
Cosmogenic 36Cl ages of Quaternary basalt flows in the

Mojave Desert, California, USA

Fred M. Phillips*

Department of Earth and Environmental Science, New Mexico Tech, Socorro, NM 87801, USA

Received 24 September 2001; received in revised form 30 April 2002; accepted 1 May 2002

Abstract

Basalt flows provide excellent opportunities for calibration and intercomparison of Quaternary dating methods, remote

sensing methods, and rates of geomorphic processes. The immediate motivation for this study was to provide chronology for a

blind test of the utility of rock varnish microstratigraphy as an indicator of the age of flow emplacement. Five basaltic eruptive

centers in the Mojave Desert of California were sampled for cosmogenic 36Cl analysis. Multiple samples were taken from most

centers and, with one exception, produced good agreement. Assuming a surficial erosion rate of 1 mm/kyr�1, the flows yielded

the following ages: Amboy Crater, 79F 5 ka; Pisgah Crater, 22.5F 1.3 ka; Cima field, I-Cone, 27F 1.3 ka; Cima field, A-

Cone, 21F1.6 ka and 11.5F 1.5 ka; Cima field, flow of unidentified origin, 46F 2 ka. The ages from the Cima I and A cones

are in good agreement with previous cosmogenic 3He dating. Ages from the three previously undated flows are significantly

older than previous estimates based on flow appearance. Tanzhou Liu performed varnish microstratigraphic analysis on samples

collected from the same sites. His results were submitted for publication without knowledge of the 36Cl ages. His age estimates

agree well with the 36Cl ages for the three previously undated flows, strongly supporting the validity of varnish

microstratigraphy as a chronological correlation tool.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

A number of relatively fresh, youthful-appearing

basaltic cones and flows in the Mojave Desert have

attracted geological attention since the time of the

earliest investigators (Darton et al., 1916). In this

study, 36Cl surface-exposure dating has been used to

obtain ages on two previously dated flows, those from

the ‘‘A’’ and ‘‘I’’ cones in the Cima volcanic field, and

on three flows not previously quantitatively dated:

Amboy Crater, Pisgah Crater, and an unnamed flow in

the Cima field (Fig. 1).

There were several motivations for dating these

flows. The primary one was as a test of the rock

varnish microstratigraphy method for surface dating

and paleoenvironmental reconstruction (Liu, 1994;

Liu et al., 2000). Rock varnish from arid regions is

typically deposited as alternating dark, manganese-

rich layers and reddish, iron-rich layers. The manga-

nese-rich layers are thought to be deposited during

intervals of relatively humid climate and the iron-rich

ones during more arid intervals. If the varnish chem-
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Fig. 1. Location maps of 36Cl samples from late Quaternary lava flows in the Mojave Desert of California, western United States. (A) Amboy

volcanic field; (B) Pisgah volcanic field; (C) southern portion of the Cima volcanic field. Geologic map of flows in B by Wise (1966), presented

in Greely et al. (1988). Figure modified from Liu (2003-this issue).
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istry varies in a regionally coherent fashion and

relatively complete microstratigraphic sections are

common, then the sequence of layering can poten-

tially provide a record of regional paleoenvironmental

conditions (Liu et al., 2000; Broecker and Liu, 2001).

The ‘‘age’’ (by correlation) of the basal varnish layer

should then yield an estimate of the timing of initial

exposure of the rock surface.

In order to provide a rigorous test of the varnish

microstratigraphy technique, Tanzhou Liu (Lamont-

Doherty Earth Observatory, Columbia University,

New York) and I sampled the same outcrops on the

basalt flows at the same time. The samples were

processed completely independent and have been

submitted for publication without knowledge of the

other’s results. The varnish microstratigraphy results

can be found in Liu (2003-this issue).

A second motivation for the study was the inter-

comparison of Quaternary dating methods. The ‘‘A’’

and ‘‘I’’ cones at the Cima volcanic field have

previously been chronologically studied using K–

Ar, 40Ar/39Ar, 3He, and thermoluminescence. The
36Cl results for the flows from this study provide a

valuable intercomparison. The 36Cl ages for the Pis-

gah and Amboy flows will provide opportunity for

additional future intercomparisons.

Finally, these Mojave Desert flows have been

extensively used for a variety of applied studies. They

have been important ‘‘calibration’’ sites for interpre-

tation of remote sensing data (Farr, 1992; Arvidson et

al., 1993; Guinness et al., 1997; Greely et al., 1988).

Their geochemistry has yielded important information

on evolution of basic magma bodies (Smith and

Carmichael, 1969; Reid and Ramos, 1994; Farmer et

al., 1995). The study of post-eruptive modifications of

the flow surfaces have played an important role in the

development of theories for geomorphic processes in

arid environments (Dohrenwend et al., 1984; McFad-

den et al., 1987; Wells et al., 1995). All of these, but

especially the last, stand to benefit by improved

chronology for the flows.

2. Methods

Samples were collected from the flow surfaces

using hammer and chisel. Care was taken during

sample collection to locate sample sites with minimal

surface erosion and where the likelihood of cover by

scoria or sand was small, inasmuch as removal or

addition of material can affect cosmogenic nuclide

ages of surfaces (Gosse and Phillips, 2001). All

samples were taken from pahoehoe lava flows, with

the exception of those from the Cima ‘‘A’’ cone,

which was an aa flow. The presence of glassy, frothy,

flow-top pahoehoe basalt was used as a primary

criterion for minimal erosion on all flows except the

‘‘A’’ cone. Sample thickness and estimated bulk

density (affected by vesicularity) were noted for all

samples, although Gosse and Phillips (2001) have

shown that error in estimating sample thickness or

vesicularity have only a small influence on calculated

cosmogenic in situ nuclide ages. Sample locations

were determined by global positioning system.

The samples were prepared by digestion in mixed

HF and HNO3. A spike of isotopically enriched 35Cl

was added during the digestion so that the Cl content

of the samples could be determined during the accel-

erator mass spectrometry (AMS) analysis by means of

the isotope dilution mass spectrometry method. The

sample preparation methodology is described in

Ayarbe (2000). The 36Cl/Cl ratio was measured by

AMS at PRIME Laboratory (Purdue University)

(Elmore et al., 1979). Major oxides and U and Th

were measured by X-ray fluorescence at New Mexico

Tech (Bureau of Geology) and B and Gd by prompt

gamma emission spectrometry.

The 36Cl age calculations were performed using the

data-reduction program CHLOE (Phillips and Plum-

mer, 1996). Elevation-latitude scaling was according

to Lal (1991). The recently revised production for-

mulation and production rates of Phillips et al. (2001)

were employed. This formulation explicitly accounts

for muon production. Other aspects of the production

calculations were as described in Gosse and Phillips

(2001). Calculated ages and sample location data are

given in Table 1 and the 36Cl ages for the various

volcanoes are compared in Fig. 2. Chemical data are

given in Table 2. Apparent cosmogenic ages are

affected by erosion, therefore ages in Table 1 are

given for three hypothesized erosion rates: zero, 1,

and 5 mm/kyr. Based on field observations, the fact

that the samples were carefully selected for sites with

minimal erosion, and general observations of bare-

rock erosion rates in arid environments, the ages

calculated based on the assumed 1 mm/kyr erosion
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rate are preferred. Reported 36Cl age uncertainties

reflect only 36Cl analytical uncertainty and are given

as F 1 standard deviation. Empirical evidence indi-

cates that a more complete evaluation of age uncer-

tainty, including factors such as error in chemical

analyses and uncertainty in production parameters,

yields total age uncertainties in the range of 10% to

15% (Phillips et al., 1996).

Table 1
36Cl ages and sample data for Mojave Desert basalt flows

Sample no. Flow Zero erosion age

(ka)

1 mm/kyr age

(ka)

5 mm/kyr age

(ka)

Longitude

(jN)
Latitude

(jW)

Elevation

(m)

ST
a Kf,e

b

(g/cm2)

MD99-1PC Pisgah 24.2F 2.7 23.3F 2.5 21.3F 2.2 34.7558 116.3769 685 0.998 166

MD99-2PC Pisgah 23.0F 2.7 23.1F 2.5 21.1F 2.1 34.7558 116.3769 685 0.998 166

MD99-3PC Pisgah 21.0F 2.1 21.0F 1.9 18.9F 1.6 34.7558 116.3769 685 0.970 166

MD99-5AC Amboy 89.2F 3.9 78.0F 3.1 72.0F 3.3 34.5469 115.7964 235 0.997 165

MD99-6AC Amboy 96.9F 5.3 84.8F 4.2 80.0F 4.7 34.5469 115.7964 235 0.994 162

MD99-8AC Amboy 84.6F 4.5 75.4F 3.6 67.2F 3.4 34.5469 115.7964 235 1.000 169

MD99-9CV Cima ‘‘I’’ 29.1F 2.8 27.2F 2.4 23.9F 2.1 35.2167 115.7514 1100 0.999 170

MD99-10CV Cima ‘‘I’’ 30.5F 3.1 28.4F 7.0 24.9F 5.7 35.2167 115.7514 1100 0.995 169

MD99-11CV Cima ‘‘I’’ 26.0F 1.5 25.8F 1.4 23.2F 1.1 35.2167 115.7514 1100 0.999 168

MD99-12CV Cima 52.6F 2.5 45.6F 1.9 38.8F 1.6 35.1950 115.8275 830 0.997 170

MD99-15CV Cima ‘‘A’’ 22.7F 1.8 21.3F 1.6 18.9F 1.3 35.1819 115.8225 860 0.984 157

MD99-16CV Cima ‘‘A’’ 11.7F 1.1 11.5F 1.1 10.8F 1.0 35.1819 115.8225 860 0.997 170

MD99-17CV Cima ‘‘A’’ 12.0F 1.7 11.6F 1.6 10.6F 1.3 35.1819 115.8225 860 0.997 170

a ST is the topographic shielding factor.
b Kf,e is the effective attenuation length for fast neutrons.

Fig. 2. Summary of cosmogenic 36Cl ages for samples from the Amboy, Pisgah, and Cima volcanic fields. Listed ages are means and single

standard deviations of 1 mm/kyr ages for each field. A mean was not calculated for the Cima ‘‘A’’ cone samples because of discrepant results.
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3. Results

3.1. Amboy Crater

Amboy Crater (Fig. 1) is a basaltic scoria ring that

erupted in the bottom of the Bristol Dry Lake basin.

The flows from the cone separated what had been a

single lake basin into two basins: Bristol Dry Lake

and Alkali Dry Lake (Rosen, 2000). Flows from the

vent area consist largely of pahoehoe and cover f 60

km2. The crater and associated flows have been

described by Parker (1963), Wise (1966), Greely

and Iversen (1978) and Greely (1990). Prior age

constraints have been weak. Darton et al. (1916)

thought the eruption was < 1000 years ago based on

surficial characteristics. Parker (1963) estimated an

age of < 6000 years based on relation with the Bristol

Dry Lake deposits, and Kilbourne and Anderson

(1981) estimated < 2000 years from its ‘‘fresh appear-

ance.’’ (See Table 3 for a comparison of age estimates

by all methods for this flow and for the other basalt

flows sampled).

In fact, the surficial characteristics of the pahoehoe

flows would seem to indicate a pre-Holocene age.

Virtually all of the frothy, glassy, flow-top basalt has

been stripped off. Over a large proportion of the flows,

several of the thin layers that constitute the next deeper

portion of pahoehoe flows have also been removed;

and in a few places, the dense flow interior (lacking

pahoehoe characteristics) has been exposed. Most

depressions in the flows are filled with eolian material.

The degree of surface degradation is markedly the

greatest of the flows sampled for this study and is

much more similar to that observed at the Lathrop

Wells volcano than to clearly Holocene basaltic erup-

tions such as the McCartys (Laughlin et al., 1993) or

Carrizozo (Dunbar, 1999) flows in New Mexico.

The flow was sampled northwest of the crater in

the ‘‘undifferentiated flow’’ unit of Greely and Iversen

(1978) on three different push-up ridges within a 100-

m radius. These sites still retained small remnants of

the glassy flow top. The three samples yielded 36Cl

ages in good agreement, giving a mean age (assuming

1 mm/kyr surface erosion) of 79F 5 ka (Fig. 2). This

age appears to be reasonable, given the similarity of

the surficial modification at Amboy and at the Lathrop

Wells volcano, which has a well-established 40Ar/39Ar

age of 77F 5 ka (Heizler et al., 1999). A total of 14T
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36Cl samples have been measured at the Lathrop

Wells volcano, yielding a best-estimate age of

73F 6 ka. Based on the mutual similarity of paleo-

magnetic orientation measurements from several loca-

tions within the Amboy lava flows, D. Champion

(quoted in Glazner et al., 1991) estimated that all of

the flows were erupted within a short time, probably

< 20 years; thus the 36Cl age estimate off 80 ka pro-

bably applies to the entire eruptive sequence.

3.2. Pisgah Crater

Pisgah Crater (Fig. 1) is an f 100-m-high cinder

cone in the eastern Mojave Desert. It is surrounded by

an elongate field of east–west oriented, mostly pahoe-

hoe, basalt flows, covering f 100 km2 (Wise, 1966;

Greely et al., 1988; Theilig, 1990). Attempts to

determine the age of the Pisgah eruption have been

minimal. Dibblee (1966) mapped the flow as ‘‘very

late Pleistocene or Holocene.’’ Kilbourne and Ander-

son (1981) gave an estimate of < 2000 years on the

same grounds as for Amboy Crater.

Again, these estimates appear to underestimate the

age of the eruption. Surface preservation at Pisgah is

significantly better than at Amboy Crater. Glassy,

highly vesicular flow top is preserved in many areas.

Surficial stripping is usually limited to a few pahoe-

hoe layers. Deep depressions are usually filled, but

shallower ones are not. However, much less glassy

flow top is preserved, and the extent of eolian fill is

significantly greater, than for the Holocene flows in

New Mexico cited above.

Three samples were collected at Pisgah f 1 km

NW of the central vent. They were collected from

ridge tops and push-up ridges within about 100 m of

each other. The three samples gave ages in very good

agreement, averaging 22.5F 1.3 ka for an assumed 1

mm/kyr erosion rate (Fig. 2). This age appears to

apply to all of the Pisgah flows, based on D. Cham-

pion’s paleomagnetic orientation data, from the same

source cited above.

3.3. ‘‘I’’ cone, cima volcanic field

The ‘‘I’’ cone and associated basalt flow is 1 of

f 30 vents in the Cima volcanic field (Dohrenwend

et al., 1984). It is located near the center of the field

and is one of the fresher appearing features in the

Table 3

Comparison of age estimates for Mojave Desert basalt flows

Flow 36Cl

(this study)

Varnish

microstratigraphy

Liu (2003-this issue)

3He 40Ar/39Ar K–Ar Geomorphic comparison

and other methods

Pisgah 22.5F 1.3 30–24 < 2 (Kilbourne and

Anderson, 1981)

Amboy 79F 5 85–74 < 1 (Darton et al., 1916),

< 6 (Parker, 1963),

< 2 (Kilbourne and

Anderson, 1981)

Cima ‘‘I’’ 27F 3 39 37F 6, 31F 7

(Wells et al.,

1995)

140F 20

(Dohrenwend et al.,

1984), 110F 5,

(Turrin and Champion,

1991)

Cima ‘‘uk’’ 46F 2 60–46

Cima ‘‘A’’ 21F 6,

11.5F 1.5

24–16.5 19F 11, 13F 3

(Wells et al.,

1995)

119F 14

(Turrin and

Champion, 1991)

f 300

(Turrin, 1989a)

29–16 [paleomagnetism]

(Champion, 1990b), 9F 0.8

[thermoluminescence]

(Forman, 1992a), < 0.5

[geomorphic] (Katz and

Boettcher, 1990)

All ages are in ka.
a Quoted in Wells et al., 1994.
b Quoted in Wells et al., 1990.
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field. The cinder cone is f 1 km in diameter and an

elongate flow off 10 km2 extends 11 km west of the

vent. Most of the flow surface is aa lava, but some

areas close to the vent consist of pahoehoe. Several

isotopic age estimates are available for the ‘‘I’’ cone.

K–Ar dating reported in Dohrenwend et al. (1984)

gave an age of 140F 20 ka (1r uncertainty). Based on

averaging additional K–Ar measurements, Turrin and

Champion (1991) gave a revised age of 110F 5 ka

(1r). However, Wells et al. (1995) reported much

younger results. Two cosmogenic 3He measurements

from the flow close to the vent gave ages of 37F 6

and 31F 7 ka.

I sampled the flow on the west side of the tuff-ring

cone where the flow surface had pahoehoe character-

istics. The samples were collected within 100 m of

each other and were from the flow levees and channel

in the immediate vicinity of the vent. The flow surface

was very similar to the Pisgah flow described above.

The three samples yielded ages in excellent agree-

ment, averaging 27F 1.3 ka. This age is in good

agreement with the younger of the 3He ages reported

by Wells et al. (1995) and marginal agreement with

the older one.

3.4. ‘‘A’’ cone, Cima volcanic field

The ‘‘A’’ cone (also known as the Black Tank

cone) is generally thought to be the youngest feature

in the Cima volcanic field. The eruptives consist of a

complex, fairly substantial cinder cone with a small

but thick and blocky aa flow extendingf 2 km to the

east and occupying f 1.3 km2. The age of the ‘‘A’’

cone has been quite controversial and the range of

ages estimated has been very wide. At the upper end

of the range, Turrin (1989) (quoted in Wells et al.,

1994) obtained a K–Ar age of f 300 ka. Turrin and

Champion (1991) averaged 12 40Ar/39Ar values to

yield an age of 119F 14 ka (1r). Wells et al. (1995)

reported three cosmogenic 3He ages: 20F 10 and

18F 12 ka on volcanic bombs on the scoria cone

and 13F 3 ka on a sample from the flow. D. Cham-

pion (quoted in Wells et al., 1990) estimated an

eruption age range of 29 to f 16 ka based on pa-

leomagnetic orientation measurements. S. Forman

(1992, quoted in Wells et al., 1994) performed ther-

moluminescence measurements on a soil sample

baked by one of the ‘‘A’’ cone flows, yielding an

age of 9F 0.8 ka. Finally, based on appearance, Katz

and Boettcher (1990) suggested that the ‘‘A’’ cone

may be as young as a few hundred years.

Wells et al. (1994) considered the ‘‘A’’ cone to be a

type example of a polycyclic basaltic cinder cone.

They distinguished by field mapping three episodes of

eruption, one probably mid-Quaternary and the other

two latest Pleistocene. They found the variation in the

cosmogenic 3He ages to be consistent with their

proposed chronology of eruption. However, Turrin

and Champion (1991) contested this interpretation,

considering the cone and flows to be the result of a

single eruption at f 100 ka.

I sampled the apparently youngest flow (mapped as

unit Qv3lb by Wells et al., 1994) about 500 m west of

the breach in the cone from which the flow originated.

Sample 15 was flow-top lava from the surface of an

f 4-m-high mound toward the north edge of the flow.

Samples 16 and 17 were collected 50 m south of

sample 15, within 30 cm of each other. Sample 16 was

a volcanic bomb lying on a raised surface, and 17 was

from the surface itself. Sample 15 gave a 36Cl age of

21F1.6 ka, while 16 and 17 gave nearly identical

ages of 11.5F 1.1 and 11.6F 1.6 ka, respectively.

This was the only case in this study where discrepant

ages were obtained from what was thought to be a

single flow.

One possible explanation is that the discrepancy

results from the difficulty of selecting suitable surface-

exposure dating sampling sites on unstable aa flows.

In this case, the oldest age should be preferred, since

erosion of substantial thickness of loose aa rubble will

result in an anomalously young age, and the possi-

bility of cosmogenic nuclide inheritance in a lava flow

is remote. However, the very close agreement of the

ages from the volcanic bomb (sample 17) and the

surface it was resting on (sample 16) represents a

somewhat improbable coincidence if this is the

explanation.

An alternative explanation is that the ‘‘A’’ cone is

in fact polycyclic and that different flow units were

sampled. The similarity to the bimodal 3He age

distribution reported by Wells et al. (1995) is intrigu-

ing. In the field, all of the samples appeared to be

from the Qv3lb unit of Wells et al. (1994), but sample

15 in fact may have been from the southern margin of

the Qv3la unit and 16 and 17 from Qv3lb. This would

be consistent with the 3He age determination of Wells
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et al. (1995), whose 13F 3 ka age was from the distal

end of the Qv3lb flow. However, the two 18 and 20 ka
3He ages were from bombs on the Qv2s subcone, not

the Qv3s vent. While the suggestion of polycyclic

eruptive activity is interesting, further sampling and

analysis would clearly be necessary to adequately test

it. The f 10 ka difference in the ages of the possible

eruptive events would render such a test relatively

straightforward.

3.5. Unidentified flow, Cima volcanic field

A flow whose origin could not be clearly identified

was sampled between the ‘‘F’’ and ‘‘G’’ cones at

Cima. The main motivation for this sampling was to

provide a test for the varnish microstratigraphy tech-

nique. The flow was mainly pahoehoe texture where

sampled but was covered to the north by a younger

flow with aa surface. The origin of the sampled flow

section could not be determined due to coverage to the

east by younger flows and alluvium, but the most

likely sources are the ‘‘H’’ or ‘‘I’’ cones. The flow

sampled was probably the same as that mapped as

‘‘uk2a’’ by Royek (1985) (‘‘uk’’ indicates flow of

unknown origin). The degree of surface degradation

was similar to, or somewhat greater than, that of the

area sampled on the ‘‘I’’ cone flow.

Only one sample was processed from this unidenti-

fied flow, and it gave a 36Cl age (assuming 1 mm/kyr

erosion) of 46F 2 ka. This is consistent with a previous

K–Ar age from the same vicinity by Dohrenwend et al.

(1984) of 60F 15 ka (1r), but it is older than either the
3He age reported byWells et al. (1995) for the ‘‘I’’ cone

or the 36Cl age for the ‘‘I’’ cone determined in this

study. However, it is younger than thef 70 ka 3He age

that Wells et al. (1995) gave for the ‘‘H’’ cone. The age

appears reasonably consistent with the surface weath-

ering characteristics of the flow, but it cannot be traced

to a source vent by chronology.

4. Summary

The cosmogenic 36Cl ages for the two Cima flows

that have previously been dated form a pattern con-

sistent with previous work. They are broadly in agree-

ment with previous cosmogenic 3He ages and appear

to confirm that the ‘‘I’’ and ‘‘A’’ cones are a few tens

of thousands of years old, rather than f 105 years as

the K–Ar and 39Ar/40Ar results would suggest. The
36Cl ages for different samples from the ‘‘A’’ cone are

not consistent. Given that major erosion will produce

anomalously young ages but that there is no plausible

mechanism for producing anomalously old ages on

basalt flows, both the 36Cl and 3He data show that the

‘‘A’’ cone erupted at about 20 ka. Both cosmogenic

nuclides suggest that the cone may have erupted again

at about 11 ka, but the evidence is not entirely

consistent and additional measurements would be

required to adequately test this hypothesis.

The 36Cl ages from the unidentified Cima flow,

Pisgah Crater, and Amboy Crater cannot be compared

with independent quantitative results, but they are

consistent with the relative sequence of surficial

modification of these flows. In all cases, these flows

are much older than previously published estimates

based on the degree of surficial degradation of the

flows. Basalt flows clearly erode at a rate much slower

than even the trained geological eye would suggest.

Although erosion rates remain uncertain, the 36Cl ages

are relatively insensitive to a reasonable range of

assumed erosion rate, with the partial exception of

Amboy Crater. I hope that the availability of these

ages will encourage use of these flows for additional

geomorphic and remote sensing studies and for addi-

tional intercomparison of Quaternary dating methods.

Note Added After Review: after this paper and Liu

(2003-this issue) had been returned from review, the

manuscripts were exchanged. Age estimates based on

rock varnish microstratigraphy from Liu (2003-this

issue) are compared with the 36Cl ages and other age

estimates in Table 3. The varnish microstratigraphic

ages overlap for all sampled flows with the exception

of the Cima ‘‘I’’ flow. There, according to Table 3 of

Liu (2003-this issue), the varnish stratigraphy was

highly variable for the three varnish samples collected

close to the 36Cl samples (estimates of 30, 39, and

16.5–12.5 ka). Two other samples more distant from

the 36Cl sampling point both yielded varnish stratig-

raphy age estimates of 39 ka. According to Royek

(1985), the ‘‘I’’ cone is polycyclic, with flows of three

ages in the vicinity of the 36Cl and varnish sampling

points. Although all three 36Cl samples were certainly

from the same flow, some of the varnish samples may

possibly have been collected from an older flow.

Although the varnish stratigraphic results were some-
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what inconsistent for the ‘‘I’’ flow, I hope that this will

not distract attention from the impressive agreement

for the three previously undated flows (Amboy, Pis-

gah, and Cima unidentified) in this completely blind

test. After participating in this test, I feel that it has

confirmed the utility of carefully conducted varnish

microstratigraphic analysis as a correlative geochro-

nological tool.

Acknowledgements

I would like to thank Mr. Terry Thomas for the

sample preparation, J. Harbor and D. Krinsley for

providing constructive reviews.

References

Arvidson, R.E., Shepard, M.K., Guinness, E.A., Petroy, S.B., Plant,

J.J., Evans, D.L., Farr, T.G., Greely, R., Lancaster, N., Gaddis,

L.R., 1993. Characterization of lava-flow degradation in the

Pisgah and Cima volcanic fields, California, using Landsat the-

matic mapper and AIRSAR data. Geological Society of America

Bulletin 105, 175–185.

Ayarbe, J.P., 2000. Coupling a fault-scarp diffusion model with

cosmogenic 36Cl: rupture chronology of the Socorro Canyon

Fault, New Mexico. MS Independent Study Thesis. New Mex-

ico Institute of Mining and Technology, Socorro. 71 pp.

Broecker, W.S., Liu, T., 2001. Rock varnish: recorder of desert

wetness? Geological Society of America Today 11 (8), 4–10.

Darton, N.H., et al., 1916. Guidebook of the Western United States:

Part C. The Santa Fe Route. U.S. Geological Survey, Washing-

ton, DC, p. 200.

Dibblee Jr., T.W., 1966. Geologic map of Lavis Quadrangle, San

Bernadino County. U.S. Geological Survey Misc. Invest. Map

I-472.

Dohrenwend, J.C., McFadden, L.D., Turrin, B.D., Wells, S.G.,

1984. K–Ar dating of the Cima volcanic field, eastern Mojave

Desert, California: Late Cenozoic volcanic history and land-

scape evolution. Geology 12, 163–167.

Dunbar, N.W., 1999. Cosmogenic 36Cl-determined age of the Car-

rizozo lava flows, south–central New Mexico. New Mexico

Geology 21, 25–29.

Elmore, D., Fulton, B.R., Clover, M.R., Marsden, J.R., Gove, H.E.,

Naylor, H., Purser, K.H., Kilius, L.R., Beukens, R.P., Lither-

land, A.E., 1979. Analysis of 36Cl in environmental water sam-

ples using an electrostatic accelerator. Nature 277, 22–25.

Farmer, G.L., Glazner, A.F., Wilshire, H.G., Wooden, J.L., Pick-

thorn, W.J., Katz, M., 1995. Origin of late Cenozoic basalts at

the Cima volcanic field, Mojave Desert, California. Journal of

Geophysical Research 100, 8399–8415.

Farr, T.G., 1992. Microtopographic evolution of lava flows at Cima

volcanic field, Mojave Desert, California. Journal of Geophys-

ical Research 97, 15171–15179.

Glazner, A.F., Farmer, G.L., Hughs, W.T., Wooden, J.L., Pickthorn,

W., 1991. Contamination of basaltic magma by mafic crust at

Amboy and Pisgah craters, Mojave Desert, California. Journal

of Geophysical Research 96, 13673–13691.

Gosse, J.C., Phillips, F.M., 2001. Terrestrial in-situ cosmogenic

nuclides: theory and application. Quaternary Science Reviews

20, 1475–1560.

Greely, R., 1990. Amboy, California. In: Wood, C.A., Kienle, J.

(Eds.), Volcanoes of North America: United States and Canada.

Cambridge Univ. Press, Cambridge, UK, pp. 243–245.

Greely, R., Iversen, J.D., 1978. Field Guide to Amboy Lava Flow,

San Bernadino County, California. Aeolian Features of Southern

California: A Comparative Planetary Geology Guidebook. Ari-

zona State University and NASA-Ames Research Center,

Tempe, pp. 24–52.

Greely, R., Lancaster, N., Sullivan, R., Saunders, R.S., Theilig, E.,

Wall, S., Dobrovolskis, A., White, B.R., Iverson, J.D., 1988. A

relationship between radar backscatter and aerodynamic rough-

ness: preliminary results. Geophysical Research Letters 15,

565–568.

Guinness, E.A., Arvidson, R.E., Clark, I.H.D., Shepard, M.K.,

1997. Optical scattering properties of terrestrial varnished ba-

salts compared with rocks and soils at the Viking Lander sites.

Journal of Geophysical Research 102, 28687–28703.

Heizler, M.T., Perry, F.V., Crowe, B.M., Peters, L., Appelt, R.,

1999. The age of Lathrop Wells volcanic center: an 40Ar/39Ar

dating investigation. Journal of Geophysical Research 104,

767–804.

Katz, M., Boettcher, A., 1990. The Cima volcanic field. In: Fife,

D.L., Brown, A.R. (Eds.), Geology and Mineral Wealth of the

California Desert. South Coast Geological Society, Santa Ana,

CA, pp. 236–241.

Kilbourne, R.T., Anderson, C.L., 1981. Volcanic history and ‘‘ac-

tive’’ volcanism in California. California Geology 34, 159–168.

Lal, D., 1991. Cosmic-ray labeling of erosion surfaces: in situ

production rates and erosion models. Earth and Planetary Sci-

ence Letters 104, 424–439.

Laughlin, A.W., Perry, F.V., Damon, P.E., Shafiqullah, M.,

WoldeGabriel, G., McIntosh, W., Harrington, C.D., Wells,

S.G., Drake, P.G., 1993. Geochronology of Mount Taylor, Ce-

bollita Mesa, and Zuni-Bandera volcanic fields, Cibola County,

New Mexico. New Mexico Geology 15, 81–92.

Liu, T., 1994. Visual microlaminations in rock varnish: a new pale-

oenvironmental and geomorphic tool in drylands. PhD Disser-

tation. Arizona State University, Tempe. 173 pp.

Liu, T., 2003. Blind testing of rock varnish microstratigraphy as a

chronometric indicator: results on late Quaternary lava flows in

the Mojave Desert, California. Geomorphology 53, 209–234.

Liu, T., Broecker, W.S., Bell, J.W., Mandeville, C.W., 2000. Ter-

minal Pleistocene wet event recorded in rock varnish from the

Las Vegas Valley, southern Nevada. Palaeogeography, Palaeo-

climatology, Palaeoecology 161, 423–433.

McFadden, L.D., Wells, S.G., Jercinovich, M.J., 1987. Influences

of eolian and pedogenic processes on the origin and evolution of

desert pavements. Geology 15, 504–508.

F.M. Phillips / Geomorphology 53 (2003) 199–208 207



Parker, R.B., 1963. Recent Volcanism at Amboy Crater, San Ber-

nadino County, California. California Division of Mines and

Geology, Special Report 76, San Francisco, 23 pp.

Phillips, F.M., Plummer, M.A., 1996. CHLOE: a program for in-

terpreting in-situ cosmogenic nuclide data for surface exposure

dating and erosion studies. Radiocarbon 38, 98–99 (abstr. 7th

Int. Conf. Accel. Mass Spectrom.).

Phillips, F.M., Zreda, M.G., Flinsch, M.R., Elmore, D., Sharma, P.,

1996. A reevaluation of cosmogenic 36Cl production rates in

terrestrial rocks. Geophysical Research Letters 23, 949–952.

Phillips, F.M., Stone, W.D., Fabryka-Martin, J.T., 2001. An im-

proved approach to calculating low-energy cosmic-ray neutron

fluxes near the land/atmosphere interface. Chemical Geology

175, 689–701.

Reid, M.R., Ramos, F.C., 1994. Timescales of magma chamber

processes from Th isotope systematics. Mineralogical Magazine

58A, 766–767.

Rosen, M.R., 2000. Sedimentology, stratigraphy, and hydrochem-

istry of Bristol Dry Lake. In: Gierlowski-Kordesch, E.H.,

Kelts, K.R. (Eds.), Lake Basins Through Space and Time.

American Association of Petroleum Geologists, Tulsa, OK,

pp. 597–604.

Royek, T.M., 1985. Soil stratigraphic and soil geomorphic studies

in eolian deposits mantling Late Pleistocene basalt flows, Cima

volcanic field, Mojave Desert, California. MS Thesis. Univer-

sity of New Mexico, Albuquerque.

Smith, A.L., Carmichael, I.S.E., 1969. Quaternary trachybasalts from

southeastern California. American Mineralogist 54, 909–923.

Theilig, E., 1990. Pisgah, California. In: Wood, C.A., Kienle, J.

(Eds.), Volcanoes of North America: United States and Canada.

Cambridge Univ. Press, Cambridge, UK, pp. 242–243.

Turrin, B.D., Champion, D.E., 1991. 40Ar/39Ar laser fusion analy-

ses and K–Ar ages from Lathrop Wells, Nevada and Cima,

California: the age of the latest volcanic activity in the Yucca

Mountain area. Proceedings of the 3rd Annual International

Conference, High Level Radioactive Waste Management. Amer-

ican Nuclear Society, LaGrange, IL, pp. 68–75.

Wells, S.G., McFadden, L.D., Renault, C.E., Crowe, B.M., 1990.

Geomorphic assessment of late Quaternary volcanism in the

Yucca Mountain area, southern Nevada: implications for the

proposed high-level radioactive waste repository. Geology 18,

549–553.

Wells, S.G., McFadden, L.D., Geissman, J., Olinger, C.T., Renault,

C.E., 1994. Quaternary geology of a polycyclic volcano: Black

Tank volcanic center, Cima volcanic field, CA. In: McGill, S.F.,

Ross, T.M. (Eds.), Geological Investigations of an Active Mar-

gin: Geological Society of America, Cordilleran Section, 1994

Meeting Guidebook. San Bernadino County Museum Associa-

tion, San Bernadino, CA, pp. 195–200.

Wells, S.G., McFadden, L.D., Poths, J., Olinger, C.T., 1995. Cos-

mogenic 3He surface-exposure dating of stone pavements: im-

plications for landscape development. Geology 23, 613–616.

Wise, W.S., 1966. Geologic map of the Pisgah and Sunshine cone

lava fields, California. NASA Technical Letter 11.

F.M. Phillips / Geomorphology 53 (2003) 199–208208


	Cosmogenic 36Cl ages of Quaternary basalt flows in the Mojave Desert, California, USA
	Introduction
	Methods
	Results
	Amboy Crater
	Pisgah Crater
	I cone, cima volcanic field
	A cone, Cima volcanic field
	Unidentified flow, Cima volcanic field

	Summary
	Acknowledgements
	References


