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Human footprints in hydrovolcanic ash near Cakallar volcano (Kula, Western Turkey) were discovered in
1968. A nearby pictograph interpreted as depicting Cakallar volcano would define it as the oldest site
where humans demonstrably eye-witnessed a volcanic eruption and possibly artistically recorded it.
Despite Cakallar's volcanological and cultural importance, its eruption age has remained controversial.
Here, two independent dating methods, cosmogenic *6Cl and combined U-Pb and (U-Th)/He zircon (ZDD)
geochronology, yielded the first internally consistent eruption ages controlled by detailed volcanos-
tratigraphic mapping. Concordant 36Cl ages of 4.7 + 0.6 ka (errors 1) were obtained for a cone-breaching

s\zgggsfurkey lava flow. ZDD ages for crustal xenoliths from scoria deposits directly overlying the footprints yielded an
Anatolia age of 4.7+0.7 ka. This firmly places the Cakallar eruption and prehistoric human footprints, and
UNESCO global geopark plausibly the rock art, into the Bronze Age, reinforcing the notion that prehistoric artwork recorded
Salihli natural events.

Petrographs © 2019 Elsevier Ltd. All rights reserved.

Human footprints
Rock painting

1. Introduction

Hominid footprints are rare trace fossils providing unique con-
straints on human evolution and prehistory. Worldwide, about 18%
of all documented hominid footprints are preserved on surfaces of
volcanogenic deposits (Lockley et al., 2008). These ichnofossils have
revealed important details about human presence and societal
resilience in regions prone to volcanic disasters. During construc-
tion of the Demirkoprii dam near Sindel village (Salihli district,
Manisa, Turkey; Fig. 1) in the 1960's, workers excavating scoria
from one of Kula's volcanoes noticed human footprints, which were
exceptionally well preserved in fine-grained volcanic ash (Barnaby,
1975; Yalcinlar, 1987; Kayan, 1992). These footprints, which are
now widely known as the “Kula footprints”, occur in a beige colored
~6 cm thick hydrovolcanic (phreatomagmatic) ash layer (Fig. 2)
deposited onto an erosional surface of gneissic country rock. The
ash was immediately buried by scoria, thus preserving the foot-
prints. Depths of human footprints reach up to ~3cm, and
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displacement bulges around their margins protrude at centimeter-
scales, indicating that the ash was wet and coherent (e.g., Marty
et al., 20009, Fig. 2). Lateral dimensions are 27 cm from toe to heel
and 10 cm wide (as measured by us for the Hacettepe University
specimen; Fig. 2a), but different foot sizes indicating multiple in-
dividuals have been identified (Tekkaya, 1976; Yalcinlar, 1987).
Small prints potentially indicate the use of staffs, and Canis species
traces exist alongside human footprints (Yalcinlar, 1987; Akdeniz,
2011).

Approximately 2 km from the footprint site, a pictograph in a
sheltered location between gneissic boulders (Fig. 3a) has long
been known by local villagers as Kanlitas (bloody rock), but was only
recently described in the scientific literature after reports emerged
in the internet (Akal et al., 2009; Akdeniz, 2011). It was interpreted
to depict the erupting Cakallar cone (Akdeniz, 2011). Enhanced
images of the painting reveal an upwards narrowing cone with a
circle drawn on its top with several dots inside flanked by two
subvertical lines (Fig. 3). A thick line of about the same length as the
cone is drawn near its bottom. Three hand marks without thumb
and forefinger are located above the cone (Fig. 3). Because of un-
equivocal evidence from the footprints that humans witnessed a
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Fig. 1. Location of the Kula Volcanic Field. Map showing basaltic cover from older to younger effusive stages over hillshade topography (ALOS PALSAR Digital Elevation Model - ©
JAXA/METI, 2006 derived - ASF DAAC, 2016) based on the geological map of $en (2002) and $en et al. (2014). Hillshade illumination is from the southeast. Coord. Sys. UTM, datum:
ED1950. Inset shows the study location within Anatolia. Inset satellite image is a MODIS Global Composite (NASA, 2008). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

volcanic eruption, this pictograph is uniquely significant among
several prehistoric art pieces interpreted to illustrate an erupting
volcano (e.g., Mellaart, 1964; Karakhanian et al., 2002; Nomade
et al.,, 2016).

Discovery of the Kula footprints triggered frequent attempts to
determine their age, starting immediately after the footprints were
first unearthed. However, in addition to the difficulties of dating
young basalts, these earlier dating attempts generally lacked
detailed mapping to place geochronological data into a strati-
graphic context. To amend this, we established a firm volcanos-
tratigraphy and integrated it with newly generated radiometric
ages using two independent state-of-the-art methods for dating
young volcanic rocks, combined U-Pb and (U-Th)/He zircon
geochronology (ZDD; zircon double-dating) and cosmogenic 3Cl
dating. Although it is obvious that U-Pb zircon dating of
volcanically-heated basement xenoliths cannot reveal eruption
ages due to the slow diffusion of Pb in zircon, we show that Pb-
mobilization from the outermost crystal rims occurred during
pyrometamorphism. This aids in the interpretation of (U-Th)/He
zircon ages.

1.1. Geological evolution of the Cakallar volcanism

The Kula volcanic field in western Anatolia is a Quaternary
basaltic volcanic field with remarkably well exposed youthful vol-
canic structures. The ‘Burned Lands’ of Kula (Katakekaumene ac-
cording to Strabo; a famous Greek geographer, philosopher, and
historian who lived in Anatolia during 64 or 63 BC to c. AD 24; Radt,
2004), based on their geologic and cultural importance, were
designated a United Nations Educational, Scientific and Cultural
Organization (UNESCO) Geopark in 2013. Cakallar volcano, ichno-
fossils and Kanlitas paintings are Earth heritage monuments of
international importance and are recognized as Geosite by the
UNESCO to be protected and promoted due to their outstanding
scientific, educational and aesthetic value (Gumus, 2014).

Previous work has subdivided the volcanic evolution of the Kula
volcanic field into three explosive (Strombolian) and effusive
eruptive stages: f2 (ca. 2 - 1 Ma), B3 (ca. 300—50 ka) and the most
recent, p4 (<25 ka; Fig. 1; Hamilton and Strickland, 1841;
Washington, 1893; Ering, 1970; Bunbury et al., 2001; Westaway
et al, 2004, 2006). Because of the youthfulness of Cakallar vol-
cano (stage P4), it is reasonably assumed that the pre-eruptive
surface morphology and geology was very similar to today's,
which consists of eroded gneiss boulders and surfaces with alluvial
channel-fill and terraces. Drainage channels typically cut into
bedrock, which is partly covered by soil with up to decimeter-scale
thickness. Our mapping indicates that Cakallar volcanism started
with a hydrovolcanic eruption producing an ash layer covering an
area of approximately 1 km radius (Fig. 4). The hydrovolcanic ash
layer directly mantles the topography and covers pre-volcanic
gneiss and soil surfaces (Fig. 5a and b). The thickness of the ash
layer ranges from 40 cm in proximal outcrops (Fig. 5c¢) to 1 cmat
distal locations, with footprints being located within the ash layer
where it is 1—7 cm thick (Fig. 2). The isopach map (Fig. 6) illustrates
that the thickness of the ash layer increases southeast of Cakallar
cone with a likely eruption center located in the south-central part
of a small ridge, which is now a peninsula in the modern Demi-
rkoprii dam lake. In proximal locations with thicknesses >20 cm,
the ash layer is normally graded with accretionary lapilli in the
lower levels grading upwards into ash (Fig. 5c). In proximal and
medial outcrops, the upper levels of the ash are generally laminated
(Fig. 5a, c), probably indicating pulsating eruption bursts. In a
groundmass composed of glass shards, the ash contains fresh cli-
nopyroxene, plagioclase, amphibole, and olivine similar to those of
B3 and B4 basalts of Kula. Xenocrysts of quartz, muscovite and rare
sapphirine derived from the metamorphic basement are minor
components.

Soon after the emplacement of the hydrovolcanic ash, con-
struction of scoria cones began in the order of CO, C1, C2, C3 and C4
(Figs. 4, 5d and 6), suggesting that the vent system changed to drier
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Fig. 2. Kula footprints on the hydrovolcanic (phreatomagmatic) ash layer. a) Digital surface model derived from the footprint track sample using the Structure from Motion/Multi-
view Stereo-photogrammetry (SfM-MVS) method, b) in-situ footprint within thin (<3 cm) ash layer, with the print penetrating into the underlying soil layer, c) unidentified track,
possibly partial footprint or animal trace. Displacement bulges (db) around the footprints due to the pressure applied on the wet ash are indicated. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

conditions. The broad alignment of these cones (Fig. 4) is in
accordance with the NW-SE directed main faults and lineaments in
the Kula basaltic volcanic field and the southern graben system
(Ering, 1970; Sen et al., 2014). Contacts between the ash layer and
overlying basaltic scoria are always sharp without reworking
(Fig. 5a and b), indicating continuous eruptive emplacement. The
tallest of the five scoria cones is Cakallar (C2) (Fig. 5d), which is the
source for extensive scoria deposits (dark gray in geological map:
Fig. 4) in addition to coarse (1—1.5m) bombs/blocks with sag-
structures in proximal locations. Its eastern rim was breached
during construction by basaltic lava flowing eastward from the
crater (Figs. 4 and 5d). The lava flow is massive, roughly columnar
jointed in its lower reaches, and more vesicular, brecciated, and aa-
like towards the top (Fig. 5e). A thin scoria cover is locally preserved
on the aa-like surface of lava flows (Fig. 5f), indicating synchronous
Strombolian and effusive activity. The lower flanks of C1 are locally
overlain by proximal deposits of Cakallar cone (C2) whereas cone
C3 is built on the northern rim of Cakallar cone, and overlies its
deposits locally. Strombolian activity ended with four small spatter
cones (C4) scattered mostly to the E and NE of Cakallar (Fig. 4) with
C3 and (4 Strombolian deposits overlying the lava flow. The east-
ernmost scoria cone CO is older than C2 because the lava onlaps
onto CO scoria deposits (Figs. 4 and 5g).

The emplacement of Cakallar cones and lava modified the local
drainage patterns and caused damming of the Kolcu and Degirmen

streams (Fig. 4) to the W and NW of Cakallar where alluvial deposits
formed (Kayan, 1992; this study). Degirmen stream was subse-
quently diverted northward where it locally breached the scoria
deposits prior to its confluence with the Kolcu stream. Kolcu stream
follows the northern edge of the lava flow until it enters the
modern Demirkoprii dam lake, which now fills the alluvial plain of
the Gediz River. Regarding the pre-eruptive morphology and the
generally W-E drainage pattern of Gediz River tributaries, it is
plausible that both Kolcu and Degirmen streams once drained into
wetlands where Cakallar cone erupted (Figs. 4 and 6). This might
have contributed to the initial hydrovolcanic eruption.

2. Methods
2.1. Previous ages and new dating methodology

The earliest age assessment of Cakallar volcanism shortly after
discovery of the footprints was based on regional terrace geo-
morphology and yielded an age of ca. 250 ka (Ozansoy, 1968).
Therefore, earlier researchers misinterpreted the tracks as foot-
prints of Homo neanderthalensis. However, correlations between
Anatolian and European Pleistocene terraces were erroneous, and
following careful geomorphological observations and geological
mapping, the age of Cakallar volcanism was revised to between ca.
10 and 2 ka (Ering, 1970). Sanver (1968) determined that the



190 I. Ulusoy et al. / Quaternary Science Reviews 212 (2019) 187—198

Fig. 3. Kanlitas rock pictograph near Gakallar volcano. a) Rock shelter and the painting on the downward sloping rock face with volcanologist nearby, b) direct view of the rock
painting in true color, c) color-enhanced version of the rock painting generated by saturation stretch. The enhanced image clarifies the cone shaped feature, the lower elongated
thick line, the three-fingered handmarks and other details, d) reconstructed version of the painting for clarification. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 4. Detailed geological map of the Cakallar volcano on the modern peninsula in Demirképrii dam lake. Sample locations are indicated on the map. Coord. Sys. UTM, datum:
EU1950. Background topography is an ALOS PALSAR Digital Elevation Model (° JAXA/METI, 2006 - ASF DAAC, 2016) derived hillshade. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

youngest basaltic scoria cones and lava flows at Kula are geomag-
netically normal and thus broadly of Late Pleistocene-Holocene age
(cf. Tekkaya, 1976). Based on these dates and a careful study of
footprint morphology, consensus emerged that the footprints
belong to Homo sapiens (Yalcinlar, 1987; Kayan, 1992; Tekkaya,
1976). Thermoluminescence dating of the Cakallar volcanic
sequence yielded dates of 65.0+7.8 ka (bottom of ash layer),
49.0 +4.8 ka (hornblende from the top of the ash layer), and
26.0+£5.2 ka (scoria above the ash layer) (Goksu, 1977, 1980).
Although seemingly stratigraphically consistent, the ca. 16 ka age

difference between top and bottom of a single, thin hydrovolcanic
ash layer is implausible in terms of eruption dynamics (Kayan,
1992; Heineke et al, 2016; Westaway et al., 2004). Recently,
Heineke et al. (2016) targeted a metasedimentary block on top of
Cakallar scoria cone for cosmogenic '°Be dating and determined an
exposure age of 11.2 + 1.1 ka. Intriguingly, they report even younger
ages for other ‘stage B4’ volcanoes at Kula (Heineke et al., 2016).
Here, we place new radiometric age determinations into a
volcano-stratigraphic context based on detailed geological map-
ping (Fig. 4). This includes isopach mapping of the ash layer hosting
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Fig. 5. Field pictures of Cakallar volcano. a) laminated ash layer at medial distance from the vent deposited onto gneiss surface and overlain by loose scoria deposits, b) lapilli-
bearing ash directly underlying scoria of the main Cakallar cone, c) proximal ash deposit with normal grading from lapilli to ash and laminated upper layers, d) overview of
the Cakallar cone, smaller cones and the lava flow in the south central part of the peninsula, e) northern edge of the cone-breaching basaltic lava flow with a massive, roughly
columnar jointed lower part and vesicular, aa-like upper part, f) scoria cover on the breaching lava surface, g) the same lava flow onlapping on scoria cone CO.

the footprints to locate the eruption center of the hydrovolcanic
activity.

Six samples were dated using the cosmogenic 3°Cl surface
exposure dating method, providing the time-span that the rock
samples were exposed to cosmic radiation on the surface. Three of
them are from proximal crater-rim agglutinates, which comprise
volcanic bombs/blocks and scoria ejected from the crater (Fig. 4:
KUL-05, KUL-06 and KUL-07). This is also the location where
Heineke et al. (2016) collected a metasedimentary block from the
same pyroclastic agglutinate deposit. Three other samples for sur-
face exposure dating were collected from the lava flow extending
eastward from the breached Cakallar scoria cone (Fig. 4: KUL-08,
KUL-09 and KUL-10).

Three gneissic xenoliths for zircon geochronology were
collected from distal scoria fallout deposits which directly cover the
ash layer in close proximity of the footprint site southwest of the
main Cakallar cone (Fig. 4: KUL-01, KUL-03 and KUL-04). These
~5—10 cm (in diameter) xenoliths are friable with a glassy matrix,
which provides evidence for partial melting in contact with the
basaltic magma. They also preserve weak banding, indicating a
gneissic protolith consistent with local basement outcrops. Zircon
crystals extracted from the xenoliths were dated by the ZDD
method (Danisik et al.,, 2017a) in order to determine the age of
eruption. This approach assumes that the (U-Th)/He system in the
xenolithic zircons was completely reset (i.e., experienced

protracted temperatures of >180—200°C, Reiners et al., 2004)
during the eruption. In addition, a sample of local stream sediment
(13T13; courtesy R. Hetzel), which unlike the xenoliths was not
affected by volcanic heating, was analyzed for comparison because
it provides a broad overview of zircon ages from the regional
basement rocks that are the source for the xenoliths.

2.2. Determination of 3°Cl surface exposure ages

Surface exposure ages represent the end of scoria cone/lava
emplacement, and thus the timing of volcanic activity. The top few
cm of crater rim agglutinate and lava were removed using hammer
and chisel to obtain 400—500 g sample. Sample preparation for
exposure dating was conducted at Istanbul Technical University
according to the procedures described in Sarikaya (2009). Rock
samples were crushed and ground to the size fraction of
0.25—1 mm. The samples were leached with dilute nitric acid (10%)
to remove any meteoric chlorine and any secondary carbonates
present, then chlorine was liberated from the rock matrix by dis-
solving the sample (~5g) in a mixture of hydrofluoric and nitric
acids in pressure digestion vessels (Parr #4748) at 130°C for 6 h.
35C1 (99.7%) enriched Aldrich carrier was added to the samples and
chlorine was precipitated by adding AgNOs. Sulfur (including any
365) was removed from the samples by repeated precipitation as
BaS0Og4. The Cl isotope ratios were measured at ASTER AMS, France.
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Fig. 6. Isopach map of Cakallar hydrovolcanic ash layer. Numbers indicate corresponding ash thickness in centimeters. Background Google Earth imagery (Map data: Google, CNES/
Airbus image, imagery date: 21 August 2016 - image courtesy of Google Earth™ mapping service, ©2017 Google LLC, used with permission. Google and the Google logo are
registered trademarks of Google LLC.) draped over ALOS PALSAR Digital Elevation Model (° JAXA/METI, 2006 - ASF DAAC, 2016) derived hillshade image. Coord. Sys. UTM, datum:
ED1950. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1

Cosmogenic *°Cl and combined U-Pb and (U-Th)/He zircon geochronology results, sample locations and properties.

Surface exposure ages

Sample  Latitude Longitude  GPS Landform / Sample Rock Topographic Without erosion  Erosion corrected
ID (WGS84) (WGS84) Elevation  Sample thickness  density shielding factor  correction (5 mm ka™')
°N (DD) °E (DD) (m) (cm) (g cm) (ka) (ka)
Cosmogenic *°Cl  KUL-05 38.65019 2833906 376 C2 crater rim 8 2.6 1 79+ 1.1 75+ 10
KUL-06 38.65132 28.33881 369 C2 crater rim 6 2.6 1 49+ 1.0 4.7 +1.0
KUL-07 38.65174 2833910 383 C2 crater rim 5 3 1 114 21 106 + 1.9
KUL-08 38.65049 2834384 257 lava flow 4 2.6 0.9974 41 +0.9 39+09
KUL-09 38.65242 28.35011 247 lava flow 5 2.6 0.9996 56+ 1.2 53+ 1.1
KUL-10  38.65020 28.34844 245 lava flow 7 2.6 0.9998 57+12 54+12
Sample Latitude Longitude (WGS84) GPS Landform / Single crystal Number MSWD (U-Th)/He age,
ID (WGS84) Elevation Sample (U-Th)/He ages of grains weighted average
range
°N (DD) °E (DD) (m) (ka) (ka)
ZDD KUL-01 38.65002 28.33607 302 Xenolith from distal 3.8-51.2 16 n.a. na.
KUL-03 scoria fallout 5.2 - 360.7 18 na. na.
KUL-04 34-10.9 10 0.3 4.7 +0.7

n.a. = not applicable because of incomplete degassing.
MSWD = mean square weighted deviation.
ZDD = combined U-Pb and (U-Th)/He zircon geochronology (zircon double-dating).

A laboratory-blank correction was also applied. Major and trace
elements were measured at Activation Laboratories, Inc., Canada
(Supplementary Table 1). Rock densities were measured by gravi-
metric methods at the Hacettepe University.

Cosmogenic 26Cl production rates (Marrero et al, 2016)
[56.3 + 4.6 atoms >°Cl (g Ca)~! a~! for Ca spallation, 153 + 12 atoms
36C] (g K)~' a~! for K spallation, 13 + 3 atoms 6Cl (g Ti)~!' a~! for Ti
spallation, 1.9 + 0.2 atoms °Cl (g Fe)~! a~! for Fe spallation and
743 + 179 neutrons (g air)~! a~!] were scaled following the time-
dependent Lifton-Sato-Dunai method (the so-called “LSD” or “SF”

scaling, Lifton et al., 2014). Production due to thermal neutron
capture of 3°Cl is responsible for 70—80% production of 36Cl in the
samples, with lesser contributions from spallation and negative
muon capture by “°Ca (8—14%) and by 3°K (10—13%). In-situ 36Cl is
also produced as a result of the capture by 3°Cl of low-energy
neutrons which are generated during the decay of U and Th (non-
cosmogenic). The nucleogenic 36Cl production (1.0—1.4% of total
production) is calculated according to Fabryka-Martin (1988).
Topographic shielding corrections were made by taking incli-
nation measurements of the horizon at each sample location in 45°
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increments from the north using a hand-held inclinometer and
compass, and also by measurements of the surface dip angle (Gosse
and Phillips, 2001). Snow corrections were not applied to our
samples due to the climactic condition of the region and the low
elevation of the sample sites. According to the Meteorological
Survey of Turkey, the number of snow-covered days in the study
area was about 4 days between 1970 and 2017. We assume a similar
climate regime for the Middle Holocene as today (Robinson et al.,
2006), as 5'80 and 5'3C values for Lake Golhisar (200 km south of
the study area) indicate generally drier conditions for the second
half of the Holocene than in the period before 5.1 ka (Eastwood
et al., 2007). Furthermore, during the Late Holocene (1.5 + 1.0 ka
ago), Jones et al. (2007) reported that precipitation totals in Eski
Acigol (central Turkey) approached modern values with deviations
ranging between 12% wetter and 13% drier than today. Moreover, as
a sampling strategy, we preferred to sample from the highest flat
surfaces on the crater rim and lava flows where snow accumulation
is mitigated by wind exposure. The MS Excel spreadsheet of
Schimmelpfennig et al. (2009) was used to calculate exposure ages.
Correction on nucleogenic 3°Cl disequilibrium conditions resulting
from Cl degassing during eruption were made using a hypothetical
crystallization age (5 + 1 ka) of the minerals. Assuming a crystalli-
zation age of 10—50 ka would make ages younger by 1.1%—11.5%,
which is within stated uncertainties. An erosion correction of 5 mm
ka~! was assumed for bedrock weathering due to the low-grade
erosional features at the rock surface (few mm to 5cm). All
essential information to reproduce resultant cosmogenic ages is
presented in Table 1 and Supplementary Table 1.

2.3. Combined U-Pb and (U-Th)/He zircon (ZDD) geochronology

Zircon was separated from crushed xenoliths using standard
density and magnetic separation protocols. In addition, detrital
zircon crystals were extracted from modern stream sediment
derived from regional basement rocks using the same techniques.
Secondary Ionization Mass Spectrometry (SIMS) analyses of

pristine zircon crystal surfaces were carried out to determine U-Pb
crystallization ages, and possible disturbances of parent-daughter
relations in the U decay system for the same crystals used in sub-
sequent (U-Th)/He analysis. For this, hand-picked zircon crystals
were pressed into indium metal, and crystal rims were analyzed
following the techniques described in Schmitt et al. (2013) using
the CAMECA ims 1270 and 1280-HR ion microprobes at University
of California Los Angeles and Heidelberg University, respectively.

After SIMS analyses, zircon crystals were extracted from the
indium mount, and analyzed for (U-Th)/He at Curtin University
using analytical procedures detailed in Danisik et al. (2017a). In
brief, zircon crystals were photographed and measured for di-
mensions in order to calculate alpha-ejection correction factors
(also known as Ft-factors; Farley et al., 1996), and individually
transferred into niobium microtubes. Radiogenic “He was extracted
at ~1250°C under ultra-high vacuum using a diode laser and
analyzed on a Pfeiffer Prisma QMS-200 mass spectrometer. The
released gas was purified using a hot (~350 °C) Ti-Zr getter, spiked
with 99.9% pure >He and introduced into the mass spectrometer
next to a cold Ti-Zr getter. “He/*He ratios were measured using a
channeltron detector operated in static mode and corrected for HD,
3H and Hj interferences by monitoring mass/charge =1 u. A ‘re-
extract’ was run after each sample to verify complete outgassing of
the crystals. He gas results were blank corrected by heating empty
Nb tubes using the same procedure. Typically 10—15 blank analyses
were measured before and after each crystal measurement.

After the “He measurements, microtubes containing the crystals
were retrieved from the laser cell. Following the dissolution pro-
cedure (Evans et al., 2005), the samples were spiked with 23U and
230Th and dissolved in Parr bombs using HF, HNO3 and HCL. Sample,
blank and spiked standard solutions were analyzed for 238U, 23°Th
and "¥’Sm on an Agilent 7500 ICP-MS at TSW Analytical Ltd (Perth).
The total analytical uncertainty of uncorrected (U-Th)/He ages was
calculated by propagating uncertainties of U, Th, Sm and He mea-
surements. The uncorrected (U-Th)/He ages were corrected for
ejection of alpha particles by applying Ft-correction factors
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of this article.)

calculated after Farley et al. (1996) assuming a homogeneous dis-
tribution of U and Th. Given the difference between U-Pb and Ft-
corrected (U-Th)/He ages exceeded 1Ma, no correction for
disequilibrium was applied to the Ft-corrected (U-Th)/He ages. The
accuracy of the zircon (U-Th)/He dating procedure was monitored
by replicate analyses of Fish Canyon Tuff zircon (n = 12) measured
over the period of this study as internal standard, yielding a mean
(U-Th)/He age of 28.2 + 0.9 Ma (10), consistent with the reference
(U-Th)/He age of 28.3 + 1.3 Ma (Reiners, 2005). The eruption ages
were averaged using Isoplot 4.15 (Ludwig, 2012), weighted by the
assigned/internal errors option.

2.4. 3D stereo image modelling

One of the footprints from the collection of Hacettepe University
was photographed from multiple positions at 15.1 megapixel res-
olution and modelled in three dimensions (Fig. 2a) using a multi-
view stereophotogrammetry algorithm (SfM-MVS: Structure from
Motion/Multi-view Stereo, Ullman, 1979; Lowe, 2004). Rock
painting photographs were enhanced using a saturation stretching
algorithm (Gillespie et al., 1986; Le Quellec et al., 2013) to recon-
struct faded parts of the painting (Fig. 3c).
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Fig. 9. Box plot of ZDD geochronology results for pyrometamorphic metasedimentary
xenoliths showing a) U-Pb discordance and b) (U-Th)/He age expressed as percent He-
loss relative to an estimated regional zircon cooling age of ca. 20 Ma (e.g., Gessner
et al., 2001). Data show correlated Pb- and He-loss, indicating that zircon from sam-
ple KUL-04 experienced the highest degree of pre-eruptive “He degassing, and thus
represents the best upper limit for the Cakallar eruption age from (U-Th)/He zircon
dating. Discordance (D %) was calculated as: D (%) = (1 — Ry/Ry)x 100, with
Re=2%U/2%Pb age, Ry=2"Pb/**°Pb age when 2°’Pb/**°Pb age >500Ma, and
Ry=550Ma (the main peak in the regional detrital zircon population) when
207ph206ph age <500 Ma.

3. Geochronology results

We applied ZDD geochronology to Kula metasedimentary xe-
noliths from C2 scoria deposits, based on previous success in dating
Quaternary felsic (Schmitt et al., 2012, 2014a, 2014b; Guillou et al.,
2017; Danisik et al., 2012) and mafic eruptions (Blackburn et al.,
2007; Schmitt et al., 2013). In parallel, we carried out cosmogenic
surface exposure dating, which is well established for providing
precise ages for surfaces of basaltic lava, and in favorable cases,
pyroclastic blocks and bombs (e.g., Heineke et al., 2016; Zreda et al.,
1993; Phillips, 2003; Dunbar and Phillips, 2004; Vazquez and
Woolford, 2015). Three lava flow samples (KUL-08, KUL-09, KUL-
10) yielded closely overlapping cosmogenic >6Cl ages of 3.9 + 0.9 ka,
5.3 +1.1 ka and 5.4 + 1.2 ka (all errors stated at 1o, Table 1; Fig. 7).
One of the three bombs/blocks from the rim of the scoria cone
(KUL-06) yielded a cosmogenic 36Cl age of 4.7 + 1.0 ka that agrees
closely with the lava flow ages, whereas the ages from the other
two bombs/blocks (KUL-05, KUL-07) are older: 7.5+ 1.0 ka and
10.6 + 1.9 ka (Table 1; Fig. 7).

Single crystal zircon (U-Th)/He ages of xenoliths KUL-01 and KUL-
03 range from 3.8 to 51.2 ka (n = 16) and from 5.2 to 361 ka (n = 18),
respectively. In contrast, sample KUL-04 shows a much narrower (U-
Th)/He age distribution ranging from 3.4 to 10.9 ka (n = 10), with a
weighted average age of 4.7 + 0.7 ka and mean square of weighted
deviates (MSWD) of 0.30, indicating at high confidence a single age
population (Table 1; Supplementary Table 2; Fig. 7).

238J/296pp zircon rim ages for all xenolith samples are often
discordant and variable with ranges of ca. 2.2—534 Ma (KUL-01),
1.8—1292 Ma (KUL-03), and 2.4—141 Ma (KUL-04), significantly
predating the (U-Th)/He ages. Age discordance is highest in KUL-04
(91-99%), whereas many grains in KUL-01 and KUL-03 are
concordant or show only moderate discordance (Fig. 8a). Detrital
zircon weathered from local metasediments was analyzed for
comparison (sample 13T13) and yielded generally concordant
2384/2%6pp rim ages between 64 and 701Ma; only one grain
showed discordance of ca. 83% (Fig. 8b; Supplementary Table 3). For



196 I. Ulusoy et al. / Quaternary Science Reviews 212 (2019) 187—198

many young (Cenozoic) ages, degrees of discordance are difficult to
assess because of the comparatively large uncertainties of
235y/207pp ages, but the relative scarcity of young rims in the
detrital 233U/?%6pb zircon age distribution compared to xenolith
zircon rims underscores that zircon discordance and Pb-loss is a
consequence of pyrometamorphism when xenoliths were heated
by basaltic magma. Pb-diffusion is exceedingly slow in crystalline
zircon even at magmatic temperatures (Cherniak and Watson,
2001). The observed significant Pb-loss from the outermost crys-
tal rims during a brief heating interval therefore requires fast
diffusion which is characteristic for metamict zircon (Cherniak and
Watson, 2001).

4. Discussions and conclusions

4.1. Significance of ZDD and cosmogenic surface exposure age
results

The thermal history of crustal xenoliths depends on the timing
of entrapment into basaltic magma and subsequent eruptive
cooling. Whereas eruptive cooling was equally rapid for all xeno-
liths sampled here because of their close proximity in the outcrop,
the duration of pre-eruptive heating was likely different. There is
also the possibility of thermal gradients within xenoliths of
different sizes if the heating duration was brief, and variable He
retentivity in zircon depending on accumulated radiation damage
(Reiners, 2005; Hourigan et al., 2005; Blondes et al., 2007; Danisik
et al., 2017b). However, xenolith clast-sizes were similar (5—10 cm
in diameter), as expected for a well-sorted fall-out deposit. Given
the high dispersion of (U-Th)/He ages and generally moderate de-
grees of U-Pb discordance (Figs. 7—9) we thus interpret samples
KUL-01 and KUL-03 to have experienced brief heating and thus
incomplete resetting of the (U-Th)/He system in many zircon
crystals. By contrast, (U-Th)/He ages for KUL-04 form a tight cluster
with a limited spread that can be solely attributed to analytical
error (Figs. 8 and 9). This interpretation is supported by highly
discordant U-Pb zircon rim ages for KUL-04, suggesting significant
post-crystallization Pb-loss, and by proxy more efficient He-loss
because of the higher diffusivity of He relative to Pb (Fig. 9) indi-
cated by experimental diffusion data (Reiners et al., 2004). Based on
these two independent strands of evidence for mobilization of He
and Pb, we interpret KUL-04 as the xenolith with the most efficient
heating that fully reset the (U-Th)/He system in all zircon crystals,
and consequently its (U-Th)/He age of 4.7 + 0.7 ka as being closest
to the eruption age. Equally young, apparently fully reset zircon (U-
Th)/He ages exist in samples KUL-01 and KUL-03 (Fig. 7: orange
crosses; Supplementary Table 2), but the majority of zircon crystals
in those samples retained small amounts of inherited “He.

Cosmogenic 6Cl ages for the cone breaching basaltic lava flow
(KUL-08, KUL-09, KUL-10) reproduced excellently, yielding a
weighted average age of 4.7 + 0.6 ka (Fig. 7). Our field data un-
equivocally indicate that cone construction and lava outflow were
synchronous. Cosmogenic nuclide ages obtained on lava flow sur-
faces thus indirectly date burial of the hydrovolcanic ash sur-
rounding the Cakallar cone (Fig. 5). Exposure ages for basaltic
blocks/bombs (this study) and an accidental metasedimentary
lithic clast (Heineke et al., 2016) from Cakallar pyroclastic deposits
tend to predate cosmogenic 36Cl ages for lava surface samples, with
the exception of sample KUL-06, which is concordant with the lava
361 ages. The discrepancy between older cosmogenic nuclide ages
for (some) pyroclastic blocks/bombs and lithics on one hand, and
younger cosmogenic nuclide ages for the lava flow and the (U-Th)/
He ages of KUL-04 on the other hand can be resolved based on
geologic observations: Firstly, field relations demonstrate coeval
cone and lava flow formation, which rules out a temporal hiatus.

Secondly, there is no evidence for significant erosion or burial of the
basalt flow, and the exposure ages are therefore considered reliable
estimates for the eruption age. Thirdly, the sample with the oldest
cosmogenic 36Cl age of 10.6 + 1.3 ka (KUL-07) is from an ~40 cm
diameter basalt block, which is distinctively rounded and denser
than other Cakallar bombs. This strongly suggests that KUL-07
represents an accidental block, which was possibly derived from
local older, now hidden, basaltic deposits (cf. Fig. 4; Kayan, 1992) or
more likely from reworking of older deposits outcropping upstream
Gediz River (Fig. 1). This could also be the case for sample KUL-05,
although individual age uncertainties overlap with those of the lava
samples. The ~20cm diameter metasedimentary xenolith in
Heineke et al. (2016) with an 11.2 + 1.1 ka cosmogenic '°Be age was
also described as rounded. It was noted that the metasedimentary
xenolith is more fine-grained than augen gneiss in the vicinity of
Cakallar cone, and therefore argued for vertical transport within
the magma conduit (Heineke et al., 2016). By the same token, the
lithologic difference could also indicate lateral transport, which is
consistent with abundant allochthonous gabbro and schist boul-
ders in nearby streambeds. If these lithics are accidental detritus,
they would have been exposed to cosmic radiation prior to erup-
tion, and thus would yield erroneously old eruption ages. We
therefore interpret the weighted average age from (U-Th)/He zircon
and cosmogenic 36Cl geochronology of 4.7 + 0.5 ka as the currently
most consistent eruption age constraint for Cakallar volcano, in
agreement with the generally late Holocene age range determined
for other B4 basaltic scoria cones and lava flows of Kula (Heineke
et al., 2016 ; Fig. 7).

4.2. Bronze-age people witnessing the eruption

Kula footprints are one of only three examples in Anatolia where
human ichnofossils are preserved, the other two being Barcin
Hoyiik, northwest Anatolia (Ozbal and Gerritsen, 2015) and
Yenikapi harbor, Istanbul (Kiziltan and Polat, 2013). They are the
only ones found in a volcanic context. Kula footprints on site and in
museum collections are similar to modern human footprints on
wet beach sand (Kayan, 1992). Their formation appears to be very
similar to the Ka'u Desert footprints of Hawaii, which are also
preserved in hydrovolcanic ash (Moniz-Nakamura, 2009). Although
previous researchers have argued that the ash layer was wet due to
rainfall during eruption (Barnaby, 1975; Tekkaya, 1976), raindrop
impressions or rills are absent in the ash (Kayan, 1992; this study).
We therefore argue for a hydrovolcanic eruption mechanism
providing the humidity that generated sufficient coherence to
preserve sharp prints in a wet pyroclastic surge deposit. The hy-
pothesis that individuals were running away from the eruption
(Barnaby, 1975) is dismissed based on footstep distances between
75 and 80 cm indicating normal walking speed rather than running
(Yalcinlar, 1987; Kayan, 1992; Tekkaya, 1976; Akdeniz, 2011). Our
observations confirm that the traces show a walking direction from
west to east towards the Cakallar cone (Yalginlar, 1987; Kayan,
1992). This may indicate a brief hiatus after ash deposition which
was long enough for humans to approach the volcano after its
initial outburst.

Despite their proximity, it currently remains unresolved
whether there is a genetic link between the human footprints and
the Kanlitas rock shelter painting (Akdeniz, 2011). Prehistoric pet-
rographs and petroglyphs abound throughout Western Anatolia
(e.g., Latmos-Aydin, Peschlow-Bindokat and Gerber, 2012; Konakli-
izmir, Akdeniz, 2011; Cavdarhisar-Kiitahya, Somuncuoglu, 2007),
but the cone-circle motive at Kanlitas (Fig. 3) appears to be unique.
Although hand-like patterns (Fig. 3) are also common in petro-
graphs at Late Neolithic to Early Chalcolithic Latmos sites within
~150km distance from Kanlitas (Peschlow-Bindokat, 2006;
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Peschlow-Bindokat and Gerber, 2012), this motive is not distinctive
enough for correlation (Peschlow-Bindokat, pers. comm.).

The idea that prehistoric humans depicted volcanic eruptions as
awe-inspiring natural events has been proposed for several sites
worldwide (e.g., Hasandag, Central Anatolia, Turkey, Mellaart, 1964
and discussion in Schmitt et al., 2014b; Chauvet-Pont d’Arc, Arde-
che, France, Nomade et al., 2016; Porak volcano, Syunik, Armenia,
Karakhanian et al., 2002). The Kanlitas rock painting shares some
similarities with these other prehistoric art pieces, but Cakallar-
Kanlitas is unique because of the close proximity (~2 km) between
the painting and the volcano, and the preservation of footprints
that indicates the humans witnessed the eruption. Weighing evi-
dence from the volcanologically consistent details in the painting,
we hypothesize that Bronze-age eye-witnesses of the eruption also
generated the rock art. This link between the Kanlitas painting and
the eruption remains, however, tentative until firm temporal con-
straints for the painting can be established.

Our new field observations and geochronological results
demonstrate that the eruption of the basaltic ash which hosts hu-
man and animal ichnofossils is nearly 250 ka younger than origi-
nally proposed (Ozansoy, 1968), and ca. 5 ka younger than the most
recently determined date (Heineke et al., 2016). Based on field
observations and mapping, we reconstructed a series of events
where an initial phreatomagmatic eruption from a vent location
few 100 m southwest of the main cone ejected ash-. After deposi-
tion, humans slowly moved over the wet ash blanket towards the
vent location. Volcanic activity subsequently progressed towards
dry Strombolian activity with deposition of scoria burying the ash
and preserving the footprints. Cone building, concomitant with
effusive lava outpouring, proceeded and was plausibly witnessed
by humans from a safe distance. The Kanlitas rock painting ~2 km
from the footprints site is tentatively interpreted as depicting the
erupting Cakallar cone and its associated lava flow, which makes it
the only candidate for a Prehistoric depiction of a volcano for which
human presence during the eruption can be unequivocally
demonstrated.
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