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Abstract

Questions remain as to the nature of climatic change through the last glacial-interglacial transition in the eastern Mediterranean region,
particularly the relative contribution of evaporation and precipitation to regional water balance. Here changes in oxygen isotope values through
this time period from Eski Acigdl, a crater lake in central Turkey, are investigated using hydrological and isotope mass balance models. These
allow changes in evaporation and precipitation to be quantified and their relative importance evaluated. We show that it is the volumetric flux
rate of water passing through the lake system and not the precipitation-to-evaporation ratio per se which controlled the stable isotope record in
Eski Acigol. Early Holocene precipitation is shown to be much greater than that during both the latter part of the last glaciation and the present
day. We test these calculated values against other records in the same region, firstly with other lake records in Anatolia, the Konya basin and
Lake Van, and secondly with isotope-inferred palaco-precipitation data from Soreq cave in Israel. This reveals a contrast between pre- and post-
LGM precipitation values in Turkey (wetter and drier, respectively) and also suggests that during the last glacial-interglacial transition there was
a more marked precipitation gradient than at present between northern/interior and southern/coastal parts of the eastern Mediterranean region.
© 2007 University of Washington. All rights reserved.
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Introduction other factors to the last glacial age lake expansion. There is
comparable debate for the Early Holocene period, for which

Late Quaternary lake levels have been shown to vary evidence from deep-sea cores, speleothems and at least some
significantly through time in the circum-Mediterranean region lakes supports a more positive water balance than at the present
(Roberts and Wright, 1993; Harrison and Digerfeldt, 1993;  day (Fontugne et al., 1999; Bar-Matthews et al., 1997; Ariztegui
Robinson et al., 2006). Stein (2001), for example, showed that et al., 2000) but conflicts with palaco-botanical data showing a
cold periods in northern latitudes are correlated with high-stands delayed rate of postglacial forest re-advance in the eastern
of Lake Lisan, Israel, although lake level falls are associated with Mediterranean (Van Zeist and Bottema, 1991; Wasylikowa,
shorter term cold (Heinrich) events, possibly due to the reduction ~ 2005). Reconstructing past climate from lake palacohydrology
in precipitation from a cold Mediterranean Sea (Bartov et al., requires a good understanding of which climatic parameters
2003). There has been debate (e.g., El-Moslimany, 1984; control lake-level change, primarily the relative contribution of
Prentice et al., 1992) about the relative contributions of changes evaporation and precipitation. There is need for a more rigorous
in temperature and hence evaporation-versus-precipitation and  quantification of palaeolimnological data from the eastern
Mediterranean region in terms of climate, and precipitation in
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recorded in a high-resolution lake sedimentary archive from Eski
Acig6l, central Turkey, by means of coupled hydrological and
isotope mass balance modelling. The palaeohydrology of this
crater lake is relatively simple and we use this lake system to
calculate changes in climatic conditions through the last
~20,000 yr, before going on to compare these results with
those from other climatically calibrated archives in the wider

eastern Mediterranean region.

Study site

Eski Acigol (1270 masl; 38°33’01”N, 34°32741"E) is a
former crater lake lying within a larger caldera in the
Cappadocian region of central Turkey (Fig. 1). The caldera,
which exposes thick tuffs, volcanic ash, obsidian, ignimbrites
and basaltic cones, was formed in the mid-Pleistocene (Druitt et
al., 1995). The formerly brackish lake was drained in 1972. The
historic lake had no surface inflows or outflows and the surface
catchment was never very much larger than the lake itself.
Inputs into the lake would have therefore been dominated by
direct precipitation and ground water inflows and output by
evaporation and ground water seepage. A multi-proxy study
of change in the lake system over the last ~20 kyr was
carried out on cores taken from the crater (Roberts et al.,
2001). A 16-m core sequence from parallel, overlapping
cores (ESK96A/B and ESK97A/B) recovered non-laminated
carbonate-rich lake sediments in the upper 6.5 m spanning
the second half of the Holocene, underlain by annually lami-
nated lake deposits that were formed under relatively deep-
water conditions, back to the last glacial maximum (LGM)

Lake isotope mass balance

The hydrological budget of a lake can be explained by the
sum of the inflows and outflows from the system (e.g., Ricketts
and Johnson, 1996; Gibson et al., 1999), for example:

dV/dt =P+ S+ G —E S, — G, (1)

where V' is lake volume; 7, time; P, precipitation on the lake
surface; S;, surface inflow from rivers and/or overland runoff;
G;, ground water inflow; E, evaporation from the lake surface;
S,, surface outflow; G, ground water outflow. (¥, P, S;, G;, E,
S, and G, are measured in the same units.)

As well as the water balance equation above (Eq. (1)), the
stable isotope values of the lake hydrological system must also
balance such that:

dVé]/dZ‘ = Pop + Siés‘ + Giég‘ — Eog — Syds, — Go0go (2)
where the values d;, dp ds, Og, Og, s, and dg, are the isotope
values (either 6'%0 or D) of the lake waters, lake surface
precipitation, surface inflow, ground water inflow, lake surface

evaporation, surface outflow, and ground water outflow respec-
tively (e.g., Gibson et al., 1999; Benson and Paillet, 2002).

Methods
Analytical methods

Stable isotope measurements were determined (relative to
PDB) on CO, liberated from 10 mg bulk sediment samples of
calcium carbonate, reacted in phosphoric acid overnight at
25 °C, using a VG Optima mass spectrometer with analytical
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Figure 1. Location of Eski Acigdl and other major sites discussed in the text. Inset shows Eski Acigdl basin morphology. Contours are m above sea level.
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Figure 2. 8'%0 curve from Eski Acigél (cores ESK96A/B and ESK97A/B) showing the steady-state phases investigated in this paper (vertical bars) plotted against
changes in stratigraphy, U-series ages and the type of calcium carbonate present in the core (see Roberts et al., 2001 for details).

errors of £0.1%o. The mineralogical content of the samples was
identified using X-ray diffractometry by infrared spectroscopy on
a Perkin-Elmer IR-TF/16 PC spectrometer at UMR 8501. Full
details of the methods used can be found in Roberts et al. (2001).

Numerical methods

For any given time period it can be assumed that a lake is at
hydrological steady-state, such that Eq. (2) can be written:

Pép + Si(SSi + Giégi = Eor + Syds, + Googo (3)

https://doi.org/10.1016/j.yqres.2007.01.004 Published online by Cambridge University Press

Here we take five periods (designated as Late Holocene,
Early Holocene, Late Glacial stade, Late Glacial interstade
and Glacial) within the overall Eski Acig6l isotope stra-
tigraphy where recorded 6'*0 values from calcium carbonate
(6180mwrdcd) are relatively constant (Fig. 2, Table 1). The two
gaps in the 6'0 record at ~7 m and ~8 m are periods of
negative isotope excursions (shown in Fig. 3 of Roberts et al.,
2001) associated with local tephra horizons. These excursions
may be due to reactivation of ground waters in the system during
periods of volcanic activity and are therefore not included in
discussion of climate change.
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Table 1

Time periods used for modeling calculations, with palacotemperature data (SSTs

after Emeis et al., 2000) relative to present day

Time periods used Age (ka)  Temperatures (°C relative to present)

in this study Tonian sea  Levantine basin ~ Values used
SST SST here
Late Holocene 1.5+1.0 0 0 0
Early Holocene 11.0£0.5 -4 -1 -1
Late Glacial stade  12.5£0.5 -8 -5
Late Glacial 14.5£1.0 -1 -1
interstade
Glacial 19.0£3.0 -9 -6 -6

For each time period we attempt to balance Eq. (3) and
therefore quantitatively understand how climate has changed in
central Turkey over the last ~20 kyr. This analysis is intended
to quantify mean steady-state conditions for different times in
the past and not to test for sub-millennial climate variability or
for rates of change across major climate transitions. The Glacial
period in this sequence is dated between 16 and ~23 ka, and
probably does not overlap substantially with the period of
highest lake levels immediately prior to the LGM in the east
Mediterranean region (Roberts and Wright, 1993; Fontugne

et al., 1999; Bartov et al., 2002).

Here the term Late Glacial stade refers to the period of time
(~12.5 ka) where 0"80,ccordeq values return to values similar to
those during Glacial times, following a Late glacial interstadial
period when 0"80,ecorded Values were close to those of the Early
Holocene. These shifts in the lake system occurred at appro-
ximately the same time as the Younger Dryas and Bolling—
Allerdd events in Northern Europe and are likely to be connected
to Northern Hemisphere climate shifts at these times. However,
due to the U-series dating uncertainties for the Eski Acigol
sequence, it is not currently possible to demonstrate climatic

synchroneity or formal stage equivalence.

Values for the Eski Acigdl calculations

To understand quantitatively each of the five time periods
defined above, as many of the parameters as possible in Eq. (3)
must be known. Below each is discussed and values for each

time period are prescribed.

Temperature (7): temperature is a key control on many of
these parameters and an independent control on temperature is
required for input into these calculations. Present-day tempera-
tures in the Cappadocian region are coherent between meteo-
rological stations (Fig. 3). Average annual temperatures are
between +9 and +11 °C, summer maximum values are around
+28 to +30 °C and winter minimum temperatures around — 6 to
—8 °C (based on the 2-yr values shown in Fig. 3). It has been
proposed elsewhere (Bar-Matthews et al., 2003) that tempera-
ture changes in the eastern Mediterranean are coherent on land
and at sea. Emeis et al. (2000) reconstruct sea-surface
temperatures (SST) for two sites in the eastern Mediterranean
basin through the time period under investigation based on
alkenones (Table 1). For the Ionian Sea the total SST difference
between glacial and interglacial times was 8 °C, whereas in the

https://doi.org/10.1016/j.yqres.2007.01.004 Published online by Cambridge University Press

Levantine basin there was an inferred temperature change of
6 °C. Hayes et al. (2005) give values for glacial sea-surface
temperatures ranging from 2 to 6 °C cooler than present day in
the eastern Mediterranean based on planktonic foraminifera
assemblages. Average annual temperatures at Eski Acig6l for the
five time periods are based largely on the magnitude of change
from the Levantine basin (Table 1) as it is closer to Eski Acigdl.
The changes for the Late Glacial stade and Late Glacial
interstade, where there are no data from the Levantine basin, are
kept within the maximum range from this study as the changes in
Ionian Sea SST are considerably larger.

Precipitation (P): modern average annual precipitation (P) in
Cappadocia is about 0.36 m yr~ ' (Fig. 3) and this will therefore
be taken as the value for the Late Holocene period. Although
there is variability through all the time periods discussed, within
each period the average 0"80,ccordeq Value remains relatively
constant. A detailed record of the last 2000 yr (i.e. the Late
Holocene) from a nearby analogous lake, Nar Golii, shows that
mean 6'%0,ceorgeq for the last 2000 yr are close to the mean
values for the last 80 yr (Jones et al., 2006), suggesting that
modern meteorological values and stable isotope hydrological
records are probably typical of the Late Holocene. Values for
the other four time periods are unknown. The amount of
precipitation entering the lake is also dependent on lake area.
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Figure 3. Contemporary climate values for three meteorological stations in
Cappadocia (Nigde, 1208 masl, 37° 59’ N, 34° 49’ E; Nevsehir, 1260 masl, 38°
35'N, 34° 49'E; Derinkuyu 1300 masl, 38° 23’ N and 34° 45’ E) for 1988 and
1989 (data from State Meteorological Services).
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Lake area (A4): the exact lake area for any of the time periods
under investigation is unknown. However, simple relationships
between lake depth, lake area and lake volume can be
developed from the crater morphology (Fig. 1). The cores
bottomed out in volcanics so a reasonable picture of the basin
shape can be established. During the Glacial through to the
Early Holocene, the lake sediments were laminated and the
lake must therefore have been stratified, with anoxic bottom
waters. Nearby Nar Golii is 26 m deep at its deepest and waters
are anoxic below ~10 m. Cores were taken in Nar in the
deepest part of the basin and are laminated throughout the last
2000 yr (Jones et al., 2006). Cores taken in 15 m water depth
are also laminated throughout this time period, suggesting that
the chemocline is permanently above 15 m water depth in lakes
of this type and size. Therefore, we assume that Eski Acigol
must have been at least 10 m deep during the Glacial to Early
Holocene period. The maximum possible water depth for Eski
Acig6l would be ~30 m as the lake basin rim is at 1285 metres
above sea level (masl) and the lake would have begun to
overflow at this point. During the mid-Holocene the lake
sediments cease to be laminated indicating that lake levels
were significantly reduced. However, lake area may have
changed less dramatically as part of this reduction in lake depth
is due to sediment infilling the crater. From the core
stratigraphy (Fig. 2), it is possible to assess the elevation of
the lake bed during each of the time periods under
investigation. Diatom evidence shows that the Late Glacial
water level at Eski Acigdl was not as high as during the Early
Holocene (Roberts et al., 2001) and Late Holocene lake levels
were lower than either of these periods. A range of possible
lake water depths for each of the time periods can therefore be
obtained (Table 2).

Isotopic composition of rainfall (dp): There is a classic
Dansgaard relationship between temperature and Jp for
contemporary rain waters on the Anatolian Plateau, with
temperature positively correlated with dp values in Ankara
(6"%0p [SMOW]=0.31Tn.—13.2; 2=0.64; IAEA/WMO,
2001). If this relationship holds back through time, then Jp
values would have been more negative during glacial times. For
example, a shift of 6 °C would decrease §'*0p by 1.8%o
compared to today based on the equation above. However, there
would have been additional changes in dp as glacial ocean
waters, from which rain/snowfall is derived, would have been
substantially more positive than during interglacial times due to
the preferential storage of '°0 in the ice caps. Emeis et al. (2000)
show that §'%0 values from planktonic foraminifera were 2.9%o
more positive during glacial times in the Ionian Sea and 3.8%o

Table 2
Ranges of possible lake depths and lake areas for the time periods under
investigation in this paper

Lake bottom, masl Lake depth, m Lake area, m?

Late Holocene 1,267 0-5 267,529-346,214
Early Holocene 1,260 15-25 393,425-550,795
Late Glacial stade 1,259 10-20 299,003-456,373

Late Glacial interstade 1,258
Glacial 1,255

15-25
10-20

361,951-519,321
236,055-393,425

https://doi.org/10.1016/j.yqres.2007.01.004 Published online by Cambridge University Press

more positive in the Levantine basin. However, because these
values are also dependent on temperature changes, the values
must be corrected by 0.2%0/°C (Emeis et al., 2000). Corrected
values of change between glacial and interglacial times for 6'%0
values of the Mediterranean Sea waters would therefore be
approximately +1.3%o for the Ionian Sea and +2.8%o for the
Levantine Basin. The combined effect of the temperature and
source water effect would therefore be between —0.5 and +1%o
for the difference between Late Glacial and Holocene dp values.
680 values of Mediterranean Sea water decrease incrementally
between the Glacial and Holocene (Emeis et al., 2000) and
prescribed values for Late Glacial interstade and stade Jp
therefore change accordingly (Table 4).

Surface inflow (S;): Due to the small area of the catchment
compared to lake area, surface inflow is assumed to be 0.

Ground water inflow (Gj): The amount of ground water
inflow into the lake is unknown for any of the time periods.

Isotopic composition of ground water inflow (d¢,): Ground
waters entering the lake are taken to have the same isotope value
as mean weighted precipitation because contemporary ground
waters in the region have been shown to be meteoric (Jones et
al., 2005; Roberts et al., 2001).

Evaporation (E£): Evaporation can be calculated, for example,
using Eq. (4) (Linacre, 1992):

E =1[0.015+4 x 1077, + 107%2] x [480(T, + 0.006z)
/(84 — Lat) — 40 + 2.3u(T, — T,)] (4)

where E=evaporation (mm day '), 7,=average air temperature
(°C), z=altitude (m), Lat=latitude, u=wind speed (m s~ ') and
Ty=dew point temperature=0.52 T,jn+0.60 Tiax—0.009
(T, max)2 =2 °C, Tpipn=minimum temperature, 7p,.,=maximum
temperature. Minimum and maximum temperatures are assumed
to shift by the same magnitude as 7, (Table 1). Late Holocene
values are 7,=10, Trin=5, Tmax=15.5 (Fig. 3).

Eq. (4) has been used to calculate evaporation for the five time
periods investigated here since this equation has been shown to
produce values close to contemporary measured evaporation
across Turkey (Jones et al., 2005). Based on colder temperatures,
evaporation would have been much lower during glacial times;
however, there is no way of calculating wind speeds. Contempor-
ary wind speeds on the Anatolian Plateau average about 3 m s~ '
during the year (Meteoroloji Bulteni, 1974; field observations). If
wind speeds were higher during glacial times, which has been
suggested (e.g., Wyputta and Grieger, 1999), evaporation would
increase. However, sensitivity analysis of evaporation with
changing wind speed (Fig. 4A) shows that average glacial wind
speeds would have to be greater than 26.5ms ! for evaporation to
be higher during the Late Glacial compared to the Late Holocene.
For the Holocene and Late Glacial interstadial periods, wind
speeds are taken to be 3 m s~ !, and wind speeds are arbitrarily
taken to be twice as strong (6 m s ') during the Late Glacial and
Late Glacial stadial periods. With these values of wind speed and
the given values of temperature, Late Holocene evaporation is
taken to be 1.08 m yr ' which is within the range of recorded
evaporation across Turkey (Meteoroloji Bulteni, 1974), compared
to values of 0.40 m yr ' during the Glacial.
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Figure 4. (A) Sensitivity of evaporation to changing wind speed at different
temperatures. All other parameters remain constant. (B) Sensitivity of dz to
changing RH at different values of 9,. All other parameters remain constant.

Isotopic composition of Evaporation (dz): An equation for
calculating 6 was obtained from observations at Pyramid Lake,
Nevada (Benson and White, 1994), and has been used by other
authors for modelling other sites (e.g., Ricketts and Johnson,
1996). It states that:

Revap = [(Rlake/“eq) - (RHfadRat)]/[((l - RH)/“kin)
+RH(1 — f3q)] (5)

where 8,=(R;—1)10°, R, is the isotope ratio of the free
atmospheric water vapour, f,q is the fraction of atmospheric
water vapour in the boundary layer over the lake (if all the
atmospheric water overlying the lake is derived from evapora-
tion, then f,q=0), RH is the relative humidity and o.¢q (1/o*) and
oin are fractionation factors.

Fractionation factors (oeq and o) the equilibrium fractio-
nation factor, o4, can be calculated

—~

teq = exp(113777% — 0.41567 " — 2.0667 x 107%)
=1/a* (6)

https://doi.org/10.1016/j.yqres.2007.01.004 Published online by Cambridge University Press

where 7 is the temperature of the lake surface water in degrees
Kelvin. The kinetic fractionation factor, cy;,, is dependent on
wind speed and for wind speeds less than 6.8 m s~ ! oyin=0.994
(Majoube, 1971).

Fraction of atmospheric water vapour (f,4): Benson and
White (1994) suggest that f,4 should always be taken as 0 as the
water vapour immediately overlying the liquid surface will be
the dominant control on dz and will be almost entirely made up
of evaporated water. This assumption will be used here.

Isotope value of atmospheric water vapour (6'%0,,): because
faq 1s assumed to be 0, the value of 680, does not influence dx
and is therefore not required.

Relative humidity (RH): relative humidity has a strong rela-
tionship with temperature and rainfall in contemporary Cappa-
docia (Jones et al., 2005) with increasing RH associated with
decreased temperatures, as the volume of air holding a given
mass of water decreases, and increased rainfall. However, over
glacial—interglacial time scales it has been suggested that
increases in temperature have been associated with increases
in relative humidity as more moisture becomes available and
more is evaporated (Lemke and Sturm, 1997). Previous work in
Eastern Turkey (Lemke and Sturm, 1997) suggests that glacial
relative humidity was around 35 to 40% during the last gla-
ciation, rising to around 60% in the Early Holocene. In this study
Holocene values for RH are taken as 68%, based on annual
average values for Cappadocia (Fig. 3). Glacial values are taken
to be 40% based on the work of Lemke and Sturm (1997).
Instrumental records show that RH values in Van and Cappa-
docia are similar at the present day (Meteoroloji Bulteni, 1974).

Surface outflow (S,): Surface outflow from the lake would
occur only if the lake level rose by more than ~30 m, at which
point it would overflow.

Ground water outflow (G,): Ground water output from the
lake is unknown.

Isotopic value of ground water (65 ): Ground water leaving
the lake is taken to be isotopically the same as lake water values
(01).

Isotopic value of lake water (d;,): Figure 2 shows the
0"80,ecorded data from the Eski Acigol core sequence. Before
these values can be used in the calculations they must be
corrected for fractionation differences due to the different types
of calcium carbonate precipitated and converted to values of d;.
Taking the mineralogy data from Figure 2, Early Holocene
carbonates are predominantly calcite and therefore 6"801ecorded
can remain unchanged. Glacial isotope values are recorded from
sediments comprised largely of aragonite and a correction factor
of —0.6%o (Tarutani et al., 1965) must therefore be applied. In
addition some of the Late Holocene sediments comprise
authigenic dolomite which is ~3%o more positive relative to
calcite precipitated under the same conditions (Land, 1980).
Some of these Late Holocene sediments also contain aragonite.
The Late Holocene values can be corrected to calcite if the
amount of the three different carbonates is known as:

0 18 Orecorded - fcalcite 0 8 Ocalcite + fe‘lragonite (5 18 Ocalcite + 0. 6)
+ﬂiolomite (51800alcite + 3) (7)
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where feaicites faragonite a0d faolomite are the fraction of each
mineral phase in the sediment. However, it is unlikely that all
the dolomite is reacted during the isotope analysis procedure
used here and that the real calcite-equivalent value of the
analyzed sediments is therefore somewhere between the re-
corded value and that calculated from Eq. (7) (for the sensitivity
of the Late Holocene calculations to these different values see
below). Initially a correction of —0.6%o will be used to account
for some of the difference due to dolomite and the part of the
Late Holocene curve where aragonite is present.

Carbonates are generally precipitated in the summer months
(Saarnisto, 1986; Jones et al., 2005) and summer temperature is
therefore used to calculate the 9, values from which the carbo-
nates were precipitated. Nar Golii, a contemporary analogue for
Eski Acigél, has lake water temperatures that lie between the
monthly average and maximum values, and therefore an average
of these values are used to calculate the lake water temperatures
from which the carbonates are precipitated, using the equation of
Kim and O’Neil (1997) modified by Leng and Marshall (2004)
(Eq. (8)). It has been suggested (Leng and Marshall, 2004) that
this equation be used for all calculations, although temperatures
calculated from it are lower than those using some other
palaeotemperature equations (e.g., Anderson and Arthur, 1983)
and the validity of the Kim and O’Neil equation has been
questioned (Zhou and Zheng, 2003).

T =13.8 — 4.58(5, — 0y) + 0.08(3, — )’ (8)

where T is the lake water temperature (°C), J. is the calcite
equivalent 6'%0 value relative to VPDB and 4, is the unknown
isotope value of the lake water relative to VSMOW. Changes in
summer temperatures are based on the magnitude of change for
average temperatures in Table 1. Late Holocene values for Eski
Acig6l are 17 °C for average summer temperature and 24.5 °C
for maximum summer temperatures (Fig. 3). Based on these
values lake water isotope values can be calculated for the time
periods under investigation (Table 3).

Model sensitivity

Sensitivity tests look at the possible variability and errors
that may have occurred in the original calculations. For this a
range of lake depths are used (Table 2). Three other input
variables can be easily changed, values for relative humidity,
wind speed and temperature have been prescribed for all times
periods except the Late Holocene. By changing these values it is

Table 3
Lake water isotope values for the model time periods calculated from summer
lake water temperatures

6carbonate (%0) 6calcite (%0) Tlake (OC) 6[ (%0)
Late Holocene 2.0 1.4 20.7 2.9
Early Holocene -3.0 -3.0 19.7 -1.7
Late Glacial stade -0.5 -1.1 14.7 -0.7
Late Glacial interstade ~ —3.0 -3.0 19.7 -1.7
Glacial -0.5 -1.1 13.7 -0.9
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possible to observe if the initial values, and relative states, are
robust or sensitive to changes in these parameters.

The effects of changing values of wind speed (Fig. 4A) have
been discussed above and make very little difference to the
ranges of values calculated relative to changes in temperature.
Temperature values were changed by =1 °C for each of the time
periods to see how sensitive the equations are to changes in
temperature and to allow for errors in the temperature estimates.
Relative humidity controls changes in dz, and it is taken into
account in calculations of E in the form of T, which is estimated
from Ty, and Tp.,. Figure 4B shows the sensitivity of dz to
changing RH at different values of §,. Given the large differences
in &; prescribed by 6'®Orecorded, Of is Not sensitive enough to
changing RH to have a large impact on the model output.

Results

Based on the values above, Eq. (3) can be balanced for the
five time periods of interest: Late Holocene, Early Holocene,
Late Glacial stade, Late Glacial interstade and Glacial (Table 4).
Unknowns in Eq. (3) can be investigated by simultaneously
solving isotope mass balance equations (i.e. Eq. (3)) with a
steady-state water mass balance version of Eq. (1). This results
in all values being known for the Late Holocene, as there are
only two unknowns, G; and G,. For the four other time periods
there are three unknowns. However, Eq. (3) can be expressed:

5P(P + Gi) - EéE + G051 (9)

where if (P+G;)=0;, the total influx into the lake, there are
again only two unknowns (Q; and G,), which can therefore be
calculated.

As discussed above the exact calcite-equivalent isotope
value for the Late Holocene is unknown due to the presence of
dolomite in the sediment. The actual value will lie somewhere
between the value used and the value calculated using Eq. (6);
that is, between +1 and +2%o. As the calculations from Eq. (3)
show that ground water outflow from the lake must be 0 at this
time the lake hydrological budget is simply O;=F where P and
E are both known. G; can therefore be easily calculated. It
therefore makes no difference to the calculation which value of
d; 1s used, as neither ¢; nor oz are used in the calculation.

From the five solutions to Eq. (9), it can be shown that there
is larger water input into the lake during the Early Holocene and
the Late Glacial interstade than at any other times during the
record (5.2—7.2 and 4.2-6.4x10° m’, respectively, Table 4),
with the Glacial being the time of least water input into the lake
system (<2.7x10° m*).

Calculating precipitation

There are clear differences between the values for total water
influx (Q;) between the five time periods (Table 4). Investigat-
ing the controls on this value can lead to an understanding of
how precipitation may have varied in the past. The amount of
precipitation (P) will be important in controlling Q;, as well as
parameters controlling the fraction of water falling in the lake
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Table 4
Values for the calculations for each of the time periods (max and min in each case)
Time period T, A P P op G; dg, P+G; e E Op G, 8¢,
°C m? myr!'  m? Yoo m? %o m’ myr!' m? Yoo m’ Yoo
Late Holocene 10 267,529 036 96,310  -10.2 192,621 -10.2 288,931 1.08 288,931 -9.3 0 2.9
10 346,214 0.36 124,637 -10.2 249,274 -10.2 373,911 1.08 373911 -93 0 2.9
Early Holocene 9 393,425 -10.5 -10.5 516,907 0.94 369,820  -14.0 147,087 -1.7
9 550,795 -10.5 -10.5 723,670 0.94 517,747  -14.0 205,922 -1.7
Late Glacial stade 5 299.003 -10.9 -109 219,503 0.52 155482  -15.1 64,022 -0.7
5 456,373 -9.9 -99 371,448 0.52 237314 -15.1 134,134 -0.7
Late Glacial interstade 8 361,951 -104 -104 422,418 0.80 289,561 -14.3 132,857 -1.9
8 519,321 9.9 99 643,958 0.80 415457 -143 228,501 -1.9
Glacial 4 236,055 -10.8 -10.8 138,295 0.40 94,422  -154 43,873 -0.9
4 393,425 -9.3 9.3 271,651 0.40 157,370 -154 114,281 0.9

Bold values are those calculated from the model; shaded values are unknown; all other values are prescribed to the models as described in the text.

catchment which reaches the lake as groundwater inflow.
However, apart from p there are only a few factors that could
significantly change the amount of water reaching the lake
through ground water in this small catchment. Pollen evidence
from the region shows that arboreal vegetation re-established
itself relatively slowly in central and eastern Turkey during the
Holocene (Wick et al., 2003; Woldring and Bottema, 2003), so
it is unlikely that Early Holocene and glacial-age woody
vegetation made a major difference to evapotranspiration rates.
Although it was significantly colder in Turkey during glacial
times, and the lake is likely to have frozen in winter, it is
unlikely that there was significant freezing of the ground water
system throughout the year. The main controlling factor on the
volume of water entering the lake must therefore have been p.

From these calculations it is possible to conclude that
precipitation was lower in central Turkey at, and after, the LGM
compared to the Early Holocene, and that the latter period was
wetter than the present day. Additionally, it is possible to refine
further the data and investigate how these changes in water
balance may reflect changes in climate conditions.

The value of p is known for the Late Holocene; however,
modelled values of Q; vary with different prescribed lake areas
and temperatures. To calculate precipitation in the past, a
relationship for p as a function of Q; needs to be established.
From the Late Holocene model, solved for a range of
temperature and lake area conditions:

p=0:/3.44 (10)
Eq. (10) gives a value of 0.32+0.04 m yr ' for Late
Holocene precipitation, consistent with instrumentally recorded
p in the region (Fig. 3). From Eq. (10) and the calculations of O;
precipitation during the Early Holocene was 0.39+0.06 m yr~ '
and precipitation values were 0.24+0.06 m yr ' during the Late
Glacial stade, 0.45+0.05 m yr ' during the Late Glacial
interstade and 0.20+0.07 m yr ' during the Glacial (Fig. 5).

Controls on regional lake isotope values

These calculations also allow investigation of the controls on
d; values in the east Mediterranean region. The Eski Acigol
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record was initially interpreted to reflect a change in the
precipitation: evaporation (P:E) ratio (Roberts et al., 2001).
Using values from these five time periods it can be shown that
the interpretation cannot be this simple. Although for the two
Holocene periods more negative 0'80,ccorded values are
associated with a higher P:E ratio, the highest P:E ratio
occurred during the Glacial which has intermediate 0" 0secorded
values. Other possible controls on the lake system can be
investigated by comparing the calcite equivalent carbonate
isotope value (8"®Ogyicite =0 Orecorded corrected for changes in
mineralogy) with other parameters (Table 5). From this it can be
shown that the strongest correlation is between 6"80catcire and
lake depth (#*=0.63) or water volume (+>=0.65). G, also has a
strong correlation with 080 recorded (r2:0.57). This suggests
that it is the volumetric flux of water passing through the lake
that controls §; rather than P:E per se, and that the amount of
ground water outflow relative to E may also be significant.

Regional comparisons

Further evidence of Late Quaternary hydrological variability
on the Anatolian plateau comes from studies of past lake levels

0.7
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Figure 5. Comparison between the precipitation records from Eski Acigol
(black) and Soreq cave (grey) (based on Bar-Matthews et al., 1997; see text for
details). Boxes show calculated precipitation ranges for different time periods
within the two records. Lines between boxes are indicative only and are not
based on analytical measurements. The dashed line for Eski Acigdl before
ca 23,000 yr is based on information from the Konya basin lake level record
(see discussion in text).
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on the Konya plain ~ 150 km to the southwest of Cappadocia
(Fig. 1). Palaeco-lake Konya contrasts sharply with the Eski
Acigol crater lake in having been large and shallow relative to
its surface area, and dominated by runoff and direct precipita-
tion. Lake-level reconstructions show that a mega-lake existed
at and prior to the LGM (Roberts, 1983) and also show that the
Late Glacial interstade was probably the only time when
substantial permanent standing water bodies existed on the
Konya plain after ~20 ka. During the post-LGM Glacial, Late
Glacial stade and Holocene the Konya basin was generally dry
with the establishment and re-activation of aeolian dune
systems (Kuzucuodlu et al., 1998; Fontugne et al., 1999).
These data are consistent with the sequence of precipitation
changes inferred from the Eski Acigol isotope record. As the
last major lake high-stand in the Konya basin occurred at and
prior to ~21 ka (Roberts, 1983), precipitation must therefore
have been higher at that time than between 21 and 16 ka, unless
temperatures, and therefore evaporation rates, were also
significantly lower. There were, therefore, cold and wet periods
(>21 ka), as well and cold and dry periods (21-16 ka) in the
eastern Mediterranean during the last glaciation. Given that the
calculations from Eski Acigdl show warm and dry as well as
warm and wet Holocene conditions, there can be no simple
relationship between changes in temperature and moisture in the
region over glacial—interglacial time scales.

The lake-level record from Lake Van in eastern Anatolia
(Fig. 1) also shows impressive variations through the time frame
under investigation here, with evident similarities to the
sequences from Eski Acigdl and Konya. Landmann et al.
(1996) showed that, as in Konya, the pre-LGM (<21ka) was a
period of lake high-stand. The maximum high-stands in the
lakes of the Jordan rift valley similarly preceded the LGM
(Bartov et al., 2002; Hazan et al., 2005) with lake levels
apparently falling before the main LGIT temperature ameliora-
tion (ca. 14 ka). In Van, there was a drop in lake level of >200 m
during the post-LGM Glacial when much of the lake bed was
dry. As at Konya and Eski Acigél, lake levels rose here during
the Late Glacial interstade, before falling again during the Late
Glacial stade. Maximum postglacial lake levels were reached
during the first half of the Holocene, although later than the
apparent precipitation maximum in the lake sites of west-central
Anatolia.

Farther south, Bar-Matthews et al. (1997, 2003) have
reconstructed precipitation variability over the same time period
covered by the Eski Acigdl record from Soreq Cave in Israel.
The stable isotope data from the Soreq speleothems provides an
obvious point of comparison with the climatically calibrated
lake isotope record from central Anatolia. For comparison
between the two data sets, we have calculated the values of
palaeo-precipitation at Soreq using the same amplitude
temperature changes prescribed in the Eski Acigol time frames,
and for similar time periods where 6'®O,ccorded Values from the
Soreq Cave are generally constant, assuming that major isotope
changes were broadly synchronous between the two sites. Late
Holocene average 6180recorded values at Soreq are —5.3%o,
compared to —6.1%o for the Early Holocene, —4.3%o for the
Late Glacial stade, —5.8%o for the Late Glacial interstade and
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—3.1%o for the Glacial (McGarry et al., 2004). The isotope
values of cave waters, which are 1%o enriched in '*O compared
to rainfall (Bar-Matthews et al., 2003), appear to be controlled
by the amount of precipitation with more positive isotope values
associated with reduced rainfall. Past values of cave waters are
calculated from the values of speleothem carbonate and the
same amplitude temperature shifts used for the Eski Acigol
calculations, using Eq. (7).

As shown in Figure 5, the long-term trends of precipitation in
both central Turkey and northern Israel are remarkably similar.
Being located in what is today a wetter climatic region, recon-
structed precipitation values at Soreq Cave are, not surprisingly,
consistently higher than those at Eski Acigdl. Additionally, these
results suggest that the effect of the Late Glacial stade was felt
more strongly in the interior location of Eski Acigdl than at Soreq
Cave, near to the Mediterranean coast, with either a greater
reduction in precipitation or temperature changes of different
amplitude at the two sites during this time period, or both.

During the Late Glacial stade, Lake Van showed a shift in
"8 0recorded Values even larger (~ 5%o) than that at Eski Acigdl
(2.5%0) (Wick et al., 2003). As Van is a much larger lake than
Eski Acig6l, and with more evaporated lake waters, the same
climatic forcing would be expected to produce a smaller isotopic
response at Van (Leng and Marshall, 2004). The larger shift in
0"80ccorded at Van therefore suggests that the Late Glacial stade
was more pronounced here than in central Anatolia, which in
turn was more marked than in the southern Levant. This implies
that a steeper moisture gradient may have existed between
coastal and interior parts of the east Mediterranean during Late
Glacial stadial times than at the present day.

Conclusions

A 6"%0,ecordeq record from Eski Acigo6l crater lake confirms
that the post-LGM Glacial period was characterized by lower
precipitation as well as having lower temperatures than today, and
that the Early Holocene was wetter than at present. Through
isotope and hydrological mass balance modelling we have been
able to quantify this change in terms of specific climate variables
for the first time in Turkey. Post-LGM Glacial precipitation in
central Turkey was ~60% lower than the present day value, but
~20% higher during the Early Holocene. These long-term trends
are similar to those recorded at Soreq Cave in central Israel,
suggesting a coherency in climate across this region. Palaco-
precipitation values are dependent on prescribed temperature
values and may therefore change with improved future un-
derstanding, particularly of spatial variability in terrestrial
temperature trends across the eastern Mediterranean. Importantly,
we have shown that there were periods of cold—dry climate and
cold—moist climate within the last glacial, as well as periods of
warm—wet and warm—dry climate during the Holocene.
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