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a b s t r a c t

There is significant debate over the rates and types of fluvial activity at the Plio-Pleistocene boundary in
the hyperarid Atacama Desert of Chile. To quantify fluvial processes and help resolve this debate, we
measure terrestrial cosmogenic nuclide (TCN) (10Be and 21Ne) concentration depth profiles in three
settings representing a chronosequence: (1) a late Pliocene alluvial fan representative of major regional
deposits, (2) a modern, active channel and (3) an adjacent low terrace inset into the Pliocene alluvium.
Late Pliocene deposits that are widely preserved in the region contain TCN profiles consistent with
relatively rapid stripping of upland sediment at the Plio-Pleistocene boundary. Deposits inset into these
Late Pliocene features record cut and fill cycles that rework sediment throughout the Quaternary. The
TCN profile in the modern channel is best explained by sediment aggradation at 2.1 m Myr−1 during the
last 250,000 yr. Similarly, the adjacent low terrace sediments contain TCN concentration profiles
consistent with aggradation of 2.0 m Myr−1 over a period of 250,000–750,000 yr prior to the last
250,000 yr of stability. In summary, depth profiles of two TCNs provide constraints on the rates of
sediment deposition, sources of sediment and transport history, as well as the subsequent exposure
conditions of the sediment following deposition. Our results are consistent with early Quaternary
initiation of hyperaridity for the region. During the Quaternary, winter precipitation events experienced
at our sites' latitude (241S) drive active erosion–deposition cycles. The northward migration of the
subtropical front during Quaternary glacial cycles may have enhanced precipitation at 241S, leading to
more active fluvial processes during cooler periods.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Alluvial landforms of the Atacama Desert of Chile are widely
dominated by pre-Pleistocene deposits, and the hyperarid region
is remarkable for the modest to negligible Quaternary modifica-
tion of the landscape (e.g., Dunai et al., 2005). Landscape recon-
structions indicate that prominent Miocene and Pliocene alluvial
deposits represent large regional erosion/depositional events,
whereas Quaternary processes have locally incised into or lap over
these regional fluvial deposits (Amundson et al., 2012). Addition-
ally, bedrock hillslopes are covered with dust and salt, and are in
large part isolated from present drainage networks. As a result,
Quaternary channels are typically left to rework sediment eroded

from adjacent Pliocene and Miocene deposits rather than sedi-
ment produced from bedrock or saprolite in an actively eroding
upland. Constraints on the magnitudes, frequencies and rates of
fluvial processes are sparse.

The proposed change in magnitude and nature of the post-
Pliocene, Quaternary sedimentary processes in the Atacama Desert
should be recorded in terrestrial cosmogenic nuclide (TCN) surface
concentrations, as well as in the TCN depth profiles observed in
fluvial deposits. Prior work in the Atacama Desert focused on the
exposure ages of surface clasts (Dunai et al., 2005; Nishiizumi et al.
2005; Ewing et al., 2006; Gonzalez et al., 2006; Carrizo et al., 2008;
Evenstar et al., 2009; Placzek et al., 2010). We show, however, that
depth profiles of TCNs, particularly 10Be and 21Ne, provide addi-
tional and novel insights into the transport and deposition history
of sampled sediment.

To further quantify rates of fluvial processes in the Atacama
Desert, we present a dataset of in-situ produced cosmogenic 10Be
and 21Ne concentration depth profiles in alluvial sediments from
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the central Atacama Desert that include the regional late Pliocene
deposits and younger, localized Quaternary fluvial features inset
into this regional landform. To interpret these data, we (1) compare
surface concentrations of cosmogenic nuclides to depth profiles,
(2) investigate the complexity of sediment exposure histories, and
(3) use cosmogenic nuclides to quantify Quaternary deposition in
active channels.

1.1. Setting

The Atacama Desert spans approximately 8–101 of latitude
within the structurally defined Central Depression of Northern
Chile. Three factors are commonly cited as the cause for the
region's extreme lack of precipitation: (1) the rain shadow of the
Andes to the east, blocking moisture from the Atlantic Ocean;
(2) the region's position within the subtropical high-pressure belt;
and (3) the upwelling of cold water to the west related to the
Pacific Ocean's Humboldt current (e.g., Houston, 2006). Addition-
ally, the Coastal Cordillera between the Central Depression and the
Pacific Ocean minimizes the amount of moisture that can reach
the Atacama. A north–south gradient in mean annual precipitation
sets the boundaries of ecosystems. The hyperarid north (19–231S)
is largely abiotic, and increasing fog and precipitation from 261 to
291S enables vegetation to begin taking hold near the southern
extent of the desert (Navarro-Gonzalez et al., 2003; Rundel et al.,
1991; Owen et al., 2011).

Our study is focused within the hyperarid central Atacama
Desert, between 211and 241S (Fig. 1), an area that now experiences
minimal winter rainfall (o3 mm yr−1) sourced from the Pacific
Ocean. Specifically, we centered our study around the 241S latitude,
near a boundary between moisture effects from two wind belts, the
southern westerlies and the tropical easterlies (Maldonado et al.,
2005). North of 241S, most of the moisture carried by the tropical
easterlies is excluded from the northern Atacama Desert by the rain

shadow of the Andes. During the summer, however, convective
precipitation related to the South American Summer Monsoon can
deliver moisture to the eastern edge of the northern Atacama
Desert (Zhou and Lau, 1998; Ammann et al., 2001; Placzek et al.,
2010). South of 241S, precipitation thus increases with latitude and
is delivered primarily in the form of winter precipitation from
Pacific fronts and cutoff lows (Vuille and Ammann, 1997; Latorre
et al., 2006; Placzek et al., 2010). The rare precipitation events that
have delivered the minimal rainfall recorded near 241S are most
likely attributed to the interception of these cold air masses by
increasingly high topography to the east of the Central Depression
(Vuille and Ammann, 1997; Placzek et al., 2010). Any past shift in
the boundary between these two moisture regimes would be
significant to processes active across our study sites since they are
near the modern boundary. Independent studies of the late
Quaternary paleoclimate of northern Chile suggest that the north-
ernmost boundary of Pacific-derived moisture has shifted toward
the equator during recent glacial periods (Lamy et al., 1998; Lamy
et al., 2000; Stuut and Lamy, 2004; Maldonado et al., 2005; Heusser
et al., 2006). It is therefore possible that the magnitude of
precipitation fluctuated to levels higher than that present for
hyperarid sites located from 221S to 241S, including our study area.

The pace of hillslope and fluvial processes in the Atacama
Desert is widely thought to be slower than most places on Earth.
However, a growing regional catalog of erosion rates and exposure
ages derived from TCN concentrations in bedrock, boulders, and
sediment reveals active processes, likely of varying magnitude and
duration, from the Miocene to the present (Dunai et al., 2005;
Nishiizumi et al., 2005; Kober et al., 2009; Evenstar et al., 2009;
Owen et al., 2011; Placzek et al., 2010; Amundson et al., 2012).
Such studies also reveal that results from opposite ends of the
cosmogenic nuclide-derived surface process rate spectrum mirror
the modern day gradient of an increasingly hyperarid climate from
241S northward. Dunai et al. (2005) reported a wide range of

Fig. 1. Sample sites in the hyperarid Atacama Desert of northern Chile. Modern channel and low terrace profiles are east of Antofagasta in the Central Depression. The
alluvial fan profile is farther south but within the same geological framework. Inset photographs show field setting for each sample site: modern channel (‘Floating Man’),
low terrace (‘Dancing Bag’), and alluvial fan (‘Yungay’). Please see Supplementary Fig. S1 and the Supplementary KMZ file to view higher resolution imagery of each site.
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exposure ages, from 4 to 37 million yr, for surficial cobbles on an
alluvial fan remnant in the northern Atacama Desert. The pre-
servation of such relict landforms requires negligible erosion from
their deposition to the present. Such low erosion rates are
consistent with the extremely low probability of precipitation
within the northern Atacama Desert, as predicted by the modern
climate gradient. In contrast, Placzek et al. (2010) collected
samples along a transect from the Andes, across the Central
Depression, to the Coastal Cordillera, roughly parallel to ∼241S
and reported minimum exposure age–maximum erosion rate pairs
derived from 10Be, 26Al, and 21Ne concentrations that suggested
active surface processes throughout the Pleistocene. Placzek et al.
(2010) interpret low cosmogenic nuclide concentrations in fluvial
sediment to mean that (1) sediment is not simply being derived
from nearby, long-exposed boulders, and (2) surface processes
must be active in the Pleistocene. Cyclical shifts of wetter condi-
tions during the Quaternary may have driven the surface processes
inferred by Placzek et al. (2010).

1.2. Study approach

Our goal is to quantify rates of Pliocene and Quaternary surface
processes in the Atacama Desert. To do so, we sampled a TCN
depth profile from a regionally extensive Plio-Pleistocene fill that
was the focus of previous cosmogenic nuclide surface exposure
studies (Ewing et al., 2006) and other isotopic studies investigating
pedogenic processes (Ewing et al., 2007, 2008). We chose two
additional sites to explore the nature of inset Quaternary features:
(1) the modern channel of an active wash system; and (2) an
adjacent terrace of the same system. These three field sites
represent a chronosequence of the regional fluvial systems that
span what is hypothesized to be a major climate and hydrological
change in the late Pliocene (Wara et al., 2005).

Questions addressed by our data include: (1) how active are
modern alluvial channels in the present hyperarid climate,
(2) when did the fluvial network last incise into its alluvial bed,
abandoning its lowest terraces, and (3) are the broad alluvial fans
widely observed throughout the Central Depression still active, or
are they stable, relict landforms related to a past climate?

2. Methods

2.1. Determining sediment deposition rates with TCN depth profiles

The rate and duration of sediment deposition, bioturbation, and
erosion control the concentrations of cosmogenic nuclides as a
function of depth within the upper few meters of an alluvial deposit
(e.g., Lal and Arnold, 1985; Phillips et al., 1998; Granger and Riebe,
2007). Most commonly, TCN concentration depth profiles are used
to infer the duration that a deposition surface has been stable.
The determination of a surface exposure age for a fluvial terrace
must account for ‘inherited’ TCN concentrations in sediment
produced during exposure upstream from the terrace (Anderson
et al., 1996):

Nðz; tÞ ¼N0e−λt þ
P0eð−ρzÞ=Λ

λþ ðρε=ΛÞ ð1−e
−ðλþðρε=ΛÞÞtÞ ð1Þ

where N is the cosmogenic nuclide concentration [atoms g−1], t is the
time [yr], N0 is the inherited concentration of the cosmogenic nuclide
[atoms g−1], ε is the erosion rate [cm yr−1] (assumed to be zero for
our purposes), λ is the decay constant for a radionuclide [yr−1], z is
the depth below the deposit surface [cm], P0 is the cosmogenic
nuclide production rate at the surface [atoms g−1 yr−1], Λ is the
attenuation length for cosmogenic nuclide production [g cm−2], and
ρ is the sediment density [g cm−3].

In a few cases, profiles of TCNs with depth have not shown the
expected relationship of an exponential decline with depth that is
diagnostic of an attenuation profile produced during a period of
stability. Rather, these profiles reflect an increase in TCN concen-
trations with depth (Clapp et al., 2001; Nichols et al., 2002). In
such a case, the TCN concentration depth profiles can be used to
infer steady-state deposition rates for the sediment by fitting the
data to analytical models that quantify the TCN concentration as a
function of depth and sediment deposition rate. The difference in
form between a TCN concentration depth profile that is a function
of deposition rate (Eq. (2)) vs. a function of exposure time and
erosion rate (Eq. (1)) is clearly observable (Fig. 2).

Lal and Arnold (1985) first defined the steady-state solution for
TCN concentrations in accumulating sediment as a function of
depth and sedimentation rate:

Nðz;DÞ ¼Nie−λz=D þ P0

ðDρ=ΛÞ−λ ðe
−λz=D−e−ρz=ΛÞ ð2Þ

where D is the deposition rate [cm yr−1], Ni is the cosmogenic
nuclide concentration of sediment being deposited at the surface
[atoms g−1], and all other variables are as defined for Eq. (1). Note
that this formulation of Lal and Arnold's solution accounts for
decay of radionuclides unlike several later formulations (e.g.,
Phillips et al., 1998; Clapp et al., 2001; Nichols et al., 2002).
Versions of Eq. (2) that do not account for decay are best suited
for settings where erosion–deposition cycles are much shorter
than the half-life of any cosmogenic radionuclide of interest. If
sediment deposition rates are on the order of 1 m Myr−1 or slower,
as in the Atacama Desert, then radionuclide decay must be
accounted for (Lal and Arnold, 1985).

Clapp et al. (2001) and Nichols et al. (2002) both reported
sediment deposition rates from alluvial deposits in semi-arid
landscapes of the American Southwest. Clapp et al. (2001) fitted
their data to a deposition rate of 280 m Myr−1 which implies that
the 350 cm deep exposure of sediment that they sampled was
deposited over approximately 12,500 yr. This inferred period of

Fig. 2. Transition from a 10Be depth profile that is a function of deposition rate to a
profile that is a function of exposure time and erosion rate. If sediment is steadily
accumulating at a site, then 10Be concentrations increase with depth according to a
characteristic depositional profile defined by Eq. (2). If an aggrading stream incises
into its alluvial bed, the previously aggrading sediment becomes stable, and 10Be
concentrations will begin to transition toward the more familiar attenuation
profile, defined by Eq. (1), associated with surface exposure dating of alluvial
deposits (e.g., Anderson et al., 1996).
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deposition is much shorter than the half-life of 10Be (their nuclide
of interest), so decay of 10Be was not an issue. Nichols et al. (2002)
reported slightly slower deposition rates of 17 and 38 mMyr−1, but
these rates still suggested an erosion–deposition cycle shorter than
the half-lives of their two target nuclides, 26Al and 10Be.

2.2. Sample collection and processing

At each site, we collected sediment at regular intervals from the
land surface to depths of 75–200 cm. The maximum sampled depth
was set by either sedimentary deposit boundaries, or by practical
constraints on digging. Samples were first sieved to extract the
250–1000 μm fraction, and pebbles larger than 1000 μm were then
crushed and sieved to bulk up the total amount of sample in the 250–
1000 μm range since samples were not quartz-rich. We then isolated
quartz via cleaning in aqua regia and subsequent etching in HF and
HNO3. We extracted 10Be through column chromatography, and
10Be/9Be ratios were measured via accelerator mass spectrometry
at the Purdue Rare Isotope Measurement Laboratory at Purdue
University. Table 1 shows complete results.

We measured cosmogenic 21Ne at the Berkeley Geochronology
Center by encapsulating 150 mg aliquots (of the same purified quartz
analyzed for 10Be) in a Ta packet, heating them under vacuum using a
150W diode laser, purifying the released gas by reaction with hot
and/or cold getters and cryoseparation of Ne from other noble gases,
and analyzing the resulting Ne in a MAP-215-50 mass spectrometer.
Balco and Shuster (2009) describe analytical details. Table S1 shows
complete results. Ne isotope ratios in all steps were indistinguishable
from a two-component mixture of atmospheric and cosmogenic
neon, so we computed cosmogenic Ne concentrations on this basis.
Analyses of the CRONUS-A quartz standard during the period of
these measurements yielded a cosmogenic 21Ne concentration of
338.973.8�106 atoms g−1.

2.3. Modeling approach

We fit Eq. (2) to our observed TCN concentrations by determin-
ing the values of the free parameters Ni and D that minimized the
chi-squared misfit between modeled values and our data:

M¼ ∑
n

j ¼ 1

Nðzj;DÞ−Nj

sj

� �2
ð3Þ

where N(zj,D) is the modeled cosmogenic nuclide concentration at
depth zj and a given deposition rate, Nj is the measured cosmo-
genic nuclide concentration at depth zj, sj is the one standard error
analytical uncertainty at depth zj, and n is the number of samples
in our profile. We utilize the ‘fmincon’ function of the MATLAB
Optimization Toolbox to identify a minimum in an objective function

for fitting modeled deposition profiles to our data (see Supplementary
material for example M-files).

3. Results and discussion

3.1. Late Pliocene fan (‘Yungay’)

To place the data from our younger field sites in a regional
context, we first report the TCN profile from an alluvial fan that is
part of a prominent regional depositional blanket into which
Quaternary features are incised and deposited (Fig. 1). The Yungay
site is on the distal end of alluvial fans derived from adjacent
uplands and small mountains. Amundson et al. (2012) noted that
these fans fill in, and thus postdate, early Pliocene or Miocene
stream channels. In addition, the source areas of the fans (the
surrounding uplands) are now encased in salt and dust, and are
largely inactive as a sediment source. Based on these relations,
Amundson et al. (2012) interpret the fan aprons around the
uplands to be the result of regional response to the onset of
hyperarid conditions, and the fans are composed of the sediment
stripped from surrounding uplands as vegetation declined or
disappeared during this regional aridification. Evidence supporting
this hypothesis is that the surrounding uplands have little sapro-
lite, and largely consist of salt fractured fresh igneous rock covered
with sulfate/chloride/nitrate salts and silicate dust.

The age of the alluvial aprons are constrained at ∼2.1–2.2 Myr
by K–Ar or Ar–Ar dating of ash embedded within the upper meter
of sediment in a deposit near our site (Ewing et al., 2006), and by
10Be concentrations of surface boulders/clasts (Ewing et al., 2006;
Amundson et al., 2012). At the ash site, 10Be concentrations ranged
from 6.27�106 to 1.13�107 atoms g−1, yielding minimum appar-
ent exposure ages from 0.988 to 2.42 Myr—ages consistent with
the nearby ash dates. The range of apparent boulder ages is most
likely a function of differences in boulders' exposure histories both
prior to and after deposition. Such scatter in exposure ages
combined with observations that the salt-laden soils have under-
gone at least partial surficial alteration by past climatic oscillations
(Ewing et al., 2006) motivates the use of a TCN concentration
depth profile through the soils and sediments to better constrain
the age of the apron.

The depth profile of 10Be at Yungay decreases exponentially
with depth from 0.5 m to 2 m, with the surface having the lowest
10Be concentration (Fig. 3). This pattern is suggestive of an
attenuation profile that is truncated near the surface by an `active
transport layer' as described by Nichols et al. (2002) for biotically
and hydrologically active sites in the southwest United States.
There is no evidence for biotic processes impacting the Yungay soil
throughout its history, nor is there evidence of re-activation of

Table 1
Sample locations and cosmogenic nuclide concentrations.

Sample ID Latitude Longitude Elevation Depth [10Be] 7 [21Ne] 7
(m) (cm) (atoms/gqtz) (atoms/gqtz)

CH-DB-000cm −23.76426 −70.26296 566 0 4.38E+06 1.28E+05 4.94E+07 1.49E+06
CH-DB-050cm −23.76426 −70.26296 566 50 4.21E+06 1.88E+05 6.97E+07 3.31E+06
CH-DB-100cm −23.76426 −70.26296 566 100 4.20E+06 6.02E+04 6.50E+07 3.03E+06
CH-DB-150cm −23.76426 −70.26296 566 150 4.27E+06 2.01E+05 5.57E+07 2.05E+06
CH-FM-000cm −23.76484 −70.24759 614 0 3.73E+06 8.12E+04 5.72E+07 3.84E+06
CH-FM-025cm −23.76484 −70.24759 614 25 3.96E+06 1.15E+05 6.24E+07 3.06E+06
CH-FM-050cm −23.76484 −70.24759 614 50 4.27E+06 1.29E+05 6.41E+07 3.21E+06
CH-FM-075cm −23.76484 −70.24759 614 75 4.66E+06 2.04E+05 5.30E+07 2.25E+06
CH-YG-000cm −24.10161 −70.01829 1009 0 6.98E+06 2.41E+05 8.33E+07 4.21E+06
CH-YG-050cm −24.10161 −70.01829 1009 50 8.31E+06 1.66E+05 8.97E+07 3.99E+06
CH-YG-100cm −24.10161 −70.01829 1009 100 7.92E+06 1.58E+05 9.66E+07 4.09E+06
CH-YG-200cm −24.10161 −70.01829 1009 200 7.54E+06 1.61E+05 n/a n/a
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distributary channels. However, the upper few tens of centimeters
appear to be composed of more recent dust and sulfate salt overlain
upon a dense sulfate horizon that may have been truncated, or at
least modified, by more pluvial intervals (Quade et al., 2008). At
Yungay, these intervals must not have been so humid or prolonged
as to remove the salts in the profile.

We model the evolution of 10Be and 21Ne concentrations in
sediment undergoing either simple exposure or steady erosion
(Fig. 4). If sediment is buried and shielded from further TCN
production, the continued radioactive decay of 10Be moves the
sediment's TCN signature from the steady state erosion island (Lal,
1991) into the ‘complex exposure’ field. 10Be/21Ne ratios for
sediment in the Yungay profile plot within the steady state erosion
island, suggesting rapid erosion of the sediment from the uplands
and deposition in the Yungay fan complex. This is consistent with

the hypothesis of Amundson et al. (2012) of a relatively rapid
geomorphic response to a profound climate change near 2.2–
2.0 Myr, one that is contemporaneous with the onset of the Pacific
ENSO cycle (Wara et al., 2005).

It is important to note that, considered without the underlying
profile, our surface sample's 10Be concentration of 6.9870.241�
106 atoms g−1 would suggest a minimum exposure age of ∼1.4 Myr.
This age agrees with previously reported exposure ages of 0.92–
2.1 Myr inferred from surface samples at the same site (Amundson
et al., 2012). Fitting the truncated attenuation profile with Eq. (1)
(using exposure time and inheritance as free parameters and
assuming no erosion) suggests, however, an apparent exposure
age of approximately 300,000 yr and an inheritance of 8.4�
106 atoms g−1 (Fig. 3). We take this 300,000 yr as an extreme
minimum for the timing of this fan surface's abandonment, with a
maximum age of ∼2 Myr for the deposit inferred from the ash dated
in a loosely correlative fan deposit 16 km to the southwest (Ewing
et al., 2006). This difference between the fan's maximum and
minimum age estimates is expected. Surface exposure dates derived
from TCN concentrations in alluvial deposits provide minimum
estimates for a surface's age by definition (Gosse and Phillips,
2001), and even slow erosion of the surface will have a large effect
on a deposit's apparent exposure age. A study investigating young
displacement on the Atacama Fault System reported a similar result
in dating alluvial fans 15–20 km to the northwest of our site
(Gonzalez et al., 2006). Gonzalez et al. (2006) measured 21Ne quartz
clasts from the surfaces of abandoned alluvial fans, and they correct
for 21Ne inheritance by subtracting TCN abundances measured in
modern channel sand collected from each fan's source catchment
from surface clasts' 21Ne concentration. Apparent exposure ages
derived from corrected 21Ne concentrations ranged from 350,000
to 550,000 yr, in contrast to maximum ages of 3–5 Myr for the bajada
derived from ashes 1–3 m below the fan's surfaces. Our data and that
of Gonzalez et al. suggest that an effort should be made to constrain
deposits' TCN inheritance when determining surface exposure ages
in the Atacama Desert.

3.2. Modern channel (‘Floating Man’)

We selected a wash system incised into the regional alluvial
deposits (Fig. 1) to determine both the long term stability of these
systems and to better understand their sediment sourcing and

Fig. 3. 10Be depth profile for Yungay soil (error bars are 1s analytical error) with soil profile sketch and description (Ewing et al., 2006) for context. 10Be concentrations jump
to higher concentrations at 50 cm below the surface, and then decay with depth. Surface concentrations are similar to those reported by Ewing et al. (2006). A best-fit
exposure age for this profile using Eq. (1) suggests an apparent exposure age of 300,000 yr.

Fig. 4. Lal ‘erosion island’ plot for 10Be/21Ne ratios of modern channel, low terrace, and
alluvial fan samples. Concentrations above the simple exposure (i.e., no erosion) line
are not possible. Steady erosion line is a continuum of steady-state erosion endpoints.
Concentrations between the simple exposure curve and the steady erosion curve are
within the ‘island’ of simple exposure and erosion. Concentrations below the steady
erosion continuum are the result of repeated burial and re-exposure or constant burial.
Samples from themodern channel and low terrace profiles have undergone a complex
exposure history during transport within the Central Depression. Samples from the
alluvial fan profile appear to have undergone only one cycle of erosion and deposition.
Sixty-eight percent confidence ellipses for analytical error.
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cycling. We begin by examining the active wash (named ‘Floating
Man’ in the field).

In the modern channel, 10Be and 21Ne concentrations increase
as a function of depth into the channel's alluvial bed (Fig. 5). This
pattern is the reverse of an attenuation profile that develops in a
stable soil (see Yungay above), and is consistent with TCN
concentrations that develop in alluvium aggrading at a relatively
constant rate. Surface concentrations are lowest and should be a
function of either the upland erosion rates (Brown et al., 1995;
Bierman and Steig, 1996; Granger et al., 1996) or the exposure
history of the sediment being sourced by the fluvial system.
Progressively deeper samples accumulate TCNs at lower and lower
production rates until they are completely shielded by burial from
further nuclide production. We fit the 10Be and 21Ne profiles to
solutions for Eq. (2) to identify the best-fit values for 10Be and 21Ne
at the surface and a best-fit deposition rate. The data are best
described by inherited 10Be and 21Ne concentrations of 3.727
0.076�106 atoms g−1 and 59.371.90�106 atoms g−1, respectively,
and a deposition rate of 2.171.0 mMyr−1. We fit only the upper
three samples for each nuclide at this site because the 10Be/21Ne
ratio for the deepest sample is significantly different from the
overlying samples' 10Be/21Ne ratios (Fig. 4), suggesting a different
sediment source. A variation in sediment source, and associated
cosmogenic nuclide concentrations, would violate the assumption
of a consistent input concentration at the profile's surface which
Eq. (2) requires. Our model suggests that the upper 50 cm of
sediment accumulated over approximately 250,000 yr. Since it is
possible that this deposition profile continues below our deepest
sample, 250,000 yr is a minimum estimate for the duration of the
current aggradation within the wash. We note that including
the 10Be concentrations at 75 cm does not significantly affect
the best-fit deposition rate for this site. If the deepest sample is
included in the deposition model, then this profile reflects
375,000 yr of deposition.

The 10Be/21Ne ratios for samples in the modern channel require
intermittent burial and shielding of the sediment during its
transport through the fluvial system (Fig. 4). This complex expo-
sure history for sediment in the modern channel is indicative of
two important features for this Quaternary fluvial system:
(1) sediment is being sourced from older alluvial deposits that
have undergone at least one episode of exposure and burial. This
scenario is consistent with our observations that hillslopes provide

little sediment and the modern washes largely tap and rework
older alluvial fan deposits. (2) The cut–fill nature of this system
reflects cycles of sediment transport (exposure), deposition
(shielding), and remobilization (re-exposure) in the drainage net-
work during the Quaternary.

3.3. Stream terrace (‘Dancing Bag’)

Adjacent to the active wash is a small terrace remnant inset
into the regional, Pliocene alluvium (Fig. 1). We examined an
exposure of this terrace created by the present wash. The profile
revealed ∼50 cm of relatively unweathered alluvium over a salt-
cemented hardpan. The field interpretation of this stratigraphy is
that the incising stream truncated the well-developed soil (Ewing
et al., 2006) in the alluvial fan down to a restrictive layer and left
an overlying cap of more recent sediment. The adjacent wash was
at some point able to breach the salt-cemented layer, incise, and is
now aggrading (as discussed in the previous section).

Unlike the other two sites, the 10Be concentrations in the terrace
are constant as a function of depth. A constant relationship between
cosmogenic nuclide and depth is not uncommon in a well-mixed
upland soil (Jungers et al., 2009), but it is unusual and unexpected in a
physically stable surface such as an abandoned fluvial fill terrace in an
abiotic environment. Previous work suggests two possible scenarios
for the development of a depth-invariant cosmogenic nuclide profile:

(1) Mixing of sediment by biota (gophers, ants, worms, trees, etc.)
produces a constant relationship between cosmogenic nuclide
concentrations and depth (Perg et al., 2001; Granger and
Riebe, 2007; Jungers et al., 2009) because the timescale of
mixing is significantly shorter than the time needed to develop
the cosmogenic nuclide attenuation profile of Fig. 2.

(2) Cosmogenic nuclide concentrations in well-mixed fluvial sedi-
ment deposited very recently and rapidly will be depth-
invariant since the sediment would represent an averaged
sample of sediment from the eroding uplands (Anderson et al.,
1996). Such a deposit must be younger than approximately
100,000 yr (at this site's latitude and elevation) to have not
developed a cosmogenic nuclide attenuation profile.

The setting of our stream terrace site seems to preclude both of
these possibilities. First, there is no biota, a requirement
of scenario 1. Second, the roughly constant cosmogenic nuclide
concentration profile with depth at this terrace is similar to the
concentrations observed in the modern channel, which could only
be possible under scenario 2 if the terrace was deposited effec-
tively ‘yesterday’.

We approach the interpretation of this somewhat unusual TCN
depth profile by leveraging our knowledge of when the modern
channel incised below the terrace's surface. We have determined that
the cosmogenic nuclide profile in the modern channel is best
explained by a steady-state deposition rate of 2.1 mMyr−1, and this
requires that the channel incised below this terrace site and has
subsequently been aggrading for at least 250,000 yr. Using this
known minimum estimate for the duration of stability for the
sampled terrace, we solve Eq. (1) for N0, which provides an initial
condition for each of our sampled depths. Note that N(z,t) is the
observed concentration for each depth in our profile. We find that
the initial condition for this terrace's sediment was a steady-state
deposition profile similar in form to the profile observed in the
modern, aggrading channel (Fig. 6). The best-fit deposition rate for
the terrace's initial condition is approximately 2 mMyr−1, a rate in
agreement with the modern rate of 2.1 mMyr−1. Thus, we infer that
(1) deposition rate for this fluvial system during its previous
aggradation cycle was nearly the same as the modern rate, (2) the
150 cm thick package of sediment preserved in this terrace was

Fig. 5. 10Be and 21Ne depth profiles for modern channel site (‘Floating Man’).
Cosmogenic nuclide concentrations increase as a function of depth suggesting a
depositional profile (error bars are 1s analytical error and smaller than the symbols
for the 10Be data). We infer a best-fit deposition rate of 2.171.0 m Myr−1 for both
nuclide profiles. This rate requires a minimum period of aggradation of 250,000 yr
for this site (i.e., 0.5 m Myr/2.1 m). Error bars are 1s analytical uncertainty.

M.C. Jungers et al. / Earth and Planetary Science Letters 371-372 (2013) 125–133130



Author's personal copy

deposited over a period of 750,000 yr, and (3) during the past
∼250,000 yr of stability, the cosmogenic nuclide concentration depth
profile has transitioned from a steady-state deposition profile toward
an attenuation profile, leading to a roughly depth-invariant isotopic
profile. It is also possible that the terrace deposit is composed of
more than one depositional unit. If deposition in the terrace was
limited to the sediment above the stratigraphic discontinuity
at 50 cm (the salt-cemented layer), then the inferred duration of
deposition for terrace sediment is only 250,000 yr prior to terrace
abandonment. A process model summarizes the relationship
between deposition and erosion cycles and 10Be concentrations for
both the low terrace and modern channel sites (Fig. 7).

Further information about this profile and its sediment can
be interpreted from the 10Be/21Ne ratios. The 10Be/21Ne ratios, like
that of the channel, suggest complex exposure histories that
would be expected from repeated reworking of sediment as it
moves through this alluvial system from source to sink (Fig. 4).

4. Conclusions

We use 10Be and 21Ne concentration depth profiles in a chrono-
sequence of alluvial features in the Atacama Desert to quantify
changes in the rates of surface processes and the sources of

Fig. 6. The initial condition (pre-abandonment) for sediment at our low terrace site is determined by leveraging our knowledge of how long the adjacent channel has been
aggrading subsequent to its incision below the terrace level. Solving Eq. (1) for N0 finds the pre-incision 10Be concentrations for each sample depth (C). This initial condition
is essentially the result of subtracting the amount of 10Be produced during terrace stability (B) from the observed 10Be profile (A). Since 250,000 yr of exposure is a minimum
estimate derived from the modern channel cosmogenic nuclide depth profile, we also include two longer exposure scenarios. However, initial conditions inferred from the
500,000 and 750,000 yr exposure scenarios suggest deposition profiles that are not reasonably explained by Eq. (2)—i.e., they would require deposition rates one to two
orders of magnitude slower than even the very slow rates we observe at our modern channel site. The best fit deposition rate for the initial condition inferred from the
250,000 yr exposure scenario is 2 m Myr−1.

Fig. 7. Process model for the relationship between the modern channel site (‘Floating Man’ or FM) and the adjacent low terrace (‘Dancing Bag’ or DB). Note that for this
model we include the deepest sample from the FM profile, so aggradation in the modern channel begins at 375,000 yr before present. Prior to 375,000 yr, the fluvial system
had incised into Tertiary fill deposits, and subsequently aggraded for as long as 750,000 yr to produce the initial condition for the DB 10Be profile (A). At 375,000 yr, the fluvial
system incised below the DB terrace, and aggradation began. By 250,000 yr b.p. (B), 25 cm of sediment has aggraded in the modern channel and a steady-state deposition
profile is developing for 10Be in the FM sediment (dashed line). 10Be concentrations in the terrace sediment (solid line) are transitioning from a deposition profile to an
attenuation profile following 125,000 yr of stability. At present (C), 75 cm of sediment has accumulated in the modern channel, and continued deposition maintains a
deposition profile for the 10Be in the FM sediment (open boxes are observed concentrations, dashed line is modeled concentrations). 10Be concentrations in the low terrace
sediment (DB) continue transitioning toward an attenuation profile diagnostic of surface stability (closed boxes are observed concentrations, solid line is modeled
concentrations). Error bars represent 1s analytical uncertainty.
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sediment from the late Pliocene to the present. A TCN profile from a
∼2 Myr alluvial fan is consistent with the rapid erosion and deposi-
tion of sediment from upland rock and saprolite exposed in the local
watershed in response to the onset of hyperaridity at the Plio-
Pleistocene boundary. Occasional moisture and eolian processes
reworked the upper centimeters of the fan since the Pliocene.

In contrast to the Plio-Pleistocene fans, Quaternary washes and
terraces have sediment with complex exposure histories, sugges-
tive of a reworking of soils from the ancient alluvial fans rather
than a tapping of upland bedrock. A TCN profile in a modern
channel reveals active fluvial aggradation of 2.1 m Myr−1. On a
small fluvial terrace above the modern channel that is partially
incised into the adjacent ancient fans, we interpret the 10Be profile
to represent ∼250,000–375,000 yr of exposure history. Prior to
terrace abandonment, the fluvial system aggraded 2 m Myr−1 for
∼250,000–750,000 yr before abandonment.

In summary, while fluvial activity has continued in this region of
the Atacama Desert throughout the Quaternary, the nature of these
processes and their rates appear to have undergone a fundamental
change at approximately the Plio-Pleistocene boundary. Pre-
Quaternary erosion and sedimentation linked upland bedrock and
hillslopes to fluvial systems, potentially culminating in a stripping of
hillslope sediment and the deposition of widespread fan complexes
near the end of the Pliocene. The large alluvial deposits created in the
Tertiary have largely been preserved and have experienced a nearly
uninterrupted duration of soil formation via salt accumulation. In
contrast, Quaternary processes have been remarkably slow and of a
different nature. The Quaternary fluvial systems appear to source
sediment from the ancient fans, and impact only a small fraction of
the total watershed of which they are a part. The TCN concentrations
within a typical Quaternary system indicate oscillations between
incision and aggradation, and these processes are ongoing under the
present, hyperarid climate. The most recent erosion–deposition cycle
for our study area began between 250,000 and 400,00 yr ago, and we
note that this is coincident with the especially cold stadials asso-
ciated with MIS 10 and MIS 12 at 340,000 and 420,000 yr ago,
respectively (Bard and Rickaby, 2009). If the subtropical front was
pushed farther north than normal during these cooler periods, then
it is possible that the associated increased moisture, and likely
precipitation, at 241S could have initiated the most recent incision
event for this study's fluvial system.
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