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Ice cores from the northwestern Tibetan Plateau (NWTP) contain long records of
regional climate variability, but refrozen meltwater and dust in these cores has ham-
pered development of robust timescales. Here, we introduce an approach to dating the
ice via the isotopic composition of atmospheric O2 in air bubbles (δ18Oatm), along with
annual layer counting and radiocarbon dating. We provide a robust chronology for
water isotope records (δ18Oice and d-excess) from three ice cores from the Guliya ice
cap in the NWTP. The measurement of δ18Oatm, although common in polar ice core
timescales, has rarely been used on ice cores from low-latitude, high-altitude glaciers
due to (1) low air pressure, (2) the common presence of refrozen melt that adds dis-
solved gases and reduces the amount of air available for analysis, and (3) the respiratory
consumption of molecular oxygen (O2) by micro-organisms in the ice, which fraction-
ates the δ18O of O2 from the atmospheric value. Here, we make corrections for melt
and respiration to address these complications. The resulting records of water isotopes
from the Guliya ice cores reveal climatic variations over the last 15,000 y, the timings
of which correspond to those observed in independently dated lake and speleothem
records and confirm that the Guliya ice cap existed before the Holocene. The
millennial-scale drivers of δ18Oice are complex and temporally variable; however, Guliya
δ18Oice values since the mid-20th century are the highest since the beginning of the
Holocene and have increased with regional air temperature.
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Outside the polar regions, the Tibetan Plateau (TP) contains Earth’s largest frozen store
of fresh water. Glaciers and ice fields on the TP and its bordering Himalayan range are
major contributors to water resources in a region where a quarter of Earth’s population
lives. These glaciers feed the streams and rivers vital for agriculture, municipal water sup-
plies, and hydropower, not only for nations in south and southeastern Asia but also for
growing populations within the arid regions of the TP. Although recent precipitation
trends have not been consistent across the TP, much of the region is experiencing wide-
spread warming, which has had a detrimental effect on glaciers, particularly in the Hima-
layas (1, 2). The high-altitude glaciated areas of Asia are warming faster than the global
average, and under the 1.5 °C global warming scenario, the glaciers in the mountains
bordering the TP are projected to lose 50% of their area by 2100 CE (3).
The northwestern TP (NWTP) is a region of complex geomorphology and climatol-

ogy where air masses from the Indian summer monsoon (ISM) and the continental
westerlies interact (4–7) (Fig. 1A). Glaciers in the western Kunlun Mountains in the
NWTP supply water to tributaries of the Tarim River, the longest inland river in
China (Fig. 1A). This system supports the economically and agriculturally developing
oases in the Tarim Basin (8). Until recently, glaciers of the western Kunlun Mountains
were not experiencing noticeable mass loss; however, an assessment using satellite imag-
ery from 2000 to 2019 shows that glaciers in the Karakoram and the NWTP began to
recede in the late 2010s (9).
Ice cores recovered from TP glaciers have provided valuable histories of local and

regional climatic and environmental variations that have helped place current
anthropogenic-influenced changes in perspective. However, establishing the robust time-
scales required to reconstruct millennial-scale, ice core–derived paleohistories from the
NWTP has proven to be difficult due to the low accumulation and lack of known time
horizons (e.g., aerosols from dated volcanic eruptions). The measurement of the isotopic
composition of oxygen in air bubbles in ice (δ18Oatm) is a well-established technique
used to date ice cores from the polar regions (10–12). The advantage of using δ18Oatm

as a dating technique is that the variations through time are constant throughout the
atmosphere because the mixing time of the atmosphere is only 1 y, while the isotopic
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residence time of O2 is ∼1,000 y (13). Therefore, the technique
can be used to correlate ice-core records from the polar regions.
This paper presents the use of δ18Oatm to aid in the dating of
ice cores from the Guliya ice cap in the western Kunlun Moun-
tains in the NWTP (Fig. 1A). Here, the presence of melt and
microbial respiration, which are not prevalent in polar glaciers
and ice sheets, requires application of corrections to compensate
for these processes. Gas-age measurements with the corrections
applied are used to place the Guliya ice-core records in time and
add an important technique for dating cores from glaciers
throughout the data-sparse TP and the Himalayas.

Results

The Guliya Ice Core δ18Oice Records. To assess the relative mag-
nitude of recent climate changes in this region within a longer-
term perspective, a history of climate variability was reconstructed
from ice cores drilled in 2015 through the Guliya ice cap
(35.25°N; 81.48°E) on the south side of the western Kunlun
Mountains (Fig. 1 A and B). Three cores were drilled to bedrock
(50.72 m, 51.38 m, and 50.86 m) on the Guliya summit (GS)
(6,710 masl), along with a core drilled to bedrock (309.7 m) at
the Guliya Plateau (GP) site (6,200 masl) (Fig. 1C). Records of
the 18O/16O ratio of ice (δ18Oice) from two of the GS cores
(GS2 and GS3) are shown with depth (Fig. 2A). The high degree
of reproducibility between GS2 and GS3 indicates that the
records are continuous and unaffected by stratigraphic anomalies.
Despite their different elevations and glaciological settings (14),
the GP core δ18Oice above 144.4 m depth (Fig. 2B) is broadly
similar to the entire GS δ18Oice profiles. Although the GS drill
sites (6,710 masl) are ∼500 m higher than the GP drill site and
the borehole temperatures are lower (15), the δ18Oice averages of
the two GS cores are unexpectedly higher than the average of the

GP core. The cause of this relative 18O enrichment at the higher
elevation is unknown and may result from postdepositional pro-
cesses, such as ventilation through the firn and/or wind scouring
on the GS, or from the loss of summer snow by melting or subli-
mation on the GP. Unlike the cores from the GS that contain
firn in their upper 25 m, the GP core is composed completely of
ice below ∼1 m, indicating that snow converts to ice within a
year of deposition.

Establishing the Timescale for the Guliya Ice Cores. The time-
scale was developed on the GS3 core using a variety of chrono-
logical techniques, including (1) annual layer counting in the
upper 34 m of the GP core (15), which was transferred to GS3
by δ18Oice matching (SI Appendix, Fig. S1 and Table S1 and
Section S1.1); (2) radiocarbon (14C) dates of plant fragments
from the GS2 and GP cores (SI Appendix, Table S2 and
Section S1.2), also transferred to GS3 by δ18Oice matching;
and (3) the 18O/16O ratio of atmospheric molecular oxygen
(δ18Oatm) trapped in air bubbles in GS3. However, dating the
core from the Guliya ice cap required application of corrections
to the existing technique for measuring δ18Oatm. The use of
δ18Oatm in the polar regions takes advantage of the well-mixed
nature of the atmosphere and the fact that the 18O/16O ratio of
atmospheric dioxygen (δ18O of O2) changes in a known way
over time, so that, in principle, all trapped-gas ice records
should show the same curve (10–12). The traditional analysis
of δ18Oatm (i.e., without corrections) has been used successfully
on three Andean cores (16–18), mainly to refine existing time-
scales that were constructed using other methods. However,
this traditional technique has rarely been attempted on TP ice
cores due to (1) low air pressure, (2) the common presence of
refrozen melt that adds dissolved gases and reduces the amount
of air available for analysis (SI Appendix, Fig. S2), and (3) the

Fig. 1. Ice-core drill site locations on the Tibetan Plateau. (A) Relief map of the Tibetan Plateau showing the climate zones and movement of major air
masses, along with the locations of the Guliya ice cap in the western Kunlun ice sheet (highlighted in blue), Bangong Lake, and the Timta and Mawmluh
Caves. (B) Satellite image of the southeast sector of the western Kunlun ice sheet. The Guliya ice cap is outlined by the red box. (C) A topographic map shows
the locations of the 2015 drill sites on the Guliya plateau (GP core) and the Guliya summit (GS2 and GS3). The 1992 drill site on the GP is in the vicinity of
the 2015 site, although its location was not precisely fixed at the time of drilling (i.e., predates Global Positioning System use in China).
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respiratory consumption of molecular oxygen by dust-hosted
micro-organisms in the ice, which fractionates the δ18O of O2

from the atmospheric value.
Nineteen samples were cut from GS3 for δ18Oatm analysis. In

order to address the three challenges in determining δ18Oatm in
nonpolar ice listed above, corrections were applied to these samples
as described in detail in Methods. To compensate for low air pres-
sure, an inert gas (neon) was added to 13 of the 19 samples to
increase the gas volume in the sample by a factor of five. The addi-
tion of neon was not required for six of the samples because they
were cut at larger sizes. The other corrections involved (1) using
the measured Ar/N2 ratio to correct for the effects of melt,
taking advantage of the fact that argon is twice as soluble as
nitrogen in water, and (2) using the measured O2/N2 ratio to
correct for the respiratory fractionation of the δ18O of O2.
The δ18Oatm values obtained before the application of the

corrections for melt and respiration fractionation are shown in
SI Appendix, Table S3. The final calculated δ18Oatm values (SI
Appendix, Tables S4 and S5) are shown by depth in SI Appendix
Fig. S3 and plotted with a West Antarctic ice sheet (WAIS) ice-
core composite δ18Oatm reference curve (19) (Fig. 3A). The ages
of the 19 samples were determined from the match with the ref-
erence curve. An anomalously high value (1.466&) at 49.35 m
is most likely caused by excessive melting of the ice in the outer
layer of the sample. A reference timescale was developed for the
GS3 δ18Oice record by creating a fifth order polynomial function
between �0.064 and 4.4 ka B.P. using the layer-counted ages
and the 14C dates and linear interpolations between the
δ18Oatm-derived ages from GS3 samples that were older than
the 14C date of 4.4 ka B.P. (Fig. 3B). A composite of the GS3
and GS2 δ18Oice records based on the GS3 timescale was created
(the GS composite), and this timescale was transferred to the
GP core δ18Oice record by matching the water-isotopic profiles
(SI Appendix, Fig. S4). The depth at which 15 ka B.P. occurs in
the GP core is 144.4 m. This supports earlier findings (20) that
the 308.6-m-long core drilled on the GP in 1992 contains a

paleoclimate record extending beyond the Holocene, as does the
2015 GP core.

Discussion

The 2015 Guliya records are dated at much-higher resolution
(100 y) than the δ18Oice record from the core drilled on the GP
in 1992 (400 y) (20). The timescale is an improvement over the
1992 record, as it was constructed using independent dating tech-
niques. In addition, unlike the 1992 Guliya ice core, deuterium
excess (d-excess) was determined for each sample in the GS and
GP cores, providing more information on climatic variations and
moisture source since the end of the last deglaciation.

Several studies have been conducted that show correlations
of varying significance between isotopic values in precipitation
(δ18Oppt) collected from across the TP and measured air tem-
peratures during precipitation, especially north of 33°N (6, 21,
22). The modern-day temperature–δ18Oppt relationship has
influenced the interpretation δ18Oice in TP glaciers as a proxy
for air temperature over decadal to millennial timescales (15,
23–27). For example, SI Appendix, Fig. S5 shows increasing
trends in average temperatures at several meteorological stations
in the western TP from May to September, when ∼85% of the
precipitation occurs, and annual averages of δ18Oice in the GP
core. Whether the cause is the accelerated warming in the region
or an intensification in the local moisture recycling due to glacier
melting, the average δ18Oice from 1950 to 2014 CE is the high-
est since near the beginning of the Holocene (∼12 ka B.P., Fig.
4A), which is consistent with a construction of global mean sur-
face temperature (28) that shows that current temperatures are
the warmest in 11.3 ky.

The chronologies of the Guliya stable isotope records (Fig. 4
A and B) developed with the aid of δ18Oatm are supported by
similarities with an independently dated record of leaf wax δD
from Bangong Lake (29) (Fig. 4C), located 300 km southwest
of Guliya, and with speleothem records from northern India

Fig. 2. δ18Oice profiles of Guliya ice cores in depth. (A and B) The δ18Oice records (A) from the Guliya summit cores (GS2 [blue] and GS3 [black]), both shown
as 0.25-m averages, are compared with the δ18Oice record (B) from the GP core, shown as 1-m averages. The average δ18Oice values are shown; VSMOW indi-
cates Vienna Standard Mean Ocean Water.
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(Timta and Mawmluh Caves) (30, 31) and from Oman (Qunf
Cave) (32) (Fig. 4 D and E). These speleothem δ18O records
are interpreted as reflecting variations in intensity of the ISM,
while the Bangong Lake δD record indicates variations in mois-
ture source. Additionally, a composite of eastern China speleo-
them δ18O records of Southeast Asian Monsoon activity
(Hulu, Dongge, and Sanbao Caves) (33) (Fig. 4F) shows the
same millennial-scale variations as the ice-core, lake, and ISM-
isotope profiles. These similarities between the monsoon proxy
records and the Guliya isotope records present complications in
the interpretation of δ18Oice as temperature on millennial time-
scales, as the precession-driven movement of the monsoon front
and the westerlies altered the contribution of different moisture

sources to the NWTP. Studies of d-excess in glacier ice on the
NWTP show that its value is determined largely by moisture
source and pathways, i.e., higher/lower d-excess is determined
by lower/higher monsoon contribution in the precipitation
(34), which is similar to the relationship between δD in leaf
wax in Bangong Lake and moisture source (29). If moisture
source is a determining influence on d-excess in the NWTP
glacier ice on millennial to precessional timescales, then the
Guliya d-excess record potentially demonstrates the dominance
of recycled westerly moisture before ∼12 ka B.P. followed by
the influx of monsoon-derived moisture in the Early Holocene.
This changing source resulted from the northward movement
of the ISM across the TP toward the Kunlun Mountains (35).

Fig. 3. Timescale reconstruction for GS3. (A) The inferred ages (ka B.P. or before 1950 CE) of 19 discrete samples (open and filled red triangles and open
and filled blue squares) from GS3 (SI Appendix, Tables S4 and S5) were determined by the best fit between the general shape of the curve formed by their
δ18Oatm values at their respective depths (SI Appendix, Fig. S3) and the δ18Oatm values from the WAIS (Antarctica) composite gas-age curve (19). The red trian-
gles indicate δ18Oatm values from samples to which neon was added to increase the volume of the gas; the blue squares indicate values from samples to
which neon was not added. The δ18Oatm value of 1.09 (closed red triangle) marked with a black asterisk may be an analytical artifact. The age of the anoma-
lously high δ18Oatm value of 1.466 (open blue square with black asterisk) can only be presented as a range based on the ages of the samples above and
below it. (B) A fifth-order polynomial of depth versus age is constructed for GS3 from �0.65 to 4.4 ka B.P. using 18 layer counted dates (black crosses)
(SI Appendix, Table S1) and two 14C ages (black solid diamonds) (SI Appendix, Table S2). The open diamonds represent 14C ages that were not used in the
polynomial for reasons described in Methods. From 4.4 to 15 ka B.P., the age/depth relationship was calculated by linear interpolation between δ18Oatm

inferred ages of samples marked by filled red triangles and blue squares in (A). Since the inferred age of the δ18Oatm value of 1.466& in (A) could not be
specified, it was not included in (B).
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Increasing trends in Guliya and speleothem isotopic records
after ∼7 ka B.P. indicate a gradual transitioning to westerly
sources as the monsoon front retreated to the south, inter-
rupted by short periods of increased/decreased moisture con-
tributed by monsoon/westerly airflow.
The striking similarities between the Guliya δ18Oice and the

proxy records of moisture source/pathways and monsoon inten-
sity over the last 15 ky indicate that the interpretation of oxy-
gen isotopes in ice cores in the NWTP appears to be more
complex than a straightforward correlation with temperature.
Just as speleothem δ18O can be determined by several pro-
cesses, both local and distant (36, 37), δ18Oice in the NWTP
can also be controlled by a combination of atmospheric and
hydrospheric factors, such as monsoon and continental mois-
ture sources, surface water temperature at the moisture sour-
ce(s), recycling over water versus land, convective activity, and
air temperature. The relative importance of each of these pro-
cesses may have varied over the last 15 ky as the large Northern

Hemisphere ice sheets retreated during the Late Glacial to the
Middle Holocene and the monsoon front and westerlies shifted
northward as summer insolation peaked in the Early Holocene
and then gradually moved southward as insolation decreased.

Conclusions

The use of δ18Oatm was instrumental in the construction of a
timescale for climate records since the end of the Late Glacial
from ice cores drilled through the Guliya ice cap in the NWTP.
These records update and improve the previous Guliya Holo-
cene chronology over this period, which did not have the advan-
tage of independently dated time horizons. The corrections that
were used to compensate for melt and respiration fractionation
caused by the presence of micro-organisms in the ice should be
useful for the development of millennial to processional-scale
paleoclimate records from other high-altitude, nonpolar glaciers.
This paper presents the application of these corrections.

Fig. 4. Guliya 15 ky stable isotope records compared with monsoon proxy records. (A and B) Composites of GS2, GS3, GP (A) δ18Oice, and (B) d-excess
records, both shown as 100-y averages of z scores. (C) Leaf wax δD from Bangong Lake, western TP (29). (D and E) Speleothem δ18O records illustrating ISM
intensity from (D) Qunf Cave, Oman (17.17°N, 54.3°E) (32), Timta Cave (30) in the Indian Himalaya, and (E) Mawmluh Cave in northeast India (31). (F) Compos-
ite speleothem record (Dongge, Hulu, and Sanbao Caves) of Southeast Asian Monsoon intensity from eastern China (33).
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The Guliya records challenge the interpretation of δ18Oice

as influenced primarily by temperature in the northern TP,
although temperature may play a major role as conditions
change in the atmosphere and on land. In fact, the close rela-
tionship between temperature and precipitation stable isotopes
that has been documented in recent decades may be influenced
by other factors that were not previously present in the
NWTP, such as the accelerating increase in atmospheric
greenhouse-gas concentrations and rapidly expanding agricul-
ture and urbanization in Central Asia and on the TP itself (38,
39). However, the relative importance of climatic and environ-
mental processes on stable isotopes in precipitation in the past
and ultimately archived in high-altitude glacier ice, such as
Guliya at over 6,000 m above sea level, is beyond the scope of
this paper.

Methods

Field and Laboratory. During the summer of 2015, three ice cores were
drilled to bedrock on the summit of the Guliya ice cap (GS) and one core
(referred to as the GP core) was drilled to bedrock on the lower GP. A shallow
core (72.4 m) was also drilled on the GP near the deep core. Among the three
GS cores, the first one drilled (GS1) was allocated to the Institute of Tibetan Pla-
teau Research (ITP), the third core (GS3) was allocated to the Byrd Polar and Cli-
mate Research Center (BPCRC), and the second core (GS2) was split equally
between the two institutions, as was the long GP core. All cores allocated to
BPCRC were transported frozen to the cold-storage facility at The Ohio State Uni-
versity (OSU), where they are stored at �30 °C. The cores were analyzed for sta-
ble isotopes of oxygen (δ18Oice) and hydrogen (δDice) on Picarro cavity ringdown
spectrometers (L2120-i and L2140-i). Summit Core 3 (GS3, 50.86 m) was cut
into 1,545 samples, and the GP core (309.7 m) was cut into 9,330 samples. The
average precision for δ18Oice is 0.25&, and for δDice, it is 0.80&. Deuterium
excess was calculated by the function [d-excess = δDice � 8 × δ18Oice].

Melt and Respiratory Corrections for δ18Oatm. It is important to note that
the classical calculation of δ18Oatm, δ18O � 2 × δ15N (SI Appendix, Table S3),
already approximately corrects for any kinetic fractionation that may have
occurred during the rapid dissolution of gas into the liquid water, in addition to
the classical 2:1 gravitational correction. The reason is that δ18O of O2 is roughly
twice as fractionated by disequilibrium (e18 = �2.8 ± 0.2&) as is δ15N of N2
(e15 = �1.3 ± 0.1&) (40). Using the following input parameters for gases
at 0 °C: O2 solubility = 0.4572 mol/m3/atm moist air, Ar solubility = 0.0223
mol/m3/atm moist air, and N2 solubility = 0.8304 mol/m3/atm moist air (41),
we next take a more-quantitative approach to calculating the melt and respira-
tion amounts in order to make robust corrections to the data.

For the local barometric pressure at GS of 0.472 atm (∼6,000 m elevation),

O2=N2 ratio of standard gas = 0:26826
Ar=N2 ratio of standard gas = 0:01196
Mole fraction N2: 0:78080, O2: 0:20946, Ar: 0:00934, other: 0:00040

:

First, we calculate the melt fraction from the measured Ar/N2 ratio and the
solubilities of Ar and N2. The melt fraction is conceptualized as the ratio of refro-
zen melt volume to the sum of the equivalent air bubble volume (at 0 °C, 0.472
atm) and the melt volume:

Melt fraction ≡
melt volume

bubble + melt volume
=

1
bubble vol
melt vol + 1

= fm: [1]

In this conceptualization, a melt fraction of 1 means there are no air bubbles.
The measured Ar/N2 ratio in the sample is assumed to reflect the contributions
from air bubbles and dissolved gases in the melt:

Ar=N2measured =
δAr=N2
1000

+ 1
� �

Ar=N2 standard gas =
Arbub + Armelt
N2bub + N2melt

=
ArairVbub + SArPairVmelt
N2airVbub + SN2PairVmelt

;

where Arair = moles of Ar per m3 of air at 0 °C and 0.472 atm;

N2air = moles of N2 per m
3 of air at 0 °C and 0.472 atm;

Vbub = volume of bubbles in sample, 0 °C equivalent (1% more than volume
at�2.73 °C);

SAr = solubility of Ar at 0 °C;
SN2 = solubility of N2 at 0 °C;
Pair = air pressure, 0.472 atm;
and Vmelt = volume of melted and refrozen ice in sample.

Rearranging and solving for the ratio Vbub/Vmelt,

Ar=N2measN2airVbub � ArairVbub = SArPairVmelt � Ar=N2measSN2PairVmelt
Vbub
Vmelt

=
SArPair � Ar=N2measSN2Pairf g
Ar=N2measN2air � Arairf g

:

Substituting (Eq. 2) into (Eq. 1) gives the melt fraction (SI Appendix, Fig. S2):

Melt fraction fm =
1

SArPair � Ar=N2measSN2Pair
Ar=N2measN2air � Arair

+ 1
:

The next step is to calculate the apparent “missing O2” from the difference
between measured O2 and expected O2 from the Ar-based melt estimate (using
the ratio of their solubilities). This calculation assumes that any disequilibrium
has affected Ar and O2 similarly. This missing O2 is assumed to reflect respiratory
consumption, enabling a correction for the well-known respiratory isotope frac-
tionation of δ18O. The missing O2 is expressed as a fraction fresp, which is the
amount respired divided by the initial dissolved O2 amount:

fresp=
½O2air 1�fmð Þ+SO2Pairfm�O2=N2measN2air 1�fmð Þ�O2=N2measSN2Pairfm�

SO2Pairfm

where

O2=N2meas =
δO2=N2

1000
+ 1

� �
O2=N2 standard gas:

The remaining O2 is expressed as a fraction (fO2) of the total O2 in the sample:

fO2 =
1� fresp
� �

SO2Pairfm
O2air 1� fmð Þ + 1� fresp

� �
SO2Pairfm

:

The isotope fractionation Δδ is assumed to have a Rayleigh-type depen-
dence fα–1 on the fraction f of the initial amount that remains, where α is the
respiratory fractionation factor (42). Equilibrium solubility fractionation e18sol and
e15sol of the isotopes of O2 and N2 is also included (43):

Δδ18O = 1� fresp
� �α�1 � 1
h i

1000& + e18sol
n o

fO2 � 2 Δδ15Nsol

Δδ15Nsol =
δ15solSN2Pairfm

½N2air 1� fmð Þ + SN2Pairfm�
:

Unfortunately, the actual value of α in melted snow containing dust and
micro-organisms is not known a priori. Measured values in natural ecosystems
range from roughly 0.973 to 0.993 (43) and largely depend on the degree to
which the respiratory system is well mixed internally, with weaker net fraction-
ation occurring when the system is poorly mixed or respiration is limited by dif-
fusive transport (44).

To proceed, we let α be an adjustable parameter and force the δ18O-based
chronology to fit a measured radiocarbon date of 4.4 ka B.P. at ∼41.5 m. This
results in a value of 0.99 for α. This is a reasonable value, given the very slow
diffusion rate of O2 in liquid water (∼10�5 cm/s) and the likelihood that O2 may
have been strongly consumed in the immediate vicinity of dust grains, where
micro-organisms are known to be concentrated, causing consumption of isotopi-
cally enriched O2 and thus less overall δ18O increase. An α value of 0.99 has
been found in waterlogged tropical soils (45), which also have very slow O2 diffu-
sion rates. We note that many of the δ18Oatm-m&r points fall slightly above the
reference curve, suggesting that the value of α may vary. This is unsurprising,
given the known variation in α measured in soils (42), and is expected, due to
the fact that the ice is not an internally well-mixed environment for O2, causing
net fractionation to be partly due to diffusion rather than respiratory enzymatic
fractionation.
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The final correction to the classical δ18Oatm value for melt and respiration is

δ18Oatm�m&r = δ18Oatm � Δδ18O:
All calculated values are given in SI Appendix, Tables S4 and S5. The final

δ18Oatm values that are shown plotted with depth in SI Appendix, Fig. S3 were
fitted to the WAIS δ18Oatm reference curve (19) using Analyseries software (46).

The δ18Oatm values of the last two samples in SI Appendix, Table S3 (GS3-T51,
52) are much larger (+1.4&) than the known maximum value of +1.2& for the
atmosphere during the past >800 ky (47), suggesting that the samples have been
enriched in 18O by some fractionation process in the Guliya snowpack. Because the
atmospheric residence time of O2 is ∼1,000 y (13) and the atmospheric mixing
time is ∼1 y, these values cannot be representative of the true atmosphere. The
high values of Ar/N2 (+120&) in sample GS3-T52 also suggest a large
component of melt, and the low total air content (0.008 mlSTP/g) confirms that
conclusion. Because 18O is slightly more soluble in water than 16O (isotope frac-
tionation, or e = +0.833 at 0 °C) (43), the melt could have contributed slightly
to the high δ18Oatm values. Yet, despite the fact that O2 and Ar have very simi-
lar solubilities, the lower O2/N2 (∼+50&) relative to Ar/N2 suggests a major
loss of oxygen, probably by respiration (argon as a noble gas cannot be con-
sumed by respiration). It is evident that both melting and respiration have
occurred, which increase δ18Oatm (48). However, after the application of correc-
tions for melt and respiration fractionation (SI Appendix, Table S4), the data
points below 50 m fit with the WAIS reference curve (Fig. 3A), which appears to
capture the well-known 15 ka B.P. atmospheric δ18O maximum. This feature is
a unique extremum that makes for an unambiguous dating target (19, 48).

Data, Materials, and Software Availability. The data presented in this
study (raw data of stable isotopes of oxygen (δ18Oice) and deuterium excess and
100-y averages) are archived at the National Oceanic and Atmospheric Adminis-
tration World Data Service for Paleoclimatology: study/36913 https://www.ncdc.
noaa.gov/paleo-search/study/XXXX (49-50).
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