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The Cenozoic paleoclimate of the Atacama Desert is not well known. We examined 14 early to mid-Miocene
paleosols exposed in the El Tesoro Mine, near Calama, Chile. The paleosols developed on an aggrading alluvial
fan system, and lie above the mineralized gravel horizons that host a copper ore body. Soil-forming conditions
that oscillated between chemical weathering and clay production (humid: analogous to modern Alfisols) to en-
vironments favoring the accumulation of pedogenic carbonate (arid to semi-arid: analogous tomodernAridisols)
are indicated. In contrast, the region is presently hyperarid, and soils accumulate sulfates, chlorides, and nitrates.
While total chemical analyses clearly show the accumulation of Ca by the carbonate-rich paleosols, none of the
soils exhibit significant losses of elements by leaching. The δ18O values of the carbonates range from -8.79‰ to
−3.16‰ (VPDB). The O isotope data, when combined with published data from the region, reveal a significant
divergence in the O isotope composition of precipitation in the eastern and western margins of the Andean pla-
teau since the early Miocene, suggesting that simple interpretations of declining δ18O values of carbonate with
increasing elevation may not be appropriate. These paleosols clearly indicate that wetter conditions prevailed
in what is now the Atacama Desert during the early to mid-Miocene.

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

The detailed climate history of the present hyperarid Atacama
Desert of northern Chile is poorly known, but parts of the history
can be constructed from a variety of methods. In the Mesozoic, arid
conditions are interpreted to have existed based on the presence of
evaporite deposits of late Triassic (Suarez and Bell, 1987; Clarke,
2006) to late Jurassic (Hartley et al., 2005) age. In the earlier seg-
ments of the Cenozoic, terrestrial cosmogenic nuclide studies of old
geomorphic surfaces suggest the preservation of landforms dating
from the Oligocene/Miocene boundary (Dunai et al., 2005) or
Early/Middle Miocene (Evenstar et al., 2009). The lack of erosion
has been interpreted to indicate relatively arid conditions since
then, with interspersed pluvial episodes occurring ca. 20 Ma, ca.
14 Ma, and ca. 9 Ma (Dunai et al., 2005).

While it is probable that there is considerable variability in the
spatial and temporal patterns of climate conditions in the Atacama,
regional climate change during the later part of the Cenozoic is likely
linked, in some manner, to the uplift history of the Andes. There is
Geophysics, University of Utah,
paleosol evidence of hyperarid conditions as early as 13 Ma (Rech
et al., 2006). Basin sediments in the northern desert have been
interpreted as suggesting a Pliocene onset of hyperaridity (Hartley
and Chong, 2002), while a suite of geomorphic evidence indicates a
profound aridification in the southern Atacama Desert in the late Pli-
ocene or early Pleistocene (Amundson et al., 2012). A resolution to
these seemingly conflicting estimates of the onset of hyperaridity
may involve relatively high climate variability throughout the Ceno-
zoic with multiple episodes of aridity separated by wetter intervals
(Jordan et al., 2014).

A challenge for understanding the climate history of this region is
identifying a long and continuous archive thatmay capture dynamic cli-
mate states, instead of discrete geologic units in disparate locations.
Here, we present data from a buried paleosol sequence exposed in an
open-pit copper mine in alluvial sediments near Calama, in northern
Chile. The sediments appear to have been deposited as alluvial fans
along amountain front, and periodic abandonment of the surface by lat-
eral fluvial migration led to local deposition hiatuses that allowed soil
formation. While the geochronology is not precisely constrained, the
paleosols likely formed in early tomid-Miocene times. Our observations
and analyses illuminate the early Neogene paleoclimate of this region of
the Atacama Desert, and suggests that it consisted of periodic oscilla-
tions between humid and semi-arid end members, probably spanning
millions of years.
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2. Study location and geology

The study was located in the El Tesoro copper mine, ~60 km SSW of
the town of Calama (22°57′S, 69°5′W; Fig. 1) and located along the
western flank of the Cordillera de Domeyko at a surface elevation of
2290m above sea level (masl). At this exotic-type copper deposit, grav-
el sediments N800 m thick strike N–S to NNE–SSW and dip NW at 10°–
25° (Fig. 2) (Mora et al., 2004; Tapia et al., 2011). The gravels are divided
into twomain units, with the upper (Gravas II, Gravas de Caliza of Tapia
et al., 2011) unconformably overlying the basal (Gravas I, Gravas de
Granito of Tapia et al., 2011) (Fig. 3). Gravas I hosts the copper mineral-
ization horizons that are interpreted to have formed bymeteoric waters
leaching a porphyry copper ore body and subsequent lateral advection
of the mineralized fluids into gravel zones with favorable permeability.
Basement faulting associated with the Domeyko fault system subse-
quently down dropped and isolated the mineralized gravels from any
further copper enrichment (Mora et al., 2004). Gravelly sediments con-
tinued to accumulate above themineralization, though interrupted by a
depositional hiatus and erosional episode marked by the unconformity
between Gravas I and Gravas II. The paleosols studied here occur in the
upper part of Gravas I and throughout Gravas II (Fig. 3). The parent ma-
terial for the paleosols is comprised of mixed igneous and limestone
clastswith typical diameters of 1–7 cm, occasionally up to 35 cmor larg-
er. The mode of deposition is interpreted to be high-energy stream and
sheet flood events, based on the clast-supported matrix, presence of
trough cross lamination sedimentary structures and sub-rounded grav-
el lithomorphology with gravel provenance from the east and east-
southeast (Tapia et al., 2011).

The region experienced considerable uplift, tilting, and faulting since
Oligocene times (Jordan et al., 2010). The heads of many Miocene fans
are abruptly truncated at ~4000mby the deep escarpment that descends
into the present Salar de Atacama; while paleosol and geomorphic con-
siderations indicate that the eastern end of the fans may have been
uplifted ~900 m since the late Miocene (Rech et al., 2006), with a tilting
of 1.3° to the west along the N–S monoclinal axis (Jordan et al., 2010).
As a result, the present geographical setting differs substantially from
that during the alluvial deposition and soil formation recorded by the
paleosols.

The mean annual precipitation (MAP) of nearby Calama is 4.2 mm
(Houston, 2006), and mean annual temperature (MAT) is 12 °C. Except
for stream margins, the region is plant-free. Surface soils are rich in gyp-
sum/anhydrite in the upper ~1 m, and have accumulations of chloride
and nitrates at greater depths (Ewing et al., 2006). Presently, carbonate-
forming environments begin at ~3200masl (Quade et al., 2007). The sur-
ficial geology consists of expansive dissected alluvial fans of Miocene age
Fig. 1.Map of northern Chile with the El Tesoro mine locatio
that have inset Plio-Pleistocene surfaces. As with much of the Atacama,
Quaternary landforms are largely constrained tomodern stream channels
andwashes, and the landscape surface is dominated by Tertiary deposits.

3. Methods

3.1. Paleosol field identification and sampling

In 2010, there were two large open pits at the El Tesoro Mine, and
this research was located in the southern mine. The entry road into
theminewas oriented in a sub-perpendicular direction to the sedimen-
tary dip, allowing for the observation of ~200m of stratigraphic section
(Fig. 2). The sectionwaswalked and the exposureswere cleared of dust.
The section contained numerous paleosols, each of which is 1 to 3 m
thick, separated by many tens of meters of non-pedogenic gravelly sed-
iments. The paleosols were easily identified by reddening, disruption of
sedimentary structure, and/or distinctive secondary carbonate—all typ-
ical of modern soils. Paleosols varied greatly in degrees of development,
from slightly oxidized zones (representing very short durations of expo-
sure), to very distinctive soil profiles. Thus, only themajor soils exposed
in the mine were logged, described, and sampled, and the sequence ul-
timately chosen consisted of 14 paleosols. The sampled paleosols were
well distributed along the transect and we consider them to be repre-
sentative of the pedogenic variability along the entire section.

Soil profile thickness was measured from the top of the contact be-
tween uppermost horizon and overlying unaltered parent material to
the approximate base of pedogenic alteration. Each soilwasmorpholog-
ically described in situ (Soil Survey Staff, 1999). The paleosolswere sam-
pled by horizon for bulk soil material and carbonate-bearing clasts for
geochemical and carbonate stable C and O isotope analyses. All
paleosols were lithified to varying degrees, and sample collection usual-
ly involved a hammer and chisel. Samples of the overlying non-
pedogenic gravel were also collected to represent unweathered parent
material or to compare to theweatheredmaterial below. Detailed strat-
igraphic measurement of the non-pedogenic gravels and the gravel
package as a whole was not possible due to access and time limitations
in the actively producing mine at El Tesoro.

3.2. Laboratory methods

Bulk samples were disaggregated by light crushing in a mortar and
pestle or by jaw crusher and then passed through a 2 mm sieve to sep-
arate the fine fraction. Munsell soil color value determinations were
made on the dry b2 mm fine fractions. Sub-samples of approximately
150 g were taken from the b2 mm fraction to be analyzed for major
n marked with star and nearby physiographic features.



Fig. 2. (A) Aerial view of El Tesoro mine pit showing location of paleosol transect (yellow dashed line) (image: Google); (B) photograph of mine pit wall in area of paleosol transect, the
mine road along which the sampling was done is the prominent sub-horizontal plane (yellow dashed line) descending from left to right in photo (image: Compania Minera El Tesoro).
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elements and principal metals by inductively coupled plasma atomic
emission spectra, carbon and sulfur by Leco induction furnace, and
trace elements by inductively coupled plasma mass spectrometry at
ALS-Chemex Laboratories in Reno, NV.

The presence of carbonate in the b2mm fine fractionwas determined
by reaction with dilute HCl, and small (~5 g) sub-samples of carbonate-
bearing fine material were taken for carbonate abundance (weight %),
δ13C and δ18O values. Carbonate coating material from several clasts in
each horizon was removed by scraping, combined and lightly ground by
hand with a mortar and pestle. All carbonate samples (fines and clast
coating material) were washed with a distilled water rinse through filter
paper to remove salts accumulated during atmospheric exposure in the
mine pit and oven dried at 70 °C overnight. Measurement of carbonate
δ13C and δ18O values were made on a dual inlet GV Isoprime gas source
isotope ratio mass spectrometer with MultiCarb sample introduction in-
terface at UC Berkeley.

Isotope values are reported in δ notation : δ ¼ Rsample=Rstandard–1
� �� 1000;

where Rsample and Rstandard are the 13C/12C or 18O/16O ratios for the sample
and standard, respectively. Carbonate δ13C and δ18O values are reported in
per mille (‰) referenced to the Vienna Pee Dee Belemnite (VPDB) stan-
dard, and δ18O values of H2O are reported in per mille (‰) referenced
to Vienna Standard Mean Ocean Water (VSMOW) (Coplen, 1994).

4. Chronostratigraphic background and ignimbrite dating results

The age of the sediments in which the paleosols are found broadly
constrain the time interval represented by the paleosols because each
paleosol formed subsequent to periodic cessation of sediment deposition.
Themaximum age of the entire sediment sequence in themine (Gravas I
and II; Fig. 3) is constrained by underlying intrusive rocks in theQuebrada
Mala Formation at 37 Ma (Mora et al., 2004). Supergene Cu mineraliza-
tion formed in gravels above the Quebrada Mala but below the paleosols
is dated to 21.9 Ma by K-Ar on cryptomelane (Fig. 3) (Sernageomin,
2011). Additional supergene Cu mineralization ages have been deter-
mined to be 19.2–22.9 Ma in the nearby ore deposits of Telegrafo and
Polo Sur by 40Ar/39Ar dating on alunite (Tapia et al., 2011).

Supergene mineralization requires sufficient meteoric water to pro-
ceed and therefore these dates indicate the time that themineralized sed-
iments were near the land surface and exposed to vadose water and
groundwater in awetter climate (Alpers and Brimhall, 1988). The genetic



Fig. 3. (A) Stratigraphic relationship of sedimentary gravel units to dated bedrock and ignimbrite at El Tesoro (redrawn from Mora et al., 2004); (B) stratigraphic arrangement and top
elevations of paleosols at El Tesoro (numbered, elevations are surveyed and uncorrected for sedimentary dip direction and magnitude), and ignimbrite from Quebrada de los Arrieros.
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model for ore formation at El Tesoro indicates that the exotic coppermin-
eralization ceased as the primary copper ore body source was depleted
(Mora et al., 2004). Subsequent reverse faulting created additional sedi-
ment deposition above the mineralization, and the paleosols formed se-
quentially as the alluvial fans periodically alternated between periods of
aggradation followed by surface stabilization. Thus, the maximum age
of the paleosols is the 21.9 Ma age of mineralization.

While no directly dateable materials were found in the paleosol se-
quence, the minimum age of the paleosols is established by outcrops
in the mine of Artola ignimbrite that have been dated at 10 Ma, by
40Ar/39Ar on biotite (Mora et al., 2004; Tapia et al., 2011), and is interca-
lated with the upper levels of the Gravas II unit immediately above the
paleosol sequence (Fig. 3). Further validation of this minimum age is
provided by results from an ash embedded in regional surficial alluvial
deposits exposed in a stream cut of the Quebrada de los Arrieros ap-
proximately 8 km northeast of the paleosols that was identified and
sampled during this study (−22°53′34.659″, −69°1′12.896″, 2330
masl). Individual laser fusion analyses of ten crystals of sanidine (see
Supplementary Fig. 1 and Supplementary Table 1) yielded a unimodal
age distribution with a weighted mean 40Ar/39Ar age of 9.239 ±
0.110 Ma based on the calibration of Renne et al. (2011). The similarity
in ages between the Arrieros ignimbrite and the Artola ignimbrite,
which has been dated to 9.4 Ma elsewhere in the region (De Silva,
1989), suggests that the Arrieros ignimbrite is equivalent to the Artola
ignimbrite outcrops in the mine overlying the El Tesoro paleosols.

5. Results and interpretation

5.1. Paleosol morphology

The stratigraphic arrangement and pedologic characteristics of the
paleosols are shown in Fig. 3 and Table 1. The paleosols are situated



Table 1
Summary of field descriptions and pedogenic carbonate abundance, accumulation times, and δ13C and δ18O values.

Carbonate in b2 mm fines Carbonate
coatings

Wt. % δ13C δ18O CaCO3 Total CaCO3 CaCO3 δ13C δ18O

Paleosol Depth (cm) Horizon Munsell Color Color CaCO3 (VPDB) (VPDB) (kg m−2) (kg m−2) Accumulation (year) (VPDB) (VPDB)

22 0–8 A 5YR 5/8 Yellowish red – – – – – – – –
8–29 Bt 2.5YR 4/8 Red – – – – – – – –

29–44 Bkm 7.5YR 6/4 Light brown 27.08 −3.14 −4.31 65.00 −2.32 −3.54
44–62 Bk1 5YR 6/4 Light reddish brown 33.92 −2.67 −3.72 97.69 −2.08 −3.24
62–78 Bk2 5YR 5/6 Yellowish red 18.07 −2.80 −3.65 46.27 −2.53 −3.16
78–90 Ab 5YR 6/4 Light reddish brown 26.66 −2.54 −3.60 51.19 −2.51 −3.78
90–108 Bkmb1 5YR 5/8 Yellowish red 3.02 −3.03 −3.82 8.70 −2.98 −3.77

108–124 Bkmb2 5YR 6/4 Light reddish brown 24.69 −2.80 −3.80 63.21 −2.75 −3.60
124–152 Bkmb3 7.5YR 6/4 Light brown 27.48 −2.75 −3.56 123.11 −2.48 −3.70
152–190 Bkmb4 7.5YR 6/4 Light brown 24.32 −2.68 −3.46 147.86 603.02 1998279 −2.71 −3.76

21 0–32 AB 7.5YR 5/4 Brown 1.10 −3.49 −5.83 5.61 5.61 18597 – –
32–56 Bty 5YR 4/6 Yellowish red – – – – – – – –
56–95 Bt1 5YR 4/4 Reddish brown – – – – – – – –
95–135 Bt2 5YR 6/4 Light reddish brown – – – – – – – –

135–180 BC or C 7.5YR 6/4 Light brown – – – – – – – –
20 0–28 A 5YR 4/6 Yellowish red – – – – – – – –

28–47 Bt1 5YR 5/6 Yellowish red 5.43 −3.89 −5.30 16.51 −3.84 −4.97
47–70 Bt2 5YR 5/8 Yellowish red 5.46 −3.38 −4.90 20.08 −3.04 −4.15
70–99 Btk 7.5YR 6/4 Light brown 18.81 −3.29 −4.71 87.29 −3.50 −4.67
99–114 Bk1 7.5YR 6/4 Light brown 19.13 −3.64 −4.98 45.92 −3.60 −5.03

114–137 Bk2 7.5YR 6/4 Light brown 11.25 −3.74 −4.73 41.38 −3.38 −4.67
137–174 Bk3 7.5YR 6/4 Light brown 6.40 −3.52 −4.51 37.90 −3.45 −4.72
174–194 Bk4 10YR 6/3 Pale brown 24.38 −2.97 −4.47 78.00 327.08 1083875 −2.79 −4.29

18 0–8 Bk1 10YR 6/3 Pale brown 1.86 −4.11 −7.06 2.38 – –
8–31 Bkm 10YR 6/4 Light yellowish brown 3.71 −4.03 −6.69 13.66 −3.53 −5.16

31–47 Bk' 10YR 6/4 Light yellowish brown – – – – 16.03 53134 −4.84 −8.79
17 0–7 A 5YR 5/6 Yellowish red – – – – – – – –

7–20 Bt/Bw 5YR 5/8 Yellowish red 1.89 −3.81 −6.19 3.94 −3.56 −5.48
20–43 Bk1 7.5YR 6/4 Light brown 5.07 −3.76 −5.68 18.65 −3.50 −5.44
43–71 Bk2 7.5YR 5/4 Brown 4.49 −3.84 −5.66 20.13 −3.36 −5.33
71–99 Bk3 7.5YR 6/4 Light brown 3.95 −3.43 −5.68 17.68 −3.12 −5.23
99–122 Bk4 7.5YR 6/4 Light brown 3.58 −3.21 −5.55 13.18 −2.93 −5.50

122–151 Bk5 5YR 5/8 Yellowish red 2.29 −3.83 −5.44 10.63 84.21 279039 −3.71 −4.90
14 0–14 A 7.5YR 5/4 Brown 4.35 −2.34 −6.32 9.73 −2.82 −6.40

14–51 Bk1 7.5YR 5/4 Brown 4.16 −2.56 −6.40 24.60 −2.66 −6.57
51–78 Bk2 7.5YR 5/3 Brown 3.70 −2.38 −6.34 15.99 – –
78–104 Bk3 7.5YR 5/4 Brown 0.62 −3.08 −6.51 2.60 −2.92 −6.13

104–137 Bk4 7.5YR 6/4 Light brown 3.15 −2.70 −7.05 16.63 −2.65 −6.54
137–155 Bk5 7.5YR 5/3 Brown 2.24 −3.35 −6.52 6.44 76.00 251836 −3.55 −6.46

12 0–23 A 5YR 5/6 Yellowish red – – – – – – – –
23–65 Bt1 5YR 5/4 Reddish brown – – – – – – – –
65–110 BC 5YR 5/6 Yellowish red – – – – – – – –

110–121 C1 7.5YR 6/4 Light brown 2.79 −2.39 −6.73 – 4.90 16238 −2.41 −6.35
121–152 C2 10YR 5/6 Yellowish brown – – – – – – – –
152–182 C3 10YR 5/8 Yellowish brown – – – – – – – –

10 0–12 A 5YR 4/6 Yellowish red – – – – – – – –
12–61 Bt 5YR 4/6 Yellowish red – – – – – – −3.50 −5.36
61–80 Btk 5YR 5/4 Reddish brown 18.73 −3.95 −4.35 56.95 −4.08 −4.42
80–110 Bk1 5YR 5/4 Reddish brown 4.23 −3.54 −5.03 20.33 −2.28 −5.05

110–136 Bk2 5YR 5/4 Reddish brown – – – – – –
136–161 Bk3 5YR 5/4 Reddish brown 1.78 −4.12 −6.01 7.13 84.41 279717 −1.99 −5.41
161–174 Bk4 5YR 5/4 Reddish brown – – – – – – – –

9 0–29 Bt1 5YR 4/6 Yellowish red – – – – – – – –
29–83 Bt2 5YR 4/6 Yellowish red – – – – – – – –
83–138 Btb1 5YR 4/6 Yellowish red – – – – – – – –

138–173 Btb2 2.5YR 4/6 Red – – – – – – – –
173–201 Btb3 5YR 4/6 Yellowish red – – – – – – – –

7a 0–10 A 10YR 6/4 Light yellowish brown 2.37 −3.01 −8.26 3.79 −2.34 −7.65
10–28 Bk1 10YR 5/8 Yellowish brown 2.61 −1.91 −7.06 7.51 −1.42 −6.84
28–40 Bk2 10YR 6/4 Light yellowish brown 3.78 0.14 −5.61 7.25 0.19 −5.16
40–60 Bk3 10YR 6/6 Brownish yellow 4.21 −1.51 −5.96 13.48 −3.03 −4.55
60–73 Bk4 10YR 5/6 Yellowish brown 2.89 −1.28 −7.86 6.01 38.04 126047 0.93 −5.38

6 0–8 Bt1 5YR 4/6 Yellowish red – – – – – – – –
8–36 Bt2 5YR 4/6 Yellowish red – – – – – – – –

36–49 BC 5YR 4/6 Yellowish red – – – – – – – –
49–92 C1 7.5YR 5/6 Strong brown – – – – – – – –
92–122 C2 10YR 5/6 Yellowish brown – – – – – – – –

5 0–15 A 5YR 5/8 Yellowish red – – – – – – – –
15–37 Bk1 5YR 5/6 Yellowish red 4.19 2.62 −6.34 14.74 2.55 −6.13
37–58 Bk2 5YR 5/6 Yellowish red 6.00 2.46 −6.14 20.17 2.47 −6.23
58–73 Ab 5YR 5/6 Yellowish red – – – – – –
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Table 1 (continued)

Carbonate in b2 mm fines Carbonate
coatings

Wt. % δ13C δ18O CaCO3 Total CaCO3 CaCO3 δ13C δ18O

Paleosol Depth (cm) Horizon Munsell Color Color CaCO3 (VPDB) (VPDB) (kg m−2) (kg m−2) Accumulation (year) (VPDB) (VPDB)

73–98 Bk1 5YR 5/6 Yellowish red 3.37 2.16 −6.73 12.40 2.21 −6.67
98–141 Bk2 5YR 5/6 Yellowish red 1.86 1.72 −6.19 12.82 2.10 −6.04

141–183 Bk3 5YR 5/4 Reddish brown 3.43 1.78 −6.27 23.03 83.15 275553 2.70 −6.42
3a 0–13 Bw1 – – – – – – – – – –

13–40 Bw2 – – – – – – – – – –
40–93 Bw3 5YR 6/4 Light reddish brown 2.54 −0.52 −7.17 21.55 −0.07 −7.31
93–313 Bkm 7.5YR 7/2 Pinkish gray 42.82 −5.20 −4.21 1507.20 −5.47 −4.13

313–336 Bk1 7.5YR 6/3 Light brown 2.36 0.37 −7.29 8.69 0.57 −7.01
336–356 Bk2 7.5YR 6/3 Light brown 5.21 0.42 −6.89 16.66 0.39 −7.25
356–416 Bk3 7.5YR 6/4 Light brown 4.24 −1.34 −6.88 40.74 1594.85 5284983 0.10 −7.02

2 15–40 Bt1 7.5YR 5/4 Brown – – – – – – – –
40–55 2Bkm1 7.5YR 7/3 Pink 36.51 −4.74 −4.38 87.62 −5.38 −4.52
55–95 2Bkm2 7.5YR 6/4 Light brown 13.77 −4.11 −5.35 88.10 −4.61 −4.22
95–110 Bk 7.5YR 6/2 Pinkish gray 12.58 −0.34 −6.46 30.19 −0.10 −7.08

110–125 Bkm1′ 7.5YR 6/1 Gray 42.66 −5.19 −4.39 102.38 −4.40 −4.83
125–175 Bkm2′ 7.5YR 7/1 Light gray 45.00 −5.31 −4.17 359.99 668.29 2214563 −5.40 −4.49
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either directly on top of each other or are stratigraphically separated by
up to several meters of non-pedogenic gravels accumulated during re-
gional aggradation (Fig. 3). Someof the paleosolswere clearly truncated
by subsequent erosion before burial and appear to be missing at least
portions of the A (surface) horizons. Only one soil had clear evidence
of biological processes: a small animal or root burrow. The paleosols
are extremely well preserved due to minimal overburden pressures
and little aqueous diagenesis evidenced by undistorted pedogenic hori-
zons as well as the preservation of some undistorted primary deposi-
tional sedimentary features found in a Fluvent-type paleosol (paleosol
7a, Table 1).

Paleosols 6, 9, 12, and 21 have strong profile and horizon develop-
ment. Each had sandy soil horizons that overlie well-developed Bt hori-
zons consisting of a dense, clay-rich matrix that in some soils formed
distinctive blocky structure that surrounded gravel parent material
clasts (Fig. 4A). These accumulations of clay minerals indicate the pres-
ence of enough soil water with long enough residence times to weather
primaryminerals and translocate the secondary clays. Paleosols 6, 9, 12,
and 21 are similar to modern Alfisols (Argillisols in the Mack system),
which often display argillic horizons and form in soils of temperate
and humid to subhumid climates.

Paleosols 2, 3a, 10, 14, 20, and 22 showed a low degree of pedogen-
esis in terms of horizon development and soil structure but showed
enough soil formation to disrupt the original parentmaterial alluvial de-
positional stratification. They had sandy surface horizons that were
partly truncated, with underlying weakly developed Bt horizons
(Fig. 4B). The Bt horizons show evidence of downward translocation
of clays with some clay films (argillans) present on gravels and some
showed evidence of clay swelling or expansion associated with hydra-
tion. Bk horizons were always found in the depth profile and contained
accumulations of pedogenic carbonate varying in their degree of devel-
opment from coatings and rinds on gravel clasts, to moderate cementa-
tion of the fine matrix, to massive accumulations N1 m thick. Paleosols
#5 and 18 lacked clay-bearing horizons and associated evidence of
downward translocation of clays, but relatively strong calcareous hori-
zon development. Paleosol 17 had an incipient Bt/Bw horizon (evidence
of weathering and clay formation) overlying a series of calcareous Bk
horizons.

These Aridic paleosols clearly formed in a carbonate-accumulating
environment. Modern climates that produce Aridisols are found
where evapotranspiration is greater than precipitation, typically in re-
gions with b60 cm MAP (Schaetzel and Anderson, 2005). However,
the lower limit to pedogenic carbonate forming conditions is found in
hyperarid climates with b20 mm MAP and an absence of biological
CO2 (Ewing et al., 2006; Quade et al., 2007). Except for paleosols 5 and
18, these Aridic paleosols are analogous to modern Calciargids (Aridisol
soil order; Argillic Calcisols in the Mack et al. (1993) paleosol classifica-
tion). In general, modern Calciargids are usually soils that have under-
gone a climate change from a clay-forming environment (subhumid)
to a subsequent carbonate-forming environment (arid).

Paleosol 7a was weakly developed and consisted of layers of fine to
coarse sand and cobble sediments that are interpreted to have been de-
posited in lower energy portions of the fluvial systems active on the al-
luvial fan surface. Pedogenesis in this paleosol is very weak with the
original depositional texture and structure unmodified by pedogenesis.
This paleosol had a calcareous Bk horizon, and this paleosol shows car-
bonate accumulation indicative of climate conditions with not enough
precipitation to strip carbonate out of the soil profile.

This qualitative field evidence is remarkable in that these paleosols
represent unambiguous evidence of oscillating soil-forming conditions
between humid environments that produce Alfisols via chemical
weathering and authigenic clay production andno carbonate accumula-
tion (humid-type), to arid and semi-arid climates that facilitate the ac-
cumulation of pedogenic carbonate typical of Aridisols (arid-type).

5.2. Paleosol geochemistry

Field observations of the El Tesoro paleosols suggest that some of the
soils have undergone a considerable period of chemical weathering and
authigenic clay development, while others show evidence for accumu-
lation of pedogenic carbonate formation and accumulation. These ob-
servations should be reflected in geochemical gain and loss analyses of
paleosols, and can augment the interpretation of morphological fea-
tures. We used mass balance calculations relative to an immobile
index element to examine gains and losses of chemical elements in
each paleosol horizon relative to parent material in order to elucidate
both the production of weathering products and their redistribution in
the soil profile (Brimhall and Dietrich, 1987). A limitation of this tech-
nique in fluvial settings is the large heterogeneity of the lithological/
mineralogical composition of the parent material sediment with space
and time.

In this approach, the selection of an appropriate index element that
is both homogeneously distributed throughout the soil profile and re-
mains immobile during weathering is a primary consideration. The El
Tesoro paleosol parentmaterial was deposited in an alluvial fan setting,
and will reflect the integrated chemical and mineralogical composition



Fig. 4. (A) Photograph of paleosol analogous to a modern Alfisol (paleosol 21), note cobbles in clay-rich matrix; (B) photograph of paleosol analogous to a modern Aridisol (paleosol 22),
this is a compound paleosol with the boundary between the upper and lower paleosols at the Bk2-Ab interface. See Supplemental Fig. 1 for photographs of all paleosols.

Fig. 5. Comparison of calcium to cerium ratios for arid-type and humid-type paleosols
showing leaching loss of calcium relative to the index element cerium in humid-type
paleosols, and calcium accumulation relative to cerium in arid-type paleosols.
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of the sediment source areas upstream. However, as this sediment is
progressively transported downstream (evidenced by the rounded ge-
ometry of the parent material gravels and cobbles) physical processes
result in the sorting of sediments by size and density. The resulting sto-
chastic nature of the sediment in any stratigraphic layer creates difficul-
ty in selecting an index element that is not affected by transport and
sorting. Titanium and zirconium are often chosen as immobile index el-
ements for mass balance analyses, but are not ideal for fluvial parent
material sediment because they tend to be concentrated in heavy and
more rare accessory minerals (sphene specific gravity ≈ 3.6 and
zircon≈ 4.5, compared to quartz and feldspar≈ 2.6), especially in igne-
ous plutonic rocks such as those from which the parent material at El
Tesoro is derived.

In contrast, rare earth elements (REE) and their neighbors on the pe-
riodic table present several advantages as index elements because they
are relatively well distributed in igneous silicate rocks, albeit at fairly
low concentrations. Cerium, neodymium and thorium (not typically
considered a REE) are relatively abundant inminerals of the continental
crust, and show coherent behavior in most sedimentary processes and
may thus be less subject to variations in source or physical sorting
(Gromet and Silver, 1983). Pairs of elements that are both homoge-
neously distributed and immobile will show constant ratios throughout
a soil profile (Kurtz et al., 2000). In the El Tesoro paleosols, Ce concentra-
tions arewell correlatedwith Nd or Th (Supplementary Data).While Ce
is found in certain environments to respond to redox reactions, the gen-
erally mild weathering conditions suggested by the soils, its coherence
with Nd and Th, and its relatively high abundance appear to make it
suitable as an index element. Thus we used Ce as the index element to
examine pedogenesis and the extent of weathering within each
paleosol.

Geochemical mass balance analyses reveals two features. First, (as
expected) aridic soils have large gains of Ca relative to those interpreted
to bemore humid (Fig. 5). Second, analysis of major element trends (Si,
Fe, Na, etc.) reveals no distinctive total or depth differences between the
carbonate and non-carbonate soils, indicating that the extent of chemi-
cal alteration that the soils experiencedwas at bestmodest, andwas not
large enough to overprint the inherent chemical variability in the sedi-
ment (Supplementary Fig. 2 and Supplementary Table 2). Additionally,
many of the elementsmobilized byweatheringmay have been retained
in secondary phyllosilicates and oxides. This observation is likely reflec-
tive of both the duration of weathering, and the environmental condi-
tions that impacted the rates of the soil-forming conditions at that time.

5.3. Paleosol carbonate occurrence and abundance

The carbonate in the El Tesoro paleosols is present in a wide variety
of forms. Fine matrix carbonate is found in the B horizons of all of the
aridic soils (Table 1). Carbonate coatings on gravel clastswere also com-
mon on the bottoms of clasts, a pedogenic feature reliably found in soils
in modern semi-arid to arid regions, where carbonate is moved down-
ward with migrating waters, accumulating were evapotranspiration
drives calcite supersaturation (Gile et al., 1966; Amundson et al.,
1997). Carbonates are also found in clay bearing Bt horizons in some
paleosols at El Tesoro. The older and lower calcareous paleosols (2, 3a,
5, 7a) have much higher carbonate contents and some petrocalcic hori-
zons are present in these lowest paleosols (Table 1).

An important determination must be made between carbonate
formed in situ in the soil during pedogenesis (pedogenic carbonate)
and that originating from carbonate-bearing parent material or from
carbonate brought into the soil after development, possibly leached
from above and down into the soil or added from below by fluctuating
groundwater levels. Carbonate found in a soil or paleosol profile as coat-
ings or rinds on gravel clasts is undoubtedly pedogenic, especially if it is
found systematically on either the clast bottoms (commonly) or tops
(less common) (Amundson et al., 1997). Clast coatings with a variety
of orientations or that show evidence of abrasion due to gravel transport
are doubtfully pedogenic. At El Tesoro, carbonate clast coatings are
found on the bottoms of in-place soil clasts across the range of sampled
paleosols and are therefore considered pedogenic in origin. The pedo-
genic origin of carbonate found in the b2 mm fine paleosol matrix can
be confirmed by comparing its stable isotopic composition to that of
carbonate clast coatings co-occurring in the same paleosol horizon,



Fig. 6. Simplified stratigraphic arrangement of paleosols at El Tesoro (non-pedogenic
gravels in between paleosols not shown for clarity) with analogous modern soils, climate
interpretations, and pedogenic carbonate stable isotope values.
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and there is generally good agreement between the clast coating and
fine matrix carbonate in the El Tesoro paleosols (Table 1 and discussed
more below).

The source of calcium in pedogenic carbonate is either parent mate-
rial dissolution or influx of exogenousmaterial fromoutside the soil sys-
tem, in this case by eolian deposition of calcium bearing dust.We found
that the carbonate bearing paleosols are devoid of carbonate in their
upper horizons, but are immediately overlain by carbonate containing
sediment. This pattern shows that (1) the profiles were leached of car-
bonate in their upper horizons before burial, a feature common in de-
serts such as the Mojave (Quade et al., 1989; Wang et al., 1996), and
(2) there was no vertical overprinting from overlying calcareous sedi-
ments following burial, and that (3) C and O stable isotope values and
depth profiles are consistent with a pedogenic origin for carbonate in
the paleosols and not a limestone (marine) source, as discussed more
below.

The time interval that each paleosol experienced before burial is not
essential to detecting the signal of the climate. However, it can assist in
understanding the rate of sedimentation. It is common in arid settings,
if carbonate deposition rates are broadly known, to use the inventory of
total carbonate (usually derived from atmospheric deposition) as a
guide to duration of exposure. The source of calcium, particularly in
semi-arid to arid settings where in situ weathering is minimal, is eolian
deposition of calcium-bearing dust. In themodern AtacamaDesert, depo-
sition has beenmeasured to be 3±2mmol Cam−2 year−1, an average of
six measurements made at three sites approximately 150 to 500 km
south of El Tesoro with a MAP gradient across sites of 2 to
20 mm year−1 (Ewing et al., 2006). These deposition rates, while seem-
ingly appropriate for the Quaternary, may not fully represent early Ceno-
zoic conditions, but fall within that found in arid settings (b1–120 mmol
Ca m−2 year−1, Reheis et al., 1995).

Estimates of soil exposure duration times can be calculated from car-
bonate weight % in the b2 mm fine fraction determined during mass
spectrometric analyses for C and O stable isotopes. Carbonate weight %
was calculated for the thickness of each carbonate-bearing horizon,
and horizons were summed for each calcareous paleosol (Table 1).
The total carbonate abundance for each paleosol was divided by the
modern eolian Ca dust flux rate of 3 ± 2 mmol Ca m−2 year−1 (Ewing
et al., 2006), yielding an estimated exposure duration age for each cal-
careous soil. While this simple calculation contains considerable uncer-
tainties, we use these exposure time estimates only to illustrate that the
soil-forming environments may have spanned approximately 10 Ma in
total, which is similar to the age interval indicated by the underlying Cu
mineralization and overlying ignimbrite units (within uncertainty).
Later in the Miocene, sedimentation nearby seems to have ceased, and
thick hyperarid paleosols developed. Rech et al. (2006) estimated that
a 6-m-thick series of calcic and argillic paleosols found in the upper
reaches of the Calama Basin approximately 100 km to the northeast of
El Tesoro formed between 13 and 8 Ma, over the course of 2–5 million
years.

5.4. Paleosol carbonate C and O stable isotopes

Pedogenic carbonate δ13C values from the 12 carbonate-bearing
paleosols range from −5.71‰ to 2.70‰ (VPDB) (Fig. 6; Table 1).
While the C isotope composition of the atmosphere at this time is not
precisely known, carbonate values ranging from 4‰ to 5‰ (or 8‰ to
9‰ if diffusional effects are added) would reflect entirely abiotic C,
and so it is clear that the pedogenic carbonate is indicative of significant
plant-derived CO2. None of the paleosols show the typical increase in C
isotope values with decreasing depth (c.f. Cerling, 1984), which may be
a result of truncation and removal of shallowpaleosol horizons thatmay
have contained carbonate with higher δ13C values, reflecting the influ-
ence of atmospheric CO2. The depth of carbonate-bearing Bk horizons
varied from 25 cm to more than 100 cm (and the absolute loss of over-
lying A horizons is not well constrained). Thus, it is plausible that all C
isotope depth profiles reflect relatively deep soil conditions and thus re-
flect depth-invariant paleo-soil CO2 values that may occur below 50 or
more cm from the surface (Cerling, 1984). The range in δ13C values up
section of paleosol 9 suggests soil CO2 δ13C values of ca. −17‰
to −19‰ indicating modest rates of soil CO2 production (Cerling,
1984) in the carbonate-forming environment. Carbonate δ13C values
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of the lower calcareous paleosols (7a, 3a, 2) have higher values and
variability, suggestive of periods of lower soil respiration and greater
aridity than for soils found higher in the stratigraphic section.

The δ18O values of carbonate ranged from -8.79‰ to −3.16‰
(VPDB) (Fig. 6; Table 1). None of the paleosol profiles had distinctive
depth trends, indicating that the ratio of transpiration/evaporation in
terms of soil water loss was relatively high—or that the depth of carbon-
ate formation was below zones of significant evaporative enrichment
(e.g. Barnes and Allison, 1983, 1988). Carbonate δ18O values of the
lower calcareous paleosols (7a, 3a, 2) have intra-paleosol variability in
their δ18O values that mirrors the C isotope patterns. δ18O values in
the upper part of the section (14, 17, 20, 22) all shift towards heavier
values, trending from an average of −6.28‰ in paleosol 14 to an aver-
age of −3.78‰ in 22. This trend in δ18O values is not reflected in the
δ13C values.

6. Paleoclimate discussion

The most unambiguous indicator of the climatic conditions when
the Tesoro sedimentswere accumulating and undergoing soil formation
is the presence or absence of secondary carbonate. The presence of ped-
ogenic carbonate definitively shows that this region of the Atacama De-
sert was not hyperarid during the early and mid-Miocene because
pedogenic carbonate requires a minimum level of precipitation that
can support vegetation and create adequate respired CO2 in order for
carbonates to form (Quade et al., 2007). Rech et al. (2006) reported
argillic and calcic paleosols of early Miocene age (ca. 20 Ma) approxi-
mately 100 km to the northeast of El Tesoro in the Calama Basin.
Those paleosols were reported to have montmorillonite and illite clay
minerals in their argillic horizons, which are found in soil-forming envi-
ronments with up to 500 to 1000 mm/year of precipitation (Schaetzel
and Anderson, 2005), conditions that are also suggested by the argillic
El Tesoro paleosols (#6, 9, 12, and 21). The El Tesoro paleosols show
that the climate in the vicinity of Calama has greatly aridified since the
more humid periods of the early and mid-Miocene. A regionally wetter
climate in northern Chile during the Oligo-Miocene is also supported by
the presence of fluvial gravel deposits and relict alluvial fans at latitudes
of 19° to 23°S (May et al., 1999; Sáez et al., 1999; Hartley and Evenstar,
2010). The present elevation at which precipitation is high enough to
form pedogenic carbonate is now ~3200 masl (Quade et al., 2007).
The elevation at which the El Tesoro paleosols originally formed may
have beenmuch lower based on estimates of 2840m (±2510m) of re-
gional uplift during the early and middle Miocene (Jordan et al., 2010).
In the Tarapaca region north of El Tesoro, Farías et al. (2005) determined
that pluvial conditions existed at elevations as low as 1200masl during
the early to mid-Miocene.

The C stable isotope composition offers a perspective on changes in
ecosystem productivity over time. The C isotope composition is a func-
tion of both rates of (i) soil respiration, and (ii) atmospheric CO2 con-
centrations. The ratio between the two sources is driven by variations
in soil and plant respiration and/or variations in atmospheric CO2 partial
pressures (Cerling, 1991). A mixing model that relates measured pedo-
genic carbonate δ13C values to soil CO2 concentrations can be
reformulated from Yapp and Poths (1996) as (Myers et al., 2012):

CS ¼ CA δ13CA−δ13CO

� �
= δ13CC−δ13CO

� �� �
ð1Þ

where C is the concentration (in ppmV) of CO2, and δ13CX are the δ13C
values of carbonate formed in equilibrium with: soil (S), atmosphere
(A), soil organic matter (O), and themeasured δ13C values of pedogenic
carbonate (C).

Atmospheric CO2 concentrations during the Miocene are estimated
to be CA = 250 ppm (Pagani et al., 1999), with δ13CA value = −6.5‰
(Ekart et al., 1999). A δ13CO value of −6.41‰ was used in Eq. (1),
which reflects carbonate formed at 25 °C in equilibrium with soil CO2
having a δ13C value of −20.6‰, which reflects soil CO2 derived from
C3-type soil organic matter with a δ13C value of−25‰ (+a 4.4‰ diffu-
sional correction). Soil CO2 concentrations obtained from Eq. (1) range
from 266 ppm to 3464 ppm, using the minimum and maximum
paleosol δ13CC values of −5.71‰ and 2.70‰ (Table 1).

These estimates of soil CO2 concentrations at El Tesoro in the early to
mid-Miocene are similar to soil CO2 concentrations measured in mod-
ern carbonate-forming soils that receive approximately 100 to
220 mmMAP (Breecker et al., 2009). The δ13C values of paleosol pedo-
genic carbonate at El Tesoro also fall within the range of modern soils in
Argentina, east of Santiago, Chile that have MAP ranging from 132 to
320 mm year−1 (Peters et al., 2013). These comparisons with modern
pedogenic carbonate-forming environments provides significant sup-
port for Miocene conditions with rainfall values an order of magnitude
higher than the present amounts, which is 4.2 mm at nearby Calama
(Houston, 2006). It also requires active plant cover and biological CO2

production, which is presently entirely absent at El Tesoro.
The δ18O value of pedogenic carbonate is controlled by both (i) the

δ18O value of soil water from which the carbonate formed and (ii) the
temperature during carbonate formation (Cerling, 1984). Here, we as-
sume a temperature of 25 °C and no evaporative enrichment of soil
water, based on the lack of depth-dependent O isotope profiles in any
of the paleosols and the relatively deep carbonate formation zones in-
ferred by evidence of upper soil truncation. Using the relations of Kim
and O’Neil (1997), the δ18O values of the soil water that the carbonates
formed from ranges from −0.45‰ to −12.03‰, with a mean
of −2.92‰ (VSMOW). The range in δ18O values of the El Tesoro
paleosols encompasses that observed inmodern soils in Argentina at el-
evations of 1000 to 2000 masl (Peters et al., 2013). The δ18O value of
present rainwater in the area and at similar elevations to modern El
Tesoro is approximately −5‰ (Aravena et al., 1999; Rech et al., 2010).

Globally, the early andmid-Miocenewere dynamic times climatical-
ly as the Earth system cooled from thewarm conditions of the early Eo-
cene climatic optimum (Zachos et al., 2001). The Antarctic ice sheet is
thought to have started to form during the Oligocene, and by the early
Miocene it may have been well developed and extensive (Zachos and
Kump, 2005). From a tectonic perspective, the South American conti-
nent was fairly close to its present position (Hartley et al., 2005). The
Humboldt Current along the western margin of South America was ac-
tive in this time period after being established in the early Cenozoic
(Keller et al., 1997). Various geodynamic scenarios for the AndeanOrog-
eny have been proposed and can be generally framed into two end
members: a slow and steady rise beginning as early as the Eocene that
results in central Andean elevations of ~2 km during the Miocene
(Barnes and Ehlers, 2009), and a rapid rise model that purports a
major uplift during the late Miocene resulting in the attainment of cur-
rent Andean elevations (Garzione et al., 2008).

Oxygen isotopes in paleosol carbonates arewidely used inmountain
environments as a proxy for paleo-elevation and temperature. It is as-
sumed in these studies that the δ18O value of rainfall follows a simple re-
lationshipwith elevation: as elevation increases, temperatures cool, and
precipitation δ18O values decline (cf. Blisniuk and Stern, 2005). This
strategy has been used in several studies of paleosols and freshwater
carbonates on both the eastern and western margins of the Andes in
northern Chile and Bolivia (Garzione et al., 2006; Quade et al., 2007;
Garzione et al., 2008; Rech et al., 2010). Here,we compile these previous
results, and include the El Tesoro carbonates for comparison.

In the early Miocene, it appears that both the east andwestern mar-
gins of the present Andean plateau had similar δ18O values, with the
western margin (both El Tesoro and data of Rech et al., 2010) being
slightly more positive (Fig. 7). The data also show a sharp divergence
of O isotope values over time beginning ca. 20 Ma, with pedogenic car-
bonate samples from the east on the Altiplano becomingmore negative,
and the western slope (around El Tesoro and Calama) becoming more
positive. The trends shown in Fig. 7 for the Altiplano samples have
been used to support the interpretation of significant lateMiocene uplift
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of the Altiplano (Garzione et al., 2006, 2008). The trend of increasing
δ18O values with decreasing age for the Calama region conflicts with a
simple elevation / δ18O relationship, especially in light of independent
observations of uplift (Rech et al., 2006; Jordan et al., 2010). Rech et al.
(2010) interpreted their O isotope data to reflect meteoric water that
both decreased due to increasing elevation to the east, combined with
increasing evaporation in the soil environment, resulting in a net in-
crease in soil carbonate δ18O values over time. An alternative explana-
tion has recently been proposed by Poulsen et al. (2010), who used
regional climatemodel simulationswith variable topographic scenarios.
These authors show that uplift of the Andes may produce complex
changes in regional circulation and resulting precipitation δ18O values
during the rise of the Andean plateau. From their simulations, precipita-
tion on the Andean Plateau may have experienced higher precipitation
δ18O values as the Andes reached mid-elevations due to the onset of
convective storms, and increased precipitation rates that enhanced the
isotope amount effect. Subsequently, as the Andes rose further, δ18O
values declined due to adiabatic cooling and colder vapor condensation
temperatures. Thus, the existing O isotope record (Fig. 7) may be alter-
natively interpreted as faithfully recording the O isotope composition of
regional precipitation as this section of South America underwent both
topographic and climatic reorganization over time. Regardless of the
mechanism, there is a clear meteoric water disconnection between
the eastern and western Andes over the late Cenozoic, one that likely
has its origin in complex circulation changes associated with this topo-
graphic change.

7. Conclusions

The El Tesoro paleosols represent a remarkable period of oscillations
between relativelymoist to semi-arid and arid climates during themid-
Cenozoic, in what is now the driest part of the world. The paleosols,
combined with other published studies, indicates that this region
underwent significant aridification in the late Miocene or later. The O
isotope data from these paleosols, when combined with published
data from the region, reveal a significant divergence of the O isotope
composition of precipitation in the east and westernmargins of the An-
dean plateau since 21.9 Ma, and suggest that simple assumptions of de-
creases in δ18O values of carbonate with increasing elevation may not
apply where topographic change may induce regional circulation
Fig. 7. Comparison of El Tesoro pedogenic carbonate δ18O valueswith regional publishedO
isotope data for modern soils, paleosols, and lacustrine and palustrine carbonates on the
western side of the Andes near Calama (Quade et al., 2007; Rech et al., 2010) and on the
Altiplano (Garzione et al., 2006, 2008). El Tesoro paleosol carbonate ages are estimated
from carbonate accumulation times summed over each paleosol and plotted here based
on aggradation and soil formation subsequent to Cu mineralization at 21.9 Ma. Error
bars on El Tesoro paleosol ages are based onmodern carbonate dust flux rate uncertainties
(see Section 5.3 and Table 1).
changes. However, this also suggests that there may be a richer record
of climate embedded in pedogenic carbonate, one that will further our
understanding of the rise of the Andes.
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