast to rapid infiltration through the cracks,
infiltration through peds is very slow and even-
tually causes alteration of the interior, reflected
by the reddened and carbonate-enriched nature
of the ped interior. Moderate accretion of eolian
fines into Av peds and drying of peds during the
summer result in doming of the ped tops and
vertical displacement of overlying clasts (Fig. 3).
During the winter, soil moisture is retained and
the domes collapse, causing fresh eolian fines on
ped walls and in cracks between peds to be in-
corporated in the Av horizon. With continued
Av-horizon development, the interiors of Av
eventually coalesce and form a continuous B
horizon.

Mabbutt (1977) suggested that some pave-
ments might somehow be maintained at the sur-
face as eolian material is slowly incorporated
beneath the pavement. The results of our studies

Figure 2. Stone pavement
(P) formed over accretion-
ary mantle in topographic
depression on late Pleis-
tocene flow in Cima vol-
canic field. Development
of vesicular A (Av) horl-
zons of phase 1 soils,
carbonate- and gypsum-
bearing argiliic horizons
(Btky) of phase 2 soils,
and origin of basalt rubble
(R) are discussed in text.

Figure 3. Domed surface
ol vesicular A horizon
exposed after careful re-
moval of stone pave-
ment. Note strongly de-
veloped, nonorthogonal
crack system.
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show that the development of an Av horizon
and ultimately a cumulate soil are critical as-
pects of pavement formation. Moreover, these
results demonstrate that the presence of clay-
enriched and virtually gravel-free B horizons
that often occur below desert pavements does
not require the often-invoked process of upward
migration of gravel through the B horizon.

Age data for the flows and soil-stratigraphic
data support the hypothesized mechanism of
pavement evolution. The presence of similarly
developed soils in loess beneath pavements on
flows younger than 0.18 Ma and as young as 16
ka indicates that the most recent period of rela-
tively high eolian influx rates occurred during
the latest Pleistocene to early Holocene (Wells et
al., 1985; McFadden et al., 1986). The apparent
timing of the most recent eolian event and the
accumulation of large quantities of carbonates
and soluble salts in these soils strongly suggest
that alkaline playas, formed after the disappear-
ance of late Pleistocene pluvial lakes in the Mo-
jave Desert, are a major source of these eolian
materials (McFadden et al., 1986). Smoother
surfaces of older volcanic flows where bedrock
crops out are rare and trap loess less efficiently.
The most recent loess is typically present as a
thin veneer that buries an older loess deposit in
which a very strongly developed soil is present

TABLE 1.

(Fig. 2). The source of clasts in the desert pave-
ment on such surfaces can only have been de-
rived from a preexisting pavement formed on a
now bunied soil. On flows with rough surfaces,
however, high rates of loess deposition pre-
cluded development of a soil, and the preexisting
pavement was burnied (Wells et al., 1985). Re-
maining topographic highs on these flows pro-
vided materials for development of the present
desert pavement.

CHEMICAL ALTERATION OF THE
STONE PAVEMENT

X-ray fluorescence analysis of volcanic rocks
of a variety of ages in the Cima field shows that
their composition is quite similar (Turrin et al.,
1986). We hypothesize, therefore, that chemical
weathering of basalt in the pavement and in the
rubble produces authigenic minerals whose
chemical compositions reflect contrasting
weathering environments rather than composi-
tional differences. To test this hypothesis, sample
clasts were collected from the pavement and un-
derlying soil on selected flow surfaces of various
ages and were examined by using optical petro-
graphic techniques, scanning electron micros-
copy, and electron microprobe analysis (Fig. 4;
Table 1).

Decomposition of the basalt has occurred

HICROPROBE ANALYSES OF AUTHIGENIC CLAY MINERALS IN BASALT CLASTS

FROM LATE PLEISTOCENE AND MIDDLE PLEISTOCENE PAVEMENTS AND RUBBLE

Late Pleistocene flow Rubblet Middle Pleistocene flow Rubble#

pavement*(wt X) (we X) pavement § (wt I) (vt )
8102 43,65 23,45 44.14 22,32 46.02 1,57 36.71 23,09
Ti0, 0.75 20.47 0.73 20.19 0.37 20.15 7.72 £0.91
A1203 24,20 £3.32 14.82 +1,28 23.44 20,95 13,52 £1.27
Fezﬂa*‘ B.14 21,92 7.05 0,95 5.37 20.59 15.27 £3.86
MnO 0.43 20.47 0.11 20.06 0.05 20.03++ 0.23 £0.15
Mg0 3.18 20,60 4,31 20.66 4,26 £0,57 3.59 21.71
Ca0 1.76 £1.32 2.04 0,57 1.39 20.55 6.27 22,17
Hazo 0.19 20.31 0.63 20,22 0.14 20,07 1.14 £0.35
K,0 2.06 $0,32 2.61 20.35 2,22 *0.34 1.19 #0.32
PZDS 0.80 20.93 0.53 20.48 0.35 $0.33 1.10 #1.10
Total ;:T;T 76.26 83.07 82.21

Note: Flow ages: late Pleistocene—0.13 20.06 Ma; middle Pleistocene—

0.56 *0.16 Ma (Turrin et al., 1986).

20 (0) and (OH).
¢ (81g qghly g (AL
+ (S1
§ (51
# (s1
** All Fe calculated as Fe,04.
++ Below detection limit.

6.74 1, 260 (M

5,850 2, 15) (Al 3gT1 g5oFe; gatin ooMg gg)Cay N2 5K o

Structural formula on basis of

2.557%, 087, 90", 05M8, 697C%, 28M% 05K, 387, 10
7.16*.84) (AL} ggT! ogFe gghn o2M8; 4)C8 35M8 50K P o7
2,787 04Fe 50 0)M8 9308 yoNa oK 4

P os

Na K 1".15

mainly by alteration of the glass-iron or:-
mesostasis. Olivine is the primary sili
mineral that is chemically altered in both pa..
ment and rubble. Olivine alteration is character
ized by uptake of Hy0, TiO,, Al,O;, C
leo, K20. and P205. SiOz, MgO, and M |
however, are generally depleted relative to fres|
olivine. The primary products of alteration i
pavement and rubble samples include authig
clay (Fig. 4) and ferric oxyhydroxides that f
layers 10 to 50 um thick on fracture and vesici.
walls. Microprobe analyses indicate that the a1
thigenic clay is 2 mixed-layer clay, prob:
consisting of illite and smectite or illite and
miculite (Table 1; Fig. 4).

Alteration of the rocks in the pavement di”™ -
from alteration of rubble in several major
spects. Authigenic clay in pavement samples ap
pears to be significantly enriched in Al;O; an:
depleted in CaO relative to authigenic cla |
rubbie. Also, structural formula calculation: |
dicate that there is a greater percentage of F.
and Mg relative to Al in octahedral sites in au
thigenic clay of rubble than in octahedral sitt |
authigenic clay of pavement clasts (Table
Additionally, rubble clays are more Na and }
rich-(i.e., higher illite component) than sur*- -
pavement clays. In general, porosity due to
ence of fractures and vesicles is greater in roos
of the rubble compared to rocks in th
pavement.

Figure 4. Scanning electron microscope p~~
tomicrograph showing crenulate, interloc
authigenic clay crystals formed during ch
cal alteration of latest Pleistocene basalti
flow rubble in Cima voicanic field. Electro:
microprobe analysis and structural fon
calculations of authigenic clay indicate
mixed-layer clay consists of lllite and smec..:
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These differences in character of chemical
weathering of pavement and rubble samples
imply that alteration has taken place in contrast-
ing geochemical environments. Precipitation of
alkaline clays in rubble samples may be favored
by alteration of basalt under alkaline soil condi-
tions, whereas alteration under less alkaline to
neutral conditions in a largely subaerial pave-
ment environment may favor development of
more Al-rich clay. However, a more severe al-
teration of rubble should occur in the relatively
well insulated subsoil environment; thus, the
magnitude of chemical weathering is ultimately
greater in rubble samples than in pavement
samples. Accordingly, a rubble sample from an
early Pleistocene flow displays the greatest mag-
nitude of chemical and physical weathering.
This sample also contains abundant zeolite and
rare celestite, authigenic minerals that have pre-
cipitated in fractures (Fig. 5, A and B). Chemical
alteration of the rubble parallels the significant
chemical alteration of the loess parent materials
of weli-developed soils underlying pavements on
surfaces older than 0.2 Ma in the Cima field
(McFadden et al., 1986),

The paragenesis of authigenic minerals indi-
cated in strongly altered rubble is clay — zeolites
+ calcite(?) — celestite. This sequence suggests
that the most recent authigenesis occurred in a
strongly alkaline environment and is consistent
with the hypothesis that much of the accumu-
lated pedogenic carbonates and sulfates are de-
rived by deflation of Holocene alkaline playas
(McFadden et al., 1986).

DISCUSSION

We hypothesize that stone pavements on al-
luvial fans of desert piedmonts have probably
evolved in a manner similar to that proposed for
the stone pavements in the Cima volcanic field.
Surfaces of alluvial fans in the deserts of the
southwestern United States initially have a bar-
and-swale topography inherited from the
braided pattern of ephemeral streams in arid en-
vironments (Bull, 1974). Fan surfaces of early
Holocene age, however, exhibit partial pave-
ment development, and stone pavements are
ubiquitous on fan surfaces of late Pleistocene
age. Vesicular A horizons that are nearly identi-
cal to those observed in the Cima volcanic field
constitute the initially developed horizon of soils
on such fan deposits. Weakly developed color B
horizons are present below the vesicular A ho-
rizon of middle to early Holocene soils, but a
weak to moderately strong and usually nongrav-
elly argillic horizon is present below the vesicu-
lar A horizon of late Pleistocene and older soils
on these fans (McFadden, 1982; McFadden and
Bull, 1987; Wells et al., 1987).

Eolian processes have significantly influenced
soil development on alluvial deposits in deserts,
Much of the silt, clay, carbonates, and soluble
salts that have accumulated in soils formed in
arid environments are attributable to incorpora-
tion of eolian materials rather than to chemical
weathering of soil parent materials (Brown,
1956; Gile et al., 1966, 1981; Lattman, 1973;
Machette, 1985; McFadden and Tinsley, 1985).
As discussed previously, however, eolian activ-

Figure 5. Scanning electron microscope photomicrographs showing authigenic minerals pres-
ent in basallic rubble in well-developed, phase 3 soil on early Pleistocene flow in Cima volcanic
field. A: Spherulitic zeolite crystals. Electron microprobe data indicate that zeolite is probably
phillipsite. B. Spherulitic celestite (SrS0,) crystals,
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ity during the Quaternary has been strongly epi-
sodic in the Mojave Desert, the most recent
period of relatively high eolian influx rates hav-
ing occurred during the latest Pleistocene to
early Holocene. A major increase in eolian activ-
ity during the Holocene has also been docu-
mented in the desert of southern Nevada.
Whitney et al. (1986) reported that eolian silt
overlying a sequence of early through late Pleis-
tocene alluvial units was deposited between 6.5
and 3 ka, on the basis of thermoluminescence
age determinations of the silt.

We propose that the vesicular A horizon and
potentially much of the uppermost B horizon of
Pleistocene soils on fan surfaces of the Mojave
Desert record the significant increase in eolian
activity that began as early as the latest Pleisto-
cene and has continued into the Holocene. The
rate of incorporation of eolian material has been
slow enough to permit development of cumulate
soils and concomitant uplift of preexisting stone
pavements. Thus, although in some cases ac-
cumulation of a surficial gravel lag may be at-
tributed to eolian or fluvial removal of fines, we
believe that such processes can contribute very
little to the evolution of pavements formed on
piedmonts.

The results of analysis of the chemical com-
position of the varnish on clasts of desert pave-
ments also strongly support the proposed
process of pavement development. Do and
Oberlander (1981) showed that varnish-form-
ing, mixotrophic microorganisms require the
near neutral pH conditions that are present only
in a subaerial environment. Cation ratios of var-
nish from pavements on late Pleistocene fan sur-
faces are significantly lower than the cation
ratios of varnish from clasts of early or middle
Holocene pavements (Dom, 1983, 1984; Dom
et al,, 1986). If well-developed pavements can
form only after a clay-rich B horizon develops
and causes upward migration of gravel, a signifi-
cant number of clasis in late Pleistocene pave-
ments should have relatively high cation-ratio
values that would reflect the emergence of these
clasts sometime during the Holocene. Cation-
ratio and varnish micromorphologic data from a
variety of study areas (Dorn, 1983, 1984; Dorn
et al.. 1986) imply, insiead, that varnish devei-
opment has accurred on stones exposed contin-
uously since abandonment of the fan surface.
Pavements in the Mojave Desert that are proba-
bly as old as middle Pleistocene (Bull, 1974:
Wells et al., 1985; McFadden et al., 1986) must
therefore coexist with soils that have formed
largely in eolian deposits of Holocene age. Thus,
on the basis of our studies in the Cima volcanic
ficld. we conclude that desert pavements (1) are
born at the land surface and (2) remain at the
land surface via eolian deposition and simul-
taneous development of cumulate soils beneath
the pavements.

o



L

REFERENCES CITED

Brown, C.N., 1956, The origin of caliche on the north-
east Llano Estacado, Texas: Journal of Geol-
ogy, v. 64, p. 1-15.

Bull, W.B., 1974, Geomorphic tectonic analysis of the
Vidal region, in Information concerning site
charactenistics, Vidal Nuclear Generating Station
[California}: Los Angeles, Southern California
Edison Company, Appendix 2.5B, amendment 1,
66 p.

Christenson, G.E., and Purcell, C., 1985, Correlation
and age of Quatermary alluwvial-fan sequences,
Basin and Range province, southwestern United
States, in Weide, D.E., ed., Soils and Quaternary
geology of the southwestern United States: Geo-
logical Society of America Special Paper 203,
p. 115-122.

Cooke, R.U., 1970, Stone pavements in deserts: Asso-
ciation of American Geographers Annals, v. 60,
p. 560-577.

Cooke, R.U., and Warren, A., 1973, Geomorphology
in deserts: London, Batsford Lid., 394 p.

Dan, J., Yaalon, D.H., Moshe, R., and Nissum, S.,
1982, Evolution of Reg soils in southern Israel
and Sinai: Geoderma, v. 28, p. 173-202.

Denny, C.S., 1965, Alluvial fans in the Death Valley
region, California and Nevada: U.S. Geological
Survey Professional Paper 466, 66 p.

Dethier, D.P., and Harrington, C.D., 1986, Late Qua-
ternary erosion history of the western Espaiiola
Basin, New Mexico: Geological Society of Amer-
ica Abstracts with Programs, v. 18, p. 351.

Dohrenwend, J.C., McFadden, L.D., Turrin, B.D.,
and Wells, S.G., 1984, K-Ar dating of the Cima
volcanic field, eastern Mojave Desert, California:
Late Cenozoic volcanic history and landscape
evolution: Geology, v. 12, p. 163-167.

Dorn, R.I, 1983, Cation-ratio dating: A new rock
varnish age-determination technique: Quaternary
Research, v. 20, p. 49-73.

—— 1984, Geomorphological interpretation of rock
varnish in the Mojave Desert, in Dohrenwend,

J.C., ed., Surficial geology of the eastern Mojave

Desert, California (Geological Society of Amer-
ica annual meeting guidebook): Reno, Nevada,
Mackay School of Mines, p. 150-161.

Dorn, R.I, and Oberlander, T.M., 1981, Microbial
origin of desert varnish: Science, v. 213,
p. 1245-1247.

Do, R.L, Banforth, D.B., Cahill, T.A., Dohrenwend,
J.C., Tumin, B.D., Donahue, D.J., Jull, AJ.T,,
Long, A., Macku, M.E., Weil, E.B., Whitley,
DS., and Zabel, T.H., 1986, Cation-ratio and
accelerator-radiocarbon dating of rock varnish
on Mojave anifacts and landforms: Science,
v. 231, p. 830-833.

Evenari, J., Yaalon, D.H., and Guuerman, Y.,
1974, Note on soils with vesicular structures in
deserts: Zeitschrift fiir Geomorphologie, v. 18,
p. 162-172.

Gile, L.H., Peterson, F.F., and Grossman, R.B., 1966,
Morphological and genetic sequences of carbon-
ate accumulation in desert soils: Soil Science,
v. 101, p. 347-360.

Gile, L.H., Hawley, J.W., and Grossman, R.B., 1981,
Soils and geomorphology in the Basin and Range
area of southern New Mexico—Guidebook to

the Desert Project: New Mexico Bureau of Mines
and Mineral Resources Memoir 39, 222 p.

Greeley, R., and Iversen, J.D., 1981, Eolian processes
and features at Amboy Lava field, California:
UNESCO Workshop on Physics of Desertifica-
tion, Proceedings, 23 p.

Harrington, C.D., 1986, The use of rock varnish as a
Quaternary dating method within the central Rio
Grande rift, New Mexico, and the Nevada Test
Site: Geological Society of America Abstracts
with Programs, v. 18, p. 360.

Jessup, R.W., 1960, The Stony Tableland soils of the
southeastern portion of the Australian arid zone
and their evolutionary history: Journal of Soil
Science, v. 11, p. 188-196.

Lattman, L.H., 1973, Calcium carbonate cementa-
tion of alluvial fans in southern Nevada: Geologi-
cal Society of America Bulletin, v. 84,
p. 3013-3028.

Mabbutt, J.A., 1977, Desert landforms: Cambridge,
Massachusetts, MIT Press, 340 p.

Machette, M.N., 1985, Calcic soils of the southwestern
United States, in Weide, D.L., ed., Soils and
Quaternary geology of the southwestern United
States: Geological Society of America Special
Paper 203, p. 1-22.

McFadden, L.D., 1982, The impact of temporal and
spatial climatic change on alluvial-soils genesis in
southern California [Ph.D. thesis} Tucson, Uni-
versity of Arizona, 430 p.

McFadden, L.D., and Bull, W.B., 1987, Quaternary
soil development in the Mojave Desert, Califor-
nia, in Whitley, D.S., ed., Late Pleistocene ar-
cheology and environment in California: Salt
Lake City, University of Utah Press (in press).

McFadden, L.D., and Tinsley, J.C., 1985, The rate
and depth of accumulation of pedogenic carbon-
ate accumulation in soilss Formulation and
testing of @ compartment model, in Weide, D.L.,
ed., Soils and Quaternary geology of the south-
western United States: Geological Society of
America Special Paper 203, p. 23-42.

McFadden, L.D., Wells, S.G., and Dohrenwend. J.C.,
1986, Influences of Quaternary climatic changes
on processes of soil development on desert loess
deposits of the Cima volcanic field, California:
Catena, v. 13, p. 361-389.

Ritter, D.F., 1986, Process geomorphology: Dubuque,
lowa, Wm. C. Brown, 603 p.

Shlemon, R.J., 1978, Quaternary soil-geomorphic re-
lationships, southeastern Mojave Desert, Cal:
nia and Arizona, in Mahaney, W.C,
Quaternary soils: Norwich, England, Unive..
of East Anglia, Geo Abstracts, Lid,, p. 187-207

Springer, M.E., 1958, Desert pavement and vesicnia:
layer of some desert soils in the desert of
Lahontan Basin, Nevada: Soil Science Societ
America Proceedings, v. 22, p. 63-66.

Turrin, B.D., Dohrenwend, J.C., Drake, R.E., an.
Curtis, G.H., 1986, Potassium-argon ages f
the Cima volcanic field, eastern Mojave De
California: Isochron/West, v. 44, p. 9-16.

Wells, S.G., Dohrenwend, J.C., McFadden, L.D'
Turrin, B.D., and Mahrer, K.D., 1985, Late Cen
ozoic landscape evolution on lava flow surf
of the Cima volcanic field, Mojave De
California: Geological Society of America bui
letin, v. 96, p. 1518-1529.

Wells, S.G., McFadden, L.D., and Dohrenwend,.” ™
1987, Influence of late Quaternary clin
changes on geomorphic and pedogenic proc
on a desert piedmont, castern Mojave Deser
California: Quaternary Research (in press).

Whitney, J.W., Shroba, R.R., Simonds, FW., |
Harding, S.T., 1986, Recurrent Quater
movement on the Windy Wash fault, ivy;
County, Nevada: Geological Society of Americ:
Abstracts with Programs, v. 18, p. 787.

ACKNOWLEDGMENTS '

The US. Geological Survey (Project 9320-03359
provided financial support for the field studies anc* "
much of the laboratory analysis of the soils. The |
tute of Meteoritics of the University of New Me
generously provided support for use of the Microbear
Analysis Laboratory. !

We thank John Dohrenwend for useful discu
and comments regarding the geologic history o
Cima volcanic field; Brent Turrin for his efforw .
K-Ar dating of flows in the Cima volcanic field, =
well as his contributions to the understanding of *»
geologic history of this area; and D. Weide
D. Ritter for constructive criticism.

Manuscript received December 12, 1986
Revised manuscript received February 9, 1987
Manuscript accepted February 23, 1987

Reviewer's commenit

The ideas in this paper are great! I grew up BELIEVING that desert pavements were forme
either (a) deflation or (b) upward movement of rocks. This paper has the potential to dispel all ¢

those old ideas.

David W

Printed in US.A.

REA]ONY  Tune



