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ABSTRACT

Landscape evolution in the eastern Mojave Desert is recorded by
systematic changes in Pliocene to latest Pleistocene volcanic land-
forms that show discrete periods of eolian deposition, surface stabili-
zation, drainage-network expansion, and erosion on basaltic lava
flows. These processes are documented by K-Ar dating in conjunction
with morphometric, sedimentologic, pedologic, and geophysical stud-
ies. Lava-flow surfaces are composed of constructional bedrock
highs and accretionary eolian mantles with overlying stone pave-
ments. The stratigraphy of these mantles records episodic, climatically
induced influxes of eolian fines derived from playa floors and distal
piedmont regions. The relative proportions of mantle and exposed
bedrock vary with flow age, and flows between 0.25 and 0.75 m.y. old
support the most extensive eolian mantle and pavement reflecting
landscape stability. Drainage networks evolve on flows by (1) rapid
initial extension, (2) maximum extension and elaboration, and (3)
abstraction of drainage. Increases in bedrock exposures and erosion
of the eolian mantle on flows >0.70 m.y. old coincide with maximum
drainage exterssion and significant changes in soil and hydrologic
properties within this mantle. Increasing the content of pedogenic clay
and CaCOj causes the accretionary mantle’s permeability to decrease;
decreased mantle permeability promotes increased runoff, surface
erosion, and drainage development. In the late Cenozoic landscape
evolution of lava flows, four major stages reflect variations in land-
scape stability that are controlled by the impact of episodic influxes of
eolian fines and increasing soil-profile development on infiltration-
runoff properties of the flow surfaces.

INTRODUCTION

The morphology of volcanic landforms is used as a basis for the
classification of volcanic activity (Rittmann, 1962; Ritter, 1978) and for
interpretations of the styles and rates of volcanic eruptions (Wood, 1980).
Few studies, however, use volcanic landforms to interpret types, rates, and
magnitudes of the surficial processes that modify volcanic forms. Basaltic

lava flows form rapidly, are datable by K-Ar analysis, and have original
constructional surfaces. Rates at which long-term surficial processes mod-
ify these volcanic landforms can thus be measured by analyzing several
lava flows of similar origin and composition but of significantly different
ages and by comparing surface morphologic differences between flows of
different ages.

The late Cenozoic Cima volcanic field in the eastern Mojave Desert
of California provides an excellent setting for studying long-term landscape
evolution. This field contains K-Ar-dated basalt flows that range in age
from late Miocene to latest Pleistocene (Dohrenwend and others, 1984a;
Turrin and others, 1984) and that are mainly spatially separatec. and do
not overlap (Fig. 1). The flows were erupted into an environment of
long-term erosion (Dohrenwend and others, 1984b); therefore, many flow
surfaces have remained subaerially exposed since eruption. The flow sur-
faces have developed accretionary mantles of coarse deposits composed of
weathered and colluviated bedrock (here referred to as “rubble”) and fine
deposits of eolian origin trapped by the irregular flow surfaces (Fig. 2A).

The primary purposes of this paper are to (1) specify the pronerties of
bedrock constructional forms, drainage networks, and accretionary man-
tles developed on lava-flow surfaces in the Cima volcanic field, (2) eluci-
date long-term surficial processes that have shaped these flow surfaces, and
(3) develop an evolutionary sequence for the landscapes on late Cenozoic
basaltic lava flows in the Mojave Desert.

METHODOLOGY

Detailed morphologic transects on ten K-Ar—dated flows Lave been
combined with photogeologic interpretations and photogrammetric anal-
yses, field and laboratory analyses of soils, and seismic-refraction profiles
to characterize the morphology of late Cenozoic lava flows and to measure
rates and types of long-term geomorphic processes. Morphologic mea-
surements were made within representative areas on K-Ar-dated flow
surfaces. Mesoform parameters—that is, constructional relief, construc-
tional form (small landforms such as pressure ridges developed on the
flows during the eruption) frequency, drainage line frequency, percentage
of surfaces covered by stone pavements—were measured when:ver these
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Figure 1. Generalized map of the Cima volcanic field showing the
locations of morphologic transects (—), soil pits (X), and K-Ar samples (.).

features were encountered along 300- to 1,000-m closed traverses. Micro-
form parameters (that is, clast size, clast relief) were measured every 0.5 to
1.0 m along 50- to 100-m linear transects. Drainage frequencies and
densities were measured from 1:20,000 nominal-scale, color, vertical aerial
photographs. Field data on bedrock exposure and areal extent of accre-
tionary mantles were supplemented by measurements made with a digital
planimeter-Videoplan computer system from the same aerial photographs.

Soil profiles were examined in pits excavated on the most level and
stable parts of accretionary mantles on dated lava flows. The soils were
described primarily according to the terminology of the Soil Survey Man-
ual (Soil Survey Staff, 1951). Samples from each horizon were collected
for analysis of soil particle-size distribution.

Seismic-refraction profiles were measured on four flows. Each refrac-
tion line consisted of a forward and a reverse end-shot with each shot point

located at a distance from the end of the line equal to the geophone
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separation distance. P-wave traveltimes were recorded using a 12-
geophone line and an EG & G GeoMetric/Nimbus 1210F Signal
Enhancement seismograph. Data were analyzed using the standard slope-
intercept analysis method. The P-wave traveltimes were plotted against
shot-geophone distances, and straight-line segments were fitted to the data
to calculate depths to refractors and P-wave velocities of the refracting
median.

GEOLOGIC SETTING AND GEOMETRY OF THE
CIMA BASALT FLOWS

The Cima volcanic field contains ~40 basaltic cones and >60 asso-
ciated lava flows that collectively cover ~150 km?2 of pedimented pre-
Tertiary crystallire rocks and thick deposits of Tertiary gravels (Fig. 1)
(Dohrenwend and others, 1984a). The flows are 100 to 1,700 m wide,
700 to 9,100 m long, and range from rough and essentially unmodified
younger flows to smooth, highly modified older flows (Fig. 2). Flows in
the Cima volcanic field form a continuum between two distinct morpho-
logic types: (1) elongate flows having low gradients and relatively low
original surface relief and (2) approximately equant flows having high
gradients and relatively high original surface relief. Elongate flows display

WELLS AND OTHERS

many of the surficial flow features that are characteristic of pahoehoe and
aa flows formed on moderate gradients such as leveed flow channels,
closely spaced pressure ridges, irregular collapse depressions, rafted spines
and spires, and lobate to digitate flow margins. Elongate flow thicknesses
vary from 2.5 to 4 m except where locally ponded. Flow gradients range
from ~3% to 6% with a mean gradient of 4.5% (Dohrenwend and others,
1984a). Morphological measurements and comparisons of flow-surface
morphology were limited to the elongate flows, because they show the
strongest morphological changes with time, (Fig. 2) and probably they had
relatively similar initial flow morphologies.

GEOMORPHOLOGY OF LATE CENOZOIC
VOLCANIC-FLOW SURFACES

Morphology of Quaternary Flow Surfaces

Surfaces of the basalt flows less than 1.0 m.y. old in the Cima field are
composed of constructional bedrock forming topographic highs and accre-
tionary mantles formed in topographic lows. Relative proportions cf these
two surface types vary with flow age (Table 1; Fig. 2). Accretionary
mantles cover 23% to 58% of flow surfaces on flows less than 0.20 rr..y. old

Figure 2. Comparison of flow-surface morphology for late Cenozoic basaltic flows in Cima volcanic field. A. Center of late Pleistocene i;
flow (0.14 + 0.04 in.y.) with numerous constructional bedrock forms and topographic flows filled with eolian fine sediments (light aress in
center of photo). 3. Center of mid-Pleistocene e; flow (0.56 + 0.08 m.y.) with few constructional bedrock forms and an extensive stone
pavement and underlying accretionary mantle. C. Edge of early Pleistocene r; flow (0.85 + 0.05 m.y.), with deep dissection and basaltic bedrock
exposed along flow margin (note convex-upward flow-surface profile). D. Center of Pliocene flow with no constructional forms, very low
relief, and surface mantle of caliche rubble.
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TABLE 1. MORPHOLOGIC PROPERTIES OF SELECTED BASALT FLOWS, CIMA VOLCANIC FIELD

Percent mantle and

Flow Flow age* Transect lengths Constructional forms
designation {m.y.) (m) Frequency Density Relief associated stone
(n0./1,000 m) (no./kmz) (m) pavement on flow
by 0.06 + 0.03 900 40 649 11-28 50
iy 0.14 + 0.04 860 16 419 1.0-2.3 58
7y 0.25 + 0.05 500 8 86 0.5-1.0 7
L 0.27 £ 007 300 7 o 0.5-0.6 b
my 0.39 + 0.08 500 6 60 0.3-10 86
83 046 + 0.08 650 6 86 0.6-1.1 88
e 0.56 + 0.08 600 3 52 04-12 84
my 075022 330 ot o 0.3-0.5 84
ky 099 + 0.07 1,060 1 8 00 66
Note: refer to Figure 1 for flow locations.
*Radi ic ages from Dy and others (1984a); + values are 2 sigma crror ranges.
TTnis high ional q/ is probably due to the steeper slope of flow m, compared to other flows.
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Figure 3. Variation in surface characteristics on selected Quaternary lava flows in the Cima volcanic field. A. Changes in percentage of
surfaces covered by accretionary mantles (determined from field transects only). B. Changes in percentage of surfaces with exposed bedrock
(determined from photogeologic measurements and independent from data shown in A). C. Changes in relief on constructional forms.
D. Changes in frequency of constructional forms. (Note: each point represents one dated flow, and lines are visual fits.)
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TABLE 2. DRAINAGE NETWORK PROPERTIES OF SELECTED BASALT FLOWS,
CIMA VOLCANIC FIELD

Flow Age Drainage Drainage
uency density
(00./1,000 m)* (00./km2yt (km/km2)t

by 0,06 = 0.03 1 8 11

i 0.14 £ 004 1 3 06
7 025 + 0.05 4 23 52
1y 027 £ 007 1 - -
my 039 + 0.08 - 4 72
& 046 + 0.08 3 83 110
€ 0.56 + 0.08 5 7 99
7 067 0.13 = 7 106
I 0.70 + 0.06 = 80 11
my 075 022 6 x =

1y 085 + 0.05 = 100 95
Ky 099 + 0,07 12 123 149

Note: see Figure 1 for flov: locations.
*Field measurements.
fPhotogeologic measurements.

and 80% to 95% of surfaces on 0.25- to 0.75-m.y.-old flows (Fig. 3A).! On
flows older than 0.75 m.y., commonly only 70% or less of flow surfaces are
covered by the accretionary mantles; along flow margins, flow surfaces are
being stripped and dissected (Fig. 2C). Re-exposed flow surfaces show
little to no original constructional morphology; rather, they are deeply
degraded.

Frequency, clensity, and relief of constructional volcanic landforms
developed on flow surfaces also show systematic changes with flow age
(Table 1; Figs. 3C, 3D). Decreasing relief, density, and frequency of con-
structional forms cocur on progressively older flows as the areal extent and
thickness of the accretionary mantle increase. Variation of relief on flows
younger than 0.15 m.y. is >1.0 m, whereas relief typically varies <0.7 m
on flows 0.25 m.y. and older. The frequency and density of constructional
forms also decreas: on older flow surfaces (Table 1; Fig. 3D). The greatest
reduction in relief, density, and frequency of constructional forms occurs
on flow surfaces between 0.14 and 0.25 m.y.

Drainage development on flow surfaces also shows systematic
changes with increasing flow age (Table 2; Fig. 4). Field and aerial photo-
geologic measurements show drainage frequency increases as flows be-
come progressively older. The relation of field-measured drainage
frequency (Dy) and flow age (T) is expressed by the equation D¢=-0.56 +
10.77 T (r = 0.924, significant at o = 0.01) and indicates that drainage
frequency has developed at a nearly constant rate throughout most of the
last one million years (Fig. 4a). Drainage density (D4) changes logarithmi-
cally with flow age (T) (Dq = 12.63 + 4.81 1n T (r = 0.925, significant at
= 0.01) (Fig. 4b). Values of drainage density for late to mid-Pleistocene
flows increase rapidly and are nearly constant for early Pleistocene flows
(Fig. 4b).

Factors such as original flow morphology, flow width, subflow paleo-
topography, and proximity of volcanic vents influence flow-surface mor-
phology and can cause apparent exceptions to the general trends. The
relations between landform morphology and flow age are considered
general trends; consequently, some flow surfaces in the Cima field deviate
significantly from the trends described above (see flow my in Table 1).

1Radiometric ages used in this paper are from Dohrenwend and others
(1984a). In the interests of readability, age ranges are usually given without the
customary error estimates. For the exact radiometric ages upon which these approx-
imate age ranges are based, refer to Table 1 of this paper or to Dohrenwend and
others (1984a).
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Figure 4. a. Drainage frequencies (Dy) for field measurements
made on dated flows of different ages (T); solid line is statistically
significant best-fit curve. b. Drainage densities (Dg) for dated flows of
different ages (T); solid line is statistically significant best-fit curve.

Accretionary Mantles Developed on Quaternary Flows

Accretionary mantles developed on basalt flows of the Cima volcanic
field, defined primarily on the basis of exposures in 15 soil pits, are
composed of 3 general stratigraphic units: (1) a basal rubble zcne of
angular to subangular basalt clasts derived predominantly from the vnder-
lying basalt flow in a matrix of fine sands and silts, (2) an overlying layer
composed dominantly of fine sand and silt derived from eolian sources
(Figs. 5, 6) and (3) a thin upper layer of basalt clasts forming a stone
pavement (Fig. 6). The most laterally continuous exposure of these units
can be observed in the lower part of a 25-m long, 2-m deep backhoe
trench that has been cut into the surface of flow r,, 0.70 + 0.06 m.y. {Figs.
1, 7; Table A)2 In contrast to most of the flow surfaces in the Cima field,
several layers of tephra erupted from a late Pleistocene cone 0.5 km
windward of the trench site have buried the accretionary mantle. The
uppermost part of the buried accretionary mantle is a stone pavement with
varnished clasts similar to subaerially exposed pavements on flow suifaces
of comparable age. Underlying the stone pavement is a 0.9-m-thick layer
of eolian fine sand and silt in which a well-developed soil has formed

2Tables A and B are on file with The Geological Society of America Data
Repository. To secure free copies, request Supplementary Data 85-30.
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Figure 5. Comparison of cumulative grain-size distributions of
eolian deposits on the Cima lava flows (solid line) and desert dust
(dashed lines). Desert-dust grain-size distributions modified from
Péwé and others (1981).
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Figure 6. Upper two layers of the accretionary mantle on a basal-
tic lava flow in the Cima field: stone pavement veneer over a 1- to
3-m-thick accumulation of eolian fine sand, silt, and clay. Photograph
by J. C. Dohrenwend.
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(Table A). The only visible contribution of eolian fines to the surface of
flow r, subsequent to its burial are the fine sand and silt that fill pore
spaces in the overlying tephras.

Stone pavements composed of clasts of flow rock and vent debris
occur on basaltic flows of all ages. They overlie varying thicknesses of
relatively clast-free eolian deposits (Figs. 7, 8). Mean clast size on pave-
ments ranges from 3.3 to 10.0 cm on 0.14- to 0.99-m.y. flow surfaces;
maximum relief of clasts above pavement surfaces is relatively consistent
(14 to 23 cm) for most dated flows. Clast bottoms that project into the
underlying soil, moreover, are commonly reddened to hues of 2.5 YR or §
YR, indicative of some type of chemical alteration during pavement de-
velopment (Wells and others, 1984a). A stone pavement buried beneath
younger mantle deposits on flow e; (Fig. 1; Table B) shows characteristics
similar to the now subaerial stone pavements. This soil-stratigraphic rela-
tion suggests that accretionary mantles form episodically with intervening
periods of surface stability.

To define the subsurface geometry of the accretionary mantle,
seismic-refraction measurements adjacent to the trench on flow r, were
used to calibrate the seismic characteristics of the accretionary mantle and
the underlying basalt flow. Velocity-depth profiles for six overlapping

* unit 2 -tephro- » . T —— - .
NNR g cs et O L.

on flow r, (0.70 + 0.06
m.y.); see Figure 1 for
trench location and Table
A for stratigraphic de-
scriptions of units.

0.5 m

seismic lines on flow r, were drawn parallel to the trench and perpendicu-
lar to the flow direction (Fig. 8). Inconsistencies between adjacent lines
reflect subsurface heterogeneities and suggest significant variability in the
thickness and the degree of compaction of the accretionary mantle as well
as substantial irregularity along the mantle~flow rock contact. Comparison
of Figures 7 and 8 demonstrates a general agreement between the com-
bined thicknesses of the overlying tephras and the accretionary mantle and
the upper velocity layer of the seismic profiles: 2.0 m and 1.0 to 2.5 m,
respectively. The upper velocity layer (0.32 to 0.41 km/s) is correlated
with the eolian (and pyroclastic) mantle; the middle velocity layer (1.06 to
1.97 km/s) is correlated with the rubble zone; and the deepest velocity
layer is correlated with dense, but highly fractured, basaltic flow rock (2.35
to 3.34 km/s). Similar seismic velocities and velocity-layer thicknesses
have been determined for three additional lava-flow surfaces in the Cima
field (Table 3).

Owing to the inpenetrable nature of the basal rubble zone, only the
uppermost few centimetres have been observed in the soil pits. These
exposures show basalt clasts in a matrix of fine sediment. Seismic studies
on flow r, support these limited observations. Using the equation of Tel-
ford and others (1976) and assuming the middle layer shown in Figure 8 is
composed of basalt-clast rubble in a matrix of fine sand and silt, we
estimate the range in porosity for the middle layer to be between 12% and
28%.
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Figure 8. Seismic P-wave velocity-depth profiles for flow r,, Number within each profile layer is the seismic velocity (km/s) of that layer,
and number adjacent to profile segments is depth to interface. Note that the boundaries between profile layers are extrapolated to the end points.

Morphology and Mantles of Tertiary Lava-Flow Surfaces

Surfaces of Pliocene flows are flat to gently rolling, are devoid of any
constructional bedrock forms, and typically occur tens to hundreds of
metres above the surrounding terrain as mesas flanked by thick accumula-
tions of basalt clasts forming colluvial wedges. On aerial photographs, the
lighter, moderately uniform Pliocene flow surfaces contrast with the
darker, mottled Quaternary flow surfaces. Pliocene flow surfaces are
commonly mantled by caliche rubble, presumed to be the result of frag-
mentation of petrocalcic horizons (Lattman, 1973). Mean clast sizes of the
rubble locally range from 17 to 27 cm. Eolian silts in shallow depressions
and in the matrix of the caliche rubble and occasional patches of weakly
developed stone pavements form a very thin (< 1.0 m thick) accretionary
mantle on the Pliocene flows. Drainage development is weak and consists
of trunk drainages in deep canyons with few shallow tributaries. Trunk
drainages commonly head on extremely degraded volcanic vents com-
posed of pyroclastic debris within a framework of dikes and agglutinate
layers. Overall, Pliccene flow surfaces form a degradational landscape
with thin accretionary mantles and no constructional volcanic forms.

SOILS DEVELOPED ON LATE CENOZOIC
VOLCANIC FLOWS

Four stages of soil development, defined on the basis of soil morpho-
logic and textural criteria, can be recognized in the accretionary mantles on
flows of the Cima volcanic field (McFadden and others, 1984; Dohren-
wend and others, 1984a). The stage of soil development is related to a
characteristic range of flow ages: (1) stage 1 =0.01 to 0.15 m.y.; (2) stage 2
=0.20 to 0.65 m.y.; (3) stage 3 = 0.65 to 1.0 m.y,; and (4) stage 4 = 3.5
m.y. and older.

The initial stage: of soil development is characterized by a strongly
developed vesicular A horizon, a thin cambic B or oxidized C horizon, and
a stage I calcic horizon (calcic horizon terminology after Gile and others,
1966, and Bachman and Machette, 1977). The vesicular A horizon and
overlying stone pavement are present at the surface of soils on nearly all
basalt flows in the Cima volcanic field. Pedogenic carbonate in stage 1
soils is disseminated in the soil matrix and is segregated as discontinuous
coatings on the sides and bottoms of clasts in the soil profile.

Stage 2 soils are substantially more advanced in the degree of soil
development and exhibit well-developed argillic B horizons and stage II
(locally stage III) calcic horizons. The thicknesses of the argillic horizons
range from <0.5 m to <1 m and occasionally extend into the rubble zone
underlying fine sand and silt. Argillic horizons are characterized by 7.5YR
5/4 to 4/6 colors and occasionally attain a color of SYR 5/4. Pedogenic

TABLE 3. SEISMIC VELOCITIES AND THICKNESSES OF ACCRETIONARY MANTLES
CIMA VOLCANIC FIELD

Flow Age Number of Mean seismic Mean Lay:r

desgination (m.y.) seismic profiles velocity thickness designs tion
(km/sec) (m)

23 0.46 + 0.08 3 0.38 27 upger
2 1.07 64 middle

2 231 - lower

3 0.56 = 0.08 5 0.51 24 upper
2 1.86 5.6 midile

2 4.26 i low:r

r 0.70 + 0.06 6 0.38 1.0 uppr
3 137 33 middle

3 2.80 o lowur

r 0385 + 0.05 4 045 11 upper
3 1.50 29 middle

3 266 Tower

Note: see Figure 1 for flow locations.

calcium carbonate is segregated mainly as coatings on clasts and as noclules
and filaments in the matrix. Carbonate coatings on the bottoms of clasts are
thicker (several millimetres) and denser than coatings on clast sides and
tops. Depth of pedogenic carbonate accumulation extends into the rusble
zone (Tables A and B).

Stage 3 soils are characterized by stage III calcic horizons. Only a few
0.65- to 1.0-m.y.-old flows have soil profiles with well-developed B hori-
zons similar to stage 2 soils. On most of these older flows, argillic B
horizons are engulfed by secondary carbonate and are only weakly to
moderately developed. Pedogenic carbonate is segregated as nodules or
thick pendants associated with basaltic clasts and apparently has displaced
clay plasma in the profile.

Stage 4 soils occur on Pliocene flows and are characterized by partly
buried blocky fragments of calcium carbonate, or caliche rubble, that are
inferred to be the remnants of stage IV to V petrocalcic horizons (McFad-
den and others, 1984). The caliche-rubble fragments are commonly vrell
laminated and locally they are tens of centimetres thick. Soil profiles are
degraded; hence they lack B horizon development, and soil thicknesses
probably exceed 0.5 m.

Successively older flows display increasingly advanced morphologic
stages of calcic-horizon development that are typical of alluvial desert
piedmonts in the southwestern United States (Gile and others, 1981).
Maximal development of the B horizon is associated with soils on 0.20- to
0.65-m.y. flows. All flows less than 0.15 m.y. have similar weakly devel-
oped soils; all flows greater than 0.65 m.y. are partly to completely
engulfed with pedogenic carbonate and show varying amounts of profile
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STAGE A
HOLOCENE-LATEST PLEISTOCENE (<20,000yrs)

constructional form

/

UNMODIFIED FLOW

constructional form

/

RUBBLING OF CONSTRUCTIONAL FLOW FORMS

constructional form

/ )
eolian fines /

in rubble & fracture pore space

rubble

LATE PLEISTOCENE (0.06-0.14m.y)

ACCUMULATION OF EOLIAN FINES IN TOPOGRAPHIC LOWS,
AND DEVELOPMENT OF STONE PAVEMENTS AND STAGE | SOILS

clasts lifted during
eolian deposition

Figure 9. Schematic topographic and stratigraphic sections of late Cenozoic basaltic
lava flows illustrating stages of flow-surface modification. Evolution of basaltic flow sur-
faces: Stage A: accretionary mantle deformation on flow surfaces by weathering and colluvia-
tion of bedrock topographic highs and by eolian deposition in topographic lows. Stage B:
flow-surface stability; decreased weathering, colluviation, and eolian deposition; increased

STAGE B
MIDDLE PLEISTOCENE (0.20-0.70m.y.)

STABILITY OF STONE PAVEMENTS AND PEDOGENESIS,
RUBBLING CONTINUES ON TOPOGRAPHIC HIGHS, REDUCED
EOLIAN INPUT

stone pavement

rubble
eolian deposit

RENEWED EOLIAN DEPOSITION, POST DEPOSITIONAL STABILITY,
AND PEDOGENESIS

/ stone pavement

buried soil

STAGES C and D
EARLY PLEISTOCENE AND PLIOCENE

PLUGGING OF SOIL WITH CARBONATE AND CLAY, INCREASED
RUNOFF, STRIPPING OF PAVEMENT AND MANTLE

bedrock exposed

drainage lines

degraded pavement \

Stage Il carbonate

eolian deposit

rubble

soil development; renewed eolian deposition and soil burial; long-term surface stability;
development of thick argillic B and carbonate horizons in soils. Stage C: decreased permea-
bility and increased runoff; increased surface erosion, soil stripping, and bedrock exposure.
Stage D: petrocalcic fragments (caliche rubble) exposed on deeply dissected flow-capped
mesas.
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TABLE 4. STAGES OF LATE CENOZOIC LANDSCAPE EVOLUTION ON BASALT FLOWS IN THE
CIMA VOLCANIC FIELD AND THE PROPERTIES ASSOCIATED WITH EACH STAGE

Stage Age ___Constructional Forms Extent of mantle  Drainage frequency* Soil profile stage
Frequency* relief cover (no./1,000 m)
(n0./1,000 m) {m) (percentage of
flow surface)
A Holocene to
late Pleistocene >20 >1.0 >60 >1 1
B Middle Pleistocene 3-8 0.3-1.0 80-95 1-5 2
Early Pleistocene >3 >0.5 >85 6-12 3
D Pliocene 0 0 i <6 4

*Field trh

degradation. Occasionally, pedogenic gypsum and silica have also accu-
mulated in these soils (McFadden and others, 1984). In addition, numerous
stage 2 and 3 soils in the Cima volcanic field are buried by younger fine
sand and silt in which stage 1 soils are developed. For example, a 0.56-
m.y. flow is mantled with a stage 1 soil profile overlying a strongly devel-
oped stage 2 profil: (Table B). The accretionary mantles on flows 0.25
m.y. and older thus are composed of two or more discrete deposits of
eolian sediment and represent episodic depositional events separated by
intervening periods during which most soil development occurred.

GEOMORPHIC EVOLUTION OF VOLCANIC
FLOW SURFACES

The sequence of dated basalt flows of the Cima volcanic field pro-
vides an opportunity to examine landscape evolution by representing time
via spatially distinct dated volcanic flows; this is referred to as substituting
space for time (Bull, 1975; Schumm, 1977). This approach seems appro-
priate for analysis of the Cima lava flows, because (1) the petrography and
major element chemistry of the flows do not vary significantly, (2) tectonic
activity has been minimal, and (3) base level has not changed significantly
during the Quaternary (Dohrenwend and others, 1984a, 1984b). Within
the framework of past changes in climate, a changing variable through
time, the lava-flow surfaces at Cima show systematic changes with increas-
ing age (Figs. 2, 3, 4) and, as described below, are affected by climatic
fluctuations.

WELLS AND OTHERS

The evolution of a single flow surface during latest Cenozoic tirne is
characterized by four major stages of landscape evolution and flow-surface
modification (Table 4). Each stage represents a period of time when
different combinations of surficial processes dominated flow-surface modi-
fication (Fig. 9). These stages are useful indicators of approximate age for
elongate lava flows, but it is important to note that each stage is not limited
to a discrete time interval. Rather, these stages overlap in time, and this
overlap is the result of variations in original flow morphology, eolian-
sediment flux, local topographic environment, and local base level.

Evolution of Accretionary Mantles: Role of Weathering and
Eolian Deposition

The rubble zone at the base of the accretionary mantle is interpreted
to be a combination of original flow-surface rubble (primary rubble} and
locally derived basaltic colluvium (secondary rubble). Blocks of flow rock
derived from constructional highs are moved into topographic lows by
mass wasting and other slope processes. These processes and the infilling of
topographic lows with eolian fines reduce the area of exposed beclrock
(Figs. 2, 3); consequently, rubble source areas and the potential energy
available for rubble movement decrease. Most secondary contributions to
the rubble zone thus most likely occur during the early stages of Jow-
surface modification but prior to significant infilling of topographic lows.

Examinations of bedrock outcrops on younger flow surfaces suggest
that mechanical weathering forms most secondary rubble. Field observa-
tions and soils data show that significant amounts of eolian fine sanc, silt,
clay, and soluble salts accumulate in the fractures and vesicles of the
basaltic flow rock (Fig. 10). These eolian fines are similar to the fine sand
and silt fractions of the accretionary mantles, and high pH values of fines in
the mantles indicate high salt concentrations, which are conducive fcr salt
weathering and formation of secondary rubble (Cooke and Warren,
1973). Studies such as those by Lattman (1973) and Peterson (1980)
suggest that the probably sources of the salts and eolian materials on the
volcanic flows are large playas and distal piedmont areas located upwind
from the Cima volcanic field. Episodic eolian events probably have also
supplied the large quantities of salt necessary for mechanical weathering of
flow rock.

The mantle of fine sand, silt, and clay above the rubble zone also is
inferred to be of eolian origin on the basis of grain size and sorting

Figure 10. A. Fractured flow surface on flow h; (0.06 + 0.03 m.y.) in the Cima field. B. Same view with surface clasts removed to show

silt infilling fractures. Photographs by J. C. Dohrenwend.
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properties (Wells and others, 1984a), as well as the presence of abundant
quartz sediment, which indicates sources other than basalt. The majority of
mantle sediments are <0.125 mm (3¢), are extremely well sorted, and are
similar to the grain-size distributions of desert dust (Péwé and others,
1981). Mantle sediments are two times coarser than desert dust, however,
which probably reflects proximity to source areas, as well as local saltating
loads.

The presence of 1.0- to 2.7-m-thick accretionary mantles with
abundant eolian materials on basalt flows suggests that flows are effective
eolian traps (Figs. 6, 7, 8). The accumulation of eolian material on flow
surfaces is due to (1) high initial surface roughness that causes local reduc-
tions in near-surface wind velocities and concomitant deposition of fines
and (2) extremely high initial permeability of flows that combines with
surface roughness to inhibit surface runoff and fluvial erosion of the
trapped silt. Deposition of wind-blown particles at Amboy Crater, Cali-
fornia, is greater on lava flows than on adjacent alluvial plains (Greeley
and Iversen, 1981). Flow surfaces trap eolian detritus until the surface
roughness of the flow is reduced to that of the surrounding terrain (Greeley
and Iversen, 1981). Flow surfaces having greater roughness and higher
permeability are better eolian traps than smoother flows; therefore,
younger, relatively unmodified flows are more efficient traps for eolian
fines than older, more degraded flows. Similar observations regarding the
influence of surface roughness on eolian accumulations on volcanic bed-
rock hillslopes have been made by Wells and others (1982) and Ford and
others (1982). The presence, however, of eolian deposits with stage 1 soils
burying stage 2 and 3 soils, and in some cases stone pavements, demon-
strates that profoundly modified flow surfaces with extensively developed
accretionary mantles can continue to trap and preserve eolian deposits.
Eolian flux rates perhaps were sufficiently high that smoother flow surfaces
locally were completely buried.

Rates of eolian deposition can be only approximated from the thick-
ness of eolian deposits on the youngest Cima flow (Fig. 1, flow a;, 16,600
4 700 yr B.P.; Dorn, 1984). Eolian deposits in two soil pits (excluding
fines filling pore spaces in the rubble zone) are greater than 0.5 m thick,
and their average density is 1.65 g/cm3. From field evidence, the lateral
contribution of eolian sediments due to water reworking is limited. An
average flux rate of 50 g/m2/yr is therefore estimated for the past 16,600
yr. An eolian unit underlying an early Holocene alluvial fan surface adja-
cent to Silver Lake playa, 20 km northwest of the Cima field, however, is
estimated to have been deposited between 10,500 and 9,500 yr B.P.
(Wells and others, 1984b). Deposition of most eolian materials on flow a;
also could have occurred during this time period, which would result in an
average flux rate of ~800 g/m?/yr, considerably faster than modern flux
rates of 40 to 200 g/m2/yr that were measured for desert areas of
Arizona, New Mexico, and Israel by Péwé and others (1981), Gile and
others (1981), and Yaalon and Ganor (1975), respectively. Given the
average thickness of eolian mantles on late to mid-Pleistocene flows
(Table 3) and the modern flux rates and derived influx rates, these mantles
could have been deposited over periods of 102 to 105 yr.

The occurrence of young stage 1 soils developed in eolian mantles on
lava flows less than 0.14 m.y. old and the burial of stage 2 and stage 3 soils
on most older lava flows, however, argue against constant flux rates. For
example, under constant flux-rate conditions, eolian mantles theoretically
could have developed on the 0.14-m.y. flow within 0.04 m.y. of flow
emplacement, and pedogenic processes would have produced significantly
better-developed soils than those that actually occur on this flow. It thus is
more likely that (1) mantles on the younger (<0.15 m.y.) Cima flows were
formed during the same short-time interval (latest Pleistocene or early
Holocene) under extremely high eolian flux rates and (2) the eolian flux
rates during the late Pleistocene were so low that significant eolian mantles
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could not accumulate on flows extruded between 0.015 and 0.15 m.y. ago.
Accretionary mantles on flows between 0.25 and 0.65 m.y. typically sup-
port stage 2 soils that are buried by stage 1 soils, moreover; this suggests
that at least one additional eolian depositional episode has occurred since
the formation of the deposits in which stage 2 profiles are developed. This
latest eolian episode is inferred to represent the early Holocene event
documented near Silver Lake playa (Wells and others, 1984b).

We propose a process-response model based on episodic, rapid in-
fluxes of eolian material to explain the formation of eolian mantles. This
model emphasizes that the timing of lava-flow eruptions relative to the
timing of episodes of high eolian flux is a primary constraint on eolian
deposition, soil development, and flow-surface modification in the Cima
volcanic field. Short duration, high eolian flux rates might have been
caused by intermittent production and limited availability of fines for
eolian transport. Playa floors and distal piedmont areas, the most likely
primary sources of eolian fines, were episodically exposed during inter-
pluvials of the Quaternary. Eolian sediment would probably have been
most available when loose fine sediment was exposed on the dry lake
floors and surrounding beaches immediately following the disappearance
of the pluvial lakes. Such lacustrine events have been documented under a
variety of hydrologic settings in the Mojave Desert (for example, Smith,
1978; Lajoie and Robinson, 1982). During eolian sediment production,
the younger Cima flows (<0.15 m.y.) would have been mantled by eolian
deposits and would have developed similar stage 1 soils during the same
time period. Older Cima flows (0.25 to 0.65 m.y.) buried during older
eolian events possessed mantles that remained exposed long enough to
permit development of stage 2 soils.

Drainage Network Evolution: Long-Term Hydrologic Adjustments

For the majority of fluvial systems, drainage development over geo-
logic time is inherited from older systems and may reflect conditions the
origins of which are difficult to establish (Leopold and others, 1964).
Drainage networks developed on volcanic flows, however, originate tens
of thousands of years after flow emplacement and are not influenced by
previous drainage heritage. Fluvial networks on flow surfaces of successive
ages thus provide a time series of drainage development spanning the late
Cenozoic on nearly uniform lithology and on surfaces with relatively
similar original morphology.

Analyses of drainage network evolution that substitute space for time
and describe a sequence of networks on land surfaces of different ages
were presented by Glock (1932) and Ruhe (1952). Leopold and others
(1964) used drainage patterns on different ages of glacial drift to demon-
strate that drainage densities and frequencies increase first rapidly and
then more slowly with time. Experimental flume studies (R. S. Parker,
unpub. data; Schumm, 1977) documented a similar growth of drainage
networks and suggested three stages of growth drainage networks: (1) an
initial period of rapid extension, (2) an intermediate period of maximum
extension, and (3) a final period of drainage reduction. Glock referred to
the three stages as elongation and elaboration (infilling with lower-order
streams), maximum extension, and abstraction (loss of drainage lines). In
Figure 11, representative drainage networks on Pliocene and Quaternary
flows illustrate: (1) initial extension of trunk drainage lines on late Pleisto-
cene flows, (2) network extension by elongation and elaboration on mid-
to early Pleistocene flows, and (3) abstraction of drainage lines on Pliocene
flows.

Changing drainage densities on progressively older flows are similar
to results of experimental studies in flumes and support this sequence of
network evolution (Fig. 12). The two growth patterns of drainage net-
works in flumes are similar to the trend displayed by the flows in the Cima
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Figure 11. Drainage net-
works for selected flows dating
from Pliocene to late Pleisto-
cene. Note increasing drainage
texture on progressively older
flows and decresse in texture on
Pliocene flow. Scale approxi-
mately equal in all frames,
~1:22,000.

b. Mid-Pleistocene Flow

field, suggesting that drainage evolution on the Cima flows has proceeded
in a manner similar to that observed in the flume experiments.

Drainage network development on flow surfaces, however, is con-
trolled initially by the volcanic bedrock (constructional relief and spatial
distribution of flov features). Subsequently, drainage networks develop on
the accretionary mantles that bury bedrock surfaces. This change influ-
ences the relative role of infiltration and runoff on flow surfaces. The
primary and secondary rubble and numerous constructional forms on
young flow surfaces create a highly permeable surface with large surface
roughness, therefore enhancing infiltration. The eolian accretionary man-
tles and their associated well-developed soils on older flow surfaces de-
crease the permeability of flow surfaces and reduce the large-scale
roughness. Older flows (>>0.25 m.y.) thus are characterized by increased
runoff and adjust to this hydrologic change by increasing the drainage
density and frequency 1 to 2 orders of magnitude (Table 2; Fig. 4).

DISCUSSION AND CONCLUSIONS

Each major stage in the evolution of flow surfaces (Fig. 9; Table 4)
reflects the relative landscape stability of flow surfaces in the Cima vol-
canic field. Morphologic and pedogenic data indicate that the most stable
flow surfaces at Cirna occur on flows between 0.2 and 0.7 m.y. (stage B of
the landscape-evolution sequence). These stable surfaces are almost com-

CIMA LAVA FLOWS

WELLS AND OTHERS

LEGEND
~ Flow Boundary

-~ Drainage Line

d. Pliocene Flow

pletely covered by accretionary mantles and associated stone pavements.
The accretionary mantles are characterized by maximum soil-profle de-
velopment (stage 2 soils), with thick, well-developed argillic B horizons.
Flows younger than 0.2 m.y. are undergoing reduction of constructional
relief by bedrock weathering, colluviation, and eolian deposition, and they
support patchy eolian mantles and weakly developed (stage 1) soils. Flows
0.7 m.y. and older are dominated by surface runoff, fluvial dissection, and
partly stripped soils, and they display the maximum drainage-network
development (Fig. 4b). Seismic-refraction data show that the thickest ac-
cretionary mantles (2.4 to 2.7 m) occur on 0.4- and 0.6-m.y. flows (siage B
of landscape-evolution sequence), whereas mantles on older flow surfaces
are significantly thinner (1.0 to 1.1 m), suggesting that as much as 1.7 m of
eolian fines has been stripped from the mantles of these older flows (Table
2). This decrease in accretionary-mantle thickness is coincident with the
time of maximum drainage-network development on the flow surfaces.
The four major stages of flow-surface evolution coincide with the
four major stages of soil development on the flow surfaces (Table 4).
Changes in the surface morphology of the flows, such as relief reduiction

EXPERIMENTAL FLUME STUDIES
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and drainage development, are related to major changes in the soil-profile
development. The accretionary nature of the mantles and associated soils
on flow surfaces in the Cima volcanic field creates a positive feedback
mechanism that affects soil preservation and flow-surface stability. For
example, stage 4 petrocalcic horizons are essentially impervious (Cooley
and others, 1973); thus, progressive carbonate engulfment of increasingly
thick and clay-rich B horizons on relatively stable flow surfaces greatly
reduces the infiltration capacities of these surfaces. As a result, B-horizon
development decreases with time, and eventually (after ~0.7 m.y.) infiltra-
tion capacities are reduced to the point where surface runoff becomes
widespread. Fluvial erosion on these older surfaces strips the accretionary
mantle and associated soils exposing the underlying plugged carbonate
horizons and bedrock. One possible explanation for maximum drainage
extension occurring on the early Pleistocene flow surfaces may be related
to the impact of soil-profile development and time. Pedogenesis progres-
sively changes the near-surface hydrology (infiltration) which causes re-
gionally stable pervious landscapes to evolve into regionally unstable
impervious landscapes on flow surfaces. These attendant changes in geo-
morphic processes operating on flow surfaces cause a succession of
changes in flow-surface stability and morphology.

The stability of flow surfaces not only depends upon evolutionary
changes in geomorphic processes but is influenced also by episodic climat-
ically controlled factors such as the influx of eolian fines. Flow-surface
stability depends on processes intrinsic to the flow surface, such as weath-
ering and mass wasting of flow-rock outcrops, and the infilling of topo-
graphic lows. In addition, stability depends upon the timing of flow
emplacement and the duration of subaerial exposure of the flow surface
relative to the timing of episodes of high eolian flux. Late Pleistocene flows
probably have been exposed to one major eolian depositional episode;
middle Pleistocene flows probably have been exposed to at least two such
events. The multiple eolian events are at least partly responsible for the
strong differences in flow-surface morphology and soil development on
flows 0.14 m.y. and younger and flows 0.25 m.y. and older.
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