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CLUMPED ISOTOPE CONSTRAINTS ON WARMING AND
PRECIPITATION SEASONALITY IN MONGOLIA FOLLOWING
ALTAI UPLIFT
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ABSTRACT. The timing of surface uplift of the Altai Mountains in northern
Central Asia—and the climatic consequences—remains controversial. Today, the
Altai Mountains cast a substantial rain shadow, effectively separating the western
Gobi Desert and steppe from the Siberian Taiga. We take advantage of this stark cli-
matic gradient to trace the interaction of climate and topography in the lee of the
Altai. First, we present new water stable isotope data that demonstrate that—along
with this climatic gradient—the Altai modify the §'®0 of precipitation via rainout on
the leeward side of the range. Second, we present a new paleosol carbonate clumped
isotope (A4;) record that spans much of the Neogene from the immediate lee of the
Altai in western Mongolia to address how surface temperatures may have responded
to potential uplift during the Neogene. We find that A 7-derived temperatures have,
overall, declined by approximately 7 °C over the course of the Neogene, though the
precise timing of this decrease remains uncertain. Third, we pair our A4; record with
previously published stable isotope data to demonstrate that the timing of decreasing
temperatures corresponds with long-term stability in paleosol carbonate 0"3C values.
In contrast, increases in paleosol carbonate 6'*>C values—linked to declining vegeta-
tion productivity—are correlated with intervals of increasing temperatures. We specu-
late that declines in vegetation biomass and leaf area changed the partitioning of
latent and sensible heat, resulting in rising surface temperatures during Altai uplift.
In contrast, long-term Neogene cooling drove the overall decline in surface tempera-
tures. Reconstructed soil water 6'20 values (based on carbonate 6'°0 and A4, values)
remain surprisingly stable over our Neogene record, differing from our expectation
of decreasing 0'%0 values due to progressive uplift of the Altai Mountains and Neogene
cooling. We demonstrate that the shift in precipitation seasonality that likely accompanied
Altai uplift obscured any change in leeside precipitation §'%0 that would be expected
from surface elevation change alone.
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INTRODUCTION

Asia contains one of the most remarkable assemblages of topographic features on
the planet. Coincident with much of this topographic diversity are equally impressive
climatic gradients, with some of the heaviest rainfall on Earth to the south of the
Himalaya whereas, just to the north, lies one of the largest arid regions on our planet.
Much work has focused on the history and mechanistic linkages between the uplift
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of the Himalaya and Tibetan Plateau region and the development of the Asian mon-
soon systems and deserts (Hahn and Manabe, 1975; Kutzbach and others, 1993; An
and others, 2001; Molnar and others, 2010). However, the uplift history of the
Tibetan Plateau remains controversial (Botsyun and others, 2019; Su and others,
2019; Ingalls and others, 2020; Quade and others, 2020) and many of the observed
shifts in Cenozoic climate—particularly during the Neogene—are difficult to link
directly with pronounced phases of Plateau or Himalayan uplift (Quade and others,
1989; Molnar and others, 2010; Rugenstein and Chamberlain, 2018). In contrast, the
many ranges north of the Tibetan Plateau, including the Tien Shan, Altai, Hangay,
and Sayan, may have a younger uplift history than the Plateau (Hendrix and others,
1994; Caves and others, 2017) and also exert a profound influence on Asian climate
(fig. 1A).

5 Of these northern ranges, the Altai play a particularly prominent role in modulat-
ing East Asian and Northern Hemisphere climate (Roe, 2009; Penny and others,
2010; White and others, 2017). Today, the Altai cast a prominent rain shadow—sec-
ond only to the Himalaya in Asia—with nearly an order-of-magnitude more precipita-
tion on the windward, northwestern side than on the leeward, eastern side of the
range (fig. 1B) (Meyer-Christoffer and others, 2015). Via this rain shadow, the Altai
separate the Gobi Desert and steppe from the Siberian taiga by a distance of only
~500 km. On a larger-scale, the Altai’s northerly position lends it an outsize impor-
tance in modifying the winter-time westerly jet, which reduces storminess across the
northern Pacific (Penny and others, 2010; White and others, 2017). Further, the Altai
are the largest source of lee cyclones in Asia (Chen and Lazic, 1990; Roe, 2009). In
Spring, these cyclones create the tremendous dust storms that traverse East Asia and
transport dust as far as western North America (Shao and Dong, 2006; Roe, 2009;
Creamean and others, 2013).

Despite the Altai’s importance in modulating modern-day Asia climate, the
range’s role in modifying climate through time remains uncertain, partly because vari-
ous measures of uplift and climate—derived from exhumation and sedimentation
data and proxies of paleoclimate—disagree on the timing of uplift and climate
change. Most apatite fission-track (AFT) data record the erosional destruction of the
Central Asian Orogenic Belt (CAOB) during the Late Cretaceous (De Grave and
others, 2014; McDannell and others, 2018) or indicate renewed exhumation in the lat-
est Paleogene (Yuan and others, 2006; Glorie and others, 2012), though thermal mod-
els of AFT data hint at accelerated late Cenozoic cooling (De Grave and others, 2014;
Glorie and De Grave, 2016). In western Mongolia, coarsening-upward sedimentation
resumes in the late Paleogene after a temporally long unconformity, with growth
strata indicative of continued exhumation (Gradzinski and others, 1969; Howard and
others, 2003). In contrast, paleoclimate proxy data suggest abrupt changes in climate
that could be driven by surface uplift only in the late Miocene or even Pliocene. For
example, paleontological data indicates substantially wetter conditions in the Valley of
Lakes (western Mongolia; see fig. 1A) in the Pliocene than today (Czyzewski, 1969).
Further, paleosol carbonate 5'°C values directly leeward of the Altai increase dramati-
cally beginning in the late Miocene. Although several factors can influence soil car-
bonate 3'?C—including C4 plant abundance, soil respiration, and atmospheric pCO,
(Cerling, 1999)—this increase was interpreted as a decline in plant productivity and
therefore soil respiration rates driven by the establishment of the Altai rain shadow
(Caves and others, 2014). However, these changes occur synchronously with global
cooling, particularly in the Northern Hemisphere (Herbert and others, 2016), com-
plicating their direct attribution to Altai surface uplift.

One way to test whether late Neogene Altai surface uplift or global Coolin$ drove
leeward aridification of western Mongolia would be to use oxygen isotopes (5'°0) of
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Fig. 1. A) Location map. Blue dots are carbonate stable and clumped isotope sampling sites men-
tioned in the text. Red stars are locations of precipitation 3'%0 stations. B) June, July, August ([JA) precip-
itation (mm/month). Note the order of magnitude difference in precipitation between the northwest side
of the Altai and the leeward, southwest side of the Altai. C) Fraction of annual precipitation that falls dur-
ing the summer months (JJA). Precipitation data from Meyer-Christoffer and others (2015).

paleosol carbonates. Values of 8'®0 in authigenic minerals are frequently used to track
the evolution of surface topography in the past, under the assumption that orographic
rainout preferentially removes '°O proportional to the height of the mountain range,
resulting in lower 3'%0 in the lee of the range (Garzione and others, 2000; Poage and
Chamberlain, 2001; Rowley and others, 2001; San Jose and others, 2020). Consequently,
the 8'®0 values of such carbonates should be sensitive to whether the moisture that
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reaches western Mongolia has experienced substantial rainout due to passage over the
high topography of the Altai. If Altai surface uplift in the late Neogene created the mod-
ern-day Altai rain shadow, one would expect increasingly distilled, low 8'0 moisture
through time in the lee of the Altai. However, there are few datasets of modern water
§8"%0 in Mongolia to directly test how the Altai rain shadow impacts modern precipitation
§'%0 values. Further, carbonate §'°O values from lee-side paleosol carbonates do not
decline synchronously with the increases in carbonate 8"C values (Caves and others,
2014). This invariant carbonate §'0O could reflect stable upwind surface topography.
Alternatively, it could reflect countervailing processes that occur concomitantly with
changes to the mean upwind topographic elevation of the range that offset any decline in
precipitation 3'®°0 values due to enhanced Altai rainout with uplift. Such processes
include (1) substantial late Neogene cooling that would change the fractionation of 80
into soil carbonates, or; (2) changes in precipitation seasonality that shift the 380 of mete-
oric water that forms soil carbonates.

This contribution, then, has two goals. First, we present 58 new samples of mod-
ern, meteoric water 3'80 collected in the lee of the Altai—combined with HYSPLIT
modeling of air mass trajectories—to determine if the present-day Altai rain shadow
results in lower meteoric water 5'%0 on the leeward side of the range. Second, we use
clumped isotope (A47) paleothermometry on Miocene to Quaternary paleosol carbo-
nates to determine how soil temperatures changed during the late Neogene in the lee
of the Altai and, thereby, directly calculate the soil water §'*0 over the same time
interval. We use these data to develop a more comprehensive view of how climate in
western Mongolia changed during the Neogene and relate these changes to potential
tectonic and global climate forcings.

GEOLOGIC AND CLIMATIC SETTING

The Altai is comprised of a series of re-activated fault blocks uplifted along pre-
existing structures dating to the construction of the Mesozoic Central Asian Orogenic
Belt (CAOB) (Cunningham, 1998; Gregory and others, 2018). To the east of the
Altai, the Valley of Lakes separates the Altai from the Hangay range, a high-standing,
low-relief range that appears to be a long-lasting remnant of the CAOB (McDannell
and others, 2018) (fig. 1A). The Valley of Lakes contains abundant but thin Cenozoic
growth strata that record erosion off both the Hangay and Altai mountains
(Devyatkin, 1981; Traynor and Sladen, 1995). The paleosol carbonate samples ana-
lyzed here come from the Dzereg Basin, an internally drained basin bounded by the
Mongolian Altai to the west and the Jargalant Naruu range, a 3400 m NW-SE trending
transpressional ridge in the Valley of Lakes, to the east.

Here, the thick Mesozoic and thin Cenozoic sequences have been dated largely
by biostratigraphy and are described in further detail in Gradzinski and others
(1969), Devyatkin (1981), Howard and others (2003), and Caves and others (2014).
The approximately 180 m-thick Neogene sequence consists of three distinct strati-
graphic units with abundant paleosol horizons rich in authigenic carbonate. We fol-
low the naming convention of Howard and others (2003) for these units: the
Miocene-aged Tan Conglomerate Unit, the Pliocene-aged Upper Red Bed Unit, and
an unnamed unit comprised of Quaternary alluvial fans. The Tan Conglomerate and
Upper Red Bed units contain frequent overbank sediments of fine to medium sands
that are strikingly incised by coarser-grained channel units. The channels frequently
contain angular clasts that suggest short transport distances, and paleocurrent data
(Howard and others, 2003) indicates that the Jargalant Naruu range served as the
source for these sediments. The authigenic carbonates are hosted primarily in the
overbank sediments, with both nodules (1-3 cm in size) and laterally extensive car-
bonate-rich Bk horizons frequently cut by overlying channels. The Tan Conglomerate
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Unit generally fines upward, whereas the Upper Red Bed Unit contains larger grain
sizes, even in the overbank facies. Though no unconformity was observed between the
Upper Red Bed and Tan Conglomerate units, there is a substantial angular unconfor-
mity with the overlying Quaternary alluvial fans, which blanket the landscape. The du-
ration of this unconformity is unknown. Within these fans, authigenic carbonate
appears as well-distributed interstitial cement that has lithified many of these fans.

Climatically, the leeward side of the Altai is strikingly continental. The Valley of
Lakes receives approximately 150 mm of precipitation/year, nearly all of which falls
during the summer months of June, July, and August (Meyer-Christoffer and others,
2015) (figs. 1B and 1C). Monthly average temperatures vary by more than 40 °C, with
summertime temperatures of approximately 25 °C and wintertime temperatures drop-
ping to nearly —20 °C. In contrast, the Altai’s windward side receives greater than
1000 mm/year of precipitation, primarily during the spring and fall (fig. 1C). The
lack of wintertime precipitation over much of Mongolia results from the exceptionally
stable Siberian High, which forms during the late fall and disintegrates in March and
April (Aizen and others, 2001).

METHODS

HYSPLIT Modeling

Because the §'°0 of precipitation and meteoric waters are affected by the mois-
ture source and net distillation along the moisture transport pathway (Winnick and
others, 2014; Kukla and others, 2019), we use NOAA’s HYSPLIT model to determine
how moisture that reaches Mongolia interacts with the complex topography in north-
ern Central Asia (Draxler and Hess, 1998). The HYSPLIT model has been frequently
used to understand the controls on modern meteoric water 8'*0 values and particu-
larly how it applies to reconstructions of §'*0 through time (Oster and others, 2012;
Lechler and Galewsky, 2013; Caves and others, 2014; San Jose and others, 2020).
Because we are interested in understanding the controls on the spatial distribution of
meteoric water 8'*0 over Mongolia, we focus on six sites that span Mongolia east-to-
west and north-to-south (fig. 2).

To calculate modern back-trajectories, we use climate data output from the
Global Data Assimilation System (GDAS), which has an approximately 1° x 1° resolu-
tion (Kanamitsu, 1989; Stein and others, 2015) and is the highestresolution global
dataset available to calculate multi-year average trajectories. We compute back-trajec-
tories at 6-hour intervals for 2005 to 2016, resulting in 17,088 back-trajectories. Air
parcels are initialized at 1500 m above ground level because the bulk of the moisture
is transported in the lower troposphere (Wheeler and Galewsky, 2017). We filter these
results for only those trajectories that produce precipitation within 6 hours of the end-
point, though our results are insensitive to variations in this parameter ranging from 1
to 12 hours before the endpoint.

Stable Isotopes of Modern Waters

We collected 58 spring and stream water samples to supplement existing precipi-
tation and surface water 8'°0 data from Mongolia (Yamapaka and others, 2007;
Kurita and Ichiyanagi, 2008; Caves and others, 2015; Burnik Sturm and others, 2017)
(table 1). These waters were all collected during JJA and were sampled opportunisti-
cally as part of other projects to characterize the geology and uplift history of the Altai
and Hangay (Meltzer and others, 2015). Waters collected in 2013 were measured for
8'®0 and 8D using 1 ml aliquots on an LGR 24d liquid isotope water analyzer at the
Joint Goethe University-SBik-F Stable Isotope Facility, Frankfurt (Germany). Waters
collected in 2017 were measured for §'*0 and 8D on a Picarro 1.2120- isotopic water
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TaBLE 1

River and stream 80 and 8D data. All isotopic values are relative to VSMOW. Samples

with “=" in the “Day of Year” column were collected in July.

Sample La(toilt\;;de Lor(l;gEi:t)u 9 year D‘?ga:f 3D 3]3) 3%0 (2;80_(;
AM1 44.477 102.426 2013 156 -102.8  0.69 -13.60 0.064
AM2 45.521 96.645 2013 158 989  0.62 -13.75 0.057
AM3 45.792 96.091 2013 159 41606 0.90 21.53 0.074
AM4 47.500 96.885 2013 159 1065 0.48 -14.16 0.081
AMS5 49.473 98.077 2013 160 -1143 040 -14.72 0.027
AM6 49.560 99.374 2013 161 -1386 033 -18.29 0.052
AM7 48.740 103.612 2013 162 921 0.14 -11.74 0.072

Bl 48.022 100.417 2013 157 834 052 -10.78 0.038
BI0 48.009 98.630 2013 160 1162 056 -14.95 0.072
Bll 47.986 98.557 2013 160 -113.0 017 -14.56 0.051
BI2 47.740 98.337 2013 160 -106.5 037 -13.66 0.048
BI3 47.868 98.464 2013 160 1148 044 -14.75 0.074
Bl4 47.820 98.825 2013 160 -135.9 040 -18.36 0.075
BIS 47.827 98.916 2013 160 1046 039 -13.92 0.042
B16 47.756 100.232 2013 163 775 0.13 -8.98 0.050
B17 47.297 100.036 2013 163 -95.5 0.70 -12.69 0.031
BI9 46.239 101.697 2013 167 819 0.44 -11.24 0.096
B2 48.195 99.693 2013 158 1220 0.49 -16.29 0.040
B20 46.353 102121 2013 167 -89.0 027 -11.78 0.045
B21 46.537 102.514 2013 168 -89.7 030 -11.84 0.048
B22 46.792 102.359 2013 168 1057 021 -14.53 0.030
B23 46.751 102.327 2013 168 1025 030 -14.11 0.049
B3 48.220 99.436 2013 158 -106.7 031 -14.41 0.053
B4 48.242 99.393 2013 158 -109.1 026 -14.18 0.021
BS 48.267 99.396 2013 158 1062 0.28 -13.78 0.049
B6 48.314 99.394 2013 158 -124.6 0.58 -16.64 0.063
B7 48.191 99.169 2013 159 -110.1 020 -14.34 0.027
B9 48.053 99.075 2013 159 -87.2 0.67 -11.18 0.045
KW1 47.425 103.569 2013 176 -87.6  0.63 -10.78 0.051
KWI16 47.102 99.942 2013 183 -108.1 0.28 -15.44 0.018

KWI18 46.804 98.003 2013 184 -103.4 036 -13.69 0.049
KW19 47.499 97.637 2013 184 1223 0.64 -16.49 0.043
KW2 47.453 101.751 2013 177 992 0.12 -13.50 0.059
KW21 46.602 99.975 2013 185 923 017 -12.87 0.019
Kw22 46.582 99.854 2013 186 823 020 -10.87 0.078

KW23 46.660 101.210 2013 187 -89.3 0.27 -12.70 0.033
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TaBLE 1
(Continued)

Latitude Longitude Day of oD 50 0'*0

Sample (°N) (°E) Year Year oD (1o) (1o)
Kw24 46.690 101.304 2013 188 -91.8 0.23 -12.48 0.035
Kw25 46.768 101.430 2013 189 -99.1 0.19 -13.62 0.025
KWwW26 46.845 101.533 2013 189 -94.4 0.27 -12.89 0.023
Kw3 47.436 100.199 2013 177 -90.3 0.31 -12.43 0.042
KW5 47.270 100.033 2013 178 -99.6 0.19 -13.67 0.030
Kwg8 47.201 100.102 2013 180 -124.5 0.36 -17.16 0.042
wsl 48.578 98.953 2017 - -110.9 0.2 -14.79 0.05
ws10 47.452 92.197 2017 - -98.5 0.1 -13.15 0.07
wsll 46.590 92.289 2017 - -110.4 0.2 -15.03 0.04
wsll 45.353 90.856 2017 - -102.6 0.5 -13.98 0.04
ws12 46.104 91.542 2017 - -107.7 0.3 -14.77 0.03
wsl3 45.981 93.267 2017 - -115.8 0.3 -15.65 0.05
wsl4 46.232 93.372 2017 - -106.8 0.1 -14.74 0.05
wsl5 46.311 93.908 2017 - -94.5 0.1 -13.35 0.07
ws2 49.240 96.417 2017 - -117.4 0.2 -15.12 0.09
ws3 49.909 92.218 2017 - -113.9 0.1 -15.66 0.03
ws4 49.126 90.319 2017 - -111.7 0.4 -15.36 0.07
ws5 48.834 89.196 2017 - -105.6 0.2 -14.85 0.04
ws6 48.561 88.866 2017 - -94.0 0.6 -12.19 0.08
ws7 48.898 89.644 2017 - -99.1 0.2 -13.66 0.07
ws8 48.428 90.399 2017 - -111.1 0.2 -15.57 0.03
ws9 48.404 90.869 2017 - -100.2 0.2 -14.14 0.08

analyzer coupled to a Picarro A0211 High Precision Vaporizer at ETH Zurich
(Switzerland). Water aliquots of 1 ml were filtered through 0.45 pm disposable mem-
brane filters before injection. At both laboratories, §'%0 values were corrected based
on internal lab standards calibrated against VSMOW (Vienna Standard Mean Ocean
Water). The analytical precision is typically better than 0.2%o (25) absolute for §'*O
values.

Clumped Isotope Analyses

Carbonate clumped isotope (A47) analyses on nine selected carbonate samples,
limited to pedogenic nodules and soil calcic (Bk) horizons, from the 160 m thick Mio-
Pliocene section in the Dzereg Basin were performed at the Joint Goethe University-
Senckenberg BiK-F Stable Isotope Facility, Frankfurt am Main, Germany. Sample pow-
ders were prepared using a Dremel in 2012 (originally for stable isotope analysis), and
aliquots of these powders were used for clumped isotope analysis. The data were
acquired in two analytical sessions. In a first pilot study (that is, in the first analytical
session), we analyzed four pedogenic carbonate samples on a ThermoFisher MAT 253
gas-source isotope ratio mass spectrometer (IRMS) dedicated to measurements of
atomic masses 44 to 49. During this analytical period, sample preparation and
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measurements followed the procedure outlined in Wacker and others (2013, 2014).
In brief, pedogenic carbonate powder was digested in >106% phosphoric acid at
90 °C for 30 minutes. The produced COy was purified by passing it through cryogenic
traps (—80 °C) before and after passage through a Porapak Q-packed gas chromatog-
raphy column (-15 °C) to remove traces of hydrocarbons. In the second session, we
complemented this initial Ay; data set using HAL (Hofmann’s Auto Line) for phos-
phoric acid digestion of the carbonates at 90 °C, purification of extracted COs and
introduction of the cleaned COy to a Thermo Scientific MAT 253plus IRMS for iso-
topic analysis of the purified COs (Fiebig and others, 2019).

All data is calculated using the [Brand]/IUPAC parameters (Daéron and others,
2016) and is reported in the Carbon Dioxide Equilibrium Scale (CDES) normalized
to 25 °C. Alongside samples and internal carbonate standards (ETHI1 to ETHA4,
Carrara marble, aragonitic bivalve Arctica islandica; see supplementary table S5,
http://earth.eps.yale.edu/ %7eajs/SupplementaryData/2022/Rugenstein), COy gases
equilibrated at 1000 °C and 25 °C (supplementary tables S1 and S2) were measured to
monitor the non-linearity of the mass spectrometer and to determine the empirical
transfer functions (ETFs) for the projection of background-corrected Ay; raw data to
the CDES (Dennis and others, 2011). During the first analytical session, each sample
replicate was analyzed in 10 acquisitions consisting of 10 cycles of reference-sample
gas measurements with 20 s integration time each. Background correction was per-
formed according to the protocol outlined by Fiebig and others (2016). During the
second session, each sample replicate was analyzed in 13 acquisitions (10 cycles with
20 s integration time each). The negative background was continuously monitored on
the m/z 47.5 half cup and subtracted from the measured m/z 47 intensity using an
empirically derived scaling factor of —0.988 (as outlined in detail by Bajnai and
others, 2018). For the construction of the ETFs we considered the intercepts of back-
ground-corrected equilibrated gases and their corresponding thermodynamic equilib-
rium values (Wang and others, 2004). A 25 to 90 °C acid fractionation factor of
0.088%o was finally added to ETF-processed A4; values and clumped isotope tempera-
tures (T) were calculated using the Wang-Dennis processed calibration of Petersen
and others (2019):

10°
Ay; = 0.0387 x -z +0.257 (1)

Each sample was typically replicated 4 to 7 times. One sample (Dz-65) was ana-
lyzed four times in the first and three times in the second session and yielded identical
values within * 1 standard error of the mean (SE) (table 2). External standard errors
(%1 standard error of the mean (SE)) for 4-7 replicate measurements range from *
0.002%0 to = 0.014%o. For sample Dz-44, measured in 5 replicates in the second ses-
sion interval, the 1 SE of 0.002%o is smaller than the corresponding shot noise limit of
0.003%o0 (Merritt and Hayes, 1994). Therefore, we replaced the calculated 1 SE with
the shot-noise limit for this sample.

RESULTS

HYSPLIT Modeling Results

HYSPLIT trajectory modeling reveals that most of Mongolia is influenced by west-
erly moisture, with only the eastern- and southern-most sites influenced by monsoonal
moisture from the south (fig. 2). The topography of the Altai, Hangay, and Sayan
ranges strongly influences these western moisture trajectories. In western Mongolia,
precipitation-producing trajectories rarely traverse the highest portion of the Altai
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and instead split around the high elevations, traveling over the lower topography that
connects the Altai and Sayan in the north or the Gobi Altai to the south (figs. 2A and
2D). Moisture that reaches the northwestern flanks of the Hangay often passes over
the topography that separates the bulk of the Altai and Sayan ranges (fig. 2B),
whereas moisture reaching the southeast flank of the Hangay tends to traverse the
Gobi Altai or be sourced from local or more southerly locations (fig. 2B). In north-
eastern Mongolia, most moisture travels around the Sayan and Hangay and does not
traverse high topography at all (fig. 2C). Moreover, in southeastern Mongolia, near
the border with China, most moisture appears to be locally generated or from the
west or south—potentially from the East Asian Monsoon—again with apparently little
interaction with high topography (fig. 2F). Though we plot trajectories that only
occur during JJA, the results are not substantially different if all annual trajectories
are considered since all sites receive a large fraction of annual precipitation during
JJA (fig. 1C). Though we choose 1500 m above ground level as the starting point for
the trajectories, the results are also not particularly sensitive to the starting height. At
higher starting levels, a greater fraction of precipitation-producing storms passes
directly over the Altai, rather than skirting around the northern edge (not shown);
nevertheless, these trajectories still traverse the high topography of the Altai.

These HYSPLIT trajectories demonstrate that areas in the western and northwest-
ern portions of Mongolia receive moisture that has experienced flow over relatively
high topography. In contrast, areas to the east and south receive moisture that has
experienced less direct flow over elevated topography and is increasingly mixed with
moisture from the south.

Modern Water Stable Isotopes

The combined meteoric water 320 (3'%0,,,,) values from Mongolia—including
newly presented data and data previously published in Caves and others (2015) and
Burnik Sturm and others (2017)—range from —7.85 to —21.53%o, with a mean of
—13.72 = 1.93%0 (1o) (table 1). The local meteoric water line (MWL) of all river/
stream stable isotope data has a slope of 6.93 * 0.13 and an intercept of —7.12 =
1.81%o; in contrast, the MWL of all river/stream data from across Asia has a slope of
8.28 £0.05 and an intercept of 12.35 = 0.73%o (fig. A1A). Regionally, modern precipi-
tation and river/stream 8'%0 data from Asia define a coherent pattern of values
decreasing poleward similar to the global pattern of decreasing poleward 8'%0 values
(Dansgaard, 1964) (gray line in fig. 3B). However, two regions in Asia deviate from
this poleward trend: the leeward areas of the Hlmalayas and the Altai. In both cases,
waters collected leeward of these ranges have §'®0 values lower than expected from
latitudinally equivalent, non-leeward data (fig. 3B). In map view, waters collected in
and around western Mongolia show substantial variability (fig. 3A). Nevertheless,
3! Omw is lower in the lee of the Altai and over the northwest Hangay, which also
receives precipitation that has traversed the high to ography of the northern Altai
and Sayan (fig. 2). In eastern and southern Mongolia, 5'®O,,,, values are higher, partic-
ularly in the southeastern portion of the Hangay and further to the south and
east.

Clumped Isotopes and Reconstructed Soil Water 8 '*0 and Soil CO, 8"°C
Carbonate clumped isotope analyses from Dzereg nodules and carbonate-rich Bk
horizons yield Ay; values of 0.740 = 0.007 to 0.710 = 0.007%o0 (*1c), which translate
into temperatures of 9.9 = 1.9 °C to 19.3 = 2.4 °C (% 1o), respectively (table 2). We
do not detect any differences between Ay; values of nodules and soil Bk horizons.
Overall, Aytemperatures show a trend towards lower temperatures from the bottom
to the top of the section (fig. 4). Within the lower part of the section (9-68 m), there
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Fig. 4. Reconstructed soil water 3'%0 (A) and soil COq 5%C (C) values based upon measured clumped-
isotope temperature data (B) and carbonate §'*0 and §'°C values. Blue dots in A and C are reconstructed soil
water 8'0 and soil COs 3'°C based upon corresponding A4; data from the same sample; black dots in A and
C are reconstructed soil water 3'°0 and soil COy 8'*C from soil temperature data interpolated between meas-
ured Ay; data. Error bars in B are 1o and error bars in A and C are propagated ranges in the reconstructed
values based upon the 16 uncertainties in B. Gray error bars on the soil water 8'°0 and soil COy 8'°C data are
calculated based upon the mean temperature uncertainty (* 1c) from B.

is a continuous temperature decrease of ~10 °C with the minimum temperature of
9.9 = 1.9 °C at 68 m. This is followed by an ~7 °C temperature increase from 68 to
109 m, reaching a calculated temperature of 16.5 * 2.6 °C and by another 4 °C tem-
perature decrease in the upper part of the section (109-142 m), though this last
decrease in temperature is within the uncertainty of the temperature estimate.
Assuming isotopic equilibrium during carbonate formation, we use the carbon-
ate formation temperatures to calculate both soil water 3180 (8'%0,,) using the
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fractionation factors of Kim and O’Neil (1997) as well as soil COs 8'°C (8"3Cy.;)
using the fractionation factors compiled in Cerling (1999) (table 2). The reconstructed
§'%0y,, values vary between —11.7 and —9%,. Though there is no long-term trend in the
lower part of the section, 3180, increases ~2.7%o coincident with the increase in tem-
peratures. Constant or declining reconstructed SISCSOH corresponds with decreasing
carbonate formation temperature. In contrast, the 7 °C increase in carbonate forma-
tion temperature correlates with a large (~5%o) increase in 813Csoi1 in the middle of the
section (68-109 m) (table 2; fig. 4). In figure 4, to more directly compare with the addi-
tional carbonate $'%0 and §'*C data, we interpolate the temperature data to estimate a
carbonate formation temperature for every carbonate stable isotope sample of the
Dzereg section and then use these temperatures and the aforementioned fractionation
factors to calculate 80, and 8'°C,; for every sample. For the Quaternary samples,
we use the uppermost estimate of temperature (from the Pliocene) as we do not a priori
know the season of carbonate formation in the Quaternary. As discussed below, the
Pliocene temperature estimate suggests that carbonate forms in the early Fall, consist-
ent with the idea that carbonate forms towards the end of the wet season as plants sen-
esce (Breecker and others, 2009; Burgener and others, 2016; Kelson and others, 2020).

DISCUSSION

Both the present-day §'%0,,,, data and the HYSPLIT simulations suggest that the
presence of the Altai exerts an important influence on lee-side climate. Similarly, geo-
logic data from the lee of the Altai indicate that local climate has changed consider-
ably throughout the late Neogene. Previously, we have shown that uplift of the Altai
and Tian Shan in the late Neogene may have altered the seasonality of precipitation
on the windward flanks of these ranges (Caves and others, 2017). Below, we discuss
how Altai uplift may have changed leeside temperature, precipitation, and plant pro-
ductivity but maintained constant precipitation 3'0 over the late Neogene despite
rising upwind topography.

Interaction of the Altai and Climate

During the first half of every year, the mid-latitude westerly jet migrates north-
ward from south of the Tibetan Plateau in boreal winter to north of the Tibetan
Plateau in summer. During this migration, springtime storms that are routed along
the jet intersect the high topography of the Tien Shan and Altai, producing oro-
graphic precipitation and a peak in rainfall on the windward sides of these ranges
(Schiemann and others, 2009; Baldwin and Vecchi, 2016). As seen in HYSPLIT back-
trajectories, westerly-originating moisture typically skirts the highest portions of the
Altai, resulting in trajectories that veer south or north of the highest peaks (Galewsky,
2009) (fig. 2).

These westerly trajectories result in low 8'®0,,,, values, particularly in the north-
ern Valley of Lakes, northwest Hangay, and in the western Mongolian Altai, as mois-
ture is distilled on the windward side and low 8'*0 moisture is transported eastward
(Sato and others, 2007) (fig. 3). All of the samples presented in figure 3A are from riv-
ers and streams, suggesting they may be recording higher-elevation precipitation that
feeds the few streams and rivers in western Mongolia. Nevertheless, this potentially
high-elevation moisture has substantially lower §'O than streams that occur at the same
latitude in either central or eastern Mongolia or western Kazakhstan. It is possible
that a portion of the spatial pattern of 3'*0 is influenced by evaporation, either
through sub-cloud evaporation of precipitation (Lee and others, 2012) or surface
evaporation, particularly given that the local MWL has a lower slope than the Asia-
wide MWL (fig. A1A). However, the slope of the local MWL is not substantially lower
than the average local MWL of precipitation globally (Putman and others, 2019),
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and there is no obvious longitudinal pattern in the d-excess values (fig. Al1B).
Consequently, we suggest that these 8'®O,,,, values record rainout induced by Altai
topography upwind of western Mongolia, rather than evaporative effects associated
with the arid climate.

Clumped and Stable Isotope Evidence of Past Climate Change

In western Mongolia, 3"3C,on values increase by ~7%o over the course of the
sampled Dzereg basin sedimentary section—one of the largest increases in carbonate
or soil COy §"°C outside of areas impacted by the onset of C4 grass ecosystems in the
late Neogene (fig. 4). Even considering only the data constrained by A,; data, the
increase in 8'°Cyy is ~5%o. Given that there are few to no C4 grasses in western
Mongolia due to the arid and exceptionally cold climate (Still and others, 2003),
Caves and others (2014) concluded that this increase in 8'°C reflected a substantial
decline in plant productivity. Soil COs 8'*C values represent a balance between atmos-
pheric COg, with a §'*C of ~ —7%,, and soil-respired COg with an average value from
C3 root and soil organic matter respiration of ~—25 to —27%o (Cerling and Quade,
1993; Caves and others, 2016; Licht and others, 2020). Thus, a large increase in
8"¥Cyoi1 at Dzereg coincident with a large decline in atmospheric pCOs during the late
Neogene (Herbert and others, 2016; Mejia and others, 2017)—that would tend to
lower §'°Cy,; all else being equal—suggests an exceptionally large decrease in plant
productivity in western Mongolia.

Over the same section, our clumped isotope data suggest that soil temperatures
also fell by 6.5 £ 5.7 °C during the Miocene, before increasing and then decreasing
into the Pliocene (fig. 4). Though we lack a precise chronology for this section, the
relatively low sedimentation rates (Traynor and Sladen, 1995) and modern-day ero-
sion rates (Smith and others, 2016) suggest that the Miocene unit may span much of
the epoch. If so, then the overall cooling trend may reflect long-term global cooling
during the Neogene, which is particularly pronounced in the Northern Hemisphere
after the Middle Miocene Climatic Optimum (Herbert and others, 2016). Soil temper-
ature shifts of this magnitude have been observed in multiple Neogene records
(Loffler and others, 2019; Methner and others, 2020) as well as Cenozoic Asian
records (Ingalls and others, 2018; Page and others, 2019). Indeed, deeply continental
settings such as western Mongolia are thought to be most sensitive to changes in
global climate (Kirtman and others, 2013), suggesting that the cooling in western
Mongolia over the Neogene may be greater than the change in the global mean sur-
face temperature.

However, a long-term global cooling trend does not reconcile the punctuated
increase in Ay-derived temperatures (6.6 = 4.5 °C) in the upper part of the Dzereg
section, nor does it reconcile how SISOSW can increase with Altai uplift, rather than
decrease as predicted by stable isotope paleoaltimetry theory (Rowley and others,
2001). To address these points, we propose two scenarios that link Altai uplift to
warmer soil carbonate formation temperature and higher §'®Oy,,. Scenario 1 links the
establishment of the Altai rainshadow to increasing land surface temperatures and
increasing SISOSW via evaporative effects. Scenario 2, in contrast, focuses on the effect
of an Altai rainshadow on the seasonality of soil carbonate formation and, therefore,
the temperature and §'°0,, that these minerals record. The key distinction between
these scenarios is that scenario 1 explains the observed data in terms of changing envi-
ronmental conditions (temperature and 51805“,) while scenario 2 implicates changes
in the timing of soil carbonate formation. We stress that these scenarios are not mutu-
ally exclusive.

Scenario 1: Altai rainshadow effect on environmental conditions.— The punctuated
increase in carbonate formation temperature in the upper part of the Dzereg section,
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coincident with increasing 8"3Cyoi1 and 8'%0y,, can be explained by uplift if the estab-
lishment of a rainshadow decreased plant transpiration while i 1ncreasmg the fractlon
of evaporated water. For example, we previously attributed the increase in 5% Cwll to
decreased plant productivity (Caves and others, 2014; Caves and others, 2016). Along
with decreased precipitation due to Altai uplift, this decrease in productivity would
likely be accompanied by less total biomass and leaf area (Gholz, 1982), decreasing
total plant transpiration. Since transpiration works as an “evaporative cooler” by trans-
ferring the energy from sunlight into latent heat, thus depressing temperatures rela-
tive to a plantfree landscape (Kleidon and others, 2000), decreased transpiration
with rainshadow establishment could cause warming (Kelson and others, 2020). Such
a reduction in evaporative cooling could be due to Altai surface uplift—and the for-
mation of the Altai rain shadow—or declining atmospheric pCOq and global cooling,
which may have reduced precipitation and limited plant productivity in western
Mongolia (Caves and others, 2016).

Arldlﬁcatlon may have also increased the fraction of evaporated water, thereby
increasing 3"%0,. Today, the leeward side of the Altai is characterized by lower pre-
cipitation and relative humidity compared to the windward side—conditions that are
generally associated with increases in raindrop re-evaporation or the evaporative frac-
tion of soil water (Dansgaard, 1964; Blisniuk and Stern, 2005; Bershaw and others,
2012; Lee and others, 2012). If Altai uplift occurred in the late Miocene, the establish-
ment of a rain shadow would have decreased precipitation and relative humidity,
increasing the evaporatlve enrichment of %0 i in ralnfall and soil water. An evaporatively
driven i increase 1n precipitation and soil water §'%0 may have hidden the effect of lower
precipitation 3'%0 due to increased summertime rainout on the windward side of the
Altai. This decrease in relative humidity may have been exacerbated by the rapid
decline of vegetation biomass, which would have reduced both transpiration rates—
and consequently the re-supply of moisture to the atmosphere—and shade, potentially
increasing direct soil evaporation.

Scenario 2: Altai rainshadow effect on soil ccn’bonate formatzon seasonality. —Alternatlvely,
the observed increase in soil temperature and 3! OSW may be due to a change in the
seasonality of carbonate formation during growth of Altai topography. The youngest
clumped isotope data (from the Pliocene unit) yield temperatures and 8'%0,,,, similar
to early- or late-summer (May or September) conditions today (fig. 5). These results
are consistent with the finding that carbonates often form as soils dry and plants sen-
esce at the end of the rainy season (Breecker and others, 2009), JJA in Mongolia (fig.
1C). Though several factors can modify precisely when carbonate forms and how tem-
perature and meteoric water 8'*O are recorded in soil carbonates (Huth and others,
2019; Kelson and others, 2020), we suspect that in western Mongolia soil carbonate
formation is likely occurring in late summer and early fall, if conditions today are simi-
lar to those in the Pliocene.

Given the dependence of soil carbonate formation on the timing of the wet sea-
son, if uplift caused a change in precipitation seasonality, it may also drive changes in
the timing of soil carbonate formation. Today, the Tien Shan and Altai demarcate a
sharp boundary between a spring- and fall-dominated precipitation regime on their
windward flanks and a leeward summer-dominated regime (fig. 1C) (Schiemann and
others, 2009; Rugenstein and Chamberlain, 2018; Bershaw and Lechler, 2019). Caves
and others (2017) found that this boundary likely formed starting in the late Miocene
and attributed it to surface uplift of the Altai and Tien Shan. It is conceivable that,
before this time, no sharp boundary existed and, instead, western Mongolia received a
greater fraction of moisture in spring and fall while also receiving some precipitation
in the summer (as observed on the windward flanks of the Altai). Uplift of the Altai
may have cut-off spring and fall moisture—through orographic precipitation on the
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Fig. 5. Comparing modern temperature and precipitation 8'*0 data in western Mongolia/northwest-
ern China and reconstructed Pliocene carbonate formation temperature and soil water 8'%0. The solid
black line is the mean monthly temperature at the Dzereg site, interpolated from 0.5° x 0.5° modern cli-
mate output from the NW Climate Toolbox (Hegewisch and Abatzoglou, 2021). The solid red line is pre-
cipitation 3'®0 from Altay, China (Tian and others, 2007); the dashed red line is precipitation 8'°O from
Ulaangom, Mongolia (Kurita and Ichiyanagi, 2008) (note that no data is available for June). The gray box
along the left-hand y-axis is the full range (= 1o) of the estimated formation temperature of Pliocene car-
bonates; the red box along the right-hand y-axis is the full range (* 1) of the estimated Pliocene 380,

windward flanks—resulting in a greater fraction of precipitation falling in the summer
in western Mongolia. This shift in rainfall seasonality—combined with a decrease in
total annual precipitation due to the establishment of the Altai rain shadow—may
have resulted in a change in the season of soil carbonate formation, from dominantly
spring and fall to end-of-summer as observed todazr. This shift would drive increasing
carbonate formation temperatures and increase §'°Oy, as a greater fraction of high
'O summertime precipitation is recorded in soil carbonates (fig. 5). A shift toward
more summertime and less spring and fall moisture could potentially increase pre-
cipitation 3'"%0 by ~5%o assuming a similar-to-modern annual cycle in §'*0,,,, (fig.
5), dampening any decrease in §'°O,,,, due to uplift. Similarly, soil temperatures
would increase, though estimating by how much is hindered by poor constraints on
the depth of soil carbonate formation in these samples, which would impact how
surface temperature changes are translated down in the soil column (Kelson and
others, 2020). Synchronously, 8'%Cyo1 would increase as the overall landscape
became drier due to the overall decrease in precipitation.

Possibility of late Miocene climate change without Altai uplift.— Lastly, we cannot rule
out that the bulk of Altai uplift occurred before the Miocene—given the extensive
Oligocene sedimentary cover and AFT data indicative of enhanced Paleogene exhu-
mation—such that the 3'%0,, signal we observe at Dzereg has already incorporated
the primary effects of uplift and windward distillation. If so, the large increase in
813C,.y and changes in carbonate formation temperatures would be due solely to
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global cooling during the Neogene. However, we view this scenario as unlikely given
that older carbonate 3'®O records in Mongolia from further east show no large, ear-
lier decrease in carbonate 3'%0 (Caves and others, 2014). Additionally, sites further
east and south in Asia that are affected by westerly moisture—that would be blocked
by Altai uplift—similarly show no signs of a decrease in carbonate 5'*0O older than the
Miocene and, in fact, typically increase throughout the late Paleogene and Neogene
(Caves and others, 2015).

Drivers of Regional Climate Change in Western Mongolia

The stable and clumped isotope data from Dzereg do not uniquely identify which
scenario presented above drove the changes we observe nor whether Altai uplift or
global cooling was the driver of late Neogene climatic changes in western Mongolia.
However, in combination with regional paleoenvironmental records (Czyzewski, 1969;
Caves and others, 2014, 2017), they suggest that accelerated Altai uplift in the late
Neogene (Frankel and others, 2010)—rather than global cooling alone—shifted the
seasonality of precipitation, resulting in the changes we observe in western Mongolia.
We summarize that evidence here. To compare our stable isotope data from Dzereg
with regional records, we construct a coarse age model, assuming that the decline in
temperature begins towards the end of the Middle Miocene Climatic Optimum
(MMCO) and following evidence that temperatures in the Northern Hemisphere
declined synchronously following the MMCO (Herbert and others, 2016; Methner
and others, 2020). For each epoch, we then assume constant sedimentation rates.
However, to emphasize the uncertainty in our age model, we also average the data by
epoch in order to limit our conclusions to the resolution of the biostratigraphy avail-
able at Dzereg (fig. 6) (Gradzinski and others, 1969) (we do not average the Ay; data
by epoch because we only have one datapoint outside the Miocene). We note that this
age model differs from that previously presented in Caves and others (2014), which
assumed that nearly the entire Miocene epoch was represented in the Dzereg basin.
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Fig. 6. A comparison of regional climate change data during the late Neogene. Here, stable isotope
data from Dzereg has been assigned to an age model (gray points), but the stable isotope data has also
been averaged by epoch (large, colored points). A) Carbonate 3'%0 data from Zaysan. B) Soil water 3'%0
data from Dzereg. C) Clumped isotope-based carbonate formation temperatures from Dzereg. D) Soil
CO, 5'°C from Dzereg. E) Eolian accumulation rate of dust in the North Pacific (replotted from Rea and
others, 1998). In A, B, and D, horizontal error bars are 1c. of the averaged data; vertical error bars are a
range of possible ages as constrained by biostratigraphy. In C, horizontal error bars are 16 of the A4; data.
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Given that soil temperatures decline substantially at Dzereg, we suggest that this is
likely to track cooling during the late Neogene; however, we stress that this age model
remains uncertain and requires further refinement. Nevertheless, as outlined below,
with these assumptions, the increase in soil temperatures and 313C is broadly coinci-
dent with regional changes that may share the same mechanism—uplift of the Altai.

First, the increase in temperature and in §'?C,; values is approximately coinci-
dent with a sharp decline in paleosol carbonate 3'%0 values from the Zaysan basin
(Caves and others, 2017), located windward of the Altai (fig. 6). Caves and others
(2017) attributed this decrease in carbonate 3'%0 to a shift towards spring and fall
precipitation and away from summertime precipitation due to uplift of the Altai and
Tien Shan and enhanced interaction of the mid-latitude westerly jet with this high to-
pography. Purely an increase in arid, evaporative conditions in the Altai lee following
uplift (Scenario 1) would not likely result in a synchronous shift in windward §'%0,
suggesting that Scenario 2 is more likely. Second, the increase in soil temperature and
in 8'3Cy,; and 8'0,, at Dzereg also approximately correlates with a substantial
increase in dust deposition in the Late Miocene in the North Pacific (fig. 6) (Rea and
others, 1998). Today, dust is transported to the North Pacific by the lee cyclones that
develop in the lee of the Altai (Shao and Dong, 2006; Roe, 2009). The increase in
eolian accumulation rate in the North Pacific during the late Miocene-Pliocene sug-
gests that Altai topography was high enough by the late Neogene to generate increas-
ingly windy conditions conducive to large-scale dust transport. The development of
dust-generating conditions may have been further aided by the large-scale collapse of
plant productivity due to the simultaneous establishment of the Altai rain shadow and
potential positive feedbacks between dust generation and surface albedo (Abell and
others, 2020). Indeed, the increase in 8'3C is the largest increase in soil COy or car-
bonate 8'C documented in Asia outside of areas impacted by C4 vegetation in the
late Neogene (Quade and others, 1989; Caves and others, 2016). Though 3¢
increases everywhere in Asia during the Neogene, suggesting a long-term continent-
wide decline in plant productivity (Caves and others, 2016; Rugenstein and
Chamberlain, 2018), the exceptionally large increase at Dzereg indicates that another
factor—likely Altai uplift—additionally depressed plant productivity in addition to
what global cooling and declining atmospheric pCOs would do.

The above scenario—uplift-driven shift in precipitation seasonality—is one plau-
sible link between Altai uplift and the subsequent climatic response that connects sev-
eral regional paleoclimate records. Further, late Neogene uplift of the Altai may
explain many concomitant changes in climate that occurred across Asia—such as
increased Loess Plateau deposition rates (Molnar and others, 2010) and enhanced ari-
dification within the deserts of China (Sun and others, 2015)—given the pronounced
impact of the Altai on regional climate.

Decoupling of Uplift and Climate Change

Our stable and clumped isotope data point towards Altai uplift as the most likely
driver of the substantial climatic changes in the lee of the Altai during the Neogene.
However, sedimentation beginning in the late Eocene and Oligocene in the Valley of
Lakes indicates an earlier onset of uplift (Traynor and Sladen, 1995; Cunningham
and others, 1996; Cunningham, 1998; Howard and others, 2003). Further, some ther-
mochronological data show enhanced exhumation starting in the late Oligocene and
early Miocene (Yuan and others, 2006; Glorie and others, 2012), well before the
observed shifts in climate in the late Neogene. We speculate that these divergent dates
of uplift between the paleoclimate proxies and the sedimentary and thermochrono-
logical data are not inconsistent; rather, they suggest that, while Altai uplift started in
the Oligocene—similar to estimates of renewed uplift in the Tien Shan (Hendrix and
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others, 1994)—surface topography did not approach elevations high enough to mod-
ify local climate substantially until the late Miocene.

Such temporal decoupling of the onset of Altai uplift and the observed climatic
changes in the lee of the Altai may arise from several mechanisms. First, as climate
cooled during the Neogene, the climatological position of the westerly jet that steers
storms towards the Altai and Tien Shan may have shifted southward (Shaw and others,
2016; Abell and others, 2021), increasing the interaction of the jet and high topogra-
phy. Second, the large shifts in climate observed in both western Mongolia and
eastern Kazakhstan occur during the late Miocene—a period of major Northern
Hemisphere cooling (Herbert and others, 2016)—suggesting that a southward shift in
the jet may have wrought these changes as it increasingly interacted with the high to-
pography of the Tien Shan and Altai. Alternatively, the thin Cenozoic sediments in
the closed Valley of Lakes suggest that uplift rates have been relatively slow; erosion
rates from the nearby Hangay Mountains are also lower than expected, despite the
high elevation and local relief (Smith and others, 2016). Consequently, while exhuma-
tion may have initiated in the late Paleogene, the relatively slow uplift rates may not
have elevated topography sufficiently to interact with the westerly jet until the late
Miocene. Given the extreme continentality of the Altai—and hence low moisture con-
tent of the atmosphere in this part of Asia—it is possible that orographic rainout only
occurs once topography is high enough to force sufficient lifting of air parcels to form
precipitation. Testing this decoupling and these hypothesized mechanisms will
require additional work to constrain the timing of exhumation and regional climate
change as well as modeling to test how exceptionally continental ranges affect
climate.

CONCLUSIONS

Though much work on paleoclimate in Asia focuses on the Tibetan Plateau’s role
in modifying climate, the ranges to the north—particularly the Altai Mountains—pro-
foundly influence Asia’s climate today. We provide new data from the immediate lee
of the Altai to analyze how climate has changed during the late Miocene and assess
how Altai uplift might have influenced climate in western Mongolia. Today, the Altai
cast a considerable rain shadow, shunting storms around the bulk of high topography
and leading to lower §'%0,,, values in the immediate lee of the Altai. Although we
observe an overall decrease in lee-side soil temperatures, the Dzereg A4; soil carbon-
ate record is punctuated by an increase in soil temperature that corresponds with the
largest increase in 8'3Cyop1 values in the Dzereg sedimentary section, which reflects a
decline in plant productivity, and with a small increase in reconstructed §'*Oy,. We
suggest that this coincident increase in 8'°Cy,; and soil temperature reflects aridifica-
tion due to the establishment of the Altai rain shadow and a reduction in transpira-
tion rates, which would have increased soil temperatures by partitioning a greater
amount of the incoming radiative energy to ground heating, rather than to evapora-
tion of water, particularly as plant productivity and leaf area decreased. Paradoxically,
reconstructed 5"y, does not decrease synchronously, as stable isotopic paleoaltime-
try would predict, and instead increases or remains constant as soil temperatures
increase. Given the synchronous decrease in §'%0 observed in the Zaysan Basin wind-
ward of the Altai, we instead suggest that Altai uplift shifted precipitation seasonality
towards summer, thereby offsetting any decrease in precipitation 3'®0 due to uplift
and windward moisture distillation.

These late Neogene changes in western Mongolia are approximately synchronous
with a host of climatic changes throughout Asia that may be attributable to Altai uplift.
Altai uplift seemingly shifted the seasonal distribution of moisture in Asia, as reflected
by declining paleosol carbonate 3'*0 values in windward basins and increasing 5'°O
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in leeward basins. In addition, Altai uplift may have further increased dustiness across
Asia due to an increase in lee cyclogenesis (Roe, 2009). Though several records of ex-
humation from the Altai—including AFT data and sedimentation rates—indicate that
Altai uplift in the Cenozoic initiated in the late Paleogene, we suggest that the discon-
nect between these exhumation records and records of climate in western Mongolia
may reflect a delay between when exhumation resumed in the Cenozoic and when
the Altai achieved elevations high enough to influence climate. Collectively, these
records suggest that the uplift of the Altai—along with the other high ranges north of
the Plateau—may be critical to understanding long-term climate change in Asia in the
late Neogene.
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