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Degradation of Quaternary cinder cones
in the Cima volcanic field, Mojave Desert, California
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ABSTRACT

Basaltic cinder cones in the Cima volcanic
field record a detailed history of progressive
erosion in the arid environment of the eastern
Mojave Desert. These cones range in age
from ~0.015 m.y. 10 1.09 = 0.08 m.y., as
dated by radiocarbon or K-Ar analyses of the
voungest lava flows from each cone. Cone
heights range from 50 to 155 m, and basal
widths range from 400 to 915 m: on younger
cones, height/width ratios average 0.17, and
crater-width/cone-width ratios average 0.42,
The degradational morphology of these cones
displays several trends that are closely related
10 cone age. (1) Crater-width/cone-width ra-
tios decrease from 0.48 on the youngest cone
to 0.21 on the oldest cone with a preserved
crater. (2) Mean maximum side slopes (Tan
S.) decrease from 0.575 on the youngest cone
1o an average of 0.41 on the oldest cones
studied. (3) Debris-apron-height/cone-height
ratios increase from <0.10 on the youngest
cone to an average of 0.34 on the oldest
cones. (4) Cone drainage evolves from irregu-
larly spaced rills and gullies on the voungest
cone 1o regularly spaced gullies on 0.20- 10
0.35-m.y.-old cones to valleys as much as 110
m wide and 10 m deep on cones 0.59 m.y. old
and older,

These trends form the basis of an empirical
model of cinder-cone degradation in arid en-
vironments. This model documents (1) an
erosional loss of ~15% of cone volume during
the first million years; (2) progressive decline
of cone siope (at an average rate of
0.006°/10° yr) and cone height (at an average
rate of 2.25 cm/10° yr); (3) initial rapid strip-
ping of the loose cinder mantle from upper-
cone slopes accompanied by rapid debris-
apron formation; and (4) a gradual transition,
between 0.25 and 0.6 m.y., from relativelv
uniform stripping of upper slopes to localized
fluvial dissection of both cone slopes and de-
bris apron. This transition is apparently con-
trolled by a concomitant change from diffuse

subsurface drainage within the pervious
cinder mantle 10 concentrated surface flow
across the heterogeneous assemblage of ag-
glufinate layers, dikes, and ponded flows of
the cone interior.

INTRODUCTION

Cinder cones of similar composition znd
structure frequently occur in large populations.
The ages of cones commonly can be determined
by 1“C or K-Ar methods. and their original
morphology can be reconstructed with reason-
able accuracy. Cinder cones thus are ideal
landforms for quantitative analysis of degrada-
tional evolution. Wood (1980a) presented
morphometric data for cinder cones from five
voleanic fields on three continents, indicating
that cone heights, height/width ratios, and
average side-slope angles svstematically decrease
with time. In addition. the degree of cinder-cone
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degradation has been used gualitatively 10 pro-
vide generalized temporal frameworks for vol-
canic fields around the world (for example,
Kear, 1957—New Zealand: Colion, 1967—An-
zonz: Scout and Trask, 1971—Nevada: Bloom-
fieid. 1975, and Hasenaka and Carmichael,
1985—Mexico). In recent vears, cone mor-
phometry has been used in attempis 1o analyze
eruption stvles and 1o interpret the eruption
dynamics of volcanic fields (Bloomfield. 1975;
Sertle, 1979; Wood, 1980b; Hasenaka and
Carmichael, 1985). Long-term degradation of
cinder cones. however, hes not been used 1o
study the surficial processes that have operated
1o affect that degradation. This paper quantita-
tively documents degradauonal morphologic
changes (spanning a period of ~1.1 m.y.) on 11
cinder cones in the Cima voicanic field of south-
east California (Fig. 1) and discusses these
changes in lerms of the types and rates of
surficial processes that caused them.
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GENERAL GEOLOGY OF THE
CIMA CONES

Morphology
More than 30 cones of Pleisiocene age are

located in the southern part of the Cima vol-
canic field (Fig. 2). These cones form a progres-

sive morphologic series from relatively undis-

secied cones 1o deeply eroded, irregular hills
with exposed agglutinate lavers and feeder dikes.
Mean cone heights range between 50 and 155
m, and mean widths range between 400 and
915 m. The craters surmounting the younger
cones are as much as 45 m deep and 330 m
wide. On the younger cones, height/width ratios
(H./W,) range from 0.15 to 0.19 and average
0.17, crater-width/cone-width ratios (Wo/W0)
range from 0.32 to 0.48 and average 0.42, and
maximum side-slope angles (S.) range from 26°
10 30° and average ~28.5°. These values are
similar to values of the same morphometric
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parameters determined for cinder cones on
Mauna Kea Volcano. Hawaii (Porter, 1972),
and for vounger cones in the San Francisco vol-
canic field, Arizona (Wood. 1980a).

Geology

Cinders, bombs, agglutinate, and flow rock
(ranging in composition from alkali olivine ba-
salt 10 basanite) are the primary constituents of
the Pleistocene cones in the Cima field. The
cinders, although unconsolidated, are generally
lightly packed in well-defined, moderately 10
well-sorted strata onented subparallel to outer
cone slopes. They vary in size from coarse sand
to irregular cobble-sized clasis as much as 15 cm
in maximum dimension. The bombs, generally
fusiform 10 approximately equant in shape,
range from a few centimetres to as muchas 2 m
in length. Although many bombs have been
broken into cobble- and boulder-sized frag-

ments, unbroken bombs are common even on

older cones. Thick mantles of cinders and
bombs typically cover the crest and outer slopes
of the less degraded cones. Beneath these uncon-
solidated mantles. lavers and irreguiar masses of
agelutinate or welded spatier as much as several
metres thick are commonly intercalated within
the cinder lavers. These aggluunate masses are
frequently exposed in the desp gullies and small
valleys of the more degraded cones, and they
commonty form discontinuous coliars around
the crests and upper flanks of these cones. In
combination with remnants of feeder dikes,
rootless flows, and crater-ponded lavas, the ag-
glutinate forms relatively impervious and erosion-
resistant cores within most cones.

Tephra rings flank four closely spaced vents
(vents H, I, M, and O in Fig. 2) in the south-
central part of the Cima field. Exposures within
these rings reveal low-angle cross-bedding and
antidune structures characteristic of base-surge
deposits. Owing 1o significant diferences in
clast-size distribution, bedding structure, and
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Figure 2. Generalized
geologic map of the
southern part of the Cima
volcanic field showing the
locations of comes dis-
cussed in the text.
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original constructional form, cones associated
with tephra rings were excluded from the
morphometric analysis of this study.

Cinder cones are typically constructed by a
single erupuon, and when acuvity ceases, i 1S
rare for a second eruption to occur from the
same vent (Williams and McBimey, 1979,
Wood, 1980z). Detailed K-Ar daung and geo-
morphic analyses of multiple flows from indi-
vidual cones in the Cima field indicate, however,
that several of the Cima vents have erupted dis-
continuously over periods of hundreds of thou-
sands of vears (Turrin and others, 1984; Wells
and others, 1984). On account of this discontin-
uous style of eruptive activity, delermining the
age of the youngest consiructional form of each
cone requires identification and K-Ar datng of
the voungest fiow associated with that cone.

Cone Ages

The cones and flows of the Quaternary part
of the Cima volcanic field range in age from
0.015 10 1.09 m.y. (Table 1). The 0.015-m.y.
age of the youngest cone and its associated flow
is based on four independent lines of evidence:
relative soil development (McFadden and others,
1984), a highly diagnostic paleomagnetic direc-
tion (Duzane Champion, 1984, oral commun.),
rock-varnish chemistry, and 'C dating of rock
varnish (Dorn, 1984). Ages for the other ten
dated cones were determined by K-Ar analyses
of whole-rock samples from the youngest lava
flow associated with each cone. Samples were
processed according to the procedures described
in Dohrenwend and others (1984a) and Turrin
and others (1984). The accuracy of these K-Ar

ages Is supported by several independent lines of
evidence. (1) Paleomagnetic polarnity measure-
ments of all dated flows are consistent with the
latest revision of the paleomagnetic ume scale
(Harland and others, 1983). (2) Replicate ages
for 2 of the younger flows suggest analytic re-
producibility within 0.06 m.v. (3) The K-Ar
ages accord well with progressive changes in
flow-surface morphology (Wells and others,
1984), soil-profile development (McFadden and
others, 1984), and rock-varnish chemistry
(Dorn, 1984). Because the Cima cones are Sim-
ilar in lithology, structure, and original construc-
tional form and because their ages are more or
less uniformly distributed over the past 1.1 m.y.,
they constitute a preciselv dated series of land-
forms that can be used 1o measure rates and
processes of long-term erosion.

MEASUREMENT OF
MORPHOMETRIC PARAMETERS

Morphometric data and morphologic descrip-
tions of the Cima cones are derived from a com-
binaton of field-based measuremenis and
observations supporied by photogrammetric and
photogeologic analyses. The morphometric pa-
rameters used 1o describe the cones are defined
in Figure 3. The mean maximum slope angle
(S¢) of each cone was determined by averaging
10 to 15 Abney level measurements of maxi-
mum slope taken at selected locations around
the cone penmeter. Only unbreached slopes
were measured. These averages were verified by
photogrammetric determinations of maximum
siope measured from multiple photographs of
cone profiles. At least four different profiles
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Figure 3. Definition of mor-

phometric parameters. A. Cone

cross section showing cone

height (H.), cone-siope angle

(S). cone width (W), and cra-

— ter width (W_). Debris apron

not shown. Vertical exaggera-
tion 2x. B. Cone-slope cross
section showing cone height
(H,), apron height (H,), cone-
slope angle (S.), mean apron-
slope angle (S;), cone-slope
length (L., and apron-siope
length (L,). No vertical exagger-
ation. '
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were measured for each cone. Cone width (W)
and crater width (W) were esumated by
averaging phOIOgTAmMMELrNC Measurements on
1:20,000-nominal-scale, vertical aeral phoio-
graphs. (The lower parts of the original cone
slopes are buried beneath debris aprons, and so
cone perimeters cannot be precisely located but
are judged 10 lie beneath the zone of maximum
curvature of the overlying debris apron.) These
measurements were calibrated with 1:24.000-
scale, 10-m-contour topographic maps. Debris-
apron-height (H,), apron-height/cone-height
ratios (H,/H,), and apron-slope-length/cone-
slope-length ratios (L,/L.) were estimated from
field measurements and analysis of horizontal
photography of cone profiles. Mean dimensions
of gullies and small valleys on cone slopes were
estimated from field measurements of randomly
selected drainage wavs on each of six cones.
Descriptions of drainage networks were devel-
oped from anaiysis of vertical aerial photographs
and verified by field measurements and
observations.

Only 11 of the 31 Quaternary cones in the
Cima field were selected for morphometnic
analysis. Of the 20 cones that were not analyzed,
5 are associated with tephra rings, 2 are muluple
composites of several vents, and the remainder
have not been adeguately dated. In most cases,
the voungest flows from these undated vents are
either 100 altered or 1oo poorly exposed 1o yield
datable material.

CONE DEGRADATION
Slope Morphology

The Cima cones show several progressive
changes in morphometry and slope morphology
through time (Table 2; Figs. 4 and 5). Cone-
height/cone-width ratos (H./ W), crater-width/
cone-width ratios (W /W,). and mean maxi-
mum slopes (1an S;) generally decrease with
increasing cone age, whereas debris-apron-
height/cone-beight ratios (H,/H.) and apron-
slope-length/cone-slope-length  ratios (L,/Lc)

TABLE 1. CIMA VOLCANIC FIELD: CONE AGE DATA

Cone Ageim.y.) Age daung method  Magneuc poianty
A €015 = 0.00S 4. CRD* Normal
U 0.16 = 0.07 K-Ar Normal
G 022 = 0.03 K-Ar Normal
BB 033 = 0.16 K-Ar ~ormal
E 035 = 0.0 K-Ar ormal
J 046 = 0.05 R-Ar Norma!
F 059 = 0.09 K-A1 Normal
P 03¢ = 0.12 K-Ar Iormal
R 0.70 = 0.06 K-Ar Normal
K 0.95 = 0.07 K-Ar Revened
cc 105 = 00E — T K-Ar Reversed

*Cauon-rano aaung of rock vamush.
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TABLE 2 CONE MORPHOMETRY
Cone At Mean maximum Tan S, Cone Mean Cone H /W, Mean craies W /W, H,/H, L/,
my.) siope angle nesght width widtk
S.t%) Htmi Weim) W im)
X 001 99 057 % 40 0.7 20 04s 006 013
v 0.7 286 0525 100 570 0.3 20 0x 25 03¢
G o 287 . 0847 155 915 0.17 370 040 030 035
BE 03 88 0453 % 620 0.5 300 048 028 03¢
' 038 284 0.543 130 690 0.19 220 032 024 036
5 04b 265 0499 50 420 0.12 170 040 o i
F 0.59 265 0499 100 560 0.18 170 030 035 042
P 059 25 0435 95 650 0.1% 190 0o 01 0.3%
R 0.70 240 0445 100 570 0.17 a8 - o
1 0.99 221 0.406 75 630 0.12 130 021 038 038
cc 108 29 0422 & 400 0is - g : o
oldest cones studied (Fig. SA). H,/H, increases A |
A rapidiy from a minimum of 0.06 on the young- =z o s!
: est cone to a nearly constant maximum of 0.35 I Z F\‘*.\P‘
[ on cones 0.59 m.y. old and older (Fig. 5B). = S oa .
s S . L,/L. follows 2 similar trend increasing sharply = \
p— . aoce z < 13
- N s . from a minimum of 0.13 on the voungest cone = = ©2]
= | . . 10 attzin an apparent maximum of 0.41 on 0.59- oc.!
£ ow m.y.-old cones (Fig. 5C). These systematic 00 02z 0¢ 0& OB 10 Iz
= changes in morphology indicate a pattern of CONE AGE {m.v.
oce degradation dominated by (1) maximum ero-
sion on upper cone slopes, reducing cone height
ez oz o0+ ©& O0E 1T 12 and average slope, and (2) deposition of tbe
CONE AGE im.x] eroded debris as aprons around lower cone
slopes, increasing apparent cone width and
B further reducing the average siope. Erosion

<
=

o< el 3 GE 1c 1z

CONE AGE im.x)

Figure 4. Variation of cone morphometry
with time. A. Cone-height/cone-width ratios
versus cone age. H./W,=0.174 - 0.028 t (tin
m.y.); correlation coefficient = 0.403. B.
Crater-width/cone-width ratios versus cone
age. W /W, = 0474 - 0.270 t (t in m.y.);
correlation coefficient = 0.859. Refer to Table
2 for data values.

generally increase with increasing age. H./W,,
decreasing from an average of ~0.17 for the
younger cones 10 an average of ~0.14 for the
oldest cones studied (Fig. 4A), shows a weakly
defined inverse correlation with cone age.
W /W, decreases from a maximum of 0.47 on
the voungest cone to a2 minimum of 0.21 on the
oldest cone with a preserved crater (Fig. 4B).
Tan S, decreases from a maximum of 0.575 on
the voungest cone 10 an average of 0.414 on the

within cone craters undoubtedly also occurs;
however, agglutinate armoring of crater walls
and a lack of thick slope deposits within most
craters suggest that this factor is relatively unim-
portant in the Cima field.

Qualitative morphologic evidence also indi-
cates a general pauern of cone downwasung
(Table 3). The sharp crests and well-defined cra-
ters of the vounger cones gradually give way 10
the partly rounded crests and profoundly de-
graded craters of the older cones. On the oldest
cones. the vestiges of craters survive only where
a relatively resistant spatier-fed rootless flow or
small crater-ponded flow remains 1o mark lower
crater walls or floor. The depths of unbreached
craters on the vounger cones average ~25 I,
and the absence of craters on most of the older
cones suggests a comparable reduction in the
heights of these older cones. The general lower-
ing of outer cone slopes also argues strongly for
a significant and progressive decrease in cone
height over ume.

Drainage Morphology

Progressive changes in cone height and slope
morphology are accompanied by concomitant
changes in drainage morphology (Fig. 6). The
outer slopes of the voungest cone are only partly
scarred by unevenly distributed rills and gullies.
On 0.15- 10 0.25-m.y.-old cones. numerous reg-
ularly spaced gullies occupy lower and middle

0z D24 06 OE 10 12
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Figure 5. Variation of cone morphometry
with time. A. Tangent of mean maximum
cone slope versus cone age. Tan 5, = 0.585 -
0.241 t + 0.732 t* (t in m.v.); correlation coef-
ficient = 0.927. B. Apron-height/cone-height
ratios versus cone age. H,/H. = 0.100 -
0.6921 - 0.456 t* (t in m.y.); correlation coeffi-
cient = 0.891. C. Apron-siope-length/cone-
slope-length ratios versus cone age. L,/L. =
0.178 + 0.796 t - 0.615 t2 (t in m.y.); correla-
tion coefTicient = 0.873. Refer 1o Table 2 for
data values.

cone slopes. Cones 0.30 10 0.35 m.y. old are
marked by parasol-like patterns of straight, regu-
larly spaced gullies that extend from the toe 10
the crest of most unbreached slopes. Mean gully
cross-sectional areas on these vounger cones
(<0.4 m.y. old) remain relatively constant,
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large surface drainage ways at the expense of
both cone slopes and debris aprons: bowever,
cone downwasung, as measured by either cone-
height or slope-angle reduction, decreases 10
~30% of initial rates.

1t should be emphasized that this model is an
empirical approximation and that it is subject to
several sources of uncertainty. (1) The mor-
phometric data used to develop the model were
collected from a limited sample of 11 cones. (2)

Significant morphologic variability occurs on

several of these cones, and although most of this
variability can be traced 1o identifiable exiernal
influences (for example, local burmal by lava
flows and/or pyroclastic debris, lateral fluvial
erosion of cone flanks, eruptive breaching of
cone flanks) and thus was excluded from model
calculations, the uvseful sample size was further
constrained. (3) Measured values of the various
morphometric parameters are probably only
significant 10 =10% 10 15%. Cone and apron
boundaries are typically gradational, and many
measurements were made from 1:24,000-scale,
10-m-contour maps and 1:20,000-nominal-
scale, vertical aerial photographs. (4) Precision
of the K-Ar ages of the various cones is also
limited, the average 2-sigma error being about
=0.07 m.y. The rates and trends of cinder-cone
degradation summarized in Figure 7 and Table
5 thus are approximations that are only gener-
ally applicable 1o other cinder-cone populations
in arid and semiarid environments.

CONCLUSIONS

Cinder cones in the Cima volcanic field dis-
play progressive degradational changes that are
closely related 1o cone age. (1) W/W¢ de-
creases from an average of 0.48 on the younger
cones to 0.21 on the oldest cone with 2 pre-
served crater. (2) Tan S, decreases from 0.575
on the youngest cone to ~0.4]1 on the oldest
cones studied. (3) H,/H, increases from <0.10
on the youngest cone to an average of 0.34 on
the oldest cones. (4) Drainage networks gradu-
allv evolve from widely scauered, irregularly
spaced rills and small gullies on the voungest
cone 1o small valievs as much as 110 m wide
and 10 m deep on the oldest cones.

These morphologic irends indicate that, for
the past million years at least, a primary mode of
degradation of the Cima cinder cones has been
general downwastling, a progressive decrease in
cone height. and 2 concomitant decline in mean
maximum slope. Profound degradation or com-
plete elimination of craters on cones 0.7 m.y.
and older substantiates this conclusion. Crater

depths on the vounger, unbreached cones aver-
age ~25 m. and the absence of craters on the
older cones indicates a comparable reduction in
cone height during the first 0.7 10 1.1 m.v. of
cone degradauon. This amount of height reduc-
tion is consistent with the decrease in cone
height predicted by the cone-degradation model.

The cone-degradation model also provides a
means 1o quantitatively estimate changes in cone
volume, debns-apron volume, and drainage-
way volume during the first million vears of
cone degradation. These changes inciude (1) an
initially rapid and then more gradual downwast-
ing loss totaling almost 15% of initial cone vol-
ume after the first million vears; (2) an initially
rapid but then decelerating increase in debns-
apron volume that reaches a maximum of
~5.5% of inital cone volume after ~0.6 m.y,;
and (3) an initially siow but gradually accelerat-
ing increase in drainage-way volume 1o almost
15% of initial cone volume after the first million
vears. Initial gains in debris-apron volume ap-
proximately offset downwasting losses, but afier
0.15 to 0.25 m.y., the system opens, and lotal
svsiem losses increase 1o almost 15% of iniual
cone volume by the end of the first 1 m.y. of
degradauon.

Changes in the types and rates of degrada-
tional processes acting on the Cima cinder cones
appear 10 be controlled primarily by changes in
the structure and composition of materials ex-
posed at the cone’s surface by degradation and,
10 2 much lesser extent, by external factors such
as climatically induced changes in surficial proc-
esses. Al any point in time, the general morpho-
logic condition of each cone reflects the net
effect, integrated over the cone's age. of all cli-
matic changes that have occurred since the
cone's formation. Conseguently, an intelligible
record of middle and late Pleistocene ciimatic
change is not preserved in lhe progressive degra-
dauonal morphology of the Cima cones; over
the past million vears, both cone heights and
mean maximum cone slopes have declined uni-
formly despite several shorter term (10% to 10°
yr) climatic fluctuations during this same ume
peniod.

Analysis of the degradational morphology of
cinder cones is a potentially useful relative-
age-dating tool for mapping volcanic fields and
for assessing frequency and volumetric patierns
of volcanic acuvity. Any relative daung scheme
based on comparative degradational morphol-
ogy should be field specific: it should be based
on a representative sample of morphologic data
collected from the volcanic field being studied
and calibrated by a carefully selected series of
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radiometric ape dates. Under these conditions.
relative degradauional morphology can be used
to supplement radiometric dating. In and and
semiarid environments, age esumales based on
relative degradational changes have a polenual
precision of approximately =0.15 m.y.
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Figure 7. Degradation of an “average”
Cima cone over the first million vears. Cu-
mulative volumetric change (expressed as %
of original cone volume) versus time. Refer to
Table 5 for values of the volume estimates
expressed as 10° m? and as percentage of
original cone volume. Refer to Table 4 for the
values of the morphometric parameiers used
to calculate these volume estimates.

most complete absence of lectonic activity
(Dohrenwend and others, 1984a. 1984b). The
present condition of cones of different ages,
therefore, can be considered to represent difier-
ent stages in the degradation of a single cone in a
generally downwasting, tectonically guiescent
environment.

2. The foregoing assumption imples that the
erosional morphology of the Cima cones has
been relatively insensitive to Quaternary cii-
matic variztions. The present form of each cone
undoubtediy reflects the cumulatve effects of
several significant middle 10 laie Pleistocene
ciimatic fluctuations; however, the effects of any
one change have been overprinted and obscured
bv tens 10 hundreds of thousands of vears of
subsequent erosion and by the efiects of all suc-
ceeding climatic changes. The degradational
changes exhibited by the Cima cones are pro-
gressive and do not preserve a sensitive record of
climatic fluctuation.

3. Mean maximum slopes (Tan S.), apron-
height/cone-height rauos (E,/H,), apron-slope-
length/cone-slope-length rauos (L,/L), and
drainage characteristics of the 11 dated cones
are representative of all cinder cones in the Cima
field (excluding cones associated with iephra

nngs).

DOHRENWEND AND OTHERS

TABLE 4 MODEL OF CONE DEGRADATION: SIGNIFICANT PARAMETERS

Tomt Mean conc Mean cone H /H, L/, Apror, Cone »?an apron: Mean apron
tmy.) siope angic siopc bagh heght siope angic uope
: 5. Tar 5, K, im) H_imj 5,1 Tan &,
0.0 30.5 0.590 o o 0.0 100.0 -

2 ]7 0.547 02 35™ el Lo X 160 0.288
04 262 0492 035 040 2.5 BB.S Ie s 020
06 244 Das4 0.3 042 b BdS 169 030
0f a2 0429 0.36 040 25 E1S 201 0366
1.0 s D414 0.37 038 p ) ns 2LE 0200

TABLE 5. MODEL OF CONE DEGRADATION: CUMULATIVE EROSION EXPRESSED IN PERCENTAGE OF CONE VOLUME

Time Downwasung Drasnage-way Debns-apron Tota sysiem
(m.y.) hoss wvolume volum: . o
168 % 10w ® 1w % 10° m* =

02 4.5 -35 003 -0.02 51 =37 02
04 -102 =14 04 =03 -6.7 =49 t -
(/2] -136 -99 -6 -12 =28 =38 =¥. -56
0% -16.0 -1l6 =31 =23 52 =3F -13% =10.1
10 =176 =128 b4 -4 =39 -29 -20.! ~He

The initial condition for this empirical model
1s an unbreached. undissected cone that approx-
imates a truncated right. circular cone in over-all
form. The dimensions of this initial cone closely
approximate the average dimensions of the
voungest Cima cones: H. = 100 m: W, =590 m;
Ho/W.=0.17; W /W =042; and S, = 30.5°
(Tan S, = 0.590).

To determine the volumetric change of this
initial cone during the first million vears of deg-
radation. values of Sq, (H,/H.),. and (L,/L.),
were estimated for 0.2-m.y. intervals from the
plots in Figure 5 (Table 4, columns 2-5). H,,
(apron height at time t) and H (cone height at
ume t) were then calculated from the following
two relations:

Sin S = (Hg - Hay) / (L - Lay) (1)
and

Tan Sy =(Hg - Hy) / (2)
[((We = W) 72) = (H,, / Tan Seo)).

where S is the cone siope angle at time t, S, 1s

the cone siope angle at time t = 0, W, is the
cone width at time 1 = 0, and W, is the crater
width at ume t = 0. (Equations 1 and 2 are
derived from the geometric relations shown in
Fig. 2.) Vaiues of H,, and H are listed in Table
4, columns 6 and 7. S, (average apron slope
angle at ume t) was calcuiated from the relauon:

Sin S, = H,,Sin Sy / (3)
{(Ha - Ha) [(Lye / L) 7/ (1=(Ly / Le))] )

(Equation 3 results - from-an algebraic rear-
rangement of equauon 1 10 solve for L, and

substitution of the resulting expression into the
equation, Sin S,, = H,,/L;,.) Values of §,, are
listed in Table 4. columns § and 9.

The dimensions of the initial undissected cone
and vaiues of Hy,. H,,. Sg. and S, from Table 4
were used in volumetric calculations of the ap-
propriate combinations of truncated. right. circu-
lar cones to estimate the amount of matenal
removed from the cone slope and deposited in
the surrounding debris apron for each 0.2-m.y.
interval. In addition. esumates of drainage-way
volume at the end of each 0.2-m.y. interval were
approximated from measurements of drainage-
way dimensions on several of the Cima cones.
Cumulauve totais of all of these esumates, ex-
pressed in terms of the percent of volume of the
initial undissected cone. are lisied in Tabie 5.

Companson of the changes in cone voiume,
drainage-wayv volume. and debns-apron volume
over the first million vears of cone degradauon is
facilitated by Figure 7. During the first 0.15 10
0.25 m.y.. loss of cone materia!, mainiv from
crestal and upper-slope areas. approximately
equals debris-apron gains. H,/H, and L,/L; ra-
tios increase rapidly during this period (Fig. 5).
During the next 0.3 to 0.4 m.y., this approxi-
mate balance between cone erosion and apron
growth gradually gives way. Debns aprons grow
more slowly, stop growing, and finallv decrease
in size. H,/H. and L,/L, ranos increase slowiy
duning this ume. The peaking of debns-apron
growth signals completion of stripping of the
loose cinder mantle from upper cone slopes and
iniuation of large-gully and small-valley erosion
2s surface-wash processes become established on
the less pervious materials of the cone interor.
During the final 0.4 m.y., total system losses
accelerate as fluvial processes continue to en-
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nowever; gully depths average between 0.4 and
0.5 m, and gully widths average berween 1.5
and 2.5 m. In contrasy, gullies on older cones are
larger, are more widely spaced, and intersect
more frequently. Gully cross-sectional areas av-
erage as much as five times the mean Cross-
sectional areas of gullies on the younger cones.
On cones 0.59 m.y. old and older, these larger
gullies feed second-order valleys that are as
much as 10 m deep, 110 m wide, and 200 m
long. '

Initial development of gullies on the Cima
cones appears 10 be strongly influenced by
debris-flow processes. Most gullies on the
voungest Cima cone zre characterized by chan-
nels with approximately parabolic cross sections
and 0.2- 1o 0.4-m-high levees of pebbie- io
cobble-sized cinders. Several of these chanpels
terminate abruptly in lower mid-slope above the
base of the cone. and conspicuous, lobate masses
of poorly sorted cone debris extend beyond the
downslope ends of these channels. The mid-
reaches of many other channels are partly filled
with smaller debris lobes and/or lobate sieve
deposits. Similar relations exist or all of the
vounger dated cones at Cima. The abundance
and wide distribution of these features on the
vounger cones suggest that debris-flow processes
are significant in the early stages of degradation
of the Cima cones. The similarity in form and
mean cross-sectional area of gullies on cones

TABLE 3. QUALITATIVE DESCRIFTION
OF CONI DEGRADATION

Cone Ageim.y.) Morphoionc characcnsucs

Sharp crest weli-defined craer, 30%-
sopes: debNS APrONS very DAMTOW 10
apsent: uncventy cistnbuied filts and
small pulbes; prominent ganands *

A 0015

017 Szarp 10 moacralely sharp crest: well-

025 defined cruez, 28° w0 307 siopes.
narrow GeoOns Rprons; eveniy spaced
gulisss occupy middie and lower pans
of siopes; promuncni garands.

o

Sharp 10 moocraiely sharp crest well-
deiines crater. 25° 10 29° siopes: fully
asveloped oebns aprons: evenly
spaced pulis exiend from Loe 10 oSt
of Mmost MoPes; gArianas indisuna of
apsent

EE 027
BE 033
E 03s

0.59 Moderately sharp 1o pandy rounded orest
P 059 extensively Gopraced crater, inemal
sramure cxpoed 245 10 27° siopes
wepuiar, cegraded debns aprons,
larger. more widely spaced gullies;
appearance of small valieys.

-n

0.70 Pantiy rounged crest Crater exiensively
1.00 degraded or apsent internal sruciures
control cone form; 22° 10 24°
onder-covered siopes; secon0-order
crainage in valieys as mucn & 110 m
wiac.

[k

) 3.00° internal struciures dominate vent form.

*Subhonzontal bands of coboie-sued lephn fragments these bands
are a5 much a5 5 m wads, Curviunear in paniorm, and penenliy conves
Gownslape.

vounger than 0.4 m.y. and the exisience of many
partly filled gully channels suggest a general
scenario of channel excavation by large debris-
fiow events, followed by gradual channel bunal
beneath smaller debris-flow lobes and sieve
deposits. Repeated channel excavauon and
filling apparently continue untl the bulk of the
pervious cinder mantle is removed and concen-
trated surface-water flow is established across
the relatively impervious materials of the cone
interior. This process provides a plausible expla-
nation for significant cone-beight reduction
preceding the formation of large surface drain-
age ways.

Piping may also contribute to gully develop-
ment on the Cima cones. This process is com-
mon in areas with sieep hvdraulic gradiens
underlain by noncohesive materials of variable
permeability, particularly where pervious hori-
zons are interbedded with less pervious horizons
(Embleton and Thornes. 1979). The uppermost
0.3 to 0.5 m of the cinder mantle on the Cima
cones is commonly impregnated with eolian silt.
This silt is irregularly distributed. Ponded silt at
least several metres thick occurs in unbreached
craters, cinder pavements underlain by at least
0.3 m of relativelv cinder-free silt occur on the
crests of some of the older cones, and irregular
zones of partial silt impregnation are exposed in
gullies and road-cuts on cone flanks. Beneath
this silt-rich surface, the cinder mantle is rela-
tively silt-free, and piping is common. Pipes ex-
posed in road-cuts across cone slopes are as
much as 0.5 m wide, 0.3 m high. and several
metres long. Pipe formation at gully heads and
upsiope migration of pipe collapse thus are
likely mechanisms of gullv elongation on the
vounger Cima copes.

In summary, erosion of the cone crest and
upper siopes begins with brozdly distributed and
reiatively uniform stripping of the loose cinder
mantle by intermitient deoris fiow, pipe flow
and diffuse subsuriace water flow, and kimiied
surface water-flow processes. Over ume, this
relatively uniform sinpping via 2 parasol-like
nerwork of shaliow, straight, nonbifurcating gul-
lies is gradually concentrated into a radial net-
work of small valleys fed by deep, bifurcating,
tributary gullies. This wansition is apparently
controlied by a change in the hydrogeologic
characteristics of the eroding substrate, from 2
pervious mantle of loose pyroclastic debris to a
relatively impervious framework of agglutinate
and fiow rock that forms erosion-resistant cores
within most cones.

MODEL OF CONE DEGRADATION

The progressive morphologic changes in the
Cima cones and the relations between the var-

A

jous morphometric parameters used 1o quantify
these changes permit quantitative description of
cone erosion and debris-apron ConsLruction over
the past 1 m.y. (Fig. 7; Tables 4 and 5). This
model is based upon three major assumpuons.
1. Age is the only factor that vanes signifi-
cantly among the Cima cones, and, therefore,
time is the only factor that significantly affects
the progressive morphologic changes exhibited
by these cones. The Cima cones are all of similar
composition and structure, and they are ail situ-
ated in a more or less uniformly downwasting
erosional environment characterized by an al-

CONE K-0.29m.y.

CONE E-0.35m.y.

EXPLANATION

Figure 6. Drainage network development
on dated Cima cones. Refer 1o Figure 2 for
cone locations.




