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Central Andean paleoelevations reconstructed from stable isotope and paleofloral data imply a large
magnitude (>2 km) Miocene-to-modern surface uplift. However, the isotopic relationships between
precipitation, surface waters, and soil waters upon which these reconstructions are based remain poorly
constrained for both past, and in many cases, modern conditions. We quantify the relationships between
central Andean precipitation and surface waters by measuring the isotopic composition of 249 stream
water samples (8180 and 8D) collected between April 2009 and October 2012. The isotopic compositions
of stream waters match precipitation along the eastern flank. In contrast, Altiplano surface waters
possess a lower 8D-8180 slope (4.59 vs ~8 for meteoric waters) not observed in precipitation, which
signals heavy isotope evaporative enrichment in surface waters. Paleoclimate models indicate that highly
evaporative conditions have persisted on the plateau throughout Andean uplift, and that conditions may
have been more evaporative when the Andes were lower. Thus, more ancient proxy materials may have
a greater evaporative bias than previously recognized and paleoelevation reconstructions from stable
isotope based central Andean plateau proxy materials likely overstate Miocene-to-present surface uplift.
We propose Altiplano paleoelevations of 1-2 km at 24.5 Ma, 1.5-2.9 km by 11.45 Ma, and modern
elevations by ~6 Ma based on the lightest isotopic compositions observed in Altiplano proxy materials,
which are least likely to be influenced by evaporation. These constraints limit total late-Miocene-to-
modern uplift to <2.2 km, are more consistent with crustal shortening records, and suggest that plateau
uplift may have been more spatially uniform than suggested by previous interpretations of stable isotope
proxies.
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1. Introduction

Mountain topography is an expression of subsurface tectonic
processes and can present significant barriers to atmospheric cir-
culation and biological dispersal. Elevation histories therefore have
broad implications for understanding the geodynamic processes
that promote orogenesis, reconstructing regional paleoclimates,
and discerning spatiotemporal patterns of evolution. Stable isotope
paleoaltimetry is one of the few quantitative methods available to
reconstruct past elevations. Surface elevations and the stable iso-
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topic composition of precipitation (580, and §2Hp or éDp) are
related through atmospheric thermodynamics (e.g., Rowley, 2007).
Orographic lifting of an airmass results in adiabatic cooling and
precipitation, which preferentially removes the heavy isotopes of
water relative to the light isotopes (e.g., Rozanski et al., 1993). Pro-
gressive rainout along a trajectory leaves the precipitation from an
airmass increasingly depleted in heavy isotopes at higher eleva-
tions. If surface water isotopic compositions mirror §'80,, or §Dp,
proxy materials that form in contact with surface waters, such as
pedogenic carbonate, authigenic clays, or hydrated volcanic glass,
can be used to estimate paleoelevations (Mulch and Chamberlain,
2007; Quade et al., 2007).

In the central Andes, changes in the stable isotope compositions
of proxy materials through time have been interpreted to signify
>2.0 km of uplift since the early-to-mid Miocene, with variable
uplift timing along strike. From north to south, changes in stable
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isotope compositions of proxy materials have been taken to re-
flect uplift of the Altiplano by: (a) 2.2-3.7 km between 19-16 Ma
at ~15°S (Saylor and Horton, 2014), (b) 2.5 + 1.0 km between
10-6 Ma at ~18°S (Garzione et al., 2008, 2006), and (c) 2.6 £+
0.7 km between 16-9 Ma at ~20°S (Garzione et al., 2014). Isotopic
compositions from the Salla and Upper Salla Beds in the adjacent
Eastern Cordillera at ~17°S have been interpreted to represent pa-
leoelevations of 0.0-1.5 km at 29-24 Ma, ~2.5 km at 20-15 Ma,
and ~4 km at 6 Ma (Leier et al, 2013). The spatial and tempo-
ral heterogeneity of surface uplift of the central Andean plateau
inferred from stable isotope paleoaltimetry appears contrary to ob-
servations of broadly synchronous deformation between ~15-23°S
that pre- and postdates the proposed uplift events (Barnes and
Ehlers, 2009; Oncken et al., 2006). Deformation began at ~40 Ma
and ceased at ~10 Ma in the Eastern Cordillera (McQuarrie, 2002;
McQuarrie et al., 2005), and propagated into the Bolivian Alti-
plano at ~30 Ma and ceased by ~7 Ma (Elger et al, 2005;
Lamb and Hoke, 1997). Therefore, if these paleoelevation con-
straints are accurate, the uplift mechanism must allow for a sub-
stantial amount of surface uplift from processes other than crustal
thickening (e.g., via lithospheric mantle removal), and accommo-
date several million years of deformation without producing sig-
nificant uplift.

Paleoclimate model simulations of Andean uplift challenge the
assertion that isotopic changes in these proxy materials primar-
ily record changes in surface elevation. Climate changes attendant
to Andean uplift contribute to and may dominate the isotopic sig-
nal observed in proxy materials. These changes include an increase
in precipitation rate, an intensification of convective precipitation,
and a shift from in vapor source for the central Andes from pri-
marily Pacific to Atlantic dominated (Ehlers and Poulsen, 2009;
Poulsen et al, 2010). Abrupt, large (~5-6%¢ in §'80y) isotopic
changes occur when the Andes reach a threshold of 70-75% of
their modern elevation, suggesting large isotopic change can occur
in the absence of significant uplift (Insel et al., 2012; Poulsen et al.,
2010). Climate model simulations have generally used a simplified
model of Andean uplift, where elevations are scaled as percent-
ages of their modern elevation across the entire orogen. Despite
their simplistic representation of uplift, these simulations demon-
strate that uplift strongly alters continental climate and regional
8180y, and challenge the interpretation that proxy materials pri-
marily record rapid surface uplift.

However, both the proxy and model based paleoaltimetry stud-
ies have assumed that changes in precipitation §180 or 8D are fully
reflected in proxy 880 or &D. This assumption may not be uni-
versally valid, as proxy materials ultimately acquire their isotopic
composition from surface waters (e.g., in soils or streams) and
not directly from precipitation. Stream waters reflect a spatially
and temporally integrated signal of precipitation composition, and
proxy materials forming in contact with these waters would there-
fore record the integrated composition of catchment precipitation.
However, in arid regions, evaporation may enrich surface waters
in heavy stable isotopes (e.g., Kendall and Coplen, 2001), and will
undermine the relationship between elevation and §'80 or §D.

The relationship between precipitation and surface water iso-
tope compositions across the central Andes is poorly known due to
temporally and spatially limited observations. One transect across
the eastern Andes flank (~16°S) indicates a close match between
stream water and precipitation §'80 (Bershaw et al, 2010), but
this relationship may not hold across the strong climate and ele-
vation gradients of the central Andes (e.g., Garreaud et al., 2003).
Critically, until now, no stream water data were available for the
central plateau to evaluate their relationship to precipitation. To
assess whether surface waters reflect precipitation across the cen-
tral Andes (~17-22°S), we measured the isotopic compositions
of 249 streams distributed across the Altiplano and its eastern
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Fig. 1. Geographic overview of compiled isotopic composition of precipitation (col-
ored squares) and stream waters collected for this study (colored diamonds).
Streams were collected in three separate physiographic regions: two elevation tran-
sects at ~17°S (orange diamonds) and ~21°S (purple diamonds), and streams en-
tirely within the Altiplano (white diamonds were collected in April, black diamonds
in October). Elevation data are from the ASTER DEM product (METI and NASA).

flank. We then compared them to published values of regional pre-
cipitation 880 (Fig. 1) (Aravena et al., 1999; Fiorella et al., 2015;
Gonfiantini et al., 2001). We find that evaporation biases the iso-
topic composition of streams on the central Andean plateau to
heavier isotope ratios than precipitation. In contrast, streams along
the eastern flank generally do not exhibit this evaporative bias. If
these heavier isotopic values across the plateau were preserved
in proxy materials, the records would be interpreted to reflect
elevations that are too low. Paleoclimate model simulations of An-
dean uplift indicate that regional conditions were more evaporative
when elevations were lower, raising the concern that greater bias
in older proxy materials has led to overestimations of Neogene up-
lift. Finally, we note that this interpretation of the stable isotope
proxy record may resolve some of the controversy in uplift rates
and magnitudes apparent across different approaches applied to
the central Andes, and suggests that Andean plateau uplift may
have been more synchronous than it may appear from stable iso-
tope proxy records.

2. Methods
2.1. Stream water collection and analysis

We collected annual stream water samples across the Boli-
vian Altiplano and along two transects of its eastern flank (at

~17.5°S and ~21.5°S, Fig. 1). Stream samples for the Altiplano
and the southern transect were collected from April 2009 until
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May 2012; the northern transect was added in April 2010 and
collected until May 2012. We also collected 12 stream samples
in October 2012 to determine the seasonal variability of Altiplano
surface waters. We measured isotopic compositions using a Pi-
carro L2120-i Cavity Ringdown Spectrometer coupled to an A0211
high precision vaporizer and autosampler. Compositions are re-
ported in delta notation as per mil deviations from VSMOW (§ =
1000(Rsampie/Rvsmow — 1), where R is the heavy to light isotope
ratio) (Coplen, 1996). Standard error is ~0.1%o for 80 and ~0.4%
for éD. For clarity in the following discussion, isotopic composi-
tions of precipitation, surface waters, and pedogenic calcite are
designated as 8p, Sw, Or 8¢ respectively.

We calculated hypsometric mean catchment elevation and
drainage areas using the Advanced Spaceborne Thermal Emis-
sion and Reflection Radiometer (ASTER, v.2) global digital eleva-
tion model (30 m resolution) (METI and NASA) and GIS software
(ArcGIS 10). Stream sampling locations ranged from 230 m to
4430 m, corresponding to mean catchment elevations of 319 m to
4499 m. Catchment areas range from <1 km? to 61,840 km?, with
a median area of 12.1 km?. Detailed isotopic and elevation calcu-
lation methods are available as supplemental information. Stream
water isotopic compositions, catchment elevations, and sampling
dates are presented in Table S1.

2.2. Prediction of catchment elevations from isotopic composition

We compare hypsometric mean elevations to predicted eleva-
tions from two different isotope-elevation models. First, we pre-
dicted elevations using a semi-empirical thermodynamic model
that extracts low-latitude surface temperature and relative humid-
ity over the oceans from reanalysis data to generate relationships
between isotopic composition, condensation amount, and surface
elevation (Rowley, 2007). The amount of condensate removed from
an air parcel with increasing elevation is determined by the moist
adiabat above the elevation where condensation begins. If all the
condensate is removed as precipitation, §, follows Rayleigh frac-
tionation (e.g., Rozanski et al., 1993), and the difference in §p from
its value at sea level is directly related to elevation. Where it re-
flects 8, 6w follows the same relationship if catchment §;, is also
weighted hypsometrically. We use the quartic regression of Rowley
(2007, equation (5)) to estimate the hypsometric mean catchment
elevations based on their isotopic compositions:

Zweighted mean = —0.0129A(8180)* — 1.121A(5'%0)>
—38.214A(5'%0)% — 715.22A(8'%0)

where A(8180) refers to the difference in §'80 from its initial
low-elevation value. We estimate initial §,, values of —6.0%¢ and
—4.0%0 for streams sampled north and south of 20°S respectively,
based on observations of low-elevation 8, and 8, (Fiorella et al,,
2015; Gonfiantini et al., 2001). This division both separates the two
flank transects, and reflects differences in vapor transport to the
northern and southern Altiplano (e.g., Fiorella et al., 2015).

Second, we predicted catchment elevations using a linear re-
gression between isotopic composition and elevation. Following
the same logic employed for the semi-empirical thermodynamic
model above, two separate linear regressions were produced for
the northern and southern transect catchments to match observa-
tions of vapor transport to the Altiplano. We calculate a best-fit
linear equation for the northern transect of (uncertainty on coeffi-
cients is 10):

elev(m) = —500.1 + 73.08180 — 2849.6 4 838.8
(1’2 =0.61, 20 prediction int. = 2000 m)

and for the southern transect of:

elev(m) = —358.5 +23.95'80 — 477.1 £ 214.1
(r2 =0.61, 20 prediction int. = 1420 m)

We predicted mean catchment elevations for all samples north
(south) of 20°S with the northern (southern) transect equation. To
assess whether our results were sensitive to the choice of linear
model, we also calculated several alternate linear models based on
different divisions of our stream dataset. We restricted our can-
didate models to those that account for the direction of vapor
transport to the Altiplano. All alternate models exhibited a weaker
fit based on r? and AIC values (Table S2). The general conclusions
from our analysis are not sensitive to the choice of linear model
when vapor source direction is accounted for (Figs. S1 and S2).

For both the empirical and semi-empirical thermodynamic
model predictions, we then calculated the residual between model
predictions and GIS-derived elevations for each catchment. Where
model predictions match measured elevations, the residual should
approach zero.

2.3. Paleoclimate model simulations of Andean uplift

Central Andean precipitation and evapotranspiration fluxes
were evaluated throughout uplift using the climate modeling ex-
periments of Ehlers and Poulsen (2009). In these simulations, the
elevation of the Andes is varied in 25% increments relative to
modern in the Regional Climate Model (RegCM), version 3 (Pal
et al., 2007). The horizontal resolution used in these simulations is
~60 km, which provides more realistic representation of Andean
topography than typical resolutions for global models (>100 km).
All other boundary conditions are specified at modern values to
isolate the effect of topographic changes on continental climate.

We use model-derived monthly precipitation and evapotranspi-
ration fluxes to constrain seasons of pedogenic carbonate forma-
tion. Pedogenic carbonates form when dissolved calcium ion con-
centrations are high and soil CO, concentrations are low, both of
which occur when soils lose water (Breecker et al., 2009). Thus,
we highlight months where evapotranspiration exceeds precipita-
tion as periods of carbonate formation.

3. Results
3.1. Stream water isotopic compositions

Stream waters along both elevation transects are more de-
pleted in heavy isotopes at high elevations than at low eleva-
tions (Fig. 2). Isotopic compositions on the northern transect range
from —6.56%0 (—41.62%0) to —14.86%0 (—110.87%0) for 8180y,
(6Dw), and correspond to measured mean catchment elevations
of 380 and 4499 m respectively. Isotopic compositions along the
southern transect range from —1.77%0 (—24.25%0) to —15.82%0
(—=112.89%q) for 5180y, (8Dyw), and correspond to mean catchment
elevations of 2300 and 4050 m, respectively. Stream water com-
positions exhibit a larger isotopic range on the Altiplano than on
the eastern flanks (Fig. 2). Altiplano 5180, (8Dy,) values vary from
5.44%0 (—18.73%0) to —16.38%¢ (—123.60%0). Both extreme val-
ues for the Altiplano occur in catchments with mean elevations
exceeding 3800 m.

Multivariate least-squares linear regression (see SI for meth-
ods) between 580, and geographic variables indicates significant
(p < 0.05) associations of §'80,, with elevation and sampling lati-
tude across all sampled streams (Table S3). A similar best model
emerges when only flank catchments are considered (Table S4).
When only Altiplano stream §'80,, is considered, the best model
retains elevation and annual precipitation, but not latitude, as pre-
dictor variables (Table S5). However, the preferred model for Alti-
plano 5'80,, only describes a small portion of the observed vari-
ance (r? =0.322).
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Fig. 2. Spatial distribution of the §'80,, of central Andes stream waters. (a) Map view of collected stream waters. Colored circles denote each stream sample, with blue (red)
indicating the compositions least (most) depleted in '80. (b) Scatter plot of §'80,, of central Andes stream waters versus hypsometric mean elevation (m). Higher elevation
catchments tend to have more negative isotopic compositions for elevations below 3500 m. On the Altiplano above 3500 m, however, compositions are more variable.

Standard errors for §'30,, are ~0.1%o.
3.2. Isotopic lapse rates and elevation catchment predictions

Isotopic lapse rates along the two transects, determined by uni-
variate linear regression, differ from year to year (Table 1). North-
ern transect §'80,, lapse rates vary from —0.79 £ 0.31%o/km in
2010 to —1.66 £ 0.16%c/km in 2011. Southern transect 5180,
lapse rates are generally larger in magnitude, and vary from
—1.52 + 0.32%0/km in 2010 to and —1.77 & 0.14%0/km in 2012.
Other portions of the eastern Andean flank exhibit similar iso-
topic lapse rates in both stream waters and precipitation, though
all archives exhibit substantial interannual variability (Table 1)
(Bershaw et al., 2010; Fiorella et al., 2015; Gonfiantini et al., 2001;
Rohrmann et al., 2014).

GIS-derived mean catchment elevations were compared to pre-
dictions from &, using two models of the isotope-elevation rela-
tionship. Both the semi-empirical thermodynamic model (Rowley,
2007) and locally calculated empirical linear regressions produce
overestimates of the true elevation of low-elevation (<2000 m)
catchments, and both models also underestimate the true elevation
of high-elevation catchments for both the northern and southern
transects (Fig. 3a-d), similar to observations further north in the
Eastern Cordillera (Saylor et al., 2009). For the semi-empirical ther-
modynamic model, this pattern is more pronounced in the north-
ern transect than in the southern transect. Half of the predictions
from catchments below 1000 m in the northern transect overesti-
mate their true elevation by more than 1000 m, and all ten of the
predicted elevations for catchments below 2000 m are higher than
their actual elevation (Fig. 3c). The linear empirical model produces
a similar trend in the residuals that is approximately equal for both
transects (Fig. 3d). At high elevations, model predictions tend to
underestimate measured elevations, most notably on the plateau
(Fig. 3a-d).

Model predicted elevations appear to perform well along the
flanks when considered as a distribution. For the Rowley (2007)
model, the mean residuals between predicted and observed catch-
ment elevations are 20 m and —140 m for the northern and south-

ern transects respectively, and the most frequent values inferred
from the distributions are both within £200 m of zero (Fig. 3e).
The mean residual for the flank distributions in both linear regres-
sion models is ~0 m. Distribution mean residuals for both models
are low on the flanks, with overestimations at low elevations are
counterbalanced by underestimations at high elevations, resulting
in distributions that appear normal and are centered near zero. In
contrast, residuals for Altiplano streams are skewed toward neg-
ative values, with several predictions underestimating measured
catchment elevations by >2.0 km (Fig. 3e, f). For both models, sub-
stantially more than half of the elevation predictions for Altiplano
catchments have residuals below zero (79% Rowley, 65% linear em-
pirical), indicating that Altiplano catchment elevations are poorly
described by both models.

3.3. Central Andes precipitation and evapotranspiration rates through
uplift

When the Andes are low (0-25% of modern elevations), RegCM
simulations estimate a higher evapotranspiration to precipitation
(E/P) ratio in the central Andes, and thus more arid conditions
(Fig. 4a, b) (Ehlers and Poulsen, 2009). In contrast, when the An-
des exceed 50% of their modern elevations, regional aridity de-
creases, most markedly along the flanks (Fig. 4c, d, e). Predicted
precipitation rates for the Altiplano region (defined as the 126
grid cells within the red polygon in Fig. 4a-e, after Isacks, 1988;
McQuarrie et al., 2005) increase from 0.86 mm/day at 0% of mod-
ern elevations to 6.61 mm/day at 100% of modern elevations
(Fig. 4f). Evapotranspiration rates also increase during Andean up-
lift, but not at every stage. Mean evapotranspiration rates more
than triple between 0% (0.78 mm/day) and 75% of modern ele-
vations (2.85 mm/day) (Fig. 4g). Increased water availability from
additional precipitation and an increase in shortwave radiation as-
sociated with a higher elevation surface fuels the higher evapo-
transpiration rates. Continued uplift above 75% of modern eleva-
tions decreases evapotranspiration rates slightly (to 2.62 mm/day,
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Table 1
Compilation of central Andes eastern flank isotopic lapse rates.

63

Stream waters

Latitude Year Mean catchment Sample count 880 lapse rate Reference

elevation range (%o0/km)

(m)
15°S 2004 829-4683° 36 —1.90 + 0.08 Bershaw et al. (2010)
15°S 2005 408-4823* 46 —1.53 + 0.06 Bershaw et al. (2010)
15°S all 408-4823° 82 —1.67 £+ 0.05 Bershaw et al. (2010)
17.5°S 2010 456-4499 9b —0.79 &+ 0.31 this study
17.5°S 2011 319-4499 10° —1.66 + 0.16 this study
17.5°S 2012 319-4499 11° —124 + 011 this study
17.5°S all 319-4499 30° -115 + 018 this study
21°S 2009 784-4301 45° —176 £ 0.18 this study
21°S 2010 895-4261 29° —152 £ 0.32 this study
21°s 2011 373-4116 33b —169 + 0.14 this study
21°S 2012 606-4261 43> —-177 £ 014 this study
21°S all 373-4301 150° -1.67 £ 0.11 this study
22-24°S 2010 701-4416 14¢ —193 £ 0.34 Rohrmann et al. (2014)
22-24°S 2011 3069-4197 11 —0.23 + 0.63 Rohrmann et al. (2014)
22-24°S 2012 3623-4013 7 —5.46 + 1.21 Rohrmann et al. (2014)
22-24°S 2013 625-4326 17 —1.35 + 0.27 Rohrmann et al. (2014)
22-24°S all 625-4416 49 -1.69 £ 0.17 Rohrmann et al. (2014)
24-26°S 2010 1236-4587 11 —0.23 £ 0.29 Rohrmann et al. (2014)
24-26°S 2011 1856-4006 12 —0.63 &+ 0.68 Rohrmann et al. (2014)
24-26°S 2012 1112-4836 77 —1.09 + 0.12 Rohrmann et al. (2014)
24-26°S all 1112-4836 100 —0.88 + 0.12 Rohrmann et al. (2014)
26-28°S 2011 340-4437 83 —0.21 £+ 0.09 Rohrmann et al. (2014)
26-28°S 2012 1647-3764 4 0.14 + 0.69 Rohrmann et al. (2014)
26-28°S all 340-4437 87 —0.21 + 0.09 Rohrmann et al. (2014)
Precipitation samples
Latitude Year Station elevation Number of 5180 lapse rate Reference

range stations (Yoo/km)
(m)

15°S 1983 200-5200 12 -15+02 Gonfiantini et al. (2001)
15°S 1984 200-5200 12 —244+02 Gonfiantini et al. (2001)
17.5°S 1985 405-3220 7 -16 £ 0.2 Gonfiantini et al. (2001)
21°S 2008¢ 395-4340 5 -12+038 Fiorella et al. (2015)
21°S 2009 395-4340 5 -2.0+03 Fiorella et al. (2015)
21°S 2010 395-4340 5 —-22402 Fiorella et al. (2015)
21°S 2011°¢ 395-4340 5 -13+ 04 Fiorella et al. (2015)
2 Published elevations were given as sampling elevations, not mean catchment elevations.
b Includes only flank catchments that are not within the internally-drained Altiplano.
¢ Sample W10-PURO2 removed from regression due to excessive evaporation, as in Rohrmann et al. (2014).
4 Precipitation samples collected from September-December only.
e

Precipitation samples collected from January-September only.

Fig. 4g), which is consistent with lower surface temperatures and
higher relative humidity. Together, these trends indicate that the
average E/P ratio decreases in the region throughout uplift, but
also becomes more spatially variable as shown by the increasing
range of values (Fig. 4h).

4. Interpretation of the modern §, distribution

Elevation provides a dominant control on central Andes 8180p
(Fiorella et al., 2015; Gonfiantini et al., 2001). Stream water §'80
compositions generally preserve the relationship between alsop
and elevation along the flanks (Fig. 5a, b), while on the Altiplano
we observe substantial variability in §'80y not observed in §'30,
(Fig. 5¢). The spread in Altiplano 8,y cannot be explained by catch-
ment elevations, as both extreme values occur in catchments with
mean measured elevations of >3800 m. Instead, these trends im-
ply that different processes govern the isotopic composition of sur-
face waters on the Altiplano compared to its eastern flank.

To investigate this possibility, we compare the §80,,-5Dy, re-
lationship of flank and Altiplano streams to the §'0,-6D, rela-
tionship for published precipitation values (Aravena et al., 1999;
Fiorella et al., 2015; Gonfiantini et al., 2001) (Fig. 6). The §180-8D
relationship reflects the integrated condensation and evaporation

history of the water pool, and the Altiplano §'80,-8D,, relation-
ship should differ from the flanks if different processes control
the isotope distribution in the two regions. Regional precipitation
shows a consistent (Slgop—(SDp relationship (Fig. 6a) that falls along
the global meteoric water line (GMWL, black line in each panel of
Fig. 6) (Rozanski et al., 1993). Transect 8y, values also follow the
GMWL (Fig. 6b); however, Altiplano §,, values follow a distinctly
shallower slope (Fig. 6¢c, slope = 4.59 + 0.11), which is con-
sistent with evaporation of Altiplano surface waters. Evaporation
also decreases the deuterium excess of natural waters (d-excess
= §D-85180), as kinetic fractionation during evaporation results
in a stronger fractionation between 80 and 60 relative to that
between D and H (e.g., Rozanski et al,, 1993). The global average
d-excess in precipitation implied by the GMWL is ~10 (Rozanski
et al,, 1993), though d-excess in central Andes precipitation has
been observed to range between 14-20 (Fiorella et al., 2015;
Gonfiantini et al., 2001). If we characterize any stream water sam-
ple with a d-excess value below 5 as evaporated, 68% of Altiplano
stream samples exhibit evaporation (April only, 74% including Oc-
tober samples), compared to only 13% of catchments along both
elevation transects. Evaporation does not appear to occur during
precipitation as a subcloud process (e.g., Rohrmann et al., 2014), as
Altiplano precipitation does not have low d-excess values compara-
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Fig. 3. Comparison of measured and model predicted catchment elevations for the Rowley semi-empirical thermodynamic model (2007, left column) and a linear empirical
model (right column). (a, b) Direct comparison between predicted and measured elevations by physiographic region. Elevation predictions deviate from model expectations
by >3000 m at several of the highest elevation Altiplano catchments. (c, d) Residual between prediction and measurement. The best-fit line is plotted for the north (orange)
and south (purple) transects. (e, f) Empirical cumulative distribution functions of residuals between predicted and measured elevations. Residuals for the two elevation
transects are both normally distributed and centered around zero. Stream waters on the Altiplano, however, are consistently biased to predict lower-than-observed elevations,
and skewed toward multi-kilometer underestimation and away from overestimation. Distribution mean values are shown as vertical lines above the distributions, and 95%
confidence intervals based on 50,000 bootstrap replicates with replacement are shown as horizontal lines. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

ble to the stream waters (Fiorella et al., 2015). Therefore, evapora-
tion of surface waters must occur following rainout, promoting the
different 5180-5D relationship observed between Altiplano precip-
itation and stream waters.

Evaporation of Altiplano surface waters biases model predic-
tions to lower elevations, and is responsible for the biased distri-
bution observed (Fig. 3e, f). The most evaporated Altiplano stream

waters, which have the heaviest compositions, yield elevation pre-
dictions that are below sea level (Fig. 3a, b). These predictions
clearly demonstrate the potential of evaporation to impair ele-
vation estimates. Though the most frequently observed Altiplano
residuals occur between —250 and —750 m, the influence of the
most evaporated streams lowers the mean Altiplano residual to
—840 m for the Rowley model (Fig. 3e), and —460 m for the lin-
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ear empirical model (Fig. 3f). In contrast, since evaporation is only
observed in a small fraction of samples along the flank, these dis-
tributions are not systematically biased toward lower elevations
(Fig. 3e, f). However, a trend in the residuals along the flank re-
mains (Fig. 3¢, d), where low (high) elevation catchments tend to
have elevation predictions that are too high (low). We note two
potential reasons for this relationship. First, prior climate model-
ing experiments have suggested that the isotopic lapse rate is not
linear for all elevations, and varies in time and space due to vari-
ability in convective precipitation and entrainment of vapor from
multiple vertical levels in the atmosphere (Insel et al., 2012). Sec-
ond, low-elevation isotopic compositions at the eastern Andean
flank are highly variable from year-to-year, and are closely related
to convective and precipitation intensity over the Amazon Basin
(e.g., Fiorella et al., 2015). Regardless, only the plateau catchments
show substantial evidence of evaporation (Fig. 6), lower d-excess
values, higher 8Dy and §'80,, values than anticipated for their el-
evation (Figs. 5-6), and ultimately, a physical basis for elevation
underestimation.

We find limited evidence for other potential explanations for
the spatial pattern of evaporation on the plateau. For example,
relationships between Altiplano 8'80,, and catchment area (% =
0.02), latitude (r2 = 0.16), and longitude (r? = 0.01) are weak;
thus, basin size and position are unlikely explanations for vari-
ability on the Altiplano (Table S5). Furthermore, the lower slope
observed for Altiplano surface waters does not result from a few
highly influential evaporated streams. Resampling of the Altiplano
stream waters to remove the ten most evaporated streams yields
a slope of 5.35 4 0.25 (compared to 4.59 +0.11 with all streams),
which is still much lower than the anticipated value of ~8 for
unevaporated meteoric waters. Wide isotopic variations in Alti-
plano surface waters indicate variability in evaporative intensity.
For example, the most evaporated surface waters exhibit isotopic
compositions heavier than measured Altiplano 8180p by >10%0
(Fiorella et al., 2015), while stream waters that are less affected
by evaporation may have isotopic compositions within 1% of
8180,

5. Discussion

5.1. Evaporative imprint on proxy materials and elevation
reconstructions

Spatially variable evaporative intensity on the plateau provides
the most direct explanation for the large range of Altiplano §,, and
the lower slope §180-8D relationship. The occurrence of large salt
flats, such as the Salar de Uyuni, provide evidence for significant
evaporation on the modern Altiplano. If evaporated surface waters
propagate to proxy bearing soil horizons, proxies forming in equi-
librium with these soil waters will record compositions heavier
than precipitation. Interpretations from these proxy materials will
be prone to underestimate elevation because of the heavier com-
positions recorded. Therefore, we consider lighter isotopic compo-
sitions to be stronger evidence for high elevations than heavier
isotopic compositions are for low elevations.

Many, but not all, paleoaltimetry studies have sought to sample
below 50 c¢cm in paleosols based on theoretical and experimental
observations that evaporation from the surface has minimal direct
impact on soil water isotopes below this depth (Table S8) (e.g.,
Quade et al., 2007). However, mixing of partially evaporated near-
surface soil water with infiltrating precipitation promotes indirect
enrichment of heavy isotopes in deeper soil waters (Breecker et
al., 2009; Mathieu and Bariac, 1996). Observations in arid soils
indicate that soil waters deeper than 50 cm can be up to ~7%o
heavier in 880, than annual mean 8§30, (Breecker et al., 2009;
Hsieh et al., 1998). Thus, soil waters below the 50 cm threshold
may still exhibit evaporative bias relative to mean annual 8. Alter-
nating 3-4 day periods of sun followed by convective rain are typ-
ical during the central Andes rainy season (Garreaud et al., 2003).
This intermittent precipitation on the Altiplano during the rainy
season allows for surficial waters to evaporate between storms.
These evaporated surface waters may mix with subsequent rains,
which would push partially evaporated waters to lower depths in
the soil, and bias soil water isotopic compositions to heavier values
than precipitation.
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If we assume &, reflects the composition of surficial soil wa-
ters, we can make an order-of-magnitude estimate of the evapora-
tive bias in deeper soil waters. We assume that the soil water in
carbonate forming horizons is a mix of 70% unevaporated precipi-
tation and 30% shallow, evaporated soil waters. This partitioning is
based on observations from African soils in a similar hydroclimate
(Mathieu and Bariac, 1996). For example, surface water shifts of 2.0
and 5.0%o relative to precipitation would result in soil waters in
carbonate forming horizons that are 0.6-1.5% more positive than
8‘80p. Based on modern precipitation lapse rates (Fiorella et al.,
2015; Gonfiantini et al., 2001), carbonates forming from these soil
waters would record compositions associated with ~1 km lower
surface elevations due solely to the isotopic offset between precip-
itation and soil water (Table 1). The magnitude of this bias depends
on the fraction of surficial waters mixing with deeper soil waters,
which in turn, depends on soil properties, climate, and vegetation
(Mathieu and Bariac, 1996). Soils where more (less) than 30% of
total soil water in carbonate forming horizons from evaporated
shallow soil waters will exhibit a larger (smaller) evaporative bias.
Changes in soil properties through time may be difficult to deter-
mine, but paleoclimate model simulations can constrain changes in
the net evaporation through time.

5.2. Intensity and seasonality of net evaporation during uplift

Several lines of geological evidence, in addition to climate
model results, support arid conditions in the ancient central Andes.
Evaporite sequences are observed in adjacent Atacama sediments
from the end Triassic onward (e.g., Clarke, 2006). In the Altiplano,
evaporites are observed from ~15 Ma, and have been taken as
evidence for the development of internal drainage (Alonso et al.,
1991; Vandervoort et al., 1995). The absence of evaporates prior to
~15 Ma may therefore reflect that the Altiplano was an externally
drained basin, and does not necessarily suggest the region was less
arid prior to this time. The central Andes lie in the dry subtropics,
where moisture convergence and precipitation formation are in-
hibited by strong atmospheric subsidence. South America has not
changed latitude significantly since the Triassic (e.g., Gurnis et al.,
2012), and therefore, the central Andes have been in a region of
strong atmospheric subsidence throughout the Cenozoic. Andean
uplift promotes the development and strengthening of the South
American Low Level Jet, increasing moisture convergence and pre-
cipitation on the eastern flank of the central Andes, and resulting
in less arid conditions (Insel et al., 2010). Ultimately, a higher E/P
ratio early in the uplift of the Andes implies a larger magnitude
evaporative bias in more ancient proxy materials.

Surface uplift also changes the seasonality of aridity, which we
expect to change the seasonal timing of pedogenic carbonate for-
mation (Fig. 7) (e.g., Peters et al., 2013). This change in carbonate
formation timing will influence both the §'80.. value and the for-
mation temperature inferred from clumped isotope thermometry
(A47 compositions for pedogenic carbonates). Dry conditions that
follow the rainy season in the central Andes during austral fall
and winter likely instigate modern pedogenic carbonate formation.
However, paleoclimate models suggest a later termination of the
rainy season when the Andes are at low elevations (<25% of mod-
ern), with evapotranspiration rates exceeding precipitation rates
starting in May compared to April when the mountains are higher
(Fig. 7a). This result suggests that when plateau elevations were
lower, carbonate formation was shifted later in the year. However,
this effect was unlikely to be uniform throughout the Altiplano, as
the transition to an earlier onset of the dry season associated with
uplift is less pronounced north of 17°S (Fig. 7b), and more pro-
nounced south of 17°S (Fig. 7c, d). As both soil temperature and
5180,, contribute to 8§80, the shift to earlier carbonate forma-

tion would bias 8§80 and A47 toward summer temperatures and
8180y,

Finally, the number of annual carbonate precipitation peri-
ods may have changed during Andean surface uplift. The mod-
ern evapotranspiration rate exceeds the precipitation amount for
a single extended period (April-September). A similar pattern is
observed when the Andes are at least 50% of their modern el-
evations (Fig. 7a). Thus, pedogenic carbonates would form only
during April-September when the Andes exceed 50% of mod-
ern elevations. In contrast, when the Andes are below 50% of
their modern elevations, evapotranspiration exceeds precipitation
both before (e.g., October-December) and after the rainy sea-
son (e.g., May-August), suggesting two distinct periods of possi-
ble carbonate growth. With two seasons of carbonate formation,
the bulk carbonate composition would record a mixture of both
dry and rainy season soil waters and soil temperatures. Mod-
ern precipitation during the dry season can exhibit slsop that is
>5%0 more positive than rainy season 818013 (Fiorella et al., 2015;
Gonfiantini et al., 2001). Using the same logic as above to estimate
soil water 8180, dry season soil waters would be >1.5%, more
positive than rainy season soil waters. Applying modern isotopic
lapse rates to this difference in seasonal soil water compositions
indicates that pedogenic carbonates forming in equilibrium with
dry season soil waters would further underestimate elevations by
~1 km. Additionally, if carbonate precipitation occurs during both
the summer and winter while elevations are low before transi-
tioning to winter-only formation when elevations are high, low
elevation samples will be biased to lower A7 values, resulting in
artificially warm temperatures. This reflects both the higher forma-
tion temperatures during the summer and due to non-linear effects
in A47 values resulting from the homogenization of summer and
winter carbonate values during analysis (Defliese and Lohmann,
2015).

5.3. Implications for central Andes paleoaltimetry

Stable isotope compositions of central Andes proxy materi-
als have been used to support interpretations of rapid, punc-
tuated, and spatially variable uplift, including uplift magnitudes
of: (a) 2.2-3.7 km between 19-16 Ma for the Peruvian Western
Cordillera (Saylor and Horton, 2014), (b) 2.5 £ 1.0 km between
10.3-6.8 Ma for the Bolivian Altiplano (Garzione et al., 2006), and
(c) 2.5-4.0 km since 29 Ma for the Eastern Cordillera (Leier et
al., 2013). These high magnitudes and short durations of uplift
stand in contrast with other lines of evidence including structural
observations of: (a) crustal thicknesses of ~50-60 km for the Al-
tiplano and Eastern Cordillera during the Oligocene (McQuarrie,
2002), (b) a strong association between crustal thickening and tec-
tonic shortening at these latitudes (~17-21°S) (Kley and Monaldi,
1998), and (c) consistent regional shortening rates of 8-10 mm/yr
from ~40 Ma (Barnes and Ehlers, 2009). Furthermore, deformation
in the Eastern Cordillera and Altiplano precedes apparent uplift by
>10 Ma (Horton et al., 2001; Lamb and Hoke, 1997).

These differences between the surface uplift and deformation
histories can be explained by isotopic fractionation associated with
climate change during surface uplift (Ehlers and Poulsen, 2009;
Insel et al., 2012; Poulsen et al., 2010; Poulsen and Jeffery, 2011).
Thus, proxy isotopic compositions may not only record changes
in elevation, but also changes in climate. Proxy material iso-
topic compositions exhibit large variability within and between
study sites (Fig. 8, Garzione et al., 2014, 2008; Leier et al., 2013;
Saylor and Horton, 2014). Carbonates deposited from 6-7 Ma in
the Corque Syncline show §'80. values ranging from —15.3 to
—8.3%0 (Fig. 8, Garzione et al., 2006). Likewise, though no val-
ues heavier than ~—110%c for 8D occur in hydrated volcanic
glass compositions after ~17 Ma in the Condoroma Basin in Peru
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(Saylor and Horton, 2014), isotopic compositions vary by at least
~70%o in samples with overlapping dating uncertainty.

Variability between these sites has been interpreted to reflect
relative uplift between sites, perhaps by as much as multiple kilo-
meters. Alternatively, this variability may represent changes in
the spatial pattern of evaporation between sites. Proxy materi-
als formed from evaporated waters would record heavier isotopic
compositions associated with lower elevations. Based on climate
modeling patterns of precipitation and evapotranspiration, this iso-
topic bias increases for more ancient proxy materials when eleva-
tions were lower. To minimize the impact of evaporative bias in
paleoaltimetry studies, it has been suggested that only the light-
est isotopic compositions should be used to reconstruct elevations
(e.g., Rowley and Currie, 2006). However, this maxim has been in-
consistently applied to central Andes stable isotope paleoaltimetry
studies.

Here, we reconsider the Bolivian Altiplano and Eastern Cordillera
paleoaltimetry record using only the most negative isotopic com-
positions available. Starting with the Corque syncline on the Bo-
livian Altiplano, we identify four key carbonate compositions to
construct a paleoelevation history based on the lightest isotopic
compositions: —12.1%o at 24.5 Ma, —13.3%0 at 11.45 Ma, —14.1%
at 7.35 Ma, and —15.1%o at 6.74 Ma (VPDB) (Garzione et al., 2008).
The composition of meteoric water in equilibrium with these car-

bonates can be estimated by applying temperature constraints
to the temperature-dependent fractionation of oxygen between
calcite and water (Kim and O’Neil, 1997). Assuming formation
temperatures of 36°C, 28°C, 18°C, and 13°C based on clumped
isotope paleothermometry (Ghosh et al., 2006; Leier et al., 2013),
these carbonate compositions imply meteoric water compositions
of —7.6%0 at 24.5 Ma, —10.3%o at 11.45 Ma, —13.2% at 7.35 Ma,
and —16.2%0 at 6.74 Ma (VSMOW). An annual mean §'80, of
—7.6% is inconsistent with near sea-level elevations, but is consis-
tent with Andean elevations of ~25-50% of modern, or 1.0-2.0 km
(Insel et al, 2012). Additionally, the §'30, estimated for 6.74 Ma
is consistent with modern observations (Fiorella et al., 2015;
Gonfiantini et al., 2001), suggesting that modern elevations were
reached by this time. This result limits the total Altiplano uplift
after 24.5 Ma to 1.7-3.0 km. Partitioning the 8.6%o of estimated
813013 change proportionally between these four points suggests
uplift magnitudes of: 0.5-1.0 km from 24.5-11.45 Ma, 0.6-1.0 km
from 11.45-7.35 Ma, and 0.6-1.0 km from 7.35-6.74 Ma. These
uplift magnitudes would imply plateau elevations of 1.0-2.0 km
at 24.5 Ma, and >1.5 km by 1145 Ma and >2.1 km by 7.35 Ma
(Fig. 9a). Therefore, the total uplift of the Altiplano after 11.45 Ma
cannot exceed ~2.2 km, and may have been as small as ~0.7 km.
These estimates are substantially smaller than previous interpreta-
tions of the isotopic data of 2.5 £ 1.0 km of uplift after 11.45 Ma
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(Garzione et al., 2014), (c) the Corque Syncline (Garzione et al., 2006, 2008; Ghosh et al., 2006) and (d) the Salla and Upper Salla Beds (Garzione et al., 2008; Leier et al.,
2013). Data points used in our proposed reconstruction using only the most negative carbonate values are connected in (c) and (d) with thin black lines.

(e.g., Garzione et al., 2008). Further, our estimates represent maxi-
mum uplift magnitudes and place minimum bounds on past eleva-
tions, if the following two assumptions are correct: (1) the lightest
isotopic compositions capture unevaporated meteoric water and
(2) the isotopic composition of this proxy material represents the
multi-year mean of the precipitation composition. In arid climates,
compositions reflecting unevaporated water may not be preserved
(Quade et al., 2007), and therefore, elevations may be higher than
suggested by the most negative proxy composition. Finally, we note
that our assumption that clumped isotope compositions accurately
record the proxy formation temperature is the more conservative
approach to reinterpret the 880 data with respect to the original
interpretations. If RegCM surface temperatures were used to esti-
mate §'80,, instead, the estimated change in §'0, would drop to
a maximum of 7.7% instead of 8.6%o, which would also suggest
a lower uplift magnitude. Furthermore, a formation temperature
of 28°C from RegCM at 24.5 Ma implies a §'80;, of —9.1%c, and
potentially higher paleoelevations than the 1-2 km estimated here.

Surface temperature histories inferred from clumped isotope
compositions of pedogenic carbonates suggest that the southern
Bolivian Altiplano was uplifted by 2.5 + 1.0 km between 16 and

13 Ma. In contrast, clumped isotope temperatures indicate the
northern Bolivian Altiplano remained below 2 km until ~10 Ma,
and experienced 2.5 £ 1.0 km of uplift between 10 and 6 Ma
(Garzione et al.,, 2014; Ghosh et al., 2006). However, the most neg-
ative 880 compositions from the north and south halves of the
Bolivian Altiplano do not show this discrepancy. The lightest iso-
topic compositions at the Cerdas and Quehua sites in the southern
Altiplano are —13.8%c at 16.15 Ma and —13.0%. at 7.22 Ma re-
spectively, while compositions of —12.1% at 24.5 Ma and —14.1%
at 7.35 Ma are observed at the Corque Syncline (Fig. 8). There-
fore, 180 compositions would seem to suggest a spatially uniform
uplift of the Bolivian Altiplano, in contrast to the heterogeneous
uplift history previously inferred from A47; compositions. How-
ever, clumped isotope temperature estimates are highly uncertain
for portions of the central Andes record. For example, carbonates
within the Corque Syncline show a ~25°C range of temperature
at 11 Ma and a ~20°C range of temperature at 6 Ma, while the
Salla Beds also show a ~25°C range at 25 Ma (Fig. S3, Garzione
et al., 2008; Leier et al., 2013). The RegCM temperature change be-
tween the 0% and 100% Andes simulations is ~22 °C. Therefore, the
temperature uncertainty for contemporaneously precipitated pedo-
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Fig. 9. Schematic of the uplift of the Bolivian Altiplano (a) and Eastern Cordillera (b) proposed in this study. Key isotopic constraints identified in Section 5.3 are shown
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each region as a red curve. For both regions, the proposed post-15 Ma uplift is reduced from the original interpretations, and provides a closer match between cumulative
shortening and reconstructed elevations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

genic carbonates approaches the anticipated signal for the entire
uplift of the Andes. As such, the clumped isotope record places
weaker constraints on the paleoelevation history of the central An-
des than do §'80 compositions. As a result, our proposed Altiplano
uplift scenario remains consistent with clumped isotope temper-
atures (SI results). This trend arises from the large A47 temper-
ature variability as well as from uncertainties in the relationship
between A47; formation temperatures and mean annual air tem-
peratures (SI discussion).

Therefore, based on our prior assertion that more negative iso-
topic compositions are stronger evidence for high elevations than
less negative compositions are for low elevations, we suggest that
broadly synchronous uplift of the Bolivian Altiplano is consistent
with the §180 data (Fig. S3). In addition, A4; temperatures also
suggest a homogeneous uplift of the Bolivian Altiplano when tem-
perature estimates for Corque, Cerdas, and Quehua are estimated
using the model of Quade et al. (2013, and see SI results, Fig. S3).
Broadly synchronous uplift is also supported by evidence of similar
deformation histories in the northern (Lamb and Hoke, 1997) and
southern (Elger et al., 2005) portions of the Bolivian Altiplano. Ad-
ditionally, recent isotopic evidence suggests that the Puna plateau
may have attained modern elevations at least as early as the mid-
Miocene (e.g., Quade et al.,, 2015), and perhaps as early as the
Eocene (Canavan et al., 2014). Taken together, we suggest that a
broadly uniform uplift of the entire central Andean plateau may
yet be consistent with the isotopic data due to the strong hydro-

logic changes associated with uplift that may be reflected in proxy
isotope compositions. Further, our proposed paleoelevation history
is more consistent with crustal shortening records for the Altiplano
(Eichelberger et al., 2015; Elger et al., 2005; Lamb and Hoke, 1997;
Oncken et al., 2006), and does not require massive, large-scale de-
lamination.

In the Eastern Cordillera, the most negative 8180, value for
the Salla Beds is —9.7%o at 28.0 Ma, and —13.9% at 18.0 Ma for
the Upper Salla Beds (VPDB) (Leier et al, 2013). Assuming for-
mation temperatures (from Ag47) of 36 & 4°C for the Salla Beds
and 20 =+ 3°C for the Upper Salla Beds yields estimates of §180,
of —=5.0 £0.7%0 and —12.5 + 0.6% for the Salla and Upper Salla
Beds respectively (VSMOW). This estimate of 8180, for the Salla
Beds is slightly more negative than the estimation of Leier et al.
(2013) of —4.0%, but remains consistent with their interpreta-
tion of Salla Bed paleoelevations of 0-1.5 km (Fig. 9b). In contrast,
a value of —12.5 £ 0.6%, for 880, during deposition of the Upper
Salla Beds suggests surface elevations >3 km (Fig. 9b). Modern wa-
ter isotope values more depleted than —12.0% are not observed in
precipitation and stream waters below 3 km (Bershaw et al., 2010;
Fiorella et al., 2015; Gonfiantini et al., 2001). Furthermore, isotope
tracking climate model experiments also indicate that 8180p val-
ues less than —12.0%¢ require elevations of >3 km (Insel et al.,
2012). Therefore, we suggest the Upper Salla Beds were deposited
above 3 km. This is consistent with the estimate of 3.2 + 0.5 km
in Leier et al. (2013) when all carbonate values are included, but
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inconsistent with their elevation estimate of ~2.5 km when the
most negative carbonate value is treated as an outlier.

Finally, though we have considered evaporation in isolation,
changes in Cenozoic climate have also likely impacted proxy
isotopic compositions as well as evaporative intensity. Globally
warmer conditions in the Paleogene relative to the Neogene may
amplify evaporative bias (e.g., Zachos et al., 2001). Additionally,
enhanced atmospheric subsidence would be expected over the
central Andes region in a warmer climate. This atmospheric sub-
sidence would transport heavier-than-anticipated vapor to the sur-
face, and further bias proxy materials to lower elevations (Poulsen
and Jeffery, 2011). Unfortunately, the magnitude of evaporative
bias is difficult to constrain throughout time in the absence of
quantitative proxy-based estimates of net evaporation. We suggest
that recent developments in !70-excess, an isotopic marker which
records evaporative intensity when combined with 880, may
represent an important step forward to decoupling the contribu-
tions of climate and tectonic change to isotopic change (e.g., Passey
et al,, 2014).

6. Conclusions

We provide a dataset of the isotopic composition of 249 cen-
tral Andes streams collected over a 3.5-year period, constraining
an important and previously missing aspect of the central Andes
stable isotope system. The isotopic compositions of stream waters
along the eastern Andean flank possess a $D-8180 that is similar to
regional precipitation. In contrast, stream waters on the Altiplano
exhibit a §D-5180 relationship with a shallower slope than that
of regional precipitation, which we interpret as evidence of heavy
isotope enrichment through evaporation. Propagation of this evap-
orative signal into soil waters that occurs during infiltration may
result in soil water and carbonate compositions that underestimate
modern elevations in modern soils. Paleoclimate model simula-
tions indicate that the central Andes region has become progres-
sively less arid through its uplift, and therefore, carbonates earlier
in the uplift history may exhibit a greater bias. Cenozoic cooling
and the increase in isotopic lapse rates inferred from climate mod-
eling both amplify this bias (Insel et al., 2012; Jeffery et al., 2012;
Poulsen et al., 2010; Poulsen and Jeffery, 2011).

To avoid this bias, we propose paleoelevations for the Bolivian
Altiplano of 1-2 km at 24.5 Ma, 1.5-3.0 km at ~11.45 Ma, and
2.7-4 km at 6 Ma based on the lightest isotopic compositions
observed in proxy materials. Using the same logic, we estimate
paleoelevations for the Eastern Cordillera of 0-1.5 km at ~28 Ma
and >3 km at ~18 Ma. We draw three major conclusions from this
reinterpretation of stable isotope proxy data: (1) mid-Miocene-to-
modern elevation change on the Bolivian Altiplano was no greater
than 2 km, which is less than prior stable isotope based estimates
of 2.5+ 1 km (Garzione et al., 2008, 2014), (2) Bolivian Altiplano
and Eastern Cordillera paleoelevations inferred in this study more
closely match records of cumulative shortening (Fig. 9) (Barnes and
Ehlers, 2009; Oncken et al., 2006) than do prior interpretations of
stable isotope data, (3) when placed into a consistent framework,
5180 and A4y compositions support a uniform, homogeneous up-
lift of the Bolivian Altiplano. Therefore, central Andes surface uplift
may be more spatially uniform and more closely linked to crustal
shortening than suggested in previous interpretations of stable iso-
tope paleoelevation proxies.
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