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ABSTRACT. Paleoelevation reconstructions of mountain belts and orogenic pla-
teaus based on stable isotope climate and precipitation records benefit greatly from
present-day calibrations that relate the fractionation of hydrogen (8D) and oxygen
(8'8%0) isotopes in precipitation to orographic rainfall. Here, we establish a first-order
template of 3D and 3'%0 of modern meteoric waters across the Central Anatolian Plateau
(CAP) and its bordering Pontic and Taurus Mountains. We identify key regions in the
plateau interior and along the plateau margins that have the potential to reliably record
topography-related paleotemperature and paleoprecipitation changes as recovered
from stable isotope paleosol, fossil teeth or lipid proxy data. Based on 8D and 8'%0
data of more than 480 surface water samples from small catchments and springs, we
characterize moisture sources affecting the net isotopic budget of precipitation over
the CAP and analyze how orographic rainout and plateau aridity shape modern
patterns of 3D and 8'%0 in precipitation. The Taurus Mountains bordering the CAP
to the south act as a major orographic barrier for transport of predominantly winter
moisture and exhibit isotopic lapse rates of approximately —20%o/km for 3D and
—2.9%0/km for §'®0 across an elevation range of nearly 3000 m. The Pontic
Mountains at the northern margin of the CAP force perennial moisture to ascend and
condensate revealing lapse rates of —19%o,/km for 8D and —2.6%o/km for §'0. The
difference in the predominant moisture source for the southern and northern margins
of the CAP (North African versus Atlantic air masses) is manifested in systematic
north-south differences in near-sea level meteoric water compositions of A(8Dy.)
~20 permil and A(3'®Oy ) ~3 permil in a swath across the central part of the plateau.
Stable isotope data from the semi-arid plateau interior with rainfall as low as 300 to 500
mm/yr and mean summer temperatures attaining 23 °C, provide clear evidence for an
evaporative regime that drastically affects surface water and runoff compositions and
results in a local meteoric water line for the plateau interior that follows 6D = 4.0 -
8'%0 — 29.3. Strongly evaporitic conditions contrast rainfall patterns along the plateau
margins including their immediate leeward flanks where 8D- and 5'®0-elevation relation-
ships are reliable predictors of modern topography.
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INTRODUCTION

Why Stable Isotope Paleoaltimetry in Anatolia?

Reconstructing paleoelevation of major mountain belts and continental plateau
regions such as Tibet, the Andes, or western North America plays an important role in
relating Earth surface dynamics to the geodynamic processes of the Earth’s interior.
Stable isotope paleoaltimetry, despite being a relatively young field, has been instrumen-
tal in many of such studies (for example, Chamberlain and others, 1999; Garzione and
others, 2000a, 2000b; Rowley and others, 2001; Horton and others, 2004; Currie and
others, 2005; Cyr and others, 2005; Garzione and others, 2006; Mulch and others,
2006; Rowley and Currie, 2006; Mulch and Chamberlain, 2007; Mulch and others,
2008; Garzione and others, 2008; Mulch and others, 2010; Quade and others, 2011;
Mix and others, 2011; Campani and others, 2012). Stable isotope paleoaltimetry builds
on the orographic rainout effect, the thermodynamically controlled systematic de-
crease of stable hydrogen (3D) and oxygen (8'%0) isotope ratios in precipitation with
increasing elevation and hence decreasing condensation temperatures on the wind-
ward side of a mountain range. This process is commonly accompanied by the
development of an “isotopic rain shadow,” a zone of local stable isotopic minima
confined to the immediate leeward side, where the isotopic values are mostly con-
trolled by the elevation of the range alone (for example, Dansgaard, 1964; Ingraham
and Taylor, 1991; Blisniuk and Stern, 2005). Recovery of the spatio-temporal changes
in the hydrogen and oxygen isotopic composition of authigenic minerals may hence
reveal changes in paleoclimate and track the evolution of regional topography (for
example, Quade and others, 2007; Mulch and Chamberlain, 2007). However, uncertain-
ties in reconstructing past rainfall-topography relationships can arise with the interplay
of certain climatic and/or topographic conditions such as (1) upstream changes in the
source area of water vapor, (2) variable air parcel trajectories, (3) mixing of air masses
or evaporation of meteoric waters under (semi-)arid climate regimes, or (4) changes in
stable isotope in precipitation-elevation relationships (“isotopic lapse rate”) over
geologic time. These factors can mask 3D and 8'%O signals in the geologic record and
may lead to over- or underestimation of past changes in climate and topography (for
example, Ehlers and Poulsen, 2009; Galewsky, 2009; Insel and others, 2009; Poulsen
and others, 2010; Vachon and others, 2010; Lechler and Niemi, 2011).

Despite its important role in the Mediterranean geodynamic and climate history,
little is known about the Neogene elevation history of the Central Anatolian Plateau
(CAP). Being the third largest orogenic plateau on Earth, it is situated in the
Alpine-Himalayan orogenic belt in the Eastern Mediterranean. The CAP shares many
of the characteristics of the large continental plateau regions: aridity and relatively
subdued topography in the plateau interior as well as high-elevation plateau-bounding
mountain ranges, albeit on an overall smaller scale than, for example, the Altiplano
and Tibet (fig. 1A). Located in a progressively changing stress field between the
collision zone of Africa and Arabia with Eurasia in the E and the back-arc extensional
province behind the Aegean subduction zone in the W, principal driving mechanisms
of elevation gain in the CAP region involve both (1) mantle upwelling due to slab tear
of the northward-dipping, downgoing African plate (at the southern plateau margin;
Gans and others, 2009; Biryol and others, 2011; Cosentino and others, 2012; Schildgen
and others, 2012a, 2012b) and (2) upper crustal shortening (at the northern plateau
margin; Yildirim and others, 2011). The onset of accelerated surface uplift of the
plateau margins dates back to about 8 to 7 Ma in the south (Cosentino and others,
2012; Schildgen and others, 2012b) and to the Late Miocene to Early Pliocene in the
north (Yildirim and others, 2011). As suggested by numerical paleotopographic
reconstructions and by apatite fission track thermochronology respectively, both
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Fig. 1. (A) Digital elevation model of the Central Anatolian Plateau showing sample locations as well as
selected meteorological stations of the Global Network of Isotopes in Precipitation (GNIP; IAEA/WMO,
2006; see text for details). (B) Schematic diagram of major air masses affecting Anatolian climate (modified
after Saris and others, 2010). Abbreviations: cP, continental polar air mass; cT, continental tropical air mass;
MED, Mediterranean air mass; mP, marine polar air mass; mT, marine tropical air mass; PF], Polar Front Jet;
ST], Sub-tropical Jet.

margins were to some extent characterized by topographic relief before the onset of
the major uplift (Cavazza and others, 2011; Schildgen and others, 2012b). The
youngest marine sediments in the CAP interior are Eocene in age (Luttig and Steffens,
1975; Gorir and Taystz, 2001).

The CAP therefore lends itself favorably for reconstructing the coupled geody-
namic, climatic, and Earth surface processes that together shaped its modern topogra-
phy. The topographic history of Central Anatolia over the past 10 Ma plays a key role in
understanding the interplay between lithospheric-scale geodynamic processes and
Earth surface dynamics, due to the tight links between the Late Neogene-to-recent
dynamics of the Mediterranean slab subducting beneath Anatolia, slab break-off,
asthenospheric upwelling, continental volcanism, seismicity, brittle tectonics, and
surface uplift (Sengor and others, 2005; Biryol and others, 2011; Cosentino and others,
2012; Schildgen and others, 2012a, 2012b). Equally important is the role of Central
Anatolian Earth surface dynamics in controlling regional climate patterns and the
development of ecosystems in the Eastern Mediterranean; one of the crossroads of
hominids between Africa and Eurasia (Gorar and others, 1995; Miiller and others,
2011).

Topographic and Climatic Setting
Bordered by two E-W trending mountain ranges roughly 400 km apart, the CAP
attains an average elevation of about 1000 m. To the N along the Black Sea coast, the
Pontic Mountains reach average elevations of up to 1400 m, while the Taurus
Mountains along the Mediterranean coast to the S are characterized by an average
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elevation of about 2400 m with highest peaks attaining 3756 m (Demirkazik Dag1) (fig.
1A). Atmospheric moisture is transported to Anatolia by two principal air masses that
are sourced in the polar and in the tropical regions (fig. 1B). Winter precipitation is
connected primarily to the Icelandic Low Pressure System above the N Atlantic and the
Mediterranean Depression as well as to anticyclones controlled by the Azores High
Pressure System and subordinately to the stable, continental high-pressure systems
centered above Siberia. Summer rains are brought by continental tropical air masses
sourced in Northern Africa that typically merge en route with Arabian and Middle
Eastern systems before reaching the Anatolian region (Turkes and Erlat, 2005). The
modern climate of Anatolia is diverse, with topography exerting a strong control on
precipitation and temperature distribution (fig. 2). It is temperate, semi-humid to
humid in the coastal regions where the bulk of annual precipitation occurs (Turkes
and Erlat, 2005). The plateau interior in contrast is semi-arid and characterized by hot
and dry summers and cold winters. Mean annual temperatures (MAT) in the northern
part of the CAP of about 9 °C are slightly lower than in the south (12 °C). The mean
temperature of the driest (summer) months is approximately 23 °C (—2 °C in the
winter months). Mean annual temperatures of up to 20 °C characterize the Mediterra-
nean coast whereas the Black Sea coast is uniformly colder (MAT of about 13 °C).
Mean summer (winter) temperatures in the coastal regions close to sea level are 23 °C
(7°C) in the N and 29 °C (9 °C) in the S (Sensoy and others, 2008). Most of the
precipitation on the plateau falls between December and May, amounting to 300 to
500 mm/yr, with a slight S-to-N increase. Summer precipitation however is very limited
and usually does not balance the water deficit that emerges during the warm, dry,
evaporation-dominated summer months (Sensoy and others, 2008; Ankara in fig. 2C).
The coastal mountain fronts receive more than 1000 mm/yr orographic precipitation
(Turkes and Erlat, 2005), largely restricted to the period from October to May with the
Pontic Mountains usually being humid over the course of the year.

Goal of This Study

Here we present stable hydrogen (8D) and oxygen (3'%0) isotopic data of
modern meteoric waters from the Central Anatolian Plateau in Turkey. We aim (1) to
characterize the isotopic composition of moisture transported to Anatolia, and (2) to
assess the effects of orographic rainout, the change in isotopic composition of
precipitation as a function of elevation (“isotopic lapse rate”) on the windward sides of
both the Taurus and the Pontic Mountains. We (3) characterize the oxygen and
hydrogen isotopic rain shadows on the leeward sides of the Pontic and Taurus
mountain ranges, and (4) identify the effects of evaporation on meteoric water 8D and
8'%0 values within the plateau interior. Based on data from more than 480 stream,
creek, and near-surface groundwater samples, we establish a robust first-order isotopic
template at the scale of the entire CAP and its margins, against which continental
paleoclimate proxy data can be interpreted.

Sampling Strategy

For surface water sampling, we focused on streams and creeks from small
catchments as well as tapped springs (locally referred to as cesme). This approach,
besides a large spatial coverage, has distinct advantages over sampling precipitation
directly as it provides robust, long-term, yet spatially highly resolved patterns of the
isotopic composition of precipitation and near-surface groundwaters by reducing bias
(1) from shorter-term, daily to seasonal hydrometeorological variations and (2) from
downstream mixing of waters from catchments in markedly different isotopic (climatic
and topographic) regimes (Kendall and Coplen, 2001). We tested the robustness of
our approach by comparing our data to the precipitation-weighted longer-term (>1
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Fig. 2. Distribution of (A) mean annual temperature and (B) mean annual precipitation in Central
Anatolia. The maps were calculated by inverse distance-weighted interpolation of long-term data recorded
by the station network of the Turkish State Meteorological Survey, Ankara (TSMS; data courtesy of M.
Demircan). (C) Long-term mean monthly temperature and precipitation trends of the GNIP stations at
Sinop, Ankara, and Adana (IAEA/WMO, 2006).

yr) averages of the monthly 8D, and 8180P data series recorded at the stations of the
Global Network of Isotopes in Precipitation (GNIP) in Turkey (IAEA/WMO, 2006;
T. Chavez and S. Terzer, personal communication; fig. 1; table 1).
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TaBLE 1

Yearly precipitation-weighted mean 6D, and 8’ 801, values of GNIP stations in Central
Anatolia (IAEA/WMO, 2006)

18
GNIP WMO  Elevation SDp[SMOW] 570;[SMOW] d [%o] instrumental
station code (m) %o n %o n o records

Ankara 1713000 902 523 415 -793 440 11.2  1963-2009
Antalya 1730000 49 -242 299 -457 311 123  1970-2009
Adana 1735000 73 -224 281 434 281 123  1978-2009

Erdemli 1735201 10 -354 17 556 11 9.1 1991-1993
Gilizeloluk 1735202 1400 484 21 -7.67 33 13.0  1990-1993

[zmir 1722000 120 303 14 525 14 11.6  2008-2009

Kocbeyli 1702600 1025 584 35 -8.74 35 11.5  1989-1993

Sinop 1702600 32 —-47.0 18 736 16 11.8  2008-2009
METHODS

We sampled a total of 482 natural waters from a wide range of elevations that cover
most of the area of the Central Anatolian Plateau as well as the Taurus and Pontic
Mountains (fig. 1). Several transects were collected from the coasts to the plateau
interior to assess the hydrogen and oxygen isotope fractionation that accompanies
orographic rainout. Field campaigns took place during the months of May to October
from 2008 to 2011 in order to collect the samples under conditions as close to base flow
as possible. The sampling elevations cover a range from 0 to 1911 m, with high-
elevation locations well represented in both mountain ranges. The sample set consists
of 180 surface water samples from streams and creeks as well as 302 spring water
samples. At each sampling site 30 ml of unfiltered water were collected in high-density
polyethylene bottles, with as little air volume as possible in the closed bottles. Samples
were kept at room temperature and in the dark until return to the laboratory for
refrigeration and analysis.

Stable hydrogen and oxygen isotope ratio measurements were made on 1 ml
aliquots using an LGR 24d liquid isotope water analyzer at the Institute of Geology
(University of Hannover) and at the Institute of Geoscience (Goethe University
Frankfurt), using identical data acquisition protocols. 3D and 3'®O values were
corrected based on internal lab standards that are calibrated against SMOW. The
analytical precision is typically better than 0.6 permil and 0.2 permil (both 20) absolute
for 8D and 'O, respectively. Absolute stable isotope values of the sample set range
from —24 to —96%o for 8D and —4.5 to —13.0%0 for 8'°0. The entire dataset is
provided in table Al of the electronic supplementary material (http://earth.geology.
yale.edu/~ajs/SupplementaryData/2013/01Schemmel.pdf).

Sampling perennial streams, creeks, and springs provides an amount-weighted,
long-term average of precipitation characteristic for individual catchments. Determin-
ing the elevation at which these catchments are recharged by rainfall is, however, not
straightforward (Rowley and others, 2001; Currie and others, 2005; Galewsky, 2009;
Quade and others, 2011). Whereas sampling elevations may correlate well with the
actual condensation height in small high-elevation catchments significant local relief
can lead to an underestimation of the elevation at which the bulk of precipitation
occurred and hence obscure isotope—elevation relationships. Therefore, we adopted
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an approach of deriving catchment sizes and average catchment elevations (ACEs) for
each water sample. Since the relief distribution in the catchment is accounted for by
these calculated ACEs, they provide a very good estimate for the catchmentwide
hypsometric mean precipitation elevation. We did not attempt to derive precipitation-
weighted hypsometric mean elevations due to the lack of high-resolution rainfall data
for individual mountain catchments. The ACEs of each sampled water flow were
calculated using an elevation-weighted flow accumulation model in ESRI® ArcGIS™
10.0, based on version 1 of the ASTER Global Digital Elevation Model which has a
spatial resolution of 1 arc second (approximately 30 m) and is provided by the Earth
Remote Sensing Data Analysis Center, Japan.

RESULTS AND DISCUSSION

Four main features characterize our 8D and 8'%0 data (fig. 3): (1) Samples along
the coasts generally show the least negative 8D and §'®O values with those from the
Mediterranean Sea coast being notably higher (about 21 %o in 8D and about 3.1 permil
in 3'%0) compared to samples from the Black Sea coast. (2) Hydrogen and oxygen
isotope ratios changie systematically across the Pontic and Taurus Mountains and attain
the lowest 83D and 8'%0 values on the leeward sides of both mountain ranges. (3) From
the leeward plateau margin towards the plateau center 3D and 3'*O both show a trend
of increasing 8D (about 20 to 25%o) and 3'%0 (about 5 to 6%o) values paralleled by a
general increase in variability. (4) Deuterium excess (d) is generally high in the coastal
areas and decreases towards the plateau interior.

The median catchment size upstream of our 180 surface water samples is 69 km?,
with only a few major rivers draining into the Mediterranean or the Black Sea
having catchments up to about 20,000 km? upstream the sampling site (table A2 of
the electronic supplementary material, http://earth.geology.yale.edu/~ajs/
SupplementaryData/2013/01Schemmel.pdf). In any of the identified geographic
zones as described below, neither the stable isotope ratios nor the deuterium excess
values d show any clear dependence on the sizes of the individual catchments.

Long-Term Stability of 8D and §'°0 Values

Our 3D and 3'®0 values of local streams, creeks, and springs show good agree-
ment with the small number of long-term instrumental records of GNIP stations within
the CAP and atits margins (fig. 3). Matching long-term and surface runoft/spring data
demonstrates that most of the surface water flows sampled in this study represent
modern, longer-term (multi-year to decadal) average rainfall conditions across Central
Anatolia. Second, for most of the sampling sites we do not observe a significant
difference in the spatial distribution of 3D or 8'®0 values between stream / creek waters
and spring waters (figs. 3C and 3D). The latter observation suggests that at these scales
(both temporally and spatially) the majority of the sampled water is representative of
local meteoric water. Hence, the sampled springs most likely tap near-surface ground-
waters with negligible contribution from deeper, distally derived groundwaters (for a
discussion of the effects of distal groundwater sources and residence times see below).

Spatial Distribution of 8D and 8750 Values

We observe a strong difference in near-sea level 8D and 3'%O values between the
northern and southern coastal regions of the plateau of =21 permil for
A(BD) raurpone and =3.1 permil for A(3'O)quupone (figs. 3C and 3D). This
difference is also visible in different deuterium excess values, defined as d = 8D — 8 -
380 (Craig and Gordon, 1965). d is somewhat higher on the windward flanks of the
Taurus Mountains but accompanied by a larger scatter (d = 18.1 = 5.0) than observed
on the northern flanks of the Pontic Mountains (d = 15.8 = 1.9) (fig. 4). The
difference in the initial 8D and §'®O values, (and possibly in @) most likely results from
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Fig. 4. Spatial distribution of deuterium excess (d) values over the Central Anatolian Plateau. The
transect shows d of the samples along with the long-term d of the GNIP stations at Adana, Ankara, and Sinop
(IAEA/WMO, 2006). Samples included in the calculation are within a 70-km-wide swath along the profile
and elevations (solid and dotted lines in the inset) correspond to the Q.o5, Q.50 and Q.;5 quartiles of the
elevation distribution at any point along the swath profile. Location of the Konya Closed Basin is taken from
Bayari and others (2009). See text for details of groundwater influence.

different air parcel trajectories of advected moisture that eventually controls precipita-
tion patterns of Central Anatolia. Overall, the 8D and 3180 data are in excellent
agreement with available air mass trajectories that indicate multiple moisture sources
(fig. 1B; Rindsberger and others, 1983; Gat and others, 2003; Turkes, 2003; Dirican
and others, 2005; Turkes and Erlat, 2005; Pfahl and Wernli, 2008; Saris and others,
2010).

With respect to potential stable isotope paleoaltimetry reconstructions, the
strong decrease in both 8D and 3'®O values across the Taurus Mountains is one of
the most important characteristics of the data presented here (fig. 3). Orographic
rainfall produces a decrease in D and '*O that eqjuals about 50 to 60 permil for
ABD) indward_icewara and about 7 to 8 permil for A(3'%0) ;, qwardicewara i0 the Taurus
Mountains. We observe a similar decrease yet of smaller magnitude in the Pontic
Mountains with A(8D) ;i award_teewara Of about 25 permil and A(8'%0) ;1 award_teeward Of
about 3 permil. Systematic altitude effects on 8D and 8'®O in precipitation are
characteristic for many of the world’s major mountain belts (for example, Dansgaard,
1964; Poage and Chamberlain, 2001; Rowley and Garzione, 2007; Quade and others,
2011). The resulting spatial pattern of low 8D and 8'®O values in near-surface
groundwater and runoff (“isotopic rain shadow”) on the leeward sides of both
mountain ranges does not necessarily correlate with regional changes in rainfall
amount (figs. 2 and 3). From the immediate lee towards the plateau interior, both 8D
and 8'®0 values show a general increase of about 20 to 25 permil and 5 to 6 permil,
respectively. This increase is accompanied by an increasing variability of 8D and §'%0O
values (fig. 3). We attribute this to the increased aridity within the plateau interior (fig.
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2; Sensoy and others, 2008), which promotes secondary (sub-cloud and surface)
evaporation of meteoric waters. This conclusion is further supported by the strongly
contrasting meteoric water lines of the coastal and plateau regions (see discussion
below). Additionally, the increase in 3D and §'®O towards the plateau center could also
result from progressive mixing between southerly- and northerly-derived air masses (in
the lee of the Taurus and Pontic Mountains, respectively). However, a linear mixing
model between the two initial moisture compositions (that is, the most negative 8D
and 8'%0 values) at the leeward flanks in the N and the S (figs. 3C and 3D) alone
does not explain the observed high 8D and §'O values in the plateau interior due to
the downward-convex shape of the distribution of isotopic values along the N-S
transect. To some extent, admixing of westerly-derived moisture—which has not
undergone significant orographic rainout—to the plateau interior is likely, based on
the decrease in GNIP-derived 8D, and S]SOP values between the Aegean Sea coast
(Izmir GNIP station) and the plateau interior (Ankara GNIP station) of —22 permil
and —2.7 permil, respectively (table 1; see also figure Al in the electronic supplemen-
tary material; http://earth.geology.yale.edu/~ajs/SupplementaryData/2013/01
Schemmel.pdf). Again, whereas this process may not be insignificant, it cannot be
entirely accounted for the magnitude of positive isotopic shift towards the plateau
interior due to the clear-cut difference in the Meteoric Water Lines between the
mountain ranges and the plateau interior, as will be demonstrated in the following
section.

Meteoric Water Lines

Most of the surface water samples plot above the Global Meteoric Water Line
(GMWL; Craig, 1961) (fig. 5) that follows the general expression 8D = 8.17 - §'*0 +
10.35 (Rozanski and others, 1993). A classification of water samples based on similar
stable isotopic trends as well as geographical location shows that samples collected at
the windward side of the Taurus and Pontic Mountains, where 8D and §'®O patterns
result mostly from the altitude effect (fig. 3), plot in an array parallel to the GMWL and
follow the equations:

Windward Pontic Mountains LMWL: 8D = 7.1-38'%0 + 7.3 (1)

Windward Taurus Mountains LMWL: 8D = 7.2 - 80 + 10.8. (2)

In contrast, samples from the plateau interior define a markedly different local
meteoric water line (LMWL):

Plateau Interior LMWL: 8D = 4.0 - 80 — 29.3. (3)

The good agreement of the LMWLs of both windward mountain flanks (eqs 1 and
2) and the GMWL supports the assumption that surface water flows from the coastal
areas consist mainly of runoff from local precipitation that has experienced little to no
secondary evaporation. The relatively low slope of 4.0 of the Plateau Interior LMWL
(eq 3) indicates that surface water flows on the plateau experienced strong secondary
evaporation.

For precipitation originating in the eastern Mediterranean, values of d have been
reported as high as +20 permil and above (Gat and Carmi, 1970). This translates to an
Eastern Mediterranean Water Line (EMWL) of about 8D = 8 - §'%0 + 20. Analysis of
available isotopic data of monthly precipitation (8D and 8'®0 ) obtained through the
Turkey GNIP stations in a period from 2001 to 2003 results in a specific Turkish
Meteoric Water Line (TMWL) that follows the equation: 8D = 7.7 - 30 + 13.1
(Dirican and others, 2005). The TMWL is in good agreement with the LMWLs of both
windward mountain flanks presented here (eqs 1 and 2).
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Fig. 5. (A) 8D versus 8'®O of water samples collected on the plateau margins (n,, . = 73, Nyoup = 154)
and the plateau interior (n = 172). The corresponding LMWLs are compared to the long-term values of
selected GNIP stations (IAEA/WMO, 2006) as well as to the Global Meteoric Water Line (Rozanski and
others, 1993) and the Eastern Mediterranean Water Line (Gat and Carmi, 1970). (B) 3D versus 8'%0O of water
samples collected in the rain shadow areas (n,,.4, = 36, ny,,q = 47) with corresponding LMWLs. The
remaining part of the dataset—as shown in figure 4A—is indicated by gray symbols for comparison.
Abbreviations of the GNIP stations: Ada, Adana; Ank, Ankara; Ant, Antalya; Erd, Erdemli; Giiz, Glizeloluk;
Kog, Kocbeyli; Sin, Sinop. See figure 1 for GNIP station locations, and table 1 for GNIP instrumental records.

Waters sampled between the windward mountain flanks and the evaporation-
dominated plateau interior delineate rain shadow areas that can be described by:

Leeward Pontic Mountains LMWL: 8D = 5.7-38'"%0 — 11.7 (4)
Leeward Taurus Mountains LMWL: 8D = 5.9 - 8'%0 — 14.0. (5)

Both regions hence represent slightly more arid environmental conditions as
compared to the windward mountain flanks and document that secondary evaporation
influences the stable isotopic composition of surface water flows sampled on the lee
side of both mountain ranges. This influence is reflected in the lower slopes of these
two LMWLs when compared to the windward side of the mountain ranges (eqs 1 and
2). Evaporation on the leeward sides however plays a minor role relative to the central
plateau region. This is manifested by the different slopes of the LWMLs in the plateau
interior and the leeward sides (4.0 versus 5.7 and 5.9; eqs 3 to 5).

A comparison of the geographical extent of the zones, based on the classification
above (fig. 6), shows that while in the north both the windward and the leeward zones
are largely parallel to the Pontic Mountain range, in the south only the windward zone
runs parallel to the Taurus Mountain range. The leeward zone, based on its LMWL, is
developed only in the eastern part of the CAP, immediately leeward of the Taurus
Mountain range, whereas in the western part, the Plateau Interior Zone connects
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Fig. 6. Meteoric water isotopic regimes over Central Anatolia as derived from the analysis of the
Meteoric Water Lines, and compared to the distribution of the mean annual precipitation (MAP).

directly to the Taurus Mountains. 3D and 3'®O values in this area, corresponding to
the Konya Closed Basin, define a LMWL of 8D = 4.1 - 3180 — 28.0, which is in very
good agreement with the Plateau Interior LMWL (eq 3). This reflects an evaporative
climatic regime for the Konya Closed Basin comparable to the Plateau interior, well in
line with its very low MAT and MAP values.

Constraining Isotopic Lapse Rates Using Average Catchment Elevations

A cornerstone in paleoaltimetry is a robust characterization of the altitude effect
on hydrogen and oxygen isotopes in precipitation (“isotopic lapse rate”). Previous
studies applied various methods to constrain the isotopic lapse rate of orographic
precipitation, using thermodynamic approaches (Rowley and Garzione, 2007 with
references therein) or empirical estimations based on stable isotopic data of precipita-
tion and surface runoff (for example, Poage and Chamberlain, 2001; Quade and
others, 2007; Hren and others, 2009; Quade and others, 2011). Since stable isotope
paleoaltimetry ultimately yields precipitation-weighted hypsometric mean elevations,
reflecting the interplay of topography, relief, and rainfall patterns in mountain ranges,
we calculate upstream catchment elevations for each sampling point along individual
drainages (see METHODS section). Calculated average catchment elevations (ACEs) for
all 180 surface water samples exceed the sampling elevations by about 510 m on
average. The ACEs for the 302 spring waters however are, on average, only 23 m above
the corresponding sampling elevations. This is mainly due to the fact that (1) the
GIS-based hydrological approach applied here only takes geomorphology into account
and that (2) no detailed constraints exist for groundwater flow paths and subsurface
hydraulics within the small catchments. Since the 3D and 3'®O values of springs are
usually lower than those of the nearby surface water flows, the springs likely represent
precipitation recharged at elevations higher than suggested by the calculated ACEs
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(fig. 7). Therefore, the actual catchment areas of the sampled springs should be
considerably larger than calculated and, especially in the high-relief areas of the
Taurus and Pontic Mountains, their average catchment elevations are also most likely
higher than predicted by our model.

In table 2, we compare linear correlation coefficients between isotopic composi-
tions and the two different types of elevation information. As expected, the correlation
between elevation and isotopic composition of meteoric water significantly increases
for streams and creeks if ACEs rather than actual sampling elevations are taken,
whereas no improvement is evident for springs. In order to account for the difficulties
inherent to integrating spring samples with catchment elevation information, all
relevant calculations are based here on ACEs for surface water samples only.

Figure 7 shows the relationship of catchment elevation with isotopic fractionation
of hydrogen and oxygen in modern meteoric waters of the Taurus and Pontic
Mountains, for an elevation range from sea-level up to approximately 2700 m (Taurus
Mountains) and 1400 m (Pontic Mountains). Based on the paucity of samples from
surface water flows in the Pontic Mountains we focused on two transects for the lapse
rate calculation (western and eastern transect in fig. 6C; table A2 in the electronic
supplementary material; http://earth.geology.yale.edu/~ajs/SupplementaryData/
2013/01Schemmel.pdf). Isotopic lapse rates of about —20%o/km for 8D and
—92.9%0/km for 830 in the Taurus Mountains, as well as —19%o/km for 8D and
—2.6%o0/km for §'®0 in the Pontic Mountains are in good agreement with the global
average on the windward side of major mountain belts of —2.8%o/km for 3'*O (Poage
and Chamberlain, 2001; Lechler and Niemi, 2011). The near-sea level 8D and §'°O
values of the Taurus and Pontic precipitation trends are based on the robust, long-term
(multi-year to decadal) precipitation record of the GNIP stations at the Black Sea
(Sinop) and Mediterranean Sea coasts (Adana) (table 1). Forcing a linear regression
through these near-sea level values, the elevation-dependent hydrogen and oxygen
isotope fractionation is reasonably close to that derived from thermodynamic consider-
ations (Rowley and others, 2001; Currie and others, 2005; Rowley and Garzione 2007)
as well as that from empirical datasets in major mountain ranges (Poage and Chamber-
lain, 2001).

CHALLENGES AND PERSPECTIVES FOR STABLE ISOTOPE PALEOALTIMETRY

The present-day topography of the CAP is well reflected in the spatial patterns
of 3D and 8'%0 of meteoric waters. Samples collected from the windward flanks of both
mountain ranges show the distinct isotopic fingerprint of different air masses and
upstream moisture trajectories. First, stable isotope lapse rates calculated from surface
runoff are consistent with the present-day global average in larger mountain belts.
Second, the spatial distribution of water samples analyzed in this study outlines two
regions of isotopic rain shadows in the lee of either mountain range that provide
reliable first-order information on upstream depletion in D and '*O due to orographic
rainfall (leeward flanks in fig. 6). Both, windward slope isotope-elevation relationships
(for example, Mulch and others, 2006) and temporally transient leeward depletion
patterns in D and 180 (“isotopic rain shadow”; for example, Chamberlain and others,
1999; Poage and Chamberlain, 2002) currently record the impact of present-day
topography. Assuming that no major changes in large-scale Northern hemisphere
atmospheric circulation patterns have occurred over the (Late) Neogene (at least on
tectonic timescales and rates; Micheels and others, 2011) stable isotope paleoaltimetry
approaches have a high potential of detecting changing rainout and aridity patterns
along the plateau margins and within the rain shadow regions of the plateau interior
through time. Under the current climate and hydrologic conditions, however, the
strong evaporative enrichment in 'O (and to a lesser degree D) in surface water flows
of the central part of the CAP would render stable isotope paleoaltimetry approaches



74 F. Schemmel, T. Mikes, B. Rojay, and A. Mulch—The impact of topography

w

o

o

o
]

2500 -

2000 - AN

1500 -

1000 -

500 -

Average Catchment Elevation [m] @

0 T

-100 -90 -éO -7I0 -éO -5I0v -40 v -30 -20
8D [%o] SMOW

Pontic Mts. (N) Taurus Mts. (S)
ow E® @ surface water flows
(@) (@) spring waters
O GNIP station
3000 +
2500 A ]
2000 -
1500 -

1000 -

500

Average Catchment Elevation [m] Q

0 ; ; ; ; O—
-14.0 -130 -120 -11.0 -10.0 -90 -80 -7.0

§"°0 [%o] SMOW

Fig. 7. (A) 8D and (B) 8'®O versus average catchment elevation of water samples collected on the northern
(two individual transects plotted together, Ny, ;0 = 26, Nyupace water tows = 26) and southern plateau margins
(Nyprings = 61, Nurface water flows = 93)- Isotopic lapse rates are based on surface water flows only indicated by solid
lines and are compared to the precipitation trends by Poage and Chamberlain (2001) (dashed lines) as well as
Currie and others (2005) (dotted lines). The initial—sea-level—isotopic compositions correspond to long-term
average precipitation records from the coastal GNIP stations Sinop (Pontic Mts.) and Adana (Taurus Mts.)
(IAEA/WMO, 2006). Abbreviations of the GNIP stations as in figure 5; see figure 1 for GNIP station locations,
and table 1 for GNIP instrumental records.
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TABLE 2

Linear correlation coefficients (R?) between isotopic composition and sampling elevation (SE)
as well as average catchment elevation (ACE) for all samples from the windward flanks of
the Pontic and Taurus Mountains

n R” of 8D values R”of 3'°0 values
springs| surface springs  |surface water springs surface water
waters flows flows
SE |ACE| SE |ACE| SE | ACE | SE | ACE

PomtieMs. 533 49 051 050 003 032 048 047 002 020
windward
Taurus Mis., ¢y 93 058 056 041 074 051 051 036 068
windward

challenging at best. In addition, the strong evaporative influence on the stable isotopic
composition of meteoric waters makes the CAP comparable to other major plateaus on
Earth; for example, the Tibetan Plateau (Quade and others, 2011). Both share general
topographic (bordered by orographic barriers, relatively uniform plateau elevations)
and certain climatological similarities (steep negative precipitation gradient towards
the arid plateau interiors, evaporative effect on meteoric water 8D and 3180 values). At
present, however, mixing between southeasterly derived summer monsoon air masses
and springtime precipitation from westerly marine or continental sources explains
some of the observed variation in Tibet (Quade and others, 2011) whereas the
influence of air mass mixing on isotopic patterns on the CAP does not appear to play a
dominant role. To some degree these differences in meteoric water isotopic patterns
on the CAP and Tibet are most likely caused by the difference in the prevailing
temperatures and hence, the precipitation-evaporation balance between the two
plateau regions, ultimately controlled by plateau elevation. The Tibetan Plateau stands
atabout 4500 m whereas the CAP reaches only about 1000 m average elevation, leading
to a MAT below 0 °C for the most part of the Tibetan Plateau and to about 9 to 12 °C
for the CAP along with a clearly higher difference between MAT and mean summer
temperatures. We suggest that the CAP is a prominent example of an initial stage of
plateau growth where (semi) arid conditions prevail that are accompanied by evapora-
tion as the main process shaping the stable isotopic composition of meteoric waters.
During later stages of plateau uplift, temperature decrease restricts the influence of
evaporative processes on isotopic fractionation, allowing air mass mixing to become
increasingly dominant for meteoric 3D and 8'®O patterns.

Despite the relatively simple first-order rainfall-topography relationships charac-
teristic for the CAP, in the following we would like to highlight two further observa-
tions that have more general implications for stable isotope paleoaltimetry in orogenic
plateau regions.

The Role of Winter Recharge for 6D and 8180 of Near-Surface Groundwater

Spring and surface water samples from the central CAP (Ankara) region display a
bias towards mean monthly winter precipitation 3D and 8'®0 values when compared to
the rainfall data from the Ankara GNIP station (fig. 8). We interpret this bias to result
from the strongly seasonal (winter dominant) rainfall pattern along the CAP margins
and within the CAP interior that ultimately results in a positive precipitation-
evaporation balance during the cold season and winter-dominated groundwater
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Fig. 8. 8D versus 8'O of water samples collected in a 70 km radius around the GNIP station in Ankara
(IAEA/WMO, 2006) compared to the mean monthly precipitation recorded at this station. Note that the
sample data form an array that best corresponds to the mean winter (December to May) precipitation values.

recharge. A seasonal bias in both rainfall (as well as groundwater recharge) and
mineral proxy formation has implications for oxygen and hydrogen isotope paleocli-
mate and paleoelevation records. First, winter dominance of low-8D and low-3'*0
groundwater recharge dampens any potential signal of evaporative conditions in the
plateau interior and may mask the onset of continental aridity as typically seen in
high-elevation plateau regions. For our present-day CAP stable isotope record, winter-
dominated groundwater recharge (and associated runoff) implies that the observed
convex isotope versus distance pattern (between about 300 to 600 km in figs. 3C and
3D) actually underestimates the amount of evaporative enrichment in D and '*O
within the plateau interior. If similar seasonality prevailed during the geologic past,
such conditions would bias individual stable isotope paleoaltimetry proxies in different
ways: proxies from lacustrine or alluvial environments would record the combined
effects of (distal) winter-dominated runoff (negative bias in 5'%0) and lake water
evaporation (positive bias in 3'®0) whereas pedogenic or authigenic minerals that
grow in soils actually record local soil water conditions during the time of mineral
growth. Pedogenic carbonates as an example are a common stable isotope paleoaltim-
etry proxy, yet with a strongly seasonal (warm season-dominated) growth pattern
(Breecker and others, 2009). We would like to point out that any stable isotope
paleoaltimetry reconstruction based solely on records within plateau interiors will be
affected by such seasonality effects. For the CAP we conclude that analysis of 3'%0 (and
to a lesser degree 8D) values of pedogenic proxy minerals within the plateau interior
requires consideration of rainfall seasonality including a variably strong bias towards
winter precipitation even during warm season growth of the proxy minerals.

Topographically Driven Subsurface Groundwater Flow

Topographically driven subsurface groundwater flow characterizes the near sur-
face hydrology in the catchment that feeds the fault-controlled Konya and Tuz Goli
basins (figs. 4 and 6; Bayari and others, 2009). Radiocarbon and stable isotope data for
modern groundwater indicate that subsurface flow induces “transported” hydrogen
and oxygen isotopic signals that blur the real extent of the isotopic rain shadow (figs. 3
and 4). The large hydraulic head between the recharge (Taurus Mountains) and
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discharge (Konya Closed Basin) areas induces a pattern of northward increasing
radiocarbon groundwater ages and decreasing 3'®O values with increasing distance
from the high-elevation Taurus range (Bayari and others, 2009). Interestingly, springs
near Tuz Golu that are fed by the deepest aquifers (1) originating at high elevations in
the Taurus Mountains and (2) characterized by the oldest radiocarbon ages (and
hence the longest subsurface residence and travel times) show d values characteristic
for the leeward rain shadow region of the Taurus Mountains and hence a Mediterra-
nean moisture source (Bayari and others, 2009; best seen between about 150 and 400
km in figs. 3C, 3D, and 4). We consider it very likely that this subsurface flow pattern
has been in place at least since adequate topographic gradients have existed between
the southern CAP margin (Taurus Mountains) and the CAP interior (Tuz Go6li) which
date back up to about 8 Ma; when deposition of marine sediments onlapping the
Taurus basement ceased and surface uplift of the Central Taurus Mountains most
likely commenced (Cosentino and others, 2012). Therefore, fault-bounded mineraliza-
tions (for example, calcite cements, secondary groundwater precipitates and their
fluid inclusions) in low-elevation discharge areas of fault-controlled groundwater flow
(for example, along the NW-trending Tuz G6li Fault at the E margin of the Tuz Golu
Basin) may be potential candidates for paleoclimate (paleo-groundwater composition)
and stable isotope paleoaltimetry applications. This may be a general feature of plateau
margins where relatively simple topographic and hydraulic gradients characterize
range-to-basin groundwater flow in continental plateau interiors and provides addi-
tional opportunity for stable isotope paleoclimate/paleoaltimetry reconstructions in
places where secondary evaporation of, for example, lake and soil waters renders stable
isotope proxy results in lacustrine or pedogenic environments questionable.

CONCLUSIONS

We present the first comprehensive hydrogen (3D) and oxygen (3'®0) isotope
dataset of modern meteoric waters (streams, creeks, and springs in small catchments)
from the Central Anatolian Plateau (CAP) and its orographically accentuated margins
with special emphasis on rainfall-topography relationships along the CAP margins.
Hydrogen and oxygen isotope analysis of more than 480 stream, creek, and spring
water samples allows us to establish a first-order isotopic template for the plateau
region which may serve as a reference against which paleoelevation proxy data
recovered from, for example, paleosols, fossil teeth, and lipids may be more accurately
interpreted and tested. The ability of our data to reliably mirror longer-term, catchment-
specific isotopic patterns on an annual to decadal scale, unbiased by sub-annual
hydrometeorologically-driven fluctuations, is warranted by a comparison to long-term
rainfall data series recorded at the stations of the Global Network of Isotopes in
Precipitation (GNIP).

Central Anatolia exhibits a characteristic pattern of orographic rainout, isotopic
rain shadow development as well as secondary evaporation, strongly controlled by its
modern topographic and climatic setting. We identify “quasi-symmetrical” isotopic
lapse rates at the S and N margins of the CAP with —20%o/km (8D) and —2.9%o0/km
(3'%0), as well as —19%o/km (8D) and —2.6%0/km (3'%0), respectively. However,
moisture entering the plateau from the S is isotopically distinct from that derived from
sources to the N with A(8Dy_g) of about 20 permil and A(3'*Oy_g) of about 3 permil
when measured at sea level. The semi-arid plateau interior with a mean precipitation
rate as low as 300 to 500 mm/yr and mean summer temperatures attaining 23 °C,
undergoes severe sub-cloud and/or surface evaporation as evidenced by systematic
enrichment in D and '®O in surface runoff.

The regional 3D and 3'®0 patterns of present-day meteoric water as a result of
up-slope distillation during orographic rainout and individual low-elevation starting
compositions dependent on moisture source and upstream air parcel trajectories can
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be a powerful tool for reconstructing paleoaltimetry of the CAP despite its moderate
size and geographic location relative to dominant air-parcel trajectories. The preserva-
tion potential of any paleoprecipitation proxy material on the uplifting margins of the
CAP seems moderate, but the windward sides of the plateau margins and the “isotopic
rain shadows” on their leeward sides are both prime candidates to retain non-
evaporative isotopic signals of past precipitation.
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