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Abstract

We have used cosmogenic nuclides to estimate limits on the surface exposure durations and erosion rates of alluvial fans and

bedrock surfaces in the Atacama Desert in Chile. The oldest landforms we studied are extensive alluvial fans referred to as

bAtacama gravelsQ. With the exception of samples collected in Antarctica, the cobbles collected on these alluvial surfaces have

the lowest erosion rates of any samples, as determined by cosmogenic nuclides, analyzed to date. The oldest cobble has a model

surface exposure age of 9 Myr, based on combined measurements of cosmogenic 10Be, 26Al, and 21Ne concentrations. Cobbles

from the alluvial fans are eroding slower than the surrounding steep mountainous bedrock surfaces. Maximum erosion rates for

cobbles on alluvial surfaces are uniformly b0.1 m/Myr. The survival of these gravels, specifically, and more generally, the

stability of landform features in this geographic area is made possible by the attainment of hyperarid conditions in the Atacama

Desert resulting from global climatic cooling about 15 Myr ago combined with the rain shadow effect caused by uplift of the

Central Andes. The landform features observed presently in the Atacama Desert are remarkably stable and, despite the

inevitable erosion that is detectable using cosmogenic nuclides, undoubtedly bear considerable resemblance to conditions as

they existed in the Miocene. Over geologic time, the Atacama landscape is evolving in such a manner as to erode the higher

bedrock ridges relative to the more stable, but stratigraphically lower depositional surfaces through which clastic detritus now

travels occasionally along the floors of incised drainage systems leaving the older permeable alluvial fan surfaces largely intact

as widespread remnants of a Miocene fossil landscape.
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1. Introduction

The Atacama Desert of northern Chile is one of the

most arid regions on Earth; attainment of hyperarid

conditions occurred ~13–15 Myr ago, most likely

triggered by Miocene global climatic cooling associ-

ated with the formation of the Antarctic ice cap and

the northern propagation of a cold littoral current

along the west coast of South America [1]. It is

hypothesized here that the landforms in this region

dating to the Miocene the scarcity of rainfall may

preclude substantial alteration of landform features

by erosion. The hypothesized antiquity of the Ata-

cama landscape, specifically the alluvial surfaces, is

based on two lines of evidence. The first is
40Ar–39Ar dating of multiple pyroclastic volcanic

tuffs intercalated with aerially-extensive bAtacamaQ
gravels shed from the uplifting Andes [2–4], indicat-

ing a Miocene age of deposition of these sediments.

Most importantly however, the chronology of land-

form evolution in the Andes (uplift, erosion, fluvial

transport, deposition and in particular, exposure his-

tory) is further based on the ages of near surface K-

bearing mineral precipitates (alunite, jarosite, and

cryptomelane) formed in the oxidized portions of

supergene systems related to numerous porphyry

copper ore deposits of Chile, Peru, Bolivia, and

Argentina (Fig. 1). Fluctuations in ground water

levels create hydro-chemical systems in which an

unsaturated oxidized zone overlays a saturated redu-

cing zone. As these systems desiccate, the regional

ground water table descends causing oxidation and

leaching of previously-reduced sulfides, leaving be-

hind dateable mineral assemblages bearing the fossil

imprint of the redox conditions prevailing at that time

[5,6]. The K-bearing mineral precipitates formed by

oxidation of sulfides derived from copper ore depos-

its are dated using 40Ar–39Ar techniques [1,7–11].

Most ages for these vadose zone mineral assemblages

are mid-Miocene, near 11–15 Myr [1,12]. However,

age histograms also show cessation of supergene

phenomena at about 11 Myr [1,11]. The onset of

the hyper-aridity that led to the preservation of this

fossil landscape is indicated by the cessation of

precipitation of dateable minerals from paleo-ground

water at about 9 Myr [1,11]. Long-term aridity and

geologic stability produced an environment in which

surface features potentially remain intact for many
millions of years. To confirm the antiquity of these

surfaces based on 40Ar–39Ar dating of supergene

minerals with an independent isotopic technique and

to quantify the unusually slow long-term erosion rates

indicated by the preservation of both the buried volca-

nic tuffs within the Atacama gravels and the alunite,

jarosite and cryptomelane precipitates, cosmogenic

nuclides were measured from a suite of sample collect-

ed from alluvial fans, stream beds, and bedrock sur-

faces in the Atacama Desert. Anticipating the antiquity

of these surfaces cosmogenic stable noble gas, 21Ne

was measured in addition to the 10Be–26Al pair. Al-

though the majority of studies use only one or two

cosmogenic nuclides, we demonstrate that the mea-

surement of additional one or more nuclides is essential

for establishing whether these samples experienced a

relatively simple or a complex exposure history.
2. Sampling strategy, experimental procedure, and

production rates

We selected 12 samples of quartz-rich surface bed-

rock and boulders for measurement of in situ produced

cosmogenic nuclides. The rocks we sampled typically

were about 15 to 20 cm in diameter. Sample locations

and descriptions of sample lithologies are indicated in

Figs. 1 and 2. Using published geomorphic relative age

estimates by Mortimer [3], we chose four geologically

distinct landforms representing the latter two stages of

landform development described by Mortimer [3].

Mortimer’s four surface age interpretations are: (1)

the Cumbre Phase 1 Planation Surface which is thought

to be the oldest landscape remnant, (2) the Sierra Checo

del Cobre Surface of intermediate age, (3) the wide-

spread Atacama pediplain consisting of high alluvial

terraces locally incised by the youngest of the surfaces,

and (4) the latest drainage incision. The oldest land-

forms studied here are extensive alluvial fans referred

to as bAtacama gravelsQ, which we sampled in two

areas: the Damiana alluvial fan area (Samples 23, 24)

in the El Salvador Mining District and the Sierra Villa-

nueva Mountains (SVM) (73, 74) about 10 km south of

El Salvador where many of the cobbles studied were

coated with desert varnish indicating a possible antiq-

uity. The 40Ar–39Ar ages of intercalated rhyolitic ig-

nimbrite ash beds constrain the age of deposition to

between 15.3 and 10.5 Myr [2,3]. The second type of
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Fig. 1. Location and sample sites plotted on Landsat photo base maps A and B showing the 12 samples studied from the El Salvador Mining

District of northern Chile in relation to other porphyry copper deposits. Atacama gravels are light-colored areas labeled bFanQ in A and B.
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surface sampled (21, 22) is an alluvial fan in the Queb-

rada Turquesa Norte area north of El Salvador. Field

observations indicate that the upper portions of the fans

in Quebrada Turquesa are locally eroded in such a way

that their northern proximal faces have been worn

down to andesite basement. The third set of samples

(72) was collected from incised streambeds in the SVM

where rare storm flow is localized. These channels
contain cobbles which, according to the relative age

assignments ofMortimer [3], should be youngest of all.

Finally, bedrock samples (17, 18, 19, 20, 251) from

steep slopes in Quebrada Granito were sampled to yield

exposure ages of in situ bedrock for comparison with

the previous three sample types.

The concentrations of in situ produced cosmogenic
10Be (t1/2=1.5 Myr) and 26Al (0.705 Myr) were mea-



Fig. 2. Samples 1248-17, 18 (C), and -19 are in-place quartz veins from Quebrada Granito. Sample 1248-20 is a quartz pod from Cerro Pelado.

A rock hammer is shown for scale in D, F, and G. Samples 1248-21 and -22 are aplite cobbles from Quebrada Turquesa Norte. Samples 1248-23

and -24 (D) are quartz vein cobbles from the Damiana area. Sample 1248-72 (E) is a cobble within a contemporary intermittent streambed from

an incised channel in an Atacama gravel fan in the Sierra Villanueva Mountains (SVM) (B). Samples 1248-73 (F) and -74 (G) are quartz cobbles

from the top of the alluvial fan in SVM immediately adjacent to and within 100 meters of sample 1248-72 (E). Sample 1248-251 is a siliceous

jarosite cemented ferrocrete in Quebrada Riolita. Sample 1248-252 was not used in this work.
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sured for each of the 12 samples. After crushing and

grinding the top b2 cm of each sample to an appro-

priate size, quartz was extracted from these rocks by

chemical leaching [13]. After dissolution, Be and Al

were separated from each quartz sample and chemi-

cally purified [13]. Al concentrations were determined

by atomic absorption spectrometry. 10Be and 26Al

AMS measurements were carried out at the LLNL

AMS facility [14]. Cosmogenic 21Ne in aliquots of

quartz from two samples was also measured.

To calculate exposure ages and erosion rates we use

the nuclide concentrations from Nishiizumi et al.

[15,16] for glacially polished samples from the Sierra

Nevada in California. By using the Sierra Nevada site

as a calibration site, which has a similar altitude and

latitude as the Atacama Desert site, we substantially

reduce uncertainties in the production rate due to alti-

tude and latitude scaling. We recalculated the site-

specific production rates using a 13,000 deglaciation

age [17] and using geographic latitude, i.e. with a local

production rate of 52.4F2.5 10Be atoms/g SiO2 yr at

685 g/cm2 and 378N [15]. We then used the scaling

factors of Lal [18] to calculate production rates at the

Atacama Desert sites, which differ only slightly in
altitude from those of the Sierra Nevada glacially

polished calibrated samples and by ~108 in latitude.

The original Nishiizumi et al. [15] and Lal [18] papers

assumed a 7% muon contribution at this elevation.

More recent studies indicate that this value is too

high (e.g. [19]); however, the similarity in altitude

and latitude between the two sites effectively elimi-

nates this systematic uncertainty. As limiting cases the

scaling can first be calculated using the 7% muon

contribution as in the original Sierra Nevada work

and then assuming no muon contribution at all. For

these extreme cases the scaling factors differ by only 2–

3%. Likewise, since the calibration site for the
21Ne/26Al production rate ratio is the same Sierra

Nevada site [20], uncertainties in the muogenic contri-

bution to 21Ne production are not a factor.
3. Results and discussion

The concentrations of 10Be, 26Al, and 21Ne (atom/g

SiO2) are shown in Table 1 along with the sample

location and the Al concentration in the quartz. The
10Be concentrations and 26Al/10Be ratios are plotted in



Table 1

The concentrations of cosmogenic 10Be, 26Al, and 21Ne in quartz from Atacama Desert samples

ID Elevation

(m)

Latitude

(8S)
Longitude

(8W)

Al

(ppm)

10Be

(106 atom/g)

26Al

(106 atom/g)

21Ne

(106 atom/g)

Minimum
10Be exposure

age (Myr)

Maximum

erosion rate

(m/Myr)

17 3201 26.26 69.56 930 12.34F0.35 61.9F1.5 0.35F0.01 1.68F0.05

18 3201 26.26 69.56 5790 11.61F0.15 59.1F3.6 0.33F0.01 1.80F0.04

19 3212 26.26 69.56 2100 11.16F0.32 55.6F1.6 0.32F0.01 1.93F0.09

20 2701 26.22 69.54 220 2.84F0.08 16.4F0.6 0.10F0.01 6.03F0.15

21 2295 26.20 69.59 4150 30.86F0.38 105.3F3.2 594F30 2.22F0.05 0.17F0.02

22 2295 26.20 69.59 11300 33.81F0.43 121.0F5.7 2.63F0.06 0.10F0.03

23 2421 26.25 69.58 3590 41.6F1.2 139.2F4.2 3.49F0.24 0.06F0.02

24 2423 26.25 69.58 3050 39.5F1.1 120.2F2.9 3.08F0.19 0.12F0.04

72 1950 26.50 69.74 1320 5.89F0.15 29.7F1.1 0.36F0.01 1.67F0.04

73 1950 26.50 69.74 450 15.94F0.37 74.9F2.6 1.14F0.03 0.36F0.09

74 1950 26.50 69.74 1320 33.79F0.68 106.3F2.5 456F23 4.41F0.29 0.03F0.01

251 2710 26.25 69.57 30700 8.96F0.15 44.7F9.9 0.34F0.01 1.67F0.04

The observed isotopic ratios were normalized to ICN 10Be (t1/2=1.5�106 yr) and NBS 26Al (t1/2=7.05�105 yr) standards that were diluted

by Nishiizumi. The Ne isotope measurements were performed on a VG 5400 mass spectrometer utilizing ion counting techniques.
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Fig. 3. The errors include only uncertainty of AMS

measurements (1r). The 10Be–26Al/10Be diagram

(Fig. 3) illustrates the exposure–erosion evolution of

both nuclides [18]. Most of the measured data reside

on the lower line, consistent with steady-state erosion.

The location of a data point on this evolution diagram

constrains model exposure ages and erosion rates for a

particular sample. Accordingly, Table 1 provides

model maximum erosion rates and model minimum

exposure ages for each sample. The data form two

distinct groups: one group is populated by boulders

and cobbles from old fans characterized by excee-

dingly low erosion rates and long exposures; the

other group, consisting of bedrock samples from

mountain slopes, is characterized by greater erosion

rates and lower minimum exposure ages.

Samples 23, 24, 73, and 74 were taken from the

surfaces hypothesized to be the oldest. Three of these

four are categorized by long surface exposures and

low erosion rates. The cobbles taken from the alluvial

fan in the SVM, samples 74 and 73, yield minimum
10Be exposure ages of 4.4F0.3 and 1.14F0.03 Myr,

respectively. The cobbles collected from alluvial fans

in the Damiana area, samples 23 and 24, had mini-

mum 10Be exposure ages of 3.5F0.2 Myr and

3.1F0.2 Myr. Sample 73 has a slightly higher erosion

rate as evidenced by its position on the evolution

diagram. The maximum erosion rates for samples

74, 23, and 24 range from 0.03 to 0.12 m/Myr

(Table 1).
The second type of surface sampled was the in-

cised streambed in the SVM where occasional storm

flow is channeled. The clast collected in the stream-

bed, sample 72, has a maximum erosion rate of

1.7F0.1 m/Myr. Relative to the samples collected

from a nearby higher surface (samples 73 and 74),

this sample is eroding much faster. Transport of cob-

bles from the bedrock in mountains upstream is done

by direct delivery into the incised streambeds that are

adjacent to the Atacama gravel fan surfaces.

The third type of surface sample is an erosional

remnant of a once more extensive alluvial fan north

of Damiana in the Quebrada Turquesa area. These

aplite cobbles, samples 22 and 21, have minimum
10Be exposure ages of 2.6F0.1 and 2.2F0.1 Myr,

respectively, and maximum erosion rates of 0.10 and

0.17 m/Myr, respectively. The erosion rates from these

samples are somewhat greater than the cobbles taken

from the older surfaces at Damiana area. These results

are consistent with previous work by Mote et al. [6]

showing that the upper parts of the Quebrada Turquesa

fans are eroding and exposing andesitic basement in an

erosional window beneath the paleo-channel.

In contrast, all bedrock samples from the steep

slopes in Quebrada Granito, samples 17, 18, 19, and

251 have higher erosion rates, ranging from 1.7 to 1.9

m/Myr. The data from the bedrock samples are most

consistent with the steady state erosion line in Fig. 3;

we also interpret these 10Be and 26Al data as indicating

that the bedrock is in erosional steady state. The sur-
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Fig. 3. 10Be concentrations (normalized for atom/g SiO2 at sea level) plotted against 26Al/10Be ratios for Atacama Desert samples. The open
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alluvial fan. The filled circles indicate cobbles and boulders on alluvial fans. The numbers indicate sample ID.
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faces of the steep bedrock slopes have eroded at aver-

age rates of 1.7–1.9 m/Myr, rates that are an order of

magnitude higher than those of the older alluvial fan

surfaces.

Concordance of 10Be and 26Al is usually taken as

evidence of a single-stage exposure geometry. Many

geologic processes may however occur on time-scales

that are not accessible by 26Al or 10Be. Accordingly, to

unequivocally demonstrate radionuclide saturation and

to assess the possibility of complex exposure scenarios

we have measured a third cosmogenic nuclide, 21Ne

from two samples. Fig. 4 shows the 26Al–21Ne evolu-

tion diagram for samples 21 and 74. The 21Ne exposure

age of sample 74 is 8.2–9.0 Myr, based on a 0.03–0.05

m/Myr erosion rate and a 21Ne/26Al production rate

ratio of 0.65 [20]. Based on its position in the
21Ne–26Al evolution diagram, sample 74 was exposed

to cosmic rays in the same geometry for nearly 9 Myr;

the 10Be concentration of this sample is unequivocally
in equilibrium. However, for sample 21, although the
10Be–26Al/10Be diagram indicates a simple steady state

exposure the 26Al–21Ne diagram clearly indicates that

this sample does not have a simple exposure history.

There are several geologically possible models. This

boulder could have been exposed in two stages. The

first stage lasted for 10 Myr, with an erosion rate of

0.05–0.1 m/Myr, similar to sample 23 or 74. The

second stage commenced relatively recently with 10–

15 cm ofmaterial spalling off the surface. Other models

are possible but even with three nuclides it is impossi-

ble to define the exposure conditions unequivocally.

It is worth re-emphasizing that from the 10Be and
26Al measurements alone a simple single-stage irradi-

ation history would be a reasonable deduction, howev-

er the 21Ne measurements clearly indicate a complex

exposure. The determination of complex exposure his-

tories using more than two nuclides, encompassing

both radionuclides and stable nuclides, is routinely
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employed for extraterrestrial materials (e.g. [21]); this

is the first application of this approach to terrestrial

samples.

Based on the 10Be and 26Al data alone, we could

conclude that there are two distinct erosional regimes in

the Atacama Desert: the alluvial fans have extremely

low erosion rates and represent the oldest features in

this area; the bedrock and stream beds are characterized

by higher erosion rates relative to the alluvial fans. The

maximum erosion rates at some of these sites, less than

0.2 m/Myr, are nevertheless extremely low in compar-

ison to most environments. With the notable exception

of exposed surfaces in Antarctica (e.g. [22]), which

have extremely low erosion rates, b0.1 m/Myr, the

alluvial fans from which these samples were gathered

may be the oldest stable surfaces, possessing the slow-

est erosion rates, on Earth’s surface. Other landforms

have been extensively characterized using cosmogenic

nuclides: cobbles and bedrock from the Namib Desert

(e.g. [23,24]); and bedrock landforms from Australia

(e.g. [25]). Bierman and Caffee [23] observed exposure

ages range from 0.3 to 2.4 Myr and erosion rates are as
low as 0.22 m/Myr in the Namib Desert. Erosion rates

from the Atacama Desert fans range from 0.03 to 0.17

m/Myr. A common feature of all these areas is hyper-

aridity: the average precipitation in the Atacama Desert

is b20 mm/yr; and in the coastal regions of Namibia,

where the lower erosion rates were observed, annual

precipitation is b50 mm/yr. Although the snow precip-

itation rate (water equivalent) in Antarctica is higher

than many dry areas outside of Antarctica, continuous

low temperatures in Antarctica preclude the interaction

of liquid water with exposed rock.

Although a lack of precipitation alone could be

invoked as an explanation for the low erosion rates

in Atacama this does not account for the dichotomy in

erosion rates seen in Atacama between bedrock and

alluvial surfaces. A possible explanation for this

somewhat surprising circumstance may be related to

the lithologies of the cobbles themselves. The cobbles

sampled for this work are vein-quartz and aplite,

minerals that are derived from nearby bedrock and

are also highly resistant to chemical weathering: sur-

viving pre- and post-depositional and hydrothermal
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alteration processes. Their deposition creates a stable

landform that is highly resistant, more so than the

bedrock to alteration processes. The 21Ne results fur-

ther attest to the antiquity of these landforms. The
21Ne data from sample 74 is most easily explained by

a single stage exposure of ~9 Myr. While the second

cobble, sample 21, shows clear evidence of a complex

exposure, its first exposure geometry was probably 10

Myr in duration, and only recently was it exposed in a

new geometry. The cosmogenic nuclides measured in

this work clearly demonstrate the preservation and

antiquity of these surfaces. Desertification subsequent

to deposition preserved this middle Miocene fossil

landscape that we observe today.

The existence of two erosion regimes in the Ata-

cama region attests to an extreme disequilibrium in

landform evolution. The alluvial surfaces, consisting

of quartz and aplite are eroding almost imperceptibly.

The bedrock erosion rates are substantially higher and

are in fact essentially the same as bedrock erosion

rates measured by cosmogenic nuclides in desert

regions of Australia and Namibia. Although the bed-

rock surfaces in the Atacama are higher than the

alluvial surfaces, erosion is inexorably wearing them

down and will eventually leave the depositional sur-

faces as the oldest and highest landforms.
4. Summary

Cosmogenic nuclides have been measured in sam-

ples collected on alluvial and bedrock surfaces in the

AtacamaDesert. Measurements of 10Be, 26Al, and 21Ne

indicate a single-stage 9 Myr exposure for a cobble

taken from an alluvial fan. Other cobbles yield expo-

sure ages nearly as old verifying the Miocene age of

these alluvial features. Measurements of three cosmo-

genic nuclides also identified a case of complex expo-

sure history. The erosion rates of these cobbles are the

lowest measured quantified using cosmogenic nuclides

on Earth’s surface outside of Antarctica. Erosion rates

from adjacent steep bedrock surfaces yield an order of

magnitude higher than those of cobbles at the alluvial

fans. Over geologic time, the Atacama landscape is

evolving in such a manner as to erode the higher

bedrock ridges relative to the more stable, but strati-

graphically lower depositional surfaces through which

clastic detritus now travels occasionally along the
floors of incised drainage systems leaving the older

alluvial fan surfaces largely intact as widespread rem-

nants of a Miocene fossil landscape.
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