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ARTICLE INFO ABSTRACT

Handling Editor: Mira Matthews In Mesopotamia, climate is regarded as an important contributing factor to major socio-cultural transformations.
However, the scarcity of Holocene paleoclimate reconstructions in this region impedes analysis of potential
climate-human interactions. Furthermore, current hydroclimatic scenarios for Mesopotamia are predominantly
based on oxygen isotope (5'%0) proxy records from the eastern Mediterranean, whereas the paleoclimatic sig-
nificance of 5'®0 remains debated. Here, we present a Holocene stalagmite multi-proxy record from Shalaii Cave
in northern Mesopotamia. Based on stable isotope, trace element and strontium isotope measurements, our new
Shalaii Cave record suggests that long-term changes in 5'0 were influenced by multiple factors, such as §'0
changes of the source of moisture, amount and seasonality of rainfall. The Shalaii Cave trace element and
strontium isotope records indicate rather dry conditions during the early Holocene and wettest conditions during
the mid-Holocene. This mid-Holocene hydroclimate optimum at Shalaii Cave is in good agreement with other
non-isotopic records from SW-Asia, such as pollen evidence for concurrent rapid forest expansion and peaking
lake levels. The mid-Holocene hydroclimatic optimum is most likely related to an increase in the amount of
spring precipitation related to the remote influence of the Indian summer monsoon (desert-monsoon mechanism)
and spring insolation-driven weakening of the Arabian anticyclone. In particular the latter northward migration
of the Arabian anticyclone in spring promoted a longer spring rainfall season.

1. Introduction this region, rainfall was an important contributing factor for both
transformations. To date, the widely held view has been that rainfall
peaked between approximately 11,600 and 6000 yrs BP and then

decreased towards the present. This hydroclimate scenario forms the

SW Asia is an key-region for paleoclimate research as the area is
influenced by two major climate systems, the North Atlantic/Siberian

pressure system and the Indian monsoon. The interaction between both
systems remains highly uncertain due to the scarcity of paleoclimate
records from this region. Furthermore, two of the most fundamental
transformations in human history - the emergence of agriculture and
first urban centres — took place between ~11,600 and 5000 years before
present (yrs BP hereinafter). Considering the arid to semi-arid climate in
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basis of many archaeological theories surrounding the development of
agriculture and formation of urban centres (e.g., Lawrence et al., 2021).
It is mainly based on calcite oxygen isotope records (6'0.,), which were
obtained from several lakes and caves in SW-Asia (Fig. 1A). However,
the interpretation of the 8'80¢, records remains inconclusive as they are
influenced by multiple factors, such as fluctuations in the amount of
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rainfall, long-term changes in the §'%0 of surface water in the Eastern
Mediterranean (one of the main moisture sources of precipitation
throughout SW Asia), shifts in the seasonality of rainfall and evaporation
(Kolodny et al., 2005; Develle et al., 2010; Grant et al., 2012; Cheng
et al., 2015; Rohling et al., 2015). Furthermore, the hydroclimatic sce-
narios derived from §'®0¢, records contradict the delayed expansion of
woodland in SW-Asia after ~6500 yrs BP (summarized by Djamali et al.,
2010), also known as the “Holocene precipitation paradox” (Stevens et al.,
2006; Jones et al., 2019). Moreover, most 880, time series, such as the
well-known and frequently cited Soreq Cave record (Bar-Matthews
et al., 2003), are either located in the Levant (e.g., Cheng et al., 2015)
and Turkey (Roberts et al., 2011; Finné et al., 2011), whereas records
covering the entire Holocene are absent in many parts of SW-Asia and
Mesopotamia, respectively (Fig. 1A). As a result, the hydroclimatic
evolution across the Holocene remains poorly constrained, with some
studies suggesting increasing aridity (Andrews et al., 2020; Roberts
etal., 2011) and others higher precipitation since the mid-Holocene (Litt
et al., 2012; Wick et al., 2003). Clearly, additional multiproxy hydro-
climate proxy records are needed to reconcile the contrasting hydro-
climate reconstructions in SW-Asia and to fill distinct spatial and
temporal gaps in certain key-regions such as Mesopotamia.

Recently, studies from northern Iraq (northern Mesopotamia)
revealed the high potential of speleothems for hydroclimatic re-
constructions (Flohr et al., 2017; Marsh et al., 2018; Amin Al-Manmi
et al., 2019; Sinha et al., 2019), but published reconstructions are
relatively short and do not cover the entire Holocene period. Here, we
present a new multi-proxy stalagmite record from Shalaii Cave in
Iraqi-Kurdistan to disentangle the complex processes acting on terres-
trial 5'80,, records and to present a revised long-term hydroclimatic
framework for the Holocene period by providing more evidence for a
mid-Holocene hydroclimate optimum in SW-Asia.

2. Environmental, climatic and cave settings
2.1. Modern climate and environment

SW Asia and Iraq respectively lie within a transition zone between
major weather systems, including the North Atlantic, monsoonal and
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Siberian systems (e.g., Xoplaki et al., 2004). Climate in Iraq is therefore
influenced by subtropical and mid-latitude processes and different air
masses and these heterogenous interactions are further complicated by a
complex topography and land-sea distribution. Present-day climate at
Shalaii Cave is highly seasonal, with a wet autumn, winter and spring
(October to May) and a dry and hot summer season (Fig. 2A). In winter,
climate is dominated by mid-latitude westerlies storm tracks from the
Mediterranean and North Atlantic (e.g., Barlow et al., 2016) and pre-
cipitation originates from eastward moving storm systems. Some of
these storm systems can produce significant southerly fluxes of water
vapour from the Persian Gulf during spring (Evans and Smith, 2006).
Though the southerly dominated events are less common, they can
contribute significantly to annual rainfall amounts in Iraq (deVries et al.,
2016). In late spring, increasing heating of SW-Asia leads to the north-
ward migration of the Arabian Anticyclone and thereby prevents the
rain-bearing westerlies from reaching the area. Importantly, years with a
shorter rainfall period are associated with an earlier northward move-
ment of the Arabian anticyclone (Mohammadi et al., 2021). Intense
subsidence of dry air over Iraq leads to hot and arid conditions in
summer. The retreat of the Arabian Anticyclone in autumn allows the
moist westerlies to reach the region again and marks the onset of the
rainy season.

Precipitation is highly variable on interannual time scales (Fig. 2B)
as indicated by meteorological stations throughout Iraq and Climate
Research Unit (CRU) data (van Oldenborgh, 2016). Total rainfall,
monitored at the nearby Chamchamal station, averages 460 mm yr '
(2000-2014; Fig. 2B) and is mainly associated with eastward moving
storm systems from the North Atlantic and Eastern Mediterranean,

Rainfall at Shalaii Cave is representative for a wider area, compro-
mising almost all parts of the Eastern Fertile Crescent (EFC) (Fig. 1B).
The correlation map reveals that conditions at Shalaii Cave correlate
strongly (p-value >0.6) with variability observed across most of the EFC,
and therefore speleothems from this cave are likely to provide suitable
records to characterise conditions for the wider EFC.

2.2. Shalaii Cave and stalagmite SHC-03

Shalaii Cave (35.146°, 45.296°, 730 masl; Fig. 2) is a single entrance

42 Black Sea

40

38

36

g

34

Mediterranean

32

‘ i e

30 33 36 39 42 45 48 51 54

| |
0.2 03 04 0.5 0.6
correlation

Fig. 1. (A) Location map with key-paleoclimate records from SW-Asia. Green shaded area marks the spatial extent of the Fertile Crescent. Blue dashed line denotes
the coastline at around 9000 yrs BP (Lambeck, 1996). (B) Correlation map of rainfall variability between Shalaii Cave and other areas of SW Asia. Colors indicate the
correlation of CRU TS4.06 precipitation data in the Shalaii Cave 0.5° grid cell with other areas in the Middle East. Map was generated in the KNMI Climate Explorer
(van Oldenborgh, 2016). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (A) Monthly average of rainfall amount at Chamchamal station (~60 km from Shalai Cave; see also Fig. 1A) for 16 years with complete data (blue bars). Grey
lines denote standard deviation. Red dotted line shows the oxygen isotopic of precipitation, calculated using the Online Isotopes in Precipitation Calculator (OIPC)
(available from: https://wateriso.utah.edu/waterisotopes/pages/data_access/oipc.html; Bowen, 2020). (B) Annual mean (blue) and spring (March, April, May
(MAM)) precipitation at Chamchamal station. Note that years with missing months are not shown. (C) Comparison between rainfall and Shalaii Cave drip rates for
the period from June 2014 to May 2015. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cave located in the Sangaw district, Sulaymaniyah province, Iraqi
Kurdistan, in the foothills of the Zagros Mountains (Fig. 1A). Shalaii
Cave is located on the southern tip of the Ashdagh (or Aj-Dagh) anticline
and hosted within the middle Oligocene Bajawan (or Bajwan) formation,
a highly jointed limestone that is partly dolomitised (Kharajiany, 2014).
Due to the semi-arid climate conditions vegetation above the cave is
sparse and is mainly composed of steppe shrubland and grasses. Soil
thickness is relatively thin with substantial areas of exposed bedrock
visible. The single-entrance cave is around 600 m long with the ceiling
height reaching nearly 30 m and less than 1 m in small passages. Shalaii
Cave is mostly horizontal, with some areas filled with sediments and
collapsed rocks. There are two main galleries in the cave, a small gallery
which is nealr 200 m away from the entrance and a large gallery 30 m
further into the cave which contains abundant actively growing and
fossil speleothems (Amin Al-Manmi et al., 2019). Cave air temperature
at the sampling site of stalagmite SHC-03 is constant and averages 20.18
+ 0.01 °C, being very close to mean annual air temperature of 20.5 °C
outside the cave. Relative humidity is 100 % and constant throughout
the year in the deeper part of the cave where stalagmite SHC-3 was
collected (Fig. 2). Drip rates monitored between 2014 and 2015 vary
seasonally between 29,199 drips per day in winter to 4408 drips per day
in summer (Amin Al-Manmi et al., 2019), indicating a relatively large
storage capacity above the cave (Fig. 2C). The comparison between drip
rates and amount of rainfall above the cave shows that aquifer recharge
occurs during the rainy season, particularly in winter and spring. The
average cave air pCO; is 596 ppm. However, winter values were higher
reaching 756 ppm and then falling to less than 484 ppm in mid-
—September, close to atmospheric levels. Seasonal variation in pCOy is
suggested to be the result of reversals in ventilation driven by temper-
ature contrasts between the cave interior and exterior (Amin Al-Manmi
et al., 2019). Drip rates were measured daily in Shalaii Cave between
July 2014 and May 2015.

Stalagmite SHC-03 was sampled because it was one of the tallest
stalagmites (3.17 m in height) in the cave, columnar shaped and also
actively growing in the large chamber of Shalaii Cave (Supplementary
Fig. S1). To get the stalagmite out of the cave, it was cut into thirteen
slabs. The stalagmite fabric is composed of a creamy white porous
calcite and dark brown semi-transparent mosaic calcite in the centre of
SHC-03 (Fig. 3). SHC-03 has a clear hiatus visible at a depth of ¢.2,035
mm as a thick layer of recrystallised calcite and this has been verified by
U-series dates (Supplementary Fig. S2).

3. Methods
3.1. Uranium-series dating

A total of 17 calcite samples for U-Th dates (Table 1) were collected
and analysed in multiple stages between 2016 and 2019. The location of
samples taken for U/Th dating are illustrated in Fig. 3A. U-series dating
was done within a class 100 HEPA filtered clean lab at the National
Environmental Isotope Facility, British Geological Survey, following a
similar method to Crémiere et al. (2016). Sample powders were weighed
(228 mg-744 mg) and placed in Savillex vials, covered in MilliQ, and
dissolved by drop-wise addition of 15 M HNO3 to ensure controlled and
contained sample dissolutions. Samples were centrifuged and visually
checked for complete dissolution and then spiked with a mixed high
purity 22°Th/23U tracer. The U-Th tracer was calibrated against gravi-
metric solutions prepared from CRM 112a U metal, Ames Laboratory
high purity Th metal, and blank checked ~2.5 M HNOs + trace HF. The
gravimetric solutions, tracer stock and tracer working solution are all
stored in Nalgene FEP bottles that were rigorously cleaned before use
with ultrapure acids for a minimum of 3 months. Spike-sample equili-
bration was achieved through drying the dissolved samples down,
re-dissolution in 15 M HNOsg, and refluxing at ca. 100 °C for 24 h. All
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Fig. 3. (A) Images of stalagmite SHC-03 from Shalaii Cave. Cut and polished stalagmite with location of U-Th ages (red squares) and hiatus (black line). (B) Age
model (black line) produced by COPRA for stalagmite SHC-03. Black circles are U-series dates used to produce the age model with their associated errors bars (20).
Blue lines indicate the 95% confidence interval for the age model. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

samples went through two overnight oxidation steps in a mixture of 2 ml
16 M HNOj3 and 0.2 ml 30% H305 followed by evaporation to dryness.
After oxidation the samples were dissolved in 1 M HCl, approximately 5
mg Fe as FeCly was added, and U and Th pre-concentrated by Fe
co-precipitation with ammonia. Initial separation on 0.6 ml columns
using AG-1 x 8 anion exchange resin were done following the procedure
of Edwards et al. (1987). Th fractions were further purified using a
second pass through AG-1 x 8 resin and were filtered using 0.22-ym
pore-size syringe filters to remove resin particles. Both U and Th frac-
tions were oxidized twice in 2 ml 16 M HNOs and 0.2 ml 30% H30,, and
dissolved in 1 ml 0.1 M HCl and 0.035 M HF. Before mass spectrometry
analyses, all samples were filtered to remove particles originating from
the perfluoroalkoxy alkane (FEP) beakers used for sample preparation.

Isotope ratio measurements were made on a Thermo Neptune Plus
MC-ICP-MS with samples introduced via an Aridus II desolvating
nebulizer using an ESI PFA nebulizer tip with an ~50 pl/min uptake
rate. Typical operating conditions included the addition of 4-8 ml/min
high-purity Ny to the sample-carrying Ar stream, to minimize U and Th
oxide formation in the plasma. U measurements were made using a
normal sample cone and X-skimmer cone, and a static multicollector
data collection protocol with 23*U measured on an axial secondary
electron multiplier (SEM), and 233U, 235U, 23617 and 238U measured on
Faraday cups equipped with 1011 Q resistors. Blocks of five samples
were bracketed by analyses of CRM 112a U and CRM 112a U + IRMM
3636. Exponential mass bias corrections were based on the measured
values of the 223U/23%U ratio of the IRMM 3636 spike normalized to a
value of 1.01906. SEM/Faraday yield corrections were based on the
234y/235U ratio of bracketing unspiked CRM 112a analyses. Th mea-
surements were made using X-skimmer and Jet sample cone using a
static multicollector protocol with 23°Th measured on the axial SEM and

229Th and 2%2Th on Faraday cups. Blocks of ten samples were bracketed
by blocks of five measurements of an in-house 22°Th-230Th-232Th
reference solution to monitor mass bias and SEM/Faraday yield. Hy-
dride formation and tailing were monitored at the beginning of each
analytical session, with measurements made at mass 237 and 239, while
aspirating an unspiked CRM 112a solution, and were corrected during
offline data reduction.

U-Th age calculations were performed in Isoplot v. 3.75 Excel 2010
add-in (Ludwig, 2003). Activity ratios and ages were calculated using
the decay constants of Cheng et al. (2013). Dates were corrected for
detrital Th assuming an initial [232Th/238U]activity = 1.2 £ 0.6,
[234U/2%8U]activity = 1.0 + 0.5, and [2*°Th/?*®*U]activity = 1.0 + 0.5.
Dates are reported in years BP, where the present is defined as the year
1950 CE.

3.2. Stable isotope analysis

A total of 1648 oxygen and carbon isotope (5'%0 and §!°C) mea-
surements were performed on stalagmite SHC-03. Samples for §!%0 and
5'3C analysis were obtained by collecting calcite every ~2.5 mm
through the stalagmite. This was done using a dremel hand drill. As a
result of potential recrystallisation and complex growth structures in the
central part of the stalagmite, samples were taken from a track adjacent
to the central growth axis. These samples were analysed at the British
Geological Survey. Approximately 60-100 pg of calcite were used for
isotope analysis using an IsoPrime dual inlet mass spectrometer plus
Multiprep device. Samples are loaded into glass vials and sealed with
septa. The automated system evacuates vials and delivers anhydrous
phosphoric acid to the calcite at 90 °C. The evolved CO; is collected for
15 min, cryogenically cleaned and passed to the mass spectrometer.
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To correct for inter-laboratory differences between the two different
sets of analyses, the results of the second run were corrected by sub-
tracting the difference between the average NIST SRM 987 value be-
tween the two laboratories.

4. Results and discussion
4.1. Chronology of stalagmite SHC-03

The age model of the 3.17 m tall stalagmite SHC-03 (Fig. 3A and B) is
constrained by 17 Uranium-series ages (**°Th hereinafter), almost all of
them are in stratigraphic order. However, age uncertainties are higher
than usual due to relatively low Uranium concentrations of ~0.1 ppm
and detrital contamination. The age model for SHC-03 was constructed
using COPRA (Constructing Proxy-Records from Age Model; Brei-
tenbach et al., 2012). Based on the COPRA chronology, stalagmite
SHC-03 grew almost continuously since ~10,560 yrs BP (before present
= before 1950 CE) except for a hiatus between ~6640 and 5750 yrs BP
(Fig. 3B). The hiatus is most likely not caused by climate, but rather due
to a damage and loss of this section as a result of a major earthquake.
Such damages are common in the region around Shalaii Cave, with the
last major earthquake occurring in 2017 (https://www.bbc.co.uk/ne
ws/world-middle-east-41972338; accessed in March 2024). For
instance, evidence for earthquake damage has been also found in a late
Holocene stalagmite from Gejkar Cave (Flohr et al., 2017). The slight
change in the growth direction across the hiatus is additional evidence
for an earthquake (Supplementary Fig. S2). Because of the rather high
chronological uncertainties, we focus on long-term trends and less on
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short-lived abrupt events, such as the 4.2 kyr event (Weiss et al., 1993).
Stalagmite SHC-03 grew at a fairly constant growth rate of ~0.33 mm
yr~ !, similar to growth rates of between ~0.27 mm yr~! and ~0.20 mm

yr~! in a stalagmite from nearby Gejkar Cave (Flohr et al., 2017).

4.2. Calcite oxygen and carbon isotopes in stalagmite SHC-03

Stalagmite SHC-03 580, values vary between —7.53 %o and —4.20
%o around a mean of —5.76 %o (Fig. 4A). 5180, values decrease abruptly
between ~10,560 and ~10.280 yrs BP from around —6.11 to —6.93 %o
and then decrease gradually from around —6.93 %o—4.56 %o until ~2200
yrs BP. Superimposed on the long-term trend are distinct decadal to
multidecadal-scale fluctuations in §'%0¢,.

Several observations suggest that stalagmite SHC-03 was deposited
under near isotopic equilibrium conditions. Firstly, the SHC-03 880,
record is in very good agreement with contemporaneously deposited
stalagmites from Shalaii Cave (Amin Al-Manmi et al., 2019) and
Kuna-Ba Cave (Sinha et al., 2019) (Fig. 3A). Secondly, there is no sta-
tistically significant correlation between 5180, and 8'3C,, (2 = <0.01).
Thirdly, using the calculation of Tremaine et al. (2011), 5'80 values of
modern drip water (11 samples were collected in 2014) in Shalaii Cave
of around —5.49 + 0.22 %o (VSMOW) and the measured cave air tem-
perature of ~20.2 °C, the calculated value of —5.62 %o are almost
identical to the measured §'%0., value of —5.32 %o at the top of sta-
lagmite SHC-03. Based on these observations, stalagmite SHC-03 580,
values should reflect the amount weighted isotopic composition of
rainfall above Shalaii Cave. The SHC-03 §'%0., profile is similar to other
speleothem and lake oxygen and hydrogen isotope records from SW Asia
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Fig. 4. (A) Multiproxy record from stalagmite SHC-03 from Shalaii Cave. The SHC-5'%0,, record (black line) in comparison to other isotope records from Iragi-
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denote #°Sr/%7sr values of modern dust in Mesopotamia (Kunkelova et al., 2022). Black triangles mark Uranium-series ages. (B) Comparison between the SHC-03
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version of this article.)
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(Fig. 5A-K), all of them display an early Holocene minimum and
ong-term increase in 6‘3180ca towards the present.

Stalagmite SHC-03 8'3C, values display a range from —10.48 to
—3.88 %o, varying around a mean of —8.23 %o. Like the 6180Ca data,
513C., values are high in the lowermost part of stalagmite SHC-03 and
the shift abruptly from lower values from —4.72%, to —8.01%. at
~10.280 yrs BP. After this shift, the 5'3Cea profile remains remarkably
stable for the remainder of the record, exhibiting no long-term trend and
varying around a mean state of —8.28 %o.. However, larger variability of
up to 4 %o is superimposed on the 8'3C., profile. In most speleothems
from arid to semiarid environments, <‘313CCa values are influenced by
amount of precipitation as soil moisture is an important control for the
type/density of vegetation and soil respiration rates (e.g., Cheng et al.,
2015; Flohr et al., 2017). Furthermore, recharge conditions (open- and
closed-system), prior calcite precipitation (PCP) and CO, degassing
within the cave are additional factors modulating 613Cca values (e.g.,
Fohlmeister et al., 2020). In general, 5'3C., values of —14 to —6%o and
—6 to 2%o can be indicative of C3 and C4 vegetation respectively (e.g.,
McDermott, 2004). Carbon isotope values in stalagmite SHC-03 53¢
values vary between —4.2 %o and —10.48 %o around a mean of —8.28 %o
(Fig. 4B). 8'3C values ranging from around —4.2 %o to — 6.10 %o between
~10,560 and ~10,280 yrs BP are indicative of a C4 dominated vege-
tation above Shalaii Cave. A rapid change to a mixed C3/C4 vegetation
and higher soil respiration rates at ~10,280 yrs BP is indicated by shift
towards s more negative 513C,, values of around —8.00%o. Since C4
vegetation is typically more drought and extreme temperature tolerant
than C3 vegetation, the shift from a C4 to C3/C4 mixed landscape sug-
gest a significant climate amelioration to warmer and wetter conditions.
The shift is contemporary to similar trends observed in the 5180, and
trace element data (Fig. 4A) that supports the interpretation that this is
climate related. After this abrupt shift, 5'3C., values remain remarkably
stable, varying around a mean value of —8.28 %o between ~10,280 years
and today, indicating a mixed C3/C4 vegetation above the cave per-
sisted until today. This interpretation is supported by the present-day
shrub/grassland above the cave. The long-term stability of the SHC-03
813C,, record during the last ~10,280 years would suggest that the
dominance of the vegetation type and density on the 8'2C,, signal masks
any other centennial — millennial trends in the 613cca data, somewhat
limiting its use to observe longer term trends in moisture variability.
However, multi-decadal fluctuations in <‘313CCa are most likely related to
variations in the amount of rainfall and drip rates within the Shalaii
Cave, whereas reduced rainfall and lower drip rates enhance fraction-
ation of 5'3C due to enhanced CO, degassing. Furthermore, vegetation
density and soil respiration rates would be also reduced during more
arid periods, which would reduce the contribution of biogenic soil CO,
and result in a shift to higher carbon isotope values.

4.3. Magnesium and strontium contents in stalagmite SHC-03

Magnesium and Strontium contents show distinct changes across the
Holocene period (Fig. 4A). Between 10,560 and ~10,260 yrs BP, both
Mg/Ca and Sr/Ca values are at their highest of the entire SHC-03 record,
averaging 8.58 and 0.38 resepctively during this time. After ~10,260,
both Mg/Ca and Sr/Ca exhibit an abrupt shift to lower, but still rela-
tively high, values corresponding to a similar shift in the SHC-03 isotope
records (Fig. 4A). After this early part of the record, both Mg/Ca and Sr/
Ca exhibit a long, steady trend towrd lower values until approximately
the hiatus from 6.48 to 2.49 and 0.21 to 0.06 respectively. After the
hiatus, the Mg/Ca data exibits a quasis “U-shaped” trend from low
values at the end of the hiatis to higher values reached around 1800 yr
BP before a shift toward lower values again, with centennial to decadal-
scale variability superimposed on this long-term trend. The Sr/Ca re-
mains constant throughout this later period and show only minor fluc-
tuations around a mean of 0.06.

Magnesium and strontium contents in speleothems are known to be
sensitive hydroclimate proxies as both are influenced by factors which
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are closely related to rainfall and/or effective moisture through prior
calcite precipitation (PCP), water-rock interaction and incongruent
calcite dissolution (ICD) and/or dust flux (e.g., Fairchild et al., 2006;
Flohr et al., 2017; Carolin et al., 2018). Important for this study, all of
these factors act in the “same direction” with respect to the amount of
rainfall and recharge conditions above Shalaii Cave, that is lower rain-
fall and effective moisture lead to higher speleothem Mg/Ca due to
reduced groundwater recharge, enhanced PCP, longer bedrock-water
interaction (important for ICD) and/or enhanced dust flux above the
cave.

Between ~10,560-~6540 yrs BP, we observe a strong correlation
between In(Mg/Ca) and In(Sr/Ca) suggest PCP as the principal driver for
varying Mg/Ca and Sr/Ca ratios between ~10,560-~6540 yrs BP
(Fig. 4C). The correlation coefficient of ? =0.86 (p=<0.001) and slope
of 1.33 are strong indicators for PCP, whereas the slope is within the
upper level of the range set out by Wassenburg et al. (2020).

Reduced rainfall would lead to reduced meteoric water recharge and
lower water levels within the vadose zone, which in turn would promote
enhanced PCP and higher Mg/Ca and Sr/Ca ratios in stalagmite SHC-03.

With the restart of growth at ~5780 yrs BP, correlation between Mg
ad Sr is non-existent (1> = —0.08), suggesting that PCP is not the major
driver of for trace element variations anymore, possibly as rainfall was
generally higher. Rather, Mg/Ca ratios in stalagmite SHC-03 are most
likely influenced by incongruent dissolution of dolomite and the
different dissolution characteristics of calcite and dolomite related to
changes in water-rock contact times. Generally, longer groundwater
residence times during more arid climatic conditions would lead to a
saturation of the water with respect to CaCO3 and a higher contribution
of Mg from the partially dolomitised bedrock (Bajawan Formation) to
the drip water chemistry, which in turn results in higher Mg/Ca ratios in
stalagmite SHC-03. This assumption is supported by the close correla-
tion between Mg/Ca and §'3C., on decadal to multi-decadal time scales
(Fig. 4B), with lower 5'3C., values indicative of moister conditions,
denser plant cover and enhanced soil microbial activity and higher drip
rates (e.g., Flohr et al., 2017).

Higher Mg/Ca ratios, however, could be also related to enhanced
deposition of dust above the cave which is subsequently leached into
cave drip water (e.g., Goede et al., 1998; Frumkin and Stein, 2004;
Carolin et al., 2018). This mechanism, however, is rather unlikely as
episodes of major dust mobilization in the Middle East, such as between
~6500 and ~5000 yrs BP (Fig. 6) (Arz et al., 2003; Sharifi et al., 2015)
do not coincide with elevated Mg/Ca ratios in stalagmite SHC-03. This is
also supported by measured 8Sr/5°Sr ratios in stalagmite SHC-03 (see
paragraph 4.5 for further details), which suggest a stronger bedrock than
soil and dust contribution to Sr.

4.4. Strontium isotopes in stalagmite SHC-03

Stalagmite SHC-03 8Sr/%0Sr ratios vary within a narrow range be-
tween 0.70814 + 0.000035 and 0.70835 + 0.000039 around a mean of
~0.70821, whereas a distinct trend across the Holocene is not detectable
(Fig. 4A). ¥7Sr/%6Sr ratios in speleothems are a direct proxy of the cave
drip water and are often used as a proxy for dust input and/or bedrock
water interaction in karst areas (e.g., Utida et al., 2020). At Shalaii Cave,
strontium in cave drip waters and therefore speleothem calcite could
derive from basically three sources: atmospheric dust, soil above the
cave and/or the overlying limestone. 8Sr/%Sr ratios of two soil samples
above Shalaii Cave is 0.70870 and three bedrock samples average
0.70811 (Fig. 4A). Soil 878r/80Sr ratios are very close to 873r/80Sr ratios
of 0.70906 in four modern dust samples from Iraq (Sharifi et al., 2018;
Kunkelova et al., 2022). Using the 878r/80Sr ratios of soil and bedrock
samples from Shalaii Cave as endmembers, we can calculate the bedrock
contribution (BC) to the SHC-03 signal using the equation (Utida et al.,
2020):
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Fig. 6. Comparison of dust, hydroclimate and pollen records from SW
Asia. (A) %sr/%sr isotope profiles from Neor Lake (Sharifi et al., 2018). (B)
Aridity index from the Gulf of Aquaba based on a sediment core GeoB 5804-4
from the northern Red Sea (Arz et al., 2003). (C) Titanium record from Neo
Lake in Iran (Sharifi et al., 2015). (D) Dead Sea lake levels (Migowski et al.,
2006). (E) Almalou Peatland ACL (average chain length) record (Chen et al.,
2024). (F-G) Mg/Ca records from (F) Shalaii Cave (this study) and (G) Lake
Van (Wick et al., 2003). (H-J) Quercus pollen records from Van (Wick et al.,
2003), Zeribar(Stevens et al., 2006), Urmia (Stevens et al., 2012) and Mirabad
(Stevens et al., 2006). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

BC= [(87sr/865rspeleo - 87sr/86srsoil) / (87sr/865rbedrock - 87sr/86srsoil)] X
100

Based on the calculation above, BC values between 70 % and 95 %
suggest that the limestone bedrock is the primary source of Sr (and Mg),
with a minor soil and dust contribution. This supports our observations
that Mg/Ca ratios in speleothem SHC-03 are not primarily governed by
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dust flux but rather by hydrologic processes in the epikarst and cave.

Furthermore, neither the Mg/Ca and ®Sr/%Sr records show any
similarities to regional dust records from Neor Lake in Iran (Sharifi et al.,
2015) or sediment core GeoB 5804-4 from the northern Red Sea (Arz
et al.,, 2003). This is most evident during the early Holocene when
SHC-03 Mg/Ca ratios are high and dust mobilization across the Middle
East and SW Asia was reduced (Fig. 6). Likewise, the major increase in
dust flux during the mid-Holocene in the Red Sea (core GeoB-885) and
Iran (Neor Lake) neither coincides with a distinct increase in SHC-03
Mg/Ca nor significant shift in %Sr/%Sr ratios (Fig. 6A-C). Overall,
stalagmite SHC-03 87Sr/%0Sr values of ~0.7082 indicate an average host
rock contribution of ~80% of Sr throughout the Holocene, indicating
that fluctuating Mg/Ca ratios are influenced by PCP and/or ICD and,
thus, to effective moisture and rainfall respectively. Furthermore, when
compared to the continuous 8”Sr/%°Sr record from Neor Lake, which is
influenced by dust flux, variations in SHC-03 7Sr/%%sr ratios are
considerably smaller. Overall, stalagmite SHC-03 &7Sr/%%sr isotopes
provide further support that Mg/Ca ratios are not significantly influ-
enced by dust deposition above Shalaii Cave.

5. The Holocene hydroclimate evolution in SW Asia

5.1. Paleoclimatic significance of oxygen isotope values in speleothems
from SW-Asia

Our new Shalaii Cave multi-proxy record helps to disentangle the
multiple influences contributing to the Holocene trend in speleothem-
based 5'80¢, records from SW-Asia, whereas the amount effect is just
one of several factors (e.g., Kolodny et al., 2005; Develle et al., 2010;
Cheng et al., 2015; Reuter et al., 2017; Chen et al., 2024). Additional
factors include changes in the seasonal distribution of rainfall (e.g.,
Stevens et al., 2006), source effect (e.g., Bar-Matthews et al., 2003) and
isotope fractionation effects in the soil zone, epikarst and cave (e.g.,
Flohr et al., 2017). Evaluating the influence of cave and air temperature
changes on the SHC-03 §'0,, record is very difficult due to the com-
plete lack of quantitative paleotemperature estimates from this region.
However, pollen-based temperature estimates from the south-east
Europe indicate only minor variations of around +1.2 °C in mean
annual temperature (Davis et al., 2003). This is in agreement with
simulated warmer mean annual temperatures of between 0.3 and 0.7 °C
during the middle Holocene (Reuter et al., 2017). Since surface air
temperature and §'80 in precipitation are positively correlated, the
so-called temperature effect is around 0.6 %o/°C (Rozanski et al., 1992),
slightly elevated mean annual air temperature would lead to slightly
more positive 5!%0 values in precipitation and stalagmite calcite during
the middle Holocene. The comparison of 50 records from across
SW-Asia shows similarities and differences in isotopic patterns, indi-
cating changes in the relative influence of these factors on individual
records.

The source effect is most likely an important factor and partly
responsible for the long-term trend in 5'80 records (Fig. 5) and caused
by changes in the isotopic composition of surface water in the Eastern
Mediterranean. During the early and middle Holocene, the 8'%0 of
Eastern Mediterranean surface water was considerably lower because of
the enhanced input of isotopically lighter freshwater along the North
African margin (e.g., Nile discharge) and from the Black Sea and runoff
around the basin. This freshwater input is well document by two marine
records LC21 (Rohling et al., 2002; Marino et al., 2009) and PSO09PC
(Hennekam et al., 2015), both of them display their most negative
5180, values between ~10,500 and ~6100 yrs BP (Fig. 5J and K),
concurrent with peak intensities of the African and Indian monsoons, the
African Humid Period (deMenocal et al., 2000; Gasse, 2000; Fleitmann
et al., 2003; Kuper and Kropelin, 2006) and formation of sapropel S1 (e.
g., Rohling et al., 2015) in the Eastern Mediterranean basin. Because the
Eastern Mediterranean is a very important evaporative source for rain-
fall in the in SW Asia, lower 5'%0 of sea surface water resulted in lower
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5180 of water vapour and rainfall during the early and middle Holocene.
Such a strong sea-land oxygen isotopic relationship in the Eastern
Mediterranean is well documented by numerous studies (e.g., Bar--
Matthews et al., 2003; Almogi-Labin et al., 2009; Cheng et al., 2015) and
was, for instance, used to transfer the chronology of the precisely dated
Soreq Cave record to the Mediterranean sediment core LC21 by aligning
the foraminifera-based 5!0 time series to the speleothem 530 record
(Grant et al., 2012). Thus, the source effect accounts for a part of the
long-term trend in downstream terrestrial 8180ca records from SW-Asia
(Fig. 5B-J), including the SHC-03 record (Kolodny et al., 2005; Develle
etal., 2010; Cheng et al., 2015; Reuter et al., 2017). However, the source
effect cannot account for the isotopic shift of ~1.75 %o between 9500
and 1500 yrs BP in the Shalaii Cave 5'80 record, as the isotopic change
of seawater in the Eastern Mediterranean is only ~0.90 %o over the same
time interval (Hennekam et al., 2015). Progressive isotopic shifts of
between ~1.53 %o and ~2.67 %o in the Jeita and Kataklor Cave records
are also significantly higher, (Fig. 5E-I), indicating that additional
changes in seasonal distribution of rainfall above Shalaii Cave and the
other cave sites could account for the larger isotope change in almost all
speleothem %0 records from SW-Asia.

In the region of Shalaii Cave, 580 values of regional rainfall (Amin
Al-Manmi et al., 2019) display a distinct seasonal pattern (Fig. 2A),
whereas winter (DJF) rainfall is more negative in 5180 compared to
spring (MAM) and fall (SON) rainfall. A higher proportion of isotopically
depleted winter precipitation during the early Holocene would therefore
lead to a shift towards lower cave drip water and speleothem calcite
5180 values and vice versa, even though total annual rainfall was not
necessarily higher. The opposite behaviour between stalagmite SHC-03
Mg/Ca ratios and 880, values during the early Holocene does not
reconcile with the amount effect. If the amount effect would be the
dominant control on 6180@, then one would rather expect more negative
5180, values coinciding with lower Mg/Ca ratios (Fig. 4A). This is
apparently not the case and it is therefore more plausible that a change
from an early Holocene winter dominated to a mid-to late-Holocene
winter/spring dominated rainfall regime occurred above Shalaii Cave.
This climate scenario is also supported by Lake Zeribar, where paired
5'80 and Sr measurements on C. neglecta valves show more negative
580 values which coincide with elevated Sr/Ca molar values, the latter
are indicative of higher lake water salinity and more arid conditions
during the early Holocene (Stevens et al., 2001, 2006).

Taken all evidences together, the amount effect is most likely not the
primary factor influencing speleothem §'80,, records in northern Iraq
and SW Asia; the source and seasonality effects are additional controls,
which can counteract the amount effect. On orbital time scales, 580, is
a rather complex hydroclimate proxy that is influenced by multiple and
non-stationary factors, i.e. the relative contributions of multiple effects
exert variable influences on 8'%0 in rainfall during the Holocene period.
Our assumption is supported by a comprehensive comparison of lake
and speleothem §'%0 records from the Middle East with an isotope-
enabled climate model, which showed that more negative 5'%0 values
during the early and middle Holocene are caused by the combination of
isotope drivers (Reuter et al., 2017). These include changes in the iso-
topic composition of vapour, precipitation amount, seasonality and local
surface temperature. Thus, diverging isotopic patterns in some records
could be explained by regional effects and changes in the relative in-
fluence of the aforementioned isotopic drivers in the individual records
shown in Fig. 5.

5.2. Evidence for the mid-Holocene hydroclimate optimum in SW-Asia

Considering the uncertainties surrounding the interpretation of
speleothem and lake §'80,, records, non-isotope proxy records are most
likely better suited to describe the long-term Holocene hydroclimate
evolution in the SW Asia. Taking stalagmite SHC-03 Mg/Ca ratios as
proxy for effective moisture and aquifer recharge, the Holocene
hydroclimate optimum lasted from ~7000 to 4000 yrs BP (Fig. 6F), a
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timing that is in good agreement with several other non-isotopic records
from SW-Asia (Fig. 6B-J). For instance, several pollen records from the
Zagros-Taurus mountains show maximum expansion of deciduous oak
woodland after ~6500 yrs BP (Fig. 6H-J) around Van (Wick et al.,
2003), Zeribar (Stevens et al., 2006), Urmia (Stevens et al., 2012),
Mirabad (Bottema, 1986; Stevens et al., 2006) and Almalou Peatland
(Chen et al., 2024). As oak-expansion is primarily governed by growing
season moisture and summer aridity, the sharp rise in oak pollen during
the mid-Holocene is therefore indicative of a shortening of the dry
summer season and/or increase in precipitation (most likely during
spring) (Djamali et al., 2010; Chen et al., 2024). Further evidence for a
mid-Holocene hydroclimate maximum comes from non-pollen hydro-
climate records from several other sites, such as Lake Van, Almalou
Peatland, Mirabad and the Dead Sea (Fig. 6D-G). The Lake Van Mg/Ca
time series shows lowest salinity and higher rainfall between ~6200 and
4000 yrs BP (Fig. 6G), supported by highest lake levels (Wick et al.,
2003). In the Levant, Dead Sea level was also higher during the
mid-Holocene (Fig. 6D) (Migowski et al., 2006; Litt et al., 2012). Further
to the east at Lake Mirabad, ostracod-inferred lake levels are higher
during the mid-Holocene, whereas the period between ~10,000 and
6500 yrs BP was possibly even more arid than the late Holocene (Stevens
et al., 2006). This observation is underpinned by elevated Sr/Ca values
in lacustrine ostracods from Lake Mirabad, which indicate more
concentrated lake water as a result of more arid climate conditions
during the early Holocene (Stevens et al., 2006). A hydroclimate opti-
mum between ~7500 and 3000 yrs BP is also indicated by the lipid
biomarker record (Fig. 6E) from Almalou Peatland on the western Ira-
nian Plateau (Chen et al., 2024), a timing that is in good agreement with
our Shalaii Cave record. Overall, the available non-isotope paleoclimate
reconstructions show strong evidence for a mid-Holocene hydroclimatic
optimum, although there are slight differences in the timing and dura-
tion of this period across SW-Asia.

A key-question is which synoptic features were responsible for more
arid conditions during the early Holocene and the mid-Holocene
hydroclimate optimum in SW-Asia? At present, evidence is mounting
that changes in the seasonality of rainfall and/or duration of the dry
summer season play a pivotal role during the Holocene. One possible
explanation is the monsoon-desert mechanism (Rodwell and Hoskins,
1996), which describes the remote impact of the Indian monsoon on
summer aridity in the Mediterranean and SW-Asia. Ascending air in the
Indian monsoon domain in summer induces a Rossby-wave pattern to
the west and subsidence of warm and dry air over the Mediterranean and
SW-Asia. This subsidence suppresses upward motion in the atmosphere
and precipitation. Thus, summer aridity over the eastern Mediterranean
and SW-Asia is closely related to duration and intensity of the Indian
summer monsoon, whereas an earlier onset and stronger monsoon
would enhance summer aridity and reduce the duration of the spring
rainfall season throughout SW-Asia. Furthermore, the monsoon desert
mechanism in combination with higher summer insolation during the
early Holocene can amplify summer aridity even further by increasing
evapotranspiration (Tzedakis et al., 2009). Thus, the remote impact of
the Indian summer monsoon on the length of the rainy and dry season
over SW Asia would lead to a change in the seasonality of precipitation,
in this case from a winter-dominated precipitation regime during the
early Holocene into a regime dominated by both winter and spring
precipitation since the middle Holocene (Stevens et al., 2001, 2006).
This shift would have reduced the contribution of isotopically more
positive spring precipitation to groundwater recharge above Shalaii
Cave and explain a proportion of the observed millennial trends in the
SHC-03 5'®0,, and other isotope records in SW Asia (Fig. 5).

Furthermore, the strength and spatial extension of Arabian anti-
cyclone (or Arabian subtropical anticyclone) are additional crucial fac-
tors controlling the amount of precipitation in Iraq and SW Asia
respectively. Meteorological observations show that years with a shorter
rainfall period concur with an earlier northward movement of the
Arabian anticyclone in spring (Mohammadi et al., 2021). Such an earlier
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establishment of the Arabian anticyclone in the region would block the
mid-latitudinal rain bearing systems over Iraq and adjacent regions. This
mechanism would be consistent with a suggested earlier northward shift
of the westerly storm tracks in spring reduced water vapour transport
and rainfall during the spring season along the Zagros Mountains
(Stevens et al., 2006). The importance of the Arabian anticyclone for
spring precipitation throughout SW-Asia is also revealed by climate
model simulations. Using the PMIP4 model simulations, Chen et al.
(2024) found evidence for a weaker Arabian anticyclone in response to
lower spring insolation during the mid-Holocene compared to today
(Fig. 7A and B), which also promoted the influx of moisture from the Red
and Arabian Sea into SW Asia. Based on the PMIP4 models, Chen et al.
(2024) suggested that a more southerly location of the subtropical high
during the mid-Holocene resulted in a shortening of the dry summer
season in SW-Asia. Lowest spring insolation weakened the intensity of
the spring Arabian anticyclone resulted in a higher amount of spring
precipitation. Furthermore, the PMIP4 model simulations suggest that
the most significant reduction in precipitation from the mid-Holocene to
the pre-industrial period (PI) is associated with a decrease in the amount
of spring precipitation in SW-Asia. During the mid-Holocene, the Indian
summer monsoon and subsidence (desert-monsoon mechanism) was
weaker compared to the early Holocene (Fig. 7) and summer aridity was
lower, also because summer insolation and therefore thermal heating

— 2
o (32]
5 2 F3 S
2 i
] [ I O
% = s 4 2%
0w ~ - E
£ 4 - 5 E S
w0 | L
£9 - -6 & S
& © 222 7] Intensity of the Arabian Anticyclone B 7 £
224 - | in Spring L
. -8
O —
T _ o2 ] 3
a2 QS
o 55
5 8 04+ gs
3£ - E S
o £ _ 0o 8
c X 0.6 ©
‘= ©
Q. T -
© 0.8 4 | Intensity of the Arabian Anticyclone @
4| in Spring -8
530 c
- -2.4
520 — >
€ T 510 - @
.9 - - v 8
i § 500 a8 z5
2 < 490 BE
=2 --08 35 g
o 2 480 Gi g o
- ™ =3 -
2 ® 470 Monsoon-desert mechanism B “©
460 Summer aridity
450 0.4

T T T T T
10,000 8,000 6,000 4,000 2,000 0
Age (yrs BP)
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this article.)
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was lower. We therefore suggest that all relevant forcing factors (weaker
spring and summer solar insolation) and synoptic circulation patterns
varied in concert with respect to spring precipitation. However, the late
Holocene hydroclimate change in Iraq and parts of SW-Asia appears to
be disconnected from spring insolation forcing and the intensity of the
spring subtropical high, as precipitation remains fairly high compared to
increasing spring solar insolation and modelled subtropical high in-
tensity (Fig. 7A and B). This decoupling during the late Holocene could
possibly be explained by the continuous weakening of the Indian sum-
mer monsoon (Fleitmann et al., 2007, 2022; Tian et al., 2023) and
concomitant reduction in subsidence over SW-Asia (weakening of the
desert-monsoon mechanism) and summer aridity (Fig. 7C). Reduced
summer insolation (Fig. 7C) is most likely an additional factor contrib-
uting to a lowering of summer aridity. This would have reduced evap-
orative loss of water during summer and may have counterbalanced any
decreases in spring rainfall. It is also possible that a threshold was
reached when colder summer temperatures due to reduced summer
insolation reduced evaporative loss in Iraq and SW-Asia respectively.
Thus lower summer temperatures compromised the reduction of spring
precipitation, through the temperature-hydroclimate relationship.
However, further data are required to verify our assumption.

Finally, the slow inundation of the Persian Gulf during the early
Holocene is rarely considered as an additional factor contributing to the
mid-Holocene hydroclimatic optimum. Shorelines and a sea surface area
similar to today were reached around 6000 yrs BP (Lambeck, 1996)
(Fig. 1A). This would have had an additional effect on spring rainfall as
the Persian Gulf is an important moisture source for spring as rainfall
which is associated with highly energetic mesoscale convective systems,
which can contribute a large proportion of total annual rainfall (Evans
and Smith, 2006).

However, we must acknowledge that numerous uncertainties
remain. Firstly, the late Holocene hydroclimate evolution appears to be
decoupled from spring summer insolation and simulated spring Arabian
anticyclone intensity. The ultimate reason for this remains ambiguous.
Secondly, changes in the amount of winter and spring rainfall could play
an additional role, but we are currently lacking records which can
provide more specific information on changes in the amount of autumn,
winter and spring rainfall during the Holocene period. Clearly, further
studies focusing on the seasonality of rainfall in SW Asia are urgently
needed. Thirdly, more highly-resolved regional climate model simula-
tions could help to investigate the evolution of certain synoptic features
(e.g., Arabian anticyclone) and storm track trajectories. Overall, much
research remains to be done in many regions in SW Asia in order to
understand the spatio-temporal hydroclimatic changes.

6. Conclusions

Overall, the new multi-proxy Shalaii Cave record provides additional
evidence for a mid-Holocene hydroclimatic optimum in SW-Asia, in
agreement with other non-isotopic records from SW-Asia. The
millennial-scale trend in oxygen records cannot be explained by changes
in the amount of precipitation and a paradigm shift is urgently needed.
However, this is only true for the overall Holocene trend and multi-
decadal to decadal-scale changes in 5'%0,, are largely influenced by
the amount and seasonality effects (e.g., Flohr et al., 2017; Sinha et al.,
2019). There is also strong evidence that changes in the seasonal dis-
tribution of precipitation occurred during the mid-Holocene hydro-
climate optimum, viz. an increase in the amount of spring rainfall and a
shorter dry summer season. This assumption is supported by the rapid
deciduous oak expansion and reduction of PCP in stalagmite SHC-03
trace element profiles from ~7000 yrs BP onward (Fig. 4B), as a
shorter dry summer season would minimize the influence of PCP on Mg
and Sr.

In summary, the combined influence of the Arabian anticyclone,
Indian summer monsoon (monsoon-desert mechanism) and inundation
of the Persian Gulf were most likely the key-elements for the mid-
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Holocene hydroclimate optimum. However, we do not fully under-
stand to what extent changes in the amount of autumn and winter
precipitation contributed to the observed hydroclimate changes and
more research is required to shed further light on changes in the sea-
sonality of precipitation in SW-Asia during the Holocene period.
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