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The clumped isotope geothermometer estimates the formation temperature (T(�47)) of carbonates and 
has great potential to enhance the extraction of environmental data from pedogenic (soil) carbonate in 
the geologic record. However, the influence of vegetation type and site-specific conditions on carbonate 
formation processes and T(�47) records remains poorly understood. This study examines the potential for 
variability in T(�47) data between nearby, same elevation sites with different C3/C4 biomass. Pedogenic 
carbonates (undercoatings and nodules) were collected from five modern soil pits in the semi-arid eastern 
Andean piedmont of Argentina under a summer precipitation regime. Three pits were instrumented with 
temperature and moisture sensors to 1 m depth, and a fourth was instrumented with additional soil 
CO2 and atmospheric (temperature, relative humidity, insolation, and rainfall) sensors. T(�47) values 
(mean: 30 ±6 ◦C (±1SE)) are invariant with depth and are statistically indistinguishable between the four 
instrumented sites, though a 10 ◦C difference between our T(�47) values and those of a nearby Peters 
et al. (2013, EPSL) study suggests the potential for significant site-to-site variability, likely due to local 
soil hydrology. The results of this study suggest that deeper (≥40 cm) T(�47) values are consistent with 
carbonate formation during the early part of soil drying immediately after large mid-summer rainstorms. 
Carbonate formation ≤ 40 cm depth may be biased to soil drying after small, frequent precipitation 
events occurring throughout the spring, summer, and fall months, averaging to shallow summer T(�47)

values and resulting in a near-isothermal T(�47) profile.
© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The development of low temperature geothermometers is im-
portant to researchers studying Earth surface processes, paleoal-
timetry, and paleoclimate. The clumped isotope geothermometer 
allows for the determination of near-surface temperatures based 
on the relative degree of 13C–18O bonding in carbonates (CaCO3). 
“Clumping” of these heavy isotopes varies inversely with temper-
ature, providing an estimate of carbonate formation temperature 
(T(�47), where �47 refers to the abundance of 13C–18O bonds in 
CO2 gas derived from carbonate in excess of a stochastic distribu-
tion) that is independent of bulk isotopic composition (Ghosh et 
al., 2006a; Eiler, 2007). Thus, clumped isotope thermometry solves 
the issue of two unknowns in conventional stable isotope analysis 
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of carbonate, in which carbonate δ18O depends on both the tem-
perature of mineral formation and the oxygen isotopic composition 
of the soil water.

Early uses of clumped isotope geothermometry assumed that 
pedogenic carbonate formation temperatures reflect mean annual 
soil temperatures (MAST), with potential systematic errors due to 
seasonal biases (e.g. Ghosh et al., 2006b). Breecker et al. (2009)
calculated a strong seasonal bias for carbonate formation during 
warm, drying episodes in the soil when soil pCO2 is low. Several 
studies have found T(�47) to be far in excess of MAST (e.g. Passey 
et al., 2010; Quade et al., 2013; Hough et al., 2013) or to reflect a 
mixture of summer and fall temperatures depending on the tim-
ing of the wet season and snowmelt (Peters et al., 2013). Depth-
resolved T(�47) data are reported in Passey et al. (2010), Quade et 
al. (2013), and Peters et al. (2013), and nearly all published T(�47)

profiles are isothermal with depth. Quade et al. (2013) interpreted 
their T(�47) data as decreasing with depth, following the pattern 
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for summer soil temperatures; however, with consideration of the 
typical 4–6 ◦C uncertainty in clumped isotope methods, these data 
appear to be isothermal. Peters et al. (2013) observed no system-
atic decrease in T(�47) with depth, which was consistent with 
typical fall soil temperatures. Together these data call into ques-
tion our collective understanding of carbonate formation in the soil 
profile, such that summer biases for T(�47) are generally accepted, 
though T(�47) with depth and the timing of carbonate precipita-
tion in soil require clarification.

This study examines the potential for variability of T(�47) data 
from soil carbonate nodules and undercoatings collected in the An-
dean piedmont of Argentina (32.5–34◦S; Fig. 1) in order to better 
constrain the conditions that lead to carbonate precipitation and 
to improve interpretations of clumped isotope paleoenvironmen-
tal records. We simplified our investigation by (1) choosing sites 
in a summer-only precipitation regime, thereby limiting variability 
in seasonal soil drying, (2) varying C4/C3 biomass, which may bias 
seasonal soil moisture and CO2 conditions during times of peak 
productivity, and (3) comparing same elevation nearby sites, as 
some studies show a strong correlation between T(�47) and ele-
vation (Quade et al., 2013; Hough et al., 2013) while others do not 
(Peters et al., 2013). Our objectives are to explore the influence 
of environmental variables on the timing of pedogenic carbonate 
formation via in-situ monitoring of atmospheric conditions, soil 
temperature, soil moisture, soil gas CO2 concentration, and vegeta-
tion type, and to determine the potential for site-to-site variability 
in resulting T(�47) values.

2. Background

2.1. Controls on pedogenic carbonate formation

Pedogenic carbonate forms over hundreds to thousands of years 
as filaments, root casts, nodules, clast undercoatings, or horizons in 
sub-humid to arid soils when the soil solution becomes supersatu-
rated with calcite (Gile et al., 1966; Cerling and Quade, 1993). The 
carbonate formation reaction,

CaCO3(s) + CO2(g)
+ H2O ↔ Ca2+

(aq) + 2HCO−
3(aq)

(1)

and its corresponding activity equation under aqueous conditions,

αCaCO3 = 4m3
Ca2+

pCO2

(
K2

K1 Kcal KCO2

)
(2)

show that carbonate precipitation in soils may result from in-
creasing soil temperature, decreasing soil gas pCO2, or increasing 
Ca2+ or HCO3

− concentration in solution (Breecker et al., 2009). 
In well-drained, arid climate soils, carbonate should form during 
periods of soil dewatering due to evaporation, root uptake, and de-
creasing pCO2 (Huxman et al., 2004; Liu et al., 2002). Soil CO2 is 
an admixture of atmospheric CO2 and biologically respired CO2. 
Typically, pedogenic carbonate δ13C in a soil profile exhibits a pos-
itive shift near the surface reflecting a decrease in the respired 
component of soil CO2 (Luo and Zhou, 2006; Cerling and Quade, 
1993). δ18Ocarbonate depends on δ18Osoil water (SW) and temperature-
dependent fractionation during carbonate formation. In well-
drained soils, δ18OSW is commonly assumed to reflect meteoric 
water, and is typically enriched near the surface by evaporation 
(e.g. Cerling and Quade, 1993). In equation (2), pCO2 is the par-
tial pressure of soil gas carbon dioxide, mCa2+ is the soil solution 
calcium ion concentration (provided by rainwater and dissolution 
of Ca-bearing minerals in dust or soil parent material, e.g., Gile et 
al., 1966; Machette, 1985), and K values are temperature-sensitive 
equilibrium constants (Drever, 1982; Plummer and Busenberg, 
1982). A value of alpha (αCaCO3 ) > 1 indicates precipitation of 
CaCO3. This equation is valid for systems in thermodynamic equi-
librium where activity ≈ concentration and soil water pH ≤ 9. 
Recent studies have suggested that isotopic equilibrium in carbon-
ate formation is not always achieved (Gabitov et al., 2012) due 
to kinetic isotopic effects that may result in increased apparent 
T(�47) values (Guo, 2008). However, most studies of soils assume 
that pedogenic carbonate forms in isotopic equilibrium with soil 
CO2 and soil water during drying episodes (Breecker et al., 2009;
Cerling and Quade, 1993).

Recent studies have combined soil carbonate clumped isotope 
thermometry with in-situ soil monitoring to investigate how these 
factors affect carbonate formation and T(�47) records; most pub-
lished data suggest a summer temperature bias in carbonate for-
mation, but soil moisture balance may be more important. Quade 
et al. (2013) found that average T(�47) measurements of modern 
soil and paleosol carbonates from soils typically developed un-
der summer rainfall seasonality reflected the hottest months of 
the year when the soil was dry, exceeding the mean annual air 
temperature (MAAT) by 10–15 ◦C. Passey et al. (2010) found that 
temperatures recorded by modern soil carbonates in temperate lat-
itudes exceeded present-day MAST, plotting closely with average 
summer soil temperatures. Peters et al. (2013) investigated car-
bonate formation temperatures along an Andes elevation transect 
at ∼33◦S and found that average T(�47) values for carbonates 
collected above 2 km elevation reflect summer soil temperatures, 
while those below 2 km more closely reflect MAST. This transition 
coincides with a change in seasonality of precipitation. This study 
suggested that below 2 km, summer rainfall delays soil drying un-
til fall, allowing carbonate formation later in the year to record 
cooler T(�47) values. Above 2 km, under winter precipitation, soil 
dries during the warmest months, allowing for carbonate forma-
tion with summer T(�47).

Few studies have investigated the behavior of T(�47) with 
depth. Quade et al. (2013) reported decreasing T(�47) with depth, 
attributed to summer soil temperatures intensified by radiative 
heating at the surface; however, these profiles do not vary with 
depth if considered with typical 4–6 ◦C uncertainties. Peters et al.
(2013) reported isothermal profiles that could be attributed to soil 
heterogeneity or to higher frequency of carbonate formation at the 
surface than at depth, such that if carbonate formation at depth oc-
curs rarely, in response to abnormally hot conditions, T(�47) will 
be more constant throughout the soil profile.

The type and amount of vegetation in a region may also in-
fluence the timing of carbonate formation because plants impact 
radiative heating at the soil surface and focus removal of moisture 
within the rooted part of the soil profile. C3 and C4 type plants 
are adapted to different levels of CO2, light intensity, and water 
stress due to variations in metabolic pathways for photosynthetic 
carbon fixation. C3 plants are adapted for productivity under mod-
erate soil and air temperatures and light intensities, and are most 
active during spring and fall in arid environments. However, C3
plants may be active when water is available during the warmest 
summer months, in spite of high temperatures, due to stomatal 
regulation, solar tracking, leaflet closure, low leaf area index, pho-
tosynthetic stems, leaf waxes, and varying root profiles that maxi-
mize water uptake after precipitation events (Villagra et al., 2011;
Giordano et al., 2011; Guevara et al., 2010; Meglioli et al., in 
press). C4 plants, including most grasses in arid regions, are gen-
erally adapted to high water and temperature stress and low 
pCO2, enhancing soil dewatering during summer, so it is ex-
pected that carbonate T(�47) values will be high in regions of 
high ratios of C4 to C3 plant biomass (Breecker et al., 2009;
Meyer et al., 2014). If vegetation type influences site-to-site vari-
ability in T(�47) records, paleoenvironmental interpretations of 
formation temperatures may be significantly complicated, as C4/C3
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Fig. 1. Eastern Andean piedmont of central Argentina, ∼32–34◦S. Left: Peters et al. (2013) transect with subsurface monitoring sites at 3.2 km, 2.4 km (circles, not considered 
in this study), 1.6 km and 1.1 km (stars). Right: Inset A: locations (stars) of CAN01, CAN02, and DL01 subsurface monitoring sites. Inset B: location of Nacuñan Nature Reserve 
site.
distribution may be altered by changes in elevation, climate, and 
land use over time.

2.2. General sampling site description

We sampled pedogenic carbonate from the eastern Andean 
piedmont of Argentina at 32–34◦S in the Villavicencio (CAN01, 
CAN02), Divisadero Largo (DL01), and Nacuñan Nature Reserves 
(Fig. 1). The piedmont is an arid, gently eastward sloping topo-
graphic feature; the western edge borders the Andes at ∼1000 m 
elevation, sloping down to ∼500 m at the eastern edge. The entire 
piedmont experiences spatially discontinuous summer convective 
precipitation with infrequent westerly precipitation events rarely 
reaching its western edge during winter (Mancini et al., 2005). 
MAAT recorded at Mendoza (∼830 m elevation) is ∼17 ◦C and 
mean annual precipitation (MAP) is ∼220 mm (1989–2015) (Base 
de Datos Hidrológica Integrada (BDHI, http :/ /bdhi .hidricosargentina .
gov.ar) and Servicio Meteorológico Nacional (SMN, http :/ /www.
smn .gov.ar)). Vegetation type and cover density across the pied-
mont trend from a nearly 50/50 C4/C3 grass mixture at 1000 m 
elevation in the west to a 90/10 grass mixture at 600 m in the 
east, with size and density of shrubs and trees increasing to the 
east (Caravagno, 1988). Soils of the western piedmont are devel-
oped in a coarse-grained alluvial conglomerate parent material and 
contain stage I/II carbonate development (continuous clast under-
coatings) (Gile et al., 1966; Birkeland, 1999). Cosmogenic nuclide 
dating of tectonically uplifted terraces in the otherwise contiguous 
piedmont between Villavicencio and Mendoza yield ages between 
21 and 0.7 ka, highest to lowest, respectively (Schmidt et al., 2011). 
Our soil pits are adjacent to these terraces but not tectonically dis-
turbed, thus we suggest that surface ages are <5000 yrs.

The Nacuñan Nature Reserve is located ∼150 km to the south-
east of Mendoza at 34◦S. This region also experiences summer-
only precipitation, with MAAT ∼16 ◦C and MAP ∼326 mm (Ojeda 
et al., 1998). Plant productivity here is higher than at the Villavi-
cencio and Divisadero Largo sites, although the total C4/C3 distri-
bution (grasses and shrubs) is similar to Villavicencio. The soil is 
modern, based on radiocarbon dating of carbonate nodule samples 
(Section 3.1), and consists of medium- to coarse-grained sand that 
contains carbonate nodules.

Extensive prior work in this region (across an E–W transect 
through the Río Mendoza valley) provides context for our study, in-
cluding documentation of the elevation dependence of δ18O values 
in precipitation, river water, and pedogenic carbonate (e.g. Hoke 
et al., 2009, 2013), and associated soil carbonate clumped isotope 
records (e.g. Peters et al., 2013). Data from the 2 nearest Peters 
et al. (2013) sites are provided for comparison with our results 
(Figs. 1, 3–4).

3. Methods

3.1. Field station characterization and sampling

In order to investigate the impact of local factors on soil car-
bonate growth and T(�47), we collected modern soil carbonates 
for T(�47) and 14C analysis as well as in-situ field data on subsur-
face conditions (soil temperature, moisture, pCO2, rooting depth, 
substrate, carbonate stage), meteorological conditions (air temper-
ature, rainfall, relative humidity, insolation) and vegetation. In July 
2013, four soil pits were excavated over a ∼40 km N–S transect 
between the Villavicencio and Divisadero Largo Nature Reserves 
(∼32.7◦S) (Fig. 1, Table 1). Two pits (CAN01 and CAN02), sepa-
rated by ∼6 km, were instrumented with Onset soil temperature 
sensors (10, 50, and 100 cm) and moisture sensors (50 cm) con-
nected to an Onset microstation data logger (Fig. 2a). A pendant 
temperature logger mounted in a radiation shield was suspended 
from a pole at 1.5 m above the ground surface. A third pit (DL01) 
was instrumented with soil temperature and moisture sensors at 
10 and 50 cm depth. Stage I–II pedogenic carbonate undercoat-
ings on non-carbonate clasts were collected from these sites at 

http://bdhi.hidricosargentina.gov.ar
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Table 1
Soil pit and meteorological station locations.

Soil pit site: Location Elevation 
(m)

Data available

Latitude (S) Longitude (W)

CAN01 32◦35′31′′ 68◦54′19′′ ∼1000 Soil T (10, 50, 100 cm), Soil Moisture (50 cm), 
Carbonate undercoatings collected to 1 m depth

CAN02 32◦39′07′′ 68◦55′00′′ ∼1000 Soil T (10, 50, 100 cm), Soil Moisture (50 cm)
Carbonate undercoatings collected to 1 m depth

CAN03 32◦34′12′′ 68◦56′34′′ ∼1000 No instrumental data,
Carbonate undercoatings collected at 50 cm depth

DL01 32◦52′40′′ 68◦55′21′′ ∼1000 Soil T (10, 50 cm), Soil Moisture (10, 50 cm)
Carbonate undercoatings collected to 1 m depth

Nacuñan 34◦02′60′′ 67◦54′10′′ ∼540 Soil T (10, 50, 100 cm), Soil Moisture (10, 50, 100 cm), CO2 (50 cm), 
Air T, Precip., Insolation,
Carbonate nodules collected to 1 m depth

Peters et al. (2013)
(1.1 km)

33◦02′38′′ 69◦00′33′′ ∼1100 Soil T (10, 50, 100 cm), Soil Moisture (50 cm), 
Carbonate undercoatings collected to 1 m depth

Peters et al. (2013)
(1.6 k)

32◦49′24′′ 69◦17′55′′ ∼1600 Soil T (10, 50, 100 cm), Soil Moisture (50 cm), 
Carbonate undercoatings collected to 1 m depth

Meteorological 
station:

Latitude (S) Longitude (W) Elevation Data available

BDHI: Mendoza 33◦00′54′′ 69◦07′03′′ ∼1000 Precip. (1983–2015)
NCDC: Mendoza 
Airport

32◦49′59′′ 68◦46′59′′ ∼1000 Air T, precip. (1959–2015)

NCDC: Mendoza 
Observatory

32◦53′00′′ 68◦51′00′′ ∼1000 Air T, precip. (1959–2015)

GNIP: Mendoza 
Observatory

32◦52′48′′ 68◦51′00′′ ∼1000 Air T, precip., δD, δ18O (1982–1988, 1998–1999)

GNIP: Nacuñan 34◦01′48′′ 67◦58′12′′ ∼540 Air T, precip., δD, δ18O (1982–1984)
BDHI: San Rafael 34◦36′44′′ 68◦18′58′′ ∼1000 Precip. (1984–2014)

Fig. 2. (a) CAN01 and CAN02 site sensor instrumentation (from Peters et al., 2013). (b) Nacuñan soil and atmospheric sensor instrumentation.
15–20 cm intervals to 1 m depth. The fourth pit (CAN03) was sam-
pled for carbonate undercoatings at 50 cm depth. The substrate for 
each soil pit was cobble to boulder conglomerate. A fifth pit was 
sampled for carbonate nodules to 1 m depth in the Nacuñan Na-
ture Reserve (∼34◦S; Fig. 1, Table 1). This pit was instrumented 
with Onset soil moisture and temperature sensors at 10, 50, and 
100 cm depth, a Vaisala pCO2 sensor at 50 cm depth, and On-
set air temperature, relative humidity, insolation, and rain sensors 
(Fig. 2b). Readings from all instruments were logged at 15-minute 
intervals by an Onset U30-NRC logger (July 2013–May 2015); all 
sensors were tested prior to deployment in the field for proper 
functionality, and resulting data were calibrated according to the 
sensor manufacturer. Vegetation estimates of biomass as % cover 
were collected using point intercept surveys conducted in repre-
sentative, undisturbed areas near each soil pit at the end of the 
in-situ monitoring study in April–May 2015.

We complemented our in-situ observations with data from 
nearby weather stations. Daily precipitation data are available from 
BDHI for Mendoza Airport (near CAN01 and CAN02) and for San 
Rafael (<100 km southwest of Nacuñan). Daily air temperature 
and precipitation data are available from NOAA’s National Cli-
matic Data Center (NCDC) (http :/ /www.ncdc .noaa .gov/) at Men-
doza Airport and Mendoza Observatory. Limited daily air tem-
perature, precipitation, and δD and δ18O data are available from 
Hoke et al. (2013) and for Mendoza Observatory and Nacuñan 
through the Global Network of Isotopes in Precipitations (GNIP) 
(http :/ /www.naweb .iaea .org /napc /ih /IHS _resources _gnip .html).

http://www.ncdc.noaa.gov/
http://www.naweb.iaea.org/napc/ih/IHS_resources_gnip.html
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Table 2
Vegetation description with biomass estimated by % cover.

CAN01 CAN02 DL01 Nacuñan

% bare soil 25 22 3 0
C4/C3 grasses 4.80 36.00 0.10 2.80
C4/total vegetation cover 0.32 0.46 0.02 0.42
Dominant grasses (C3 or C4) • Pappophorum (C4) • Pappophorum (C4) • Jarava ichu (formerly Stipa ichu) (C3) • Pappophorum caespitosum (C4)

• Bouteloa barbata (C4) • Bouteloa barbata (C4) • Trichloris crinita (C4)
• Eragrostis (C4) • Eragrostis (C4) • Setaria mendocina (C4)

• Jarava ichu (formerly Stipa ichu) (C3)
Dominant CAM (cacti) (C4) • Opuntia (C4) • Opuntia (C4)

• Tephrocactus (C4) • Tephrocactus (C4)
Dominant shrubs (C3) • Lycium tenuispinosum • Lycium tenuispinosum • Trycicla spinosa • Larrea cuneifolia

• Larrea cuneifolia • Larrea cuneifolia • Lycium tenuispinosum • Larrea divaricata
• Zucagnia punctata • Zucagnia punctata • Verbena aspera • Lycium tenuispinosum

• Prodopsis flexuosa
• Geoffroea decorticans
3.2. Stable isotopic analysis and radiocarbon dating methods

Carbonate undercoatings from the piedmont soils were scraped 
from multiple non-carbonate clasts of the same depth, powdered, 
and homogenized with an agate mortar and pestle. Carbonate nod-
ules from the sandy soil at Nacuñan were crushed and homoge-
nized, with care taken to remove roots and obvious organic mate-
rial.

The samples were analyzed at the University of Washington’s 
IsoLab in December 2013 and July 2014. Carbonate samples and 
standards (8 mg calcite) were digested in 105% phosphoric acid at 
90 ◦C with the evolved CO2 gas purified using an automated stain-
less steel vacuum line. The CO2 was analyzed on a Thermo MAT 
253 mass spectrometer configured to measure m/z 44–49 inclu-
sive. Values of δ13C, δ18O, �47, and �48 were calculated using es-
tablished methods (Eiler and Schauble, 2004; Affek and Eiler, 2006;
Huntington et al., 2009 and references therein), with �47 values 
corrected to the Absolute Reference Frame (ARF) of Dennis et al.
(2011) using heated gas (1000 ◦C) and CO2–water equilibration 
(4 and 60 ◦C) lines constructed during the analysis period. Samples 
with �48 values higher than 2�, indicating contamination, were 
rejected. Select samples were also analyzed for δ13C and δ18O us-
ing a Kiel III carbonate device coupled to a Thermo-Finnigan Delta 
Plus isotope ratio mass spectrometer (noted in Table 3), following 
the methods of Tobin et al. (2011).

T(�47) values were calculated using the synthetic carbonate 
calibration of Kluge et al. (2015), which was developed using an-
alytical methods similar to our own (e.g. acid digestion at 90 ◦C), 
as well as that of Zaarur et al. (2013) (e.g. acid digestion at 25 ◦C), 
for reference. For the range of �47 values reported in this study 
(0.572–0.639�, Table 3), the two calibrations result in similar 
T(�47) estimates, differing by an average of 6% (∼2 ◦C) for sam-
ples with n = 3 replicates. T(�47) values from samples with n = 3
replicates are generally recorded to 4–6 ◦C precision (1 SE).

The �47 data for soil carbonates from nearby sites by Peters et 
al. (2013) were reported relative to heated gases only and are not 
directly comparable to data reported in the ARF. To facilitate di-
rect comparison of the Peters et al. (2013) dataset with the results 
of this study, splits of their same 50 cm depth samples (1.1 and 
1.6 km sites) were reanalyzed at the University of Washington in 
April 2015.

Radiocarbon dating was performed by DirectAMS
(www.directams.com). Pedogenic carbonate samples were digested 
in phosphoric acid under vacuum to produce CO2. A disposable 
manifold was used to transfer the CO2 to an individual reaction 
vessel containing zinc and an inner vial of iron dust, which was 
heated at 550 ◦C for ∼5 h to form graphite. Samples were ana-
lyzed on a National Electrostatics Corporation 1.55DH-1 Pelletron 
Accelerator (0.3% precision and accuracy).
4. Results

4.1. Vegetation survey, radiocarbon ages, and in-situ soil monitoring 
results

CAN01 and CAN02 lie in a mixed C4/C3 vegetation environment 
dominated by C3 shrubs with a C4 grass layer (Table 2). DL01 is 
dominated by C3 grasses and shrubs with a higher plant cover 
than the CAN sites, which may be due to the slight southern aspect 
of this terrace, which receives lower irradiance than the more ex-
posed CAN sites. Nacuñan lies in a mixed C4/C3 environment with 
the highest productivity of the four sites, including a dominantly 
C4 grass layer and a high density of C3 shrubs.

Radiocarbon dating of pedogenic carbonate undercoatings col-
lected at 40 cm depth at DL01 produced an age of 2080 ±
30 (1σ) yrs BP, and nodules collected at 30, 50, and 100 cm 
depth at Nacuñan produced ages of 5900 ± 30, 11 140 ± 40, and 
16 200 ± 70 yrs BP, respectively, indicating Late Pleistocene to 
present carbonate formation.

At least 1.5 yrs of data at 15 min intervals are available for each 
instrumented soil pit, beginning in July 2013. We report air tem-
perature data for CAN01, CAN02, and Nacuñan. Nacuñan soil pCO2
is available from mid-February 2014 through May 2015; miss-
ing data prior to February 2014 was due to a blown fuse in the 
CO2 sensor solar power system. Other minor gaps in data collec-
tion stem from dead batteries (CAN01), micrologger leaks (CAN01, 
DL01), and damage from rodent activity (DL01). Daily averaged 
data sets for all sites are available in the Supplementary Materi-
als.

Total precipitation during our instrument deployment was sim-
ilar to or greater than historical MAP, whereas average air temper-
atures reflected historical MAAT. The total precipitation for August 
2013–August 2014 for CAN01, CAN02, and DL01 was between 260 
(Mendoza Airport) and 280 mm (Mendoza Observatory), exceeding 
MAP (220 mm) by ∼20%. The total precipitation for August 2013–
August 2014 recorded by our Nacuñan rain gauge was ∼430 mm, 
exceeding MAP (326 mm) by ∼30%. The total precipitation for Au-
gust 2014–May 2015 was ∼160 mm for Mendoza and 280 mm 
for Nacuñan, falling below the historical average for each site by 
at least 10%. Average air temperatures at Mendoza and Nacuñan 
reflected the historical MAAT’s of 17 ◦C and 16 ◦C, respectively, 
with daily averaged air temperatures of 0–35 ◦C. Solar radiation 
for Nacuñan ranged from 0–1275 W/m2, with maximum insola-
tion occurring between December and March of each year.

Soil temperatures were comparable for all 4 instrumented pits 
and similar to those of the two nearest sites (1.1 and 1.6 km) 
of Peters et al. (2013) (Fig. 3). Average daily soil temperatures 
ranged from 0–40 ◦C (10 cm depth) and from 8–35 ◦C (50 and 
100 cm depth) for all 4 sites. Peters et al. (2013) sensor data 
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Fig. 3. In-situ station records averaged daily for August 2013–May 2015 overlaid with T(�47) values (averaged for samples ≥40 cm depth) (this study); in-situ records for 
February 2010–January 2011 and T(�47) values (Peters et al., 2013).
from 2010 reported soil temperatures of 0–33 ◦C, air temperatures 
similar to historical MAAT recorded by nearby weather stations 
(Guido, 15 ◦C; Cachueta, 13 ◦C), and precipitation ∼30% below 
MAP.

We recorded soil wetting and drying events at each in-
strumented site, observing soil moistures between 0.00 and
0.30 m3/m3. According to the sensor manufacturer (Onset), soil 
moistures of 0.30–0.50 m3/m3 represent wet to saturated soils 
and values <0.10 m3/m3 reflect “oven dry” to “dry” soils. A sig-
nificant wetting event was captured at 50 cm depth for all sites 
in late February 2014, although conditions at CAN02 during this 
event remained “dry” (peak soil moisture of 0.09 m3/m3). DL01 
captured 5 additional soil-wetting events at 50 cm depth, occur-
ring in December 2013, April 2014, and December 2014. Sen-
sors at Nacuñan captured 1 wetting event at 100 cm depth in 
late February 2014 and a series of wetting events at 50 cm 
depth in December 2014–April 2015. Soils at all 4 sites typi-
cally required less than one month to dry to background mois-
ture conditions after wetting events at 50 cm depth, with the 
exception of the February 2014 rainstorm, which required 2 
(CAN01/CAN02/DL01) to 6 (Nacuñan) months to dry to background 
conditions.

Soil gas CO2 rose in response to rainfall during the growing 
season. Nacuñan soil gas CO2 recorded at 50 cm depth ranged 
between 0.12 and 0.60% from February 2014–May 2015, with max-
imum CO2 occurring in late February–April 2014. CO2 concen-
trations rose sharply in the middle of the growing season after 
the late February 2014 rainstorm (>170 mm over 3 days re-
sulting in infiltration to 1 m depth (Fig. 5)). Soil CO2 fell to 
background levels by late May 2014 and remained low through 
May 2015, with slight responses to rainfall in summer February–
April 2015.
4.2. Isotopic results

Isotopic results are summarized in Table 3 and Fig. 4 (see Sup-
plementary Materials for a full summary of replicate analyses). 
Soil carbonate δ13C (range: −6.0 to −0.3� (VPDB)) and δ18O 
(range: −8.0 to 2.3� (VPDB)) generally decrease with depth. Be-
low 50 cm, δ13C and δ18O range from −6.0 to −2.1� and −8.5 
to −0.1�, respectively. δ18OSW values (range: −4.9 to 4.9� (VS-
MOW)) were calculated from carbonate δ18O and T(�47) follow-
ing Kim and O’Neil (1997) and generally decrease with depth for 
all pits (Table 3). Below 50 cm depth, δ18OSW values for CAN01, 
CAN02, and DL01 are similar (range: 0.3 to 2.6�), while values 
for Nacuñan are more negative (range: −4.9 to −3.5�).

Sample �47 values range from 0.572 to 0.639�, corresponding 
to T(�47) values of 43 to 20 ◦C, respectively, using the Kluge et 
al. (2015) calibration; T(�47) values using the Zaarur et al. (2013)
calibration lie within 1 standard error of these values (range: 37 
to 21 ◦C). Sample replicate analyses (reported in the ARF follow-
ing Kluge et al., 2015) of aliquots of the same powders analyzed 
by Peters et al., 2013 at Caltech (pre-ARF, following Ghosh et al. 
(2006a)) differ by <2 ◦C. T(�47) values for our study and for Peters 
et al. (2013) are plotted in Fig. 4.

Average T(�47) values are similar for nearby piedmont sites 
and do not vary systematically with depth. The mean piedmont 
T(�47) is 30 ± 6 ◦C (±1SE) and Nacuñan T(�47) is 29 ± 4 ◦C; av-
erage T(�47) values for samples ≥40 cm depth were 28 ± 6 ◦C
and 31 ± 4 ◦C, respectively. Comparing individual sites, T(�47) for 
CAN01 and CAN02 samples ≥40 cm depth (31 ±8 ◦C and 25 ±7 ◦C, 
respectively) are statistically different (T = 3.13, P < 0.05), though 
no other pairings between the four sites produced statistically dif-
ferent T(�47) values. A one-way ANOVA test indicated that there 
were no statistical differences between the four groups using a 
significance threshold of 0.05 (95%; see Supplementary Materials). 
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Table 3
Summary of carbonate sample isotopic analyses.

Sample: n δ13Ca (�) 
(VPDB)

δ18Oa (�) 
(VPDB)

�47 ± 1SEa (�) T(�47) ± 1SE (◦C) Soil water δ18Ob (�) 
(VSMOW)

Calibration: Kluge et al. (2015) Zaarur et al. (2013) Kluge et al. (2015) Zaarur et al. (2013)

CAN01, 1.0 km elevation
10 cm 3 −1.8 −3.7 0.572 ± 0.011c 43 ± 4 37 ± 3 2.1 ± 0.9 1.0 ± 0.6
25 cm 3 −0.3 −2.2 0.609 ± 0.012c 29 ± 4 28 ± 3 1.0 ± 0.9 0.7 ± 0.7
40 cm 3 −1.9 −3.4 0.601 ± 0.014 32 ± 5 30 ± 4 0.4 ± 1.0 −0.1 ± 0.7
55 cm 3 −3.1 −3.4 0.609 ± 0.013 30 ± 5 28 ± 3 −0.1 ± 0.9 −0.5 ± 0.6
70 cm 2 −3.5 −1.9 0.595 ± 0.018 35 ± 7 31 ± 5 2.4 ± 1.3 1.8 ± 1.0
100 cm 2 −2.6 −3.2 0.612 ± 0.045 29 ± 17 27 ± 11 −0.1 ± 4.6 −0.4 ± 3.5
Avg. ≥40 cm depth: −2.8 −3.0 0.604 ± 0.023 31 ± 8 29 ± 6 1.0 ± 2.0 0.2 ± 1.5

CAN02, 1.0 km elevation
10 cm 3d −0.9 0.9 0.610 ± 0.011c 29 ± 4 28 ± 3 4.2 ± 0.7 3.9 ± 0.5
25 cm 3d −3.1 2.3 0.627 ± 0.011 24 ± 4 23 ± 3 4.4 ± 0.7 4.4 ± 0.5
40 cm 2d −3.7 0.8 0.615 ± 0.013c 28± 5 26 ± 3 3.7 ± 0.9 3.5 ± 0.6
55 cm 2d −4.7 −0.1 0.617 ± 0.027 27 ± 9 26 ± 6 2.6 ± 1.8 2.4 ± 1.2
70 cm 3d −2.1 −0.8 0.625 ± 0.017 24 ± 6 24 ± 4 1.4 ± 1.1 1.4 ± 0.8
85 cm 3d −3.9 −1.9 0.639 ± 0.015 20 ± 5 21 ± 3 −0.6 ± 1.0 −0.4 ± 0.7
100 cm 2d −5.0 −1.8 0.615 ± 0.027 28 ± 10 26 ± 7 1.1 ± 1.9 0.9 ± 1.3
Avg. ≥40 cm depth: −3.9 −0.8 0.627 ± 0.020 25 ± 7 25 ± 5 1.7 ± 1.3 1.5 ± 0.9

CAN03, 1.0 km elevation
50 cm 3 −4.7 −2.9 0.609 ± 0.011c 30 ± 4 28 ± 3 0.4 ± 0.8 0.0 ± 0.6

DL01, 1.0 km elevation
20 cm 3 −1.2 −1.0 0.584 ± 0.011c 39 ± 4 34 ± 3 4.0 ± 0.8 3.2 ± 0.5
40 cm 4 −4.1 −1.4 0.630 ± 0.019 23 ± 6 23 ± 5 0.5 ± 1.3 0.6 ± 0.9
70 cm 2 −5.2 −2.5 0.616 ± 0.013c 27 ± 5 26 ± 3 0.3 ± 0.9 0.0 ± 0.7
100 cm 2 −5.2 −3.0 0.590 ± 0.013c 36 ± 5 32 ± 3 1.6 ± 1.4 1.9 ± 1.1
Avg. ≥40 cm depth: −4.8 −2.3 0.612 ± 0.015 29 ± 5 27 ± 4 0.8 ± 1.2 0.5 ± 0.8

Nacuñan, 0.6 km elevation ∗(carbonate nodule samples)
20 cm 3 −5.5 −6.7 0.634 ± 0.012 21 ± 4 22 ± 3 −5.1 ± 0.9 −5.0 ± 0.7
50 cm 4d −6.0 −8.3 0.585 ± 0.011 38 ± 4 34 ± 3 −3.4 ± 0.8 −4.2 ± 0.6
85 cm 3d −5.7 −7.6 0.622 ± 0.011c 25 ± 4 25 ± 3 −5.2 ± 0.7 −5.3 ± 0.5
100 cm 2 −5.5 −8.5 0.605 ± 0.013c 31 ± 5 29 ± 3 −5.0 ± 1.2 −5.4 ± 0.9
Avg. ≥40 cm depth: −5.7 −8.1 0.604 ± 0.012 31 ± 4 29 ± 3 −4.5 ± 0.9 −5.0 ± 0.7

Peters et al. (2013), 1.1 km elevation
50 cm, 2013 −5.9 −1.2 0.686 ± 0.019 Pre-ARF: 17 ± 4 Pre-ARF: −0.5 ± 0.9
50 cm, 2015 −5.9 −1.7 0.645 ± 0.019 ARF, Kluge: 18 ± 4 ARF, Kluge: −0.8 ± 0.9
Pit average: −5.1e −2.7e 0.671 ± 0.023c Pre-ARF: 20 ± 4 Pre-ARF: −1.4 ± 0.7

Peters et al. (2013), 1.6 km elevation
50 cm, 2013 −5.5 −9.7 0.688 ± 0.019 Pre-ARF: 16 ± 3 Pre-ARF: −9.2 ± 0.6
50 cm, 2015 −5.9 −9.6 0.663 ± 0.019 ARF, Kluge: 13 ± 3 ARF, Kluge: −9.9 ± 0.7
Pit average: −6.0e −10.5e 0.675 ± 0.013e Pre-ARF: 19 ± 3 Pre-ARF: −9.4 ± 0.6

a Carbonate δ13C, δ18O, reported as mean and �47 reported as weighted mean of replicates (n) for each individual sample. Average external error (1SE) for replicates of a 
sample is ±0.03� for δ13C and for δ18O, and ±0.019� for �47.

b Soil water δ18O was calculated using the calcite–water O-isotope fractionation equation of Kim and O’Neil (1997). Uncertainty in soil water δ18O was calculated by 
propagating errors in T(�47).

c For samples with low SE for replicates, SE was assigned using the long-term SD of a standard run during the same period of time divided by sqrt(n), where n is the 
number of sample replicates, following Peters et al. (2013) and Huntington et al. (2009).

d Samples noted with nd were analyzed using an additional two replicates for δ13C and δ18O measurements using a Kiel III Carbonate Device coupled to a dual-inlet 
Thermo Finnigan Delta Plus IRMS at the University of Washington Isolab.

e Peters et al. (2013) (pre-ARF) average external error (1SE) for replicates is ±0.04� for δ13C, ±0.002� for δ18O, and ±0.016� for �47.
The T(�47) of the single sample at the fifth site (30 ± 4 ◦C, 
50 cm depth) did not differ from the mean values of the other 
sites.

T(�47) values for all 4 instrumented pits are comparable to 
recorded summer soil temperatures (Fig. 3). For CAN01, DL01, and 
Nacuñan, T(�47) values are similar to soil temperatures only dur-
ing the hottest summer months, while CAN02 values reflect late 
spring and late summer soil temperatures. T(�47) values exceed 
MAAT and MAST and equal or exceed the average hottest monthly 
mean soil temperature (HMST) at 50 cm, with the exception of 
CAN02, which falls between MAST and HMST (Fig. 4). The T(�47)

values of Peters et al. (2013) (1.1 km and 1.6 km sites) more 
closely approach local MAST and are similar to soil temperatures 
in late spring, early fall, and for a brief period during summer (Jan-
uary 2011); these values exceed MAAT and fall between MAST and 
HMST.

5. Discussion

5.1. Radiocarbon ages and C and O isotope trends

Radiocarbon analyses for carbonate coatings at DL01 and nod-
ules at Nacuñan produced ages ≤16 ky, consistent with the early 
stage (Gile et al., 1966) and small nodule size (Retallack, 2005)
of Holocene/Late Pleistocene pedogenic carbonates. 14C is incorpo-
rated into coatings or nodules as soil carbonates grow over time, 
resulting in time-averaged radiocarbon ages that are typically in-
terpreted as underestimates of the true age of carbonate formation 
(Amundson et al., 1993; Yang et al., 1994). However, the difference 
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Fig. 4. Soil carbonate isotope data from this study (blue symbols) and from Peters 
et al. (2013, green symbols). Left panels: carbonate δ13C (VPDB, triangles) and δ18O 
(VPDB, squares) values. Middle panels: soil carbonate T(�47) ± 1SE calculated using 
equation (5) of Kluge et al. (2015) (blue circles: this study; green circles: Peters et 
al., 2013). Gray vertical bars and shaded boxes indicate the mean and standard de-
viation across T(�47) for samples ≥40 cm depth in a soil profile. Lines represent 
coldest mean soil temperature (CMST, blue), mean annual soil temperature (MAST, 
green), hottest mean soil temperature (HMST, red), and mean annual air tempera-
ture (MAAT, black), extrapolated from 1.5 yrs of soil temperatures recorded at 10, 
50, and 100 cm depth, and from air temperatures recorded at Mendoza Airport 
(CAN01, CAN02, DL01) and by instrumentation at Nacuñan. Right panels: calculated 
δ18OSW (VSMOW, crosses). (For interpretation of the references to color in this fig-
ure legend, the reader is referred to the web version of this article.)

between true age and radiocarbon age is likely greater at the sur-
face than at depth because near-surface soil carbonate may more 
easily be contaminated with younger 14C. Indeed, at Nacuñan ages 
increase systematically with depth from ∼6 to 16 ky BP, match-
ing theoretical predictions (Yang et al., 1994). The frequency of 
carbonate-forming events may also impact radiocarbon ages: if car-
bonates form more frequently at the surface than at depth due 
to frequent shallow soil wetting events, the incorporation of ad-
ditional, younger 14C may produce more recent radiocarbon ages 
nearer the surface. Overall, radiocarbon analyses for nodules at 
Nacuñan suggest Holocene/Late Pleistocene formation in relatively 
stable soil.

Carbonate δ13C and δ18O values generally increase towards the 
surface, indicating undisturbed soil profiles with near-surface soil 
water evaporation and soil gas exchange with atmospheric CO2. 
Below 50 cm depth, the range of δ13C values reflects mixed C4/C3
environments with lower soil productivity at CAN01 and CAN02 
(−5.0 to −2.1�) than at DL01 and Nacuñan (−6.0 to −5.2�), 
which is supported by our vegetation coverage survey (Table 2; 
Cerling and Quade, 1993).

5.2. Potential for site-to-site variability in T(�47)

Despite potential differences in soil productivity and C4/C3 dis-
tribution, T(�47) values averaged over depth for our soil profiles 
are not significantly different. This suggests that nearby sites in 
a single precipitation regime at a single elevation will be in-
distinguishable in T(�47) even under varying C4/C3 distributions 
within the 4–6 ◦C resolution (n = 3 replicates) of the clumped 
isotope method. This challenges the expectation that soil carbon-
ate formation temperatures will be higher under C4 than un-
der C3 plant growth (e.g. Breecker et al., 2009; Meyer et al., 
2014), and agrees with phenological and ecophysiological stud-
ies that show C3 plant activity during wet pulses, in spite of 
warm temperatures (Meglioli et al., in press; Villagra et al., 2011;
Giordano et al., 2011). Additionally, no difference was found be-
tween sites with carbonate undercoatings (piedmont sites) and 
nodules (Nacuñan).

However, while T(�47) values are indistinguishable among our 
sites, our values exceed those of the nearest two sites studied by 
Peters et al. (2013) by ∼10 ◦C, despite comparable surface and 
in-situ temperature conditions. Peters et al. (2013) suggested that 
the average ∼20 ◦C T(�47) value for their sites was due to the 
summer-focused rainfall in this region, which could result in soil 
drying and carbonate formation during late fall when soils are 
closer to MAST than HMST. According to our sensor data, while 
soils may be wet from mid-summer through fall, carbonate for-
mation in response to the early stage of soil drying or between 
discrete summer rain events could significantly impact T(�47), 
resulting in hot summer values. The ∼10 ◦C difference between 
these two studies suggests that there is a potential for substan-
tial spatial variability in T(�47) at the same elevation in a region 
dominated by the same precipitation and vegetation regime. The 
nearest Peters site (1.1 km) differs from DL01 by only 100 m eleva-
tion and 20 km distance; it may be possible that local hydrology, 
topographic features, or differences in soil water chemistry may 
contribute to a difference in the timing and temperature of car-
bonate formation. In particular, the Peters 1.1 km site lies <0.5 km 
from the Mendoza River, which transports limestone rich sediment 
from the high Andes and causes periodic flooding that could alter 
soil moisture and chemistry in this site. Flooding and subsequent 
soil drying in winter, spring, or fall could have contributed to de-
creased T(�47) values, although further investigation into the age, 
frequency of flooding, and sub-surface physical and chemical char-
acteristics of these sites would be necessary to say more about 
potential impacts on carbonate formation. The location of the Pe-
ters 1.6 km site in a narrow, N–S portion of the Río Mendoza valley 
may also influence local productivity and soil hydrology, which 
could contribute to the difference in T(�47) values between these 
studies.

5.3. Invariance of T(�47) with depth

T(�47) values from each sampled pit did not vary systemati-
cally or decrease towards MAST with depth (Fig. 4), consistent with 
data from other studies (Quade et al., 2013; Peters et al., 2013). 
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The simplest explanation for this invariance would be carbon-
ate formation during spring or fall when the soil profile is near 
isothermal, such that the range of T(�47) values would be con-
strained through the soil profile. Our instrumental records show 
that the conditions for a seasonally isothermal soil occur over a 
narrow range of time (1–2 weeks) during the spring and fall in 
which soil temperatures are near MAAT. However, our observed 
T(�47) values range from 24–31 ◦C, at least 6–10 ◦C higher than 
MAAT, spring, or fall soil temperatures at any instrumented pit. 
This discrepancy is more than can be explained by temperature 
fluctuations that may have occurred over the hundreds to thou-
sands of years required for soil carbonate formation processes to 
occur in these sites, suggesting that some other process must ac-
count for the observed temperature invariance with depth.

5.4. Isothermal conditions after rainfall events

Generally, in-situ soil temperatures recorded at all four sites im-
mediately following significant soil wetting events are similar to 
carbonate formation T(�47) values and reflect the isothermal con-
ditions seen in our T(�47) profiles. High frequency variations in 
near-surface temperature and moisture may explain some of the 
scatter in T(�47) values with depth. However, since T(�47) is gen-
erally consistent with depth, averaging values throughout a soil 
profile should provide a robust measure of average soil temper-
atures following rainfall events. Soil moisture sensors at all sites 
captured soil wetting at 50 cm depth after a large late February 
2014 rainstorm, immediately after which near-isothermal condi-
tions were registered at 10, 50, and 100 cm (Fig. 3). In the first 
1–3 days following this event, soil temperatures at CAN01 con-
verged at ∼30 ◦C, within the range of uncertainty of T(�47) for 
this site (Fig. 3). During the months after this event when the soil 
was drying back to baseline conditions, soil temperatures fell well 
below the range of T(�47) values for this site, such that carbonate 
formation later in the drying curve would result in lower T(�47)

values than we observed at all depths. This infiltration-driven cool-
ing of soil temperatures to isothermal T(�47) values in the early 
part of the soil drying curve is seen after large precipitation events 
at all sites. If carbonate were to form at these times at any depth 
in the soil, it would contribute to a warm-season biased, isother-
mal T(�47) depth profile, such as we see in Fig. 4.

If isothermal profiles are not caused by carbonate formation 
while the soil profile is isothermal, the timing and depth of infil-
tration may govern formation temperatures at different depths in 
such a way that hot isothermal T(�47)’s are reached. At Nacuñan, 
more than 50% of wetting events recorded at 10 cm depth did not 
reach the 50 cm soil moisture sensor, and 90% of wetting events 
recorded at 50 cm depth did not reach the 100 cm soil mois-
ture sensor. Brief periods of soil drying after small rainstorms with 
shallow infiltration could result in more frequent carbonate for-
mation near the surface than at depth. These small events occur 
at Nacuñan throughout the spring, summer, and fall. While spring 
and fall events could contribute to cooler carbonate formation tem-
peratures, the bulk of precipitation in this region occurs in summer 
and frequent wetting and drying events during the hottest months 
could bias T(�47) values to seasonal summer soil temperatures. 
Below 50 cm depth, soil wetting and drying appear to be caused 
only by large, infrequent mid-summer rainstorms. Hot T(�47) val-
ues at depth could represent soil carbonate formation during the 
early part of soil drying immediately after these individual wetting 
events.

Our findings are consistent with a recent study of soil carbon-
ates from Wyoming and Nebraska by Hough et al. (2013), who 
used air temperature and soil carbonate T(�47) data from a sin-
gle depth per site to propose that soil carbonate forms during soil 
drying in early summer and after mid-late summer precipitation. 
By providing soil temperature, soil moisture, and T(�47) data with 
depth, we build on this work to suggest that high temperatures 
and isothermal conditions recorded in �47 signals are accounted 
for by carbonate formation occurring immediately after precipita-
tion events, and not during the progressive drying out of the soil 
at the tail end of the wet season, as suggested by Breecker et al.
(2009) and Peters et al. (2013), when observed soil temperatures 
are too low to be reconciled with T(�47) values. Furthermore, we 
suggest that shallow carbonate formation (≤50 cm depth) occurs 
in response to more frequent precipitation events than carbon-
ate formation deeper in the soil profile. Carbonate T(�47) values 
≥50 cm depth may reflect soil conditions just after large, dis-
crete mid-summer rainstorms, while shallow carbonates integrate 
T(�47) values from formation throughout spring, summer, and fall, 
with summer soil wetting and drying events dominating the �47
signal. Under these conditions, carbonates throughout the soil pro-
file could reflect near-isothermal summer formation temperatures, 
as observed in Fig. 4.

5.5. Conditions of calcite supersaturation

In the context of soil wetting events discussed above, if the soil 
profile is permanently supersaturated in calcite, it is reasonable to 
assume that carbonate formation can begin early in the soil drying 
curve, allowing for the hot, isothermal temperatures occurring im-
mediately after precipitation events at these sites to be recorded 
in T(�47) formation temperature estimates. Permanent calcite su-
persaturation has been demonstrated in other arid and hyperarid 
environments (Inskeep and Bloom, 1986; Hamdi-Aissa et al., 2004;
Marion et al., 2008). At Nacuñan, significant dust influxes carried 
by zonda winds from the eastern slope of the Andes contribute to 
near-saturated Ca2+ concentration in surface soils, which should 
be relatively constant with depth (Jobbagy and Jackson, 2001). As 
a first-pass estimate for determining the seasonality of CaCO3 su-
persaturation at Nacuñan, equation (2) was solved using soil tem-
perature and pCO2 data from 50 cm with the minimum value of 
Ca2+ concentration reported from surface soils (0–20 cm depth) 
in previous studies at Nacuñan (1.5–2.0 mmol/L; Rossi and Villa-
gra, 2003; Rossi, 2004). Alphas were calculated for February 2014–
May 2015, assuming a constant Ca2+ concentration of 1.5 mmol/L 
throughout the year. Estimated αcalcite values were always greater 
than 1, suggesting that persistent conditions of CaCO3 supersatura-
tion should allow for calcite precipitation at any time that water is 
removed from the soil (Fig. 5). The lowest alpha values occurred in 
early March 2014, coincident with maximum observed soil pCO2, 
and increasing calcite supersaturation was seen as the soil dried 
out and plant activity declined in winter. While the assumption 
of constant Ca2+ concentration is a considerable oversimplification 
during soil wetting and soil dewatering by evaporation and root 
uptake, Ca2+ concentration must fall significantly below the mea-
sured range (20–50%) under the high soil temperatures and low 
pCO2 conditions observed in order to allow for significant calcite 
dissolution. While it appears that Nacuñan experiences permanent 
calcite supersaturation that would allow for carbonate formation to 
begin early in the soil drying curve, resulting in the hot, isother-
mal T(�47) values observed at this site, further information on the 
distribution of soluble chemical species in this location would be 
necessary to more accurately demonstrate conditions of permanent 
or seasonal supersaturation and to predict conditions favoring cal-
cite dissolution or precipitation.

5.6. Implications for isotopic records from pedogenic carbonates

This study results in two key findings that should inform future 
application of the clumped isotope geothermometer to estimate 
formation temperatures of pedogenic carbonates.
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Fig. 5. In-situ Nacuñan records (soil temperature, soil moisture, and soil gas CO2 concentration at 50 cm) with calculated αcalcite values, mid-February 2014–May 2015, 
assuming a constant Ca2+ concentration of 1.5 mmol/L. In order for αcalcite to fall <1 (favoring calcite dissolution), Ca2+ concentration must be reduced by 20% (to 1.2 mmol/L) 
in March–May 2014 when pCO2 is highest, by 33% (to <1.0 mmol/L) in May–September 2014, and by 50% (to <0.75 mmol/L) after September 2014. Solid portions of the 
αcalcite line correspond to periods when the soil moisture at 50 cm is >0.1 m3/m3.
1) For our four arid sites under the same precipitation regime 
at similar elevations with varying C4/C3 biomass, site-to-site vari-
ability in soil carbonate undercoating or nodule T(�47) records is 
negligible, such that T(�47) records need not be adjusted to ac-
count for vegetation type. However, there is significant variation 
between T(�47) values calculated for this study and for nearby 
sites in the Río Mendoza valley studied by Peters et al. (2013); we 
hypothesize that these differences are due to topographic setting 
and proximity to the Río Mendoza. This suggests the potential for 
strong local controls on soil hydrology that may result in system-
atic spatial variations in T(�47).

2) T(�47) values were found to be invariant to 1 m depth. 
This suggests that for a summer precipitation regime in a semi-
arid region, soil carbonate formation is restricted to intervals when 
the soil profile is isothermal (occurring during either the tran-
sition in seasons or after large soil wetting events), or that a 
variation in the frequency of soil carbonate formation events at 
different depths results in hot, isothermal T(�47) values. Thus, po-
tential (paleo)precipitation regimes should be carefully considered 
using soil geochemistry or physical properties (e.g., Retallack, 1994, 
2005; Royer, 1999; Hyland and Sheldon, 2013; Hyland et al., 2015) 
when applying the carbonate clumped isotope geothermometer to 
paleoenvironmental reconstructions.

6. Conclusions

With its summer-only precipitation regime and C4/C3 transi-
tion, the eastern Andean Piedmont is an ideal location for in-
vestigating the potential influence of vegetation type and site-
specific controls on variability in pedogenic carbonate clumped iso-
tope records. While it appears that climatic conditions and C4/C3
distributions have varied significantly over the 1000’s of years 
integrated by soil carbonates relative to our <2 yrs of in-situ
soil and atmospheric data, future work should consider whether 
the impact of these climate changes can be resolved within the 
4–6 ◦C uncertainty of the clumped isotope record (Gil et al., 2014;
Labraga and Villalba, 2008; Silva et al., 2011). We find that car-
bonate clumped isotope formation temperatures are invariant be-
tween sites of ∼0.02–0.46 C4/total vegetation biomass by ground-
cover, fall at or above HMST, and are near-isothermal between 
10 and 100 cm depth. We suggest that isothermal T(�47) behav-
ior is due to shallow (≤40 cm) carbonate formation driven by 
seasonal precipitation biased to frequent summer rainfall, while 
deeper (≥40 cm) carbonates reflect formation after large, infre-
quent, and discrete mid-summer rainstorms.
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