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Abstract

The Kula volcanic field in Western Turkey comprises about 80 cinder cones and associated
basaltic lava flows of Quaternary age. Based on geomorphological criteria and K-Ar dating,
three eruption phases, p2—p4, were distinguished in previous studies. Human footprints in ash
deposits document that the early inhabitants of Anatolia were affected by the volcanic eruptions,
but the age of the footprints has been poorly constrained. Here we use *He and °Be exposure
dating of olivine phenocrysts and quartz-bearing xenoliths to determine the age of the youngest
lava flows and cinder cones. In the western part of the volcanic field, two basalt samples from
a 15-km-long block lava flow yielded *He ages of 1.5+0.3 ka and 2.5+0.4 ka, respectively, with
the latter being in good agreement with a '°Be age of 2.4+0.3 ka for an augen gneiss xenolith
from the same flow. A few kilometers farther north, a metasedimentary xenolith from the top
of the cinder cone Cakallar Tepe gave a '°Be age of 11.2+1.1 ka, which dates the last eruption
of this cone and also the human footprints in the related ash deposits. In the center of the
volcanic field, a basalt sample and a metasedimentary xenolith from another cinder cone gave
consistent *He and °Be ages of 2.6+0.4 ka and 2.6+0.3 ka, respectively. Two B4 lava flows in
the central and eastern part of the volcanic province yielded *He ages of 3.3+0.4 ka and
0.9+0.2 ka, respectively. Finally, a relatively well-preserved P3 flow gave a *He age of ~13 ka.
Taken together, our results demonstrate that the penultimate eruption phase B3 in the Kula
volcanic field continued until ~11 ka, whereas the youngest phase 34 started less than four

thousand years ago and may continue in the future.
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1. Introduction

Dating of Quaternary volcanic rocks is essential to decipher the recent eruption history of large
volcanoes or volcanic provinces and to assess the associated hazards. The huge impact of major
volcanic eruptions on human cultures and societies was already perceived in Paleolithic times,
as illustrated by ~35-ka-old paintings in the Chauvet-Pont d’ Arc cave (Ardeche, France), which
show a strombolian volcanic eruption and are similar in age to volcanic rocks in the nearby
Bas-Vivarais region (Nomade et al., 2016). Another example from Neolithic time is provided
by a wall painting with a '*C age of ~6600 BC, which depicts the eruption of a twin volcano in
Central Anatolia that occurred around the same time as constrained by (U-Th)/He dating
(Schmitt et al., 2014). Much later, the eyewitness Pliny the Younger described the catastrophic
eruption of the Vesuvius, which led to the destruction of Pompeii in 79 AD. Already a hundred
years earlier, in ~20 BC, the Greek historian and geographer Strabo gave one of the first written
accounts on a volcanic province, which he described as “Katakekaumene” (“burned lands”).
Strabo emphasized the fertility of its soils and the suitability of the volcanic ash deposits for
viticulture (Radt, 2004; Akdeniz, 2011). Today, this volcanic province is known as the Kula
volcanic field in Western Turkey (Fig. 1).

The presence of well-preserved footprints in the ash deposits of the cinder cone Cakallar
Tepe demonstrates that the humans inhabiting Western Anatolia were affected by volcanic
eruptions that occurred in the Kula volcanic field (e.g. Ozansoy, 1969; Barnaby, 1975; Tekkaya,
1976; Kayan, 1992; Akdeniz, 2011). The age of the footprints has been much disputed. Initially,
an age of ~250 ka was suggested by Ozansoy (1969) based on a spurious correlation with
sediments for which he assumed a deposition during the Mindel glacial stage — an approach
that was strongly criticized by Tekkaya (1976). Ercan et al. (1985) used a K-Ar age of 25+6 ka
for basalts from a different cone more than ten kilometers away as age constraint for the
footprints, which is highly questionable as well. Finally, a thermoluminescence (TL) age of
4949 ka for orthoclase and hornblende crystals scraped from one footprint was reported by
Goksu (1978) along with a younger TL age of 26+5 ka for the overlying scoria deposits.
However, the large age gap renders the two TL ages doubtful, because the geological context
indicates that the deposition of the tuff, the imprinting of the footprints, and their burial by
scoria occurred in quick succession during the same eruption cycle (Barnaby, 1975; Westaway

et al., 2004). In conclusion, reliable age data for the last eruption of Cakallar Tepe and, by
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inference, the footprints are still lacking.

The volcanic rocks of the Kula volcanic field were initially subdivided into four different
groups (B1-P4) on the basis of geomorphological criteria (Fig. 2; Hamilton and Strickland,
1841; Canet and Jaoul, 1946). The oldest group, 1, was subsequently abandoned, because field
observations revealed that the B1 basalts at a key locality are actually slope deposits that contain
clasts of B3 lava (Richardson-Bunbury, 1996). The oldest eruption phase B2 occurred between
~1.3 Ma and ~0.9 Ma, as shown by several K-Ar ages obtained from whole rock samples
(including phenocrysts) and samples of ground mass (Borsi et al., 1972; Westaway et al., 2004
and 2006). K-Ar ages for lava flows of the subsequent B3 phase range from ~240 ka to ~80 ka
(Westaway et al., 2004 and 2006), whereas volcanic rocks attributed to the final 4 phase
yielded ages between 74415 ka and 1145 ka (Ercan et al., 1985; Westaway et al., 2004).
However, the relatively old ages for basalts of the 4 group are difficult to reconcile with the
pristine appearance of the respective lava flows and cinder cones in the field. As discussed by
Westaway et al. (2004), the presence of small amounts of excess argon in the ground mass of
the dated basalts has likely caused an overestimation of the eruption ages. The problem of
excess argon is even worse for amphibole phenocrysts, as shown by the “°Ar/*°Ar ages of Paton
(1992), most of which were interpreted as unreliable by Westaway et al. (2004). By paying
particular attention to the careful characterization and preparation of fresh, fine-grained
groundmass samples, a subsequent study obtained K-Ar ages of 742 ka and 4+2 ka for two 4
basalt samples, while two other samples did not contain any measurable amounts of radiogenic
“0Ar and provided a zero age (Westaway et al., 2006). That study indicates that the B4 basalts
formed during the Holocene, although their age is still not well constrained.

Surface exposure dating using in situ-produced cosmogenic nuclides offers the possibility
to determine reliable ages for volcanic rocks, in particular for young lava flows that have not
been significantly eroded (e.g. Craig and Poreda 1986; Laughlin et al., 1994; Ammon et al.,
2009; Foeken et al., 2009; Marchetti et al., 2014). In this study, we present the first cosmogenic
3He ages (n = 7) for olivine from basalt samples of young lava flows and cinder cones of the
Kula volcanic field. These are complemented by three 1°Be exposure ages for quartz-bearing

xenoliths, which we discovered in tuff deposits of two cinder cones and one basaltic lava flow.

2. Geological setting and geomorphology of the volcanic deposits
Tertiary and Quaternary volcanic rocks cover considerable parts of Western Turkey, a region

that belongs to the backarc of the Hellenic subduction zone (Fig. 1a). The southward-younging
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of the volcanic rocks has been attributed to the rollback of the subducting African plate (e.g.
Fytikas et al., 1984; Innocenti et al., 2005), a process that also caused considerable crustal
extension in the upper plate (e.g. Faccenna et al., 2003; Brun and Sokoutis, 2010) and thinning
of its mantle lithosphere (Alict et al., 2002; Prelevi¢ et al., 2012). In Western Turkey, the
ongoing NNE-SSW directed extension commenced in the Late Oligocene/Early Miocene and
has led to the exhumation of mid-crustal metamorphic rocks in the Menderes Massif by
detachment-faulting, normal faulting, and erosion (e.g. Thomson and Ring, 2006; Glodny and
Hetzel, 2007; Buscher et al., 2013), and also to the formation of several E-W-trending grabens
(e.g. Seyitoglu and Scott, 1991; Bozkurt, 2000; Purvis and Robertson, 2004). The two largest
of these grabens — the Biiyiik Menderes and the Gediz graben (Fig. 1a) — divide the Menderes
Massif into a southern, a central, and a northern submassif.

The Kula volcanic field in the northern Menderes submassif is the youngest volcanic field
in Western Turkey and located about 20 km north of the Gediz graben (Fig. 1b). The volcanic
deposits around Kula comprise about 80 basaltic cinder cones, which consist mainly of scoria,
basaltic lava flows (i.e. alkali olivine basalts, basanites, and phonotephrites), and minor tuff and
tephra deposits (e.g. Richardson-Bunbury, 1996; Giileg, 1991; Alici et al., 2002; Sen et al., 2014
and references therein). The Na-dominated OIB-like magmas were derived from the convecting
asthenospheric mantle and suffered only minor crustal contamination (e.g. Prelevi¢ et al., 2012).
Note that the cinder cones from which these magmas erupted are commonly named Tepe,
although the Turkish word Tepe means hill and does not explicitly refer to volcanic cones.

The three different groups of Quaternary volcanic rocks (f2—p4) in the Kula volcanic field
have distinct geomorphological characteristics. In the eastern part of the volcanic field, 1.3—
0.9 Ma-old B2 lava flows that overlie fluvial sand and gravel deposits form plateaus at an
elevation of ~580-600 m (Fig. 2). The Gediz River has incised these flows by 150200 m and
formed a sequence of fluvial terraces that record the surface uplift of the entire region (e.g.
Westaway et al., 2006; Maddy et al., 2012). The younger 33 lava flows, which cover the largest
area of the volcanic field (Fig. 2), occur only 25-40 m above the Gediz River and its tributaries
(Hamilton and Strickland, 1841; Westaway et al., 2006). These younger flows are typically
covered by well-developed soils and used for agriculture. The Holocene 4 lavas form three
major block lava flows (Fig. 2) that locally cascade downslope to the present course of the
Gediz River (Westaway et al., 2006). These basalt flows show no signs of soil development
and are largely unvegetated, although a few small bushes do locally occur. The mean thickness
of the flows is ~10 m and commonly they have a local relief of several meters (Richardson-

Bunbury, 1996). Although smooth surfaces with flow features are locally preserved, the
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morphology of the B4 flows is dominated by sharp-edged basalt boulders ranging from a few
decimeters up to several meters in size. Boulder surfaces are often glassy and exhibit a vesicular
texture in the uppermost 10—20 c¢m, indicating no or negligible surface erosion. Commonly, the
angular boulders are draped by a thin cover of lichen and moss. The 4 basalts contain large
(up to 5 mm) olivine phenocrysts and in some places also amphibole phenocrysts (e.g. Giileg,

1991; Westaway et al., 2004).

3. Sampling
For exposure dating of the most recent eruption phase (34) of the Kula volcanic field, we
collected six basalt samples for *He dating of olivine and two quartz-bearing xenoliths for '°Be
dating of quartz (Table 1). Three of the six basalt samples were collected in the western part of
the volcanic field from a 15-km long block lava flow, which originated from the Divlit Tepe
cinder cone and flowed in southwesterly direction (Fig. 2). Two of these samples (13T2 and
13T3) were taken north of Adala village near the end of the flow from two basalt blocks with a
size of ~0.8 and ~1.5 m, respectively. In the vicinity of these samples, we discovered an angular,
9-cm-thick block of augen gneiss at the surface of the lava flow (Fig. 3a). The rectangular gneiss
block, which we collected as a whole (sample 13T4), was tightly coalesced to a block of basalt
lava underneath it. Another basalt sample (13T14) from the same flow was taken ~2 km
downstream of the Demirkoprii dam (Fig. 2) from a smooth lava flow surface with a wavy
texture (Fig. 3b).

In the central part of the volcanic field, we collected one basalt sample near the center of
a large lava flow (Fig. 2). This sample (13T7) was taken from the top of a huge block that has
exceptionally well preserved flow features (Fig. 3c). The sampled surface is slightly convex
and has a dip of 12° at the sampling spot. About three kilometers farther southeast (near Sandal
village), we collected one basalt sample and one quartz-bearing xenolith from a small cinder
cone. The metasedimentary xenolith (13T5) was found at the outer rim of the small crater
located at the top of the cone. The xenolith had a rounded shape and was firmly attached to
basaltic lava and welded tuff deposits underneath (Fig. 3d). The basalt sample (13T6) was
collected from the subhorizontal surface of a large basalt block on the upper slope of the cone
(Fig. 3e).

The last basalt sample from a 4 lava flow (13T9) was taken ~5 km north of Kula in the
eastern part of the volcanic field (Fig. 2). The sample stems from a relatively smooth surface

(4 x 5 m) with a dip of 10°, which is located close to the margin of the otherwise irregular block
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lava flow. The sampled surface shows several steps with a height of a few centimeters that are
oriented perpendicular to the flow direction of the lava. The presence of thin soil (<3 cm) along
these steps may indicate a small amount of erosion of the entire surface, which we estimated as
~2 cm in the field.

In addition to the samples from 4 lavas described above, we took one sample from a 33
lava flow and another sample from the cinder cone Cakallar Tepe. This cone is of particular
interest because in the basal ash, which was deposited during its last eruption, fossil human
footprints were discovered during the construction of the Demirkdprii dam in 1969 (Fig. 3f)
(e.g. Ozansoy, 1969; Barnaby, 1975). The footprints occur ~500 m west of the cone and were
protected from erosion by scoria deposits that cover its flanks and the areas south and west of
the cone. As the volcanic deposits of the cinder cone do not contain olivine phenocrysts and
can therefore not be dated with *He, we used a fine-grained metasedimentary xenolith
discovered at the top of the cone for '’Be dating (13T15). The round xenolith with a diameter
of ~20 cm was partly exposed, but firmly embedded in the coarse volcanic tuff deposits of the
outer crater rim.

The basalt sample 13T12 was taken from a small B3 lava flow near Yenikoy village in the
eastern part of the volcanic field (Fig. 2). The sampling site exhibits a smooth flow surface
sparsely covered by grass and soil with a thickness of up to two centimeters. Sampling was
carried out on an unvegetated patch of this surface. Based on the presence of vesicles, which
commonly occur in the uppermost decimeters of lava flows, we estimate that no more than

1045 cm of material was eroded from the sampled surface.

4. Density determination, mineral separation and analytical procedures
4.1 Density determination
For calculating surface exposure ages, the density of rock samples must either be assumed
or measured. We determined the bulk density of four basalt samples and the three quartz-
bearing xenoliths by weighing the samples in air and in water (Balco and Stone, 2003). The
bulk density p was calculated as:

p =ma pw/ (Ma — mw) (1)
where ma (g) is the sample weight in air, mw (g) is the weight of the sample immersed in water,
and pw (g cm™) is the water density. The basalt samples yielded similar densities with a mean
of 2.3 g cm™. The density of the three xenoliths was more variable, with values of 2.1 g cm™

(13T4), 2.5 gecm™ (13T5), and 2.3 g cm™ (13T15) (Table 1).
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4.2 Preparation of olivine and quartz samples and chemical separation of Be

The separation of olivine and quartz and the chemical separation of Be from the quartz
samples was carried out at the cosmogenic nuclide laboratory of the University of Miinster.
All basalt and xenolith samples were crushed, sieved, and washed. The 500—1000 um grain size
fraction of the basalt samples was then split into a magnetic, matrix-dominated and a less-
magnetic, olivine-rich fraction using a Frantz magnetic separator. Olivine was separated from
the enriched 500-1000 um fraction by hand-picking under a binocular, considering limpid,
non-altered, and predominantly inclusion-free crystals only. Finally, the olivine samples were
etched in aqua regia at 40 °C in an ultrasonic bath for 1-2 hours to remove iron oxides and
matrix adhesions.

To separate quartz from the three xenolith samples, we used the 250-500 um grain size
fractions of samples 13T4 and 13T5, and the 63—125 pum size fraction from the fine-grained
sample 13T15. As the augen gneiss xenolith yielded enough material for the preparation of two
quartz samples, we prepared and analyzed two aliquots (i.e. 13T4a,b). The grain size fractions
were split into a magnetic and a non-magnetic fraction. The subsequent leaching procedure
consisted of one etching step in 6 M HCI at 80 °C, four subsequent etching steps in dilute
HF/HNO:s in a heated ultrasonic bath (Kohl and Nishiizumi, 1992), and two alternating etching
steps in aqua regia and 8 M HF to obtain pure quartz (Goethals et al., 2009). For beryllium
extraction, ~0.3 mg of Be carrier with a '°Be/’Be ratio of 2.2+0.6 x 10> was added to each
sample. Following complete dissolution of quartz in HF (40 %), the samples were redissolved
and converted into chloride form using 6 M HCI. Beryllium was separated using successive
anion and cation exchange columns and precipitated as Be(OH): at pH 8-9. Following the
transformation to BeO at 1000 °C and target preparation, '°Be was analyzed at the accelerator

mass spectrometer facility of ETH Zurich (Christl et al., 2013).

4.3 Helium analysis and correction for radiogenic “He and nucleogenic He

All analytical procedures required for *He exposure dating were performed at the noble gas
laboratory of the German Research Centre for Geosciences (GFZ). First, all olivine separates
were crushed in vacuo by squeezing between two hard-metal plates to release and measure
magmatic helium trapped in melt and fluid inclusions. Subsequently, the material retrieved
from the crusher was wrapped in Al foil and placed in the sample carrousel above the extraction
furnace, which was baked at 100°C for one week. After dropping them into the tantalum
crucible, samples were heated to 1750 °C to extract and analyze the helium remaining after

crushing.
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After gas extraction by either crushing or heating, chemically active gases were removed
in Ti sponge and SAES (ZrAl) getters, and the noble gases were adsorbed to activated charcoal
in a cryogenic adsorber at 11 K. Subsequently, helium was released at 35 K and analysed in a
VG5400 or Helix SFT mass spectrometer. A CRONUS-P pyroxene standard analyzed in the
same batch as the heating extractions yielded a *He concentration of 4.76+0.20 x 10° at/g
(25 error), which is consistent within error with the mean *He concentration of 4.91+0.10 x 10°
at/g determined earlier at the GFZ for seven aliquots of this standard and also with the “global
mean” from six different labs of 5.02+0.12 x 10° at/g (Blard et al., 2015). Details of the noble
gas analytical procedures and the data reduction as well as calibration methods can be found in
Niedermann et al. (1997) and Blard et al. (2015).

The He/*He values of the trapped (magmatic) component agreed within 2c error limits in
all samples (Table 2) and yielded an error-weighted mean (n=6) of 10.66+0.29 x 10
(Table 2). In volcanic rocks with negligible amounts of radiogenic “He and nucleogenic *He,
the amount of cosmogenic helium can be determined using the following equation
(Niedermann, 2002):

3Hecosm = [(*He/*He)meas — (*He/*He)ir] x “Hemeas (2)
where the subscripts cosm, meas, and tr denote the cosmogenic, the measured, and the trapped
component. Radiogenic He (i.e. *Herad) is formed by radioactive decay of U and Th, whereas
nucleogenic *He is mainly generated by thermal-neutron capture reactions involving Li (e.g.
Niedermann, 2002). To evaluate whether significant amounts of radiogenic or nucleogenic
helium are present in our samples, we analyzed all basalt samples and aliquots of four olivine
separates for U, Th, and Li using ICP-MS. Uranium and thorium contents of the basalts range
from 2.0 to 2.6 ppm and 8.8 to 10.2 ppm, respectively. The U and Th concentrations in olivine
are 0.004—0.02 ppm and 0.01-0.06 ppm, respectively. To correct for “Herd present in our
samples we used the approach of Blard and Farley (2008) and determined a correction factor
R, which depends on the U and Th concentrations in the phenocrysts and the basalt matrix, the
phenocryst size, and the cosmogenic *He production rate. As the latter is elevation-dependent,
we split the samples into two elevation groups and used the highest and lowest U and Th
concentrations of the olivine and whole rock samples, respectively, to calculate R-values for a
mean phenocryst diameter of 750 um. Using the equations given in Blard and Farley (2008),
we obtained an R-value of 0.94+0.01 for samples from an elevation below 200 m (13T2, 13T3,
13T14) and an R-value of 0.96+0.01 for the remaining samples. Application of these R-factors

increased the *Hecosm concentrations by 6% and 4%, respectively. Both the uncorrected *Hecosm
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concentrations calculated with equation 2 above, as well as the *Hecosm concentrations corrected
for “Herad are reported in Table 2.

The production of nucleogenic *He and of cosmogenic *He from thermalized cosmic ray
neutrons in minerals such as olivine or pyroxene is only significant if the Li content of these
minerals exceeds ~5 ppm (Dunai et al., 2007). As the Li concentrations of the analyzed olivine
separates are between 1.6 and 2.2 ppm, the production rates of nucleogenic *He and thermal
neutron-produced cosmogenic *He are so low (<1 at g'! yr'!; Dunai et al., 2007) that corrections
are unnecessary.

After the completion of the experimental part of this study, Protin et al. (2016) have
reported a hitherto unknown effect of irreversible atmospheric He adsorption on crushed olivine
grains, which may lead to an underestimate of cosmogenic *He if the samples used for pyrolysis
contained grains smaller than ~125 pm and the adsorbed component was unaccounted for. As
we retrieved the sample material from the crusher without removing small grains, such an effect
might potentially affect our results. However, though a rigorous assessment is difficult in
hindsight, we argue that a significant influence is unlikely in our case: (1) The crushing
efficiency of our manual crusher is not very high, and based on optical inspection of the samples
during preparation for pyrolysis the fraction of very small grains is rather small. (2) While the
samples of Protin et al. (2016) were heated to less than 100°C for only 12 hours before
pyrolysis, in our case the sample carrousel was baked at 100°C for one week. This procedure
may have helped to reduce any atmospheric He contamination, even though Protin et al. (2016)
observed that for their samples heating to 500-900°C for 15 minutes was still insufficient to
release the atmospheric component completely. (3) In another project performed in the GFZ
noble gas lab (Baynes et al., 2015), one out of three very He-poor olivine samples (3-4 x 10710
cm® STP/g) from a single lava flow was used for pyrolysis without prior crushing; however the
He concentration (both considering pyrolysis only or the sum of pyrolysis and crusher
extraction) in the samples DW5 and DW7 crushed beforehand did not exceed that in the
uncrushed sample DW6 beyond error limits. We are therefore confident that the effect

described by Protin et al. (2016) does not significantly affect our results.

5. Calculation of surface exposure ages

Both the *He and '’Be exposure ages (Tables 2, 3) were computed with the CRONUScalc online
calculator (http://webl.ittc.ku.edu:8888/2.0; version 2.0; Marrero et al., 2016), which employs
cosmogenic nuclide production rates determined at several primary calibration sites (Borchers

et al., 2016). For the nuclides *He and '°Be, those production rates are based on the studies by
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Goehring et al. (2010), Putnam et al. (2010), Kelly et al. (2015), and Lifton et al. (2015). We
used the time-dependent production rate scaling model of Lal (1991) — Stone (2000) (= Lm
model) to calculate the exposure ages shown in Table 2 and Table 3. In addition, we report
exposure ages computed with the scaling model of Lifton et al. (2014) (= LSD model) (Tables
A.1, A.2). As other available scaling models, which are based on neutron monitor data (Dunai,
2001; Lifton et al., 2005; Desilets et al., 2006), result in a poorer fit of the primary calibration
data sets (Borchers et al., 2016), we do not report exposure ages for these scaling frameworks.
We note, however, that the respective ages would fall between the ages derived with the Lm
and LSD models.

The internal errors of the exposure ages (Tables 2, 3) are based on analytical uncertainties
only, while the total errors given by CRONUScalc also include the uncertainties of the local
3He and '°Be production rates (see Marrero et al., 2016 for details). The internal and total errors
are reported as lo. All ages were calculated assuming no erosion. For two samples (13T9 and
13T12), we also report *He ages that were obtained by assuming a total erosion of 2 cm and
10 cm, respectively, based on our field observations (section 3). For the two aliquots analyzed

of sample 13T4, we also report an error-weighted mean age.

6. Discussion

6.1 The Holocene eruption history of the Kula volcanic field

In this section we discuss the *He exposure ages obtained for samples from lava flows and
cinder cones (Table 2) and the '°Be ages for the quartz-bearing xenoliths (Table 3) from the
Kula volcanic field. Two of the four exposure ages for the westernmost block lava flow agree
very well: the *He age of 2.5+0.4 ka for sample 13T14 collected near Demirkdprii dam and the
mean '°Be age of 2.4+0.3 ka for the augen gneiss xenolith (13T4) north of Adala (Fig. 4). We
consider the *He age as particularly robust, because sample 13T14 was taken from a smooth
and pristine flow surface (Fig. 3b). The *He age is supported by the almost identical '°Be age
of the gneiss xenolith, which is another indication that atmospheric He contamination
introduced by crushing (Protin et al., 2016), which would cause an underestimate of the *He
age, is not a problem for our samples. Also, a significant inherited !°Be component in the
xenolith due to near-surface exposure prior to its incorporation in the lava flow is unlikely, as
this would lead to an overestimate of the °Be age, thus further impairing the agreement between
the two methods. The two other *He ages for the same flow, which were derived from samples
of basalt blocks, are considered less reliable (Fig. 4). The age of 1.5+0.3 ka for the larger block

(with a diameter of ~1.5 m) is still consistent with the older nominal ages, when considering
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their 20 errors. However, the *He age of 0.7+0.4 ka for the smaller block (~0.8 m in diameter)
is not. We interpret the latter to underestimate the emplacement of the block lava flow, probably
owing to a later tilting of this relatively small block.

In the central part of the Kula volcanic field, the basalt sample from the flank of the cinder
cone west of Sandal village (13T6; Fig. 3e) yielded a *He age of 2.6+0.4 ka. An identical °Be
age of 2.6+0.3 ka was obtained for the quartz-bearing xenolith (13T5) from the same cinder
cone (Fig. 4), again demonstrating the reliability of our results. The position of the xenolith
sample at the top of the cone, its round shape (Fig. 3d), and its lithology — which differs from
the rocks exposed in the surroundings of the cone (mainly augen gneisses) — indicate that the
sample originates from the metamorphic basement underneath the cone and was trapped by the
rising magma during the course of the last eruption. Hence, an inherited '°Be component can
be excluded. We interpret the two ages of ~2.6 ka to date the last eruption of the small cinder
cone near Sandal. For the large lava flow located northwest of the cone, sample 13T7 (Fig. 3¢c)
provides a somewhat older *He exposure age (i.e. 3.3£0.4 ka). Field relations demonstrate that
this flow originated from the Karadivlit Tepe cinder cone, which is located in the southeastern
part of the flow (Fig. 2).

In the eastern part of the volcanic field, sample 13T9 from a B4 basalt flow yielded a *He
exposure age of 0.9+0.2 ka (Fig. 4). The sample was taken from a rather smooth flow surface
surrounded by block lava and therefore we consider the *He age as reliable, even though the
sampled surface may have been slightly eroded. Considering an erosion of 2 cm, as estimated
in the field (see section 3), increases the exposure age by only 10 years (Table 2). Two previous
studies (Westaway et al., 2006; van Gorp et al., 2013) that attempted to date the same 4 flow
with K-Ar and luminescence methods inferred older ages, which will be discussed in more
detail in the following section.

The quartz-bearing metasedimentary xenolith (13T15) from the top of Cakallar Tepe
yielded a '°Be exposure age of 11.2+1.1 ka (Fig. 4). An inherited '°Be component can again be
ruled out, because the fine-grained xenolith is different from the coarse-grained augen gneisses
exposed around Cakallar Tepe. Hence, the xenolith originates from a different lithotectonic
unit and must have been entrained in the rising basalt magma at considerable depth beneath the
cone. The relatively high '°Be age — as compared to the ages for the younger lava flows
discussed above — is consistent with the presence of thin patches of soil on subhorizontal parts
of the crater rim. Of course, despite the fresh appearance of the sampled surface we cannot
exclude a minor influence of erosion, which would make the '“Be age slightly too low.

Nevertheless, we interpret the '°Be age of the xenolith to closely date the last eruption of the
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Cakallar Tepe cinder cone. If this is correct, it provides an important age constraint for the
famous fossil human footprints that occur in the ash deposits of this cone (Fig. 3f). Our ’Be
age is considerably younger than the two thermoluminescence (TL) ages of 49+9 ka and
26=+5 ka obtained for the footprints and the overlying scoria deposits (Goksu, 1978). Apart from
the fact that the scoria deposits, which protected the footprints from erosion, belong to the same
eruption cycle as the ash layer (Barnaby, 1975), the different TL ages are incompatible with the
assumption of Goksu (1978) that the scoria has reset the TL clock of the ash layer. If this were
the case, both TL ages should be identical within errors. For this reason, we argue that both
thermoluminescence ages are too old and overestimate the last eruption of Cakallar Tepe.

The sample from the B3 lava flow east of Yenikdy village (13T12) yielded a *He exposure
age of 13.1+1.6 ka (Fig. 4). Field observations indicate that the sampling site on this flow
experienced 10+5 cm of erosion (see section 3). Taking into account ten centimeters of erosion

at a steady rate increases the exposure age to 14.2+1.8 ka (Table 2).

6.2 Comparison of exposure ages with previously published K-Ar and luminescence ages
Compared to previously published K-Ar ages for B3 lava flows in the northern part of the
volcanic field, which range from ~240 ka to ~80 ka (Westaway et al., 2004, 2006), our *He
exposure age of ~13 ka for the B3 flow east of Yenikdy is much younger. Neither erosion nor
shielding are sufficient to explain the marked difference between the K-Ar ages and the *He
age. Our field observations indicate that the surface of the lava flow near Yenikdy is better
preserved and therefore indeed younger than the B3 lava flows which were hitherto targeted for
K-Ar dating. We therefore suggest that the lava flows and cinder cones previously assigned to
the B3 group (e.g. Richardson-Bunbury, 1996) encompass a wider time span than previously
envisaged. Our °Be exposure age of 11.2+1.1 ka for Cakallar Tepe indicates that the last
eruption of this cone occurred during the B3 phase as well, and not during the phase 4 as
suggested by Ercan (1981 unpublished dissertation, Istanbul Technical University, cited in
Richardson-Bunbury, 1996). Our new exposure ages suggest that if the eruption phases B3 and
4 are indeed separated in time, the period of volcanic quiescence started at about 11 ka and
ended with the emplacement of the lava flow near Sandal at 3.3+0.4 ka (Fig. 4).

Our *He exposure age of 0.9+0.2 ka for the large lava flow north of Kula is considerably
younger than two K-Ar ages of 72 and 442 ka derived for samples taken near the northern end
of the same flow (Westaway et al., 2006) (Fig. 4). The age difference could be explained by the
presence of minor amounts of excess Ar, which would cause the K-Ar age to overestimate the

emplacement of the flow (e.g. Laughlin et al., 1994). This inference is supported by three
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luminescence ages which bracket the emplacement of the same lava flow that led to the
damming of the Gediz River (van Gorp et al., 2013). A sand sample from fluvial sediments
underneath the flow yielded a multiple-grain feldspar age of 3.0+0.2 ka, whereas single-grain
feldspar ages of 2.6+0.4 and 2.1+0.5 ka (1o errors) were obtained for sediments resting on top
of the flow (van Gorp et al., 2013). Although the luminescence ages indicate that the eruption
of the flow is younger than the nominal K-Ar ages, they are still somewhat older than our *He
exposure age. One reason for this discrepancy may be that the luminescence ages overestimate
the deposition of the respective fluvial sediments due to incomplete signal resetting, even

though the minimum age model (cf. Galbraith et al., 1999) was applied.

7. Conclusions

To the best of our knowledge, this study is the first to combine *He exposure dating of olivine
from mafic volcanic rocks with '’Be exposure dating of quartz-bearing xenoliths to quantify
eruption ages of cinder cones and basaltic lava flows in a Late Quaternary volcanic field. The
two exposure dating methods yielded consistent results for Holocene volcanic rocks in the Kula
volcanic field (Western Turkey) and indicate a period of pronounced volcanic activity that
began less than 4000 years ago. Moreover, a '’Be age of 11.2+1.1 ka (15) provides an important
age constraint for the famous human footprints that are preserved in volcanic ash deposits of
the volcanic field. More generally, our results demonstrate that cosmogenic nuclides can be
applied to date very young volcanic rocks, even in regions of low elevation where nuclide
production rates are low. Hence, exposure dating provides a powerful alternative to K-Ar or

“0Ar/*°Ar dating of young volcanic rocks.
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Table 1
Information on sampling locations and samples collected from lava flows and cinder cones
of the Kula volcanic field, western Turkey.

Sample  Latitude  Longitude ~ Elevation tf?iirl?r?elzs sh-:-;g?r?g;zil‘gzi[gra shield-:-r?(;aflactorb
[°N] [°E] [m] [cm] - -
Basalt samples from p4 flows and cinder cones
1372 38.5875  28.2778 129 6 0.9995 0.9562
13T3 38.5876  28.2709 133 6 0.9995 0.9562
13T6 38.5727  28.5613 807 5 0.9989 0.9629
1377 38.5871  28.5418 719 5 0.9987 0.9627
1379 38.5826  28.6538 668 5 0.9979 0.9619
13T14  38.6098  28.3010 193 5 0.9915 0.9556
Basalt sample from B3 flow
13T12  38.5877  28.7705 426 4 0.9999 0.9708
Quartz-bearing xenoliths from two B4 flows and a B3 cinder cone
13T4 38.5876  28.2712 136 9 0.9809 0.9233
1375 38.5734  28.5617 842 12 0.9923 0.9026
13T15 38.6506  28.3387 380 6 0.9923 0.9493

2 The correction factor was determined using the topographic shielding calculator of the
CRONUS Earth web calculators (http://webl.ittc.ku.edu:8888/2.0; version 2.0; Marrero et
al., 2016). It includes the shielding due to the dip of the sampled surface and the shielding
by the surrounding topography.

b The total shielding factor includes corrections for sample thickness and topographic shield-
ing. The mean density determined for the basalt samples is 2.3 g cm™, whereas the density
of the quartz-bearing xenoliths was measured as 2.1 g cm™® (13T4), 2.5 g cm? (13T5), and
2.3 g cm™® (13T15), respectively. See text for further information.



Table 2

Results of He measurements for olivine from basalts of the Kula volcanic field and resulting *He exposure ages. Error limits are 1c.

) Extraction . S 3Hecosm ® and *Hecosm Local produc- ‘He
Sample Weight method He concentration He/"He corrected for *Hepg® tion rate ° exposure age ¢
[g] [10% cm?® g ] [10°] [10° at g''] [at g a’'] [a]
13T2 0.89196  crushing 0.636£0013  1055£027 20 03610754 0,40 114 670 + 390 (390)
0.83450  pyrolysis  0.2292+0.0047  11.79 +0.59
13T3 0.78644 crushing 0.571 £0.011 10.10£0.35 1.6240.26 | 1.73+0.28 111.8 1530 £ 240 (290)
0.74248  pyrolysis  0.1706+0.0036  14.16 +0.56
13T6 075124  crushing 149120037 1L01£050 o), 6 6e 15124071 194.8 2610 + 340 (430)
0.71874  pyrolysis 0.665+0.013  13.41+0.35
1317 0.88110  crushing 129420032 10594048 o o) 016164042 181.9 3340 + 230 (420)
096218  pyrolysis  0.2150+0.0043  20.85+0.65
13T9 0.78618  crushing 03053400061  965%033 | o\ (24115, 035 174.5 830 i 20 (530)
0.74050  pyrolysis 0.1453 £0.0031  14.43 +0.84 [890 £ 220 (240)]
13T12  0.65080  crushing 1379£0028 10984027 100, 001197410 145.1 Laéoo i 700 (}600)
0.61502  pyrolysis 1.163+0.023  16.70 £0.23 (14200 = 800 (1800)]
13T14 74982 hi 637+0.01 10.91 0.4
3 0.7498 crusiing 0.637:+0.016 091 £048 ) o0+ 04112.97 +043 117.7 2520 = 350 (440)
071134  pyrolysis  0.3689+0.0074  13.48+0.38

2 For quantification of the cosmogenic *He concentration (*Hecosm), a (*He/*He)y value of (10.66 + 0.14) x 10 was used, which is the error-
weighted mean of all crushing extractions excluding sample 13T9. For the latter sample the 3He/*He ratio measured after crushing is low due to
a technical problem (bad alignment of the *He and “He peaks in the Helix mass spectrometer) that was only recognized during the subsequent
calibration gas measurement. The *Hecosm concentrations were calculated as explained in the text.

® The correction for radiogenic “He follows the approach of Blard and Farley (2008). The uncorrected cosmogenic *He concentration was divided
by a factor R of 0.94 = 0.01 (for samples 13T2, 13T3, 13T14) or 0.96 = 0.01 (samples 13T6, 13T7, 13T9, 13T12) (see text for details).

¢ These are local, depth-averaged production rates, which consider sample thickness and topographic shielding.

4 The 3He exposure ages were calculated with the CRONUScalc online calculator (http://web]1.ittc.ku.edu:8888/2.0; version 2.0; Marrero et al.,

2016) using the time-dependent scaling model of Lal (1991) — Stone (2000). The internal errors of the exposure ages are based on the analytical
uncertainty only. The total uncertainties provided by CRONUScalc also include the uncertainty of the local *He production rate and are given in
parentheses (Marrero et al., 2016; Phillips et al., 2016). *He exposure ages given in square brackets for samples 13T9 and 13T12 were obtained assuming
a steady erosion rate that leads to a total erosion of 2 cm and 10 cm, respectively (as discussed in the text).



Table 3
19Be concentrations, local production rates and '°Be exposure ages. Error limits are 1o.

Production rate Production rate

Sample '°Be concentration ? (spallation) (muons) 19Be exposure age °
[10°at g'] [atg'a] [atg'a] [a]
13T4a 7.0+ 1.3 3.70 0.058 1840 + 340 (370) Mean age
13T4b 108+ 1.3 3.70 0.058 2860 + 320 (390) | 2350 +230(270)
13T5 16.7+1.6 6.41 0.080 2600 + 240 (300)
13T15 54.8+3.2 4.68 0.065 11200 + 700 (1100)

2 Blank-corrected '°Be concentrations. Propagated analytical errors include the error based on counting
statistics and the error of the blank correction. °Be concentrations were measured at ETH Zurich and are
normalized to the secondary standard S2007N with a nominal '°Be/’Be ratio of 28.1 x 10°'? (Kubik and
Christl, 2010), considering the '°Be half-life of 1.387 £ 0.012 Ma (Chmeleff et al., 2010; Korschinek et
al., 2010). The secondary standard has been calibrated to the primary standard ICN 01-5-1 (Nishiizumi et
al., 2007; Kubik and Christl, 2010). Note that the secondary standard S2007N is identical to the 07KNSTD
standardization.

b These are local, depth-averaged production rates, which consider sample thickness and topographic
shielding.

°© The !"Be exposure ages were calculated with the CRONUScalc online calculator
(http://webl.ittc.ku.edu:8888/2.0; version 2.0; Marrero et al., 2016) using the time-dependent scaling
model of Lal (1991) — Stone (2000). The internal errors of the exposure ages are based on the analytical
uncertainty only. The total uncertainties provided by CRONUScalc also include the uncertainty of the local
19Be production rate and are given in parentheses (Marrero et al., 2016; Phillips et al., 2016). The 2.7% error
of the secondary AMS standard S2007N relative to the primary standard ICN-01-5-1 (Kubik and Christl,
2010) is not included in these uncertainties.



Table A.1
3He exposure ages? for two different scaling-models. Error limits are 1o.

Lal (1991) — Stone (2000)

Sample time-dependent Lm® Lifton et al. (2014) LSD*¢
[a] [a]

13T2 670 + 390 (390) 740 £+ 430 (450)
13T3 1530 + 240 (290) 1800 =370 (500)
13T6 2610 + 340 (430) 3000 + 430 (610)
13T7 3340 + 230 (420) 3850 £ 260 (640)
1379 880 + 210 (240) 960 + 250 (290)
13T12 13100 + 700 (1600) 15000 + 670 (2300)
13T14 2520 + 350 (440) 2970 £+ 470 (650)

2 The 3He exposure ages were calculated with the CRONUScalc online calcu-
lator (http://webl.ittc.ku.edu:8888/2.0; version 2.0; Marrero et al., 2016) us-
ing two different scaling models. The internal errors of the exposure ages are
based on the analytical uncertainty only. The total uncertainties provided by
CRONUScalc also include the uncertainty of the local *He production rate
and are given in parentheses (Marrero et al., 2016; Phillips et al., 2016).

® The Lal (1991) — Stone (2000) time-dependent scaling model is referred
to as the “Lm model” in section 5 and the CRONUScalc online calculator.

¢ The time-dependent scaling model of Lifton et al. (2014) is referred to as

“LSD model” in section 5. The LSD scaling model has the abbreviation
“Sf” in CRONUScalc (Marrero et al., 2016).



Table A.2
10Be exposure ages? for two different scaling-models. Error limits are 1o.

Lal (1991) — Stone (2000)

Sample time-dependent Lm® Lifton et al. (2014) LSD*¢
[a] [a]

13T4a 1840 + 340 (370) 2160 £ 450 (490)

13T4b 2860 + 320 (390) 3360 £ 380 (460)

13T5 2600 + 240 (300) 2930 + 270 (360)

13T15 11200 + 700 (1100) 12900 + 740 (1300)

@ The ""Be exposure ages were calculated with the CRONUScalc online
calculator (http://webl.ittc.ku.edu:8888/2.0; version 2.0; Marrero et al.,
2016) using two different scaling models. The internal errors of the exposure
ages are based on the analytical uncertainty only. The total uncertainties
provided by CRONUScalc also include the uncertainty of the local '°Be
production rate and are given in parentheses (Marrero et al., 2016; Phillips et
al.,, 2016). The 2.7% error of the secondary AMS standard S2007N
relative to the primary standard ICN-01-5-1 (Kubik and Christl, 2010) is
not included in these uncertainties.

® The Lal (1991) — Stone (2000) time-dependent scaling model is referred
to as the “Lm model” in section 5 and the CRONUScalc online calculator.
¢ The time-dependent scaling model of Lifton et al. (2014) is referred to as

“LSD model” in section 5. The LSD scaling model has the abbreviation
“Sf” in CRONUScalc (Marrero et al., 2016).
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Fig. 1. (a) Map of the Aegean region — including Western Turkey — located in the back-
arc of the Hellenic subduction zone. Black rectangle indicates the area shown in Fig.
1b. BMG denotes the Buyik Menderes graben. (b) Map showing the location of the
Kula volcanic field north of the Gediz graben. Black rectangle indicates the area shown

in Fig. 2.
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Fig. 2. Shaded relief image of the Kula volcanic field with sampling locations. The lava
flows and cinder cones comprise three eruption phases, 2 to 4. With the exception
of one sample from Cakallar Tepe and a sample from a 33 basalt flow near Yenikdy, all
samples were collected from 4 flows and cinder cones. Lava flows belonging to the
oldest 32 group form plateaus that have been incised by the Gediz River and its
tributaries.



Heineke et al., Fig. 3

Fig. 3. Photographs of some of the sampling sites and samples (for locations see Fig. 2). (a)
Angular augen gneiss xenolith (sample 13T4) at the surface of a 15-km-long block lava flow in
the western part of the volcanic field. (b) Smooth, moss-covered surface of the same flow at
the sampling site of 13T14. Note the preservation of the wavy surface texture, which indicates
that erosion is negligible. (c) Well preserved flow feature indicating negligible surface erosion
at the sampling site of 13T7. Note that the sampled surface is covered by a thin veneer of gray
moss. (d) Sample 13T5 is a rounded metasedimentary xenolith found at the top of a cinder
cone west of Sandal village. The moss-covered xenolith was firmly cemented to the tuff depo-
sits underneath. (e) Large basalt block on the upper slope of the cone near Sandal village.
Sample 13T6 was collected from the dark, moss-covered surface beneath the hammer. The
lighter color of the surface in the foreground (which is overcast by a thinner coating of
light-green lichen and dark moss) provides evidence for minor spallation at this part. (f) Fossil
human footprints in volcanic ash deposits ~500 m west of the Cakallar Tepe cinder cone. Pho-
tograph courtesy of the Kula Municipality.
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Fig. 4. Simplified map of the Kula volcanic field with sampling locations and 3He and
10Be exposure ages. All lava flows and cinder cones sampled are indicated in gray.
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