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Abstract

Reconstructing the timing of mountain range uplift and the evolution of high-altitude plateaus is important when attempt-
ing to understand potential feedbacks between tectonics and climate at geological timescales. This requires proxies that are
able to accurately reconstruct elevation during different time periods in the past. Often, the sensitivity of climatic parameters
to elevation gradients, recorded in geological archives such as soils, is used to estimate paleoelevations. However, most proxies
reflect an indirect response to elevation change, adding uncertainties to reconstructions. In this study, we aim to identify those
sources of uncertainty with respect to elevation reconstructions and test if the combined application of two such proxies, i.e.,
stable isotopes (d2H) of plant waxes in modern soils and surface waters and bacterial membrane lipids (brGDGTs) in soils,
which can potentially reduce uncertainties in the estimation of (paleo-) elevation. We performed this study in four Himalayan
catchments (from west to east: Sutlej, Alaknanda, Khudi, and Arun), of which each individual catchment is subject to a
unique precipitation regime, relative influences of moisture sources, and vegetation cover. In total, we analyzed 275 surface
water samples, 9 precipitation samples, 131 xylem water samples, and 60 soil samples, which were collected between 2009 and
2014.

The following key observations were made: Soil nC31-alkane d2H values (d2Hwax) in the Sutlej, Alaknanda, Khudi, and
Arun generally record surface water d2H values, confirming that the first-order control on the plant wax isotopic signature
is precipitation d2H and, therefore, the elevation in orogenic settings. We identified aridity as the factor that introduces scatter
to this relationship. BrGDGT-derived Mean Annual Temperature (MAT) correlates in a statistically significant manner with
sample site elevation and a 14-year annual average of remotely sensed land-surface temperature, showing that the main pro-
cess influencing the brGDGT distribution is the adiabatic cooling of air.

In an effort to combine these proxies to improve uncertainties in elevation reconstruction, elevations were inferred from
both the d2Hwax and brGDGT distributions. Arid, high elevation sites appear to underestimate actual sample site elevations
using d2H values while sites subject to high (>23–25 �C) annual temperatures overestimate the actual sample site elevation
using brGDGT distributions. Elevations inferred from both proxies under such paleoclimatic conditions should be interpreted
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with caution. Elevations derived from the brGDGT distribution appear to most accurately reconstruct elevation. However,
we show that the difference in elevation between the two proxies, described by the proposed DElevation parameter, can provide
information on the hydrological conditions of the soil’s depositional environment. In conclusion, we emphasize that knowl-
edge of the sample site’s climatic conditions are essential to reconstruct elevation from paleoarchives. In particular, knowledge
of moisture availability and annual air temperatures are important, as these have been found to cause the largest scatter in the
observed data.
� 2020 Elsevier Ltd. All rights reserved.

Keywords: Alkanes; d2H; GDGT; Satellite imagery; Paleoelevation; Himalaya; Soil
1. INTRODUCTION

The uplift of mountain ranges has been a key interest in
climate and tectonic studies due to its impact on atmo-
spheric circulation patterns, erosion, and precipitation pat-
terns (Zhisheng et al., 2001; Clift et al., 2008). For example,
the uplift of the Himalayan mountain range has played a
key role in the onset and intensification of the Indian
(ISM) and East Asian (EASM) monsoons, as well as in
changing the global carbon cycle due to increasing weather-
ing of freshly exposed bedrock (Dettman et al., 2003;
Molnar and England, 1990; Quade et al., 2007; Poulsen
et al., 2010; Garzione et al., 2000a). Testing these scenarios,
uplift histories, and comparison with coeval climatic
records are needed.

To reconstruct mountain range paleoelevation, we use
proxies that record the persistent hydrological and climato-
logical gradients preserved in geological archives. These
proxies include numerous stable isotope and lipid biomar-
ker approaches, such as d18O in pedogenic carbonates
(Garzione et al., 2000b; Quade et al., 2007), leaf wax d2H
(Zhuang et al., 2014; Bai et al., 2015; Peterse et al., 2009;
Polissar et al., 2009; Jia et al., 2008), and branched tetra-
ether membrane lipid distributions (Ernst et al., 2013;
Wang et al., 2017; Sinninghe Damsté et al., 2008). These
aforementioned proxies are all based on climatic parame-
ters that are observed to co-vary with elevation, and hence
indirectly record elevation. Rayleigh distillation processes
during rainout result in a negative relationship between
the isotopic composition (d18O and d2H) of precipitation
and elevation (Dansgaard, 1964; Gat et al., 2000). Temper-
ature generally decreases with increasing elevation. The d2H
values in n-alkanes derived from higher terrestrial plants
have shown a strong relationship with mean precipitation
d2H values, which have been used for paleohydrological
and paleoelevation reconstruction (Sauer et al., 2001;
Huang et al., 2004; Sachse et al., 2004; Smith and
Freeman, 2006; Hou et al., 2008). The potential of leaf
wax d2H to record elevation has initially been shown at
Mt Gongga in China (Jia et al., 2008) and later at Mt Shen-
nongjia, Mt. Wuyi and Mt Tianshan (Luo et al., 2011), and
Mt Meghalaya (Ernst et al., 2013). These studies reflect that
soil d2Hwax records overall d

2H from precipitation, and thus
indirectly records the elevation.

Even though d18O and d2H values in precipitation pri-
marily correlate with elevation, locally or seasonally vary-
ing processes and climatic conditions, such as heterogenic
precipitation patterns, complex topography, and the rela-
tive influence of multiple moisture sources, can distort the
general linear elevation relationships (e.g. Rohrmann
et al., 2014; Hren et al., 2009; Galewsky, 2009).

Similarly, mean annual air temperature (MAT) gener-
ally decreases with elevation due to the adiabatic cooling
of air, and is therefore also an indirect measure of elevation.
This temperature change can be reflected by distributional
changes in branched glycerol dialkyl glycerol tetraethers
(brGDGTs) (Weijers et al., 2007). BrGDGTs are mem-
brane lipids produced by soil bacteria, which vary in the
number (4–6) of methyl branches attached to their alkyl
backbone, the position of these methyl branches (5 or 6
position), and the number (0–2) of internal cyclizations,
depending on the MAT and pH of the soil in which they
are produced (Weijers et al., 2007; De Jonge et al.,
2014b). As such, MAT can be reconstructed based on the
molecular signature of brGDGTs in an environmental sam-
ple (Weijers et al., 2007; De Jonge et al., 2014a; Naafs et al.,
2017). The ability of brGDGTs to track adiabatic cooling
was first illustrated in a study at Mt Kilimanjaro, where a
good relation was found between brGDGT-derived MAT
and altitude (Sinninghe Damsté et al., 2008). Subsequently,
good relations between brGDGT signals and MAT were
found along the southeastern margin of the Tibetan Plateau
(Wang et al., 2017), Mt Gongga (Peterse et al., 2009), and
Mt Meghalaya (Ernst et al., 2013), among others. Outside
of East Asia, this relationship has also been found in the
Andes (Nieto-Moreno et al., 2016) and Africa (Coffinet
et al., 2014, 2017; Jaeschke et al., 2018).

Nevertheless, the latest global temperature transfer func-
tions still contain a substantial amount of scatter, indicat-
ing that the brGDGT temperature proxy is influenced by
additional climatic parameters, such as soil moisture con-
tent (SMC) and precipitation amount/aridity (Peterse
et al., 2012; Dirghangi et al., 2013; Menges et al., 2014;
Wang et al., 2014; Dang et al., 2016; Naafs et al., 2017),
but possibly also by soil and vegetation type (Davtian
et al., 2016) and the co-occurrence of brGDGT-producing
microbial communities with distinct temperature relation-
ships (De Jonge et al., 2019; Dearing Crampton-Flood
et al., 2020). These effects can introduce uncertainties in
the relationship between brGDGT signals and temperature,
and thus the proxy’s robustness in recording elevation.

To assess possible sources of scatter in the individual
relations of soil n-alkane d2H and brGDGTs with elevation,
and thus the suitability of these proxies in paleoelevation
reconstructions, both proxies were applied in parallel at
several altitudinal transects. This revealed, for example,
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that the rain belt surrounding Mt Kilimanjaro likely dis-
turbed the relation between soil n-alkane d2H and elevation
due to a D-depletion in the precipitation and consequently
in the soil n-alkanes (Peterse et al., 2009; Zech et al., 2015).
A similar spatial heterogeneity in precipitation was shown
at Mt Kenya and Mt Rungwe, resulting in weak or absent
relationships between the soil n-alkane d2H and elevation
(Coffinet et al., 2017). Nevertheless, the combined applica-
tion of brGDGTs and soil n-alkane d2H in the Andes, Mt
Meghalaya, and the Southern Alps in New Zealand did
show the expected orography effect on temperature and
precipitation (Nieto-Moreno et al., 2016; Ernst et al.,
2013; Zhuang et al., 2014).

In this study, we further validate the individual relations
of brGDGT-derived MAT and d2Hwax with altitude using a
combination of field and remote-sensing data. In a second
step, the proxies are combined and we investigate whether
this combination reduces potential uncertainties in the ele-
vation estimates. Specifically, we analyze the stable isotopic
composition (d2H) of surface waters, xylem waters (i.e. the
lipid H source), and long chain n-alkanes, as well as
brGDGT signals in modern soils along four altitudinal gra-
dients along the Himalayan orogeny. These altitudinal
transects are subject to varying precipitation regimes, differ-
ent degrees of aridity, relative influences of moisture
sources, and vegetation cover, which allows a thorough
investigation of the impact that different environmental fac-
tors have on d2Hwax and brGDGTs. Combining the multi-
proxy data with satellite-derived climate products, we aim
to identify the controlling secondary factors that potentially
alter the relationship between source water d2H and d2Hwax,
as well as physically measured MAT and brGDGT-derived
MAT. Ultimately, we discuss how the offset between these
parameters can potentially impact paleoelevation studies
and the interpretation of these proxies in sedimentary
archives.

2. STUDY AREA

The Himalayan mountain range separates the Tibetan
Plateau from the Indian subcontinent, traversing 2700 km
along the range from the Karakoram in Pakistan in the
northwest through India, Nepal, and Bhutan into the Aru-
nachal Pradesh in the southeast. The range varies in width
between �400 km in the west and �150 km in the east, con-
taining several significant mountain peaks.

The Himalayan range acts as an orographic barrier
separating the humid regions in the foreland and arid sec-
tions in the rain shadow, resulting in varying precipitation
patterns along the Southern Himalayan Front (SHF).
Two partly independent, but interfering climatic circula-
tion systems dominate the precipitation regime in the
Himalaya: the Indian Summer Monsoon (ISM) system
and the Western Disturbances (WD) (Bookhagen and
Burbank, 2010; Cannon et al., 2014). The ISM moves
along the SHF and transports moisture from the Bay of
Bengal toward the northeast, causing heavy rainfall along
the southern slopes of the mountain front during summer
(Bookhagen et al., 2005). The second major moisture
source is the WD, originating from the Caspian, Black,
and Mediterranean seas, transporting winter precipitation
between December and March (Cannon et al., 2014; Wulf
et al., 2010; Dash et al., 2009). Spatially, the dominance of
the ISM decreases from east to west, whereas the WD
becomes particularly influential west of 78�E (Bookhagen
and Burbank, 2010). The Himalayan range creates an
extreme gradient between the humid tropical climate in
the foreland and alpine conditions at higher elevations.
The two major climatic gradients that strongly influence
the vegetation cover and type along the orogen are the
decreasing air temperature from low to high elevations
and the decreasing amount of moisture from east to west
(Singh and Singh, 1987).

3. METHODS

3.1. Elevation transects

Four transects from the northeast to the southwest were
selected in the Sutlej, Alaknanda, Khudi Khola (hereafter
referred to as Khudi), and Arun catchments, of which the
first two are located in the western Himalaya in India and
the latter two in central and eastern Nepal (Fig. 1). These
four transects each cover a large altitudinal gradient and
consequently also span large ranges in precipitation, vegeta-
tion, and temperature (Fig. 2).

The Sutlej catchment elevation transect ranges from 475
to 3533 m over a horizontal distance of �170 km. The
lower sites (<3000 m asl) receive 1500–2000 mm rainfall
annually (cf. TRMM 2B31, Bookhagen and Burbank,
2010), decreasing to <500 mm/year at the higher sample
sites (>3000 m asl) (Fig. 2A). Mean Annual Temperature
(MAT) in the catchment ranges between 9.7 �C and 25.4 �
C, with an average of 19.7 �C (2000–2014 yearly average,
MOD11C3, Wan and Hulley, 2015; Wulf et al., 2016). Con-
currently, with the decrease in rainfall amount and the
increase in elevation, the Enhanced Vegetation Index
(EVI) shows that vegetation cover in the catchment
decreases with elevation (Fig. 2A).

The Alaknanda catchment transect ranges from 346 to
3155 m with a horizontal distance of 160 km. Annual rain-
fall varies between 300 and 2600 mm/year and consists of
two rainout belts (at �500 and �2000 m, Fig. 2B) due to
a two-step rise in relief (Fig. 2B), as described in
Bookhagen and Burbank (2006). The 14-year average
MAT in the catchment is 19.8 �C, ranging between 7.1 �C
and 26.8 �C (Wan and Hulley, 2015).

The Khudi, where the transect ranges from 2155 to
4085 m asl with a horizontal transect of �13 km, receives
rainfall amounts of >3900 mm/year (Fig. 2C). There is little
variation in the amount of rainfall along the altitudinal
transect due to its short distance. MAT varies between
7.5 �C and 19.5 �C with an average temperature of 13.1 �C.

The transect in the Arun valley ranges from 225 to
2580 m over a horizontal transect of 160 km. Annual rain-
fall amounts along the transect vary between 2000 and
4000 mm/year (Fig. 2D), showing a two-belt rainout pat-
tern similar to the Alaknanda transect (at �500 and
�2000 m, Fig. 2D). MAT varies between 3.5 �C and
26.7 �C, with an average of 16.3 �C.



Fig. 1. Topographic overview of the Himalaya (SRTM V3). White circles indicate the sample sites of the soils along four altitudinal gradients.
White rectangles indicate areas over which the swath profiles were determined, and labeling corresponds to the swath profiles shown in Fig. 2.

Fig. 2. 10-km wide swath profiles along the four altitudinal transects in the Himalaya (cf. Fig. 1). 12-year average JJA mean TRMM 2B31
precipitation in blue (Bookhagen and Burbank, 2010), 17-year average (2000–2017) MODIS derived EVI in green (Didan, 2015), and
topography in black with 1-sigma standard deviation (gray) (USGS, 2006). Yellow circles indicate soil sample sites along the elevation
transects. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Sample collection

Soil (0–5 cm, without litter) and water samples in the
Alaknanda and the Sutlej catchment were obtained in
September/October 2014, whereas soils and water in the
Arun catchment were collected both in September 2011
and October/November 2012 (Hoffmann et al., 2016). In
the Khudi Khola catchment, only soils were sampled at
various depths in September 2009.

All soils were sampled adjacent to roads/paths in the
catchments, which were checked for undisturbed soils. Soils
were never sampled on steep slopes, but from the most hor-
izontal part of the terrain. However, due to the generally
steep terrain in the study area it is possible that geomorphic
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processes (e.g. creep and downslope transport) have trans-
ported material from higher elevations.

In total, 107 water samples and 17 soil samples in the Sut-
lej catchment, 52 water samples and 21 soil samples in the
Alaknanda catchment, 10 soil samples in the Khudi Khola
catchment, and 116 water samples and 12 soil samples in
the Arun catchment were collected. In addition, 35 xylem
water samples from dominating vegetation at sample sites
in the Alaknanda, 33 in the Arun, and 63 in the Sutlej catch-
ments were collected. At every xylem water sampling loca-
tion, 9 branches were collected from 3 individuals of the
same species. Per sample location, the 2 most dominant
angiosperm species were sampled. Due to the large climatic
gradient, it was not possible to sample the same species along
the entire elevation transect. After collecting the branches,
the bark was removed to prevent mixing between xylem
water and phloem water, after which the peeled branches
were placed in airtight containers. Xylem waters were
extracted at a vacuum line at the university of Basel
(Newberry et al., 2017). Extracted xylemwaterwasmeasured
on a TCEA-IRMS for d18O and d2H values. For the Khudi
precipitation samples, rain gauges were installed at three sta-
tions allowing daily collection of rainwater in 2013 (time ser-
ies data for theGhalegaon station (IAEA). These stations are
at Ghalegaon village (2103 m) on the western crest of the
basin and two near the Khudi river at the Khudi Hydro-
power Intake station (968 m) and Probi village (1456 m).
At higher elevations between 2500 and 4050 m, cumulated
rain waters were collected over long periods in sealed 40 liter
plastic containers (DRUM) surmountedwith a 15 cm funnel.

3.3. Analysis of d2H and d18O values of water samples

The surface water d2H and d18O values sampled in the
Alaknanda and Sutlej catchment were measured on a
Picarro Cavity Ringdown Spectrometer L2140-I at GFZ
Potsdam, with a precision of 0.08‰ for d18O and 0.5‰
for d2H. For the Khudi precipitation samples, waters were
analysed at CRPG laboratory (Nancy-France) using a
Eurovector-Isoprime EA-IR-MS coupled with a chromium
reactor. Samples were systematically repeated three times
and external reproducibility was better than ±1‰. Samples
were analysed with internal standards every five samples
and calibrated using the V-SMOW, GISP, and V-SLAP
standards. All samples were filtered through a 0.45 mm syr-
inge and stored in 2 mL vials. The samples were injected 10
times, with a volume of 1 ml, and the first three injections
were discarded for each individual sample, to avoid any
memory effects. The measurements were normalized using
a two-point correction using VSMOW2 and SLAP2 stan-
dards, provided by the IAEA.

The stable isotope composition is reported using the d-
notation relative to the Vienna Standard Mean Ocean
Water (VSMOW) standard as:

d ‰½ � ¼ RSample

RStandard
� 1

� �
; ð1Þ

where R is the ratio of heavy isotopes relative to light iso-
topes (18O/16O and 2H/1H). All values are reported in per
mille ‰ (implying a factor of 1000).
3.4. Lipid extraction

The soil samples were freeze-dried and stored in pre-
combusted (500 �C) glass vials. Before extraction, all soil
samples were sieved with a 2 mm sieve, and any leaves
and large roots were removed to avoid any contamination
from modern organic material. A total lipid extract (TLE)
was extracted from the soil samples using an Accelerated
Solvent Extractor (ASE) (Type Dionex ASE 350) using
9:1 dichloromethane:methanol as a solvent. Samples were
initially separated into two fractions using columns con-
taining 1.5–2 gram of precombusted silica gel. Samples were
added to the top of the column, and then rinsed with 12 mL
of hexane to obtain the hydrocarbon fraction. The GDGT
fraction was obtained by subsequent rinsing with 1:1
dichloromethane:methanol.
3.5. Lipid analysis

The hydrocarbon fraction containing the n-alkanes was
analysed on an Agilent GC MSD (Agilent 5975C MSD,
Agilent 7890A GC with Agilent J&W HP-5 MS column,
30 m � 0.25 m � 0.25 mm film) coupled to an FID. A
Thermo Scientific Delta V Plus IRMS coupled to a Trace
1310 GC (Agilent GC MSD (RESTEK, Rtx-5 Crossbond
ms column, 30 m � 0.25 mm � 0.25 mm df. 5% diphenyl,
95% dimethyl polysiloxane) via an Isolink pyrolysis fur-
nace operated at 1420 �C was used at Potsdam University
for the measurement of the n-alkane d2H values (d2Hwax).
The H3

+ factor was determined at the beginning of every
sequence, and was constant (3.9 ± 0.7) throughout the
entire duration of the measurements, indicating stable
conditions in the ion source. All samples were measured
in duplicates, with a standard deviation of <3‰, and a
C10–C40 standard measured in between every 10 samples.
The d2Hwax values were all normalized to the VSMOW-
SLAP scale, with the use of an external standard contain-
ing C16–C30 alkanes (A-Mix, A. Schimmelmann, Indiana
University, Bloomington). The dominant alkane in the
majority of the samples was nC31, which has been used
to reflect d2Hwax.

A known amount of internal standard (C46-GDGT) was
added to the GDGT fraction, after which it was filtered
through a 0.45 mm PTFE filter using 99:1 (v/v) hexane:2-
propanol. Samples were measured on an Agilent 1260 Infin-
ity ultra high performance liquid chromatograph (UHPLC)
coupled to an Agilent 6130 single quadrupole mass detector
(MS) according to the method described by (Hopmans
et al., 2016). The separation of the brGDGTs was per-
formed on two silica Waters Acquity UPLC HEB Hilic
(1.7 mm, 2.1 mm � 150 mm) columns in tandem, preceded
by a guard column of the same material. The [M + H]+ ions
were detected in selected ion monitoring mode.
3.6. Proxy calculation

The apparent fractionation (Sauer et al., 2001), eapp,
reflecting net fractionation between the source water (in this
case the surface waters) and soil lipids, is defined as:
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eapp ¼ d2Halkane þ 1000

d2Hwater þ 1000Þ � 1

 !
: ð2Þ

All values are reported in per mille ‰ (implying a factor
of 1000). Surface water d2H was used as a catchment inte-
grated value of precipitation d2H (Hren et al., 2009;
Kendall and Coplen, 2001; Bershaw et al., 2012). In the case
of soil samples in the Arun that were sampled in 2011,
source water was determined from the relationship between
surface waters from 2012 and sample site elevation of the
2011 soil sample.

Using the fractional abundances of the brGDGTs, the
MAT was determined based on the degree of methylation
of 5-methyl brGDGTs (MBT0

5me; De Jonge et al., 2014b):

MBT
0
5me ¼

ðIaþ Ibþ IcÞ
ðIaþ Ibþ Icþ IIaþ IIbþ IIcþ IIIaÞ : ð3Þ

Temperatures derived from the GDGTs were calculated
using the Bayesian regression model (BayMBT0) reported
in Dearing Crampton-Flood et al. (2020), which are
referred to as BayMBT MAAT hereafter. As prior input
to the BayMBT0 model, the temperatures derived from
the MODIS satellite (paragraph 3.6) for each individual site
were used and the prior standard deviation was set at 15
following Dearing Crampton-Flood et al. (2020).

The Isomerisation ratio, (IR), was determined according
to De Jonge et al. (2014b):
IR ¼ IIa
0 þ IIb

0 þ IIc
0 þ IIIa

0 þ IIIb
0 þ IIIc

0

IIaþ IIbþ IIcþ IIIaþ IIIbþ IIIcþ IIa
0 þ IIb

0 þ IIc
0 þ IIIa

0 þ IIIb
0 þ IIIc

0 : ð5Þ
3.7. Remote sensing data

MAT was derived by averaging the monthly 0.05� (ap-
proximately 5.6 km) Land Surface Temperature (LST)
from 2000 to 2014 from the Moderate Resolution Imaging
Spectroradiometer (MODIS) MOD11C3 product, from its
first availability in 2000 until the fieldwork period (Wan
and Hulley, 2015). Seasonal and annual rainfall was deter-
mined using the Tropical Rainfall Measurement Mission
(TRMM) 2B31 data product averaged from 1998 to 2010,
with a spatial resolution of �5 km (Huffman et al., 2014;
Bookhagen and Burbank, 2010). The seasonal and annual
Enhanced Vegetation Index (EVI) was determined using
MOD13C2 (MODIS) by averaging data products from
2000 to 2017 (Didan, 2015). Soil moisture in the root zone
(0–100 cm) in m3/m3 was determined using the SMAP soil
moisture SPL4SMGP data product (Reichle et al., 2016).
Data were averaged from March–April–May (growing sea-
son), with a spatial resolution of 9 � 9 km. The aridity
index was determined using the following equation:

Aridity Index ¼ Mean Annual Precipitation
Mean Annual Potential Evapotranspiration

;

ð6Þ
where the mean annual precipitation derives from the
aforementioned (TRMM 2B31) data product and mean
annual potential evapotranspiration was determined using
the Global PET dataset (Trabucco and Zomer, 2009).

4. RESULTS

4.1. Surface water and xylem water d2H values

In the Sutlej catchment, surface water d2H values ranged
from �50‰ in the foreland to �112‰ in the high elevation
catchments (Fig. 3A). The Alaknanda surface water d2H
values ranged from –51 to –102‰ (Fig. 3B). The Arun sur-
face water data ranged between –36 and–110‰ (Meese
et al., 2018), which was sampled simulatneously with the
soils and additional river sediments (Hoffmann et al.,
2016) (Fig. 3C). The surface water d2H values in the Arun
catchment ranged between –73 and –103‰. Surface water
was sampled from both tributaries and main streams,
resulting in the integration of a number of samples over a
larger upstream catchment area (Table 2 Research Data).
To take into account the upstream catchment sizes, surface
water d2H values were compared using both the sample site
elevation (Fig. 3) and mean catchment elevation (Fig. EA4,
Electronic Annex). A negative correlation was observed
between d2H and the mean catchment elevation in the Sut-
lej, Alaknanda, and Arun river catchments (r = 0.89,
p < 0.001; r = 0.91, p < 0.001; and r = 0.85, p < 0.01,
respectively). Moreover, a significant negative relationship
was observed between surface water d2H and the sample
site elevation in both the Sutlej and Alaknanda (r = 0.78,
p < 0.01 and r = 0.85, p < 0.01, respectively) (Fig. 3A and
B). The sample site elevation represents a more local d2H
signal while the mean catchment elevation also integrates
the upstream catchments of the surface waters. The isotopic
lapse rates of the surface water in the Sutlej and Alaknanda
catchments were 15.7 and –8.8‰ km�1, respectively, when
assuming a linear relationship between d2H and mean
catchment elevation. The Arun dataset consists of surface
water samples that were collected in 2011 and 2012. An
extensive analysis on the factors that control the surface
water d2H of the Arun has been previously published
(Meese et al., 2018). The isotopic lapse rate of the surface
waters in the Arun in 2011 and 2012 were –10.9 and
–12.3‰ km�1, respectively. However, since the 2011 lapse
rate does not span the entire length of the transect on which
the soil samples were collected, only the 2012 dataset was
used in this study.

In the Khudi catchment, we did not obtain a surface
water d2H dataset, but do have access to a daily precipita-
tion d2H dataset (Fig. 3C). A significant relationship was
observed between the sample site elevation and precipita-
tion d2H (r = 0.92, p < 0.01). We note that this water was
only sampled during the monsoon, i.e., in the same period
as the soil samples were collected.



Fig. 3. Soil d2H of nC31 (red, grey, blue, and black circles) and d2H of tributary surface waters (white circles) and xylem waters (green
diamonds) in the Sutlej, Alaknanda, Khudi and Arun catchment. eapp is calculated at different elevations according to Eq. (2). The
precipitation d2H in Fig. C is time series data from the Ghalegaon station (IAEA) http://www-naweb.iaea.org/napc/ih/IHS_resources_isohis.
html. For the Arun dataset, five outliers were removed that do not represent the local precipitation signal. Thus, samples that showed a larger
difference than 1500 m between sample site elevation and mean catchment elevation were removed for this reason.
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Xylem water d2H of the Sutlej samples varied between –
18.3‰ at 475 masl and –119.4‰ at 3533 masl (Fig. 3), but
showed an absolute difference between the minimum and
maximum of 28–82‰ between individual sample sites.
The smallest range in isotope values was observed at the
second highest sample site (28‰) while the largest range
in isotope values was observed at the highest sample site
(55‰). In the Alaknanda, xylem water ranged between
7.1‰ at 346 masl and –74.3‰ at 651 masl. High variations
in the xylem water d2H occur along the Arun catchment,
where values range between –39.7 and –96.07‰.

4.2. Soil n-alkane isotopic composition

The most dominant alkane in the majority of the dataset
(all Sutlej and Alaknanda samples) was nC31. In the follow-
ing analysis, we therefore refer to the nC31 d2H values as
d2Hwax. Along the Sutlej transect, d2Hwax ranged between
–148 and –183‰ over an altitudinal transect from 475 to
3371 masl, the Alaknanda catchment d2Hwax ranged
between –129 and –202‰ over an altitudinal transect from
346 to 3100 masl, and finally the Arun catchment values
ranged between –125 and 180‰ (Fig. 3). The Khudi Khola
transect is significantly shorter and steeper than the other
three catchments, such that the d2Hwax ranged between –
169 and –229‰, with an altitudinal transect from 1750 to
4085 masl over a distance of �13 km, whereas the Alak-
nanda, Sutlej, and Arun transects are each between 160–
175 km long.

We observe a significant negative correlation between
d2Hwax and sample site elevation along the Sutlej, Alak-
nanda, Khudi, and Arun transects (rSutlej = 0.69,
p = 0.001, rAlaknanda = 0.57, p = 0.01, rKhudi = 0.97,
p = 0.001, rArun = 0.79, p = 0.01; Fig. 3). The d2Hwax with
the elevation isotopic lapse rate was the lowest in the Sutlej
at –6.7 (±1.8)‰ km�1, –9.6 (±3.5)‰ km�1 for the Alak-
nanda, –15.6 (±3.9)‰ km�1 for the Arun, and –26.3
(±2.6)‰ km�1 in the Khudi Khola (Fig. 3).

The comparison of d2H of surface waters and d2Hwax in
soils yielded a significant correlation in the Sutlej and Alak-
nanda catchment (r = 0.56, p = 0.01 and r = 0.58, p = 0.01,
respectively) (Fig. 4A). In the Arun catchment, no signifi-
cant correlation (r = 0.37, p > 0.01) between the d2H of sur-
face waters and d2H of soils was observed. No values on

http://www-naweb.iaea.org/napc/ih/IHS_resources_isohis.html
http://www-naweb.iaea.org/napc/ih/IHS_resources_isohis.html


Fig. 4. A. d2Hwax nC31 plotted against the surface water d2H of the tributaries nearest the soil location. Correlation coefficients and p-values
were determined with a linear regression (red and grey lines). Only regressions that are statistically significant are shown. B: Apparent
fractionation versus soil moisture content in the root zone (m3/m3) from March–May, derived from the Soil Moisture Active Passive (SMAP)
soil moisture SPL4SMGP data product (Reichle et al., 2016). Circles indicate sample sites with a predominant angiosperm vegetation cover,
and triangles indicate sample sites with predominantly gymnosperms. Red and black lines are the linear regressions. Only regressions that are
statistically significant are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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surface water d2H and eapp (see below) in the Khudi are
reported, as no surface water samples were collected to pair
with the soils.

4.3. Apparent fractionation

Values of the apparent fractionation eapp (Eq. (2)) in the
Alaknanda, Sutlej, and Arun catchments have average val-
ues of –108.3, –102.1, and –112.3‰, respectively (Table 1,
Research Data), but varied between –138.3 and –73.3‰
in the three transects.

A significant relationship was observed between eapp and
the soil moisture content in the root zone during spring
(March–April–May; Reichle et al., 2016) in both the Sutlej
and Arun catchment (Fig. 4B). In the Sutlej, the correlation
between the soil moisture content and eapp for the entire
transect is significant (r = 0.71, p = 0.001). When only con-
sidering the sample sites that have predominantly an-

giospermae as vegetation cover, which are the main
producers of n-alkanes (Bush and McInerney, 2013;
Diefendorf et al., 2011) as opposed to gymnospermae, a
higher correlation between soil moisture content and eapp
was observed (r = 0.81, p = 0.001). In the Alaknanda and
Sutlej, where eapp was relatively stable along the entire tran-
sect, no significant relationship between soil moisture in the
rootzone and eapp was observed (Fig. 4B).

4.4. BrGDGT thermometry

BayMBT MAAT derived from brGDGTs (Eq. (3)) var-
ied between 3.8 �C and 23.9 �C in the Sutlej, 6.1 �C and
26.1 �C in the Alaknanda, and 5.4 �C and 20.2 �C in the
Khudi Khola catchments. One of the lowest sample sites
(AK6) was located on a very steep north-facing slope,
receiving little to no sunlight. As a result, the BayMBT
MAAT for this location was lower than expected (7.8 �C)
for a sample at this elevation (523 m). We therefore
identified this sample as an outlier (studentized residual



Fig. 5. BrGDGT-derived MAT for the Sutlej, Alaknanda, and Khudi catchments. A: MAT (De Jonge et al., 2014b) versus sample site
elevation. B: MAT versus a 14 year average MODIS derived MAT (2000–2014, Wan and Hulley, 2015). C: MODIS MAT versus sample site
elevation. Error bars represent the standard deviation from the 14-year mean MODIS temperature. Regressions were determined using a
least-square weighted linear regression.
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t(21) = –10.13, adjusted Bonferroni p = 0.02). In all tran-
sects, a significant negative correlation between BayMBT
MAAT and sample site elevation was observed (rSutlej =
0.92, p = 0.001, n = 16, rAlaknanda = 0.82, p = 0.001, n = 19
and rKhudi = 0.85, p = 0.001, n = 10) (Fig. 5A). The associ-
ated temperature lapse rates in the Sutlej, Alaknanda, and
Khudi were –5.1 ± 0.5 �C km�1, –5.8 ± 1.1 �C km�1, and
–5.6 ± 1.1 �C km�1, respectively (Fig. 5A).

Correlating the BayMBT MAAT with the 14-year aver-
age annual MODIS-derived MAT (from its first availability
in 2000 until 2014, when our fieldwork was carried out;
Wan and Hulley, 2015) for each sample location (Fig. 5B)
resulted in a positive relation in all three catchments: the
Sutlej catchment and the Khudi catchment both showed a
highly significant correlation (rSutlej = 0.88, p < 0.001,
rKhudi = 0.87, p < 0.001, rAlaknanda = 0.80) between
BayMBT MAAT and MAT (MODIS).

The modern lapse rates in the three catchments were
determined by correlating the 14-year MODIS derived
MAT with the sample site elevation (Fig. 5C). The associ-
ated temperature lapse rates in the Sutlej, Alaknanda, and
Khudi were –5.1 ± 0.6 �C km�1, –5.4 ± 0.3 �C km�1, and
–6.5 ± 0.4 �C km�1, respectively.

4.5. d2H and BrGDGT-derived elevation

To estimate elevation from d2Hwax data in a similar
manner as in paleoelevation studies, we applied a Rayleigh
distillation model to the dataset (Rowley, 2007). This exer-
cise was performed to assess the correlation between the
actual elevation of the sample site and the modeled eleva-
tion derived from the Rayleigh distillation model. This
model describes the progressive isotopic depletion of a
reservoir in atmospheric moisture during transport
(Rowley et al., 2001) and hence depicts the ideal scenario
(under ideal conditions) at the point where a moisture
packet encounters an orographic barrier, which results in
isotopic depletion with altitude.

The d2Hwax -based elevation reconstructions correlate
significantly with the actual sample site elevation along
the three transects (Alaknanda, Sutlej, and Khudi), for
which both d2Hwax and brGDGTs were measured
(Fig. 6A). Due to the large uncertainties associated with
the Rayleigh model, the standard deviations of the eleva-
tion estimates were at a magnitude of up to 2000 m. Most
samples plotted above the 1:1 line, indicating that the
d2Hwax proxy generally overestimated sample site elevation.
The extent of the overestimation was the largest in the
lower Alaknanda (<2000 m asl), where reconstructed eleva-
tion can be up to 2500 m higher than the actual sample site
elevation (Fig. 6A).

BayMBT MAAT was translated to elevation using the
MODIS 14-year average temperature lapse rate of each ele-
vation transect (Wan and Hulley, 2015). BrGDGT-based
elevations were subsequently compared with the actual
sample site elevation, showing a close resemblance in all
three transects (Fig. 6B).

The difference in the estimated elevation from both the
d2Hwax and brGDGT proxies can be visualized with the
DElevation parameter (Fig. 6C). Soils that were sampled at



Fig. 6. A. MAT versus d2Hwax. B. BrGDGT-derived elevation versus actual sample site elevation. C. d2H derived elevation versus actual
sample site elevation. Regressions were determined by least square weighted linear regression. D. Absolute differences between brGDGT-
derived and d2H-derived elevation versus the Aridity index (Eq. (6)). The data points represent the difference between the actual sample site
elevation and the brGDGT or d2Hwax derived sample site elevation. The standard deviations were determined by adding the brGDGT derived
elevation standard deviation and d2Hwax-derived elevation standard deviations using the equation r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2
d2wax þ r2

brGDGT

p
.
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arid sites (low aridity index) generally plotted under the 0-
line while most of the Alaknanda and all of the Khudi sam-
ples plotted above this line.

5. DISCUSSION

5.1. Relationship between elevation and surface water d2H
values, d2Hwax, and brGDGTs

To assess the robustness of d2Hwax and brGDGTs as a
proxy for paleoelevation, the relative importance of all fac-
tors influencing these proxies other than changes in eleva-
tion must be determined. The four elevational transects
along the southern Himalayan front are all characterized
by different precipitation amounts, vegetation cover, and
moisture sources, thus allowing us to investigate the impact
of these variable parameters.

The d2H values of the surface waters in the Sutlej, Alak-
nanda, and Arun all show a significant correlation with the
mean catchment elevation. Comparable lapse rates are
observed in the Alaknanda and Arun surface waters (Alak-
nanda = –8.8‰ km�1, Arun = –8.8‰ km�1) (Fig. 3) while
the higher lapse rate in the Sutlej (Sutlej = –15.7‰ km�1)
can be explained by a larger relative contribution of snow
and glacial melt from tributaries in the higher elevation
regions of the catchment (Wulf et al., 2016; Maurya
et al., 2011; Karim and Veizer, 2002; Varay et al., 2017;
Bookhagen and Burbank, 2010). The uniform direction of
the lapse rates indicates that the main process controlling
surface water d2H values is the progressive rainout of a
monsoonal moisture source, i.e., the altitude effect (Gat
and Confiantini, 1981). The remaining scatter in the rela-
tionship between surface water d2H and mean catchment
elevation is possibly due to a combination of processes,
such as evaporation, mixing of moisture sources with a dif-
ferent isotopic signature, blocking of moisture by topogra-
phy, convective storms, seasonality, or contribution of
snow and glacial melt, which have been observed in high
elevation systems (e.g. Gat, 1996; Dansgaard, 1964;
Rohrmann et al., 2014; Hughes et al., 2009; Lechler and
Niemi, 2012).

The d2Hwax shows the expected negative correlation with
sample site elevation in all four transects, suggesting that
the first order control on the plant wax isotopic signature
is precipitation d2H (Fig. 3). However, the different degrees
of correlation between d2Hwax and the elevation in the dif-
ferent transects suggest that this relationship is subject to
additional processes (see Section 5.2.1 for more detail).

Comparing surface water d2H and d2Hwax yielded a sig-
nificant correlation in the Alaknanda and Sutlej, but no sig-
nificant relationship in the Arun (Fig. 4A). In the Arun
catchment, no significant relation was found between
d2Hwater and sample site elevation (Fig. 3D), which subse-
quently results in the absence of a relationship between
d2Hwater and d2Hwax. The low elevation tributaries in this
area reflect the isotopic composition of ISM rainfall while
the higher elevation tributaries receive elevated portions
of glacial meltwater and Winter Westerly Disturbances pre-
cipitation (Meese et al., 2018). In addition, Meese et al.
(2018) point out a significant difference in the isotopic com-
position of surface water between the sampling years (2011
and 2012). This interannual variation may have contributed
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to the absence of a relation between d2Hwater and d2Hwax.

Scatter in the relationship between the surface water d2Hwa-

ter and d2Hwax in the Sutlej and Alaknanda is most likely
due to secondary processes. Surface water d2H reflects the
isotopic signature of the upstream area, which is a mixture
of precipitation, snow, and glacial melt. d2Hwax reflects a
combination of source water isotopic compositions, in
addition to climatic and plant physiologic drivers
(Sessions et al., 1999; Chikaraishi and Naraoka, 2003;
Smith and Freeman, 2006; Sachse et al., 2006, 2012;
Feakins and Sessions, 2010). Our observation of an effect
of moisture availability on eapp (see Section 4.3) suggests
that this is one factor that weakens the relationship between
surface water d2H and d2Hwax.

The significant correlation between BayMBT MAAT
and both sample site elevation and MODIS-derived MAT
indicates that the adiabatic cooling of air mainly controls
the distribution of brGDGT in the soils (Fig. 5A and B).
Nevertheless, BayMBT MAAT is at times below the
expected modern temperature (derived from the MODIS
MAT remote sensing product) at low elevation sample sites
(Fig. 5B). This offset may in part be explained by the
absence of field measured temperature data, instead
replaced by a 14 year average remotely sensed MODIS
MAT product (Wan and Hulley, 2015). The accuracy of
the MOD11C3 temperature product has been estimated
to be <1 K in the range from –10 �C to +58 �C (Wan and
Li, 2011), and the MODIS MAT and ground station lapse
rates have been found to correlate well in previous studies
in the Sutlej (Wulf et al., 2016). However, there is an ongo-
ing discussion on what temperature data (e.g., soil or air
temperature, mean annual or growing season temperature)
best describes the variation in brGDGT distributions in
soils (Naafs et al., 2017; Dearing Crampton-Flood et al.,
2020).

5.2. Influence of water availability on soil n-alkane d2H and

brGDGTs

5.2.1. Soil n-alkane d2Hwax

The environmental factors that influence plant d2Hwax

and soil d2Hwax can be examined at two different levels.
First, processes influencing a plant’s moisture source (i.e.,
precipitation and, to a lesser degree, soil water) before it
enters the plant. Second, processes that affect the isotopic
composition of d2Hwax through the evaporation of leaf
water from leaves (Smith and Freeman, 2006; Liu and
Yang, 2008; Feakins and Sessions, 2010; Lai et al., 2006;
Kahmen et al., 2013b; Sachse et al., 2012).

To characterize the offset between the source water and
lipid d2H, the apparent fractionation (eapp) was calculated
(Eq. (2)). The apparent fractionation incorporates the influ-
ence of evapotranspiration, soil evaporation, and plant
physiology, and is directly linked to the variation in the rel-
ative humidity and precipitation in the study area (Smith
and Freeman, 2006; Sachse et al., 2006). However, the eapp
in this study is used to describe the offset between the sur-
face water d2H and d2Hwax. Surface water d2H is assumed
to be an annual integrated precipitation d2H signal, but gla-
cier/snowmelt, seasonality in precipitation, and evapora-
tion may influence the isotopic signature of surface water
d2H. Moreover, the apparent fractionation integrates both
evaporative effects and biosynthetic fractionation, compli-
cating attempts to decipher the degree of impact from both
factors individually (Sachse et al., 2006; Smith and
Freeman, 2006; Feakins and Sessions, 2010; Kahmen
et al., 2013a; Sessions et al., 1999).

In the Sutlej, Alaknanda, and Arun catchments, the
apparent fractionation changes with elevation (Fig. 3A, B,
and D). Unfortunately, along the Khudi elevation transect,
no surface water samples coupled to the soil sampling loca-
tions were taken (Fig. 3C), preventing us from testing this
relationship in this catchment. Values of apparent fraction-
ation in the Sutlej, Alaknanda, and Arun are similar to the
eapp between soil alkane d2H and surface waters observed in
other elevation transects on the SE Tibetan Plateau (Bai
et al., 2015), but lower than other surface soil studies
located on the Tibetan Plateau (Luo et al., 2011; Jia
et al., 2008; Wang et al., 2017).

Soil evaporation enriches d2H in soil water and causes a
decrease in the eapp in arid regions (Smith and Freeman,
2006; Polissar and Freeman, 2010). A decrease in the appar-
ent fractionation with increasing elevation is observed
along the Sutlej and Alaknanda transect, which are the
two transects that receive the lowest amount of precipita-
tion at high elevation sample sites (Figs. 2 and 3). This
decrease in eapp with increasing elevation suggests that arid-
ity has an effect on the soil d2Hwax values in the high eleva-
tion Sutlej and Alaknanda samples. The same pattern is
observed when using xylem water d2H to calculate the eapp;
however, we regard surface water d2H values as better inte-
grators (both spatial and temporal) compared to single
plant xylem water values, which is supported by the
observed scatter in the xylem water d2H values (Fig. 3).

In addition, in the Arun transect, a significant negative
correlation was observed between eapp and the Soil Mois-
ture Content (Fig. 4B) (SMC; Reichle et al., 2016). A
decrease in the apparent fractionation under drier condi-
tions reflects increasing leaf and/or soil water evaporative
2H-enrichment, which has been observed in previous stud-
ies (Kahmen et al., 2013b; Polissar and Freeman, 2010;
Schwab et al., 2015). Moreover, a higher correlation was
observed between eapp and SMC in the rootzone when only
considering the soil sample sites with angiospermae in the
Sutlej transect (Fig. 4B, circles). Gymnospermae modify
their leaf waxes in a different manner (having higher photo-
synthetic discrimination) when subject to specific environ-
mental stress, and display lower stomatal conductance for
CO2 and H2O vapor in comparison with angiospermae,
resulting in a different relationship between surface water
d2H and d2Hwax (Tipple et al., 2013; Pedentchouk et al.,
2008; Diefendorf et al., 2011).

However, in the Alaknanda transect, no significant cor-
relation between eapp and any of the previously mentioned
hydrological parameters was observed. This suggests that
aridity is not the main controlling factor that determines
eapp, or that the surface water d

2H values were not represen-
tative of the local conditions at the soil sampling sites in the
Alaknanda. We relate the apparent fractionation to the soil
moisture content to show that, in drier areas (low soil
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moisture content), the apparent fractionation is smaller.
Therefore, we show that assuming a constant apparent frac-
tionation, as is often done, is strictly not valid. Moreover,
changes in climatic conditions during mountain range
uplift, such as rainshadow development, should be taken
into account when interpreting paleoelevation/paleoclimate
records in such settings, as been introduced by Rohrmann
et al. (2016)

5.2.2. BrGDGTs

In a similar manner as with the lipid d2Hwax proxy, con-
founding factors that may alter the brGDGT distribution
in soils also influence the brGDGT temperature proxy.
The most important factors that were found to have an
impact on the relationship between brGDGTs and temper-
ature are soil pH and moisture availability (Weijers et al.,
2007). These influences become especially important in arid
regions (MAP < 500 mm), where moisture availability
appears to explain a larger part of the variation in the
brGDGT distribution than temperature (Dirghangi et al.,
2013; Wang et al., 2014; Menges et al., 2014; Peterse
et al., 2012; Dang et al., 2016). Based on brGDGT distribu-
tions in a soil transect with a large range in moisture con-
tent (0–61%), Dang et al. (2016) suggested that 6-methyl
brGDGTs especially respond to variations in the moisture
content rather than to MAT. Consequently, they proposed
that only sites where the contribution of 6-methyl
brGDGTs is low, defined by an isomerisation ratio (IR;
Eq. (5)) < 0.5, can be used to reliably reconstruct MAT
(Dang et al., 2016; Naafs et al., 2017). Interestingly, for
most sites (>75%) in the Alaknanda and Sutlej catchments
the IR is significantly above 0.5, whereas the relationship
between BayMBT MAAT and elevation, as well as between
BayMBT MAAT and MODIS MAT, is good (Fig. 5).
Moreover, there is no trend between SMC and the relative
distribution of brGDGTs, suggesting that moisture content
does not influence brGDGT distributions in Himalaya
transects, and, more importantly, that the use of IR is gen-
erally not a valid method for discarding samples for
(paleo-) temperature reconstruction (Table 4, Research
Data).

5.3. Combination of brGDGTs and n-alkane d2H as a more

robust elevation proxy

The dual application of brGDGTs and d2Hwax has been
used to assess the effect that varying environmental condi-
tions have on their potential as elevation proxies (Ernst
et al., 2013; Nieto-Moreno et al., 2016; Wang et al., 2017;
Hren et al., 2010; Peterse et al., 2009). Although these stud-
ies analyzed both proxies in the same set of samples, their
performance has thus far only been assessed separately.
Here, we test the potential of the actual combination of
brGDGTs and d2H in an elevation context, with the aim
to improve their use as a reliable paleoelevation proxy.

Both the d2Hwax and brGDGT proxy are used to recon-
struct elevation, but the individual proxies record different
processes that indirectly cause their changes with increasing
elevation (i.e., Rayleigh distillation and adiabatic cooling of
air). The strongest correlation between these proxies is
found along the Khudi transect, suggesting that both prox-
ies are suitable for elevation reconstruction in this catch-
ment (Fig. 6A). The Khudi transect is relatively short and
does not encompass large changes in hydrology (i.e., it is
generally wet, with a mean annual precipitation above
3000 mm/year), as well as that environmental conditions
vary less here than in the other transects. The Sutlej shows
a significant correlation between d2Hwax and reconstructed
MAT (r = 0.55, p = 0.05), but with a substantial amount of
scatter, while in the Alaknanda no significant correlation
(r = 0.35, p > 0.5) was observed (Fig. 6D). The previously
mentioned climatic conditions and geomorphological/phy
siological processes influencing either the d2Hwax or
BayMBT MAAT may be the cause of this scatter.

In an attempt to combine these two proxies and observe
to what extent this can improve elevation reconstruction
reliability, we assessed the differences in estimated elevation
between the proxies (Fig. 6C), where the difference is indi-
cated as DElevation:

DElevation ¼ d2HElevation � brGDGTElevation ð7Þ
To assess the influence of changing hydrological condi-

tions, DElevation is compared to the aridity index (Eq. (6)) of
each sample location. The majority of the sites plot within
a 1250 m range from the 0-line, indicating that both proxies
yield comparable elevation estimates that are less than
1250 m offset (Fig. 6C), which is within the same range of
error reported in studies that use these proxies to reconstruct
paleo-elevation, e.g., the Sierra Nevada and Tibetan Plateau
(Hren et al., 2010; Zhuang et al., 2014). In the trans-
Himalayan transects of this study, the good relation between
brGDGT-derived elevation and the actual elevation indi-
cates that brGDGTs can be considered a good predictor of
elevation (Fig. 6B). Nevertheless, brGDGTs increasingly
overestimate sample site elevation towards the lowlands,
likely as an artifact of proxy saturation, as MBT0

5me values
near 1 at these sites (Table 4, Research Data). Hence, the
MBT0

5me value can be used as an indicator of the accuracy
of the reconstructed elevation for each site. On the other
hand, d2Hwax is associated with large errors, primarily sub-
ject to influences from aridity and soil moisture availability.

In general, samples with negative DElevation values are
located in areas that are either experiencing arid conditions,
or located behind an orographic barrier, resulting in mois-
ture blocking (Galewsky, 2009; Hughes et al., 2009). Sam-
ples with a positive DElevation offset may be located in
areas with high moisture, where the relationships between
d2Hwax and elevation can become distorted by the amount
effect, as shown in Peterse et al. (2009). This suggests that,
in a multiproxy study, the use of both d2Hwax and
brGDGTs can provide information on the hydrological
conditions of the (paleo-) soils using the DElevation parame-
ter. For example, the formation of soils during arid condi-
tions can result in large offsets between the reconstructed
elevation and actual sample site elevation. We therefore
suggest that soils that show a large negative offset (DElevation

value outside of the 1250 m error bars) between the d2Hwax

and brGDGT proxies should be interpreted with caution,
as these samples can be influenced by arid conditions dur-
ing formation.
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6. CONCLUSIONS

Both leaf wax n-alkane d2H values and brGDGTs pri-
marily record a climatic parameter that changes with eleva-
tion, although additional processes influence these
compositions. We found that the d2Hwax values in the Sut-
lej, Alaknanda, and Arun generally record surface water
d2H values. Scatter in this relationship is attributed to the
possibility that surface water d2H values did not represent
the local conditions at the soil sampling sites, as well as
the influence of aridity on the d2Hwax signature stored in
soils. We confirm this via an observed dependency of the
apparent fractionation between the soil d2Hwax and surface
water d2H in the Sutlej catchment with soil moisture avail-
ability, as well as based on the vegetation type.

The BayMBT MAAT in the same three transects
showed a high correlation with both sample site elevations
and MODIS-derived MAT. To improve the accuracy of
paleo-elevation studies, a combined approach between the
d2H and brGDGT proxy could be applied. Large offsets
(above 1250 m) between elevations inferred from both
proxies (DElevation) should be interpreted with caution, and
could be affected by moisture availability/aridity, the
amount effect in precipitation, or originate from locations
with high annual temperatures. In the case of a large offset,
where MBT0

5me values are <1, the proposed DElevation

parameter can provide information on the hydrological set-
ting of the depositional environment of these soils.

In conclusion, the results of this study show that both
the d2Hwax and brGDGT proxies are optimal in a relatively
stable climate (as the shorter Khudi transect suggests), but
are significantly influenced by variable hydrology, i.e.,
increasing aridity (as is often the case in orogenic settings
with high altitude plateaus). Our results contribute to the
existing literature on organic proxies, showing that the
application of a combined proxy approach could provide
information on the hydrological characteristics of the depo-
sitional environment. The uncertainties in elevation esti-
mates due to moisture availability and high temperatures
emphasize that prior knowledge of the tectonic setting is
crucial when reconstructing elevations.
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