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Erosion rates and surface exposure ages were determined at the Calico Archaeological Site in the Calico Hills of
the Mojave Desert, California, using 10Be terrestrial cosmogenic nuclides (TCN) methods. The Calico Hills are
composed of Miocene lacustrine deposits of the Barstow Formation and fanglomerates/debris flows of the
Pleistocene Yermo Deposits. These deposits are highly denuded and dissected by arroyos that have surfaces
armored with chert. Surface erosion rates based on cosmogenic 10Be concentrations in stream sediments
range from 19 to 39 m/Ma, with an average of 30.5±6.2 m/Ma. Surface boulders have 10Be TCN ages that
range from 27 ka to 198 ka, reflecting significant erosion of the Calico Hills. The oldest boulder age (197±
20 ka) places a minimum limit on the age of Yermo deposits. Depth profile ages at four locations within the
study area have minimum ages that range from 31 to 84 ka and erosion rate-corrected surface exposure ages
ranging from 43 to 139 ka. These surface exposure ages support the view that the surfaces in Yermo deposits
formed during the Late Pleistocene to latest Middle Pleistocene. This chronology has important implications
for interpreting the context of possible artifacts/geofacts at the site that might provide evidence for early
human occupation of North America, and for reconstructing paleoenvironment change and landscape
evolution in the region.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The Calico Archaeological Site in the central Mojave Desert is one of
the most controversial archaeological sites in North America (Shlemon
and Budinger, 1990; Fig. 1). There is equivocal evidence for the presence
of humans far earlier than any other site in North America (De Lumley et
al., 1988). According to its proponents, the Calico Site is a simple quarry
and lithic workshop that has yielded a variety of both light-duty and
heavy-duty tools and more than 60,000 technical flakes and pieces of
angular debitage (flintknapping debris). The light-duty tools include a
variety of scrapers (concave, notched, convex, straight-edged, end,
convex side andend, strangulated, concave side and end, and thumbnail),
denticulates (saw-like tools), gravers, burins (chisel-like tools), reamers,
piercing tools, blades, and bladelets. Heavy-duty tools include choppers,
chopping tools, hand axes, Calico Cutters (combination chopping and
cutting tools), formed and unformed anvils, hammerstones, and pecking
stones (Shlemon and Budinger, 1990; Budinger, 2004; Budinger et al.,
2010). No homonin fossils have been found. Shlemon and Budinger
(1990) reviewed controversy over the possible existence of early human
at this site and stated that it can be divided into twomain issues: (1) the
authenticity of the artifacts, and (2) the age of the deposits and landforms

in and on which they occur (Haynes, 1973; Bryan, 1978; Taylor and
Payen, 1979; Meighan, 1983; Shlemon and Budinger, 1990; Meltzer,
2009). Shlemon and Budinger (1990) used geomorphic and soil-
stratigraphic methods in combination with inferred association with
the marine oxygen isotope stage chronology, uranium-series dating of
artifact-bearing calcretes and correlations with the nearby Lake Manix
beds to obtain a chronology of these alluvial fans. The results of these
studies are equivocal and the age of the landforms was unresolved. In
recent years, Zehfuss et al. (2001), Matmon et al. (2005), Benn et al.
(2006), Frankel et al. (2007a,b) and Le et al. (2007) have used terrestrial
cosmogenic nuclides (TCNs) to date alluvial fans similar to those found at
the Calico site. TCN methods have the potential to date surfaces back to
several hundred thousand years in the Great Basin and several million in
more arid settings. We refer the reader to Gosse and Phillips (2001) who
describe the principles and application of TCNs methods in great depth.
Applying these techniques to the surfaces at theCalicoArchaeological Site
we aim to provide minimum estimates of the age of the deposits, and to
quantify rates of surface erosion.Wedonot discuss the authenticity of the
artifacts in this paper, but concentrate on defining the age of the surface
and rates of surface erosion on the alluvial fans where they are found.

2. Physical setting

The Calico Arcaheological Site is ~25 km northeast of Barstow,
located in the Calico Hills, east of the Calico Mountains in central
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Mojave Desert. The Calico Mountains rise to 1380 m above sea level
(asl) and are composed of Mesozoic volcanics, intruded and overlain
by Tertiary igneous and lacustrine deposits (Fig. 2). The Calico Hills
archaeological site is on a high surface at ~700 m asl that is dissected
by arroyos with a maximum relative relief of 40 m (Fig. 3). The hills
rise northward where they are truncated by eastward-draining
steams and fans from the Calico Mountains (Fig. 3). The hills are
composed of Miocene lacustrine deposits of the Barstow Formation

and Pleistocene fanglomerates/debris flows of the Yermo Deposits.
The Barstow Formation is mostly calcareous sedimentary rock,
including mudstone, tuff, chert and mineral deposits such as
bentonite. The Yermo Deposits are Pleistocene alluvial sediments;
the upper section of the Yermo is composed of clasts of highly
weathered tuffs and less weathered crystalline igneous rocks in a
poorly sorted silty sand matrix. The unit also contains chert and
limestone. The lower 1 m of the Yermo Deposits is highly calcareous,

Fig. 1. Google Earth image showing the location of Calico Early Man Site in the Mojave Desert, California.

Study Area

Fig. 2. Simplified geological map of the area around Calico covering approximately the same area as shown in Fig. 1 (adapted from Rogers, 1967).
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with discontinuous calcium carbonate cementation. The stratigraphic
relationships between these units are debated because there is no
exposure of the contact between them. Shlemon and Budinger (1990)
provide two interpretations (Fig. 4). In the first interpretation
(Fig. 4A) the Yermo Deposits comprise two conformable units, the
Upper and Lower Yermo Deposits, which were deposited unconform-
ably on the Barstow Formation. The second interpretation (Fig. 4B)
suggests that the Upper Yermo Deposits are a cut-fill unit in the Lower
Yermo Deposits and Barstow Formation. The surfaces are armored
with a residual deposit of pebble to meter-size boulders of chert. The
study area is tectonically active, with several active fault systems

mapped in he vicinity, including the Calico Fault and the Tin Can Alley
Fault; the a latter was recently mapped by Dudash (2006). As
consequence, the Bartow Formation and Yermo Deposits are slightly
folded and faulted in places.

The present climate of the region is arid to semi-arid with a mean
annual precipitation of ~140 mm, hot summers reaching a maximum
of 46 °C and cool winters reaching a minimum of −14 °C (Shlemon
and Budinger, 1990; Hereford et al., 2007). The climate is influenced
by large-scale changes in Pacific Ocean sea-surface temperature
caused by ENSO and Pacific Decadal Oscillation forcing (Cayan et al.,
1998, 1999); wet winters tend to correspond with El Niño events.

Fig. 3. Views of the geomorphology of the Calico Archaeological Site looking (A) south, (B) north and (C) east from the highest surface across the Calico archaeological site, and
(D) southwest showing the eroded surfaces and exposures of the Barstow Formation.

Fig. 4. Schematic sections that show the alternative hypotheses for the stratigraphy at the Calico Archaeological Site (after Shlemon and Budinger, 1990). (A) Master pits penetrating
inferred artifact-bearing beds in the lower (older) Yermo Deposits; and (B) artifact-bearing (younger) beds inset into lower, tectonically tilted possibly Yermo beds.
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Major cool-season storms are produced by extratropical cyclones of
the north Pacific that are associated with synoptic tropospheric
depressions driving a southward expansion of the Aleutian low-
pressure center. The cool-season storms produce widespread, long-
duration, low-intensity precipitation. The warm-season storms are
convective and provide brief, local, and commonly intense rainfall.
Infrequently occurring tropical cyclones and hurricanes form in the
tropical Pacific Ocean occasionally during the fall. Vegetation is sparse
and is dominated by xerophytic brushes, notably creosote scrub
bushes.

The Quaternary history of the region has attractedmuch attention;
recent studies are summarized in Enzel et al. (2003). During glacial
times the region was cooler and wetter (Van Devender, 1990), and
extensive lakes were present throughout the Mojave (Enzel et al.,
2003), including Lake Manix to the immediate south of the Calico
Archeaological Site. Lake Manix was feed by the Mojave River and
overflowed via the Afton Canyon into Lake Mojave, present-day Soda
Lake (Meek, 1989, 1990, 1999; Cox et al., 2003).

3. Methods

The study area, which includes the catchment area of the upland
region that enclosed the Calico Archaeological Site, is shown in Fig. 2.

3.1. Mapping

A topographic map was constructed using a Thales ProMark 3
differential GPS with a horizontal and vertical accuracy of ±2 cm and
±5 cm, respectively. The data points were plotted using ArcMap to
produce a topographic map with contour intervals of 2 m (Fig. 5).

3.2. Sampling

Samples for TCN analysis were collected from surface boulders,
four pits and contemporary sediment deposits (Figs. 6–9). Boulders
samples were obtained from the top few centimeters of unweathered
horizontal surfaces at three different locations; the highest surface, a
lower surface and an immediate elevation (Fig. 7). Four pits were dug
to ~2 m depth and sediment samples were collected at 5-cm intervals
down the profile (Fig. 8). At least 1 kg of sediment was collected from
the surface of active channels to determine TCN concentrations for
erosion rate analysis (Fig. 9). The latitude, longitude, elevation, and
aspect were recorded for each of the samples (Table 1; Fig. 6).

3.3. TCN analysis

All the samples were prepared in the geochronology laboratories
at the University of Cincinnati. The channel sediment samples were

Fig. 5. Topographic map of the study area based on differential GPS surveying.
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oven dried and sieved to obtain the 250–500 μm size fraction. One
sediment sample (Bulk 3(crushed) CA028) was also crushed using the
500–2000 μm size fraction and sieved to obtain the 250–500 μm size
fraction to test the possible influence of grain size on TCN concentra-
tions. Sediment samples from the depth profiles were crushed and
sieved and the 250–500 μm fraction was collected. Surface boulder
samples were also crushed and the 250–500 μm size fraction was
collected for processing.

The 250 to 500 μm size fraction from each sample was chemically
leached by a minimum of four acid treatments: aqua regia for N9 h;
two 5% HF/HNO3 leaches for ~24 h; and one or more 1% HF/HNO3

leaches each for ~24 h. To remove acid-resistant and mafic minerals,

heavy liquid (density of 2.7 g/cm3) separations with lithium hetero-
polytungstate (LST) were used after the first 5% HF/HNO3 leach. Low
background 9Be carrier (six 10Be/9Be blanks were used with an
average value of 3.2±0.7×10−15) was added to pure quartz and
dissolved in concentrated HF and then fumed with perchloric acid.
Chemical blankswere processed using the reagents required for a 15 g
quartz sample. Next, the samples were passed through anion and
cation exchange columns to separate the 10Be fraction. Ammonium
hydroxide was added to the 10Be fractions to precipitate beryllium
hydroxide gel. The beryllium hydroxide was oxidized by ignition at
750 °C for 5 min in quartz crucibles. Beryllium oxide was mixed with
Nb powder and loaded in steel targets for the measurement of the

Fig. 6. Orthophoto of the Calico Hills showing the locations of the sampling sites for 10Be TCNs. See Table 1 for the descriptions of the samples. The black arrows show the dip of the
beds in the Yermo Formations around the pits for the depth profiles.

Fig. 7. Typical setting (A) and nature (B) of the surface boulders (calico1) that were sampled for 10Be TCN surface exposure dating at the Calico Archaeological Site.
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10Be/9Be ratios by accelerator mass spectrometry at the PRIME
Laboratory at Purdue University.

All 10Be TCN ages for boulders samples were calculated using the
CRONUS Age Calculator 2.2 (Balco et al., 2008). This uses the scaling
factors of Stone (2000) and a sea-level low-latitude production rate of
4.5±0.3 10Be atoms/gram of quartz/year and a 10Be half life of
1.36×106 years. Isotope ratios were normalized to 10Be standards

prepared by Nishiizumi et al. (2007). No correction was made for
geomagnetic field variations due to the ongoing debate regarding
which correction factors are most appropriate (Balco et al., 2008).
Geomagnetic corrections on our TCN ages can vary by up to 20%.
Furthermore, we have not made any corrections for erosion for
surface boulders. As a guide, assuming that all the boulders eroded at
5 m/Ma (Small et al., 1997; summit boulder erosion rate), a calculated

Fig. 8. View of a typical pit (Control Pit) that was used to collect depth profile samples for terrestrial cosmogenic nuclide analysis. (A) View looking west at pit and (B) view into pit
showing fanglomerates.

Fig. 9. Location and source areas (labeled watersheds) for sediment that was collected to determine erosion rates using the concentrations of 10Be TCNs.
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age of 10 ka assuming zero boulder erosion would underestimate the
true age by amaximumof 4%; an age of 20 ka by 9%; an age of 40 ka by
20% (c.f. Owen et al., 2002).

Basin-wide erosion rates were calculated using the 10Be concen-
trations of the stream sediment applying the methods of Bierman and
Steig (1996) and Lal's (1991) equation for an eroding Earth surface,
where:

ε =
Λ
ρ

P 0ð Þ
Ni

−λ
� �

ð1Þ

Where, Ni is inherited activity (atoms 10Be/g quartz), P(0) is the
production rate at the surface, ε is erosion rate (cm/year), ρ is density
of the target material (g/cm3), and Λ is attenuation length (160 g/
cm2). Catchment-wide TCN production rates were calculated using
themedian altitude since the relative relief was small (b50m). To test

for bias of erosion rates due to heterogeneous sedimentmixing and/or
influence of catchment size two large catchment areas were
examined, each with small sub-basins. The area of catchment above
each sample was derived from GIS analysis of the topographic map
(Fig. 9) that was stored in the GIS. The size of the catchment increased
progressively down drainage so that the catchment for each
progressively lower sample was the sum of each catchment above
the sample (Table 2).

If a geomorphic surface has not been eroded then the concentra-
tion of TCN will decrease exponentially with depth below the surface.
The rate at which nuclide production decreases is a function of the
density of the material through which the cosmic rays are passing. In
general, production rates decrease by 1/e for every ~160 g/cm2 for
increasing depth. This absorption length is equivalent to ~80 cm in
alluvial fans. Therefore, by ~2.4 m depth, production of TCNs is
negligible (Anderson et al., 1996; Hancock et al., 1999; Gosse and

Table 1
Sampling locations, TCN data, ages and erosion rates.

Sample ID Laboratory number Latitude (°N) Longitude (°W) Altitude
(m asl)

Depth
(m)

Boulder height/width
(m)

10Be
(106 atoms/g)

Age
(ka)

10Be erosion rate
(m/Ma)

Boulders
calico1 calico1 34.9513 116.7625 704.7 0.00 0.35/0.70 0.710 ± 0.040 92.4 ± 9.8 7.7 ± 0.8
calico2b calico2b 34.9513 116.7624 704.8 0.00 0.12/0.90 0.409 ± 0.018 52.7 ± 5.2 14.1 ± 1.2
calico4 calico4 34.9479 116.7620 675.8 0.00 0.18/0.40 1.100 ± 0.036 148.4 ± 14.3 4.6 ± 0.4
calico5 calico5 34.9479 116.7619 676.8 0.00 0.18/0.60 0.644 ± 0.037 84.9 ± 9.1 8.5 ± 0.8
calico6 calico6 34.9485 116.7620 678.6 0.00 0.42/0.70 1.450 ± 0.068 197.7 ± 20.5 3.3 ± 0.3
CAROCK11 CA018 34.9498 116.7621 695.0 0.00 0.45/1.00 0.206 ± 0.005 26.6 ± 2.4 29.5 ± 2.2

Depth profiles
Master Pit 3

MP325cm CA001 34.9483 116.7617 675.9 0.25 n/a 0.124 ± 0.005 See Fig. 12 n/a
MP350cm CA002 34.9483 116.7617 675.9 0.50 n/a 0.109 ± 0.004 See Fig. 12 n/a
MP375cm CA003 34.9483 116.7617 675.9 0.75 n/a 0.086 ± 0.003 See Fig. 12 n/a
MP3100cm CA004 34.9483 116.7617 675.9 1.00 n/a 0.072 ± 0.002 See Fig. 12 n/a
MP3125cm CA005 34.9483 116.7617 675.9 1.25 n/a 0.061 ± 0.005 See Fig. 12 n/a
MP3150cm CA006 34.9483 116.7617 675.9 1.50 n/a 0.050 ± 0.003 See Fig. 12 n/a
MP3175cm CA007 34.9483 116.7617 675.9 1.75 n/a 0.081 ± 0.020 See Fig. 12 n/a
MP3195cm CA008 34.9483 116.7617 675.9 1.95 n/a 0.037 ± 0.002 See Fig. 12 n/a

New Pit
NP25cm CA013 34.9503 116.7621 705.1 0.25 n/a 0.237 ± 0.007 See Fig. 12 n/a
NP50cm CA014 34.9503 116.7621 705.1 0.50 n/a 0.182 ± 0.006 See Fig. 12 n/a
NP75cm CA015 34.9503 116.7621 705.1 0.75 n/a 0.167 ± 0.006 See Fig. 12 n/a
NP100cm CA016 34.9503 116.7621 705.1 1.00 n/a 0.126 ± 0.005 See Fig. 12 n/a
NP125cm CA009 34.9503 116.7621 705.1 1.25 n/a 0.102 ± 0.005 See Fig. 12 n/a
NP150cm CA010 34.9503 116.7621 705.1 1.50 n/a 0.091 ± 0.003 See Fig. 12 n/a
NP175cm CA011 34.9503 116.7621 705.1 1.75 n/a 0.084 ± 0.004 See Fig. 12 n/a
NP200cm CA012 34.9503 116.7621 705.1 2.00 n/a 0.080 ± 0.004 See Fig. 12 n/a

MP3T Pit
mp3t25 mp3t25 34.9482 116.7618 678.0 0.25 n/a 0.208 ± 0.013 See Fig. 12 n/a
mpt3t75 mpt3t75 34.9482 116.7618 678.0 0.75 n/a 0.130 ± 0.006 See Fig. 12 n/a
mpt3t125 mpt3t125 34.9482 116.7618 678.0 1.25 n/a 0.083 ± 0.007 See Fig. 12 n/a
mpt3t175 mpt3t175 34.9482 116.7618 678.0 1.75 n/a 0.048 ± 0.007 See Fig. 12 n/a
mpt3t225 mpt3t225 34.9482 116.7618 678.0 2.25 n/a 0.035 ± 0.006 See Fig. 12 n/a

Control Pit
TPCP1_50 TPCP1_50 34.9503 116.7624 703.8 0.50 n/a 0.255 ± 0.016 See Fig. 12 n/a
TPCP1_100 TPCP1_100 34.9503 116.7624 703.8 1.00 n/a 0.156 ± 0.010 See Fig. 12 n/a
TPCP1_150 TPCP1_150 34.9503 116.7624 703.8 1.50 n/a 0.139 ± 0.021 See Fig. 12 n/a
TPCP1_200 TPCP1_200 34.9503 116.7624 703.8 2.00 n/a 0.114 ± 0.006 See Fig. 12 n/a
TPCP1_250 TPCP1_250 34.9503 116.7624 703.8 2.50 n/a 0.105 ± 0.012 See Fig. 12 n/a

Stream sediments
Bulk1Upper CA023 34.9505 116.7676 696.3 0-0.02 n/a 0.286 ± 0.028 n/a 20.8 ± 2.6
Bulk1 CA024 34.9504 116.7674 694.4 0-0.02 n/a 0.183 ± 0.008 n/a 33.5 ± 2.8
Bulk2Upper CA025 34.9501 116.7681 699.0 0-0.02 n/a 0.168 ± 0.008 n/a 36.8 ± 3.1
Bulk2 CA026 34.9502 116.7675 694.1 0-0.02 n/a 0.196 ± 0.009 n/a 31.1 ± 2.7
Bulk3 (sieved) CA027 34.9503 116.7671 690.0 0-0.02 n/a 0.173 ± 0.009 n/a 35.4 ± 3.1
Bulk3(crushed) CA028 34.9503 116.7671 690.0 0-0.02 n/a 0.173 ± 0.005 n/a 35.3 ± 2.7
Bulk4 CA030 34.9499 116.7663 684.3 0-0.02 n/a 0.201 ± 0.007 n/a 30.1 ± 2.4
Bulk5 CA031 34.9504 116.7664 686.0 0-0.02 n/a 0.313 ± 0.014 n/a 18.7 ± 1.6
Bulk6 CA032 34.9502 116.7661 682.9 0-0.02 n/a 0.258 ± 0.008 n/a 22.9 ± 1.8
Bulk7 CA033 34.9497 116.7655 680.6 0-0.02 n/a 0.188 ± 0.008 n/a 32.2 ± 2.7
Bulk8 CA034 34.9491 116.7645 676.1 0-0.02 n/a 0.197 ± 0.008 n/a 30.6 ± 2.5
Bulk9 CA035 34.9483 116.7641 673.4 0-0.02 n/a 0.158 ± 0.006 n/a 38.5 ± 3.1
Bulk10 CA036 34.9458 116.7646 662.0 0-0.02 n/a 0.192 ± 0.014 n/a 31.1 ± 3.2
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Phillips, 2001). The TCN concentration of samples collected from a
depth profile (usually samples collected in 10–20 cm increments from
the surface to ~2 m below the surface) should decrease exponentially
with depth. An exponential curve through the TCN concentrations of
samples versus depth can then be extrapolated upwards to the
surface, thereby constraining the age of the surface (Anderson et al.,
1996; Hancock et al., 1999). However, if there had been significant
erosion of the surface, then the depth profile age represents a
minimum value, presuming there had been no prior exposure of the
sediment to cosmic rays. Depth profiles can also be used to check for
prior exposure of the sediment to cosmic rays, which results in
inherited TCNs, by examining the shape of the depth curve for TCN
concentrations (e.g., Anderson et al., 1996; Hancock et al., 1999). The
depth profile itself cannot provide both a surface age and an erosion
rate. However, if an independent estimate of erosion can be obtained,
for example, from stream sediments, a model surface age can be
determined from the extrapolated depth profile TCN concentrations.
Finally, the shape of the concentration profile indicates whether the
upper several meters, i.e. the depth sampled, has been stable over the
period of exposure to cosmic rays.

Table 1 lists the TCN concentrations of the depth profiles. Sediment
densities measured in top 25 cm in the field were 1.9±0.1 g/cm3. For
each of the depth profiles we fitted a trend through the data using an
attenuation length of 160 g/cm2 and a density of 1.9 g/cm3. Three ages

for each surface were calculated using a weighted least squared
minimization technique. In the first, we assume no erosion and no
inheritance. The best-fit age was obtained by minimizing the
weighted squares of the difference between the measured 10Be
concentrations and the concentration for a given age. We iteratively
obtained the age thatminimizes the sum of the squares for all samples
in a profile. For the best-fit ages assuming inheritance we simulta-
neously solved for the exposure age and inheritance. Finally, we
determined ages for depth profiles corrected for inheritance assuming
the maximum erosion rates which allow for the accumulation of TCNs
and that do not exceed the basin-wide erosion rates determined by
the TCN concentrations in stream channel sediments.

4. Results

Using the 10Be TCN concentrations in the stream sediments we
have calculated erosion rates that range from 19 to 39 m/Ma with an
average of 30.5±6.2 m/Ma (error=1 S.D.; Fig. 10). The sample
(bulk3) in which two different grain sizes were used had erosion rates
of 35.4±3.1 and 35.3±2.7 m/Ma. This provides confidence that the
grain size used in this analysis reflects the erosion rate. Furthermore,
there is no systematic change in erosion rate dependent on catchment

Table 2
Details of catchment areas.

Catchment
name

Area of
catchment
(m2)

Area of
catchment
(km2)

Sample
number

Area of catchment
for sample

Area of
catchment
(km2)

Maximum altitude
of catchment
(m asl)

Minimum altitude
of catchment
(m asl)

Median altitude
of catchment
(m asl)

Altitude of
sample location
(m asl)

1 7169 0.0072 Bulk1upper Catchment 1 0.0072 725.4 696.3 710.4 696.3
1A 622 0.0006 Bulk1 Catchments 1+1A 0.0078 725.4 694.4 709.4 694.4
2 12355 0.0124 Bulk2upper Catchment 2 0.0124 726.9 699.0 712.5 699.0
2A 1569 0.0016 Bulk2 Catchments 2+2A 0.0139 726.9 694.1 710.1 694.1
3 19830 0.0198 Bulk3 Catchments 1+1A+

2+2A+3
0.0415 725.4 690.0 707.2 690.0

4 6479 0.0065 Bulk4 Catchments 1+1A+
2+2A+3+4+5+6

0.0587 726.9 684.3 705.1 684.3

5 8032 0.0080 Bulk5 Catchment 5 0.0080 726.9 686.0 706.0 686.0
6 2657 0.0027 Bulk6 Catchments 5+6 0.0107 726.9 682.9 704.4 682.9
7 11491 0.0115 Bulk7 Catchments 1+1A+

2+2A+3+4+5+6+7
0.0702 726.9 680.6 703.3 680.6

8 88050 0.0881 Bulk8 Catchments 1+1A+2+
2A+3+4+5+6+7+8

0.1583 726.9 676.1 701.0 676.1

9 44972 0.0450 Bulk9 Catchments 1+1A+2+
2A+3+4+5+6+7+8+9

0.2032 726.9 673.4 699.7 673.4

10 96454 0.0965 Bulk10 Catchments 1+1A+2+2A+
3+4+5+6+7+8+9+10

0.2997 726.9 662.0 694.0 662.0
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area size, although the lowest erosion rates are from the smallest
catchment areas (Fig. 10). The average includes the lowest values
from the smallest catchment area, and therefore the 30.5±6.2 m/Ma
value might be an underestimate (Fig. 10).

TCN ages on boulders range from ~27 ka to 197 ka (Table 1). These
are plotted in Fig. 11 and showno systematic age relationship between
surface height and age. The boulder ages can be used to estimate
maximum boulder erosion rates using Eq. (1). The oldest boulder
provides the best estimate at 3.3±0.3 m/Ma (Table 1),which is similar
to summit boulder erosion rate of Small et al. (1997; 5 m/Ma) for the
Sierra Nevada.

Depth profiles for each pit are shown in Fig. 12 and their ages are
listed in Table 3. Minimum ages uncorrected for inheritance and
erosion range from 31 to 84 ka (Fig. 12). When corrected for
maximum allowable erosion the ages range from 43 ka to 139 ka
(Fig. 12).

5. Discussion

The 10Be TCN concentrations in stream sediments provide the first
quantitative estimates for erosion rates in the Calico Hills. Although
very different environments, a basin-wide erosion rate of 30.5±
6.2 m/Ma determined from 10Be TCN concentrations in stream
sediments is similar to values determined in the Great Smokey
Mountains, Bolivian Andes, Tibet Plateau, Dead Sea Rift and Sri Lanka
(Matmon et al., 2003; Safran et al., 2005; Chappell et al., 2006; Haviv et
al., 2006; Vanacker et al., 2007). This supports the view that our results
are consistent with the normal range of erosion in natural settings.

The large range of TCN ages (27–198 ka) for the surface boulders
reflects the significant erosion at the site. The oldest boulder (calico6,
198±21 ka) provides a minimum age on the Yermo Deposits,

assuming the boulder has no inherited TCNs and the younger TCN
ages reflect erosion and exhumation of boulders. Given an erosion rate
of 30.5±6.2 m/Ma, then we would expect several meters of surface
erosion. This eroded sediment may have significantly shielded the
boulders resulting in the younger boulder ages. Alternatively, the
oldest age might be interpreted as representing a boulder that had
prior exposure to TCN and is an overestimate. This suggests that the
surface is likely older than the Late Pleistocene and significant
erosion/exhumation has occurred in the study area.

The depth profile ages have similar ages to the boulders. The
youngest depth profile age is for Master Pit 3 (~43 ka) located at the
lowest position and on the flank of a spur. This surface might have
experienced more erosion than the other locations. The other depth
profiles are significantly older (83 ka, 135 ka and 139 ka) and suggest
an early Late Pleistocene or latest Middle Pleistocene age for the
surfaces, and places a minimum age on the Yermo Deposits of latest
Middle Pleistocene (~138 ka based on the oldest depth profile).

Debenham (1998, 1999) provided a thermoluminescence age
~135 ka for the Yermo Deposits, but this had extremely large
associated errors. Furthermore, Bischoff et al. (1981) used uranium-
thorium dating to provide an age of ~200 ka for the deposits and an
age of ~100 ka for a relict soil profile within the Yermo Deposits
(Bischoff et al., 1981). Our TCN ages support the view that the Yermo
Deposits likely formed during the latter part of the Middle Pleistocene
or earliest Late Pleistocene.

Our new ages provide a minimum estimate for the ages of the
surfaces at the Calico Archaeological Site and hence minimum
estimates for the age of the Yermo Deposits. The dating, however,
does not resolve the different interpretations of the stratigraphy at the
site (Fig. 4). However, irrespective of what interpretation is favored
our ages provide a minimum age for the Yermo Deposit and the onset
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Fig. 12. Depth profile plots for TCNs from the pits examined at the Calico Archaeological Site. The black diamonds are the measured TCN concentrations. The grey circles and the
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Table 3
Be-10 TCN depth profile ages. The ages are expressed as minimum estimates for the surfaces.

Depth profile Production rate
(atoms/gram SiO2)

Age with no
inheritance (ka)

Inherited TCNs
(atoms/gram SiO2)

Age corrected
for inheritance (ka)

Chi-squared
for corrected profile

Age corrected
for erosion (ka)

Master Pit 3 6.85 31.2 24650 21.7 8.95 42.8
New Pit 7.00 56.4 53200 35.5 10.2 83.3a

MP3T Pit 6.86 46.2 18300 39.2 1.29 134.5a

Control Pit 7.00 84.2 89000 39.4 3.46 139.1a

a Calculated using the upper limit of erosion of 20.5 m/Ma.
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of erosion at the Calico Archaeological Site during the latter part of the
middle Pleistocene.

A latest Middle Pleistocene or earliest Late Pleistocene age for the
Yermo Deposits has significant implications for the archaeology at the
Calico Archaeology Site. Our new ages suggest that any artifacts/
geofacts found in the Yermo Deposits are of considerable antiquity,
and are older than from any other location in North America, which
might suggest very early human occupation of North America (c.f.
Marshall, 2001).

6. Conclusions

The 10Be TCN concentrations in stream sediments in the Calico
Hills show that basin-wide erosion rates range from 19 to 39 m/Ma,
with an average of 30.5±6.2 m/Ma. Surface boulders have 10Be TCN
ages that range from 27 ka to 198 ka. This wide range of ages probably
reflects significant erosion of the Calico Hills. However, the oldest TCN
age (198±21 ka) likely places a minimum limit on age of the Yermo
Deposits. Depth profile ages at four locations within the study area
have minimum ages that range from 31 to 84 ka, but when corrected
for erosion the surfaces have ages ranging 43 to 139 ka. These data
support the view that the surfaces on the Yermo Deposits likely
formed during the Late Pleistocene to latest Middle Pleistocene. This
age has important implications for interpreting the context of the
artifact/geofacts (Haynes, 1973) that occur within the deposits, which
might suggest very early human occupation of North America (c.f.
Marshall, 2001). The new ages and erosion rates provide a framework
for future paleoenvironmental and landscape evolution studies in this
region and in other semi-arid environments.
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