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Abstract Few paleoclimate records exist to assess the central Middle East's response to natural forcing
beyond the instrumental record. Here, we present a multiproxy stalagmite-based climate reconstruction
from Iran's semiarid northeast that spans 100-70,000 years before present. During severe cold (stadial)
events in the North Atlantic at ~88, 77, and 73 ka, stalagmite trace-element data indicate anomalously dry
periods at this location. Stadial event increases in the stalagmite oxygen isotopes mirror those in a published
Iranian stalagmite 800 km to the west. A global climate model simulates drying across the Middle East
region in response to stadial event forcing, in agreement with oxygen isotope enrichments in both Iranian
records, caused by a smaller fractional loss of moisture on the trajectory upstream. The paleoproxies and
model experiments are consistent in indicating a drier Middle East climate during the cold North

Atlantic stadials.

Plain Language Summary Iran is particularly vulnerable to the effects of climate change due to
its scarce water availability. Iran's climate likely changed in the past due to natural causes, indications of
which can be found in climate archives such as tens-of-thousands-of-year-old cave stalagmites. Stalagmites
record evidence of changes in rainfall pattern and amount. This study presents a reconstruction of both
regional and local rainfall changes based on the geochemistry of stalagmites from northwest and northeast
Iran. The record covers 100-70,000 years before present, a period when ice sheets covered North America
and northern Europe, and Earth was experiencing multiple abrupt shifts to even colder conditions in the
Northern Hemisphere. Each event's shift to colder temperatures lasted for a few thousand years. We show
that both the stalagmite geochemical data and state-of-the-climate models are consistent in indicating a
drier Middle East climate during these cold events.

1. Introduction

Society and ecosystems in the center of the Middle East region (Syria, Iraq, and Iran) are highly vulnerable to
changes in water availability, with annual precipitation generally low, around 100-200 mm/year, outside of
the higher elevation mountainous areas (European Centre for Medium-range Weather Forecast (ECMWF),
2011). Interest in investigating past climate change in this region stems from the desire to better constrain
our knowledge of the system's precipitation variability and its response to various external forcings
(Aubert et al., 2017; Carolin et al., 2019; Flohr et al., 2017; Mehterian et al., 2017; Sharifi et al., 2015;
Sharifi et al., 2018).

Millennial stadial events of the last glacial period (110-20 ka, thousand years before 1950 CE) are useful
paleoclimate episodes with which to study the Middle East region's response to a known abrupt and
relatively short-lived global-scale forcing. Stadial events are characterized by a rapid expansion of North
Atlantic sea ice (Dokken et al., 2013; Petersen et al., 2013) and by extension of low temperatures equatorward
(Chiang & Bitz, 2005). They are associated with weakening of the Atlantic Meridional Overturning
Circulation (Henry et al., 2016) and result in warming in the southern hemisphere (EPICA community
members, 2006). The resulting change in the temperature gradient between the hemispheres prompts a
southward shift of the intertropical convergence zone (ITCZ) during peak stadial events and a weakened
Indian summer monsoon (Deplazes et al., 2013).

A handful of paleoclimate records to the west of and within the Anti-Taurus-Zagros Mountain range have
reported a drier climate during stadial events in the Middle East region. These include lake and speleothem
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Figure 1. Iranian cave site locations. Background Google Earth image shows modern dry environment, excluding the
wetter region north of the Alborz mountains. Isopleths show forecast annual precipitation, 1979-2018 (ECMWF, 2011).
Qal'e Kord (white diamond, Mehterian et al., 2017) and Pir Ghar (magenta diamond, this study) cave sites are indicated.
Map Imagery: ©2019 TerraMetrics.

records from northeast (NE) Turkey (Rowe et al., 2012; Stockhecke et al., 2016), stalagmite records from
northwest (NW) Iran (Mehterian et al., 2017), and Arabian Sea marine eolian dust activity records
(Pourmand et al., 2004; Schulz et al., 1998). Some of these studies have suggested drier conditions specifically
in the winter (Mehterian et al., 2017; Rowe et al., 2012), others, drier conditions in the summer (Pourmand
et al., 2004; Schulz et al., 1998) or a possible proportional increase in late spring/early summer seasonal
rainfall on a smaller regional scale (Rowe et al., 2012).

No climate records far east of the Zagros Mountains range (Figure 1) have been published to test the east-
ward extent of the suggested dry climate of stadial events in the Middle East. In addition to extending climate
information spatially, a more eastern record would also improve interpretation of regional changes in past
rainfall 5'®0. Here, we present such a record, one that includes multiple stalagmite proxies spanning
100-70 ka. The record is from Pir Ghar cave in NE Iran, the first Iranian glacial record from a stalagmite out-
side of the Zagros Mountains region. It is an ideal complement to existing Middle East records, particularly
an existing high-resolution stalagmite §'®0 record from NW Iran which spans 127-73 ka (Mehterian et al.,
2017) (Figure 1). The new record shows distinct increases in Mg/Ca, Sr/Ca, Ba/Ca, and §'*C at ~88, 77, and
73 ka, coincident with Greenland stadial (GS) events 22-20. The record also displays %0 increases
coincident with GS events 23-20, which mirror the §'®0 signals shown in the upstream NW Iran stalagmite
record. We use a fully coupled climate model to investigate the NW and NE Iran climate response to North
Atlantic stadial events suggested by the combined proxy records.

2. Cave Location, Modern Climate, and Modern Rainwater Isotopes

Pir Ghar cave is located in the NE of the Iranian plateau at 1,600 masl (35.23°N, 57.42°E) (Supporting
Information Text S1) (Figure 1). Today, the area receives ~175 mm average annual precipitation, of which
~80 mm falls in the winter months and ~65 mm in March and April (ECMWF, 2011). Only ~4% of
precipitation falls between June and October (ECMWF, 2011). Average surface temperatures in the area vary
seasonally, between %33 °C in the summer and ~3 °C in the winter.

The nearest International Atomic Energy Agency (IAEA) Global Network of Isotopes in Precipitation
(GNIP) rainwater isotope monitoring station is located in Tehran (~1,200 masl), ~550 km to the west
(IAEA/WMO, 2019). The Tehran GNIP site shares a similar seasonal climate with the Pir Ghar cave site
(Figure S1) and is dominated by November-April rainfall. The Tehran GNIP site has 10 consecutive years
of precipitation §'%0 data, from 1962-1972, at which time average annual amount-weighted 8'*0 was
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—5.4 + 2.4(10)%0. A negative correlation exists between mean annual
precipitation-weighted 8'®0 and mean annual precipitation amount, in
which 51% of the variance is explained (IAEA/WMO, 2019; Carolin
et al., 2019 SI Appendix).

3. Stalagmite Record Construction

Pir Ghar cave stalagmite sample PG11-3 was U/Th dated in the
Department of Earth Sciences at Oxford University (Text S2). An age
model with associated 95% confidence ranges was constructed from 10
individual ages using OxCal (Bronk Ramsey, 2008, 2009; Bronk Ramsey
& Lee, 2013) (Text S3). A boundary at one visual growth hiatus ("x" mark
at the bottom of Figure 2) was specified in the OxCal model input
(Text S3). The upper section of the stalagmite was found to grow at a rela-
tively slow and constant growth rate between 100 and 70 ka (Figure S5).
Stable oxygen and carbon isotopes and trace-metal-to-calcium (X/Ca)
ratios were measured at 600 pum, ~200 year, resolution along the stalag-
mite growth axis (Text S4).
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I
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4. Stable Isotope and X/Ca Results

- 0.020 The PG11-3 8'®0 record shows a general long-term increase from ~—10%o

at 100 ka to ~—7.5%o at 70 ka (Figure 2). Superimposed on this trend are
four distinct periods of increased 8'®0 values. These periods begin at
95.4 + 1.8 ka, 85.9 + 1.8 ka, 76.2 + 1.1 ka, and 73.5 + 1.1 ka, with the ear-
liest lasting for ~7 Kyr, and the others each lasting for ~1 Kyr (Figure 2).
All age uncertainties are listed as two standard deviations (20). Three of
the four periods of increased §'®0, the shorter period events, correspond
with increases in Mg/Ca, Sr/Ca, Ba/Ca, and 8'3C ratios (Figure 2).

0.015

Ba/Ca (mmol/mol)

- 0.010

5. Impact of Early Glacial Stadial Events on
Iranian Climate

e The periods of increased §'%0, §'C, and X/Ca ratios in PG11-3 are coin-

70 75 80

Figure 2. NE Iran stalagmite 6180, 613C, and element-to-calcium records.
U/Th ages (black diamonds) and the hiatus boundary (“x” mark, ~99 ka)

85

cident within error of stadial events of the early glacial period (NGRIP
90 95 100 Members, 2004; Moseley et al., 2019) (Figure 3). Both the NW Iran

Age (ka) (Mehterian et al., 2017) and NE Iran (this study) (Figure 1) stalagmite

8'80 records increase multiple permils above background levels during
the stadial events (Figure 3b). Proxies which record rainfall's source water

with 95% confidence ranges shown at the bottom of the figure. Black (eastern Mediterranean, Red Sea, Arabian Sea) 8'°0 variability do not
horizontal bars at the top of the figure summarize timing of increased show stadial event signals during this period (Grant et al., 2012; Siddall

580 values.

et al., 2003; Clemens et al., 1996, respectively), and therefore, source water

isotope changes are unlikely to be the origin of the Iranian stalagmites’
8'80 increases. Based on our interpretation of the speleothem proxies, as detailed below, we conclude that
anomalous dry conditions resulted across the central Middle East due to the stadial forcing. Our interpreta-
tions are supported by models that quantify chemical evolution of karst dripwaters in responses to local
environmental changes, as well as global climate model experiments that show the expected moisture trans-
port (column integral of wind multiplied by the specific humidity) and precipitation amount changes in the
region that may result from similar-type North Atlantic event forcing.

X/Ca ratios and 8">C values in stalagmites can be controlled by a number of processes, such as changes in
vegetation, biological activity in the soil, karst aquifer water flow rates and flow paths, temperature, and
the leaching of aerosols deposited in the soil zone (e.g., Carolin et al., 2019; Day & Henderson, 2013;
Dorale et al., 1992; Fairchild et al., 2000; Genty et al., 2003; Tremaine & Froelich, 2013). In general, however,
there is a tendency for X/Ca and 8"°C to increase when there is less water flow in the rocks overlying the
cave. In particular, when water flow rates are slower during drier periods, prior calcite precipitation (PCP)
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warm occurs to a greater extent, further increasing dripwater X/Ca ratios and
813C values as the waters travel away from the karst surface (e.g.,
GS23 Fairchild et al., 2000; Johnson et al., 2006; Sinclair et al., 2012).
cold

The evolution of X/Ca ratios and 8">C values in the Pir Ghar record is con-
sistent with an increase in PCP (Figure 4), and support the interpretation of
local drying during stadial events GS 22-20 at century-scale resolution.
Ratios increase during the onset of the events and decrease again as the
events end (Figure 4). Based on the total movement of the X/Ca values
(C;,a'\,'f,‘fa‘:{;‘ along the PCP trajectory within each event (Figure 4), we hypothesize that
PCP increased to a similar extent over each event. Additionally, within the
stadial events, the Mg/Ca v. Sr/Ca v. Ba/Ca v. 8"°C relationships change—
the PCP trajectory into an event does not overlie the same PCP trajectory
out of an event—indicating that the initial ratios in the karst dripwater
changed during the event (Figure 4). This may have been caused by a
06 change in dissolved bedrock mixing, possibly due to changes in soil and

Pir Ghar
(NE Iran)

05 £ Foo2 ? karst water residence time as a result of seasonal climate changes, or input
04 g g of an additional endmember source, possibly eolian dust, during the event.
E
< Loo15 E
038 8 Oxygen isotope variations are more difficult to assess than the trace ele-
02 Fooiog ment and carbon isotopes in the Pir Ghar stalagmite, as the sample site

is continental and located far from the original vapor source. The similar-

Age (ka)

ity between the NW (Mehterian et al., 2017) and NE (this study) Iran sta-
lagmite records, however, is reassuring and suggests that a process is
forcing rainwater isotope changes on a large scale (Figure 3b) (Cheng

Figure 3. Comparison of the Iranian records’ climate response to GS events et a1, 2013; Feng et al., 2014; Hu et al., 2008; McDermott et al., 2011;

from 100-70 ka. (a) North Greenland Ice core Project (NGRIP) 80 record,
18~ ;1.
a proxy for local temperatures (lower § ~O indicates colder temperatures)

Wang et al., 2017). We posit that increases in 8'*0 during stadials at both

(NGRIP Members, 2004). Tie points (stars) at the onset and ending of GS Tranian sites were caused by a decrease in the fraction of water vapor
events 22-20 (Moseley et al., 2019) were used to adj}lsSt the Greenland ice removal during transport along the trajectory, thus overall drier condi-
core age models. (b) NW and NE Iran speleothem 8 "0 records (Mehterian  tions upstream of both sites during stadials (e.g. Gat, 1996; Winnick

et al., 2017; this study), plotted on their original age models using thin lines,
and the adjusted age model using thick lines (Text S3). Note the NW Iran
580 values are higher than the NE Iran 580 values throughout the record.

et al., 2014). This interpretation is consistent with the modern GNIP data
in Tehran, in which less annual precipitation is correlated with increased

18 A~ - .. . . . ..
(c) Overlapping Pir Ghar (NE Iran, this study) stalagmite X/Ca ratios, 8°°0 in precipitation, though a modern interannual relationship in the
plotted on the adjusted age model as in b (Text S3). data does not fully capture the processes influencing a longer timescale

relationship within a different climate state and thus is noted with cau-
tion. Other controls on stalagmite §'®0 are not likely to be significant: First, kinetic fractionation is unlikely
given the lack of correlation between §'*C and §'®0 in PG11-3 (+* = 0.05, p = 0.006) and the replication of
st80 signals in two locations with distinct, dissimilar environmental surroundings. Second, cooler stadial
conditions would decrease evaporation on site, not increase it as required to explain an increased §'0 signal
by evaporation. Third, the §'®0 changes are too large to be attributed completely to temperature changes
(Text S6). Changes in the sources of water vapor, or in its transport from these sources, are therefore the most
likely to have controlled Iranian stalagmite 580 during stadial events.

We use the fully coupled climate model HadCM3 (Gordon et al., 2000; Pope et al., 2000; Valdes et al.,
2017) to assess theoretical moisture transport and precipitation changes in the region in response to sta-
dial event forcing. HadCM3 displays similar skill to CMIP5 class models in simulating spectrum climate
variables (Valdes et al., 2017) and shows good qualitative agreement with the observed atmospheric flow
in this region (Adler et al., 2003)(Figures S7 and S8). We note that in both the model and observations,
the moisture trajectory connects the two Iranian stalagmite sites, with moisture flow crossing from NW
to NE Iran (in the mean annual average and during the fall-winter-spring months when the sites receive
most of their total annual precipitation) (Figures S7 and S8).

We set Last Glacial Maximum initial model state conditions (atmospheric CO, concentration, ice sheet
extent, and orbital configuration) for the control and experiment runs. To simulate stadial events, an annual
mean sea ice cover is imposed on the North Atlantic. In the stadial experiment, both the oceanic and atmo-
spheric circulations respond to the forcing: There is a reduction in Atlantic Meridional Overturning
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Figure 4. Crossplots suggesting an increase in prior calcite grecipitation (PCP) into stadial events and a decrease out of
stadial events. (a) Sr/Ca v. Mg/Ca, (b) Ba/Ca v. Sr/Ca, (c) scwv. Mg/Ca for PG11-3 subsamples that precipitated
through GS20 (blue circles), GS21 (green squares), and GS22 (red triangles). Points moving into the event are connected by
a solid line, points moving out of the event are connected by a dashed line, with arrows indicating progression in time.

Gray shading represents expected tr%iectories for PCP (Owen et al., 2018) on each figure, derived from a plausible range of

initial Mg/Ca, Sr/Ca, Ba/Ca, and st C, and with partition coefficients D (Mg) = 0.013, D (Sr) = 0.12, and D (Ba) = 0.12

(Day & Henderson, 2013) (Text S5).

Circulation and a southern shift in the intertropical convergence zone, in agreement with global
proxy records.

In the control run (glacial background state), the moisture trajectory is similar to that of modern condi-
tions, with moisture traveling west to east across the Middle East (Figure 5a). Precipitation minus eva-
poration, P — E, is positive over the region during the fall-winter seasons and negative during the
spring-summer seasons (Figure S9). A simple vapor transport model (Kukla et al., 2019) predicts a
2.6%0 mean annual 5180precip difference between the NW and NE Iran regions using the HadCM3 control
run specific humidity, relative humidity, and advection velocity parameters (using a zero topography
approximation, consistent with the NE region being at lower elevation than the NW Zagros mountains
(Figure S11)) (Text S7). The NW and NE Iran stalagmite 8'®0 records are offset by ~2-3%., with the
NE site more negative, throughout the 100-70 ka record. Thus, both the stalagmite §'®0 proxy and the
model outputs support the conclusion of moisture loss and isotope depletion along a NW to NE moisture
trajectory path.

During stadial events, the HadCM3 simulation shows drying across the region (Figure 5b). In NE Iran, the
modeled decrease in mean annual rainfall is ~20%. This drying is in agreement with the Pir Ghar X/Ca and
8'3C increases, which indicate local drying during the events (Figures 3 and 4). There is no change in the
moisture trajectory during the stadial events and strong drying upstream of the NW Iran site (area between
the east Mediterranean and the Zagros Mountains (Figure 5b). The model results are thus in agreement with
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Figure 5. Modeled moisture changes in the Middle East during stadial events using LGM boundary conditions.

(a) Control run mean annual precipitation and moisture transport. Contour colors show precipitation amount. Arrows
indicate the moisture transport vector, calculated as the column integral of wind multiplied by specific humidity.

(b) Changes in mean annual precipitation and moisture transport due to the stadial event. Contour colors show the
fractional change in precipitation amount and arrows indicate the change in the moisture transport vector, stadial minus
control.

the significant increases in 8'®0 observed in both NW and NE Iran during stadial events and can be attrib-
uted to a smaller fractional loss of moisture and Rayleigh distillation upstream of the cave sites.

Comparison between the two Iranian stalagmite 8'30 records further reveals a greater §'%0 increase in NW
Iran than in NE Iran during stadials (Figure 3b). The model seasonal results offer a possible explanation for
this. The difference between NW and NE Iran total atmospheric column moisture, due to loss of moisture on
the trajectory from west to east, is ~10% larger during stadial event winters. This results in a greater modeled
880 difference between NW and NE area precipitation 5§'®0, with the calculated precipitation-weighted
mean annual difference increasing under stadial conditions from 2.6%. to 3.0%. (Text S7). This 0.4%o
modeled 8'®0 offset increase is approximately similar to the ~1%o offset increase seen in the stalagmite
records during stadial events (Figure 3b). An alternative explanation to the larger %0 stadial event offset
is a change in the fraction of moisture from different moisture sources at either site, possibly including
the relatively depleted Caspian Sea source, during stadial events.

Finally, we note that unlike GS events 22-20, local drying in NE Iran is not evident in the stalagmite trace-
element records during GS23 (Figure 3c), although our record and the NW record do show ~2%o increases in
880 (Figure 3b). We propose that the regional climate response to this event differed from that to GS events
22-20, thus creating a 8'®0 signal but no local precipitation change in NE Iran. Of the four events within
100-70 ka, Greenland ice core 5'®0 changes least during the relatively long duration GS23 (NGRIP
Members, 2004) (Figure 3a). Chinese stalagmite 5'®0 values also do not show any abrupt change associated
with GS23, indicating that the Asian monsoon system likely did not respond to any millennial scale forcings
during this event (Cheng et al., 2016), further differentiating it from the other stadial in the 100-70 ka period.

6. Conclusions

The 100-70 ka NE Iran stalagmite record presented in this study assists in identifying the Middle East
region's response to a North Atlantic-forced climate perturbation. Mg/Ca, Sr/Ca, Ba/Ca, and 813C in the sta-
lagmite show clear increases during GS events 22-20. Correlations between the ratios support the interpre-
tation of a common forcing—increased PCP in the karst aquifer—which points to local drying occurring
during these events. Significant increases in stalagmite 8'®0 are coincident with the X/Ca and 8"C
increases, a signal mirrored in a second Iranian stalagmite 8'%0 record 800 km to the west. Stadial event cli-
mate experiments simulate drying across the region in response to the event forcing. The model results are in
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agreement with significant 8'*0 enrichments during stadials in NW and NE Iran caused by a smaller frac-
tional loss of moisture and Rayleigh distillation upstream of the cave sites. Thus, the paleo-proxies and
model experiments both support the conclusion that anomalously dry conditions resulted across the central
Middle East during stadial periods, a significant climate response to an external forcing in this critical region.
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