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Abstract

The quantitative estimation of paleoaltitude has become an increas-

ing focus of Earth scientists because surface elevation provides con-

straints on the geodynamic mechanisms operating in mountain belts,

as well as the influence of mountain belt growth on regional and

global climate. The general observation of decreasing δ18O and δ2H

values in rainfall as elevation increases has been used in both em-

pirical and theoretical approaches to estimate paleoelevation. These

studies rely on the preservation of ancient surface water composi-

tions in authigenic minerals to reconstruct the elevation at the time

the minerals were forming. In this review we provide a theory behind

the application of stable isotope-based approaches to paleoaltime-

try. We apply this theory to test cases using modern precipitation

and surface water isotopic compositions to demonstrate that it gen-

erally accords well with observations. Examples of the application

of paleoaltimetry techniques to Himalaya-Tibet and the Andes are

discussed with implications for processes that cause surface uplift.
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INTRODUCTION

The recent books Tectonic Uplift and Climate Change (Ruddiman 1997) and Tectonic

Boundary Conditions for Climate Reconstructions (Crowley & Burke 1998) emphasize the

importance of reconstructing paleoaltimetry. A review by Chase et al. (1998) provides

the baseline against which to measure significant progress in this area of research in

the past eight years. In their review of paleoaltimeters available at that time, Chase

et al. (1998) noted the potential of stable isotopes but commented that a coherent

theory behind these estimates did not exist. The past eight years has also witnessed

continued developments based on other approaches. Our list below is not comprehen-

sive, but simply provides evidence that the community has taken up this challenging

problem with considerable creativity and hence we can anticipate many new devel-

opments in the near future. Two other quantitative approaches to paleoaltimetry that

were outlined and reviewed by Chase et al. (1998) include use of foliar physiognomy

(a) to use the difference in mean annual temperature estimates of a coastal and po-

tentially elevated inland site and an assumed lapse rate (Gregory-Wodzicki 2000) or

(b) to use the difference in enthalpy between a coastal and potentially elevated inland

site at the same (paleo)latitude to estimate altitude (Forest et al. 1999, Spicer et al.

2003). Both of these approaches derive from the correlation of various physiognomic

characteristics of modern floras to modern climate parameters (Forest et al. 1999,

Gregory 1994, Wolfe 1993). To apply these techniques to the past it is necessary to

assume that precisely the same correlation exists for the paleofloras, which is hard

to assess quantitatively. In a third approach, Sahagian & Maus (1994) suggested that

the vesicularity of basalts correlated with atmospheric pressure. Their analysis sug-

gests an altitude ± 1σ error of 0.1 bar or approximately 1 to 1.4 km. Sahagian et al.

(2002) have improved techniques for estimating vesicle size distributions, and they

applied this approach to the western United States. McElwain (2004) and Beerling

& Royer (2002) have adopted the stomatal index approach for estimating paleo-PCO2

to paleoaltimetry by recognizing the exponential decrease of PCO2
with elevation. In

addition, cosmogenic nuclide approaches to estimating paleoelevations continue to

garner considerable interest. Estimated uncertainties are comparable among these

methods, but their applicability in the geologic past is quite variable. Both enthalpy

and mean annual temperature differences require angiosperm floras. One would pre-

sume that the correlation of physiognomic characteristics to climate parameters will

be increasingly influenced by evolutionary factors and hence that such estimates would

become increasingly uncertain with geologic age. Irrespectively, these techniques are

only applicable to the past 100 Ma or so. High altitude basalts, usually erupted as vol-

canoes above the mean surface, have fairly limited preservation potential, and hence

limited applicability to the geologic past. By contrast, intermontane basins are widely

preserved in the geologic past, and various sediments, including lacustrine carbon-

ates, soil carbonates, fossil cellulose, fish teeth and otoliths, mammal teeth, and select

clays, may retain records of fossil δ18Op or δ2Hp, providing the materials necessary

for estimating elevation over a considerable interval of the past.

In this review, we focus almost entirely on stable isotope-based approaches

to paleoaltimetry. We provide a coherent theory behind the application of stable
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isotope-based approaches to paleoaltimetry and demonstrate that observations from

surface rainfall and surface water isotopic composition generally agree with the the-

ory. We also review several examples of the application of this approach to estimate

paleoelevations in the Himalayas (Garzione et al. 2000a,b; Rowley et al. 2001), Tibet

(Currie et al. 2005, Cyr et al. 2005, Rowley & Currie 2006), and the Andes (Garzione

et al. 2006). In addition, we review the newly developed �47 approach to stable

isotope-based thermometry and its application to paleoaltimetry, based on the Andes

(Ghosh et al. 2006b).

The principles behind stable isotope-based paleoaltimetry were established in

studies that observed large fractionations in the H and O isotopes in atmospheric

water vapor, rainfall, and snowfall associated with increasing elevation (e.g., Ambach

et al. 1968, Siegenthaler & Oeschger 1980, Rozanski & Sonntag 1982, Gonfiantini

et al. 2001). The primary fractionation mechanism results from the adiabatic ex-

pansion of water vapor as it ascends a mountain slope, which causes cooling and

condensation. The condensation and subsequent rainout of water as rain or snow

causes heavy isotopes of 18O and 2H (D) to be removed from the remaining vapor

because heavy isotopes form stronger bonds and are therefore less likely to break

during equilibrium water-vapor transformation. The following section discusses the

thermodynamics behind this fractionation process and describes a simple model that

reflects the observed changes in meteoric water with increasing altitude.

ATMOSPHERIC THERMODYNAMICS OF OXYGEN
AND HYDROGEN ISOTOPE-BASED ESTIMATES OF
ELEVATION FROM OROGRAPHIC PRECIPITATION

Rowley et al. (2001) presented a model that theoretically predicts the expected re-

lationship between elevation and stable isotopic composition of precipitation. We

outline this simple parcel-based model that tracks the moist static energy, water va-

por content, and water vapor and condensate isotopic composition along ascending,

precipitating trajectories. The output of this model is the expected systematic behav-

ior of the oxygen and hydrogen isotopic composition of precipitation as a function

of elevation. In this discussion, we employ �(δ18O) and �(δ2H), the difference in

isotopic composition between a low, preferably near sea level, composition and a po-

tentially elevated sample as the monitor of elevation, recognizing that this difference,

rather than the absolute isotopic composition, is a measure of elevation.

The Model

At equilibrium, there is a fractionation of 18O relative to 16O and 2H relative to 1H that

occurs as water vapor condenses to form precipitation (rain or snow). The magnitude

of fractionation is determined by the equilibrium fractionation factor, α, which, for

oxygen, is defined as

αO = Rp/Rv = (δ18Op + 1000)/(δ18Ov + 1000),
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where Rp is the ratio of 18O/16O in precipitation and Rv is the ratio of 18O/16O in

water vapor. The quantities δ18Op and δ18Ov are the ratios in precipitation and vapor,

respectively, relative to a standard [standard mean ocean water (SMOW)] expressed

as per mil (‰), such that, for oxygen:

δ
18Op = (Rp/RSMOW − 1) ∗ 1000.

Substitution of 2H and 1H for 18O and 16O, respectively, in the above results in the

identical relations for 2H/1H fractionation. The fractionation factor, α, is a function

of the temperature at which the phase transformation takes place and the phases

involved. In the atmosphere, fractionation occurs between water vapor and liquid

water or between water vapor and water ice. The temperature dependence of α(T) has

been determined experimentally for liquid-vapor equilibrium (Horita & Wesolowski

1994, Majoube 1971a) and for ice-vapor equilibrium (Majoube 1971b, Merlivat &

Nief 1967). Existing experimental results are in very close agreement and we use the

following relations for oxygen:

1000 ln αO(T)l−v = −7.685 + 6.7123(103T−1) − 1.6664(106T−2)+0.35041(109T−3)

and 1000 ln αO(T)i−v = 11839/T − 28.224,

and for hydrogen isotopes:

1000 ln αH(T)l−v = 1158.8 ∗ 10−9T3
− 1620.1 ∗ 10−6T2

+ 794.84 ∗ 10−3T

− 161.09 + 2.9992 ∗ 109T−3 and

1000 ln αH(T)i−v = 16288/T2
∗ 103

− 93.4,

where T is the temperature in Kelvin and αO and αH with subscripts l, v, and i are

liquid, vapor, and ice of oxygen and hydrogen isotopes, respectively. Because liquid

water can be cooled below the freezing temperature of water by 20 K or more, there is

not an abrupt step in αO or αH at 273.15 K. Thus, for temperatures between 273.15 K

and 253.15 K, we mix between ice and liquid water fractionation. At any given T, the

equilibrium isotopic compositions of oxygen and hydrogen in precipitate (δ18Op or

δ2Hp) and vapor (δ18Ov or δ2Hv) are described by the following relations:

δ
18Op = αO(T) ∗ (δ18Ov + 1000) − 1000 and

δ
2Hp = αH(T) ∗ (δ2Hv + 1000) − 1000.

Rayleigh condensation treats the isotopic composition as an open system distilla-

tion in which precipitation is successively removed from the vapor as it condenses,

leaving the residual vapor progressively depleted in 18O and 2H. We useζ = −ln(p/pS)

as our vertical coordinate, where p is ambient pressure and pS is the surface pressure at

sea level. The distillation process can then be expressed by the differential equation:

dRv

dζ
=

dRp

dζ
= Rv(α(T) − 1)

1

q

dq

dζ
, (1)

where Rp and Rv are the isotopic ratios in the incremental precipitation and the vapor,

respectively; q is the mass mixing ratio of water; and dq/dζ is the amount of wa-

ter condensed from the air parcel to maintain saturation as a consequence of adiabatic
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ascent. From atmospheric thermodynamics, it is possible to determine dq/dζ with

three basic equations:

dz

dζ
=

RT

g
, (2)

where z is altitude in meters and R (without any subscripts) is the gas constant for air

(R = 287 J kg−1 K−1). The change in temperature with height depends on whether

condensation is occurring, and for rapidly ascending, thermally isolated parcels is

described by the relations

dT

dζ
=

RT + Lqs

Cp + Lqs(ln(es))′
if moisture is condensing (3a)

dT

dζ
= −

R

Cp
T if noncondensing (q < qS), (3b)

where Cp is the heat capacity of air (1004.0 J kg−1 K−1); qS is the saturation mass

mixing ratio of water (≈ .622 eS/p); eS is eS(T), which is the saturation vapor pressure

of water as a function of T based on the Smithsonian meteorological tables; and L is

the latent heat contribution owing to condensation, which also varies as a function

of T. Equation 3b is the formula for the dry adiabat. Equation 3a incorporates the

change in saturation vapor pressure with temperature through the expression

(ln(es))
′
=

1

es

des

dT

Finally, the amount of water condensed from the air parcel as ice or liquid to maintain

saturation is determined through the relation

1

q

dq

dζ
= 1 + (ln(es))

′
dT

dζ
if condensing (q ≥ qS) (4a)

1

q

dq

dζ
= 0 if noncondensing (q < qS). (4b)

If there is no condensation, q is conserved following the air parcel.

The above calculation takes as initial conditions the temperature (T) and relative

humidity (RH), which determine the water vapor concentration of the starting air

mass. As illustrated in Figure 1, focusing only on oxygen isotopes, air starting at the

ground with a specific T and RH is lifted along the dry adiabat following Equations

3b and 4b, with the vapor fraction equal to 1.0 until condensation starts at the cloud

condensation level, when q = qS. Condensation then occurs at all levels above the

cloud condensation level as described by Equations 3a and 4a, resulting in progressive

decrease in the remaining vapor fraction as a function of adiabatic ascent. Latent heat

release associated with condensation changes the temperature lapse rate to a moist

adiabat, and it is this temperature and the associated phase(s) that control the equilib-

rium fractionation between the remaining vapor and condensate, as represented by the

corresponding αs. This thermodynamically determined adiabatic lapse rate depends

solely on the starting T and RH. Therefore, different starting conditions appropriate

to different starting air mass conditions will yield different rates of condensation with

elevation, and hence δ18O (δ2H) versus altitude relationships. The decreasing water
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Figure 1

Relationship between
temperature, vapor fraction,
and normalized isotopic
composition of vapor and
resultant condensate as a
function of elevation for an
air parcel that starts at the
ground with T = 295 K and
RH = 80% and is lifted
adiabatically according to
the model.

vapor fraction, and hence decreasing ratio of initial to remaining water vapor, with

height results in a decrease in the latent heat contribution. Together they drive the

Rayleigh distillation process and result in the progressive isotopic depletion of the

remaining reservoir from which subsequent condensation occurs.

The model explicitly calculates the equilibrium isotopic composition of the con-

densate as a function of elevation. However, what we are interested in is the isotopic

composition of precipitation that falls to the ground. The transformation of con-

densate into precipitation is a complex process that is well beyond the scope of the

present paper. For our purposes, we adopt the empirical approach used by Rowley

et al. (2001) (Supplementary Figure 1, follow the Supplemental Material link from

the Annual Reviews home page at http://www.annualreviews.org). The best fit

to the compositions observed at Alpine stations (Supplementary Figure 1) is pro-

vided by the model in which the precipitation reaching the ground is derived from

a mean altitude of 1500 m above the surface from a column thickness of 1,000 m.

This scheme for modeling the isotopic composition of precipitation is employed in

all other regions. Comparison of model predictions applying this scheme with mod-

ern isotopic compositions of precipitation from other regions demonstrates that the

scheme yields quite reasonable fits without adjustment (see below). However, it should

always be made clear that many regions, particularly those regions where significant
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evaporation occurs during precipitation descent from the level of condensation to the

ground, will not be fit by this relationship. In the modern world, this is readily tested

using deviations of precipitation from the global meteoric water line (GMWL) (Craig

1961, Dansgaard 1964) and particular care needs to be taken in applying this or any

Rayleigh distillation-based approach in such regions. The GMWL is the correlation

of 18O relative to 2H of precipitation in which the slope of the correlation is primarily

controlled by the relative equilibrium fractionation factors and the 18O intercept is

kinetically controlled by fractionation from seawater (Craig 1961, Craig & Gordon

1965).

The thermodynamic model that determines the theoretical δ18O (δ2H) versus

altitude relationship is mathematically one-dimensional, in that the equations need

only be integrated with respect to ζ. However, the vertical trajectories themselves

can wander horizontally in an arbitrarily complex way as the parcel ascends. The

chief physical assumption is that the air parcel remains relatively isolated from the

surrounding air. Although turbulence, among other processes, no doubt contributes

to isotopic lapse rates for precipitation in orographic settings, the close fit of observed

isotopic lapse rates with model predictions implies that the model captures the main

features determining the relationship between elevation and isotopic composition in

low- to intermediate-latitude settings. Note that in the case of estimating the effects

of altitude on the isotopic composition of precipitation, the model only needs to be

valid for trajectories that produce precipitation. It need not reproduce the observed

temperature and water vapor profiles everywhere.

The T and RH of the starting air parcels are the primary determinants of the

relationship between elevation (z), �(δ18Op), and �(δ2Hp). Because T and RH vary

continuously at the present time, and they certainly varied in the past, Rowley et al.

(2001) used modern data on T and RH from low-latitude (<35◦), entirely oceanic

regions in the NCEP reanalysis output (Kalnay et al. 1996) to compute the probability

density function (pdf ) of T and RH as input for the model (Supplemental Figure 2).

Each starting T and RH gives rise to a different vertical trajectory through T

and vapor fraction space (Figure 2), and hence to different isotopic compositions

as a function of altitude. Sampling from the pdf of surface T and RH via 1000-

iteration Monte Carlo simulation allows determination of the vertical array of pdfs

of condensation-weighted mean temperature and vapor fraction (VF) as a function of

elevation (Figure 2). It is important to note that at each level there is a limited range

of T and VF that contributes to the Rayleigh distillation process. The gray line in

Figure 2 highlights the modal T and VF as a function of elevation from the surface T

and RH. If we now add isotopic composition of modeled precipitation as a function

of elevation to the analysis we see the respective contributions of starting T and RH

on the isotopic composition as a function of elevation, as shown in Figure 3. Note

that the isotopic lapse rate (‰/meter) is the inverse of the graph in Figure 3. The

heavy black curve shows the mean predicted isotopic composition of precipitation as

a function of elevation that corresponds with a starting surface T of 295 K and RH of

80%, which is the mean of the modern-day T and RH pdf. Other curves show model

output for conditions that are approximately ± 1σ and ± 2σ in T and ± 2σ in RH.

These correspond with ± 4 K and ± 8 K in T and ± 8% in RH. From Figure 3,
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Figure 2

Vertically arrayed probability density function of T and VF of the condensation-weighted
mean precipitation falling at each level based on 1000 iterations of the model sampling from
the surface T and RH pdf of Figure 3. The dark blue line highlights the modal T and VF as a
function of elevation. Contour interval is 4%.

it is clear that variations in starting RH result in a relatively small contribution to

determining isotopic lapse rate, whereas starting T plays a very significant role. This

provides the rationale for the common practice of using δ18O and δ2H as proxies for

temperature, particularly in ice cores, while recognizing that the real determinant is

the ratio of initial water vapor content to water vapor content at the height of the

precipitation, and hence the degree of distillation (Pierrehumbert 1999). In addition

to providing a quantitative indication of the effect of T and RH on the isotopic lapse

rate, Figure 3 also demonstrates effects of global climate change on the isotopic lapse

rate. Obviously, warmer climates yield shallower isotopic lapse rates, whereas colder,
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Modeled normalized
isotopic composition of
precipitation as a function
of elevation. Heavy dark
blue curve reflects the mean
curve derived from the pdf
of starting T and RH that
corresponds with values of
T = 295 K and RH = 80%.
Light blue dashed curves
reflect the effect of
offsetting the starting RH
by ± 8% while maintaining
T at 295 K. Solid light blue
curves illustrate the effect of
varying starting T by ± 4 K
and ± 8 K while
maintaining RH at 80%.

drier climates would be expected to be associated with steeper isotopic lapse rates.

On average, much of the geologic past is generally assumed to have been warmer, and

hence application of the mean modern lapse rate will underestimate paleoelevations

in these cases.

An important question at this point is to what degree does this model capture the

relationships that actually exist in nature? In the next section we compare various

model predictions relative to observed data from the modern world where there

is essentially no uncertainty in either the isotopic composition or the elevations of

various samples. The discussion specifically focuses on low-latitude (<35◦N or S)

examples. There are several reasons for emphasizing this latitude range and not higher

latitudes. First, tropical latitudes are more likely to derive moisture from within these

latitudes and hence are well represented by the T and RH pdf to estimate isotopic

lapse rates. Second, there are strong latitudinal temperature gradients in oceanic

source areas at latitudes poleward of approximately 40◦, resulting in a significant

increase in T variability and hence in estimated isotopic lapse rates at higher latitudes

(Figure 4). Third, midlatitude and temperate systems are typically characterized by

complex frontal systems and air mass mixing with potentially multiple independent

moisture sources each with different isotopic, T, and RH characteristics, resulting

in much more complex initial starting conditions than are captured in our simple

one-dimensional model. We acknowledge that even within ± 35◦, complex vapor

trajectories exist giving rise to complex patterns in the isotopic compositions.

DATA-MODEL COMPARISONS

Critical to the application of this model in paleoaltimetry studies is the assessment

of the fit of the model to modern systems for which the first-order isotopic compo-

sition as a function of elevation has been determined empirically. As has been well

recognized in the isotope precipitation community, the most robust statistic of the
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Zonal means for entirely
oceanic grid cells in the
NCEP reanalysis data
(Kalnay et al. 1996) for
mean annual T and mean
annual RH. Note the
increased gradient at higher
latitudes, but also the
increase in the standard
deviation as well.

mean isotopic composition at any given station is the precipitation amount-weighted

annual mean, where amount is measured in centimeters in a standard rain gauge. This

reflects the fact that there is considerable variability in isotopic composition as a func-

tion of month or season at most stations, not to mention within single precipitation

events. When weighted by how much precipitation falls per month, the amount-

weighted mean best captures the actual mean isotopic composition at that station.

Similarly, surface waters generally integrate over the mean residence time within the

drainage basin and would also be expected to reflect the amounts of precipitation as a

function of time rather than just its average isotopic composition. Thus, in the discus-

sion below, we focus entirely on amount-weighted isotopic compositions, unless data

on this quantity is not available. The following discussion presents comparisons for

modern-day Mount Cameroon, the Bolivian Andes, and Himalaya-Southern Tibet.

The latter two have been the primary foci of applications of isotope-based paleoal-

timetry research. Data from other systems are discussed but in less detail.

Within a given orographic precipitation regime, relatively few datasets exist that

capture long-term estimates of the mean annual isotopic composition of precipitation,

weighted for precipitation amount as a function of elevation along simple transects.

There are data that allow simple differences to be examined, as done in Rowley et al.

(2001), but there are few areas where the functional relationship can be tested explic-

itly. One exception is the IAEA data from the Alps. However, these data were used

to derive the empirical fit between condensation and precipitation (Supplemental

Figure 1), and hence it would be circular to now use these same data to compare with

the model. The best data that we are aware of is from a series of transects that span

a large range of elevations reported by Gonfiantini et al. (2001). They reported data

from Mount Cameroon and the eastern flank of the Andes in Bolivia.

472 Rowley · Garzione



ANRV309-EA35-16 ARI 18 January 2007 20:40

The transect up Mount Cameroon is based on annual precipitation amount-

weighted mean isotopic compositions over 4 years at 25 stations ranging from 10 m

to 4050 m elevation. Figure 5a plots data as �(δ18Op) versus elevation, whereas

Figure 5b plots the station elevation against predicted station elevation. In both

plots, the standard model curve corresponding with the mean of the low-latitude

pdf of T and RH (Supplemental Figure 2) is in black and the isotopic lapse rate

associated with a curve based on locally derived climatology for Mount Cameroon

(T = 299 K, RH = 80%) is shown in red. It is clear that the model using local clima-

tology does a better job fitting �(δ18Op) than does the global mean model, but both

models provide reasonable fits, with a mean deviation of 150 m using the local cli-

matology and 461 m using the global model for stations above 1000 m (Figure 5b).

All of the measured compositions plot within ± 2σ of the global mean lapse rate

curve.

Gonfiantini et al. (2001) also provide shorter-term data from the Bolivian Andes.

Figure 6 shows the relationship between predicted station elevation and station el-

evation for stations along the transect from Trinidad through Sapecho to El Alto

based on the global model. The data are derived from table 6 of Gonfiantini et al.

(2001) with weighted values normalized to the weighted mean of Trinidad (−5.2‰)

and unweighted data to the unweighted mean of Trinidad (−3.84‰).

The good fit of the Mount Cameroon and Bolivian Andes isotopic data of

Gonfiantini et al. (2001), with predictions based on modeled thermodynamics and the

empirically derived scheme for converting condensation into precipitation, suggests

that the model captures the first-order controls on the isotopic composition of pre-

cipitation with elevation. Cloud microphysics, including raindrop size distributions

and evaporation and large-scale turbulent mixing that are not explicitly part of the

existing model appear to play relatively minor roles in establishing the isotopic lapse

rate in precipitation in these low-latitude climate regimes. Of course the empirical fit

to the observational data on isotopic composition in the Alps may incorporate aspects

of these effects to the extent that they are present in the Alpine data. The absence of

significant additional contributions is quite fortunate, as it is difficult to factor these

into paleoaltimetry estimates where an independent ground truth is not possible to

establish. An important aspect of this work is that, at least at higher elevations, pre-

dicted elevations tend to be close to known elevations, and where they differ there is

a tendency for the model to underestimate rather than overestimate elevations. We

return to this topic below after we discuss other modern datasets, and particularly

various surface water samples.

SURFACE WATERS

Virtually all archives that might be used for paleoaltimetry purposes derive their

isotopic signatures from either surface or ground waters. Surface waters in particular,

and ground waters to a lesser degree, differ in important ways from precipitation.

Before examining modern surface waters, and specifically river and stream water

isotopic compositions as a function of elevation, we need to discuss the nature of

those differences.
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The most important difference between surface or ground waters and precipita-

tion is that rivers and streams integrate precipitation in the drainage basins above

the point that a sample is taken. Ramesh & Sarin (1995) concluded that the mean

elevation of the drainage basin above the sample elevation should be recorded by the

isotopic composition of stream or river waters. They pointed out that by assuming

a constant precipitation amount as a function of elevation, the isotopic lapse rate in
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Figure 6

Bolivian Andes transect
from Trinidad (200 m)
through Sapecho to El Alto
(4080 m) from Gonfiantini
et al. (2001). Predicted
station elevation based on
normalization relative to
Trinidad using modeled
global mean isotopic
composition as a function of
elevation.

streams should be about half that in the source precipitation. However, the Ramesh

& Sarin (1995) approach ignored the effects of basin hypsometry on the integration

of precipitation above the sample site and the fact that precipitation amount varies

as function of elevation (see below). Hypsometry in drainage systems is not a simple

linear function of elevation and hence cannot be simply represented by the average

of the maximum and sample elevation as assumed by Ramesh & Sarin (1995). Rather,

the hypsometry of each drainage system needs to be computed individually. One

consequence of this hypsometric effect is that isotopic compositions along rivers and

streams should not be expected to vary in a simple linear fashion with elevation. This

is nicely demonstrated in the compilation of Poage & Chamberlain (2001).

Precipitation amount also varies as a function of elevation, sometimes with strong

gradients in orographic systems, particularly at relatively low elevations (<3–4 km)

(Burbank et al. 2003, Putkonen 2004). Anders et al. (2006) and Roe (2005) have

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

Figure 5

(a) Mount Cameroon �(δ18Op) versus elevation based on amount-weighted mean
compositions of precipitation as a function of elevation reported by Gonfiantini et al. (2001)
for each station. Dots are measured differences in isotopic composition relative to the
amount-weighted mean isotopic composition (−3.2 ± 0.2‰) of the four low-elevation
(<100 m) stations. Blue curve is the standard model. Red curve shows predicted isotopic lapse
rate corresponding with the climatologic average observed at the low elevation stations. Long
dashed curves are estimated ± 1σ and short dashed curves are ± 2σ deviations based on
Monte Carlo simulations. (b) Mount Cameroon station elevation (SE) versus predicted station
elevation (PSE) based on amount weighted mean compositions of precipitation as a function
of elevation reported by Gonfiantini et al. (2001) for each station. Predictions based on fits of
curves to model results for starting conditions corresponding with the global mean T and RH
data (blue) and local low-elevation mean climatology (red ). Regression lines through the origin
and correlation are shown for each.
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provided a large-scale mapping of precipitation rate as a function of orography in

the Himalaya and Tibet region using the Tropical Rainfall Measurement Mission

(TRMM) satellite data. They modeled the precipitation as a function of elevation

and as a combination of the change in saturation vapor pressure as a function of

temperature (and hence elevation) and surface slope (Anders et al. 2006, Roe et al.

2002). We use their data to examine, in the regional sense of the Himalayas, the

relationship between elevation and precipitation amount. To specifically focus on

orographic precipitation in the Himalayas, a subset of the Anders et al. (2006) data

were extracted that lie within a 300-km-wide swath north of the Himalayan front.

Our purpose is not to predict the spatial variability of precipitation as a function of

elevation, as has been done by Anders et al. (2006), but rather to look for the most

general pattern so as to allow a better understanding of the information content of

measurements of the isotopic composition of surface waters.

Figure 7 demonstrates that both the weighted mean precipitation and median

precipitation above about 1000 m show a simple linear decrease in precipitation

MAP = -0.172±0.006*Elevation+869.7±22.6

R2 = 0.9684
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Figure 7

TRMM-based estimates of mean annual precipitation as a function of elevation based on data
from Anders et al. (2006). The regression analysis is of precipitation versus elevation from the
front to 4600 m elevation in the 300-km-wide swath north of the Himalayan Front from
73.55◦E to 95.55◦E longitude. For our purposes, the Himalayan front is defined as coinciding
with about the 200 m contour, except west of 80◦E, where it rises slightly in the region of the
divide between the Indus and Ganges drainages. Data from north and south of this
300-km-wide swath are excluded from this analysis.
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amount with increasing elevation. Anders et al. (2006) demonstrate that this relation-

ship accords with a dominant correlation to the rate of condensation as a function

of temperature (and hence elevation). This linear relationship appears to be largely

controlled by the shape of the water saturation vapor pressure curve, the derivative of

which is linear with respect to temperature (Roe et al. 2002, Anders et al. 2006). The

plot shows that the average amount of precipitation decreases linearly with elevation

from the Himalayan Front to about 4600 m, above which precipitation amount is

approximately constant at about 74 mm/year. The graph also shows ±1σ, ±2σ, and

±3σ variations of the TRMM estimates of precipitation amount around the median,

as estimated from the data within this swath. Each of these also clearly shows the

decreasing trend with elevation, but indicates that significant variability exists. Again,

for our purposes, we emphasize that precipitation amount varies as a function of el-

evation, and as discussed below, this has a significant impact on the interpretation

of the stable isotopic compositions of surface waters, particularly of low-elevation

samples in the forelands of mountains.

From the above discussion, surface water isotopic compositions should reflect

the hypsometry of the drainage basin above the sampling site integrated with the

amount of precipitation falling as a function of elevation on that hypsometry. Thus,

the isotopic composition of a river or stream sample should reflect the precipitation

amount-weighted hypsometric mean elevation of the drainage basin above the eleva-

tion at which a sample was taken. We compare surface water isotopic compositions

with various measures of the hypsometry. For the Himalayas, we model isotopic com-

positions using both the spatial distribution of precipitation, assuming that the four

year interval sampled by Anders et al. (2006) is representative and by applying the re-

gression analysis Figure 7 to estimate the precipitation amount on the drainage basin

hypsometry. In other cases, the parameter derived directly from the model that most

closely matches the precipitation amount-weighted hypsometric mean elevation is

provided by the condensation-weighted hypsometric mean elevation where the pre-

dicted isotopic composition is weighted by the variation in amount of condensation

in the air parcel above each elevation bin of the hypsometry.

One important consequence of this hypsometric effect is that isotopic compo-

sitions along rivers and streams should not be expected to vary in a simple linear

fashion, nor, as pointed out by Ramesh & Sarin (1995), should the isotopic lapse rate

of precipitation and the isotopic lapse rate determined from surface waters be the

same [as assumed by Chamberlain & Poage (2000)].

Quite extensive data sets exist for Himalaya–Southern Tibet. Below we summarize

our findings derived from analysis of a small subset of these data in the context of

the model presented above. Note that this approach is different from that adopted

by Garzione et al. (2000a,b) who derived the isotopic lapse rate by empirically fitting

a curve to observed surface water data. We show that given a known starting compo-

sition, both approaches produce approximately the same results within the present

uncertainty of the technique, but that understanding the underlying climatic con-

trols on the isotopic lapse rate allows an understanding of potential effects of climate

change to be factored into the analysis. Here we use the model to predict the mean

elevation of rainfall in the drainage basin weighted by the amount of precipitation.
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Garzione et al. (2000a,b) sampled stream waters ascending the south-facing flank

of the Himalayas in small tributaries draining into the Seti and Kali Gandaki rivers.

Figure 8a plots these data in terms of �(δ18Omw), against precipitation falling in

New Delhi (−5.81‰ ± 1.8, IAEA 1992), which provide low-altitude normalization.

Estimates of the elevation range of each drainage (Garzione et al. 2000b) are plotted,

as is the predicted elevation based on the isotopic composition in terms of �(δ18Omw)

of each of the samples. Perhaps a visually better way to examine these data is to

Predicted

Kali Gandaki

Seti River

Kali Gandaki

Seti River

0

1000

2000

3000

4000

5000

6000

7000

8000

-16 -14 -12 -10 -8 -6 -4 -2 0

E
le

v
a
ti

o
n

 (
m

) 

a

b

0

1

2

3

4

5

6

0 1 2 3 4 5

Elevation (km)

P
re

d
ic

te
d

 e
le

v
a
ti

o
n

6

Δ(δ18Ow)

478 Rowley · Garzione



ANRV309-EA35-16 ARI 18 January 2007 20:40

plot the sample-related elevations, specifically the sample elevation, precipitation-

weighted hypsometric mean elevation, and maximum elevation along the x-axis and

the elevation predicted from the sample isotopic compositions and their uncertainty

on the y-axis (Figure 8b). The data clearly plots close to the 1:1 line of correlation and

overlaps the line within uncertainty, demonstrating that the model captures significant

aspects of the relationship between isotopic composition and elevation in this region.

Intermontane basins provide the best archive in modern orographic settings within

which to determine paleoaltitude histories. However, in deeper time the prevalence

of preserved foreland basins make these potentially attractive sites for estimating

the former heights of adjacent mountains. This raises the important issue in the

paleoaltimetry of mountains and plateaus as to whether it is possible to discern the

heights of adjacent mountains from measurements of the isotopic compositions of

proxies within foreland basin sedimentary sections. The existence of a foreland basin

implies flexural loading, and hence topography; but is it possible to discern how

high the adjacent mountains are based on isotopic compositions measured in proxies

preserved within such sediments, particularly within preserved fluvial channels? Thus

is it possible to measure, for example, the isotopic compositions of bivalve shells

or fish, reptilian, or aquatic mammalian teeth preserved within such sediments to

determine how high the adjacent mountains were? We address this question using

modern river isotopic compositions from the Himalaya region, and particularly from

the Ganges drainage (Figure 9a) based on data from the Ramesh & Sarin (1995)

summary of isotopic compositions from various rivers in the Ganges and Brahmaputra

drainages.

The most important aspect of Figure 9b is yet another demonstration that the

model captures significant information regarding the elevation distribution contribut-

ing to each of the drainage basins derived from the Himalayas. There is a close

correspondence between the predicted elevations and the precipitation-weighted

hypsometric mean elevation of the drainage above the sample site as well as the

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

Figure 8

(a) Isotopic composition as �(δ18Omw) versus elevation diagram for samples of small drainages
sampled within the larger Kali Gandaki (blue dots) and Seti River (orange triangles) drainages.
The vertical lines represent the height of the drainages sampled by these streams above the
collection site. Red diamonds represent the predicted elevations corresponding with the
isotopic composition of each of the samples. Note that virtually all of the predicted elevations
(diamonds) lie within the range of each of the drainages, and hence these data are compatible
with model predictions. Note also that Garzione et al. (2000a) used linear regression through
the Seti data of δ18Omw versus elevation to establish the lapse rate and associated estimate of
paleoelevation of the Thakkhola graben. Garzione et al. (2000b) used a polynomial fit to the
Kali Gandaki data of δ18Omw versus elevation to estimate paleoelevations of the Thakkhola
graben. (b) Precipitation-weighted hypsometric mean elevation versus elevation predicted
from �(δ18Ow) with associated 1σ uncertainty of each of the samples from the Kali Gandaki
(blue dots) and Seti River (orange triangles) drainages reported by Garzione et al. (2000a,b).
Horizontal bars represent the sample elevation and maximum elevation in the drainage basin.
Solid line is the 1:1 line of correlation. The mean deviation of individual estimates from the
predicted elevation is 487 m.
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simple hypsometric mean elevation of the drainage basin above the sample eleva-

tion. What would one infer about the elevation of the Himalayas from these isotopic

compositions? The answer is pretty clear: the precipitation-weighted hypsometric

mean elevation of the drainages. However, it would be extremely difficult to surmise

the existence of high Himalayan peaks rising above 7000 m to 8000 m, 4 to 6 km
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above the hypsometric mean elevations. It would also be impossible to differentiate

between the real situation and a plateau region, with a mean elevation just above

the hyposometric mean. These would represent significantly different topographies

with significantly different tectonic implications. This cautions against approaches

that utilize low-elevation, fluvially derived, foreland basin estimates of the heights of

adjacent mountains. A signal exists, as is clear from Figure 9b, but the interpretation

requires considerable care, particularly in choosing corresponding low-elevation data

to normalize the isotopic composition and in recognizing both the hypsometric and

elevation dependence of the precipitation amount effects on the measured isotopic

compositions. These effects are considerably reduced when data are collected in in-

termontane basins at relatively high elevation, as has been the approach of Rowley

et al. (2001), Currie et al. (2005), Rowley & Currie (2006), Garzione et al. (2000a,b;

2006), and Ghosh et al. (2006b).

Carbonate Records of Paleoelevation

Paleoaltimetry requires an archive that has the potential of preserving the δ18O or

δ2H of the water from which the sampled material derived its isotopic composition.

The archive of stable isotopic compositions preserved in the geologic record is virtu-

ally entirely sampling some aspect of surface waters or groundwater-derived isotopes

and not precipitation directly. Therefore samples have the potential to reflect effects

associated both with surface or subsurface transport and with evaporation that will ef-

fect their composition relative to precipitation falling at a particular elevation. Effects

associated with evaporation leave a distinctive isotopic signature in the remaining wa-

ter characterized by 18O enrichment relative to 2H when plotted against the GMWL.

Evaporation will always lead to heavy isotope enrichment and an underestimation of

paleoelevation.

Sedimentary carbonates are precipitated from surface waters from various sources.

Paleosol carbonates likely reflect rainfall that infiltrated the soil during the season of

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

Figure 9

(a) Drainage basins above sample locations of riverine oxygen isotopic measurements reported
by Ramesh & Sarin (1995). Sample sites are in cities marked by black dots. The drainage basin
outlines and basin statistics are based on analyses of the Hydro1K elevation data. (b) Elevation
versus �(δ18Omw), where the isotopic composition of precipitation in New Delhi is used to
normalize compositions. Isotopic data reported by Ramesh & Sarin (1995) include both
oxygen and/or hydrogen isotopic compositions. Hydrogen isotopic compositions were
converted to oxygen isotopic compositions using δ18O = (δ2H-10)/8. Note that the
precipitation-weighted mean elevations use actual precipitation amounts estimated from
TRMM by Anders et al. (2006) and topography regridded at the same tenth-of-a-degree
resolution and spatial locations as the precipitation data. This significantly smoothes
topography relative to the 1 km resolution of the Hydro1K and an average difference of about
100 m in estimates of the hypsometric mean elevations within each drainage basin derived
from these different digital elevation models (DEM). Where data are available from more than
a single sample the average composition is used. Predicted elevations based on �(δ18Omw)
using Equation 1 from Currie et al. (2005).
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carbonate precipitation. Lake carbonates precipitate from river water and groundwa-

ter that are sourced from surrounding drainage basins and thus convolve hypsometric

and elevation-dependent precipitation amount effects with potential evaporation ef-

fects. Therefore, paleosol carbonates are likely to be better proxies for local rainfall

composition.

It is important to remember that given typical sedimentation rates of micritic

carbonate in lacustrine settings and soil carbonate accumulation rates, individual

samples integrate thousands to perhaps tens of thousands of years. This means that

such samples are recording millennial signals at best, and hence represent a very

smoothed record relative to the high-frequency signals preserved in typical ice core

records. For paleoaltimetry purposes, this represents a positive bias in that we are

seeking long-term means and not short-term variability in which climate change

signals play a potentially important role.

In carbonate studies, fractionation of oxygen isotopes is associated with the

temperature of carbonate precipitation, with ∼−1‰ per 5◦C (Friedman & ONeil

1977, Kim & O’Neil 1997). This fractionation is much smaller than the Rayleigh

distillation-related fractionation associated with changes in elevation. However, be-

cause paleoelevation is the unknown, calculations that assume a paleotemperature

for water during carbonate deposition, which in part depends on altitude, introduce

significant uncertainty. In some regions, mean annual paleotemperature constrained

from leaf physiognomy data can be used for available time periods to minimize the

error associated with this uncertainty. Mean annual temperatures estimated from pa-

leoleaf data (e.g., Wolfe 1993) generally have a 1σ uncertainty of ±2 to 3◦C (Gregory-

Wodzicki et al. 1998, Forest et al. 1999). These temperature estimates yield infor-

mation about surface conditions, but not necessarily the temperature of carbonate

formation because carbonates tend to form preferentially during certain seasons. For

example, paleosol carbonates may form during the dry season when evaporation rates

are highest (Liu et al. 1996) and/or during the growing season when evapotranspira-

tion rates are highest (Cerling & Wang 1996). Mean annual temperature estimates

along with modern seasonal temperature variations can be used to gauge the average

temperature during the season of paleosol formation. Because paleosol carbonates

usually form close to the surface (∼1 m or less), they probably reflect mean atmo-

spheric temperatures during the season of carbonate formation.

Lacustrine carbonate, typically micritic limestones, referred to below simply as mi-

crites, tend to become supersaturated during the summer when evaporation rates are

highest and carbonate has the lowest solubility, leading to whiting events (widespread

formation of microcrystalline carbonate) during discrete intervals when the lake wa-

ter is warm (e.g., Duston et al. 1986, Effler & Johnson 1987). Because micrite forms

during the same season and under similar conditions each year, temperatures dur-

ing other seasons do not have a large effect on the δ18O of lacustrine carbonate

(McKenzie 1985, McKenzie & Hollander 1993, Drummond et al. 1995, Hodell et al.

1998). Organisms, such as mollusks, that precipitate aragonite shell material do so

within a specific range of water temperatures. The temperature of shell precipitation

of ancient organisms that have modern relatives can be estimated and applied to fossil

material (Dettman et al. 1999, Dettman & Lohmann 2000).
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Even with knowledge of the season of carbonate formation in both paleosol and

lacustrine carbonate records, we still have to assume seasonal temperatures that are in

part controlled by the elevation of the depositional basin. A new carbonate thermome-

ter based on the clumping of 13C and 18O with each other in the carbonate mineral

lattice (Ghosh et al. 2006a) may help mitigate this uncertainty in future studies (see

discussion below).

Diagenesis can also alter the δ18Oc value of carbonate, depending on the temper-

ature of calcitization or recrystallization and/or the source of fluids involved in the

diagenesis. Calcitization will not modify the δ18Oc value if it occurs at temperatures

similar to surface temperatures and in equilibrium with the original pore fluids in the

carbonate. This is typically the case for diagenesis early in the history of carbonate

deposition. However, higher temperature recrystallization (>40◦C) or recrystalliza-

tion/calcitization in the presence of later fluids moving through the rocks can modify

the original δ18Oc, rendering these carbonates useless in studies of paleoelevation

(Morrill & Koch 2002; Garzione et al. 2004). It is therefore important to evaluate the

history of diagenesis both petrographically and isotopically to determine the relative

timing of diagenetic events, the isotopic composition of different diagenetic phases,

and their formation temperature.

Uncertainty

Large uncertainties are inherent in modeling the isotopic evolution of water vapor

and the rainfall derived from it (see above). Having shown that the model provides

a good fit to empirical observations of the isotopic evolution of rainfall and surface

waters, the best way to constrain the errors associated with paleoelevation estimates in

settings where climate/paleoclimate is reasonably well understood is to propagate the

uncertainties observed in empirical data and use the model to understand potentially

significant additional contributions from climate change, particularly associated with

changes in temperature. These other uncertainties include (a) scatter in the data that

define the δ18Omw versus altitude relationship if one is employing an empirical ap-

proach and (b) uncertainties associated with converting the δ18Oc to values of δ18Omw.

Scatter in data that define the relationship between δ18Omw and altitude is observed

in rainfall data or surface water data that have been systematically sampled along an

elevation transect that reflects the transport pathway for water vapor. For example,

the scatter in unweighted1 mean isotopic composition of rainfall sampled across the

eastern mountain front in Bolivia (Gonfiantini et al. 2001) can be used to propagate

uncertainties for elevation estimated in the Andes, whereas scatter in the isotopic

composition of small tributaries sampled within the Kali Gandaki drainage on the

southern flank of the Himalayas (Garzione et al. 2000b) is used for the Himalayas

and southern Tibet. Alternatively, as shown in the analyses of model versus mod-

ern precipitation and surface water samples, estimated uncertainties from the model,

1Table 5 from Gonfiantini et al. (2001), which is the source of data for the analysis reported by Garzione
et al. (2006), mislabels the columns such that reported weighted means are actually unweighted means.
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primarily reflecting the spectrum of potential starting T and to a lesser degree RH,

typically represent quite reasonable bounds on the estimates of (paleo)elevation. One

of the critical problems in using existing empirical datasets is that they typically

sample very short intervals of time relative to the millennial timescales averaged by

geological samples, and hence it is difficult to assess how representative they are of

the actual long-term mean state of the system. Only high elevation ice cores in the

Andes (Thompson 2000) and Himalayas and Tibet (Thompson et al. 1989), among

other sites, provide potentially statistically meaningful samples of isotopic variability

induced by climate variability at specific elevations but not along an elevation tran-

sect. This probably results in the empirical samples underestimating the variance of

isotopic compositions when empirical calibrations are employed.

Uncertainties associated with converting the δ18Oc to the corresponding δ18Omw

derive from both (a) uncertainties in the empirical temperature-dependent fraction-

ation equation between water and carbonate (Kim & O’Neil 1997) and (b) uncer-

tainty in the assumed temperature of carbonate precipitation. Kim & O’Neil (1997)

developed a number of empirical relations for the temperature dependence of the

fractionation factor in a variety of minerals. The empirical relation (R2 = 0.997),

with standard errors, is reported as a linear fit to natural log normalized data:

1000 ln αew = 18.03 ± 0.36(1000T−1) − 32.42 ± 1.22, (5)

where T is temperature of water in Kelvin and the fractionation factor αc−w =

(δ18Oc + 1000)/(δ18Ow + 1000). The uncertainty in the slope and intercept are based

on analysis of the data presented by Kim and O’Neil (1997). Although the uncertainty

in this empirical fit is small, it is incorporated into the error propagation. A much

larger source of error in paleoelevation estimates arises from assuming a temperature

for carbonate precipitation in Equation 5 to calculate δ18Omw value. This uncertainty

(∼100 to 300 m) can possibly be reduced by applying a new calcite paleothermometer

that determines growth temperature from the abundance of 13C–18O bonds in the

calcite mineral lattice (Ghosh et al. 2006a,b). Determining the mean temperature and

standard deviation from a suite of samples from the same time period can reduce the

temperature uncertainty to < ±3◦C (Ghosh et al. 2006b).

In regions where the paleoclimate is fairly well understood, the uncertainty in

elevation estimates can be propagated using a bootstrap approach that includes the

errors described above together with uncertainties in the isotopic composition of

low-elevation precipitation used to determine �(δ18Omw). A bootstrap approach is

preferable to geometric estimation of uncertainty because significant covariance exists

between the δ18O value of meteoric water, T, and elevation. In both the Andes and the

Himalayas/Tibet, bootstrap simulations, assuming uncertainty in the temperature of

carbonate precipitation of ±5◦C, produce 1σ errors of ±1000 m at paleoelevations

of less than 500 m that decrease to ±400 to ±500 at elevations more than 4 km. The

greater uncertainty at lower elevation results from several factors, including the lower

isotopic lapse rate of δ18O and the greater degree of scatter in rainfall and surface

water data at low altitude reflecting nonorographic effects.

Additional systematic errors cannot be propagated. These errors include (a) cli-

mate and paleogeographic changes that may have led to a change in the source of
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moisture and/or the δ18O versus altitude relationship and (b) evaporation of surface

waters from which carbonates precipitated. The first systematic error can be miti-

gated to some degree through understanding the climate history of the region and

documenting a low altitude site that records the isotopic composition of the source

moisture. For instance, the Siwalik Group, deposited in the foreland basin south

of the Himalayas, provides a record of both climate (e.g., Quade et al. 1989, 1995;

Dettman et al. 2001; Hoorn et al. 2000; Nelson 2005) and the isotopic composition

of low-elevation precipitation (Garzione et al. 2000b, Rowley et al. 2001, Currie et al.

2005). The second source of systemic error results from evaporation of surface wa-

ters from which carbonates precipitated. Evaporation produces enrichment in 18O,

which results in an underestimation of paleoelevation. This underestimation of ele-

vation is witnessed in several modern Himalayan lakes (Rowley et al. 2001) and has

been documented in several paleoelevation studies comparing paleosol carbonates

with lacustrine and palustrine (pond/marsh) deposits (Currie et al. 2005, Garzione

et al. 2006). In both cases, lacustrine carbonates showed significant evaporative en-

richment in 18O relative to paleosol carbonates, which limited their use in estimating

paleoelevation. One approach followed by Cyr et al. (2005, and references therein) is

to examine the major cation chemistry (e.g., Mg/Ca or Sr/Ca) of lacustrine carbon-

ates in comparison with δ13Cc and δ18Oc to determine whether covariations expected

from evaporative enrichment exist. Although paleosol carbonates appear to provide

a better record of elevation, they are also prone to varying degrees of evaporative

enrichment in soil water (Cerling & Quade 1993, Liu et al. 1996). Because surface

water evaporation always produces an underestimation of elevation, this suggests that

the most negative δ18O values of carbonates (highest elevation estimates) provide the

best record of elevation.

New Directions in Carbonate Stable-Isotope Paleoaltimetry

A new carbonate paleothermometer relies on the abundance of 13C–18O bonds in

the calcite mineral lattice (Ghosh et al. 2006a). This paleothermometer can be used

in studies of paleoelevation in several ways: (a) The growth temperatures of surficial

carbonate can be compared to the measured T lapse rate over land to determine pa-

leoelevation; (b) the growth temperature of carbonate more precisely constrains the

δ18Omw from which the carbonate grew (because both the growth temperature and

δ18O of carbonate are known), which can be compared with the altitude dependence

of the δ18O of meteoric water (Garzione et al. 2006); (c) independent constraints

on the carbonate growth temperature and isotopic composition of water from which

carbonates precipitated enables the comparison of these two variables to the mean an-

nual surface temperature and the annual weighted average δ18Omw across an elevation

transect to calculate elevation (Ghosh et al. 2006b).

∆47 Paleothermometry. Molecules of CO2 containing more than one rare isotope

(multiply substituted isotopologues) have low natural abundances at the parts-per-

million to parts-per-billion level by fraction (Eiler & Schauble 2004). Despite this
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low abundance, precise measurements of the abundance of multiply substituted iso-

topologues have been made below the 0.1‰ level in atmospheric gases and synthetic

carbonates (Eiler & Schauble 2004, Ghosh et al. 2006a). The most common multi-

ply substituted molecule of CO2 is 18O13C16O, with a mass of 47 atomic mass units.

This isotopologue is ten to one thousand times more abundant than other multiply

substituted molecules, and it is therefore the easiest to measure with high precision

(Eiler & Schauble 2004). The abundance of mass 47 is measured relative to mass 44

(16O12C16O) to yield a ratio, R47, of which 97% is 18O13C16O (the remaining 3%

consists of 18O12C17O and 17O13C17O). The measured R47 is reported as �47 in per

mil, which is referenced to the R47
random predicted from the random distribution of

heavy isotopes in the same sample. R47
random is calculated from the measured δ13C and

δ18O values of each sample (Eiler & Schauble 2004). The �47 value is defined as

�47 =
(

R47
measured/R47

random − 1
)

· 1000. (6)

It has long been recognized that multiply substituted molecules have different

thermodynamic properties from singly substituted molecules (containing one rare

isotope) (Bigeleisen & Mayer 1947, Urey 1947). Molecules that contain two heavy

isotopes have lower zero point energies than normal or singly substituted molecules

(Urey 1947, Bigeleisen & Mayer 1947, Wang et al. 2004), which means that they

form stronger bonds than their light isotope counterparts. As temperature increases,

increasing vibrational energies tends to break heavy isotope and light isotope bonds

more equally than at lower temperature. Therefore, in an equilibrium reaction, the

abundance of multiply substituted molecules increases at lower temperatures (Wang

et al. 2004). Carbonates that form at the surface of the Earth precipitate from water in

a range of temperatures sensitive to multiply substituted heavy isotopes in CO3. The

abundance of 18O13C16O in CO2 produced by phosphoric acid digestion has been

shown to be proportional to the abundance of 18O13C16O2
2− in carbonate, enabling

the calibration of a carbonate paleothermometer using synthetic calcites that were

precipitated over a range of temperatures representative of surface environments

(Ghosh et al. 2006a). The calibration is well fit by a linear relationship of

�47 = 0.0592 · 106
· T−2

− 0.02, (7)

which is applicable to carbonates that precipitated over a temperature range of 1◦C

to 50◦C (Ghosh et al. 2006a), with T in Kelvin.

The application of this carbonate paleothermometer may be especially useful in pa-

leoelevation studies in arid environments where standard oxygen isotope techniques

cannot be applied owing to evaporative reenrichment of surface waters or precipi-

tation as it falls into highly undersaturated air. Rather than using changes in δ18O

with altitude to quantify elevation, the growth temperatures of surficial carbonate

can be compared to the measured T lapse rate over land to determine paleoelevation,

acknowledging that lapse rates of T are sensitive to climate change as are lapse rates

of stable isotopes.

The uncertainty in standard stable isotope paleoaltimetry, aimed at using the

estimated δ18O value of surface water to calculate paleoelevation, is large (1σ of 400 to
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1000 m) partly due to uncertainty in the carbonate growth temperature. Determining

the growth temperature of carbonate more precisely constrains the δ18O of water from

which carbonate grew because both the growth temperature and δ18O of carbonate

are known. In the standard oxygen isotope paleoaltimetry approach, this reduces

the uncertainty associated with the temperature of carbonate formation by several

hundred meters.

Perhaps the most powerful aspect of this new technique is the ability to measure

two variables that change with altitude, temperature and the δ18O of surface water, in

the same samples to estimate elevation. Paleosols deposited in the Bolivian Altiplano

record both paleosol carbonate growth temperature and the δ18O value of soil water

that has been compared to the temperature lapse rate over land and the δ18O values

of meteoric water (Ghosh et al. 2006b). This two-variable approach to estimating el-

evation compares the temperature and water isotopic compositions determined from

carbonates to the surface temperatures and rainfall isotopic compositions between

mean annual and summertime extremes measured over an elevation transect in the

Eastern Cordillera (Supplemental Figure 4; modern data for 1984 from Gonfiantini

et al. 2001). This range of modern values is used, assuming that paleosols precipitate

carbonate during or following the summer rainy season when plants are active and

the rate of evapotranspiration is highest. The observation that paleosol carbonates

plot within this range supports the inferred timing of their formation. Paleoelevation

is determined from the intersection of paleosol temperatures/isotopic compositions

with elevation contours that connect the mean annual and summertime extremes

(Ghosh et al. 2006b).

Application to Paleoelevation Studies

Stable isotopes have recently been applied in a number of paleoelevation studies in

the western North American Cordillera and Rocky mountains (Drummond et al.

1993, Norris et al. 1996, Dettman et al. 2000, Morrill & Koch 2002, Fricke 2003,

Mulch et al. 2004, Sjostrom et al. 2006), New Zealand Alps (Chamberlain et al.

1999), the Sierra Nevada (Poage & Chamberlain 2002, Horton et al. 2004, Mulch

et al. 2006), Basin and Range of the western United States (Horton & Chamberlain

2006), Himalaya and Tibetan Plateau (Garzione et al. 2000a,b; Rowley et al. 2001;

Currie et al. 2005; Cyr et al. 2005; Rowley & Currie 2006), Cascades (Takeuchi &

Larson 2005, Kohn et al. 2002), Patagonia (Blisniuk et al. 2005), and northern Andean

Altiplano (Garzione et al. 2006, Ghosh et al. 2006b). Two general approaches have

been taken to measure the relief associated with mountain ranges. One approach

examines the isotope record in authigenic minerals deposited in basins on the lee-

ward side of mountains, assuming that orographic precipitation associated with the

topography that an airmass travels over leads to fractionation that is recorded in

the basin despite its low elevation (Chamberlain et al. 1999, Chamberlain & Poage

2000, Kohn et al. 2002, Blisniuk et al. 2005). This technique aims to determine the

existence of an orographic barrier associated with the mountain range by simply mea-

suring changes in the isotopic composition recorded in authigenic minerals deposited

in the basin fill as a function of time. This so-called rainshadow effect is assumed to
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produce a decrease in the δ18O and δD values recorded by authigenic minerals as

relief increases, whereas an increase in δ18O and δD values would reflect a decrease

in relative relief. This approach is fraught with large uncertainties on quantitative

estimates of paleoelevation because the convolution of orography, hypsometry, and

precipitation amount results in nonunique correlation of orographic barrier elevation

and isotopic composition. There is also the potential for sufficient precipitation to

bypass an orographic barrier if the orographic barrier is not sufficiently long relative

to the trajectory of storm tracks to actually preclude precipitation from sweeping

around the barrier, thus negating the rainshadow effect. Another potential problem

with this approach arises where the barrier is sufficiently large as to impact large-scale

circulation, as happens in the Pamir-Karakoram region, such that precipitation on

either side is derived from different sources and hence does not reflect the interpo-

sition of the orographic barrier. This is particularly problematic where the isotopic

compositions on either side of the orographic barrier happen to be essentially the

same. For example, application of this approach in the case of the western Tibetan

plateau would imply that the plateau does not exist, as New Delhi (−5.81‰) is not

significantly different from Hetian (−4.66‰) using 2001 IAEA-GNIP data on either

side of the plateau.

A second approach examines high-elevation plateaus and associated mountain

belts by measuring the isotopic composition of authigenic minerals deposited in in-

termontane basins. Precipitation falling at elevation must have been orographically

lifted, and hence should be expected to have undergone Rayleigh distillation, as dis-

cussed above. At high elevations the magnitude of fractionation, relative to adjacent

low-altitude precipitation is expected to be large, and hence the signature of pale-

otopography should be clear, irrespective of uncertainties in temperature and other

parameters discussed above. Quantitative estimates of paleoaltitude with associated

uncertainties are possible using this approach (Rowley et al. 2001; Garzione et al.

2000a,b, 2006; Currie et al. 2005; Rowley & Currie 2006). Rowley et al. (2001),

Currie et al. (2005), and Rowley & Currie (2006), using modern surface water and

precipitation data from regions north of the high Himalayan peaks, demonstrate that

a close correlation exists between isotopic composition and predicted elevation. Thus

modern surface water isotopic compositions reflect the plateau surface elevation, not

the peak elevation of the range that bounds the plateau (e.g., Garzione et al. 2000a,

Currie et al. 2005, Garzione et al. 2006, Rowley & Curry 2006). This conclusion is

supported by numerous surface water and rainfall data sets showing that the isotopic

composition of water reflects the typical depletion in transects from lower to higher

elevation even on the leeward side of mountains (e.g., Friedman et al. 1992, Smith

et al. 1979, Yonge et al. 1989, Blisniuk et al. 2005). Although the rainshadow effect

can be significant in humid climates, such as the Cascades and the Southern Alps of

New Zealand, and in the immediate rainshadow (within several tens of kilometers) of

the mountains, this effect diminishes dramatically away from the mountains on the

leeward side, probably as a result of (a) mixing with less 18O-depleted vapor masses

that were derived from different sources and/or traveled around the high topography

and (b) below cloud-base evaporation from raindrops in the arid environment created

by the rainshadow (e.g., discussions in Smith et al. 1979, Yonge et al. 1989).
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To evaluate which of these approaches is applicable, it is necessary to examine

modern patterns of precipitation (i.e., the vapor transport pathway and amount of

precipitation) and the isotopic composition of surface waters and/or rainfall in the

region of interest. In addition, application of elevation proxies independent of the

isotopic composition of precipitation can bolster the interpretation of the elevation

history. In the following section, we focus on the latter approach by examining the

elevation records from the Himalaya/Tibetan plateau and the Andean plateau. Both

the Himalaya and Andean plateau have elevation histories that are supported by

multiple proxies, increasing the confidence in these records.

HIMALAYAS AND TIBETAN PLATEAU

The Himalayas and Tibetan plateau (Figure 10) represent the type example of

continent-continent collision (Argand 1924, Bird & Dewey 1970). Recent reviews of

the evolution of Tibet and the Himalayas (Burchfiel & Royden 1991, Copeland 1997,

Dewey et al. 1988, Fielding 1996, Harrison et al. 1992, Molnar et al. 1993) empha-

size the importance of topography as (a) a monitor for collision dynamics (Molnar

et al. 1993), (b) a measure of crustal mass balance (Dewey et al. 1989, England &

Housemann 1986, LePichon et al. 1992, Richter et al. 1992), (c) a significant influence

on the local and global climate (Kutzbach et al. 1993, Ramstein et al. 1997, Raymo
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Figure 10

Summary of paleoelevation evolution of the Himalayas (red ) and southern (dark blue), central
(light blue), and northern (green) Tibet plateau based primarily on fossil faunal and floral data
[see ovals, triangles, and stratigraphic ranges (boxes) from Mercier et al. (1987)]. The horizontal
dimension of the boxes represents uncertainty of age, and the vertical dimension estimated
uncertainty of elevation. Dashed lines represent previous estimates of the elevation history.
Solid lines represent elevation histories constrained by isotoped-based paleoaltimetry. The
upper gray curve is a generalized curve reflecting crust and mantle lithosphere thickening
followed by convective removal of the mantle lithosphere at approximately 8 Ma based on
England & Houseman (1986) and Molnar et al. (1993). The lower gray curve is based on
faunal and floral interpretations as in Mercier et al. (1987).
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Figure 11

Himalaya and Tibetan plateau locations from which paleoelevation estimates have been
published. Retrodicted size of the plateau above 4000 m as a function of time derived by
scaling India-Asia convergence as discussed by Rowley & Currie (2006).

& Ruddiman 1992), and (d ) a potential influence on ocean (Edmonds 1992, Richter

et al. 1992) and atmospheric chemistry (Raymo 1991). Existing interpretations of

the evolution of the topography of the Himalayas-Tibet range from suggestions of

very large-scale uplift of much of Tibet in the last few million years (Mercier et al.

1987, Xu 1981) (Figure 11) to suggestions that significant topography predated the

initiation of the collision of India with Asia (England & Searle 1987, Murphy et al.

1997).

Within the past six or so years, considerable progress has been made in obtaining

and interpreting paleoelevation estimates from various basins of various ages within
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the Himalayas and across the Tibetan plateau. It is important to specifically emphasize

at the outset that the existing data remain sparse and therefore they can provide only

an initial hint at potential conclusions regarding the paleoelevation evolution of this

region and also the various modes of strain accommodation across this orogen. The

data thus far are intriguing and suggest that considerable potential exists to verify and

further validate the preliminary interpretations described below.

HIMALAYAS

Several data sets have been used to estimate the paleoelevation history of the

Himalayas south of the Indus-Yarlung Tsangpo suture. From classic geomorphology,

the simple observation that the drainage divide between rivers flowing southward

and those feeding the Indus and Yarlung (= Brahmaputra) rivers lies well north of

the high peaks (Gansser 1964) (Figure 9a). Of course, both the Indus and Yarlung

also drain southward across the high Himalayas through the two deepest gorges in

this mountain range. The obvious inference derived from these antecedent rivers is

that the topography of the high Himalayas has grown subsequent to that of southern-

most Tibet. The long history of Himalaya- and Tibet-derived sediments associated

with these antecedent drainages (see summary in Rowley 1996) implies that a south-

ward topographic slope has existed for at least 40 million years. This is based most

clearly on the thick Eocene and Oligocene siliclastic sediments preserved in the Indo-

Burman ranges [Disang and Barail Formations (Bender 1983)] that extend southward

in the trench-fill materials exposed in the Andaman, Mentawai and Nicobar islands.

Comparable relations exist in Afghanistan and western Pakistan, where thick tur-

biditic sequences of the Katawaz and Makran basins are exposed (see Rowley 1996

and references therein).

Quantitative estimates of the paleoelevation history of the Himalayas also have a

long history, reflecting the significance of this information in constraining our under-

standing of the tectonics of this orogen (see Mercier et al. 1987). Most estimates have

been derived from examining the altitude ranges of nearest living relatives (NLRs)

of fossil plant and animal taxa found within intermontane basin deposits in the Hi-

malayas and Tibet. Figure 11 shows interpreted paleoelevation histories based on

the NLR approach. From this approach, the high Himalayas have almost universally

been interpreted to have remained at quite low elevations (<1 km) prior to the last

1 to 2 million years, at which time they are required to rise to their current highly

elevated stature (Mercier et al. 1987). Molnar & England (1990) questioned this

approach, pointing out that the primary controller on the altitude range of plants, in

particular, is temperature and not altitude directly. Molnar & England (1990) thus

pointed to the confounding effects of relatively recent climate cooling that has po-

tentially significantly reduced altitude ranges of modern NLRs. The effect of this

recent cooling is to imply significantly lower elevations based on this approach.

Perhaps the first stable isotope-based indication that the high Himalayas were

highly elevated was presented by France-Lanord et al. (1988). They found strongly

depleted δ2H of some micas, particularly unchloritized biotite in both the mas-

sive Manaslu leucogranite and Chhokang Arm to argue for moderate temperature
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infiltration of meteoric waters that altered biotites but not quartz, feldspar, or tour-

maline. If alteration occurred at T ≈ 300◦C these biotite compositions would cor-

respond with waters with δ2Hmw of approximately −180‰ to −215‰. Assuming

low altitude precipitation with a δ2Hp of approximately −40‰, then these depleted

waters correspond with a �(δ18Omw) of approximately −20.9 ±2.0‰ (Table 1). Ac-

cording to the model, these compositions correspond with precipitation falling at

between 5800 m to 6300 m elevation. Based on these micas, the paleoelevation in the

Manaslu region is retrodicted to have been approximately 6100 m (France-Lanord

et al. 1988) at about 20 Ma (Harrison et al. 1999) (Figure 10). This is comparable to

present elevations in this region.

More recently, Garzione et al. (2000a,b) and Rowley et al. (1999, 2001) presented

interpretations based on carbonates of various origins preserved within sedimentary

rocks of the Thakkhola and Gyirong basins. Both the Thakkhola and Gyirong basins

are associated with east-west extensional structures within the high peaks region of

the Himalayas. Basin strata range from late Miocene (∼10 Ma) to Pleistocene age

(Garzione et al. 2000a, Wang et al. 1996) and contain paleosol carbonates, carbonate

shells, and lacustrine limestones (Table 1). Normalizing oxygen isotopic composi-

tions from Gyirong and Thakkhola basins with Bakiya Khola and Surai Khola pale-

osol carbonates imply a median elevation for the water contributing to these basin of

5200 m (Table 1) plotted in Figure 11.

Existing isotope-based paleoaltimetry in the Himalayas implies that there has

been no recognizable change in the height of the high Himalaya since approximately

20 Ma. This is completely consistent with expectations based on evidence of timing

of deformation and existence of a significant influx of sediments into adjacent basins

throughout this interval. Unfortunately, it is not clear that it will be possible to

extend this record significantly deeper in time, as older potential repositories are not

obvious.

TIBETAN PLATEAU

Several data sets have recently been published that begin to hint at aspects of the

paleoelevation history of the Tibetan Plateau. Unfortunately, existing data remain

spatially sparse and as yet have limited temporal spans. Existing data are reviewed

below from south to north across the plateau.

The Oiyug Basin is situated approximately 60 km north of the Indus-Yarlung

Tsangpo suture in southern Tibet (Figure 10) within an extensional basin superim-

posed on arc-related Gandese plutonic and Linzizong volcanics. The basin includes

waterlain tuffs deposited within a lacustrine setting that entomb a diverse flora, which

has been investigated by Spicer et al. (2003), and pedogenic carbonates, described by

Currie et al. (2005). The flora is sufficiently diverse that Spicer et al. (2003) could

employ the Forest et al. (1999) paleoenthalpy approach to estimate the implied pa-

leoelevation. Their best estimate of the paleoelevation is 4650 ± 875 m. Spicer et al.

(2003) constrain the flora to be approximately 15.1 Ma old based on isotopically dated

volcanic ashes bracketing the flora above and below. Pedogenic calcium carbonate

nodules have average δ18Oc values of –19.6‰ (Table 1). Model results indicate that
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the southern Tibetan plateau achieved paleoelevations of ∼5200 +1330/–630 m by

at least 15 Ma (Figure 11). Our results are identical within uncertainty to those of

Spicer et al. (2003) based on Oiyug Basin fossil floral physiognomy.

The Lunpola Basin is primarily a Tertiary sedimentary basin situated in the central

part of the Tibetan plateau (Figure 10). The basin lies approximately halfway between

the Qaidam Basin on the north and the Himalayas on the south. The Cenozoic

strata of the Lunpola Basin are more than 4000 m thick and consist of two primary

stratigraphic units: the Paleocene-Oligocene Niubao Formation and the Miocene-

Pliocene Dingqing Formation. Rowley & Currie (2006) report results from lacustrine

and paleosol carbonates from the middle and upper Niubao Formation of Eocene

and Late Eocene-Early Oligocene age, respectively, as well as lacustrine marls and

micritic limestones from the Miocene age middle Dingqing Formation (Table 1).

The most depleted samples from the middle Dingqing Formation yield a �(δ18Ow)

of −10.0 ±2.0‰ implying a paleoelevation of 4260 m +460/−560 m (Figure 11).

Abundant micritic CaCO3 nodules from stacked argillic calcisols in the upper Ni-

ubao Formation yield δ18Oc that averages −17.2‰ ±1.2‰ (2σ). The mean �(δ18Ow)

for these samples is −12.6 ± 1.2‰ (2σ), corresponding with a predicted mean el-

evation of the basin at approximately 4850 m +370/−440 m. Middle Niubao For-

mation thin-bedded lacustrine limestones and marls, the most negative of which

yield �(δ18Ow) of approximately –9.2 ± 2.0‰, corresponding with a estimates pa-

leoelevation for this sequence of approximately 4050 m +500/−600 m (Table 1 and

Figure 11).

Oxygen isotope-based estimates of paleoaltitude from the late Eocene-Oligocene

Niubao Formation and Miocene middle Dingqing Formation of central Tibet indi-

cate that the central Tibetan plateau has been characterized by elevations in excess of

4 km since 35 ± 5 Ma. These data are currently the oldest quantitative estimates and

they imply a protracted history of a plateau at its current stature (Rowley & Currie

2006).

Oxygen and carbon isotopes together with Mg/Ca ratios of Eocene-Oligocene

lacustrine carbonates from the Fenghuoshan Group of Hoh Xil basin in north-central

Tibet (Cyr et al. 2005) have also been examined for their paleoelevation implications

(Figure 10). This combined approach implies that the lakes were not significantly

impacted by evaporitic re-enrichment of the oxygen isotopes. Applying the model

to the isotopic data from Fenghuoshan carbonates (Cyr et al. 2005) implies that the

hypsometric mean elevation of the drainage basins feeding Hoh Xil lakes ≤∼2 km.

In turn, this implies that the Hoh Xil basin, which is currently at an elevation of

approximately 4700 m, was probably lower than 2000 m in the Eocene, and hence

this region has undergone considerable (>2700 m) surface uplift in the past 39 Ma

(Figure 10). Together with estimates of the Eocene paleoaltimetry from the Lunpola

Basin to the south, these results provide the first suggestive evidence for differential

uplift of the northern margin and northward growth of the Tibetan plateau. It should

be pointed out that in the case of the Fenghuoshan carbonates, neither the trajectory of

moisture nor a reasonable low-altitude sequence to use to estimate �(δ18Ow) are clear.

The Fenghuoshan is far removed today from the monsoon source of the Himalayas,

and southern and Central Tibet and potentially from orographic precipitation in the

494 Rowley · Garzione



ANRV309-EA35-16 ARI 18 January 2007 20:40

late Eocene to Oligocene. It is therefore not clear how well the isotopic compositions

of this area will conform to the Rowley et al. (2001) model.

Paleoaltimetry data from southern and central Tibet, as well as from the Himalaya,

imply that the elevation history of each of these regions is remarkably simple. In each

of the basins, Thakkhola, Gyirong, Oiyug, and Lunpola, as well as from the Manaslu

pluton, the data are consistent with an interpretation that they have remained elevated

at about their current elevations for as long as the records extend. These data are con-

trary to models invoking significant (>1.5 km) contributions to the paleotopographic

evolution from mantle lithosphere thickening concomitant with crustal thickening,

followed by convective removal of the thickened mantle lithosphere (Molnar et al.

1993). Based on indirect interpretations, Molnar et al. (1993) inferred convective re-

moval at approximately 8 Ma (Figure 11), whereas the existing paleoaltimetry data

imply no discernible change in the past 20 Ma (Himalayas), 15 Ma (Oiyug Basin),

and 35 ± 5 Ma (Lunpola Basin). Although the uncertainties are sufficiently large as

to not preclude a kilometer or so of elevation change, the correspondence of each

of these estimates with their present elevations implies that the most reasonable in-

terpretation is that there has indeed been little variation, which is compatible with

Airy isostatic compensation of an effectively doubled crustal thickness that has not

changed much in the past 35 or so million years (Rowley & Currie 2006).

ANDEAN PLATEAU

The central Andean plateau is the second largest high plateau on Earth after the

Tibetan plateau. The plateau has an average elevation of ∼4 km and a width of up

to ∼400 km at the bend in the Andes near 18◦S. In the central Andes, the plateau

consists of ranges that flank the margins of the plateau, the Western and Eastern

Cordilleras, and a region of internal drainage, called the Altiplano Basin (Figure 12a).

Peak elevations exceed 6 km in the cordilleras, whereas the Altiplano has an average

elevation of ∼3800 m. The Western Cordillera consists of a string of stratovolcanoes

that represent the active magmatic arc, whereas the Eastern Cordillera is a fold-thrust

belt that deforms Paleozoic metasedimentary rock. Most contractional deformation

occurred in the Andean plateau between ∼40 and 7 Ma (e.g., Elger et al. 2005,

McQuarrie 2002).

Recent stable isotope data from the vicinity of Callapa on the Altiplano (Garzione

et al. 2006, Ghosh et al. 2006b) support the longstanding argument that the Andean

plateau has experienced significant post-10 Ma uplift, based on several lines of qual-

itative evidence (Isacks 1988, Gubbels 1993, Kay et al. 1994, Kennan et al. 1997,

Allmendinger, et al. 1997), and provide the first quantitative constraints on the tim-

ing and magnitude of late Miocene surface rise. Previous estimates of paleoeleva-

tion came from marine deposits in the Altiplano Basin and fossil leaf physiognomy

(Figure 12). Shallow marine deposits indicate that the Altiplano lay at sea level at

the end of the Cretaceous (Sempere et al. 1997). Estimates of mean annual temper-

ature derived from fossil leaf physiognomy in the northern Altiplano and Eastern

Cordillera suggest paleoelevations of no more than a third of the plateau’s modern

average height at ∼15 to 20 Ma (Gregory-Wodzicki 2000) and no more than half by
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∼10 Ma (Gregory-Wodzicki et al. 1998) (Figure 12). Stable isotope paleoelevation

estimates from O isotopes (Garzione et al. 2006) and �47 paleothermometry (Ghosh

et al. 2006b) suggest between 2.5 ± 0.5 km and 3.7 ± 0.4 km of surface uplift,

respectively, between ∼10 Ma and 6.8 Ma. In addition to quantitative proxies for sur-

face uplift (Figure 12b), geomorphic studies of the eastern and western flanks of the

Andes allow for quantitative reconstructions of the relief generated during rotation

and incision of low relief surfaces that developed prior to surface uplift (Figure 12a)

(Gubbels 1993, Kennan et al. 1997, Hoke 2006). These studies indicate that 1 to

2 km of relief was generated along the flanks of the Andes, with age constraints on

incision beginning between 9 and 5.5 Ma (Kennan et al. 1997, Farı́as et al. 2005,

Garcı́a & Hérail 2005, von Rotz et al. 2005, Kober et al. 2006, Schlunegger et al.

2006, Schildgen et al. 2006, Hoke et al. 2007). The correspondence in timing be-

tween incision along the flanks of the Andes and surface uplift of the Altiplano and

Eastern Cordillera suggests regional surface uplift in the late Miocene that spanned

the entire width of the Andean plateau over at least 5◦ latitude (Hoke & Garzione

2006).

Surface uplift of plateau regions requires both crustal thickening and removal

of dense lower lithosphere. Crustal thickening of the Andean plateau occurred by

faulting and folding observed in the upper crust (e.g., McQuarrie et al. 2002, Elger

et al. 2005) and possibly by lower crustal flow (Husson & Sempere 2003, Hindle

at al. 2005). Rapid surface uplift of several kilometers in ∼3 ± 1 Myr over a large

portion of the Andean plateau (Figure 12) cannot be generated by crustal shortening

alone as the required shortening rate would be more than a factor of 3 larger than

reconstructed shortening rates (Garzione et al. 2006). In addition, lower crustal flow

alone cannot account for the simultaneous surface uplift of the Altiplano and the

cordilleras because the relatively thick cordilleras would have been the source of

lower crustal material that thickened the Altiplano (e.g., Husson & Sempere 2003).

The magnitude, rapidity, and regional extent of late Miocene surface uplift requires

the removal of relatively dense eclogite and mantle lithosphere (Garzione et al. 2006).

The viscosity coefficient required for convective removal of the lower lithosphere to

generate surface uplift of this magnitude and rapidity is consistent with empirically

derived flow laws for olivine and eclogite and produces reasonable estimates for both

the required temperature of the Moho and mean stress within the mantle lithosphere

(Molnar & Garzione 2007). The rapid removal of eclogitic lower crust and mantle

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

Figure 12

(a) Elevations of the Central Andean plateau between 15◦S and 26◦S, constructed with
SRTM30 dataset. Regions outlined in red show the extent of middle-late Miocene low relief
paleosurfaces that underwent rotation and incision beginning in late Miocene time. Green
dots show locations of Miocene paleobotanical estimates of paleoelevation. Blue dot shows
locations of late Miocene paleoelevation estimates from δ18O and �47 of authigenic carbonates
shown in (b). (b) History of elevation change from multiple proxies in the northern Altiplano
and Eastern Cordillera. Black lines and arrows show trends in elevation over time. Paleobotany
estimates from Gregory-Wodzicki et al. (1998) and Gregory-Wodzicki (2000), oxygen isotope
estimates from Garzione et al. (2006), and �47 estimates from Ghosh et al. (2006).
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lithosphere in the Andean plateau is supported by numerous lines of indirect evidence,

including (a) geophysical constrains on the thermal and structural characteristic of the

crust and mantle that suggest a crustal column of predominantly felsic composition,

similar to upper crust (Beck & Zandt 2002), and the presence of hot asthenosphere

below the Altiplano–Eastern Cordillera transition (Dorbath & Granet 1996, Myers

et al. 1998); (b) the chemical characteristics of late Miocene to Pliocene mafic lavas in

the southern Altiplano and Puna suggesting derivation from the mantle asthenosphere

(Kay et al. 1994); and (c) high 3He/4He ratios across much of the Altiplano and Eastern

Cordillera, interpreted to result from degassing of mantle-derived magmas (Hoke

et al. 1994).

The similarities in paleoelevation estimates from standard stable isotope paleoal-

timetry (Figure 12b) and �47 paleothermometry are promising for efforts to mea-

sure paleoelevation with stable isotope applications, but the slight differences are

equally intriguing. Ghosh et al. (2006b) use the two-variable technique described in

New Directions in Carbonate Stable-Isotope Paleoaltimetry, above (Supplementary

Figure 4), whereas Garzione et al. (2006) used the standard approach by calculating

the isotopic composition of surface waters using the mean temperature estimates from

Ghosh et al. (2006) to calculate elevation. Both techniques estimate a late Miocene

elevation gain in the Altiplano in excess of ∼2500 m to as much as 3700 m, repre-

senting most or possibly all of the modern elevation of the Altiplano (modern base

level elevation = 3600 m to 3800 m). Comparison of the mean and range of estimates

for each technique reveals that the two-variable approach produces lower estimates

than the O isotope approach (Figure 12), and this difference becomes larger in older

samples. There are several possible explanations for this difference. First, comparing

the δ18O values of waters to paleotemperature estimates derived from �47, it is appar-

ent older samples plot closer to the summer maximum temperatures and δ18O values

(Supplementary Figure 4). The most obvious explanations for the systematically

lower elevation estimates from �47 are that the paleosols experienced minor burial

diagenesis, soil water experienced evaporative enrichment of 18O, or secular varia-

tions in temperature are larger than the secular variations in δ18O values of meteoric

waters associated with late Cenozoic global cooling. Ghosh et al. (2006b) suggest

that minor diagenetic recrystallization during burial could increase temperature es-

timates by ∼1 to 3◦C, producing lower elevation estimates. Despite burial to depths

of ∼2.5 to 3.5 km for the 10.3 to 11.4 Ma samples in this study, there is no systematic

increase in paleotemperature estimates with burial depth and age (Eiler et al. 2006),

which suggests that burial diagenesis could not have had a major influence on �47

composition. Evaporative enrichment that produces a 1‰ increase in the δ18O val-

ues of soil waters relative to a constant temperature of carbonate formation reduces

elevation estimates derived from isoelevation lines by ∼200 m at low elevations and

<100 m at high elevations (Supplementary Figure 4). Perhaps the simplest expla-

nation for lower elevation estimates based on �47 paleothermometry is that middle

to late Miocene terrestrial temperatures were several degrees warmer than expected

based on global climate change and changes in the latitude of South America (Ghosh

et al. 2006b). If terrestrial temperature were relatively higher than estimates while

the δ18O of meteoric water was similar to modern at low elevation, then calculations
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using both variables would underestimate the paleoelevation. This explanation can

account for both the lower elevation estimates and the deviation of the older paleosol

data to values closer to the summertime extreme emperatures. Despite differences in

surface uplift estimates derived from different techniques, the comparison of multiple

proxies indicates that most of the elevation gain (≥2.5 km) occurred in the Altiplano

between ∼10.3 and 6.8 Ma. A significant improvement in the accuracy and uncer-

tainty of these estimates could come from establishing a low altitude climate record

from the sub-Andean foreland that constrains the terrestrial temperature and isotopic

composition of source moisture.

CONCLUSIONS

Paleoaltimetry has made considerable progress since 1998 when Chase et al. (1998)

reviewed the field. We have primarily focused on stable isotope-based approaches

to paleoaltimetry. This is not to imply that developments in other areas are less

significant, but rather that it is now difficult to give sufficiently adequate coverage of all

methods. The simple one-dimensional thermodynamic model of Rowley et al. (2001)

provides a framework for understanding the relationship between stable isotopes and

elevation. Comparison of transects of precipitation with elevation demonstrate that

the model yields good fits to observations, particularly if local temperature and relative

humidity conditions are employed. Even using the global mean T and RH for low

latitudes, data misfits by less than 500 m, suggesting that for most paleoelevation

purposes using global mean curve is reasonable.

Surface water isotopic compositions reflect the combined influences of variations

in isotopic composition of precipitation as a function of elevation, amount of precip-

itation as a function of elevation, and drainage basin hypsometry above the sample

elevation. Surface waters thus integrate over the catchment and should be thought of

as recording the precipitation amount-weighted hypsometric mean elevation of the

catchment. Because the amount of precipitation, and typically area, decreases with

elevation, surface water isotopic compositions are strongly weighted toward record-

ing relatively low elevations. It is difficult to see how to robustly interpret these data

in terms of estimating the full hypsometry of such catchments, and thus deriving

estimates of paleoelevations of adjacent mountains from measurement of the isotopic

compositions derived from, for example, foreland basin fluvial or lacustrine sedi-

mentary sequences. Evaporation of surface water samples, particularly in lacustrine

settings can be significant with the consequent reenrichment of the waters, resulting

in an underestimate of paleoelevations.

The recent development and application of multiply substituted C and O iso-

topes in carbonate represents an exciting new addition to the stable isotope arsenal

for paleoaltimetry. �47 provides both a direct estimate of the temperature of equili-

bration between carbonate and water with a precision of <± 3◦C, significantly less

than the ±10◦C typically assumed in calculations of carbonate water fractionation.

This additional information thus can play a major role in reducing uncertainties

in paleoelevation estimates. In addition, �47-estimated paleotemperatures can be

used to independently estimate paleoelevation through some assumption regarding
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terrestrial lapse rates of temperature. Where agreement exists between estimates de-

rived from �(δ18Ow) and �47, confidence increases in these results. Finally, �47 tem-

peratures can assist in identifying potential diagenetic overprints by indicating tem-

peratures significantly higher than reasonable for surface temperatures (i.e., T > 35

to 40◦C).

Application of stable isotope-based paleoaltimetry to the Himalayas, Tibet, and

Andes, as reviewed above, are beginning to elucidate the evolution of paleotopography

in these important orographic systems. These and associated approaches have been

applied to other regions as well, including the Western Cordillera of North America,

the southern Alps of New Zealand, and Patagonia. These data are beginning to yield

significant insights into the process controlling orogenesis (sensu stricto). It is still

very early in the development and application of these new techniques, but given the

recent progress, we look forward to what we suspect will be an increasing number

of data sets that will provide insights into the paleoelevation histories of mountain

belts. These in turn should provide the basis to test existing ideas and hopefully spur

new thinking into the underlying dynamic coupling of tectonics, elevation, surface

processes, and climate.
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