
INTRODUCTION
Purpose and Scope

Balanced rocks, variously referred to as logan-
stones, logging stones, balancing rocks, and
perched boulders (Twidale, 1982), are reported in
the literature dating back to the 18th century
(Hassenfratz, 1791). In reconnaissance-level
searches of bedrock terrain in California and
Nevada, one of us (Brune) found balanced rocks
in many types of lithologies where they evidently
evolved by natural processes. Brune (1996) de-
scribed rocks that could be overturned by rela-
tively little horizontal force as “precarious,” and
he proposed that such rocks could effectively
serve as low-resolution seismoscopes that oper-
ated over long periods of geologic time. Numeri-
cal modeling and dynamic field testing by Shi
etal. (1996) and Brune (1996) indicated that pre-
carious rocks could be toppled by accelerations
of about 0.2–0.3g.

We are unaware of any previous efforts to
numerically date precarious rocks in seismically
active areas. Brune and Whitney (1992) and
Brune (1996) speculated that the rocks were on
the order of thousands of years old on the basis
of dark rock-varnish coatings. New surface-
exposure dating methodologies now provide an
opportunity to estimate the ages of the rocks.
Here we utilize two independent dating appli-
cations—rock-varnish microlamination layer-
ing and cosmogenic 36Cl dating—to estimate
numerical ages for precarious boulders at three
localities (Fig. 1): the granitic hills and pedi-
ments near Victorville and Jacumba, California,
and the volcanic tuff clif f rocks at Yucca Moun-
tain, southern Nevada.

METHODOLOGY
Geomorphic Model

A geomorphic model that accounts for the
natural evolution of the precarious boulders is
essential for confidently interpreting dating re-
sults (Nishiizumi et al., 1993). At Victorville and
Jacumba, the precarious rocks are found among
thousands of spheroidal granitic boulders derived
from exhumed Mesozoic plutons (Oberlander,

1972). Through a classical two-stage, fracture-
controlled weathering process (Twidale, 1982;
Fig. 2), granitic corestones are left stacked in
quasi-stable positions as the loose weathered
granite is eroded. At Yucca Mountain, similar
fracture-controlled processes have produced pre-
carious blocks and columnar stacks of volcanic
tuff on weathered cliff faces.

The balanced rocks we sampled for dating
consisted of paired sets in which a precarious
boulder was perched on top of a more stable
pedestal. In each case, we visually examined
the precarious rock, the pedestal, and the basal
rocking surfaces for weathering-rind and rock-
varnish characteristics that would confirm both
relative age and long-term unstable geometry
of the set.

Rock Varnish
Rock varnish is a ubiquitous, dark, Fe- and

Mn-rich coating as thick as 200 µm that accretes
on subaerial rock exposures in arid and semiarid
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ABSTRACT
Precariously balanced boulders that could be knocked down by strong earthquake ground

motion are found in some seismically active areas of southern California and Nevada. In this study
we used two independent surface-exposure dating techniques—rock-varnish microlamination and
cosmogenic 36Cl dating methodologies—to estimate minimum- and maximum-limiting ages, re-
spectively, of the precarious boulders and by inference the elapsed time since the sites were shaken
down. The results of the exposure dating indicate that all of the precarious rocks are >10.5ka and
that some may be significantly older. At Victorville and Jacumba, California, these results show
that the precarious rocks have not been knocked down forat least 10.5 k.y., a conclusion in appar-
ent conflict with some commonly used probabilistic seismic hazard maps. At Yucca Mountain,
Nevada, the ages of the precarious rocks are >10.5 to >27.0 ka, providing an independent measure
of the minimum time elapsed since faulting occurred on the Solitario Canyon fault.
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environments. Several techniques are available
for surface-exposure dating by rock-varnish
methodologies (cf. Oberlander, 1994). In this
study we used the experimental varnish micro-
lamination dating methodology (Dorn, 1990;
Liu, 1994; Cremaschi, 1996; Liu and Dorn,
1996). This methodology is based on the earlier
findings by Perry and Adams (1978) that rock
varnish consists of alternating Mn-rich and
Fe-rich (Mn-poor) microlaminations that appear
to record paleoclimatic signals; black Mn-rich
and yellowish-orange Mn-poor layers are corre-
lated, respectively, with oscillating episodes of
humid (low alkalinity) and arid (high alkalinity)
climatic conditions (Dorn, 1990; Jones, 1991).

Rock-varnish samples were collected from
multiple locations on the vertical faces of the pre-
carious-pedestal rock sets. Ultra-thin (<5–10µm)
polished sections of the varnish were examined
using a conventional transmitted light microscope
at magnifications of 400–1200×. The micro-
lamination sequences were interpreted on the
basis of the layering unit (LU) results of Liu and
Dorn (1996; Fig. 3); i.e., major black layers are
correlated with pulses of climatic cooling and
wetness. The uppermost layer of all rock var-
nishes (LU-1) is universally Mn poor, reflecting
the dry, alkaline conditions of the Holocene. Pre-
Holocene varnishes are characterized by one or
more black, Mn-rich layers reflecting more humid
climates. The first major black layer encountered
below LU-1 is correlated with the Younger Dryas
climatic event (10.5 ka) on the basis of global evi-

dence (cf. Broecker, 1994) and on the basis of
paleoclimatic evidence for a Younger Dryas event
in the southern Great Basin (Quade et al., 1998).
Successively lower black layers are correlated
with Heinrich events H1 (14.5 ka), H2 (21.0 ka),
H3 (27.0 ka), and H4 (35.0 ka).

Cosmogenic 36Cl
The accumulation of cosmogenic 36Cl in

rocks exposed to cosmic radiation at the ground
surface can be used to calculate the surface-
exposure age of the rocks (Phillips et al., 1986).
Cosmogenic nuclide accumulation is a function
of exposure time, geographic and altitudinal
location, and abundance of target elements. By
measuring the isotopic composition of the host
rock, and by applying a predetermined produc-
tion rate, the apparent surface-exposure age of
the rock can be calculated.

In this study we collected samples at Victor-
ville and Jacumba from some of the same rock
faces sampled for rock varnish. Two additional
samples were collected from unvarnished rocks
at Campo and Banning (Fig. 1). Major element
and isotopic 36Cl analyses were determined
according to procedures described by Zreda et al.
(1991). We used the production rates at sea level
and high latitudes reported by Phillips et al.
(1996) and scaled them to our sample locations.
Erosion-corrected surface ages were calculated
using the approach of Phillips and Plummer
(1996). The effects of topographic shielding on
production rates were estimated using the inte-
gral from Zreda and Phillips (1994a).

RESULTS AND DISCUSSION
We analyzed 24 rock-varnish samples from the

Victorville and Jacumba rock sites, and 10 sam-
ples from Yucca Mountain. Rock-varnish layer-
ing unit ages were estimated for each sample
(Table1); detailed descriptions of layering se-
quences are in the GSAData Repository.1

Our results show that the uppermost micro-
lamination in all samples is the yellowish-orange,
Mn-poor Holocene layer LU-1. At least one
major black layer was found beneath this upper-
most layer in all but one of the varnish samples.
The first-encountered black laminations are cor-
related with LU-2, and successively lower black
layers are correlated with LU-4. The presence of
a major, black, Mn-rich microlamination below
the upper Holocene layer thus indicates that the
varnish has undergone at least one wet climatic
cycle. If this first black layer represents the
Younger Dryas event, then all of the precarious
rocks examined in this study are at least 10.5 ka.

We interpret the rock-varnish ages to be min-
ima because of the lag time in varnish accretion
and the polycyclic nature of the weathered rock
faces. The ages of the Victorville rocks range
from >10.5 ka to >21.0 ka (Table 1), and several
rocks are between >10.5 ka and <14.5 ka on the
basis of the presence of a single black layer and a
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Figure 2. Two-sta ge development of pre-
cariousl y balanced r ocks. In fir st sta ge,
meteoric water infiltrates fractured r ock
(A) and grüs de velops ar ound core-
stones (B). In second sta ge (C), grüs is
eroded, leaving corestones stac ked in
precarious positions (modified fr om
Twidale , 1982).

1Data Repository item 9857, varnish microlamina-
tion descriptions and analyses of ultra-thin sections,
is available on request from Documents Secretary,
GSA, P.O. Box 9140, Boulder, CO 80301. E-mail:
editing@geosociety.org.



basal orange layer (Fig. 4A). The microlamina-
tion ages of the two Jacumba precarious rock sets
are similar, ranging from >10.5 ka to >21.0 ka.
Minimum rock-varnish ages of Yucca Mountain
rocks are largely between >10.5 ka and <14.5 ka,
although some rocks may be >21.0 to >27.0 ka
on the basis of the presence of LU-4.

Cosmogenic 36Cl ages were determined for
seven precarious rock sets in southern California
(Table 2). The rocks range in apparent age from
15 to 72 ka, depending on the assumed erosion
rate (ε) of the rock face. Thick weathering rinds
and dark varnish on the rocks suggest that surface
erosion has been negligible, and the ε = 0 rate is
assumed to best approximate the actual cosmo-
genic ages. The 36Cl ages are interpreted as max-
ima because of the uncertainties associated with
the burial and exhumation histories of the rocks
(Zreda and Phillips, 1994b).

Four rocks at Victorville and Jacumba were
dated by both rock-varnish and 36Cl methodolo-
gies (Table 1). The rock R3 (Fig. 5A) yielded a
36Cl (ε = 0) age of 15.0 ka, an age in reasonably
close agreement with the rock-varnish ages be-
tween >10.5 and <14.5 ka. The precarious rock
face from Steve Day #2 (Fig. 5B) provided simi-
lar 36Cl (23.6 ka) and rock-varnish (>21.0ka)
ages. The 36Cl ages for Skyline #2 and Rich II
are substantially older than the respective rock-
varnish ages, a difference possibly related to
either pre-varnish spalling of the rock face or to
inherited 36Cl.

CONCLUSIONS AND IMPLICA TIONS
FOR SEISMIC HAZARD STUDIES

On the basis of rock-varnish and cosmogenic
36Cl dating, we conclude that the precarious rocks
have been exposed for at least 10.5 k.y., a mini-

mum exposure age qualitatively supported by the
thick, polycyclic weathering rinds and dark rock-
varnish coatings found on the rock surfaces. The
results further indicate that the precarious rocks at
Victorville and Jacumba have not been subjected
to earthquake ground accelerations greater than

0.2–0.3 g in more than 10.5k.y., possibly longer if
the older varnish and 36Cl ages are close to the
actual ages. The Victorville site is located between
the active San Andreas (35 km west) and Helen-
dale (15 km east) faults, and the Jacumba site is
located about 18 km from the southern end of the
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Elsinore fault (Fig. 1). Brune (1996) noted that the
presence of precarious rocks in these areas appears
to conflict with probabilistic seismic hazard maps
that show >0.5 g at these sites for time periods of
1–5 k.y. (cf. Working Group on California Earth-
quake Probabilities 95, 1995), and he suggested
that the rocks illustrate that the hazard in some
parts of southern California is not as high as pre-
dicted by these seismic hazard models.

At Yucca Mountain, the precariously balanced
rocks lie on the footwall of the late Quaternary
Solitario Canyon fault, which bounds the west
margin of the proposed high-level nuclear waste
repository (Fig. 1), and they provide an independ-
ent constraint on the recent strong ground motion
at the site. The rock-varnish exposure ages of
these rocks suggest that large earthquakes have
not occurred on the Solitario Canyon fault for
>10.5 to >27.0 k.y., an elapsed time consistent
with the paleoseismic history of the fault. Ramelli
et al. (1996) concluded that the most recent fault-
ing event on the Solitario Canyon fault occurred
between 20 and 30 ka.

The preliminary results of this study demon-
strate that the surface-exposure ages of precari-
ously balanced rocks can be successfully used to
estimate the elapsed time since strong ground
motion occurred at the rock sites. In contrast to
paleoseismic trenching studies, which only pin-
point sites of fault rupture, precarious boulders may
provide direct, far-field evidence of earthquake oc-
currence. If the evolutionary history of a precarious
rock can be established using a viable geomorphic
model and demonstrable evidence of long-term
precarious geometry, surface-exposure dating has
the potential to provide a new paleoseismic tool for
use in characterization of regional seismic hazard.

ACKNOWLEDGMENTS
We thank Ronald I. Dorn for assistance with the

rock-varnish dating. This study was supported by U.S.
Geological Survey National Earthquake Hazards Re-
duction Contract 1434-94-G-2485.

REFERENCES CITED
Broecker, W. S., 1994, Massive iceberg discharges as

triggers for global climate change: Nature, v. 372,
p.421–424.

Brune, J.N., 1996, Precariously balanced rocks and
ground-motion maps for southern California:
Seismological Society of America Bulletin, v. 86,
p.43–54.

Brune, J.N., and Whitney, J., 1992, Precariously bal-
anced rocks with rock varnish: Paleoindicators of
maximum ground acceleration? [abs.]: Seismo-
logical Research Letters, v. 63, p.351.

Cremaschi, M., 1996, The rock varnish in the Messak
Settafet (Fezzan, Libyan Sahara), age, archaeo-
logical context, and paleo-environmental impli-
cation: Geoarchaeology, v. 11, p.393–421.

Dorn, R.I., 1990, Quaternary alkalinity fluctuations
recorded in rock varnish microlaminations:
Palaeogeography, Palaeoclimatology, Palaeo-
ecology, v. 76, p.291–310.

Hassenfratz, J.-H., 1791, Sur l’arrangement de plusieurs
gros blocs de differentes pierres que l’on observe
dans les montagnes: Annales Chimie, v. 11,
p.95–107.

Jones, C.E., 1991, Characteristics and origin of rock
varnish from hyperarid coastal deserts of north-
ern Peru: Quaternary Research, v. 35, p.116–129.

Liu, T., 1994, Visual microlaminations in rock varnish:
A new paleoenvironmental and geomorphic tool
in drylands [Ph.D. thesis]: Tempe, Arizona State
University, 173p.

Liu, T., and Dorn, R.I., 1996, Understanding the
spatial variability of environmental change in
drylands with rock varnish microlaminations:
Association of American Geographers Annals,
v. 86, p.187–212.

Nishiizumi, K., Kohl, C.P., Arnold, J.R., Dorn, R.I.,
Klein, J., Fink, D., Middleton, R., and Lal, D.,
1993, Role of in situ cosmogenic nuclides 10Be
and 26Al in the study of diverse geomorphic
processes: Earth Surface Processes and Land-
forms, v. 18, p.407–425.

Oberlander, T. M., 1972, Morphogenesis of granitic
boulder slopes in the Mojave Desert, California:
Journal of Geology, v. 80, p.1–20.

Oberlander, T. M., 1994, Rock varnish in deserts,in
Abrahams, A. D., and Parsons, A. J., eds., Geo-
morphology of desert environments: London,
Chapman and Hall, p.106–119.

Perry, R.S., and Adams, J., 1978, Desert varnish: Evi-
dence of cyclic deposition of manganese: Nature,
v. 276, p.489–491.

Phillips, F. M., and Plummer, M. A., 1996, CHLOE:
A program for interpreting in-situ cosmogenic
nuclide data for surface exposure dating and ero-
sion studies [abs.]: Radiocarbon, v. 38, p.98.

Phillips, F. M., Leavy, B.D., Jannik, N.O., Elmore, D.,
and Kubik, P. W., 1986, The accumulation of
cosmogenic chlorine-36 in rocks: A method for
surface exposure dating: Science, v.231, p.41–43.

Phillips, F.M., Zreda, M.G., Flinsch, M.R., Elmore, D.,
and Sharma, P., 1996, A reevaluation of cosmo-
genic 36Cl production rates in terrestrial rocks:
Geophysical Research Letters, v. 23, p.949–952.

Quade, J., Forester, R.M., Pratt, W. L., and Carter, C.,
1998, Black mats, spring-fed streams, and late
glacial recharge in the southern Great Basin:
Quaternary Research (in press).

Ramelli, A. R., Oswald, J.A., Vadurro, G., Menges,
C.M., and Paces, J.B., 1996, Quaternary faulting
on the Solitario Canyon fault, in Whitney, J.W.,
ed., Seismotectonic framework and characteriza-
tion of faulting at Yucca Mountain, Nevada: U.S.
Geological Survey Milestone Report 3GSH100M
to U.S. Department of Energy, p.4.7-1–4.7-56.

Shi, B., Anooshehpoor, R.A., Zeng, Y., and Brune, J.N.,
1996, Rocking and overturning of precariously
balanced rocks by earthquakes: Seismological
Society of America Bulletin, v. 86, p.1364–1371.

Twidale, C.R., 1982, Granitic landforms: Amsterdam,
Elsevier, 372p.

Working Group on California Earthquake Probabilities
95, 1995, Seismic hazards in southern California;
probable earthquakes, 1994–2024, Working
group on California earthquake probabilities:
Seismological Society of America Bulletin, v. 85,
p.379–439.

Zreda, M.G., and Phillips, F. M., 1994a, Surface expo-
sure dating by cosmogenic chlorine-36 accumu-
lation, in Beck, C., ed., Dating in exposed and
surface contexts: Albuquerque, University of
New Mexico Press, p.161–183.

Zreda, M.G., and Phillips, F. M., 1994b, Cosmogenic
36Cl accumulation in unstable landforms: 2. Simu-
lations and measurements on eroding moraines:
Water Resources Research, v. 30, p.3127–3136.

Zreda, M.G., Phillips, F. M., Elmore, D., Kubik, P. W.,
Sharma, P., and Dorn, R.I., 1991, Cosmogenic
chlorine-36 production rates in terrestrial rocks:
Earth and Planetary Science Letters, v. 105,
p.94–109.

Manuscript received December 5, 1997
Revised manuscript received March 11, 1998
Manuscript accepted March 20, 1998

498 Printed in U.S.A. GEOLOGY, June 1998


