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Abstract

It is generally agreed that mantle dynamics have played a significant role in generat-
ing and maintaining the elevated topography of Anatolia during Neogene times. However,
there is much debate about the relative importance of subduction zone and asthenospheric
processes. Key issues concern onset and cause of regional uplift, thickness of the litho-
spheric plate, and the presence or absence of temperature and/or compositional anomalies
within the convecting mantle. Here, we tackle these interlinked issues by analyzing and
modeling two disparate suites of observations. First, a drainage inventory of 1,844 longi-
tudinal river profiles is assembled. This geomorphic database is inverted to calculate the
variation of Neogene regional uplift through time and space by minimizing the misfit be-
tween observed and calculated river profiles subject to independent calibration. Our results
suggest that regional uplift commenced in the east at 20 Ma and propagated westward.
Secondly, we have assembled a database of geochemical analyses of basaltic rocks. Two
different approaches have been used to quantitatively model this database with a view to
determining the depth and degree of asthenospheric melting across Anatolia. Our results
suggest that melting occurs at depths as shallow as 60 km in the presence of mantle po-
tential temperatures as high as 1400°C. There is evidence that potential temperatures are
higher in the east, consistent with the pattern of sub-plate shear wave velocity anoma-
lies. Our combined results are consistent with isostatic and admittance analyses and sug-
gest that elevated asthenospheric temperatures beneath thinned Anatolian lithosphere have
played a first order role in generating and maintaining regional dynamic topography and
basaltic magmatism.

1 Introduction

The origin of Anatolian topography is the subject of considerable debate [Sengdr
et al., 2003; Gogiis and Psyklywec, 2008; Bartol and Govers, 2014; Schildgen et al., 2014].
The landscape is dominated by the low relief Central and East Anatolian Plateux, which
have elevations of 1-2 km (Figure 1a; Table 1). A patchy distribution of marine sedimen-
tary rocks indicates that large portions of eastern and Central Anatolia were below mean
sea level until Middle and Late Miocene times, respectively [Figure 1b; Poisson et al.,
1996; Hiising et al., 2009; Cosentino et al., 2012; Schildgen et al., 2012a,b; Cipollari et al.,
2012, 2013; Bartol and Govers, 2014; Schildgen et al., 2014]. Nevertheless, the spatial and
temporal evolution of this topographic signature and the nature of the processes that drive
regional uplift are not well understood.

Anatolia has undergone a complex tectonic history. During the Cenozoic era, grad-
ual closure of the Neotethys Ocean was accommodated by subduction of oceanic litho-
sphere and by accretion of different crustal fragments, culminating in the collision of Ara-
bia with Eurasia between Late Eocene and Early Miocene times [e.g. Sengor and Yilmaz,
1981; Sengor et al., 2008; Jolivet and Brun, 2010; van Hinsbergen et al., 2010; Ballato
etal., 2011; McQuarrie and Van Hinsbergen, 2013; Schildgen et al., 2014].

Global positioning system (GPS) measurements of crustal displacements, earthquake
focal mechanisms, and the distribution of active faults confirm that north-south shortening
continues in Eastern Anatolia [Figure lc; Reilinger et al., 2006; Sengor et al., 2008; Noc-
quet, 2012]. Since Miocene times, east-west translation and extension have dominated in
Central and Western Anatolia [e.g. McKenzie, 1978; Jackson and McKenzie, 1988; Aktug
etal., 2009; Aktug et al., 2013; Isik et al., 2014; Yildirim et al., 2016]. It has been pro-
posed that this westward motion is a manifestation of material extrusion caused by a com-
bination of Arabia-Eurasia collision and roll-back of the Hellenic trench [Sengor et al.,
1985; Le Pichon and Kreemer, 2010]. Tractions on the base of the lithosphere imposed by
flow of the sub-plate mantle and gradients in gravitational potential energy are invoked to
drive these motions [Faccenna et al., 2013, 2014; England et al., 2016]. While crustal and
lithospheric shortening probably played a role in causing regional uplift of the East Anato-
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Figure 1. Tectonic setting of Anatolia. (a) Topographic map showing major geographic features.
Red/black/blue contours = positive/zero/negative GGMO3C free-air gravity anomalies filtered for wave-
lengths of 730-13,000 km and contoured at 25 mGal intervals; WA = Western Anatolia [Tapley et al., 2007];
CAP = Central Anatolian Plateau; EAP = Eastern Anatolian Plateau. (b) Blue labeled polygons = Miocene
marine sedimentary rocks [Poisson et al., 1996; Hiising et al., 2009; Cosentino et al., 2012; Schildgen et al.,
2012a,b; Cipollari et al., 2012, 2013; Bartol and Govers, 2014; Schildgen et al., 2014]; black polygons =
Neogene basaltic volcanism [Schildgen et al., 2014]. (c) Black arrows = deformation vectors with reference to
Eurasian plate determined from GPS measurements [Nocquet, 2012]; colored beach balls = focal mechanisms
of large earthquakes (Myy >6) taken from Centroid Moment Tensor Catalogue [Dziewonski et al., 1981; Ek-
strom et al., 2012] where red = reverse, blue = normal and green = strike-slip events; small colored circles =

smaller earthquakes (M <6).
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Table 1. Marine sedimentary rocks of Anatolia.

Basin Location Marine Microfossil Fauna Epoch (Stage) Age (Ma) Elevation (km) Ref.
Mut- Sarikavak PF: Globigerinoides tenellus. Pleistocene (Cal- 1.73-1.66 0.6-0.65 ab
Ermenek C: Calcidiscus macintyrei; Geophyocapsa abrian)
caribbeanica and G. oceanica (medium G.).
Haciahmetli C: Calcidiscus leptoporus, small Geophy- Pleistocene (Cal- 1.66-1.62 12 ab
ocapsa. abrian)
Bagyala PF: Orbulina suturalis and O. universa; Miocene (Torto- 8.35-7.81 1.9 cd
Cataspidrax parvalus; Globigerinoides nian)
trilobus, G. quadrilobatus and G. extremus.
C: Helicosphaera stalis Theodorisis and H.
walbersdorfensis T.; Umbilicospaera jafari
Olukpinar C: Calcidiscus floridanus; Reticulofenestra Miocene (Serraval- 13-12.5 1.65 d
P d bicilus; Helicosphaera walbersdor- lian)
fensis and H. carteri; Cocolithus pelagicus.
Koprii Sarialan PF: Heterostegina spp.; Globigeri- Miocene (Torto- 7.17-6.7 1.5 €
noides extremus; Sphaeroidinellop- nian)
sis spp.; Orbulina universa; Globoro-
talia menardi; Siphonia reticulata.
BF: Elphidium spp.; Lobatula lobatula
Aksu Gebiz PF: Globigerinoides trilobus, G. extremus, Pliocene (Zan- 5.3-3.6 0.45 f
G. sacculifer and G. conglobatus; Globotur- clean)
borotalia nepenthes; Globoratalia margaritae
margaritae, G. m. evoluta and G. primitiva.
C: Amaurolithus delicatus; Cyclococcolithus
macintyrei; Discoaster brouweri, D. pentradia-
tus and D. surculus; Triquetrorhabdus rugosus.
Adana Avadan PF: Sphaeroidinellopsis seminulia and S. dis- Pliocene (Zan- 53-52 0.35-0.65* g
Juncta; Orbulina univ ; Globigerinoides spp. clean)
BF: Lenticula spp.; Cibicides spp.
C: Reticulofenstral zanclea and R. pseudoumbi-
cilus; Helicosphaera carteri and H. intermedia.
Borehole PF: Neogloboquadrina Pleistocene 2.6-0.8 0.03-0.23* g
T-191 dutertrei and N. pachyderma. (Gelasian—
BF: Ammonia spp.; Elphidium spp. Calabrian)
Sivas Central- BF: Miogypsinoides; Mio- Miocene 23.0-16.0 15 h. i
Eastern gypsina; Nephrolepidina. (Aquitian—
Sivas PF: Globigerinoides trilobus. Burgidalian)
Musg Eastern PF: Paraglob lia 1 dokugleri, P. siaken- Oligocene (Chat- 25.9-23.0 1.5 i
Mus sis; Globigerinoides primordius. tian)
Elazig Gevla PF: Paragloborotalia opima nana; Globigerina Oligocene (Chat- 27.5-23.0 1.1 i
ciperoensis and G. angulisuturalis; Globigeri- tian)
noides primordius.
Kahram- ‘Road’, PF: Globoratalia partimlabiata; Paragloboro- Miocene 12.8-9.9 0.8 i
anmarag Avcilar talia siakensis; Globigerinoides subquadratus. (Serravallian—
C: Cyclicargolithus abisectus; Spenolithus Tortian)
heteromorphus.
Devrakani — BF: Nummulites; Discocyclina. (Early) Miocene 23-16 1.1 k

* Total uplift including estimated water depths during deposition.

PF = planktic foraminifera, BF = benthic foraminifera, C = calcareous nannoplankton.

A Yildiz et al. [2003].

b Schildgen et al. [2012a].
€ Cosentino et al. [2012]. Age consistent with ostracod assemblages and paleomagnetic analyses.

d Cipollari et al. [2013]. Echinoid, coral, bryzoa, sponge spicule bioclasts. Bioturbation (Thalassinoides and Chondrites).
€ Schildgen et al. [2012b]. Patch coral reefs, sponge spicules, bryozoa, pebbles with Lithofaga borings. Age consistent with U-Pb zircon dating of

reworked ash.

f poisson et al. [2011]. Patch coral reefs, stromatolites. Age consistent with Ostracod assemblages.
& Cipollari et al. [2012]. Ages consistent with Ostracod assemblages.

b poisson et al. [1996]. Patch and larger coral reefs. Sand bodies with gutter casts, hummocky cross stratification, 3D ripples; interpreted as storm

deposits.

! Ciner et al. [2002].
J Hiising et al. [2009]. Echinoderms, corals, sponges. Fining upward sand bodies with flute casts, displaced nummulites and gastropods; interpreted as

turbiditic.

K Tunoglu [1991, 1994].
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lian Plateau, it is less easy to account for Late Neogene uplift of Western, and particularly
Central Anatolia.

Plateau morphology and an apparent lack of crustal and lithospheric shortening have
led many authors to invoke different lithospheric and asthenospheric processes in order to
produce regional uplift. Examples include: steepening, tearing and breaking off of sub-
ducting African lithosphere; delamination of Anatolian lithosphere; lithospheric dripping;
and upwelling asthenospheric thermal anomalies [Sengor et al., 2003; Gogiis and Psykly-
wec, 2008; Faccenna et al., 2013; Bartol and Govers, 2014; Schildgen et al., 2014; Gogiis
et al., 2017]. Each of these mechanisms invokes arrival of asthenospheric mantle at shal-
low depths, where it provides isostatic and/or viscous topographic support. Positive long
wavelength free-air gravity anomalies, slow P- and S-wave anomalies, together with ele-
vated regional heatflow are all consistent with the presence of buoyant material within the
uppermost mantle beneath Anatolia [Biryol et al., 2011; Bakirct et al., 2012; Salaiin et al.,
2012; Chamorro et al., 2014; Skolbeltsyn et al., 2014; Govers and Fichtner, 2016].

Coeval with this phase of Neogene regional uplift, basaltic magmatism has occurred
throughout Anatolia [Figure 1b; Keskin, 2003; Coban, 2007]. Geochemistry of these vol-
canic rocks should reflect processes involved in their generation. The most obvious feature
is a clear shift from calc-alkaline (i.e. subduction related) to intra-plate alkaline magma-
tism during Miocene times. This shift is particularly well defined within Western Anatolia,
although similar patterns have also been described in Central and Eastern Anatolia [Wilson
et al., 1997; Innocenti et al., 2005; Agostini et al., 2007; Keskin, 2007]. It is widely recog-
nized that this shift reflects a change in melt-generating processes that may be linked to
growth of regional uplift.

Here, we combine quantitative analysis of three different sets of observations to
show how Neogene uplift and magmatism of Anatolia are related to ongoing processes
within the asthenospheric mantle immediately beneath the lithospheric plate. First, we
compile published receiver function estimates of crustal thickness to identify residual to-
pographic anomalies. We also investigate the relationship between topography and free-
air gravity anomalies to calculate the degree of flexural rigidity and to isolate long wave-
length dynamic support of the Anatolian Plateaux. Secondly, we extract and model an
inventory of longitudinal river profiles. This drainage inventory is inverted subject to in-
dependent geologic constraints to extract a regional uplift history. Finally, we compile
whole-rock geochemical analyses for Neogene basaltic rocks. A combined forward and
inverse modeling strategy is used to determine the depth and degree of melting. In this
way, we investigate processes that potentially link magmatism, regional uplift, and the
geodynamic evolution of Anatolia.

2 Crustal and Lithospheric Templates
2.1 Receiver Function Analyses

Several lines of evidence suggest that Neogene uplift of the Anatolian plateaux is
not generated by crustal thickening alone [Schildgen et al., 2014]. A significant consid-
eration is the relationship between present-day elevation and crustal thickness. Here, we
have assembled a database of crustal thickness estimates derived from published receiver
function analyses (see Data Set S1 and references therein; Figure 2). These analyses use
the recorded travel times and amplitudes of direct and converted phases from teleseismic
earthquakes to constrain the shear wave velocity structure of the crust and upper mantle.
Crustal thicknesses estimated in this way increase from ~ 20 km in Western Anatolia to ~
50 km on the East Anatolian Plateau (Figure 2a). This pattern broadly reflects the way in
which present-day crustal deformation changes from northeast-southwest extension in the
west to north-south shortening in the east. In general, thicker crust has greater elevation.
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It is instructive to compare the observed relationship between crustal thickness and
elevation with that predicted by isostatic calculations. Recent studies attempt to determine
the residual topography of Anatolia (i.e. that component of topographic elevation which is
not accounted for by the observed thickness and density of the crust and lithospheric man-
tle; Boschi et al., 2010; Faccenna et al., 2013, 2014; Uluocak et al., 2016). These studies
exploit different data sources and reference frames such that estimates of residual topog-
raphy vary between —2 and +2 km. Here, we balance idealized columns of continental
lithosphere with different thicknesses and densities against the density structure of a mid-
ocean ridge.

The elevation of a column of continental lithosphere, e, for a crustal thickness of 7.
is given by

e =tee (pa —Pcc) —tye (pa _puc) — s, (pa _Pw) +(a—toe) (pa _pm)’
Pa Pa Pa a

where ¢, and p,. are the thickness and density of oceanic crust, s,, and p,, are the
thickness and density of water, and «a is the lithospheric thickness (Figure 2). The average
density of Anatolian crust, p.. = 2.8 Mg m™, according to the EPcrust reference model
[Molinari and Morelli, 2011]. Densities of asthenospheric mantle, p,, and lithospheric
mantle, p,,, are calculated by assuming an adiabatic temperature gradient and by includ-
ing the effects of compressibility and putative chemical depletion (for detailed description
see Supporting Information).

Here, we investigate two conceivable end members for the thermal structure of con-
tinental lithosphere. In the first case, the lithosphere is assumed to be thermally equili-
brated (Figure 2b). The calculated elevation as a function of crustal thickness is shown
in Figure 2d. In the second case, we simulate the loss or thinning of lithospheric material
(e.g. delamination) without any heating of the remaining lithosphere toward a steady-state
geothermal gradient (Figure 2e). In this disequilibrated case, continental lithosphere is
colder and denser than equilibrated lithosphere of the same thickness, and so the expected
elevation is lowered (Figure 2f and 2g).

In order to determine the degree to which changes in crustal thickness can account
for observed elevation, lithospheric thickness must be estimated. Inevitably, these es-
timates are subject to considerable uncertainty. Reid et al. [2017] estimate lithospheric
thicknesses of ~ 60 km beneath Central Anatolia based on analysis of basaltic geochem-
istry. Estimates based upon receiver function analyses range between 60 and 90 km [Cakir
and Erduran, 2011; Angus et al., 2015; Kind et al., 2015]. A reasonable upper bound for
present-day lithospheric thickness is ~ 120 km since a greater thickness would manifest
itself as a substantial lithospheric root that should be visible in surface wave tomographic
models [Priestley and McKenzie, 2013]. For this upper bound, present-day Anatolian to-
pography is approximately in isostatic equilibrium. If lithospheric thickness is less than
90 km, Anatolia should have a residual topography of —1 km (i.e. it will be depressed
with respect to the mid-oceanic ridge). Note that if the lithosphere beneath Anatolia is
thermally disequilibrated following rapid loss of the lithosphere, a thinner lithosphere is
required to achieve isostatic equilibrium. We emphasise that a significant source of uncer-
tainty in these isostatic calculations is the density of the lithospheric mantle which can be
reduced through depletion (i.e. become more hartzburgitic) by up to 60 kg m™ [Crosby
et al., 2010]. Figure 2d and f show the effects that varying the density of lithospheric
mantle upon elevation for different lithospheric thicknesses. Progressively depleted litho-
spheric mantle tends to increase expected elevations and hence lowers residual topographic
estimates.

Scattered outcrops of emergent marine sedimentary rocks suggest that Anatolian
Plateaux underwent 1-2 km of regional uplift during Neogene times. Isostatic relation-
ships can provide useful quantitative insights into plausible mechanisms for this youthful
regional uplift. First, regional uplift could be generated by a change in crustal thickness of

(D



174

175

176

177

178

179

180

182

183

184

185

186

187

188

189

190

192

204

205

206

207

208

209

219

220

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

6-13 km (i.e. 15-33% crustal thickening; Figure 2d,g). However, present-day GPS veloc-
ities, earthquake focal mechanisms, and the planform of mapped Neogene faults suggest
that this mechanism is unlikely, particularly for Central Anatolia [McKenzie, 1978; Jack-
son and McKenzie, 1988; Sengor et al., 2008; Aktug et al., 2009; Nocquet, 2012; Aktug

et al., 2013; Isik et al., 2014; Yildirim et al., 2016]. Note that if crustal thickening were to
occur by magmatic underplating, even larger thicknesses would be required because of the
greater density of underplated material. Secondly, thinning of the lithospheric mantle has
been proposed [Sengor et al., 2003; Gogiis and Psyklywec, 2008; Faccenna et al., 2013;
Bartol and Govers, 2014; Schildgen et al., 2014; Gogiis et al., 2017]. Isostatic relationships
suggest that removal of 75-125 km of undepleted lithospheric mantle could generate the
required topographic response. This proposal requires Miocene lithospheric thicknesses of
150-200 km (Figure 2). Thirdly, a change in sub-plate support could have occurred (e.g.
slab detachment and/or emplacement of anomolously hot asthenospheric material). Since
the present-day relationship between crustal thickness and elevation suggests that Anato-
lia is approximately in isostatic equilibrium or slightly drawn down, this third mechanism
requires Anatolia to have been convectively drawn down by a further 1-2 km during pre-
Miocene times. We note in passing that oceanic lithosphere of the Black Sea to the north
and of the East Mediterranean Sea to the south have negative residual depth anomalies of
1-2 km [Hoggard et al., 2016, 2017].

2.2 Admittance Analysis

Anatolia has significant long wavelength free-air gravity anomalies of up to +50
mGal and so it is unlikely that its topography is maintained by crustal thickness and den-
sity variations alone (Figure 3b). In order to investigate the degree of support provided
by flexural isostasy and by sub-plate density variation, the spectral relationship between
topographic and gravity fields is analyzed (Figure 3).

Admittance, Z(k), is the ratio between topography and coherent free-air gravity
anomalies as a function of wavenumber, k = 27/A. Here, observed values of Z are cal-
culated from the SRTM30_PLUS topography and EIGEN-6C gravity fields within a 650 X
1,500 km box using a two-dimensional multi-taper method [Becker et al., 2009; Forste
etal., 2012; McKenzie and Fairhead, 1997]. At short (i.e. < 150 km) wavelengths, Z is
~ 100 mGal km™' and at long (i.e. > 300 km) wavelengths, Z is 30 + 4 mGal km™'
(Figure 3c). Between 150 and 300 km, Z gradually decreases. Significantly, the degree
of coherence between topography and gravity is greater than 0.5 which suggests that the
observed variation of Z is robust (Figure 3e).

The rapid decrease in Z at intermediate wavelengths can be used to estimate the
elastic thickness, T,. Theoretical estimates of admittance are calculated for a suite of
values of T, using an idealized two-layer crustal model overlying a mantle half-space.
The upper and lower crust are assigned thicknesses of 10 km and 25 km, and densities
of 2.4 Mg m™> and 2.9 Mg m™, respectively. T, together with the fraction of internal
loading that correlates with surface topography, F», are co-varied until a satisfactory fit
between observed and calculated admittance is obtained [McKenzie, 2003]. A parameter
sweep through T, — F, space reveals a well-defined global minimum at 7, = 10.4 km and
F>, = 29%. This value is consistent with values of 7, < 20 km obtained from both free-air
admittance and Bouguer coherency studies which used wavelet transforms [Audet, 2014].

The value of T, controls the maximum wavelength over which loads can be sup-
ported by flexural isostasy. The half-wavelength of flexural support, xp, for a line load
imposed upon an unbroken plate is given by

1
~ 47*ET] i
12g(1 = ) (pm = ps)

; 2

Xp
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Figure 2. Crustal thickness estimates. (a) Map showing locations of published receiver function analyses

colored according to crustal thickness. Circles = crustal thicknesses determined by H-« stacking; diamonds

= crustal thicknesses determined by inverse modeling; hexagons = crustal thicknesses determined by joint

inverse modeling of receiver functions and surface wave dispersion observations. (b) Pair of cartoons show-

ing oceanic and continental columns together with continental geothermal gradient used for Airy isostatic

calculation if continental lithosphere is thermal equilibrated. (c) Calculated elevation plotted as function of

lithospheric thickness and lithospheric mantle density for a crustal thickness of 40 km. Numbered boxes

= elevation in kilometers. (d) Observed crustal thicknesses plotted as function of low-pass filtered (i.e.

wavelengths>30 km) elevations. Dashed lines = crustal thickness as function of elevation for the equilibrated

continental lithospheric thicknesses of 50-200 km. (e)-(g) Same for thermally disequilibrated continental

lithosphere, following instantaneous thinning of 200 km lithosphere.
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= 6501500 km window of analysis. (b) EIGEN-6C free-air gravity anomalies [Forste et al., 2012]. (c)
Admittance for component of gravity anomalies that are coherent with topography plotted as function of
wavenumber. Circles with vertical bars = observed admittance values +10; black line = best-fitting elastic
model with7, = 104 kmand F> = 29%; upper/lower crustal thicknesses and densities are 10/25 km and
2.4/2.9 Mg m3, respectively; at wavelength of 1000 km, Z = 30 + 4 mGal km~!. (d) Contoured misfit to
open circles plotted as function of 7, and F>. Black cross = locus of global minimum. (e) Coherence between
gravity and topography as function of wavenumber. (f) Vertical slice through global minimum at F, = 40%.

Doubling value of minimum misfit yields uncertainty range of T, = 10.4*1-7—1.5 km.
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where £ = 70 GPa is Young’s modulus, g = 9.81 m s72 is gravitational acceleration,

o = 0.25 is Poisson’s ratio, p,,, = 3.3 Mg m3 is the density of the mantle, and py is the
density of infilling material [Gunn, 1943]. For air-loaded topography, 7, = 10.4*}-] km
yields x, = 96’:{? km. This value is significantly smaller than the typical wavelengths
of Anatolian plateaux, which suggests that flexural loading is unlikely to be the primary

cause of this elevated interior.

A flexural isostatic model provides an excellent fit to observed admittance at wave-
lengths shorter than ~ 300 km (Figure 3c). At longer wavelengths, Z does not tend to
zero but instead approaches +30+4 mGal km~!. Positive values of long-wavelength admit-
tance are consistent with calculations of dynamic support for convection within the upper
mantle [McKenzie, 2010; Colli et al., 2016]. Negative long wavelength gravity anomalies
occur immediately to the north of Anatolia in the Black Sea and to the south in the East
Mediterranean Sea. These anomalies are consistent with negative residual depth measure-
ments of 1-2 km that imply dynamic topographic drawdown [Hoggard et al., 2016, 2017].

3 Inverse Modeling of River Profiles
3.1 Anatolian Drainage Networks

Emergent marine sedimentary rocks represent tangible evidence that specific loca-
tions throughout Anatolia have been uplifted in Neogene times. Nevertheless, the spatial
and temporal pattern of regional epeirogeny remains poorly constrained [Bartol and Gov-
ers, 2014]. It is now recognized that fluvial landscapes are influenced in significant ways
by regional tectonic forcing. An important corollary is that suites of longitudinal river pro-
files should indirectly record the regional uplift history [Whipple, 2009]. When landscapes
are in equilibrium, these profiles tend to become concave upward. When uplift exceeds
erosion, convex-upward shapes develop that give rise to long-wavelength knickzones. It
has been shown that these observations can be exploited quantitatively by jointly invert-
ing substantial inventories of profiles to calculate the spatial and temporal pattern of re-
gional uplift rate [Pritchard et al., 2009; Roberts and White, 2010; Fox et al., 2014; Goren
et al., 2014; Rudge et al., 2015]. We apply this inverse modeling approach to an Anatolian
drainage network.

We first extracted a drainage network containing 1,844 rivers that covers most of
Anatolia (Figure 4). A SRTM digital elevation model was decimated to yield a horizon-
tal resolution of 170 m [Becker et al., 2009]. Anomalous spikes and holes were removed
and filled. Flow-routing algorithms were then used to recover a suite of river profiles and
their associated upstream drainage areas as a function of distance [Data Set S2; Tarboton,
1997]. The fidelity of recovered river profiles was checked and verified using Landsat im-
agery. Putative river profiles that deviated significantly from actual profiles were excised.
We also removed endorheic portions of drainage networks in the vicinity of Lakes Van,
Tuz and Burdur.

Extracted river profiles from four major catchments that drain the Anatolian Plateaux
are presented in Figure 5. The shapes of these profiles deviate significantly from equili-
brated profiles which typically have concave-upward shapes. Significant knickpoints (i.e.
short wavelength changes in slope) are primarily caused by intrinsic processes (e.g. litho-
logic contrasts, active faulting, artificial dams). However, profiles from these catchments
also exhibit broad convex-upward knickzones with wavelengths of hundreds of kilometers
and amplitudes of hundreds of meters. These knickzones tend to correlate within and be-
tween catchments. The northern edge of the Central Anatolian Plateau has examples of
drainage networks (e.g. Sakarya and Kizilirmak catchments) that are highly disequilibrated
(Figure 5a,b). It is generally agreed that long-wavelength knickzones are manifestations
of external forcing generated by spatial and temporal patterns of regional uplift. Here, our
goal is to use inventories of river profiles to constrain these patterns.
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3.2 Inverse Modeling Approach

The shape of a longitudinal river profile depends upon the competing interplay be-
tween uplift rate, U, and erosion rate, E, so that

0z
—— =E(x,t) +U(x,?),

5 = B+ U0
where x is the distance from the river mouth along a given profile, z is elevation, and ¢
is time before present day. Erosion is usually parametrized using the phenomenological
stream power law such that

oz \" o2
E(x,t) = —vA(x)" (é) + K(x)a_xj

The first term of this equation describes the headward retreat of steeper portions of the
river channel. In this detachment-limited case, v, m and n are erosional constants and A is
upstream drainage area [Howard and Kerby, 1983; Whipple and Tucker, 1999]. The second
term describes downward erosion of the channel that is controlled by sedimentary trans-
port. In this transport-limited case, k represents ‘erosional diffusivity’ [Sklar and Dietrich,
1998; Whipple and Tucker, 2002; Tomkin et al., 2003]. The values of v, m, n and « are
poorly known and the subject of considerable debate. Previous studies have found that,

at long wavelengths, different values of « have a negligible influence on the resultant up-
lift rate histories [Paul et al., 2014; Rudge et al., 2015]. Furthermore, Paul et al. [2014],
Czarnota et al. [2014] and Rudge et al. [2015] demonstrate that optimal fits between ob-
served and calculated river profiles are achieved for n = 1.

We can therefore simplify the stream power law so that

0z m [ 02
i —VvA(x) (6_x) +U(x,t).

This linear kinematic wave equation can be solved using the method of characteristics.
Here, we exploit an algorithm developed by Rudge et al. [2015] to pose and solve the in-
verse problem. Uplift values are specified at a discrete set of spatial and temporal nodes,
represented by the vector U. The appropriate matrix equation is

z=MU,

where z is the elevation at different loci along observed river profiles and M is the model
matrix that contains the information required to translate any given uplift history into
calculated river profiles. This information includes upstream drainage area together with
values of the erosional constants. Equation (5) can be inverted to determine U. We use a
damped, non-negative least squares approach where we seek to minimize

IMU = z|> + 22 |SU? + 22 |TUP?
subject to U > 0.

The non-negativity constraint is imposed to suppress positive and negative oscillations. A
and A, are spatial and temporal smoothing parameters that control regularization of this
problem by penalizing spatial and temporal roughness such that
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respectively. In this way, hundreds of river profiles can be simultaneously inverted to de-
termine a regional uplift history.

It is necessary to prescribe a topographic starting condition for this inverse model.
Miocene marine sedimentary rocks are distributed across portions of Anatolia, which im-
plies that modest topographic relief existed at this time [Figure 1b; Table 1; Poisson et al.,
1996; Hiising et al., 2009; Cosentino et al., 2012; Schildgen et al., 2012a,b; Cipollari et al.,
2012, 2013; Bartol and Govers, 2014; Schildgen et al., 2014]. This implication is consis-
tent with stable isotopic compositions of sediment samples from continental basins across
Central Anatolia, which indicate a lack of significant orographic barriers until Middle
Miocene times [Liidecke et al., 2013; Schemmel et al., 2013]. These observations indicate
that negligible topographic elevation is a reasonable starting condition. It is important to
point out, however, that other starting conditions could be used.

The inverse algorithm also assumes that the upstream drainage area of each river
profile is invariant. In reality, river channels can change their courses, capture events can
occur, and drainage divides can migrate [Willett et al., 2014]. Fortunately, upstream drainage
area, A, is raised to a fractional power in the stream power formulation (Equation 5). A
significant consequence is that uplift histories calculated by inverse modeling are insensi-
tive to substantial (e.g. +50%) excursions in A [Paul et al., 2014]. Therefore, small-scale
capture events generated by drainage divide migration at the backs of catchments are un-
likely to significantly affect our results.

A more problematic issue is a major rerouting event, caused by active faulting or
switches in regional tilting. However, knickzones that are generated in this way are un-
likely to be coherent from catchment to catchment. If so, these events may be recogniz-
able by large values of residual misfit within particular catchments. Active faulting can
also laterally displace catchments, affecting the spatial distribution of knickzones and
hence the spatial planform of calculated uplift histories. However, estimates of the cu-
mulative offset across the North Anatolian Fault, the dominant tectonic structure, range
between 50 and 110 km [Hubert-Ferrari et al., 2002; Akbayram et al., 2016; Giirsoy et al.,
2017]. These estimates are small compared to the length scales of regional uplift resolved
by inverse modeling.

3.3 Model Calibration

This inverse approach has been used to calculate a regional uplift history of Anato-
lia from an inventory of 1,844 river profiles (Figures 6 and 7). However, calculated uplift
histories are strongly dependent on values of the erosional and smoothing parameters. A
total of four parameters must be determined: two erosional constants, v and m, together
with two smoothing parameters, A5 and A,. In general, their values are not known a priori
and instead are calibrated using a combination of the observed river profiles and indepen-
dent uplift and incision constraints. Unlike m, A5 and A, v does not directly influence the
shapes of river profiles or the spatial pattern of calculated uplift histories. v simply lin-
early scales the rate of erosion in time and hence the length of calculated uplift histories.

First, we choose the values of m, A5 and A, based upon the amount of residual mis-
fit between observed and calculated river profiles and the roughness of calculated uplift
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histories. Richards et al. [2016] use a similar approach and report significant trade-offs be-
tween these three parameters. To assess the effect of these trade-offs on the chosen val-
ues of m, A, and A;, we performed a three parameter sweep. In this sweep, values of

m, As and A; are simultaneously varied between 0.15 and 0.75, 1073 and 10°, and 1073
and 10°, respectively (Figure 8). The minimum misfit between observed and calculated
river profiles is obtained for a value of m ~ 0.45. The locus of this minimum is not
strongly dependent on the degree of spatial or temporal smoothing that is applied, con-

tra Richards et al. [2016]. We aim to find values of the two damping parameters that yield
the smoothest possible model which still adequately fits the observed river profiles. In this
case, we choose Ay = 1 and A, = 3 (Figure 8). Examples of river profiles from four catch-
ments calculated using our chosen values of m, A5 and A, are shown in Figure 5.

Secondly, we select the value of v by calibrating against independent observations of
uplift rate that are determined from the elevation of emergent marine sedimentary rocks.
For example, Neogene deposits containing foraminifera and corals have been identified
and biostratigraphically dated in several basins across the region (Figure 1c). At the south-
ern margin of the Central Anatolian Plateau, sediments within the Koprii, Mut-Ermenek
and Adana basins were deposited during Tortonian to Calabrian times and are now ex-
posed at elevations of between 1.2 and 2 km [Cosentino et al., 2012; Schildgen et al.,
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Table 2. Observed and calculated uplift rates.

Location Lon. (°) Lat. (°) Age Range (Ma) Obs. Rate (mm yr'l) Calc. Rate* (mm yr'] ) Ref.
Uplift Constraints

Sarikavak 33.65 36.57 170 £0.04-0 0.37 £ 0.02 0.18£0.25 1 ab
Haciahmetli 33.60 36.62 1.64 +£0.02-0 0.73 £ 0.01 0.19+£0.24 ab
Bagyala 32.68 36.77 8.08+£0.27-0 0.23 £ 0.01 0.16 £ 0.04 cd
Olukpinar 33.01 36.49 1275+£0.25-0 0.13 + 0.003 0.12 £ 0.03 d
Sarialan 3135 37.50 6.94+024-0 0.22 £ 0.010 0.20 + 0.08 ¢
Gebiz 30.98 37.12 445+£0.85-0 0.11 £0.03 0.12£0.12 f
Avadan 35.10 37.02 525+0.05-0 0.10 £ 0.03 0.10 £ 0.13 g
Borehole T-191 35.13 37.01 1.7+09-0 0.15+0.14 0.12+0.18 gA
C.E. Sivas 37.75 39.80 195+35-0 0.080 + 0.015 0.082 + 0.009 ]_“
E. Mus 41.82 38.77 240+15-0 0.062 + 0.004 0.089 + 0.015 J
Gevla 40.05 38.85 2525+225-0 0.044 + 0.004 0.068 + 0.014 J
Avcilar 36.87 37.83 11.35+1.45-0 0.072 + 0.009 0.12 £ 0.05 J
Devrekani 33.84 41.62 19.5+£3.5-0 0.059 +0.011 0.078 + 0.006 k1
Incision constraints (Euphrates River)

Halabiyeh 39.82 35.72 2.72+0.02-0 0.040 + 0.003 0.026 + 0.0004 m
Zalabiyeh 39.84 35.67 2.12+0.04-0 0.021 + 0.0001 0.023 + 0.0006 m
Shireen 38.26 36.57 89-0 0.007 0.025 + 0.0013 m
Selamet 38.19 3743 11.40 £0.24-0 0.033 + 0.033 0.041 + 0.0027 n
Ozyurt 37.87 37.12 12.68 £0.27-0 0.027 + 0.001 0.034 + 0.0010 n
Asatkoyii 37.97 36.98 11.11 £0.24-0 0.031 + 0.001 0.032 + 0.0020 n
Caylarbagi 39.01 37.71 7.03+0.16-0 0.061 + 0.001 0.046 + 0.0053 n
Siverek Iskelesi 38.98 37.90 10.24 £0.22-0 0.045 + 0.001 0.048 + 0.0040 n
Saltepe 39.22 38.07 6.70 +£0.14-0 0.073 + 0.002 0.061 + 0.0014 n

* Rates are calculated as weighted mean of rates at nodes surrounding point of interest. Uncertainty is taken to be standard devia-
tion of this weighted mean. Note that uplift rates are calculated for v = 1.6 and incision rates for v = 0.9.

T Note that constraints with durations < 2 Ma are below resolution of inverse model and are not included in misfit calculations.
a=1 References as in Table 1.

™ Demir et al. [2007]. Estimates of incision rate from Ar-Ar dating of incised basalt lava flows.

% Demir et al. [2012]. Estimates of incision rate from Ar-Ar dating of incised basalt lava flows.

2012a,b; Cipollari et al., 2012, 2013]. Early to Middle Miocene sedimentary rocks at el-
evations of ~ 1 km are reported from the Devrekéni basin at the northern margin of the
Central Anatolian Plateau [Tunoglu, 1991; Schildgen et al., 2014]. In Eastern Anatolia,
marine sediments from the Sivas, Kahramanmaras, Elaz1g and Mus basins were deposited
during Aquitanian to Tortonian times and later uplifted to elevations of 1 to 2 km [Poisson
et al., 1996; Hiising et al., 2009]. In this way, average uplift rates over appropriate time
intervals can be calculated at specific locations within Anatolia (Table 2). Observed up-
lift rates can be directly compared with corresponding uplift and incision rates calculated
for a range of values of v (Figure 9a and 9b). An optimal value of v = 1.6 + 1.0 m®"!
Ma~! was determined. The upper and lower bounds correspond to values of v that yield
x? values that are less than double their values at the global minimum.

In southeastern Anatolia, the Euphrates river has incised a series of flood basalt
flows. “°Ar/* Ar dating of these flows permits long-term incision rates to be determined
[Figure 4; Demir et al., 2007, 2012]. These calculated local rates help to corroborate our
calibration of v. To calculate incision rates for the Euphrates river, we first use a forward
model to predict the evolution of its longitudinal profile as a function of time. This for-
ward model solves Equation 5 using an implicit downstream finite-difference scheme for
an uplift history previously determined by inverse modeling. Once a suite of river profiles
has been calculated, it is straightforward to estimate the amount of vertical incision, z, by
using the advective term of the stream power formulation such that

z7(x,t) = vA(x)M.
ox

Incision rates are calculated for a range of values of v and can then be compared with ob-

served incision rates (Figure 9¢ and 9d). We obtained an optimal value of v ~ 0.970-) m®-!

Ma~!. As before, the upper and lower bounds correspond to values of v that yield y* val-

ues that are less than double their values at the locus of the global minimum. This value

falls within the range determined using observed and calculated regional uplift rates.
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We emphasise the importance of rigorously testing uplift histories calculated using
these chosen values of m = 0.45 and v = 1.6+ 1.0 m®-! Ma~! against a range of additional
independent uplift constraints from other locations across Anatolia.

3.4 Cumulative Uplift Histories

Calculated uplift histories that assume m = 0.45 and v = 1.6 m®-! Ma~! are shown
in Figure 6 and in Figure 7. These uplift histories have an acceptable range which reflects
permissible upper and lower bounds on m and v. In general, the suite of acceptable mod-
els agree with the chronology of uplift events to within ~ +5 Ma.

Across the region, negligible uplift occurs before ~ 20 Ma. Subsequently. signif-
icant regional uplift commences in the East Anatolian Plateau (Figures 7a,e). This tim-
ing is consistent with a transition from marine to continental deposition within the nearby
Mus basin [Hiising et al., 2009]. Uplift rate increases steadily throughout Neogene times,
reaching maximum values of 0.15-0.2 mm yr'! by ~ 10 Ma. A total of about 2-2.5 km
of cumulative uplift occurs during this period. Onset of regional uplift appears to predate
basaltic magmatism by ~ 10 Ma, as noted by Bartol and Govers [2014].

After onset of uplift in the East Anatolian Plateau, uplift rapidly migrates westward.
At the transition between the Eastern and Central Plateaux, the existence of marine sed-
iments within the Sivas basin suggests that uplift began after ~ 20 Ma. These observa-
tions are faithfully reproduced by our inverse model (Figures 7b,f). In agreement with
results from the Eastern Anatolian Plateau, uplift rates increase between 15 Ma and the
present day to values of ~ 0.2 mm yr'!. Further west, on the Central Anatolian Plateau it-
self, calculated uplift rates are more constant (Figure 7c,g). They start to increase at ~ 12
Ma, before increasing rapidly from ~ 6 Ma to rates that exceed 0.4 mm yr'!' at the present
day. These calculated uplift histories are consistent with inferences made from stable iso-
topic compositions of sediments in continental basins surrounding the Central Anatolian
Plateau, which indicate a lack of significant orographic barriers across the region until 15
Ma [Liidecke et al., 2013]. As observed for the East Anatolian Plateau, magmatism lags
the onset of uplift by ~ 10 Ma.

Along the southern edge of the Central Anatolian Plateau, there are important in-
dependent constraints for the history of uplift (Figure 7d,h). For example, a suite of up-
lifted marine sedimentary rocks became emergent at about 8 Ma and record ~ 2 km of
regional uplift at rates of up to 0.7 mm yr! for the last 1.5 Ma [Table 1 Cosentino et al.,
2012; Schildgen et al., 2012a,b; Cipollari et al., 2012, 2013]. In our inverse model, up-
lift begins slightly earlier at 10 Ma and we do not resolve such rapid uplift rates toward
the present day. Instead, calculated uplift rates steadily increase to 0.25-0.3 mm yr! by
approximately 5 Ma. This discrepancy is most likely to arise from the temporal smooth-
ing imposed upon our uplift history. Nonetheless, it is worth noting that the culmination
of our calculated uplift rates corresponds to a peak in observed sedimentary flux from
the Goksu catchment between 5.6 and 3.6 Ma [Walsh-Kennedy et al., 2014]. Along the
northern edge of the Central Anatolian Plateau, the inverse model yields an uplift rate of
~ 0.2 mm yr'! after ~ 5 Ma. This value is consistent with the geomorphic observations of
Yildirim et al. [2011, 2013] who link this uplift with a large-scale constraining bend of the
North Anatolian Fault.

The upstream propagation of kinematic waves of knickzones implies that the length
of the potential ‘tape recorder’ that a river profile represents is strongly dependent upon
longitudinal distance and upon the rate of erosion. It is illuminating to consider the spa-
tial and temporal coverage afforded by any given drainage network. This coverage can be
gauged by calculating the number of non-zero nodes in the model matrix, M, examples of
which are shown in Figures 6p-r. Coverage is excellent for the last ~ 15 Ma. This result
implies that the Anatolian drainage network is principally sensitive to Late Neogene up-
lift signals and that significant features of the uplift history which are discussed here have
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Figure 10. Topographic map of Anatolia showing distribution of Neogene basaltic volcanism. Colored
circles = sample locations according to age (see Dataset S3 and references therein); labeled circles refer to

locations described in text; WA = Western Anatolia; CA = Central Anatolia; EA = Eastern Anatolia.

been well resolved. An important exception may be the inner Central Anatolian Plateau
where endorheic drainage networks around Lake Tuz are omitted from the drainage inven-
tory thus leaving a gap in coverage that persists to the present day.

4 Magmatism

Abundant Neogene magmatism occurs throughout Anatolia and its existence is often
linked with geodynamic evolution. A range of processes have been proposed to generate
this magmatism that include: subduction of oceanic lithosphere [Aldanmaz et al., 2000;
Ersoy et al., 2012]; slab break-off, fragmentation or roll back [e.g. Keskin, 2003; Sengor
et al., 2003; Innocenti et al., 2005; Agostini et al., 2007; Reid et al., 2017]; extension and
delamination of continental lithosphere [e.g. Pearce et al., 1990; Sengor et al., 2008]; and
elevated asthenospheric temperatures [e.g. Sengor et al., 2003; Prelevié et al., 2012]. Each
of these processes could generate different surface expressions and thus modify the evolv-
ing landscape in different ways. It is often remarked that there is a significant transition
from calc-alkaline to alkaline magmatism in Neogene times. This transition has been in-
terpreted as a shift from subduction zone to intraplate magmatic generation [e.g. Wilson
et al., 1997; Innocenti et al., 2005; Agostini et al., 2007; Keskin, 2007]. The timing, nature
and significance of this transition are poorly understood.

To assess the relative importance of subduction and intraplate processes in gener-
ating Anatolian magmatism throughout Neogene times, we have compiled an extensive
database of published basaltic samples. These samples have been assigned either radio-
metric or inferred chronostratigraphic ages (see Data Set S3, and references therein; Fig-
ure 10). Major and trace element analyses and/or isotopic measurements of samples with
MgO > 5 wt% are presented. For the sake of completeness, this database includes pre-
viously unpublished geochemical analyses from Western Anatolia [Richardson-Bunbury,
1992; Paton, 1992].

4.1 Sample Screening and the Influence of Subduction

The composition of basaltic magmas directly reflects processes involved in their
generation and emplacement. Basalts produced by subduction zones are geochemically
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distinct from those that are derived from either passively or actively upwelling astheno-
sphere. Above a subducting slab, the mantle wedge is considerably altered by fluids re-
leased by dehydration processes within the slab. Thus the wedge becomes enriched in
fluid mobile elements, such as large ion lithophiles (e.g. K, Pb, Ba; Elliott, 2003; Bebout,
2007). The degree of enrichment can be gauged by taking the ratio of these elements with
respect to insoluble equivalents which behave similarly during melting processes (e.g. Nb,
Ce). Melts derived from subduction-influenced mantle will therefore have higher values of
K/Nb, Pb/Ce and Ba/Nb than those derived from unenriched mantle.

Subduction processes can also modify the isotopic composition of the mantle wedge.
Isotopic ratios are not affected by melting or by fractionation processes and the isotopic
composition of a sample will directly reflect that of its source material. During forma-
tion of continental crust, the upper mantle became depleted in the incompatible elements
Rb and Nd, relative to the more compatible Sr and Sm. Subsequently, decay of radioac-
tive 8’Rb and '¥”Sm resulted in concentration of radiogenic isotopes ’Sr within the crust
and '**Nd within the upper mantle. Continental crust therefore has high 87Sr/0Sr and
low 3Nd/!'*4Nd relative to mantle rocks [Zindler and Hart, 1986]. Oceanic sediments
are partly derived from the continental crust and so they also acquire elevated ®7Sr/30Sr
and reduced '“*Nd/'**Nd values. Incorporation of subducted continental sediments into the
mantle wedge therefore raises the 37Sr/%0Sr values and lowers the '**Nd/'*Nd values of
melts generated in subduction zone settings [Plank and Langmuir, 1998].

We can exploit these elemental and isotopic systems to track the influence of sub-
duction processes in generating Anatolian magmatism (Figure 11). Here, we use an online

compilation to calculate average values for Ocean Island Basalts (OIB; http://www.georoc.edu).

The mean and standard deviations for OIB samples are shown as gray boxes in Figure 11.
There are significant geochemical differences between Western, Central and Eastern Ana-
tolia.

In Western Anatolia, a dramatic transition is evident at about 10 Ma (Figure 11a-e).
Prior to 10 Ma, all five systems show a wide range of values, much different to those ob-
served for the majority of OIB samples. The values are consistent with subduction zone
magmatism. Since 10 Ma, these values are much more uniform and fall within one stan-
dard deviation of the mean observed for OIB samples. This transition is well established
and has been linked to the development of a ‘slab window’ and to the consequent arrival
of uncontaminated, sub-slab asthenosphere [Innocenti et al., 2005; Agostini et al., 2007].

In Central Anatolia, there are two distinct magmatic phases (Figure 11f-j). No sig-
nificant geochemical transition exists between these two phases. The first phase lasted
from 20-14 Ma and principally occurred within the Galatia and Erciyes provinces, which
are northwest and southeast of the Central Anatolian Plateau, respectively. The second
phase lasted from about 5 Ma to the present day and occurs in central and eastern Central
Anatolia (e.g. Hasan, Sivas). Throughout Neogene times, the range of values for each of
the subduction-sensitive parameters is significantly lower than that observed within sub-
duction zone settings and within Western Anatolia prior to 10 Ma. However, they exhibit
a modest subduction zone signature compared with the majority of OIB samples.

Similar values for each of the subduction-sensitive parameters are obtained for East-
ern Anatolia where magmatism occurs continuously from ~ 12 Ma (Figure 11k-0). The
absence of a switch from subduction-influenced to intraplate-style magmatism in Neogene
times for Central and Eastern Anatolia does not agree with the results of several earlier
studies [Wilson et al., 1997; Keskin, 2007]. In order to mitigate sensitivity to the effects of
fractionation and contamination, we only include samples with MgO > 5 wt%. These pre-
viously described switches rely upon samples that do not pass our chosen cut-off value of
MgO. It is difficult to assess the relevance of these more fractionated samples as a guide
to the composition of the mantle source. Our focus is exclusively upon high MgO basalts
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Figure 11. Geochemical analyses of basaltic volcanism from Western, Central and Eastern Ana-

tolia as function of radiometric age. White circles with horizontal bars = radiometrically dated sam-

ples +10; black circles with horizontal bars = chronostratigraphically dated samples +10 ; gray boxes

with dashed lines = mean and standard deviation of ocean island basalts from GEOROC database (OIB;

http://www.georoc.edu). In Western Anatolia, note dramatic change in composition at ~ 10 Ma.
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which means that this regional Neogene shift away from subduction-influenced magma-
tism in Central and Eastern Anatolia is less obvious.

87Sr/%6Sr and '*3Nd/'*Nd are independent systems that can be combined to more
closely constrain the nature of the putative source region. Several different mantle reser-
voirs can been defined within 8 Sr/30Sr—1*3Nd/!**Nd space. The isotopic composition of
primitive mantle is thought to be that of the bulk Earth, which has a present-day aver-
age composition of 7Sr/Sr = 0.7047 and '’ Nd/'**Nd = 0.51265 [Figure 12; Philpotts
and Ague, 2009]. Fractional melting of primitive mantle raises the '**Nd/'**Nd ratio and
lowers the 87Sr/80Sr ratio of the source rock. Reservoirs that are thought to represent un-
contaminated mantle, including those invoked as potential sources for OIB-style magma-
tism (e.g. CMR: common mantle reservoir; HIMU: high-u reservoir; FOZO: focal zone
reservoir), lie along a ‘mantle array’ between bulk Earth and a significantly depleted end-
member known as Depleted MORB Mantle [DMM; Figure 12; Zindler and Hart, 1986;
Hart et al., 1992; Stracke et al., 2005; Lustrino and Wilson, 2007]. Fractional melting of
primitive mantle also generates enriched products. Examples include reservoirs that are
thought to be representative of lower crust (e.g. EM1), upper crust (e.g. EM2), or oceanic
sediments (e.g. EMS) have higher values of 87Sr/%0Sr and lower values of '**Nd/'*Nd,
relative to the bulk Earth [Zindler and Hart, 1986; Klaver et al., 2015].

In general, Anatolian basaltic rocks lie along a simple binary mixing line between
a partially depleted OIB-like source (e.g. CMR, HIMU, FOZO) and an enriched oceanic
sediment or upper crustal source (e.g. EM2, EMS; Figure 12). There is no requirement
to invoke significant depletion of the mantle source or contamination by lower crustal
material. K/Nb, Pb/Ce and Ba/Nb ratios all correlate well with the relative importance
of the EM2/EMS sources, implying that variations in the isotopic composition of Anato-
lian basaltic rocks are primarily controlled by the degree of contamination by subducted
oceanic sediments. At high values of '**Nd/!'**Nd, there is a systematic shift to higher
values of 37Sr/%0Sr from west to east. To assess the potential influence of contamination
by continental crust, we calculate mixing lines between the least enriched basaltic sam-
ple and Neoproterozoic basement material from Western Anatolia [Augen gneiss; Giirsu,
2016]. The observed shift to higher 87Sr/%0Sr values in Eastern Anatolia is consistent with
up to 10% of crustal contamination and probably reflects increasing crustal thickness from
west to east.

In Western Anatolia, basaltic samples span the full range of isotopic compositions
from OIB-like mantle to oceanic sediments (Figure 12a,d). As observed on Figure 11,
there is a clear age progression, with the degree of enrichment decreasing towards the
present day. The most recent basaltic products fall entirely within the observed ranges
of uncontaminated mantle reservoirs and require no enrichment by subduction. In Cen-
tral and Eastern Anatolia, samples require significantly less enrichment than the older (i.e.
pre-10 Ma) samples from Western Anatolia (Figures 12b,e and c,f). However, unlike the
youngest Western Anatolian rocks, all samples are enriched to some degree. This enrich-
ment could reflect residual/continued contamination of the asthenosphere by subduction
processes or melting of previously contaminated lithospheric material.

4.2 Mantle Potential Temperatures

It is evident that subduction processes are not responsible for the generation of basaltic

magmatism for the last 10 Ma in Western Anatolia and during Neogene times in Central
and Eastern Anatolia. Instead, melting of an OIB-like or partially enriched source region
could be accounted for by passive upwelling caused by lithospheric extension, by litho-
spheric delamination or slab fragmentation, or by elevated asthenospheric temperatures.
We investigate these potential mechanisms by employing two independent schemes for
estimating mantle potential temperature, Tp. First, we employ the major element ther-
mobarometer developed by Plank and Forsyth [2016]. Secondly, inverse modeling of rare
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and fractional crystallization (AFC) trends between most primitive basalts and average composition of augen
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Paulo [1981] mixing equations. (b) Isotopic plot for Central Anatolia. (c) Isotopic plot for Eastern Anatolia.

(d)—(f) Isotopic plots where circles are colored according to radiometric age.
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earth element concentrations is carried out [McKenzie and O’Nions, 1991]. Both of these
methods can be used to model high-Mg basalts generated from peridotitic mantle and ac-
count for fractionation of olivine. We have identified a subset of samples with MgO > 8.5
wt% that are deemed suitable for modeling and we focus on the youngest, post-10 Ma,
phase of magmatism.

It is useful to compare estimates of 7p with the potential temperature of ambient
convecting mantle. Estimates of this ambient value vary depending upon methodology
[e.g. Katsura et al., 2004; Herzberg et al., 2007; Dalton et al., 2014; Matthews et al., 2016].
Throughout the following section, we exploit the adiabatic melting models of McKenzie
and Bickle [1988] and Katz et al. [2003]. The value of Tp required to produce 7.1 km of
oceanic crust by adiabatic decompression melting using these parameterizations is 1310—
1335 °C. We conclude that a suitable reference value of Tp for ambient mantle is ~ 1320
°C.

4.2.1 Major Element Thermobarometry

Building upon the pioneering work of Lee et al. [2009], Plank and Forsyth [2016]
developed parameterizations of source temperature and pressure using an extensive com-
pilation of experimental melt equilibration datasets. Their approach exploits the fact that
partitioning of major elements during melting is dependent on pressure and temperature.
First, observed major element compositions of high-Mg basalts are corrected for olivine
fractionation to estimate primary melt compositions. Olivine in equilibrium with melt is
incrementally added until melt compositions reach equilibrium with mantle that has an
assumed olivine forsterite content. For each of the basaltic samples, we back-calculate to
an Mg number of the melt given by Mg# = Mg/Mg + Fe = 0.9 in olivine. This value
of Mg# is considered to be a reasonable average value for partially depleted mantle [Lee
et al., 2009]. This correction, together with the pressure and temperature calculations, are
also dependent upon the ratio of Fe’* to Fe?*, and upon the water content of the melt.

Once primary melt compositions have been estimated, temperature, 7, and pressure,
P, are calculated using a parameterization so that

8545
T (K) =1264.5 +7.85(Mg4Si203) + —
Sl40g

—5.96(Al;6.30g) — ATy,0 — ATco,,

and

b In(Siz0g) — 4.045 + 0.0114(Fe4Si>Og) + 0.00052(CasSirOg)? + 0.0024(Mg4Si> Og)
B —-336.3T-! + 0.0007T/2

bl

where

ATin,o0 = 40.4(H,0) — 2.97(H,0)? + 0.0761 (H,0)°.

Compositional components are reported in mole%, as defined by Lee et al. [2009], with
the exception of HyO which is reported in wt%. A correction is applied to any samples
which initially give equilibrium pressures in excess of 2 GPa in order to account for the
effects of undersaturated CO,. Thus

SiO, - 50.3

if P > 2.0 GPa, then ATco, = 0128

, else ATco, =0,
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Figure 13. K/Nb as a function of major elements for Anatolian basalts where Mg > 8.5 wt%. (a) K/Nb
ratio plotted as function of SiO,. Dashed line indicates K/Nb = 500. (b) K/Nb ratio plotted as function of
Al,03. (c) K/Nb ratio plotted as function of MgO. (d) K/Nb ratio plotted as function of FeOy. (e) K/Nb ratio
plotted as function of CaO. (f) K/Nb ratio plotted as function of Nay O. Major element concentrations are

corrected for olivine fractionation in order to estimate primary melt compositions [Lee et al., 2009].

where SiO; is in wt%. For these particular samples, pressure is then recalculated using the
revised temperature.

Temperature and pressure estimates clearly depend upon variations in major ele-
mental concentrations. Changes in melt composition can also arise as a result of hetero-
geneities in source composition and mineralogy. We have already highlighted the fact
that K/Nb can be used as a proxy for enrichment by subduction processes across Anato-
lia. Two distinct populations are identified in major element-K/Nb space (Figure 13). For
K/Nb values greater than ~ 500, samples generally shift to higher values of SiO;, Al,O3
and CaO, and to lower values of MgO and FeO (i.e. combined FeO and Fe;03). The
magnitudes of these shifts are unlikely to be caused by subduction enrichment. Rather,
they probably reflect distinct equilibration conditions for both populations. These trends
act consistently to reduce the temperature and pressure estimates for high K/Nb samples.
Therefore, when estimating mantle potential temperatures beneath Anatolia, these two
populations are separately treated.

Thermobarometric calculations for Western, Central and Eastern Anatolia are shown
in Figure 14. These results are strongly dependent upon the value of Fe**/ZFe, which
is controlled by oxidation state, and upon the assumed water content. In Anatolia, direct
measurements of Fe3* /SFe and of water concentrations within melts are scarce. Glob-
ally, it is observed that Fe**/ZFe varies between 0.1 for mid-ocean ridge basalts (MORB)
and 0.3 for arc settings [Cottrell and Kelley, 2011; Brounce et al., 2014]. Average esti-
mates for the Basin and Range province of western North America are ~ 0.2 [Plank and
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Forsyth, 2016]. We assume that this value is appropriate for Anatolia, given the tectonic
similarities of these regions— a combination of recently active subduction processes and
subsequent generation of basaltic melts with OIB affinities [Fitton et al., 1991; Kemp-

ton et al., 1991]. H,O is known to scale with Ce for MORB samples so that H,O/Ce =
200 + 100 [Michael, 1995; Dixon et al., 2002]. The results shown in Figure 14a-c assume
that Fe**/ZFe = 0.2 and that H,O/Ce = 200.

In order to relate these results to mantle potential temperature, Tp, we have fitted
adiabatic decompression melting paths to calculated equilibration temperatures and pres-
sures. Melting paths are determined using the anhydrous parameterization of Katz et al.
[2003], assuming a modal clinopyroxene value of 0.15. The misfit between melting paths
and calculated equilibration conditions is calculated using a least squares approach, where
temperature and pressure are normalized by the respective uncertainties + 39 °C and +
0.24 GPa, quoted by Plank and Forsyth [2016].

Two distinct magmatic populations exist in Central and Eastern Anatolia: calculated
equilibration pressures and temperatures for high K/Nb samples are consistently colder
and shallower than those for low K/Nb samples. The latter samples lie along regionally
consistent melt paths that require varying mantle potential temperatures. Temperatures are
highest in Eastern Anatolia and decrease toward the west. Best-fit melting paths for low
K/Nb samples that lie above the solidus, along with a range of paths that can equally fit
these date, are shown in Figure 14a-c. These melting paths correspond to mantle potential
temperatures of Tp = 1350*30 °C for Western Anatolia, Tp = 1380*30 °C for Central
Anatolia, and Tp = 140038 °C for Eastern Anatolia. In general, the top of the melting
column is at about 50 km depth.

The quoted upper and lower bounds correspond to values of Tp that yield misfit val-
ues that are less than twice those at the global minima. Average melt fractions along these
melting paths are 4.1 + 2.0 %, 6.8 = 2.3 % and 7.6 + 5.0 % for Western, Central and
Eastern Anatolia, respectively. In contrast, the high K/Nb population does not lie along
consistent melt paths. Instead, it clusters near the solidus at depths shallower than 50 km.
We suggest that the samples from this population probably reflect melting of, or contami-
nation by, lithospheric material enriched during earlier episodes of subduction. This more
complicated evolution means that fitting adiabatic decompression melting paths is not rea-
sonable.

To assess the influence of uncertainties in water content and oxidation state, we
repeated the modeling procedure for the full range of globally observed values. The re-
vised results for each region are shown in Figure 14d-f. Higher values of Fe**/ZFe and
H,0O/Ce tend to reduce our estimates of potential temperatures. For Western Anatolia, cal-
culated temperatures through much of the parameter space are at or below that of ambient
mantle For the chosen values of Fe’*/ZFe = 0.2 and H,O/Ce = 200, the estimated po-
tential temperature is within the range of uncertainty error of that for ambient mantle. For
Central Anatolia, our estimates of mantle potential temperature approach those for am-
bient mantle for the highest values Fe3* /SFe and H,O/Ce. For Eastern Anatolia, excess
temperatures are required for all reasonable values of Fe3* /ZFe and H,O/Ce.

4.2.2 Inverse Modeling of Rare Earth Element Concentrations

Partitioning of rare earth elements (REEs) is sensitive to both the depth and degree
of melting. During mantle melting, the REEs are incompatible so that their abundance
is reduced with increasing melt fraction. Compatibility of the heavy REEs is dependent
upon the aluminous phase that is present. Since there is a pressure-dependent transition
from spinel to garnet in the uppermost mantle, the relative abundance of light and heavy
REE:s is dependent upon the depth of melting. Heavy REEs are more compatible in garnet
than in spinel so that melting of garnet-bearing peridotite will lead to a relative depletion
of these elements. McKenzie and O’Nions [1991] developed the INVMEL algorithm for
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from Western Anatolia with K/Nb < 500 using Fe3*/SFe = 0.2 and H,O/Ce = 200; black line = anhydrous
solidus; gray line = best-fit melt pathway; dashed gray lines = minimum and maximum melt pathways; dotted
gray lines = adiabatic gradients corresponding to loci of intersection between melt pathways and anhydrous
solidus [Katz et al., 2003]; optimal value of potential temperature, T, given in top right-hand corner. (b)
Estimates for Central Anatolia. Triangles = samples with K/Nb > 500. (c) Estimates for Eastern Anatolia.

(d)—(f) Distribution of potential temperatures obtained by varying Fe3* /XFe and H,O/Ce. In each case, white
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adiabatic decompression of peridotite, which exploits these relationships by inverting REE
distributions in order to calculate melt fraction as a function of depth.

The INVMEL scheme inverts observed REE concentrations by summing fractional
melts over incremental depths to determine cumulative melt fraction as a function of depth.
Mantle potential temperature is then estimated by comparing resultant melt-fraction-with-
depth distributions to parameterized mantle adiabats. Spinel-garnet transition-zone depths
are fixed in advance. Here, we have chosen a transition at 63—72 km, in agreement with
the thermodynamic modeling results of Jennings and Holland [2015]. The lower limit of
their transition zone has been increased from 68.1 km to 72 km in order to stabilize the
inversion procedure. We estimate source compositions for each inversion run by mixing
components of depleted (i.e. eNd = 10) and primitive (i.e. eNd = 0) mantle composi-
tions to match the observed average value of eNd for each sample suite [see Dataset S3
for further details; McKenzie and O’Nions, 1991]. Partition coeflicients are calculated us-
ing the parameterization of Blundy and Wood [2003]. Melt paths are specified at 3 km
depth increments and melting is assumed to cease at the base of the lithospheric column.
The inverse model iteratively calculates melt compositions for different melt-fraction-with-
depth curves. The root mean square (rms) misfit between calculated and observed com-
positions is minimized using Powell’s conjugate gradient search algorithm [Press et al.,
1992]. Lithospheric thickness and the starting melt-fraction-with-depth model are varied
until a best-fit to the observed REE distribution is achieved for a smooth output melt-
fraction-with-depth curve.

Once a best-fitting curve of melt fraction as a function of depth has been deter-
mined, a forward model is produced for the complete element suite in order to test the
extent to which the optimal result matches major and other trace element observations.
Olivine fractionation does not significantly affect REE concentrations within the melt. It
does, however, contribute to variations in Mg and Fe concentrations, which results in a
disparity between observed and modeled values of these elements. The amount of olivine
addition required to explain this disparity is straightforward to calculate. The final melt
fraction is given by 1/(1 — F), where F is the estimated weight fraction of crystallized
material. Starting models, best-fit models, and fractionation-corrected models are all pre-
sented in Figure 15. Inverse modeling of enriched samples (i.e. K/Nb > 500) using simple
melting models results in larger misfits to observed trace element concentrations. Accept-
able fits can only be achieved with a strongly modified mantle source, the characterization
of which introduces a significant degree of uncertainty. We therefore omit samples with

K/Nb > 500.

In Western Anatolia, very low melt fractions (i.e. < 2%) are required to replicate
high REE concentrations. This melting must occur within both the garnet and spinel sta-
bility fields. Consequently, the resultant melting path spans a broad depth range and does
not track a calculated adiabat. Optimal fits to observed REE concentrations are achieved
by using a lithospheric thickness of 57 km. At these depths, low melt fractions require po-
tential temperatures of less than ~ 1340 ° C (Figure 15a-c). Observed REE concentrations
decrease eastward, so that calculated melt fractions increase to 3.1% for Central and 4.7%
for Eastern Anatolia. The best-fitting lithospheric thicknesses are 61 km and 62 km, re-
spectively. At shallow depths, melting paths approximately follow adiabats that correspond
to mantle potential temperatures of ~ 1355 °C and ~ 1370 °C (Figure 15d-i).

In all three regions, the majority of observed REE and trace element concentrations
can be accurately matched. In Central and Eastern Anatolia, the forward model tends to
overpredict concentrations of Cs, Rb and Ba. These elements are highly soluble and so
any discrepancies may reflect leaching during the weathering process. REE concentrations
are far less sensitive to the weathering process, which suggests that the results of inverse
modeling are less affected. The forward model also consistently underpredicts concen-
trations of Ta and Nb, possibly as a consequence of uncertainties in partition coefficients
and/or source composition for these particular elements. In general, calculated melting
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paths exhibit long, low melt-fraction tails because observed REE concentrations require
small-degree melting within the garnet stability field before the onset of adiabatic decom-
pression at shallower depths. Similar low melt fraction tails have been reported for the
Potrillo Volcanic Field of North America and for the Galdpagos islands [Thompson et al.,
2005; Gibson and Geist, 2010].

4.2.3 Magmatic Insights

Both modeling techniques show that there is an asthenospheric temperature gradient
across Anatolia. Temperatures increase by ~ 50 °C from west to east and the top of the
melting column for low K/Nb samples lies at a depth of about 60 km. Although regional
patterns in melt fraction and potential temperature estimates from both approaches gen-
erally agree, there are systematic differences in their optimal values. Melt fractions and
temperatures estimated using the Plank and Forsyth [2016] parameterization are consis-
tently 2—4 % and 10-30 °C higher than those calculated using the INVMEL algorithm. We
acknowledge that both techniques are subject to different uncertainties and approximations
that can affect estimates of melt fraction and mantle 7Tp.

A general assumption in both cases is that melts are derived from unenriched lher-
zolitic mantle. Anatolia has undergone a complex and protracted geodynamic history.
Long-lived subduction throughout closure of the Neotethys Ocean has probably signifi-
cantly altered the composition of the underlying mantle, as is manifest, for example, by
compositions of Early to Middle Miocene magmatic rocks exposed in Western Anato-
lia. Our analysis suggests that after ~ 10 Ma, subduction processes have had a limited
influence on basaltic compositions with the exception of some partially enriched sam-
ples that are thought to be derived from melting of, or contamination by, enriched litho-
spheric material. By excluding samples with values of K/Nb > 500, we are confident that
the assumed mantle composition is a reasonable one. However, it is important to note that
concentrations of REEs are more sensitive to source enrichment than major elements due
to their lower concentrations. For inverse modeling, an underestimation of REE concen-
trations within the source region results in underprediction of melt fraction and astheno-
spheric Tp. This underprediction probably accounts for at least some of the difference be-
tween the results of major element thermobarometry and REE inverse modeling.

Our methods for estimating mantle 7p generally rely on anhydrous melting models.
In reality, source materials are likely to contain at least a small amount of water. Source
water concentrations are not well known but, given relatively low concentrations within
the melts (~ 1.5 = 0.8 wt%), they are unlikely to be greater than ~ 0.1 + 0.05 wt% for
H,0/Ce = 200 at 5% melting. This value is consistent with estimates from OIBs and is at
the low end of estimates for a subduction-modified mantle wedge [i.e. ~ 0.075 wt% and
0.1-1 wt%, respectively; Dixon et al., 2002; Karato, 2011]. It is possible to incorporate
hydrous melting into parameterizations of mantle melting [e.g. Ghiorso et al., 2002; Katz
et al., 2003; Langmuir et al., 2006; Hirschmann, 2010; Kelley et al., 2010]. The addition of
water shifts the solidus to greater depths. We note that hydrous melting parameterizations
vary significantly and are often only constrained by experimental data limited to pressures
equivalent to depths < 60 km [Katz et al., 2003]. Due to these significant uncertainties
in the parameterization of hydrous melting, we prefer to focus upon anhydrous melting
models.

We require melting models to relate estimates of melt equilibration pressure and
temperature derived from major element thermobarometry to Tp. Incorporating hydrous
melting would require higher 7p melt paths to fit the melt equilibration data. If there are
significant amounts of water in the source region, our estimates of 7p are minima. Using
the hydrous melting model of Katz et al. [2003] with 0.1 wt% of water in would result
in Tp estimates that are up to ~ 40 °C hotter. Due to the concave-upward shape of the
solidus, this effect becomes greater as temperature increases. In this way, the observed
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gradient of potential temperature across Anatolia would be steepened by incorporating hy-
drous melting. Unlike the major element parametrization, the INVMEL algorithm explicitly
incorporates a melting model as part of the calculation. In this case, addition of water will
lower the calculated value of Tp since melting will necessarily occur deeper and at lower
temperatures. Nonetheless, water is extremely incompatible and readily enters the melt so
that its supply is rapidly diminished. The cooling effect is therefore greater at lower melt
fractions, which means that the observed gradient of 7Tp across Anatolia is likely to be
preserved by incorporating hydrous melting.

A potential challenge in relating melt equilibration conditions to asthenospheric po-
tential temperature identified by Plank and Forsyth [2016] concerns the pooling and con-
ductive cooling of melts at the base of the lithosphere. These authors have invoked this
phenomenon to account for melt equilibration estimates at locations from western North
America that lie parallel to the solidus. Distributions of our melt equilibration estimates
for low K/Nb samples are significantly steeper than the solidus and can be approximated
by adiabatic decompression melting paths. Therefore, there is no requirement to invoke
conductive cooling. If a degree of conductive cooling has affected the estimated melt equi-
libration conditions, our 7p estimates would be minima. In contrast, the majority of high
K/Nb samples presented here do cluster close to the solidus at depths < 50 km (i.e. shal-
lower than the top of the low K/Nb distribution and shallower than the top of the melting
column estimated from REE inverse modeling). Their distribution is more consistent with
the effects of conductive cooling at the base of the lithosphere. This observation is also
consistent with our interpretation that enrichment derives from the melting of, or contami-
nation by, an enriched lithosphere.

It is conceivable that geographical variations in source composition and oxidation
state could influence the robustness of the observed gradient in Tp across Anatolia. Al-
though source composition is allowed to vary regionally for REE inverse modeling, we
have kept all other parameters in our analyses fixed. Reconciling the estimated tempera-
ture differences would require more extreme variations in these parameters. Given simi-
larities in isotopic and elemental compositions for high-Mg samples from the region, such
large variations are less likely. We conclude that the estimated temperature gradient is a
robust reflection of the asthenospheric temperature pattern beneath Anatolia.

In their study of the Hasan basalts from Central Anatolia, Reid et al. [2017] also
estimated mantle potential temperatures using the Plank and Forsyth [2016] thermobarom-
eter. They conclude that melt equilibration beneath the Hasan field was significantly shal-
lower and colder than to the west and east. Analysis of our more comprehensive database
reproduces this result. However, the majority of Hasan samples have K/Nb values that
exceed 500 which places them within the enriched population identified above. Elevated
potential temperatures are estimated for unenriched samples from the nearby Sivas and
Erciyes lava fields. We infer that the Hasan basalts are not necessarily representative of
asthenospheric melting beneath Central Anatolia. Instead, our results imply that astheno-
spheric temperatures beneath Central Anatolia are indeed anomalously elevated.

Reid et al. [2017] also report elevated temperatures across Western and Eastern Ana-
tolia. For Eastern Anatolia, their maximum temperature estimates range from 1380 to
1430 ° C, in broad agreement with our results. Notably, they do not recover a westward
temperature decrease. Instead, their maximum temperature estimates of ~ 1450 ° C oc-
cur in Western Anatolia where our estimates are much closer to those of ambient mantle.
Minor disparities in melt equilibration estimates can arise due to differences in chosen pa-
rameters. Significantly, Reid et al. [2017] chose to correct for the effects of latent heat by
employing the scheme described by Putirka et al. [2007]. This scheme relies on an esti-
mate of melt fraction that carries a large degree of uncertainty. Thus high melt fraction
estimates of ~10% for Western Anatolia require a significant latent heat correction (i.e.
~ +70 °C). Our procedure of fitting melting paths through suites of melt equilibration
estimates combined with REE inverse modeling yields much lower estimates of melt frac-
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tion for Western Anatolia (i.e. ~ 4 and ~ 2 %, respectively), and thus cooler temperatures.
Applying the latent heat correction of Putirka et al. [2007] to these lower melt fraction
estimates would also result in significantly cooler calculated temperatures, accounting for
most of the difference between our results and those of Reid et al. [2017]. In summary, we
believe that a wealth of disparate evidence supports the presence of a westward decrease
in asthenospheric potential temperature across Anatolia.

5 Constraints from Tomographic Models

Earthquake tomographic models provide a useful independent constraint on the ther-
mal structure of the sub-plate mantle because seismic wave speeds, especially those of
shear waves, are strongly dependent on temperature. Several studies have built tomo-
graphic models of the mantle beneath Anatolia using a range of datasets and techniques
[e.g. Bakirct et al., 2012; Salaiin et al., 2012; Chamorro et al., 2014; Skolbeltsyn et al.,
2014; Govers and Fichtner, 2016]. In Figure 16, we summarize results from two studies: a
regional P-wave model [Biryol et al., 2011]; and part of a global upper mantle shear wave
model [Priestley and McKenzie, 2013]. Both models suggest that mantle material that lies
immediately beneath the lithospheric plate (i.e. shallower than ~ 250 km) is anomalously
slow. The relative sizes of these anomalies are largest beneath Eastern Anatolia and de-
crease westward. Beneath a depth of 250 km, a continuous fast anomaly extends across
most of Anatolia, which is interpreted as subducted African lithosphere. This anomaly is
clearest in the P-wave model, which is particularly sensitive to cold temperatures.

Yamauchi and Takei [2016] present a parameterization that enables shear wave ve-
locities to be converted into temperature. Their approach builds upon the earlier work of
Priestley and McKenzie [2013]. Here, we apply this revised parameterization to the up-
per mantle shear wave model of Priestley and McKenzie [2013]. The eastward decrease
in shear wave velocity is reflected in the resulting 7p model (Figure 17a,b). Note that at
depths shallower than 100 km, tomographic models are likely to be affected by artefacts
related to uncertainties in crustal structure [Priestley and McKenzie, 2013]. Beneath 100
km, a long wavelength high temperature feature is recovered beneath Eastern Anatolia,
extending to depths of ~ 200 km and with asthenospheric potential temperatures up to ~
1400 °C. The magnitude and extent of this high temperature feature decrease westward.

In Figure 17c, average potential temperatures between depths of 100 and 200 km
that have been calculated from the shear wave velocity model are compared with temper-
atures obtained by both petrologic approaches. Tp estimates for each region are calculated
by averaging Tp estimates at locations with petrological constraints. Although uncertain-
ties in seismologic Tp are quoted in terms of standard deviations of mean values, we must
emphasise that larger, but less easily quantifiable, uncertainties are associated with the
tomographic model and with the temperature parametrization. There is a reasonable cor-
relation between potential temperatures estimated using petrological and seismological
approaches. This agreement strengthens the notion that sub-plate mantle temperatures are
highest beneath Eastern Anatolia and decrease westward.

6 Discussion

We have exploited a range of diverse approaches to investigate the causes of Neo-
gene uplift and magmatism across Anatolia. A compilation of published receiver function
analyses is used to investigate the isostatic relationship between crustal thickness and el-
evation for different lithospheric thicknesses and densities. One plausible interpretation is
that post-Miocene regional uplift of 1-2 km is generated by some combination of litho-
spheric thinning/loss of ~ 75—125 km and/or asthenospheric temperature anomalies. Ad-
mittance analysis of topographic and gravity datasets indicates that, at the longest wave-
lengths, Anatolian topography is not supported by flexural isostasy.
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Figure 16. (a)Regional earthquake tomographic model of Anatolia based upon P-wave arrivals [Biryol
et al., 2011]. (b) East-west vertical slice at 39°N through model shown in panel (a). Black line with gray band
= topographic and crustal thickness profile from EPcrust reference model of Molinari and Morelli [2011]. (c)

Surface wave tomographic model [Priestley and McKenzie, 2013]. (d) East-west vertical slice.

Marine sedimentary rocks of Miocene age that are patchily distributed across Ana-
tolia suggest that significant uplift has occurred in Neogene times. Longitudinal river pro-
files that drain the Central and East Anatolian Plateaux contain prominent knickzones that
indirectly record this phase of regional uplift. Calibrated inverse modeling of these profiles
suggests that uplift began at about 20 Ma in Eastern Anatolia and subsequently propa-
gated westward. Uplift rates across Anatolia increased throughout Neogene times to reach
peak values of 0.2-0.4 mm yr'!, coinciding with the onset of OIB-style magmatism. Mod-
eling of the geochemistry of these basalts indicates that asthenospheric temperatures vary
across the region: the highest estimates of up to 1400°C are for Eastern Anatolia, decreas-
ing toward Western Anatolia. These modeling results also imply that lithospheric thick-
ness is ~ 60 km beneath volcanic regions. It is unclear whether this such low lithospheric
thicknesses occur throughout Anatolia. Our results have significant implications for the the
geodynamical evolution of this region.

Occurrence of a Miocene transition from calc-alkaline to alkaline magmatism within
Western Anatolia is well established. Recently, several authors have linked this transition
to the opening of a ‘slab window’ within the subducting African lithosphere [Innocenti
et al., 2005; Agostini et al., 2007; Klaver et al., 2016]. Such a window is purported to
have been imaged in several tomographic models [Biryol et al., 2011; Govers and Fichtner,
2016]. Geochemical analyses confirm a clear shift from arc to intraplate-style magmatism,
culminating at about 10 Ma. After this time, basaltic compositions are similar to those de-
rived from an unenriched mantle source. Major element thermobarometric calculations and
inverse modeling of REEs suggest low degree decompression melting at approximately
ambient mantle temperatures. Both sets of observations are consistent with passive up-
welling of sub-slab asthenospheric mantle, possibly in response to slab fragmentation.
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Figure 17. (a) Map of Anatolia showing potential temperatures calculated from shear wave velocity model
of Priestley and McKenzie [2013] using parametrization of Yamauchi and Takei [2016]. Circles/triangles =
potential temperature estimates determined from major element thermobarometry for individual basaltic sam-
ples with K/Nb < 500 and > 500, respectively. (b) Vertical slice through potential temperature model. Pair
of dashed lines = depth range over which average Tp was estimated. (c) Relationship between estimates of
potential temperature from geochemical and seismological techniques. Blue/green/red squares and circles =
potential temperature estimates for Western/Central/Eastern Anatolia from inverse modeling of REE concen-
trations and major element thermobarometry, respectively [McKenzie and O’Nions, 1991; Plank and Forsyth,
2016].

35—



1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

Further east, there is little evidence for subduction-driven magmatism. Rather, for
Central Anatolia, magmas with intraplate to mildly enriched compositions were produced
during two distinct Neogene phases. Magmatic rocks with similar compositions occur in
Eastern Anatolia after ~ 10 Ma. Thermobarometric estimates of melting conditions indi-
cate that partially enriched magmas equilibrated at cool temperatures and at depths within
the lithospheric mantle. In contrast, magmas with K/Nb ratios of less than 500 have equi-
librated at greater depths and require elevated asthenospheric temperatures. As noted pre-
viously, onset of more recent phases of magmatism in both Central and Eastern Anatolia
post-date initiation of regional uplift by ~ 10 Ma. These results suggest that mantle un-
derlying Central and particularly Eastern Anatolia is anomalously hot with a composition
similar to that of OIB source reservoirs.

Consistent patterns linking onset of uplift and magmatism together with the magni-
tude of uplift and size of temperature excess all point toward a common cause. In Eastern
Anatolia, several authors invoke slab break-off following collision of Arabia and Eura-
sia [Keskin, 2003; Sengor et al., 2003; Neill et al., 2015; Lebedev et al., 2016a]. Detach-
ment of subducting African lithosphere at ~ 10 Ma has also been proposed. This sug-
gestion is based on the observed transition from subduction-related (i.e. calc-alkaline) to
intraplate-style magmatism for low MgO basaltic rocks [e.g. Keskin, 2003, 2007; Fac-
cenna et al., 2014]. However, there is little evidence for this transition in the database of
high-Mg basaltic rocks. Nonetheless, this detachment model is supported by observations
of a continuous high velocity anomaly at transition zone depths beneath Anatolia, inter-
preted as remnant subducted lithosphere [Figure 16; e.g. Biryol et al., 2011]. Therefore,
while slab break-off has probably occurred, its timing and nature are not well constrained
by the geochemistry of Neogene basaltic magmas. Several authors have also suggested
that removal of Anatolian lithosphere could drive uplift and magmatism [Gdgiis and Psyk-
lywec, 2008; Bartol and Govers, 2014]. In this case, uplift and magmatism are thought
to have been caused by upwelling of buoyant asthenospheric mantle, triggered in turn by
removal of dense lithospheric material. However, this mechanism alone will not gener-
ate elevated asthenospheric temperatures. We suggest that the effects of slab detachment
and/or delamination are enhanced and magnified by replacement of lithospheric material
with anomalously hot asthenospheric mantle. Indeed, a range of laboratory and numerical
experiments suggest that asthenospheric thermal anomalies may drive significant loss of
lithospheric material by thermal erosion [e.g. Olsen et al., 1988; Davies, 1994].

Following onset of uplift in Eastern Anatolia, uplift propagated westward, commenc-
ing across Central Anatolia by about 15 Ma. It has been proposed that delamination of the
Cyprean slab, following a period of flat subduction, might account for observed uplift and
magmatism across Central Anatolia [Bartol and Govers, 2014; Govers and Fichtner, 2016].
Magmatism in the vicinity of Sivas and Erciyes requires elevated mantle potential temper-
atures, similar to observations from Eastern Anatolia. Our modeled results are consistent
with lateral propagation of hot asthenospheric material from Eastern to Central Anatolia.
Such an interpretation is supported by seismic tomographic images that reveal a continu-
ous low velocity anomaly beneath Eastern and Central Anatolia [Figure 16; ?].

Along the southern edge of the Central Anatolian Plateau, emergent marine sedi-
mentary rocks and disequilibrated river profiles both attest to elevated regional uplift rates
during the last 10 Ma [Schildgen et al., 2014]. This area overlies a ‘slab tear’ identified by
Biryol et al. [2011]. The nearby Hasan volcanic field is anomalous since the composition
of its basalts suggests that melting is occurring at shallow depths with cool temperatures,
possibly reflecting a combination of conductive cooling and contamination at the base of
the lithosphere. Numerical modeling indicates that uplift rates of 0.1 to 0.8 mm yr' and
extension of the overriding plate can occur following break-off of subducting slabs, con-
sistent with regional uplift histories we obtain from linear inverse modeling of drainage
networks [Duretz et al., 2011; van Hunen and Allen, 2011]. It is therefore conceivable
that opening of a slab window is driving additional uplift due to uncoupling of the slab

36—



1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

11

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

and additional melting caused by subsequent lithospheric stretching with passive astheno-
spheric upwelling.

What is the cause of the elevated asthenospheric temperatures inferred beneath Cen-
tral and Eastern Anatolia? Recent global studies of oceanic residual depths and their cor-
relation with a range of geophysical and geologic observations suggest that significant
thermal anomalies are a common feature of the sub-plate asthenosphere [Hoggard et al.,
2016, 2017]. Faccenna et al. [2013] invoke material upwelling beneath Afar and spreading
laterally beneath Arabia and Anatolia to explain a range of regional observations. Wilson
et al. [2014] analyze drainage networks and patterns of basaltic magmatism in Arabia,
and describe a northward progression of uplift and magmatism throughout Cenozoic times
consistent with the movement of asthenospheric thermal anomalies. Lateral displacement
of hot plume material from beneath Afar would therefore appear to be a plausible mecha-
nism for generating elevated asthenospheric temperatures beneath Anatolia.

It is likely that growth of Anatolian plateaux has exerted a profound influence on
its tectonic evolution. Several recent studies have suggested that mantle flow drives litho-
spheric deformation, by exerting tractions on the base of the lithosphere [Faccenna and
Becker, 2010; Faccenna et al., 2013]. However, England et al. [2016] suggest that much of
the observed modern crustal deformation could instead be generated by gradients in grav-
itational potential energy. They argue that the juxtaposition of elevated topography across
the East Anatolian Plateau and depressed bathymetry south of the Hellenic trench drives
westward motion of crustal material. Figure 18 shows residual depth measurements, tem-
perature estimates, and inferred dynamic topography estimated from long wavelength free-
air gravity anomalies using an admittance value of Z = 30 mGal km™' [Hoggard et al.,
2017]. In the Eastern Mediterranean Sea, there is a substantial negative residual depth
anomaly, which we interpret as dynamic drawdown of 1-2 km. The Black Sea is simi-
larly drawn down with evidence for an east-west gradient. Anatolia itself is a westward-
protruding finger of continental lithosphere, which is characterized by inferred dynamic
uplift of 1-2 km, probably supported by a combination of thin lithosphere and elevated
asthenospheric potential temperatures that decrease from east to west. Finally, the fluvial
drainage network is radially draped around positive long wavelength gravity anomalies.
Thus it appears that mantle convective processes produce the dramatic gradients of grav-
itational potential energy that modulate lithospheric deformation without the requirement
for significant tractions along the base of the lithospheric plate.

7 Conclusions

We have combined geomorphic and geochemical observations to investigate the geo-
dynamic evolution of Anatolia. Analysis of Anatolian drainage networks provides addi-
tional insights into the spatial and temporal evolution of regional epeirogeny. The bulk of
Anatolia became emergent in Neogene times when regional uplift initiated in the east and
propagated westward. This uplift pattern cannot be explained by the geometry of active
deformation, by crustal thickness variations, or by flexural processes. Basaltic magmatism
that occurred over the last 10 Ma is of OIB affinity and requires melting of anomalously
hot asthenospheric mantle beneath the high plateaux.

Slab detachment/fragmentation and lithospheric delamination are often invoked to
account for Neogene uplift and magmatism across Anatolia. Our results suggest that as-
thenospheric thermal anomalies play a significant role in generating regional uplift and
basaltic magmatism. Quantitative estimates of regional uplift rates and asthenospheric
temperatures should provide useful constraints for numerical simulations of Anatolia’s
geodynamic evolution.
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Figure 18. Map of region encompassing Anatolia showing long wavelength (i.e. 730 — 13,000 km) free-
air gravity anomalies. Red/black/blue contours = positive/zero/negative GGM03C anomalies plotted ev-

ery 25 mGal [Tapley et al., 2007]; residual depth scale assumes Z = 30 mGal km!; colored circles and
upward/downward-pointing triangles = estimates and lower/upper bounds of observed oceanic residual depths
[Hoggard et al., 2017]; colored big/small diamonds = potential temperature estimates from forward/inverse
modeling of major and rare earth elements, respectively (note that big dashed diamonds represent average

values for Eastern/Central/Western Anatolia); irregular network of black lines = river drainage pattern.
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