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The timing and magnitude of surface uplift provide important constraints on geodynamic models of orogen forma-
tion. Oxygen isotope (6'80) and mass-47 isotopolog (A47) compositions from terrestrial carbonate sediments have
been used with modern isotope and temperature lapse rates to infer past surface elevations of the Andes. However,
these paleoaltimetry interpretations are contentious because variations in the oxygen isotope composition in me-
teoric water (5'%0,) are caused by changes in elevation (orographic) and regional climate. Here, we use a limited-
domain isotope-tracking general circulation model to simulate changes in §'%0,, and isotopic lapse rates in response

Editor: P. DeMenocal

I;gg‘;g;etry to Andean surface uplift, and to re-evaluate 5'%0 and A4 changes in late Miocene carbonates previously associated
paleoclimate with rapid Andean growth. Results indicate that Andean surface uplift leads to changes in low-level atmospheric
oxygen stable isotopes circulation and an increase in precipitation along the eastern Andean flank which influences isotopic source and
Andes amount effects. Simulated changes in Andean 8180p are not systematic with an increase in surface elevation, but

are instead a function of orographic thresholds that abruptly change regional climate. A 8“30p decrease of >5%.
over the central Andes and an increase in isotopic lapse rates (up to 0.8%.km ™) coincide with Andean surface up-
lift from 75 to 100% of modern elevation. These changes in the isotopic signature could account for the entire 3-4%.
580 depletion in late Miocene carbonate nodules, and suggest an Andean paleoelevation of ~3000 m (75% of mod-
ern elevations) before 10 Ma.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The timing and rates at which current Andean Plateau (AP) eleva-
tions were attained are debated. A rapid and recent rise of ~2.5+
1 km between 10 and 6 Ma has been proposed based on 6'%0 and
mass-47 isotopolog (A47) compositions (‘clumped isotopes’) of late
Miocene terrestrial carbonates (e.g. Garzione et al., 2006, 2008;
Ghosh et al., 2006b). This interpretation has been questioned by
paleoclimate modeling studies that have highlighted the sensitivity
of stable isotope paleoaltimetry interpretations to climate change
(Ehlers and Poulsen, 2009; Insel et al. 2009; Poulsen et al., 2010). Fur-
thermore, geological and recent biotaxa evidence suggests AP growth
was slow and steady since at least the Eocene (~40 Ma), and implies
elevations of ~2000 m prior to 20-10 Ma (e.g. Alpers and Brimhall,
1988; Barnes and Ehlers, 2009; Picard et al., 2008; Rech et al., 2006;
Schlunegger et al., 2010; Sebrier et al., 1988). Thus, significant debate
exists on the elevation history of the AP and the influence of climate
change on paleoelevation reconstructions.

* Corresponding author. Tel.: +1 734 647 5636.
E-mail address: nadinsel@uchicago.edu (N. Insel).
1 Present address at the Department of the Geophysical Sciences, University of Chi-
cago, Chicago, IL 60637.

0012-821X/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.epsl.2011.11.039

Oxygen isotope paleoaltimetry uses 6'80 preserved in geological ar-
chives (e.g. carbonates, silicates, volcanic glasses) as a proxy for ancient
meteoric §'80. The composition of 5'%0 (5'0= ([("®0/"°0)sampie/
('80/"%0)standara] — 1) *1000) in these archives is controlled by the
temperature and the composition of meteoric water at the time of min-
eral formation, both of which are related to elevation (e.g. Chamberlain
et al,, 1999; Drummond et al.,, 1993; Siegenthaler and Oeschger, 1980).
The elevation-5'%0 relationship reflects Rayleigh distillation of the
heavy isotope ('®0) through condensation and precipitation as air
masses are adiabatically cooled. Due to the correlation between 620
of meteoric water (Slsop) and elevation, mountain surface uplift can
be reconstructed through stable isotope studies of authigenic (in-situ
formed) minerals, assuming that past isotopic lapse rates (I's"%, the
rate of changes in isotopic ratio with altitude) were analogous to mod-
ern rates. Based on these assumptions, a 3-4%. 680 shift in late Mio-
cene carbonate nodules from the AP has been interpreted to reflect
~2.5 km of surface uplift (Garzione et al., 2006; Ghosh et al., 2006b).

However, factors other than elevation change influence the mod-
ern climatology of §'%0, along the Andes, such as precipitation
(amount effect), water vapor source, wind patterns, ENSO, and re-
mote climate pattern (e.g. Sepulchre et al., 2009; Sturm et al.,
2007b; Vuille et al., 2003). General atmospheric circulation models
indicate that Andean surface uplift causes substantial changes in
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South American regional climate (e.g. Ehlers and Poulsen, 2009;
Garreaud et al., 2010; Insel et al., 2009; Poulsen et al., 2010). In partic-
ular, an abrupt increase in Andean precipitation and convection is as-
sociated with Andean threshold elevations of 50-70% of modern
heights (Insel et al., 2009; Poulsen et al., 2010). These changes in re-
gional paleoclimate can influence isotopic fractionation and source
effects that cause dramatic changes in the paleo-6'80 composition
(Ehlers and Poulsen, 2009). Thus, late Miocene changes in central An-
dean §'80 could be related to the intensification of precipitation asso-
ciated with relatively minor surface uplift (Poulsen et al., 2010).

The clumped isotope carbonate thermometer has been used as an
independent approach to paleoelevation reconstructions. This tech-
nique relies on the temperature dependence of the abundance of
bonds between rare, heavy isotopes (i.e. >C'¥0'°0) in the carbonate
mineral lattice, expressed as A47 (the ratio of mass 47 to mass 44 iso-
topologs in a sample from that ratio expected for a stochastic distri-
bution of isotopes in that sample) (Ghosh et al., 2006a; Ghosh et al.,
2006b). The ordering, or ‘clumping’, of heavy isotopes into bonds
with each other is favored at low temperatures and the growth tem-
perature of a carbonate mineral can be defined by the analysis of the
isotopic constituents of the carbonate alone. The A47 derived temper-
atures have been used to reconstruct Andean paleoelevations assum-
ing modern temperature lapse rates with elevation (Ghosh et al.,
2006b). However, it has been shown that an increase in Andean pla-
teau elevations not only results in adiabatic cooling directly linked to
elevation gain, but also in non-adiabatic cooling associated with re-
gional climate change (Ehlers and Poulsen, 2009). That could lead to
a change in temperature lapse rates over time and influence paleoal-
timetry estimations based on temperature changes.

Previous studies have implemented either high-resolution non-
isotope tracking regional models (e.g. Ehlers and Poulsen, 2009;
Insel et al., 2009) or global climate models with isotope tracking capa-
bilities (e.g. Jeffery et al., 2011; Poulsen et al., 2010). In this study we
extend this previous work by using a high-resolution limited-domain
general circulation model with isotope diagnostics (REMOiso). In
comparison to global spectral climate models, the limited-domain
model provides a better representation of Andean topography at a
horizontal resolution that approaches the spatial scales represented
by proxy data. Results highlight the behavior of 8130p and tempera-
ture under past topographic and climate conditions and refine oro-
graphic threshold elevations for significant changes in 818013.
Specifically, we (1) estimate changes in 530, due to Andean surface
uplift and provide predictions of precipitation patterns and §'#0,, for
specific Andean heights; (2) quantify the changes in isotopic lapse
rates in response to Andean surface uplift; and (3) evaluate the geo-
logical/isotopic evidence for surface uplift with specific focus on A47
estimates. The integration of model results and observations suggests
that regional climate change in response to surface uplift caused
changes in the stable isotope record.

2. Method

To quantify the influence of Andean surface uplift on 8180,, and
oxygen isotopic lapse rates, we use a numerical three-dimensional
limited-domain general circulation model with isotope-tracking ca-
pabilities (REMOiso) (Sturm et al., 2005; Sturm et al., 2007a). Isotope
fractionation and transport processes are embedded at all stages of
the hydrological cycle by defining isotopic counterparts to all water-
related variables. Therefore, the species H,0'® and HDO are treated
independently from the predominant H,0'®, but undergo the same
processes including equilibrium and kinetic fractionations (Sturm et
al., 2005). Stable water isotopologs are treated as passive tracers in
soil moisture and snow layer and all vapor fluxes from the surface
are considered non-fractionating. All experiments are forced using
modern boundary conditions, including stable water isotopes, from

the ECHAM-4 global climate model with specified SSTs derived from
monthly satellite data (i.e. HadSST; Hoffmann et al., 1998).

Simulations were performed for South America using a
continental-scale domain with a horizontal grid spacing of 0.5°
(~55 km) and 31 vertical levels. Three experiments were completed
with Andean elevations representing 100%, 75%, and 50% of the
modern Andes height. In other regions of South America, the topog-
raphy was maintained at modern elevations. All other parameters
remain the same between experiments. All three experiments
were integrated over the ten-year period from 1989 to 1998. Be-
cause of the high computational cost, it was not practical to run
REMOiso continuously over this time span. Instead, 15-month inte-
grations, starting from the previous year's October and running
through December of the simulation year, were completed. Each
simulation year was initialized from the same initial conditions
from a 21-month (January to September) simulation forced with
boundary conditions for year 1993. Year 1993 was chosen for the
spin-up, because it most closely resembled the 30-yr precipitation
mean over the study area.

We present simulated annual amount-weighted mean §'%0,, and
isotopic lapse rates based on 10-year averages. Isotopic lapse rates
are calculated every 0.5° latitude by linear regression of 5'20,, for all
grid points between peak and flank (~300 m) elevations. Absolute
values of isotopic lapse rates are presented as a 4-point (~2° latitudi-
nal) running zonal average. We note that by definition the lapse rate
is defined as the rate of decrease of an atmospheric variable (e.g. tem-
perature) with height. However, to be consistent with previous stud-
ies, we report isotopic lapse rates as the change in §'80,, with altitude.
Thus, a SlSOp decrease of —1%.km ™! elevation gain is reported as a
lapse rate of — 1%.km ™!, rather than 1%.km ™~ !. However, as changes
in isotopic lapse rates are described as changes in absolute magni-
tude, an increase in lapse rate is consistent with a more negative
lapse rate (i.e. an increase from — 1.5%km™" to —2%.km™1).

3. Results
3.1. Modern isotope climatology

REMOiso has been shown to realistically simulate modern large-
scale climate and circulation patterns, and spatial variations in 8180p
in South America (Sturm et al., 2007a; Sturm et al., 2007b). In agree-
ment with observations, simulated §'%0, is relatively high (—3 to
—6%.) over the Amazon Basin due to evapotranspiration (Fig. 1b,
100% Andes). Once air masses reach the Andes, adiabatic cooling
and condensation associated with rising air masses contribute to the
isotopic depletion of vapor. Strong convergence, vertical ascent and
rainout along the eastern Andean flank result in Rayleigh distillation
which causes §'80,, to exponentially decrease with cumulative pre-
cipitation, and results in the lowest §'%0,, (<—12%o) at high elevation
sites along the Andes (Fig. 1b). Low §'80,, (— 7 to — 10%,) is also sim-
ulated in southern South America due to the latitudinal effect.

Simulated modern isotopic lapse rates (I's;go) vary significantly
along the Andes (Fig. 2a and e). Along the eastern flank, modern av-
erage [g150 range from —2.09%km~! to 1.02%km™! between
10°N and 50°S (Fig. 2a). Along the western flank, simulated modern
average I's1g0 vary between —3.46% and 0.22%.km~' (Fig. 2e).
Overall, the largest (most negative) lapse rates exist over the AP at
~20°S and in the southern Andes south of ~37°S. Lapse rates can be
positive (5'80, increases with altitude) where modern peak eleva-
tions in the model are below 2000 m (Fig. 2a, b, e). In the southern
Andes, positive 5150 along the eastern flank are mainly related to
an isotopic rain shadow effect, where the steady eastward decrease
in 8180p reflects the increasing distance from the principle water
vapor source (South Pacific) (Stern and Blisniuk, 2002) and spillover
of condensate to the leeward (eastern) side leads to further depletion
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Fig. 1. Topography and annual amount-weighted mean 6'%0,, (%) along the Andes. Dashed lines represent 1000 and 3000 m contour lines. (a) Present-day topography (m) used in
the model for 100% Andes simulations. (b-e) Panel plots showing changes in BISOF. with increasing Andean elevations. (e) Absolute values of SlsOp for 50% Andean height simu-
lations, (d) difference in 5'®0,, between 75 and 50% Andes, (c) difference in §'®0, between 100 and 75% Andes, and (b) absolute 5'®0,, compositions for simulations with 100%
Andes, respectively. Stippled circle regions show areas where §'%0,, changes are significant at the 80-90% confidence level, dashed pattern indicates regions where §'0, changes

are significant at the >90% confidence level.

of §'®0, in air masses along the eastern flank with decreasing
altitude.

The simulated mean annual 550 across the eastern flank of the
northern Andean Plateau (~14.5-19°S) is —1.27 +0.31%km™!
with isotopic lapse rates for individual years ranging between
—0.66 and —1.67%km~'. Simulated mean summer (DJF) T30 is
—1.5840.36%km ™! with T30 for individual years varying be-
tween — 1.08 and —2.37%.km ™ . In comparison, meteorological sta-
tions across that transect report annual 5150 from — 1.46%.km ™' in a
dry year to —2.39%.km™ ! in a wet year with a mean annual Is;50 of
—2.12%km~ ! (Gonfiantini et al., 2001). The observed absolute 520
values for individual stations are in very good agreement with model
results (Suppl. 1). The calculated isotopic lapse rates based on obser-
vations are slightly larger than simulated lapse rate, most likely due
to differences in the spatial and temporal scales of both datasets.
For example, observations are biased to higher elevations and, there-
fore, more negative 520 values due to a lack of sample coverage at
intermediate elevations between 1500 and 4000 m, which could re-
sult in an overestimation of I';150 (Suppl. 1). In contrast, model simu-
lations are limited in the absolute height of the Andes, which could
result in an underestimation of Rayleigh fractionation along the
flank and smaller I'5;g0 at high elevations. However, the overall ob-
served variability in I's150 (e.g. temporal variability in 5150 by ~1%0
km ™! between individual years) is very well captured in the model.

In the context of interannual variability, we note that there is a
fundamental mismatch between paleodata and observational data.
As aresult of the slow precipitation of carbonates, paleodata generally
represent time-averages of thousands of years. Observational data

typically span only a few years and often have missing monthly
5180 values (generally from the drier, higher 6'80 months), which
bias the record towards anomalous wet events (e.g. ENSO). Thus,
paleoaltimetry essentially uses modern ‘snapshots’ to interpret past
records that represent much longer time periods. In fact, Andean Pla-
teau paleoaltimetry estimates have been based on an isotopic lapse
rate that has been calculated based on one year of precipitation-
unweighted mean 6'80 records across an individual transect in the
central Andes (Garzione et al., 2006; Garzione et al., 2008). Thus,
while it is reassuring that our climate model capture observed inter-
annual §'80,, variability, our view is that 5'®0 lapse rates and 5'80
variability in the Andes are not well constrained and introduce an im-
portant source of uncertainty to paleoaltimetry estimates.

3.2. Sensitivity of 60, to surface uplift

In comparison to the modern, §'®0, in lower elevation simula-
tions is larger (up to > 7%.) over regions of high elevation, but smaller
by approximately 2-3%. in the lowlands (compare Fig. 1b-e). A de-
crease in Andean 8180p with increasing elevation is expected from
the altitude effect. However, the decrease in 5'80,, over the central
Andes (5-30°S) is not systematic with an increase in surface eleva-
tion, but differs in magnitude and timing across the Andean Plateau
(AP). For example, the southern AP (24-28°S) experiences the largest
decline in Blgop (3-4%o.) between the 50 and 75% elevation scenarios,
while the northern/central AP region (14-24°S) experiences the larg-
est §'80,, decrease (>5%.) between the 75 and 100% cases (Fig. 1b-e).
To understand the isotopic response to surface uplift on regional
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Fig. 2. Isotopic lapse rates along the eastern (a-d) and western (e-g) flank of the Andes for different height scenarios (100%, 75%, and 50% of the modern elevation). (a) All calcu-
lated lapse rates (%, km~!) between 10°N and 50°S. Diamonds represent simulated lapse rates for each latitudinal transect; colored lines represent the 2 degree running average
through the data. The gray dashed line highlights the zero line. (b) Maximum elevation along the Andes for different simulation scenarios. (c-d) Isotopic lapse rates (%o km~!)
between 5° and 35°S. Solid lines represent mean isotopic lapse rates, and the shaded area is the 10 standard deviation calculated from the 10 year simulation. Gray dashed lines
represent borders of the northern and central Andean Plateau (AP), and the southern part of the AP, respectively. Despite large variations in annual isotopic lapse rates, we suggest
that because the changes in mean isotopic lapse rates reflect large-scale climatological changes associated with surface uplift they are instructive of past lapse rate changes. (e, f, g,

h) Same as a, b, ¢, and d, but for the western flank of the Andes.

scales, in the following we discuss the progressive 6180p changes as-
sociated with Andean uplift from 50 to 100% of their modern heights.
Our analysis is focused on regions where the changes in the isotopic
concentration are significant at the 80% confidence level (based on
Student's t test; Fig. 1).

Uplift of the Andes from 50 to 75% of modern surface elevations
leads to a 8180p decrease of ~2-4%. over the high elevation Andes
(Fig. 1d), while the Blgop along the eastern flank increases slightly.
The overall decrease in 530, over the high Andes is related to the ini-
tiation/strengthening of the South American low-level jet (SALLJ). A
strong SALL] intensifies convergence, orographic lifting, and latent
heat release, which fuels convection and convective condensation
(Insel et al., 2009). Greater precipitation rate along the eastern Ande-
an flank (Fig. 3d) results in stronger isotopic fractionation through
Rayleigh distillation over the high Andes. Along the eastern flank of
the southern AP region, the establishment of the SALLJ intensifies
transport of isotopically depleted moisture from the north that leads
to a decrease in 6180p along the eastern flank (Fig. 1d). The isotopical-
ly depleted vapor replaces relatively enriched vapor sourced from the
South Atlantic region. However, south of 30°S, where the SALLJ termi-
nates, 5'%0,, increases in the Andean foreland due to a southward

shift and intensification of the subtropical high. The changes in posi-
tion and magnitude of the subtropical high cause an enhanced influx
of §'80, enriched air masses from the subtropical region and lower
influx from the isotopically more depleted mid-latitude regions.
Uplift of the Andes from 75 to 100% of modern elevation causes a
substantial (up to 6%.) decrease in 6180p over the AP (Fig. 1¢), and an
increase in 8180p by ~3%. along the eastern flank. These changes are
related to weaker convergence over the Amazon Basin and the ampli-
fication of the SALLJ (Insel et al., 2009). A reduction in moisture con-
vergence over the Amazon Basin, associated with a strengthening in
the low-pressure system over the central Andes that draws in the
moisture from the Amazon Basin, leads to a decrease in precipitation
(Fig. 3¢) and an increase in 6“‘0p over the (south-) western part of
the Amazon Basin (Fig. 1c). Northeasterly winds transport this
enriched vapor from the Amazon Basin to the Andean lowlands and
increase §'80,, compositions along the eastern Andean flank. More-
over, the stronger SALLJ causes enhanced convergence and rainout
(Insel et al., 2009) that leads to stronger isotopic fractionation
through Rayleigh distillation over the high Andes. Interestingly,
6180p increases by 1-2%. over the high Andes between 7 and 14°S.
In this region, isotopic enrichment at high elevations is consistent
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with enhanced transport of isotopically enriched vapor from the
South Pacific Ocean as a consequence of enhanced upward motion
along the western flank. This upward motion is associated with inten-
sified upper-level convergence over the Amazon Basin, which causes
localized upper-level divergence over the western Andean flanks.

3.3. Sensitivity of isotopic lapse rates to surface uplift

The non-uniform §'®0, response to surface uplift over relatively
small spatial scales impacts local isotopic lapse rates at different
Andean heights. Due to interannual climate variability, annual oxygen
isotopic lapse rates are variable and have large standard deviations
from 10-year mean lapse rates (Fig. 2c-d, g-h). Nevertheless, we sug-
gest that because proxy data represent conditions over thousands of
years, interannual variations are averaged out and the means become
significant. Changes in mean isotopic lapse rates reflect large-scale
climatological changes associated with surface uplift and because
changes in the isotopic ratios across and along the Andes are mean-
ingful, changes in the mean I';30 represent actual changes in isotopic
lapse rates in the past. Variability takes place on centennial and mil-
lennial timescales but changes on these timescales are beyond the
scope of this paper.

When the Andes are lifted from 50 to 75% of modern elevation
lapse rates along the eastern flank increase north of the AP (7-11°S)
by up to >0.5%km ™! (Fig. 2d) due to the simultaneous increase in
8180p along the flank and decrease in 8180[, over the plateau region.
Isotopic lapse rates decrease by ~0.7%.km ™! across the southern AP
(Fig. 2d), where §'%0, becomes more depleted at high and low

elevations. Along the western flank, isotopic lapse rates decrease
with increasing elevation (Fig. 2h).

When the Andes are uplifted from 75 to 100% of modern eleva-
tions lapse rates along the eastern flank increase over the northern/
central AP (up to 0.8%.km ™!, Fig. 2c). The significant change in isoto-
pic lapse rates is related to the strong decrease in 6180p over most
parts of the AP and simultaneous increase in §'80, along the eastern
Andean flank. North of this region (7-11°S), lapse rates slightly de-
crease (by 0.1-0.3%km ™', Fig. 2c) due to an increase in '80,, over
the plateau region. Along the western flank, isotopic lapse rates sig-
nificantly decrease north of the AP by almost 1%km™"' (Fig. 2g),
most likely due to a reduction in the westward transport of continen-
tal air masses over the Andes (Fig. 3b). The Andes effectively block the
moisture from the east, hindering transport of relatively light 520,
from the continent.

4. Discussion
4.1. Effects of 6'80 and lapse rate changes on paleoaltimetry estimations

Our results demonstrate that 580, and isotopic lapse rates change
substantially in response to regional climate change associated with
Andean surface uplift. These findings are consistent with results
from a lower resolution atmospheric global general circulation
model that predicts non-uniform changes in $'80, for Andean surface
uplift from 0 to 50% and 50 to 100% of modern elevations, respectively
(Poulsen et al., 2010). Our results indicate the existence of an eleva-
tion threshold that leads to dramatic changes in the §'30,, along the
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50% Andean elevations across the Andean Plateau. Gray lines highlight the uncer-
tainties in estimating paleoelevations from modern lapse rates. (a) ﬁlsop—altitude rela-
tionship at approximately 18°S indicates larger modern lapse rates than 50% elevation
lapse rates. Using a modern lapse rate to infer paleoelevations results in an underesti-
mation of altitude. (b) Examples for 6‘8Op—altitude relationship at approximately 25°S
with modern lapse rates smaller than 50% elevation lapse rates. Using a modern lapse
rate to infer paleoelevations results in an overestimation of altitude.

Andes due to the strengthening of the SALLJ and associated increase
in rainout and Rayleigh distillation near 75% of modern Andean
heights (~3000 m). The >5%. depletion in $'®0, across the north-
ern/central AP associated with the amount effect noticeably exceeds
the ~1.5 to 2%, 5'80, change expected from the modern altitude ef-
fect. North of the AP, the §'30,, increases by ~1.5%. in response to sur-
face uplift and associated changes in lower- and upper-level
atmospheric circulation, a change that is opposite in sign than the al-
titude effect. These results demonstrate the sensitivity of stable isoto-
pic compositions of meteoric water to factors other than elevation
change and highlight the large uncertainties associated with paleoe-
levation reconstructions solely based on shifts in the §'%0
paleorecord.

Because the 6180p response to surface uplift varies across the
Andes, isotopic lapse rates also vary spatially with Andean elevation
gain. Fig. 4 shows the 6180p—altitude relationship for the 100% and
50% Andean elevation simulations at ~18°S and 25°S, respectively,
and indicates the uncertainty in estimating paleoelevations. For ex-
ample, in the northern AP (Fig. 4a) using the modern oxygen isotopic
lapse rate, a §'80,, composition of —8.5%. would be interpreted to re-
flect an elevation of ~2600 m, while using an oxygen isotopic lapse
rate calculated for the 50% scenario would lead to an altitude of
~3400 m. In contrast, in the southern AP a §'80 change of —8.5%.
would be interpreted to reflect an elevation of ~4000 m using the
modern stable isotopic lapse rate, while the 50% lapse rate would sug-
gest an elevation of ~3600 m. These examples highlight that using a
modern lapse rate to estimate paleoelevations can lead to either an
under- or overestimation of past elevations.

We note that the isotopic lapse rates for different Andean height
simulations are very similar when calculated for elevations below
3000 m. Observed precipitation-weighted mean Slgop in the central
Andes decreases by 1.5 to 2% over a 1500 m elevation gain
(Gonfiantini et al., 2001), which is consistent with the low-elevation
isotopic lapse rates of —0.5 to —1%.km ™! simulated in our model
(Fig. 5, Suppl. 1). However, §'80, changes much more dramatic
(~3%km~1) at elevations above 3000 m. This is a consequence of
non-linear convective processes at higher elevations. Because the iso-
topic composition of meteoric water is substantially more sensitive at
high elevations, we suggest that a large shift of 3-4%. in the paleodata
is more consistent with changes at high elevations.

4.2. Miocene carbonate 6'%0 response to Andean surface uplift

In the central Andes, a 3-4%. depletion of '80 in ancient carbon-
ate nodules has been interpreted to reflect changes in Andean surface
elevation of 2.5+ 1 km since the late Miocene (Garzione et al., 2006).
This interpretation is based on using a modern isotopic lapse rate of
approximately — 1.4 to —2.3%km™' (Gonfiantini et al., 2001) and
suggests that the oldest carbonate samples (11.5 to 10.3 Ma) indicate
paleoelevations of less than 1500 m and the youngest samples (6.8 to
5.5 Ma) represent modern elevations of >3800 m. Our results lead to
a different interpretation.

Fig. 5 shows the §'80-altitude relationship for model simulations
with 100%, 75%, and 50% Andean heights, and isotopic compositions
derived from the ancient carbonate nodules that were sampled on
the AP (Garzione et al., 2006). The fractionation of oxygen into the
mineral calcite depends on the temperature during mineral forma-
tion. To directly compare proxy &'80ppg from carbonates with simu-
lated isotopic compositions, we calculate 6'®0ppy based on
simulated 8180p in rainwater from which the carbonates grew, the
simulated deep soil temperature (~8 m depth) at each point using
our three elevation scenarios (50, 75, and 100%), and the equilibrium
water-calcite oxygen isotopic fractionation factor (Kim and O'Neil,
1997). Due to a seasonal bias in pedogenic carbonate formation we
only use the January model output for the calculation. Seasonality of
carbonate formation is uncertain, but it has been suggested that in
most settings carbonates mainly form during warm periods
(Breecker et al., 2009; Quade et al., 2007). Thus, Andean carbonates
most likely acquire their isotopic signature during the summer.
Simulated January temperatures over the central Andes for different
Andean heights are in the range of averaged carbonate growth tem-
peratures based on clumped-isotope thermometry (see Section 4.3).

Fig. 5a shows the evolution of 5180ppg across the central Andes
with increasing surface elevation. Simulated averaged 6'30ppg is
around — 10%. at elevations below 3000 m and decreases to around
—12.5% at elevations above 3000 m (Fig. 5a). The isotopic response
to elevation change over the Andean Plateau is not linear, but de-
creases substantially above ~75% Andean elevations. Previous studies
have suggested that the §'80 compositions in Miocene Andean
carbonate nodules are consistent with a low elevation scenario
(Fig. 5b). However, we note that the measured 6'®0ppg are between
—9.5 and —13.3% in older carbonates and between —13.8 and
—15.3%. in the younger carbonates (Garzione et al., 2006). Although
these compositions mostly fall within the 20 uncertainties of our
model results, they represent substantially lower values than the av-
erage model 6'80ppj at the interpreted elevations. In addition, mod-
ern isotopic compositions of less than —10%. in the central Andes
are generally recorded at stations above 3000 m (Gonfiantini et al.,
2001). Thus, we suggest that the 5'®0ppg compositions of Miocene
carbonate nodules are more consistent with a high-elevation scenario
(Fig. 5¢). The isotopic compositions of the ancient carbonate nodules
are in good agreement with average &'80ppg values at high elevations
(Fig. 5¢). Thus, they could be interpreted to represent paleoelevations
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between 3000 and 4000 m and do not need to reflect fast and recent
surface uplift. This interpretation is consistent with our model predic-
tion that §'80, decreases by over 5%, when the Andes are uplifted
from 75% to 100% modern heights (Fig. 1b).

4.3. Miocene A47-clumped isotope response to Andean surface uplift

The hypothesis of fast and recent AP uplift is also based on
reconstructed temperature changes and inferred paleoelevation
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reconstructions from paleobotany (Gregory-Wodzicki, 2000) and
mass-47 isotopolog (A47) compositions (Eiler et al., 2006; Ghosh et
al., 2006a). In paleoaltimetry, clumped-isotope thermometry is used
to estimate carbonate growth temperatures independently of the
5180 of waters from which they formed (Ghosh et al., 2006b) and to
compare estimated growth temperature to a known altitudinal gradi-
ent in surface temperature. On the AP, late Miocene carbonates show
a temperature decline of 15.8 °C that has been interpreted to reflect
34004600 m of Andean surface uplift between 10.3 and 6.7 Ma
based on the modern adiabatic lapse rate for the tropics of
~5°Ckm™"! (Gonfiantini et al., 2001). However, the interpretation
of A47 and inferred soil paleotemperatures are still a matter of debate
(Eiler et al., 2006; Sempere et al., 2006). For example, A4;-estimated
AP temperatures for the youngest carbonate samples (interpreted to
reflect near-modern elevations) vary by ~14 °C over small spatial
scales, a temperature range that is almost as large as the temperature
difference between middle and late Miocene samples that has been
interpreted to reflect >3000 m surface uplift (Ghosh et al., 2006b).

However, clumped-isotope derived paleotemperatures have been
used to calculate 6'®0gpow Values from late Miocene Andean carbonate
samples (Ghosh et al., 2006b). Fig. 5d-f shows the §'80gyow-altitude
relationship for model simulations with 100, 75, and 50% Andean eleva-
tions and previously reported &'80gyow. Fig. 5d indicates the non-linear
response of 5'80spow With a threshold elevation at ~75% Andean
heights and absolute &'80smow values higher than — 10%. at elevations
below 3000 m and ~—14%. at higher elevations. Previously interpreted
paleoelevations are systematically lower than what would be expected
from the simulated §'®0,-altitude relationship (Fig. 5e). We suggest
that the isotopic compositions point to elevations above 50% of the
modern Andes (Fig. 5f).

4.4. Caveats from modern boundary conditions

The objective of this study is to understand how uplift of the
Andes influences meteoric 520 over the Andean Plateau region and
to understand whether changes in isotopic compositions are mainly
reflective of surface uplift itself or associated changes in regional cli-
mate. Our modeling results clearly demonstrate that topography has
a non-linear and threshold effect on the isotopic composition of pre-
cipitation. We note that global changes during the Cenozoic (i.e. in
large-scale ocean circulation and SST, the decline of atmospheric
pCO,, and evolution of land-surface), which are not accounted for in
our simulations, complicate the comparison of simulated and ob-
served 680 values.

The influences of changes in temperature (atmospheric CO,
levels) and glaciations, as well as the presence of the South American
inland seaway on Andean 6180p have recently been quantified
(Jeffery et al., 2011). According to these studies, 5'®0, would likely
have been ~2-3%. higher as a result of warmer temperatures related
to higher atmospheric CO, (3-4%, increase in 5'0,) and smaller ice
volumes (~1%. decrease in 5'30,) (Jeffery et al., 2011; Poulsen and
Jeffery, 2011). An inland seaway has the potential to lower 620 com-
positions over the Andean Plateau by 0-3%., but uncertainty in the
timing, geographic extent and isotopic composition of the South
American inland seaway limits the ability to predict the absolute im-
pact (Jeffery et al., 2011). In addition, several studies (Barreiro et al.,
2006; Garreaud et al., 2010; Sepulchre et al., 2009) have suggested

that large-scale changes in the mean state of the Pacific (i.e. perma-
nent El Nifio conditions) lead to enhanced rainout along the central
Andean coast. A permanent El Nifio could cause a more northward
position of the Bolivian High in comparison to its modern climato-
logical mean position, which enhances westerly winds over the An-
dean Plateau and would result in higher §'0, compositions in the
past.

Moreover, it has been suggested that past changes in the distribu-
tion of the Amazon rainforest may have influenced the Amazon
hydrological cycle (e.g. Cook and Vizy, 2008) and the §'®0,
compositions of advected moisture. However, geological evidence
(e.g. pollen histories, lake sediments, shells) suggests that the rainfor-
est has existed in the Amazon Basin throughout the Cenozoic (e.g.
Colinvaux and Oliveira, 2001; Hoorn, 2006; van der Hammen and
Hooghiemstra, 2000).

Overall, the most substantial changes in §'%0, over the Andean
Plateau related to changes in global boundary conditions are likely re-
lated to changes in global temperature and sea-surface temperatures.
Both of these factors would drive simulated $'80, compositions to
higher values and therefore increase the discrepancy between
observed and simulated 6'80 during the Miocene. Thus, we suggest
that 6130p compositions substantially lower than —10%. generally
reflect high (>3000 m) Andean surface elevations.

5. Implications

The work presented here focuses on the controversy about the
timing and rate of Andean Plateau uplift and its influence on regional
climate and 6'0. Fig. 6 shows a compilation of paleoelevation esti-
mations mainly based on previous work listed in Barnes and Ehlers
(2009) and more recent studies. Paleobotany work by Berry (1939)
and Singewald and Berry (1922) suggest paleoelevations between
2000 and 2800 m, but they should be regarded with caution since er-
rors are very large (42000 m). However, other paleobotany studies
from Bolivia implying climate conditions consistent with a low-
elevation (11604+600 mm) AP in the middle to late Miocene
(Graham et al., 2001; Gregory-Wodzicki et al., 1998; Mufioz and
Charrier, 1996) are strongly debated. This discrepancy exists because
the current leaf morphology methods systematically underestimate
high altitudes (Kowalski, 2002) and it has been shown that the esti-
mation of mean annual temperature at low-temperature (= high el-
evation) sites in Bolivia has an error ranging between 6.7 and 12.4 °C
with an average of 9.3 °C (Kowalski, 2002). With a temperature lapse
rate of ~5 °C km ™! (e.g. Gonfiantini et al., 2001) the more recent low
late Miocene paleoelevations in the AP may be underestimated by
1.5-2.5 km. Consistent with this idea, a new study by Picard et al.
(2008) estimates a paleoelevation of the southernmost Peruvian
Andes of 2.0-2.5 km in the early Miocene (Fig. 6).

Paleoclimate reconstructions based on changes in soil composi-
tions and mineral alterations (e.g., Alpers and Brimhall, 1988; Rech
et al.,, 2006) have shown a significant shift towards more arid condi-
tions along the western flank of the central Andes in the middle Mio-
cene. The onset of hyperaridity during the middle Miocene in the
Atacama Desert has been related to surface uplift and the creation
of a rain shadow along the western flanks of the Andes, which leads
to estimated minimum Andean paleoelevations of >2 km prior to
12-15Ma (Fig. 6) (e.g., Alpers and Brimhall, 1988; Rech et al.,

Fig. 5. 6'®0-altitude relationship for the central Andean Plateau from model results (25, 50, 75, and 100% of modern Andean elevations) and Miocene carbonates. In all panels,
diamonds show simulated 10-year mean January 6'20 in the central Andes from individual grid points; stars represent the averaged simulated 5'%0 compositions and 20 variation
for specific elevations (4100 m). The gray shading highlights the range of 20 variation. Gray circles represent paleodata. (a-c) Comparison of simulated and paleo 5'0ppg (from
Garzione et al., 2006). We calculate model-derived &'®0ppg for each elevation case using simulated meteoric water 8180p that would be in equilibrium with carbonate growth, simu-
lated deep soil temperatures, and the equilibrium water-calcite oxygen isotopic fractionation factor (Kim and O'Neil, 1997). (d-f) Comparison of simulated and paleo 6'%0p = 8'®0spow-
Proxy values have been calculated from &'®0ppg in late Miocene carbonates using temperatures derived from clumped isotope thermometry (Ghosh et al., 2006b). Note the strong
decrease of 5'®0ppg and 6'®0syow between 3000 and 4000 m. In the low-elevation scenario, proxy data are substantially lower than the average model 6'%0 at the interpreted eleva-
tions with certain 6'%0 compositions even lower than the 20 uncertainty range. We propose a high-elevation scenario with paleo 5'80 values representing paleoelevations between

3000 and 4000 m.
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Fig. 6. Summary of paleoelevation estimates for the central Andes based on (a) paleobotany, (b) paleoclimate and geological evidence, (c) stable isotope analyses, and (d) climate modeling studies. Apparent plateau elevation (km) is plotted
against age (Ma). Gray boxes represent the elevation and age range of estimates from previous studies. The black lines from the climate modeling studies indicate minimum elevations. Paleobotany and stable isotope studies have been
mostly interpreted to reflect low elevations before 10 Ma. Paleoclimate indicators, sedimentological and structural data, and climate modeling studies indicate substantial Andean heights between 20 and 10 Ma. Note that the low-
elevation stable isotope data would plot at substantially higher elevations if interpreted to not only reflect surface uplift, but also regional climate change.
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2006). Consistent with this conclusion, results from global and re-
gional general circulation models indicate that at least half the mod-
ern Andean elevation is necessary to block westerly flow and
establish easterlies that bring moisture from the Amazon Basin to
the eastern Andean flank and establish arid conditions along the
western Andean side (Fig. 6) (Ehlers and Poulsen, 2009, Insel et al.,
2009). Other geological evidence based on sedimentological, struc-
tural, and volcanic records suggest that the Andes had already risen
considerably and could not have been less than 2000-2500 m high
in the Middle Miocene (Fig. 6) (e.g., Gubbels et al, 1993;
Schlunegger et al., 2010; Sebrier et al., 1988) and ~1300 m by late
Oligocene times (Lamb and Hoke, 1997)

In addition, new stable isotope data from late Miocene fossil teeth
that are similar to modern suggest that by ~8 Ma the northern Alti-
plano had reached high elevation and established a latitudinal rainfall
gradient similar to modern (Fig. 6) (Bershaw et al., 2010). A rapid
shift in 680 of pedogenic carbonates in the Chaco foreland basin at
~8 Ma has been ascribed to the attainment of threshold elevations
of the central Andes that are necessary to significantly modulate
South American precipitation patterns and are therefore consistent
with Andean elevations of 60-70% of its modern elevation around
that time (Mulch et al., 2010).

Our results in combination with other geological and climatologi-
cal evidence suggest that the Andean Plateau did not experience a
2.5 km rapid and recent rise in the late Miocene. Numerous studies
indicate that the central Andes likely have been at 2000-2500 km be-
tween 25 and 11 Ma (Fig. 7) (e.g. Alpers and Brimhall, 1988; Insel et
al., 2009; Picard et al., 2008; Rech et al., 2006; Schlunegger et al.,
2010; Sebrier et al., 1988; Singewald and Berry, 1922). Paleobotany
data are consistent with this interpretation, assuming that previously
interpreted low Andean elevations (Gregory-Wodzicki et al., 1998;
Gregory-Wodzicki, 2000; Mufioz and Charrier, 1996) underestimate
true paleoelevations by 1.5-2.5 km (Kowalski, 2002). Between 11
and 6 Ma changes in carbonate 5'%0 and A4; have been used to
infer rapid Andean surface uplift (Garzione et al., 2006; Ghosh et al.,
2006b). However, our results in agreement with previous climate
modeling studies (e.g. Poulsen et al., 2010) indicate that significant
modifications in moisture sources, transport, and availability occur
when the Andes attain a threshold elevation of 2.5 to 3 km. Fig. 5a
and d shows an abrupt decrease in §'30,, that is not necessarily relat-
ed to an increase in surface uplift rate, but rather indicates the attain-
ment of a threshold elevation that causes climatic changes which
influence amount and source effects. Our results show that 620 is
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influenced by processes not accounted for in traditional paleoaltime-
try estimates and that paleoclimate modeling studies are necessary to
provide additional constrains on the interpretation of soil carbonate
5180 records and to redefine the uplift history of the Andes. Based
on all the data, Andean uplift may have been slow and steady since
before Neogene times or stepwise with minor uplift pulses including
one between 10 and 6 Ma (Fig. 7), but the data do not support a large
rapid uplift event in the Late Miocene.

6. Conclusions

In conclusion, we find that the Late Miocene change in $'20, is
most likely due to a combination of surface uplift and associated re-
gional climate change. We suggest that the 3-4%. change in 6'80 in
ancient carbonate nodules reflects an increase in precipitation and
Rayleigh distillation during Andean surface uplifted from 75 to 100%
of modern elevations. The reasons for our conclusion are:

(1) Model simulations and modern isotope data from climatologi-
cal stations suggest that isotopic compositions lower than
—10%. generally reflect fractionation processes at elevations
above 3000 m. The §'®0 composition of the ancient carbonate
nodules is generally smaller than — 10%. suggesting a paleoele-
vation of above 3000 m.

Model results indicate that §'%0, decreases by >5%, with AP
surface uplift from 75% to 100% of modern elevations due to
changes in the low-level (850 mb) atmospheric circulation
and precipitation. This isotopic depletion accounts for the en-
tire change in the isotopic composition of carbonate nodules
between 10 and 6 Ma. This result is consistent with the as-
sumption that the soil 6'80 represents a paleoelevation of
above 3000 m (which is equivalent to 75% Andes).

Carbonate growth temperatures derived from clumped-
isotope thermometry show a large variability that is not
completely understood and may reflect processes other than
adiabatic cooling. In addition, when using these temperatures
to estimate 5'®0gyow values, the calculated isotopic composi-
tions are inconsistent with observed §'%0, at low elevations,
but are consistent with our new interpretation of late Miocene
Andean elevations of >3000 m.

Isotopic lapse rates have large interannual variability. Short-
term observations of modern isotopic lapse rates may not rep-
resent mean climatic conditions. As a result, paleoelevation
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interpretations based on these lapse rates may include large
errors. Moreover, we demonstrate that isotopic lapse rates
change with surface uplift and can lead to substantial misinter-
pretations of paleoelevations.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.epsl.2011.11.039.
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