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A relict soil on a late Tertiary/early Quaternary gravelly alluvial fan in the southern AtacamaDesert was studied to
determine if evidence of Quaternary climate changewas evident in the profile. Stratigraphic relations of soilmor-
phological features indicated that the initial phase of soil development was extensive chemical weathering with
the loss of Si, Na, etc. and the formation of secondary clay. This was then followed by a prolonged period of car-
bonate accumulation that has discontinuously impregnated the earlier formed argillic horizons. The carbonate ac-
cumulation occurred both asfine-grained accumulations that engulfed and expanded the gravelly soil matrix, and
as carbonate that formeddense and continuous coatings on gravel bottoms. Overlying the carbonate is aHolocene
calcareous sand unit. Stable C and O isotope profiles of the disseminated carbonate show that this material ap-
pears to have formed under conditions of low to modest plant cover and significant soil water evaporation,
very similar to soils presently found at higher latitudes and altitudes in modern Argentina. Seven transects of
the carbonate laminations on the gravels at 10-μm scale reveal that all show a nearly 4‰ increase in δ13C values
with time over distances of approximately 150mm, and variable δ18O values. The shift in C isotope values, which
is unlikely to be due to significant changes in C3 vs. C4 vegetation, reflects a profound and prolonged aridification
with a corresponding lowering of plant density and soil respiration. The precise beginning of the aridification is
unknown due to a lack of carbonate dating methods amenable to the time frame involved. When all changes
are considered, this remarkable soil indicates that local rainfall declined from somewhere between 500 to
1000 mm y−1 in the late Tertiary/early Quaternary, to the present climate of about 25 mm y−1. Future work
will focus on developing more precise geochronological controls, but this initial study reveals the enormous po-
tential that carbonate-bearing relict soils have for understanding climate change.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Paleosols play an important role in reconstructing terrestrial
paleoclimate. Soils integrate climatic and vegetation conditions over ex-
tended time periods before burial (103 or many more years), and are
then separated from adjacent paleosols by sedimentary sequences
that may accumulate over time intervals that exceed the initial expo-
sure history of the buried soil. Thus, buried soils are temporally coarse
records, and may not capture climatic shifts that occur on the order of
104 or even 105 years.

Land surfaces that are older than the Holocene all bear soils that
have experienced conditions that contrast with those of today. Known
as relict soils (Fedoroff et al., 2010), these soils have long been
,
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recognized as qualitative indicators of climatic shifts, but their utility
in quantitative studies has lagged relative to buried soils. Intuitively,
themostwell-preserved records in relict soils should exist in landscapes
that have undergone continuous aridification, since the decline in fluid
flow should tend to preserve chemical and mineralogical evidence
from previous intervals, and overlay on them mineral assemblages
that are environmentally incompatible with those formed in earlier
and more humid weathering conditions.

A regionwhere Quaternary climate history is both poorly known and
of great interest is the Atacama Desert of Chile. Estimates of the onset of
hyperarid conditions range wildly, and land-based observations vary
from the Oligocene (Dunai et al., 2005), to the Miocene (Alpers and
Brimhall, 1988; Rech et al., 2006), to the Pliocene (Hartley and Chong,
2002; Amundson et al., 2012). Alternatively, off-shore sediments sug-
gest Quaternary oscillations of erosion and sedimentation that generally
correspond to glacial cycles (Stuut and Lamy, 2004). The on-set of arid-
ity is of considerable tectonic interest in that the aridification of Andean
Altiplano is used by some researchers as evidence of Andean uplift and
rainshadow development (Garzione et al., 2008).
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Herewe examine a relict soil located at the present southern bound-
ary of the Atacama Desert, where the absolute (plant-less) desert
merges, over a distance of ~300 km, into a semi-arid Mediterranean cli-
matic regime. After considering both morphological and chemical soil
properties, we conclude that there has been a generally continuous,
and severe, aridification of this region during the Quaternary.

2. Materials and methods

2.1. Site selection and information

The site chosen for study is a deep road cut incision into what is
mapped as a late Tertiary alluvial fan (Moscoso et al., 1982) by Chilean
Ruta 5, the main north–south highway in Chile (−28.1587°S,
−70.647°W). The highway incision is perpendicular to an escarpment
of the fan created by a local intermittent stream called the Quebrada
Algarrobal, a tributary of the Quebrada Carrizal that serves as the
watershed's outlet to the Pacific (quebrada is Spanish for intermittent
stream or ravine) (Fig. 1).

Geographically, the site lies in an interior depression between a low
coastal set of mountains (Cordillera de la Costa) on the west, and the
Andes to the east. Mortimer (1973), based on mapping at nearby
Vallenar, argued that the depression largely consists of Miocene pedi-
ments and gravelly sediments, known locally as the Atacama Gravels
(Fig. 2). Inset into these landforms are Pliocene and smaller assemblages
of Quaternary geomorphic features (Amundson et al., 2012). Based on
its relative height above the stream channel and surface features (pave-
ment development, degree of surface clast weathering), the deposit is
geochronologically consistent with other Tertiary deposits in the region
(Ewing et al., 2006). Mortimer (1973) examined stream long profiles of
Quebrada Carrizal, and found that both the Atacama Gravels and
Fig. 1. Location of the field area on a DEM of northern Chile (inset) and a 25 m co
younger stream systems had convex long profiles. Mortimer (1973)
thus suggested that the watershed, which receives little Andean drain-
age, has apparently lacked adequate water to maintain stream profile
equilibrium since possibly the late Miocene.

The present climatic conditions are very arid. Long-term average
conditions for the cities of Vallenar, 47 km to the south, and Copiapo,
93 km to the north, are provided in Table 1. The plant cover, at the
time of sampling, was very sparse (and all plants were dead). However,
the region responds to periodic intrusions of stormmoisture associated
with the El Nino phase of the ENSO cycle, leading to what is known as
the Desierto Florido (blooming desert) (Gajardo, 1994). Among the
species that respond to this moisture are Skytanthus acutus and Atriplex
deserticola, Encelia canescens, Fagonia chilensis, Alona rostrata,
Heliotropium myosotifolium and Heliotropium megalanthum. A number
of other forbs emerge during large rainfalls. The most recent blooming
event occurred in 1997–1998 (Moreira-Muñoz, 2011).
2.2. Field and laboratory methods

2.2.1. Field
An exposure of the upper 3+m of the soil was cleared back to fresh

soilmaterial from thehighway cut (Fig. 3a). Horizonswere identified on
the basis of visual and tactile properties using common pedological
methods (Soil Survey Staff, 1993). Bulk samples were collected in zip-
lock bags and transported back to the lab, and due to the desiccated con-
ditions, drying was not required. Gravel percentage (N2 mm particle
size) was determined in the field by the sieving and weighing (using a
spring-loaded scale) of coarse and fine fractions. Soil texture (and clay
content) was determined in the field on the b2 mm fraction using the
ribbon method (Soil Survey Staff, 1993). While semi-quantitative,
ntour map of the research area (site location is indicated by the white star).



Fig. 2. Photograph of the stream escarpment of the Tertiary fan surface that the soil formed into. The fan is nearly level, and covered with a continuous gravelly pavement. Cobbles or
gravels in the pavement are commonly highlyweathered and fractured. The escarpment (not cleared) shows the reddish colors of the oxidized silicate matrix and a prominent carbonate
accumulation. The fan surface has no living plants at the time of study, though some dead (light gray) plants can be seen in the photograph.
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ribbon-based comparisonswith lab analyses arewithin roughly 15–20%
(relative) of lab-based values based on personal experience.

2.2.2. Laboratory
Gravels (N2 mm) from each horizon were separated from fines

(b2mm). Both thefines and the gravelswere analyzed for total elemen-
tal analysis by ALS-Chemex, Reno, NV. Major element analysis was per-
formed by lithium metaborate fusion and ICP-AES, and rare earth and
trace element analyses were performed via lithium borate fusion and
ICP-MS.

A subsample of the fines of each of the horizons was prepared for C
andO isotope analysis of calcite by pulverizingwith amortar and pestle.
Soil samples containing about 10 to 100 micrograms of carbonate were
analyzed using a GV IsoPrime mass spectrometer with Dual-Inlet and
MultiCarb systems. Replicates, international standards NBS18 and
NBS19, and one lab standard HKC-I were measured along with samples
for each run. The overall external analytical precision for multiple ex-
tractions of one sample is ±0.04‰ (internal precision: ±0.004‰) for
δ13C and ±0.07‰ (internal precision: ±0.007‰) for δ18O.

Four clasts from samples collected from the roadcut exposure were
used for microsampling and isotopic analyses. The clasts were selected
from those ejected by road construction, and thus the depth at which
they were located in the soils is not known (other than that they are
from within the carbonate-bearing layers). Samples were chosen in
this way because a high percentage of gravels had weakly attached
Table 1
Climate data for the nearest sites to the N (Copiapo) and S (Vallenar) of the study site. Data from
(RH), sums for precipitation.

Site J F M A M J

Copiapo T(C) 19.6 19.4 17.9 15.4 13.2 11
27°18′S
70°25′W

P (mm) 0 0 1.1 0.2 1.4 1

RH (%) 70 71 75 77 78 78
Vallenar T(C) 18.6 18.6 17.1 14.9 13.1 11
28°36′S
70°46′W

P (mm) 0 0 0.7 1.3 4.1 3

RH (%) 68 70 73 74 73 69
coatings, and the most expedient way to find well-attached coatings
was by examining many clasts that have been exposed to the elements
since road construction (b100 y). Clasts were labeled in order of size
(1 = smallest (~9 mm), 4 = largest (up to 19 mm in thickest seg-
ments)). Each clast was bisectedwith a rock saw for initial observations,
and a ~ 5mm slabwas then cut from one of the faces. Polished thin sec-
tions (30 μm thick) were prepared from each slab (one from each of the
four clasts) and polished (see Fig. 4a). For isotope analyses, small holes
were drilled along transects across the carbonate rinds using a press-
mounted Dremel tool and a 300 μm diameter drill bit. The carbonate
powder from each hole was collected and analyzed for C and O isotope
ratios via mass spectroscopy as described above.

In addition to the drilled transect, two clasts (#1 and #2) with at-
tached carbonate rinds were selected for micro-scale ion beam sam-
pling for δ18O and δ13C values on the carbonate rinds with the IMS
1280 Secondary IonMass Spectrometer (SIMS) at theWiscSIMS Labora-
tory, University of Wisconsin — Madison. Samples of the full-thickness
carbonate rinds along with small portions of the attached clasts of
approx. 4 mm thickness and 5mmwidthwere cut from the larger sam-
ples, cast into ~25 mm round epoxy (Buehler Epo-Thin) mounts with
several grains of UWC-3 (calcite standard, δ18O = −17.88‰ VPDB;
Kozdon et al., 2009). These mounts were polished by hand on rotary
disk lapswith 9 μmand then 3 μmsize alumina-water slurry. Additional
rotary machine polishing was done with 3 μm and 0.25 μm diamond
paste in oil, followed by a final hand polish by rotary lap with colloidal
www.climate_charts.com. Annual averages given for temperature and relative humidity

J A S O N D Ave/sum

.4 11.3 12.0 13.2 14.8 16.4 18.3 15.2

.1 6.5 2.0 1.2 1.5 0 0 12.0

76 77 75 74 72 70 74
.7 11.4 12.2 13.0 14.5 15.6 17.5 14.9
.2 11.9 7.1 2.1 1.2 0 0 31.6

69 69 69 69 70 68 70.0

http://www.climate_charts.com


Fig. 3. (a) Photograph of the soil (50 cmpick for reference), with approximate horizon boundaries indicated, and (b) an example of angular blocky clay-rich soil aggregates that have only
been partially engulfed by the surrounding carbonate rich material.
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silica solution (0.05 μm), providing a nearly perfectly-flat low-relief
polished surface. The polished samples were then sputter coated with
Au to a thickness of ~60 nm.

Samples were inspected with a Hitachi S3400N scanning electron
microscope at approximately 1000× magnification in secondary elec-
tron (SE) and back scattered electron (BSE) modes to identify the
most suitable SIMS sampling domains according to the criteria of the
most visibly pure carbonate with no inclusions or discernible lamina-
tionswith no other phases present, and no cracks or voids in the sample
surface. In the CAMECA IMS 1280 large radius ion microprobe
multicollector instrument, a ~ 1.7 nA 133Cs+ ion beam is focused into a
spot size ~10 μm in diameter and applied to the sample surface creating
sampling pits ~1 μmdeep by ablating ~2 ng of carbonate (Fig. 4b,c). Pre-
cision on these samples for δ18O values are ≤±0.3‰ (2SD), as deter-
mined by multiple analysis spots on UWC-3 standards before and
after sample analyses (Kita et al., 2009). Post-SIMS analysis, samples
were again imaged by SEM to evaluate SIMS pits for appropriate loca-
tion, absence of cracks or inclusions revealed inside the pit and for sym-
metric pit shape.

3. Results and discussion

3.1. Soil morphology

The soil profile bears many features in common with Pleistocene
soils in the Mojave Desert, Great Basin, or the Sonoran Deserts of
North America (Figs. 2, 3a). Two thin horizons of relatively fresh eolian
sand (nominally called A horizons, though the vegetation and organic
matter accumulation was minor), with small amounts of carbonate,
overlie a third horizon at 8 cm that appears to be the partially disrupted
remnant of an older underlying soil (thus the use of the term “b” to in-
dicate burial for all underlying horizons). Carbonate and clay (Fig. 6a,
d) increase in the 4th horizon, and carbonate reaches a maximum in
the 5th horizon (Btkmb), while clay reaches a near maximum of 36%
in the 7th horizon, and remains constant to the depth of the exposure.
There is a general inverse relationship between gravel content and
carbonate (Fig. 6a, d). One of the immediate features recognizable
in the field (especially in horizons 6, 7, and 8) were occasional
well-developed, angular blocky and somewhat reddish (7.5YR) soil
structural units that were free of carbonate yet were embedded in
horizons that were overall carbonate-rich (Fig. 3b). Clay formation,
being a process requiring considerable water and time, is chemically
incompatible with the accumulation of carbonate, so that the strati-
graphic relations indicate that carbonate accumulation has occurred
after the clay formed, though small segments of the soil surprisingly
still remain carbonate free as a result of inhomogeneous fluid flow
paths.

The overprinting of carbonate on a clay-rich soil layer (Fig. 3b)
has at least semi-quantitative implications about climate change
during soil development. Jenny and Leonard (1934), and a more re-
cent compilation by Retallack (2004), suggest that carbonate-free
soils form in climates with ~100 cm or more of Mean Annual Precip-
itation (MAP) (depending to some degree on temperature, lithology,
etc.). The switch to carbonate accumulating conditions (especially
one that retains so much carbonate near the surface), is indicative
of a decline of MAP of at least 50 cm y−1 — or much more. As we



Fig. 4. (a) Photograph of carbonate lamination on gravel that has been hand drilled (car-
bonate ~150 mm), (b) close-up of 3 nearby ablated SIMS samplings, (c) part of sampling
transect, show how samples were made to avoid large detrital grains.
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discuss in the following sections, during the carbonate accumulation
phase for this soil, there was a continuous increase in aridity that oc-
curred— a process leading to the present conditions that now border
on hyperarid.

3.2. Soil geochemistry

The morphology of the soil profile suggests the soil experienced a
considerable period of chemical weathering and clay development,
followed by a long and much drier interval of carbonate accumulation.
These observations should be reflected geochemically. Elemental analy-
ses for major elements and trace elements (including rare earths) were
obtained for the b2mm(fine) fraction and for fresh fluvialmaterial col-
lected deeper in the alluvial fan section (from a road cut exposure down
section).

Gains and losses of elements relative to parent material values (the
chemistry of the unweathered sediment) are calculated using a mass
balance relative to an immobile index element (e.g., Brimhall and
Dietrich, 1987):

tau ¼ Rs=Rp−1 ð1Þ

where Rs = Cj,s/Ci,s and Rp = Cj,p/Ci,p, C = concentration, i = immobile
element, j =mobile element, s = soil, and p= parentmaterial. The se-
lection of an index element that is both immobile and that is
homogenously distributed throughout the soil (particularly in fluvial
deposits) is not a trivial decision. In addition,where eolian input is likely
amajor factor over time, index element selectionmust consider impacts
of exogenous mineral sources.

In fluvial deposits, sediment not only chemically reflects the
source area but bears the imprint of physical sorting and winnowing.
Thus an ideal index element will be distributed uniformly through all
minerals. Most refractory elements (Ti, Zr) are concentrated in heavy
and relatively rare accessory minerals in plutonic rocks: sphene, zir-
con, etc. However, rare earth elements (REE) are concentrated in ac-
cessory minerals and are distributed throughout the major silicates
(Gromet and Silver, 1983). Which REE may be most appropriate for
index element status? First, relatively high concentrations (well
above detection limits of analyses) are desirable. Second, while the
REE elements share chemical behavior, some are fractioned during
melt cooling by different mineral fractions. For example, Yb – com-
monly in the ppm range – was reported by Gromet and Silver
(1983) to be concentrated in zircon several orders of magnitude
more than other REE (up to 10% of the whole rock concentrations).
In the soil examined here, Yb is indeed correlated with Zr (Fig. 5a),
reflecting parent material partially derived from Tertiary granitic
rocks (Moscoso et al., 1982). We have no dust flux or measurements
of its geochemistry at this site. In other locations in the more arid re-
gions of the AtacamaDesert, REE concentrations of dust are similar to
the fluvial sediments (all reflecting a mixed, but largely granitoid,
lithological source)(Ewing et al., 2006).

Gromet and Silver (1983) found that Ce and Nd are both relative-
ly abundant in a wide range of silicate minerals formed in plutonic
environments. Additionally, they are not strongly fractionated by ac-
cessory minerals. Thus, these may theoretically be good choices for
index elements. Kurtz et al. (2000) examined refractory elementmo-
bility in soils formed from basalt in Hawaii. They pointed out that
pairs of index elements that are both immobile and homogeneous
will show constant ratios throughout a weathering profile. Fig. 5b
shows a strong correlation between Ce and Nd, fulfilling this criteri-
on — both for the fine and the gravel fractions of the horizons. In
contrast, Ti vs. Zr (the two most common index elements in many
studies) comparisons have no obvious relationship (Fig. 5c), indicat-
ing that one or both are inhomogeneously distributed or mobile.
Given the low abundance of accessory minerals zircon and sphene,
and their high density, it is anticipated that fluvial processes will re-
sult in significant differences in the concentration of these minerals
in different sedimentary layers.

For the purpose of this research, absolute gains or losses of rock
forming elements are not as essential as semi-quantitative measures.
Thus, we use both Ce (arguably the best index element) and Zr (one
used in many previous studies) as index elements (though Nd would
provide similar results as Ce). The reference horizon chosen is the fine
earth fraction (b2 mm) from unaltered sediments collected deep in
the road cut. If the lowest sampled soil horizon was used, the trends
would be largely the same, but would reflect lower losses (since the
lowest soil horizons sampled is still within the zone of weathering).
This range of gains and losses likely captures the maximum and mini-
mum values, and strengthens the interpretations about weathering
changes over time.

The large concentration of clay beginning in the 4th horizon
(Fig. 6a), and extending to the soil base, is indicative of considerable
chemical weathering of the fines and gravels in the alluvium. Chemical



Fig. 5. The (a) Yb vs Zr, (b) Ce vs Nd, and (c) Ti vs Zr in the b2 mm (fines) and gravel fractions of the soil.
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weathering of feldspars is a de-silication process, and thus Si and cations
such as Na should be released and leached during the formation of sec-
ondary phyllosilicates. The tau values for both Na and K (Fig. 6b) are
nearly identical (though slightly offset for the two index elements),
showing considerable losses throughout the upper 200 cm of the soil,
with decreasing losses with increasing depth. Silicon also shows a sim-
ilar pattern (Fig. 6c). The shape of the Si, K, and Na patterns suggest that
a weathering front moved through this soil to a depth of ~150 cm,
weathering away the K and Na-bearing silicates (e.g. White et al.,
2008). This is indicative of both considerable water and time for this de-
gree of chemical alteration to occur. The fact that the clay accumulation
(Fig. 6a) extends below the depth of Si loss is not necessarily unexpect-
ed given that colloids are mobile, and can move downward with perco-
lating water.

The field evidence suggests that carbonate has been overlain on the
carbonate-free clays. The concentration of CO3 reaches peak values at
50 cm (Fig. 6d), and the low gravel content of that layer is suggestive
of considerable volumetric expansion associated with the CaCO3 gains.
The carbonate gains decline steadily with depth and appear to reach 0
somewhere below a depth of 214 cm (the base of the excavation).
Chemical analyses reveal an accumulation of SO4 below the maximum
carbonate content (Fig. 6e). This trend of sulfate beneath carbonate is
expected based on differences in respective mineral solubility along
downward migrating and evaporating solutions, and is a trend found
further north near Copiapo in even more arid conditions (Ewing et al.,
2006). The soil examined here differs from that of Ewing et al. (2006)
in that the bulk of Ca-bearing salt is in carbonate form (vs. more equita-
ble quantities in carbonate and sulfate near Copiapo to the north).

The loss of Na, K, and Si over several meters indicates substantial
weathering losses. The magnitude of loss is driven by both the volume
of water that passes through the soil (climate) and the soil age (time
for the reactions to proceed). We can place the degree of Na loss in
the soil examined here in context with modern soils, in differing cli-
mates, that form on granitic terrain (Rasmussen et al., 2011). The com-
parison reveals that the degree of alteration observed here lies between
that of very high rain and temperatures (Puerto Rico) where all Na to
6 m has been removed and that of Colorado (cool, with MAT =
~600mm).While the degree of loss is not directly proportional to rain-
fall, the comparison reveals the range of climate conditions needed to
cause chemical weathering to depths of 2 m.

The mass of calcium carbonate accumulated in this soil is about
22 g cm2 (220 kg m−2 CaCO3 or 88 kg m−2Ca). How much time might
this accumulation represent? CaCO3 (measured by Ca) deposition
rates in dust the Atacama Desert are about 0.3 g m−2 y−1 (Ewing
et al., 2006). Alternatively, based on the carbonate accumulated in the
upper 2 horizons of this soil (which we assume is a relatively recent,
or Holocene, occurrence), the CaCO3 “recent” deposition rate is about
0.07 g m−2 y−1. The true Ca accumulation rate is unknown, and may
differ from those to the north (Ewing et al., 2006) due tomany reasons.
Based on these input estimates, the time required to accumulate the
total soil carbonate could range from 0.7 to 2.9 My. While this time-
frame is uncertain, it loosely supports the notion that carbonate



Fig. 6. Soil depth (cm) vs. (a) clay and gravel (%mass), and fractional gains (+) or losses (−) using either Zr or Ce for (b) Na and K and (c) Si. (d) CaCO3 in b2mm fraction, (e) SO4 content
of the b2mm fraction, and (f) comparison of soil Na tau value to sites from different climate regimes (Rasmussen et al., 2011). For tau values, the reference horizon (located at 250 cm) is
b2 mm fraction from fresh sediment.
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accumulation began near the onset of the Quaternary, a time in which
Pacific Ocean circulation shifted to the present La Nina/El Nino oscilla-
tion (Wara et al., 2005), and when landforms further to the north ap-
pear to reveal a near cessation of fluvial activity (Amundson et al.,
2012).
3.3. Carbonate isotope composition

The soil contains a bi-modal accumulation of carbonate: a small
quantity near the surface (upper 10 cm), and then a second and much
larger zone that begins at ~50 cm, which increases rapidly to a maxi-
mum at ~75 cm, and declines with depth. A bi-modal carbonate profile
is characteristic of a change in the depth of carbonate deposition due to
increasing aridity (Wang et al., 1996). The depth of the uppermost layer
is consistent with the very low average annual rainfall, which lies be-
tween that of Vallenar to the south (31 mm) and Copiapo to the north
(12 mm).

Fig. 7a and c shows the C and O isotope profiles of the bulk carbonate
in the fine grained fraction. This carbonatemost likely integrates soil con-
ditions over 105 to 106 y given the accumulated mass. Despite the long
time interval over which the carbonate accumulated, the depth trends
for both C and O form characteristic profiles produced by well-
understood soil processes. These processes for C and O will be discussed
sequentially.

The C isotopes in the lower portion of the carbonate profile (exclud-
ing the upper 2 horizons) show a smooth, exponentially declining trend
with depth (Fig. 7a). The two samples from the surface horizons show a
slight increase with depth, but do not follow the exponential pattern of
the lower layers. The δ13C value of the pre-industrial atmosphere was
about−6.5‰. At 20 °C (Deines et al., 1974), the δ13C value of carbonate
that would form from this atmosphere is 3.7‰. The δ13C values in the
surface are close to −2‰ — reflecting an isotopically more negative
CO2 source than the atmosphere. Given the very arid conditions and
nearly complete lack of leaching, the carbonate likely reflects the C iso-
tope composition of its source, which would be windblown sediment
from the erosion of local calcite-rich soils.

In contrast, extrapolations of the lower carbonate C isotopes to the
soil surface, using an exponential relationship, projects to values of
around +2 to +3‰, values consistent with carbonate formed from at-
mospheric CO2 in the Quaternary. The exponential shape is reflective of
a C isotope profile in equilibrium with soil CO2 produced by biological



Fig. 7. (a)Measured vs. modeled (Eq. (2)) C isotope profiles for the soil carbonate in the b2mm fraction, (b) comparison between the C isotope profile of the studied soil vs. those inmore
humid settings in Argentina (Peters et al., 2012), (c) measured vsmodeled (Eq. (3)) O isotope (PDB scale) profile of the b2mm fraction, and (d) comparison between the studied soil and
those in Argentina. All isotope values are reported relative to VPDB standard.
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production and transported by diffusion to the atmosphere (Cerling,
1984):

R13
s ¼

ϕR13
p

D13
s

 !
Lz� z2

2

� �
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ϕ
Ds

� �
Lz� z2

2

� �
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where ϕ=soil respiration rate, z= soil depth, L= depth of the profile,
D13 is the diffusion coefficient (L2 T−1) for 13CO2 through soil air which
is Ds/1.0044, and Rs, Rp, and Ratm refer to the 13C/12C isotopic ratios of
soil CO2, plant C, and atmospheric CO2, respectively. Using Cerling's
model and the equilibrium fractionation factor between CO2 and calcite
(Deines et al., 1974), carbonate profiles were calculated for differing
rates of soil respiration. A respiration rate of about 45 g CO2 m−2 y−1

is consistent with the observed profile (Fig. 7a). Soil respiration hinges
on the abundance and activity of plants, which produce C for soil mi-
crobes and directly respire CO2 from their roots. In Nevada (Quade
et al., 1989), respiration increases with increasing elevation, to values
of 137 g C m−2 y−1 at 1900 m.a.s.l. The present soil respiration rate
(or yearly average) for our field area is not known, but must be very
low, or in some years, non-existent. If we examine respiration vs. MAP
for Nevada (from Quade et al., 1989), we can tentatively suggest that
the respiration for our field area (MAP ~20–25 mm y−1), may be on
the order of just a few g C m−2y−1 (in wet years). This is much lower
than the rate indicated by the soil C isotope profile, suggesting a signif-
icant decline in rainfall since that carbonate profile developed.

The C isotopeprofile also is quite similar to soils found on the eastern
side of the Andes, at the latitude of ~33°S (east of Santiago, Chile),
though ~2 per mil more positive (Peters et al., 2012)(Fig. 7b). Along
this elevation transect that spans from 110 to 3200m.a.s.l., Mean Annu-
al Temperature (MAT) ranges from ~9 to 19 °C, and MAP from 132 to
320mm. The similarity of the Argentine soils to the relict soil examined
here suggests that the past rainfall (when carbonates were forming)
was an order of magnitude (or more) greater than that of today.

The O isotope profile (Fig. 7c) is also interpreted for the lower and
upper portions individually. The O isotope composition of pedogenic car-
bonate is derived from the soil water (which ultimately is related to rain-
fall). The δ18O value of rainfall increases with decreasing latitude (and
decreasing rainfall). The nearest long-term rainfall (stable isotope) collec-
tion location is at La Serena, about 200 km to the south (GNIP, 2014). At La
Serena, the average precipitation is about−5‰, and the projected rainfall
for our site should be only slightly more positive than this value. At equi-
librium (O'Neil et al., 1969), the δ18O value of rainfall (on the V-SMOW
scale) in equilibrium with the carbonate is about −1 to −2‰ VSMOW.
While the shallowest carbonate could reflect formation from
evaporatively 18O-enriched water from present precipitation, the C iso-
topes suggest that these carbonates largely reflect isotopic inheritance
from their source environment, with little in situ alteration.
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As for the lower portion of the O isotope profile (below 30 cm), the
δ18O values decline exponentially with soil depth, a trend consistent
with evaporative enrichment (Barnes and Allison, 1988; Criss, 1999).
The analysis of evaporative profiles is complex. For a soil undergoing
steady state evaporation (from some lower water reservoir), the
shape of the profile is driven by the evaporation rate (E) and the
water diffusivity in the liquid phase (D). As an example, for the soil
water below an evaporating front, the trend in R (18O/16O in water)
with depth (z) is (Criss, 1999):

Rz ¼ Ref þ Rres � Refð Þ 1� e�E z�zefð ÞD

1� e�E L�zefð ÞD

� �
ð3Þ

where z, ef, and res = water isotope ratios at depth z, the evaporating
front (the transition from upper dry, vapor transport zone to the
lower unsaturated zone), and the unevaporatedwater at depth, respec-
tively; D = diffusion coefficient of water (L2/T); E = evaporation rate
(L/T), and L = base of soil. Hydrologists have used model like Eq. (3)
to calculate rates of evaporation from isotope profiles (e.g. Allison and
Barnes, 1983).While the steady state assumption is tenuous for reasons
described below, using a diffusivity of 1.5 × 10−9m2 sec−1, we calculat-
ed water (and carbonate) profiles for differing evaporation rates. The
matching value (5–10 cm y−1) is similar to rates calculated by Allison
and Barnes (1983) for an evaporating lake bed in Australia.

For unsaturated arid soils like the one considered here, evaporative
profiles also evolve, but are the complex products of the drying of the
soil over time (processes which are variable over time and depth), and
thus numerical models are required to adequately capture the com-
bined effects of time and rates of processes (e.g. Shurbaji and Phillips,
1995). Qualitatively, the observed profile (Fig. 7c) has a degree of en-
richment near the top of themost carbonate rich horizon that is similar
in magnitude to soils in Argentina (Peters et al., 2012) (compare Fig. 7c
and d): about 4 per mil. However, the depth of apparent enrichment is
greater (150 vs. 50 cm). While the relative role of evaporation rate vs.
duration of evaporation is not possible to de-convolve, the isotopic sim-
ilarity to soils in environments presently located 700 km to the SSE pro-
vides a guide to the hydrological conditions that existed at the time the
carbonate profile developed: conditions far more humid than today.

The drilled transects across the carbonate laminations on the gravels
provide a muchmore temporally resolved perspective on the soil stable
C and O isotope environment. As a starting point, we assumed that all
the examined laminations had formed over the same time interval,
and that local variations in growth environments had caused slight dif-
ferences in absolute lamination thicknesses. Thus, all sampleswere nor-
malized to total thickness on a scale of 0 (youngest) to 1 (outermost
edge of lamination). The seven transects, on four clasts, all show the
same trend: an increase in δ13C values from ~ −6 to −2‰ from the
oldest to the youngest laminations (Fig 8a). The value of −6‰ is that
of the base of the bulk carbonate profile (Fig. 7a) and is similar to soil
carbonate in modern Argentina (Fig. 7b). The increase in δ13C values
in all transects is strongly suggestive of a significant decline in plant
cover and soil respiration. Adjusting soil respiration in Eq. (2) to fit the
measured carbonate δ 13C requires a reduction in respiration to ~30 to
40 g m−2 y−1, representing a profound drying and reduction of plant
cover.

The overall details of the hand drilled C isotope transects through the
carbonate laminations is confirmed by a SIMS transect through LA-1
(Fig. 8c). The 51 ion microprobe data points reveal an overall increase
in the δ13C values of 7‰. However, there are periodic oscillations in C
isotopes that suggests the climatic trends were not smooth or continu-
ous over time, and both sharp decreases and increase in 13C values of up
to 4‰ occur multiple times within the overall trend toward more posi-
tive values.

The O isotope δ18O values sampled by hand drilling were variable,
but oscillated within a seemingly restricted range in all transects:
~ − 1 ± 1‰ (Fig. 8b). However, the increased spatial resolution
provided by the SIMS measurements reveals up to 10‰ variability
among and within the carbonate rinds, with considerable structure
and repeatability in the O isotope values across the transects
(Fig. 8b). For example, in clast 1 the δ18O values range from −5.4
to 5.7‰, and a suggestion of generally increasing O isotope values
over time. In clast 2 the oscillations are more subdued, with values
ranging from −5.8 to 1.0‰. Given that the clasts are likely from dif-
fering soil depths, one simple interpretation is that clast 2 was
formed deeper in the profile, and experienced a lesser impact of
near-surface evaporation than clast 1. To support this hypothesis,
both clasts have nearly the sameminimum values (~−5‰), suggest-
ing similarity in the source of rainfall but differences in the degree of
evaporative enrichment of soil water. However, the minimum values
do not alwaysmatch in terms of position along the sampling transect
from inner to outer, but this discrepancy may be due to the fact that
distance does not linearly relate to time across the transects. Alterna-
tively, the δ18O values of the rainfall might be linked with quantities
of rainfall, which will simultaneously affect plant density and
respiration.

The high density of the SIMS measurements allows the C and O iso-
tope patterns in clast LA-1 to be closely compared. There is clearly a
strong positive correlation between trends in O and C isotopes
(Fig. 8c). The correlation can be most simply interpreted as suggesting
that a decline in rainfall caused a decrease in plant cover/productivity
(increases soil C isotope values) which in turn increases the soil water
evaporation/transpiration ratio (which increases soil O isotope values).
The patterns also suggest that (assuming rainfall is the driving mecha-
nism) that changes in plant productivity tightlymirror changes in O iso-
topes. There is growing evidence that the El Nino Southern Oscillation
(ENSO) system has undergone enormous change since the Pliocene,
when permanent El Nino (or, “El Padre”, (Ford et al., 2015)) conditions
dominated the Pacific. Since then, cooling of the eastern Pacific has
helped institute the ENSO cycle, which nowmodulates decadal patterns
of moisture in the southern Atacama Desert (Houston, 2006).

Clearly, in the absence of geochronological controls, the linkage of
the O isotope record to other isotope or climate records is impossible,
but the SIMS transects do point to the enormous information and high
resolution climate data stored within soil profile features, information
that will be fully utilized once suitable dating techniques are developed.
Given that present, and likely past, precipitation is derived from west-
erlies from the Pacific (Stuut and Lamy, 2004), the O isotope values in-
dicate variability within this climate system and with changes in land
surface features such as plant density, which control soil water
evaporation.
3.4. Paleoclimatic significance

Determining themulti-million year paleoclimate of the AtacamaDe-
sert with reasonable temporal resolution has been a vexing problem. As
reviewed earlier, there is disagreement between various studies and ap-
proaches — all hindered to some degree by geochronological control.
The soil examined here has only broad geochronological constraints: it
likely began to develop sometime in the late Tertiary. The soil proper-
ties, support or supplement these age constraints. First, the thick and
high-clay argillic horizons suggest not only initial humid to semi-
humid conditions, but also a long duration of weathering. The starting
material was gravelly alluvium, and in California, soils with sandy allu-
vium require ~275 to 1000 Ky to develop similar argillic horizons
(Harden, 1987). While this is not directly extrapolatable to Chile, it
does provide an order of magnitude perspective on chemical
weathering in semi-arid, strongly seasonal, conditions. In addition, the
amount of post-argillic accumulation of carbonate seems to require
long time periods to develop, which when linked with the clay forma-
tion interval, is loosely consistent with the assumed late Tertiary/early
Quaternary age of the soil.



Fig. 8. Stable isotope composition of transect along laminated carbonate illustrated in Fig. 4, 0= rock/carbonate contact and 1= edge of laminations, for both hand drilled and SIMS anal-
yses. (a) stable C isotopes of all samples, (b) stable O isotopes of all samples, and (c) comparison of O and C isotopes from SIM analysis of clast 1.
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We know of no multi-million year, high resolution, continental cli-
mate records for the region. Oerter et al. (2011) found that a series of
~20 buried soils in late Oligocene/early Miocene fluvial gravels
~600 km to the north showed transitions between clay-forming and
carbonate-forming environments (no sulfates or other hyperarid salts
were found). This location, near Calama at 22° 30′S, is at the present
northern-most boundary of austral winter-derived Pacific storms
which affect the climate at the site of this study (Houston, 2006). In ad-
dition, just to the east of Calama are sulfate and nitrate rich buried soils
that reflect long-term hyperarid conditions and are constrained to be
~N9.4 Ma (Rech et al., 2006). Thus, in the north, hyperaridity first
established itself ~10 My ago. Amundson et al. (2012) found that
~150 km to the south, the region showed a significant onset of
hyperaridity beginning ~2.2 Ma based on: (1) regional sediment re-
moval by streams largely ceased in the Quaternary, (2) local hill/
mountainslope shed silicate soil mantles, which accumulated locally at
the slope bases, ~2 Ma, and (3) post 2 Ma soil formation seems to
have largely been constrained to hyperarid conditions based on no de-
tectable signals of major soil poly-genesis (e.g. Ewing et al., 2006),
with the exception of possible brief pluvial episodes which appear to
have impacted the upper 30 to 40 cm of the soils.

4. Summary and future research

The soil examined here, located at the present desert/semi-arid
boundary, exhibits (based on the resolution of approaches used
here) relatively continuous aridification since late Tertiary times.
The soil's climatic history is a progression from humid to sub-
humid clay forming conditions, through a long carbonate-
accumulating phase that ended with a prolonged period of declin-
ing soil respiration. Throughout this period the source (based on
stable O isotopes) of the precipitation appeared to remain relative-
ly constant, while the overall amounts of precipitation or soil water
declined.

While the information deciphered thus far from this relict soil is
remarkable, more can be determined through future research:
(1) cosmogenic isotope profiles (e.g. Jungers et al., 2013) or ash ex-
posures can be used to date the age of the alluvial deposit and
more precisely determine the onset of soil formation, (2)more close-
ly spaced micron-scale stable C and O isotope transects using Sec-
ondary Ion Mass Spectrometry (SIMS) might further identify and
resolve – at ~103 y time intervals – temporal variability in climate,
and (3) it seems that additional radiometric dating techniques,
such as U–Pb dating which has yet to be developed for soil carbon-
ates, must be adapted in order to accurately place the stable isotope
record in a temporal framework.

While these efforts greatly exceed the goals of this exploratory re-
search, they seem attainable with additional resources and research in
geochemistry. Carbonate-bearing relict soils are a characteristic feature
of deserts around the world, and it is probable that many of these land-
scapes bear soils that retain a strong and detailed chemical memory of
the past.
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