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Abstract

The change in oxygen isotopic composition of precipitation is modeled using equilibrium fractionation during
Rayleigh distillation linked to the thermodynamics of atmospheric ascent and water vapor condensation. The primary
controllers of the vertical variation in isotopic composition with elevation are the low elevation temperature and relative
humidity as these control the vertical distribution of condensation. An empirical fit of precipitation versus model
condensation based on Alpine stations is derived. This fit is represented in the model as the weighted mean composition
of condensation within a 1000 m thick air parcel 1500 £ 500 m above the ground surface and is used for all other
regions. Comparison of model versus observed modern precipitation reveals a close fit, particularly of more highly
elevated sites. Comparison of modern waters in the Himalayas and southern Tibet with model predictions, particularly
as revealed by comparison of observed and predicted hypsometry provides additional support to the validity of the
model. Finally, application of this model to estimates of paleo-waters in the Himalayas and southern Tibet reveals that
this region had already achieved its present hypsometry by the Late Miocene, about 10 Ma ago. © 2001 Published by
Elsevier Science B.V.
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1. Introduction

The distribution of surface elevations provides
first-order information on crustal, lithospheric
and upper mantle dynamics [1,2]. The general,
but, by no means universal correlation of topog-
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raphy and crustal thickness has long been em-
ployed to discern regions effected by crustal thick-
ening and thinning. More recently mantle
contributions to surface topography have been
increasingly understood and promoted as explan-
ations of both anomalously high (e.g. Africa) [3]
and low continents (e.g. Australia), anomalous
depths of back arc basins [4,5], and offered as a
mechanism by which Tibet might have risen by
perhaps 2 km within the past 5-10 million years
[1]. In addition, topography significantly influen-
ces Earth’s climate, particularly the distribution of
precipitation as well as aspects of the large scale
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circulation [6-9], including the Asian monsoon
[8,10]. Earth scientists have a first-order under-
standing of why the modern distribution of to-
pography exists and through inferences based on
geologic history guesses have been made as to its
historical development. However, there are virtu-
ally no means of quantitatively determining how
high a given region has been at any time in the
past and thus of testing any of the models that
have been proposed to explain the distribution.
Chase et al. [11] and Forest et al. [12] review the
problem and highlight existing qualitative and
quantitative approaches.

In this paper we provide the theoretical basis
for a method that employs the stable isotopes of
oxygen and hydrogen for paleoaltimetry and pa-
leohypsometry and an assessment of the uncer-
tainties of the method. We then apply this new
method to some recently obtained data from the
Late Miocene to Plio—Pleistocene carbonate-bear-
ing sediments from the High Himalayas in order
to estimate the heights of this region since about 8§
million years [13].

2. Modeling oxygen and hydrogen isotopes in
precipitation

In order to provide independent estimates of
paleoaltitude, we make use of a simple model
that describes the systematic behavior of the iso-
topes of oxygen in precipitation as a function of
elevation. The model is equally well employed
with the stable isotopes of hydrogen, but for the
sake of brevity here we simply discuss oxygen.
The present discussion extends the model used
to interpret the isotopic composition of Last Gla-
cial Maximum age ice in the Andes [14]. We com-
pare predictions of model oxygen isotopic compo-
sitions with long-term precipitation records from
the Swiss Alps in order to establish viability of the
general model and to determine a reasonable
scheme for sampling condensation at altitude
and converting it into precipitation falling onto
a surface at a specific elevation. We then compare
modern &80 isotopic compositions of low lati-
tude (0° to *35°) International Atomic Energy
Agency—Global Network of Isotopes in Precipita-

tion (IAEA-GNIP) stations with predictions and
demonstrate the close correlation between obser-
vation and model results.

This work is significantly different from the re-
cent applications of isotopes to paleoaltimetry by
Drummond et al. [15], Chamberlain and Poage
[16] and Garzione et al. [17] that employ either
‘global’ or local empirical linear calibrations of
the isotopic lapse rates of precipitation and or
surface waters. In this study the underlying ther-
modynamics of both isotopes and atmospheric
condensation are used to understand why and
what the important controls are on the isotopic
lapse rate. This then allows direct assessment of
how changes in climate parameters might affect
the result and what limitations might exist for
application in different climatic situations.

The oxygen and hydrogen isotopic composition
of precipitation has long been a research focus of
meteorologists and geochemists. Analyses of the
IAEA-GNIP data sets have revealed that a num-
ber of factors, including temperature, monthly
precipitation, latitude, continentality, and altitude
contribute to the isotopic composition of precip-
itation [18-21]. For our purposes, the important
conclusion derived from these analyses is that
Rayleigh-type fractionation models adequately ac-
count for the isotopic composition of precipita-
tion, and underlie physical explanations of the
various effects identified in past studies (e.g.
[18,20]).

Various models have been discussed in the lit-
erature that describe the spatial distribution of
isotopes in precipitation, ranging from one-di-
mensional to atmospheric general circulation
models (e.g. [18,22-27]). Below we outline a sim-
ple parcel-based model that tracks the moist static
energy, water vapor content and water vapor iso-
topic composition along ascending, precipitating
trajectories.

3. The model

At equilibrium, the fractionation of 'O relative
to '°0 and D relative to H, between precipitation
and water vapor is determined by the fractiona-
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tion factor o, which for oxygen is defined as:
oo = Ry/R, = (680, + 1000)/(5"* 0, + 1000)

where R, and R, are the ratio of *O/!®O in pre-
cipitation and water vapor, respectively. The
quantities 80, 80, are the ratios in precipita-
tion and vapor, respectively, relative to a stan-
dard, (SMOW) expressed as per mil, such that,
for oxygen:

580, = (R,/Rsmow—1) 1000

Identical relations exist for D/H fractionation.
The fractionation factor, ¢, is a function of the
temperature at which fractionation takes place
and the phases involved. In the atmosphere, frac-
tionation occurs between water vapor and liquid
water or between water vapor and water ice. The
temperature dependence of o(7) has been deter-
mined experimentally for liquid—vapor equilibri-
um [28,29], and for ice—vapor equilibrium [30].
Existing experimental results are in very close
agreement and we use the relations, for oxygen:

1000 Incto(T)1y = —7.685 + 6.7123 (10°T~)—
1.6664(10°7%) 4 0.35041(10°7 )

1000 Incro(T )iy = 11839/T—28.224

where T is the temperature in Kelvin and oo with
subscripts 1, v, and 1 are liquid, vapor, and ice,
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 oo at
273.15 K. Thus for temperatures between 273.15
K and 253.15 K we blend between ice and liquid
water fractionation. At any given 7 the equilibri-
um isotopic compositions of oxygen, for example,
in precipitate (8'%0,) and vapor (8'%0,) are de-
scribed by the relation:

580, = ao(T) (8" 0, + 1000)—1000.

Rayleigh condensation treats the isotopic com-
position as an open system distillation in which
precipitation is successively removed as it con-

denses from the vapor leaving the residual vapor
progressively depleted in '30. We use {=—In(p/
ps) as our vertical coordinate, where p is ambient
pressure and ps is the surface pressure. The distil-
lation process can then be expressed by the differ-
ential equation:

dR, _dRy
¢ d¢

R (@(1)-1); (1)

where R, and R, are the ratios in the incremental
precipitation and vapor, respectively, ¢ is the mass
mixing ratio of water, and dg/d{ is the amount of
water condensed from the air parcel in order to
maintain saturation associated with adiabatic as-
cent. From atmospheric thermodynamics it is pos-
sible to determine dg/d{ with three basic equa-
tions. These are:

dz RT
Tar .

where z is altitude in m, and R (without any sub-
scripts) is the gas constant for air. The change in
temperature with height depends on whether or
not condensation is occurring, and for rapidly as-
cending, thermally isolated parcels is described by
the relations:

dT  RT +Lg
df Cp+Lgs(In(es))

if moisture is condensing
(3a)

j—g = —(R/Cp) T if non — condensing (¢<<¢s)

(3b)

where C, is the heat capacity of air, ¢, is the
saturation mass mixing ratio of water (=0.622
eslp), es is es(T), which is the saturation vapor
pressure of water as a function of 7, and L is
the latent heat contribution due to condensation,
which also varies as a function of 7. Eq. 3b is the
formula for the dry adiabat. Eq. 3a incorporates
the change in saturation vapor pressure with tem-
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Fig. 1. Trajectories of the isotopic composition of vapor-derived condensate (black) and weighted mean 880, derived from 1000
m (light gray), 1500 m (dark gray), and 2000 m (medium gray) above the ground surface sampled within a layer 1000 m thick.
The vapor-derived condensate trajectory is based on a RH of 80% at low elevations and starting 7" of 287 K. This RH is based
on long-term means from the NCEP reanalysis project [31]. The starting value of §'%0, was chosen to yield precipitation compat-
ible with the low elevation stations. Box with dashes represents the sampling interval with the stars gray-scale coordinated with
the curves to represent the mean heights from which precipitation would be derived for each of the three curves for the station
corresponding to Grimsel. Weighted mean annual isotopic compositions and reported 1o standard deviations of IAEA stations
(dots with error bars) [33] plotted at each station’s elevation compared with model-derived weighted mean precipitation for the
Alps. Inset map: Locations of IAEA stations and their heights and weighted mean &80, as reported by [33]. Abbreviations:
Ko, Konstanz; Be, Bern; Me, Meiringen; Ga, Garmisch-Pertenkirch; Gu, Guttannen; Gr, Garmisch. Note that Meiringen and
Guttannen are located deep within the Alps in the Aare valley and hence precipitation falling there is likely more fractionated
than typical of their station elevations.

perature through the expression:

1 dg dTr . .
1 deg —— =1+ (In(e;))) - if condensing (g=g;
e, dT
(4a)
Finally, the amount of water condensed from 1dg . .
the air parcel as ice or liquid in order to maintain 5@ =0 if non — condensing (¢<¢s) (4b)

saturation is determined through the relation:
If there is no condensation, ¢ is conserved fol-
lowing the air parcel.
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In order to compute the vertical variation of
the absolute value of §'%0,, the boundary condi-
tions that need to be specified are T, relative hu-
midity (RH), and &80, at low elevation before
orographic ascent. With these parameters speci-
fied the model then computes the thermodynamic
equilibrium relationship for the parcel of air as it
ascends. Air starting at the ground is lifted using
(Eq. 3b) and (Eq. 4b) until ¢ = ¢5, whereafter con-
densation starts and Eq. 3a and Eq. 4a are used.
Fig. 1 shows the trajectory of predicted composi-
tion of precipitation with altitude for a particular
combination of 7, RH, and 8%0,.

In order to portray the composition of model
precipitation at the ground surface rather than at
the site of condensation we show three curves that
sample the condensate from within a parcel of
1000 m thickness centered at elevations of 1000,
1500 and 2000 m above the surface. These three
curves reflect the weighted mean of the isotopic
composition of the precipitate, where the weights
are based on 1/g dg/dz. The best fit to the com-
positions observed at Alpine stations (Fig. 1) is
provided by the model in which the precipitation
reaching the ground is derived from a mean alti-
tude of 1500 m above the surface. A comparison
(not shown) between the slopes of observation
and model compositions versus elevation over ap-
propriate elevation ranges are indistinguishable.
We employ this scheme for modeling the isotopic
composition of precipitation in all other regions.

The model is mathematically one-dimensional,
in that the equations need only be integrated with
respect to {. However, the trajectories themselves
can wander horizontally in an arbitrarily complex
way as the parcel ascends. The chief physical as-
sumption is that the air parcel remains relatively
isolated from the surrounding air. Note that in
our case, the model only needs to be valid for
trajectories that produce precipitation. It need
not reproduce the observed temperature and
moisture profiles everywhere.

The isotopic composition of the vapor before
orographic ascent is one of the boundary condi-
tions needed as input to the model. We do not in
general know this value and thus this introduces
potential uncertainty. However, we are really in-
terested in the difference in isotopic composition
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Fig. 2. Probability distribution function of 7' and RH ex-
tracted over entirely oceanic areas of the low latitude
(<35°) part of the Earth from the 40 year NCEP-CDAS re-
analysis output [31]. Mean 7'=295.5 Kzt4.1 and mean
RH=80.2% *3.9 of the model and of the modern low lati-
tude sea level ocean distribution. Sampling of 77 and RH
from within this distribution provides an estimate of the var-
iance of resulting isotopic compositions as a function of ele-
vation as modeled in Fig. 3.

of precipitation falling at low elevation (essen-
tially sea level) and higher elevation, as it is this
difference, rather than the actual isotopic compo-
sition that correlates with altitude. Thus if we
have two coeval sites, one at low elevation and
a nearby potentially elevated site, it is the differ-
ence in their isotopic compositions that is referred
to as A(8'*0,) following [19] that correlates with
the (paleo)altitude of the second site.
Uncertainties derive from (1) the variability of
input parameters, specifically 7 and RH to which
the model is quite sensitive, (2) evaporation and
exchange [18] as the precipitation falls, and (3)
turbulent mixing within the clouds during ascent.
Temperature and RH are not arbitrarily variable
on Earth. Thus uncertainty resulting from 7" and
RH are limited by the variability of these param-
eters. As a starting point we focus on low latitude
(<35°N/S) (paleo)altimetry where 7 and RH
over the oceans vary over quite limited ranges.
Monthly mean 7 and RH data were extracted
over entirely oceanic areas of the low latitude
(<35° part of the Earth from the 40 year
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NCEP-CDAS reanalysis output [31]. Frequencies
of corresponding 7" and RH values on a monthly
basis were computed and used to determine the
probability distribution functions from this data.
We then employ simulation techniques to estimate
the uncertainty of model-derived paleoaltitudes
resulting from uncertainties in 7 and RH. Fig. 2
plots these results. Note that in this treatment we
make predictions only about relatively low lati-
tudes (=35°) and on long-term means. At higher
latitudes the range of variability of 7" and RH is
much larger, and storm trajectories and fronts are
more complex. This is reflected, for example, in
limited data from the Saint Elias Mountains [32]
for a single storm event. We do not make predic-
tions about individual precipitation events where
variability can be much greater [20]. The model,
as presented, does not explicitly take into account
the role of isotopic readjustment associated with
evaporation and exchange as the precipitation
falls or effects of turbulent mixing. The largest
effects are expected in areas where precipitation

at high altitudes falls into significantly undersatu-
rated air and evaporative re-enrichment of the
precipitation occurs. The model takes some ac-
count of this in that the empirical fit derived
from the Alps may incorporate some effects asso-
ciated with exchange and evaporation and turbu-
lent mixing.

4. Data-—model comparison

The TAEA-GNIP data, as summarized by
[20,33], reports isotopic compositions of precipi-
tation for a number of high and low altitude, low
latitude (<<35°) stations that can be reasonably
paired in order to estimate A(5'*0,) (Fig. 3).
Fig. 4 plots the results of a comparison of model
A(5180p) versus station elevations together with
estimates of elevation uncertainty resulting from
variance in 7 and RH. Fig. 4 shows station ele-
vation versus predicted elevations derived from
our model. The points that fall farthest from the
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precipitation.
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Fig. 4. A(8'%0,) versus elevation of IAEA-GNIP stations versus trajectories of the predicted isotopic composition of precipita-

tion.

curves in Figs. 4 and 5, including Brasilia, Ndola,
and Harare, reflect contributions from several
sources, including: (1) the sparseness of appropri-
ate coastal stations upwind along the vapor tra-
jectories resulting in an overestimate of A(5'%0,),

Table 1
Estimates of the uncertainty in elevation based on A(8'%0,)

(2) all three stations are separated from low ele-
vation stations by 1000 to 1500 km and hence
subject to effects of continentality [20] that also
results in an overestimate of A(S8'80,), and (3)
evidence that either the low altitude reference sites

A(8%0,) Elevation  Elevation uncertainty  Elevation uncertainty  Elevation uncertainty Elevation uncertainty
(m) (+20) (tlo) (=10 (=2 0)
-1.6 1000 463 201 249 417
—3.6 2000 716 381 313 657
-59 3000 1064 724 366 925
-9.0 4000 1405 1102 440 1209
—13.2 5000 1685 1381 555 1486
—19.5 6000 1833 1452 771 1749
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Fig. 5. IAEA-GNIP stations elevation versus predicted elevations for station pairs shown in Fig. 3.

and/or high altitude sites show significant scatter
relative to the meteoric water line [33] reflecting
rather well the effect of evaporative re-enrichment
during fall into undersaturated air. Two sets of
uncertainties are shown in Fig. 5. The smaller
uncertainties reflect the combined standard errors
of the means of the isotopic compositions of the
low and high altitude stations as in Fig. 5, where-
as the larger reflect the 1o uncertainties in eleva-
tion as function of A(8'30,).

We derive estimates of the uncertainty of our
results using simulations. The uncertainty reflects
the range of starting 7 and RH of the air parcels.
The distribution of elevations as a function of
A(8'*0,) are non-normal and asymmetric, and
the results portrayed in Fig. 4 and tabulated in
Table 1 are deviations calculated from frequency
distributions of elevations versus A(8'%0,) of the

simulations expressed relative to the mean eleva-
tion. These estimates do not vary among simula-
tions of 1000 to 5000 iterations.

This comparison suggests that the model cap-
tures the major features of the relationship of al-
titude and isotopic composition, and that the es-
timate of uncertainty is conservative.

5. Application to the Himalayas

The Tibetan Plateau is the largest region of
high topography on Earth. The geodynamic evo-
lution of Tibet is of considerable interest due to
its enormous size (> 5000000 km?), high average
elevation (5023 m) [34,35], association with the
Himalayan collisional orogen [36,37], and inferred
influence on both regional and global climates [6—
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Fig. 6. Localities of modern and pre-Quaternary samples for oxygen isotope analysis superimposed on the topography of south-
ern Tibet and Himalayas based on Globe (v.1) data. Sources listed in text. Abbreviations: DL, Dogen lake; NL, Namring Lake;

NQTL, Niangentangula Range; YZC, Yamzho Co.

10], ocean chemistry [38—42] and potentially CO,
content of the atmosphere [43]. This high topog-
raphy is isostatically supported by continental
crust that is approximately 70 km thick, double
the normal thickness [36]. A diverse array of geo-
dynamic models invoking various mechanisms has
been proposed to account for uplift and concom-
itant crustal thickening of Tibet and Himalayas.
In virtually all models predictions are made re-
garding the initial timing, rate, duration, and spa-
tial distribution of crustal thickening [44].
Although numerous geological and geophysical
arguments have been made regarding the validity
of the various models [37,44-46], the available
data fail to provide unequivocal evidence for the
surface uplift history of the region. Various qual-
itative estimates of the paleoaltitude of parts of
the Himalayas and Tibet have made (e.g. [47]).
There are serious questions regarding these esti-
mates related to potential confounding of climate
change and elevation change signals [48]. Thus
current data are inadequate to estimate quantita-
tively paleoaltitudes useable in the assessment of

the history of crustal and lithospheric thickening
and mantle dynamics through time [44].

6. Present day Himalayan isotopic data—model
comparison

Above we compared station elevation versus
predicted elevations for a number of low latitude
stations including Lhasa—New Delhi using the
long-term TAEA-GNIP data [33]. Modern annual
means were derived from weighted monthly
means for New Delhi (elevation 212 m;
5%0,=—5.841.8%0) [33] and Lhasa (3649 m;
5%0,=—154%1.5% from data reported by
IAEA through 1995 as released in 1997). New
Delhi’s isotopic composition is not different
from the isotopic compositions of groundwater
reported from the region extending as much as
1100 km eastward from New Delhi across India
toward the Bay of Bengal [49]. We use the iso-
topic composition of New Delhi as our low alti-
tude reference site and hence plot A(8'%0,) rela-
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water samples. Abbreviations: L, Lhasa; ND, New Delhi.

tive to this composition. Unfortunately additional
long-term data are not available from the Hima-
laya—southern Tibet region. As a result we com-
pare model results with published compositions of
a variety of different hydrologic samples mostly
collected as grab samples at discrete times (Figs.
6 and 7). In addition to the IJAEA-GNIP data
and those reported by Yu et al. [50] we also in-
clude data from modern snow from the Xixibang-
ma and Changme Khangpu glaciers in the eastern
Himalayas collected at elevations ranging from
4900 to 6100 m [51,52]. These data have a mini-

mum value of about —21 %o . The isotopic com-
position of the Kali Gandaki River is reported by
Garzione et al. [53] to be —19.5 and —18.2%0 at
elevations from 3300 to 3000 m. Finally we in-
clude the isotopic compositions of recent land
snail shells collected from a terrace about 50 m
above the Kali Gandaki River at about 3000 m
and analyzed at the University of Chicago. The
most depleted carbonate in these shells has a
880 ppp) Of —10.4%o0. This composition corre-
sponds with 'O, smow) of —11.3%0 at about
285 K appropriate for 3000 m elevation. Super-
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imposed above these data in Fig. 7 are model
estimates of the isotopic compositions of precip-
itation and estimates of *1c and *2c uncer-
tainty in elevation corresponding to A(8'80,).

Comparison of existing measured compositions
and model predictions are remarkably congruent.
As expected, the observed compositions mostly
fall along or below model compositions reflecting
the fact that streams, tap water, wells, lakes, and
geothermal waters all derive their precipitation
from higher elevations than where they are
sampled. The relative distribution of area within
the eastern Himalayas and southernmost Tibet
above 150 m (Fig. 7) demonstrates that a signifi-
cant fraction lies above 5000 m and represents the
source of the more depleted waters reflected in the
Kali Gandaki and other sites shown on Fig. 6.

Three samples from lakes in the Himalayas,
specifically from Yamzho Co, Dogen Lake, and
Namgring Lake (Fig. 6) that range from —6.4 to
—5.1%0 based on the limited sampling of Yu et
al. [50], corresponding to A(8'80,)=—0.6 to
0.7%0 are clearly not accounted for within the
context of the above model (Fig. 6). Two other
lakes, Rawu and a lake in the Yangbaijain graben
have compositions of —16.6%0 and —17.5 %0
[50], respectively, are comparable with other hy-
drologic sources. Yamzho Co, Dogen Lake, and
Namgring Lake are so-called terminal lakes in
which evaporation is a significant contributor to
the hydrologic balance. It is well understood that
such lakes are characterized by potentially signifi-
cant evaporative enrichment (arrow in Fig. 7) rel-
ative to input [54,55]. The compositions of these
terminal lakes caution against over interpretation
of less depleted isotopic compositions. We know
of no process that results in enhanced isotopic
depletion during orographic ascent after conden-
sation of the precipitation and hence no process
that would yield anomalously depleted composi-
tions and falsely imply high elevation precipita-
tion.

One approach to the interpretation of the mod-
ern A(8'%0,) data is to simply focus on the most
depleted values as these are likely the least af-
fected by evaporation. However, if we assume
that the variability of the existing modern data
represents a random sample of elevations upon

which the precipitation fell then this variability
(excluding samples obviously impacted by evapo-
rative enrichment) can be used to compute a pre-
dicted hypsometric distribution of elevations. Fig.
7 shows the comparison of the predicted hypsom-
etry with the observed hypsometry showing
clearly that the model yields a fairly accurate pic-
ture of the range of elevations within the sampled
region (Fig. 7 — black curve at left) and thus
serves as an additional independent test of our
ability to use isotopes to predict elevations.

7. Paleoaltimetry of the High Himalayas

The primary purpose in developing this model
is to provide a quantitative assessment of paleo-
elevations. The history of orogenesis (sensu stric-
to) in most mountain ranges is a matter of debate
because virtually no direct quantitative data exist.
One region, Himalayas-Tibet, has become the fo-
cus of particular attention due to its potential role
in a wide range of long-term global change pro-
cesses and the direct relevance of timing of uplift
to tectonic models of continent—continent colli-
sions. Existing indirect proxies for surface uplift
[48] have been diversely interpreted as indicating
significant topography predating collision [56,57]
to surface uplift from about 1 km mean elevation
to 5 km in the past 2-3 million years [58]. Can
stable isotopic data from the High Himalayas
help assess these various interpretations?

At present we have estimates of A(8'30,) from
two Late Miocene and younger sequences within
the High Himalayas. One sequence includes data
from Late Miocene to late Pliocene lacustrine car-
bonates and calcareous fossils in the Gyirong Ba-
sin [59] (Fig. 5). This sequence has been dated
magnetostratigraphically by Wang et al. [59] and
includes reversals correlated with lower Matuya-
ma (~ 1.7 Ma) to epoch 7 (~Chron 4, ~7.4 to
8.1 Ma [60]). The isotopic composition of the car-
bonates from the Gyirong Basin range from
8"80cppp) of —21.5%0 to —10.9 %o . The isotopic
composition of water in equilibrium with these
carbonates range from &80, of —24.9%0 to
—14.4%0 at 275 K with a temperature related
uncertainty of about 2%o. Fig. 8 emphasizes a



12 D.B. Rowley et al. | Earth and Planetary Science Letters 5836 (2001) 1-17

Relative Frequency

0.01 003 005
9 [ - —
e T20. _
i S g
8 lo .~ ~-.
- -~
-"'-..'- RIEN
" S~ =
7 Median R
\ Mean F

' Late Miocene (Gyirong, '--:’h—* =,
! Tetang and Thakkhola)

Elevation (km)
n

~Model
® Thakkhola Formation
M Tetang Formation
€ Gyirong Formation
A Siwaliks

Predicted Hypsometry . @ one enese 006 - -
3 o m . . EE
Distribution of = . =769
2 Known Elevations |Mean (T 291K’ RH =76 A)) |
1
[).‘1() | 0.;50 I 0.§U
0
-30 -25 -20 -15 -10 -5 0
A(S180w)(%o)

Fig. 8. Present elevations versus A(6'%0,) of pre-Quaternary data from High Himalayan intermontaine basins. Data from Gyir-
ong and Thakkhola and relatively more enriched values of the Tetang are from published sources [17,59], and for the Tetang
from our data. The gray symbols plotted with the Gyirong data show the full range of data reported [59]. We use the average
E'SOI,(SM()W) derived from soil carbonates in the Siwaliks of Bakia Khola from [61] as our low altitude reference estimate. Open
symbols represent the paleoaltitudes corresponding to the most negative values for each unit. Conversion of 5180CC(pDB) to
SISOP(SMOW) is based on equilibrium, temperature-dependent fractionation between carbonate and water [72] where temperatures
and lo deviations of T derived from the model at the current elevation of each sample is used. Curves of mean 7 and RH at
300 K and 84%, and 291 K and 76% indicate corresponding changes in predicted elevation versus A(é‘lgop) if low latitude climate

changes from present values by * 1o deviations of 7" and RH.

representative example of the data with corre-
sponding uncertainties. The full range of the
data are included without uncertainties. The sec-
ond sequence is from the Thakkhola graben in
Nepal [13,17]. These include data from soil carbo-
nates, shells, and lacustrine micrites of the Thak-
khola Formation [17], and lacustrine micrites re-
ported by Garzione et al. [17] for the
unconformably underlying Tetang Formation. In
addition, we include our own measurements of
ostracode-bearing carbonates from the basal

part of the Late Miocene Tetang Formation
(Fig. 6). The dating of the Tetang and Thakkhola
Formations remains uncertain, but the current
best estimate is that the base is of Late Miocene
(~10 Ma) age [17]. The 8'*Ocppp) isotopic com-
position of carbonates from the Thakkhola range
from —12.5%0 to —22.4%0 and Tetang range
from —17.2%0 to about —23.4%o according to
Garzione et al. [17]. The §%0,, in equilibrium
with these carbonates would range from about
—13.7%0 to —24.6%0 at 284 K. Replicate mea-
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surements of ostacode-bearing lacustrine carbo-
nates of the lower Tetang Formation measured
at the University of Chicago yield an isotopic
composition of —26 %o +0.2 %o . These lower Tet-
ang data are compatible with an isotopic compo-
sition of water in equilibrium with carbonates of
518O(SMOW) =—272%0 at 284 K to —28.6%o0 at
278 K. In order to obtain A(6'*0O,), for the Tet-
ang, Thakkhola, and Gyirong sequences, we use
data from the Siwaliks of Bakiya Khola and Surai
Khola, Nepal reported by Harrison et al. [61] and
Quade et al. [62] (Fig. 5). The mean composition
of these Late Miocene to Pliocene soil carbonates
is 8'"Oc(ppp) = —8.6 £ 2.6 %o . The precipitation at
low elevations producing the soil water from
which these carbonate nodules precipitated would
be in equilibrium with a composition
5180(SMOW> =—6.1£2.6%0, essentially identical
to modern low elevation precipitation at New
Delhi. A(8'%0,), as plotted in Fig. 8, is thus com-
puted as the difference between Bakiya Khola and
the various samples for Gyirong and Thakkhola
basins.

One estimate of the paleoaltimetry of the re-
gions from which Gyirong and Thakkhola basins
derived their precipitation is provided by the most
negative values of A(6'®0,). These range from
A(8'%0,)=—22%0 for the Tetang, —18%o for
the Thakkhola, and —19 %o from the Gyirong se-
quence. The corresponding estimates of the pale-
oaltitudes and 1o uncertainties are 6240 m (+1410
m/—870 m) for the Tetang, 5700 m (+1410 m/
—730 m) for the Thakkhola, and 5850 m (+1410
m/—730 m) Gyirong. These are shown on Fig. 8
by the open symbols plotted along the mean
curve. Also plotted are the curves that reflect a
change in the low latitude mean 7 and RH by
* 1o in each of these parameters relative to the
present. By most estimates global temperatures
have decreased since the Late Miocene and hence
the above represent perhaps underestimates of
their corresponding paleoaltitudes.

In order to reasonably interpret the variability
reflected in the data it is important to note three
alternative interpretations. Wang et al. [59] inter-
preted the spread in the Gyirong sequence as re-
flecting climatic fluctuations in temperature; how-
ever, this is not viable as temperatures would have

to vary by more than 45°C in order to yield this
degree of variability from a constant composition
source. Another interpretation is that since all of
the samples are from lacustrine and or soil carbo-
nate sequences, they probably record varying de-
grees of enrichment due to evaporation (Fig. 8 —
arrow). The magnitude of the effect is dependent
upon the degree of evaporation, and it could be
argued that the more enriched values reported by
both Garzione et al. [17] and Wang et al. [59]
reflect evaporation. Alternatively, the spread in
data may reflect a mixing relation between precip-
itation at and above the sampled locations. Such
mixing might, for example, reflect seasonal differ-
ences in the mean elevation at which precipitation
falls, or, in the case of snow, a seasonal change
from accumulation versus melting. The fact that
most of the points lie to the left and below the
mean curve of expected compositions is certainly
compatible with this last alternative. Theoretically
various measures of evaporation, such as corre-
sponding D/H ratios and deviations from the Me-
teoric Water Line, or through the correlation of
A(5180p) and Mg/Ca or Sr/Ca ratios of the car-
bonates could be used to determine the role of
evaporation in controlling the isotopic variability
of such samples. At present, data are not avail-
able from these sequences and hence we can not
independently assess the degree to which evapo-
ration may control isotopic compositions. If it is
assumed that the third alternative is correct, and
hence that this variability reflects a random sam-
pling of the elevations upon which precipitation
fell, then it is possible to estimate the paleohyps-
ometry of the Himalayas in the vicinity of Gyir-
ong and Thakkhola basins. The black curve to the
left on Fig. 8 shows that the paleohypsometry is
not significantly different from the present. Irre-
spective of the source of variability in these data,
the isotopic compositions of Late Miocene to
Plio—Pleistocene lacustrine carbonates preserved
within the present High Himalayas imply that
this region had already achieved elevations com-
parable to the present by about 10 Ma ago
[13,53].
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8. Summary

The quantitative estimate of paleoaltitude has
become an increasing focus of Earth scientists as
the importance of discerning paleoelevations has
sharpened. The recent books [63] and [64] empha-
size the importance of reconstructing paleoaltim-
etry. Chase et al. [11] in their review of existing
paleoaltimeters note the potential of stable iso-
topes but comment that a coherent theory behind
these estimates does not exist. Drummond et al.
[15] have, in fact, inferred high paleotopography
based on unusual oxygen isotopic compositions of
Miocene Camp Davis lacustrine limestones, but
assume a simple linear relationship between alti-
tude and isotopic composition as have others
[16,53].

Two other quantitative approaches to paleo-
altimetry have been recently outlined and re-
viewed by Chase et al. [11] and Forest et al
[12]. These include use of foliar physiognomic ap-
proaches: (1) to use the difference in mean annual
temperature estimates of a coastal and potential
elevated inland site and an assumed lapse rate, or,
(2) to use the difference in enthalpy between a
coastal and potential elevated inland site at the
same (paleo)latitude to estimate altitude. Both of
these approaches derive from the correlation of
various physiognomic characteristics of modern
floras to modern climate parameters [12,65,66].
To apply these models to the past it is necessary
to assume that precisely the same correlation ex-
ists for the paleo-floras, which is hard to assess
quantitatively. Estimates of * 1o errors based on
the differences in mean annual temperature are
660 m and 920 m at 2000 m and 4,00 m, respec-
tively [12]. Estimates of * 1o errors based on the
differences in enthalpy are between 620 and 910 m
[12]. Finally, Sahagian and Maus [67] have sug-
gested that the vesicularity of basalts correlates
with atmospheric pressure. Their analysis suggests
an altitude * 1o error of 0.1 bar or about 1-1.4
km. 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 presume that the
correlation of physiognomic characteristics to cli-

mate parameters will be increasingly influenced by
evolutionary factors and hence that such esti-
mates 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 volcanoes
above the mean surface have fairly limited pres-
ervation potential and hence limited applicability
to the geologic past. By contrast, intermontaine
basins are widely preserved in the geologic past
and various sediments, including lacustrine carbo-
nates, soil carbonates, fossil cellulose, fish teeth
and otoliths and perhaps even select clays may
retain records of fossil §'%0, or 6D, and hence
provide the materials necessary for application of
this model to virtually all times in the past.

Recent reviews of the evolution of Tibet and
the Himalayas [10,35,37,44,45,68] emphasize the
importance of topography as: (1) a monitor for
collision dynamics [10]; (2) a measure of crustal
mass balance [38,46,69,70]; (3) a significant influ-
ence on both the local and global climate
[8,43,71]; and (4) a potential influence on both
ocean [38,40] and atmospheric chemistry [39]. Ex-
isting interpretations of the evolution of the to-
pography of Himalayas-Tibet range from sugges-
tions of very large-scale uplift of much of Tibet in
the last few million years [47,58] to recent sugges-
tions that significant topography predated the ini-
tiation of the collision of India with Asia [56,57].
Stable isotope data from the High Himalayan in-
termontaine basins are not yet sufficient, either
temporally or spatially, to provide a comprehen-
sive assessment of the various models that have
thus far been proposed. However, the data do
imply that at least the High Himalayas had
achieved their current hypsometry by the Late
Miocene. Thus those models invoking significant
increases in elevation in the last few million years
[58,59] are clearly incompatible with these data.
Better age control on the basal sequences of
both the Gyirong basin and Tetang Formation
is critical if we are to determine whether signifi-
cant uplift of the Himalayas and Tibet occurred
at about 8§ Ma that might have been responsible
for initiation or at least significant enhancement
of the Asian monsoon [10,44].
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