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Abstract
The soilscapes along the southern and western coast of Crete (Greece) are dominated by coarse-grained reddish-brown slope 
sediments whose natural (pre-anthropogenic) configuration and properties are difficult to reconstruct due to the long history of 
intense land use. As a consequence, datable terrestrial sediment archives of pre-anthropogenic genesis are scarce. We present 
preliminary results of a study performed on an accumulation within an alluvial fan south of Stomio Bay in southwestern 
Crete. The studied profile is located in a small depression and is composed of a sequence of sandy to silty yellowish-brown 
calcareous sediments overlying coarse-grained slope sediments, including a fossil topsoil horizon. Based on macroscopic, 
micromorphological, geochemical, geophysical and mineralogical analysis, we interpret the fine-grained sediments to have 
a local aeolian origin. OSL dating indicates a final deposition phase during the early Holocene. Considering the scarcity of 
early Holocene terrestrial archives in Crete, the analysed profile provides valuable data for the reconstruction of landscape 
dynamics and paleoecological conditions as well as soil-sediment configurations during this time period. Additional research 
is needed to address the specific source area(s) as well as the ages of the deposition of slope sediments and formation of the 
fossil topsoil.
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1  Introduction

While soils of the Mediterranean area have been extensively 
investigated (Brunnacker 1979; Durn 2003; Fedoroff and 
Courty 2013; Yaalon 1997), in the case of Crete (Greece), 
the parent materials of Holocene soils and their distribution 
among different landscape units have scarcely been exam-
ined. Generally, the current soil cover on Crete is considered 
to be the shallow remnant of formerly complete soil profiles 

that have been degraded by anthropogenic land use through-
out the last millenia (Rackham and Moody 1996) as in many 
other Mediterranean landscapes (Butzer 2005; Dusar et al. 
2011). A few publications address the distribution and prop-
erties of soils on Crete (Boix et al. 1995; Lydakis-Simantiris 
et al. 2005; Moraetis et al. 2006, 2015; Nevros and Zvorykin 
1939; Yassoglou et al. 2017), while many studies focused 
on geomorphological-sedimentological aspects (Poser 1957; 
Hempel 1991; Mouslopoulou et al. 2017; Pope et al. 2016; 
Scheffers and Scheffers 2007; Werner et al. 2019) and geoar-
chaeological questions (Morris 2002; Rackham and Moody 
1996; Siart 2010; Siart et al. 2010; Siart and Eitel 2013; 
Strasser et al. 2010). However, since numerical dating has 
rarely been implemented in geomorphological and pedologi-
cal studies on Crete, there is little information regarding the 
genesis and the age of soil parent materials.

Coarse-grained reddish-brown sediments have been 
identified in karstic features such as poljes and dolines 
(Egli 1993; Siart et al. 2010) in a range of altitudes from 
the coastline to the high mountains of Crete. Rivers along 
the steep southern and western coast have formed large 
alluvial fans that mostly consist of sediments rich in coarse 
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fragments, while purely fine-grained sediments are rare 
(Pope et al. 2016; Mouslopoulou et al. 2017). The develop-
ment of these alluvial fans is likely due to the steep relief, 
the long history of intensive land use and regular torrential 
runoff events. However, in major sediment sinks such as 
the Messara Plain in Central Crete or river beds along the 
less steep northern coast, fine-grained sediments are more 
frequent (Ghilardi et al. 2018, 2019). Landscapes made up 
of Tertiary marls (mostly in tectonic trenches) have been 
intensively used for agriculture for millennia and have subse-
quently been subjected to severe soil erosion. Furthermore, 
the deposition of very fine-grained brownish-red dust was 
observed by the authors on several occasions. This important 
input of North African provenance into most of Crete´s soils 
has been extensively studied and described in recent dec-
ades (Christidis et al. 2010; Pye 1992; Nihlén and Mattsson 
1989; Nihlén and Solyom 1986, 1989; Nihlén et al. 1995; 
Rapp and Nihlén 1986). Late-Quaternary slope and sediment 
dynamics in the mountain ranges and along the northern 
coast of Crete have been studied by Hempel (1982, 1984, 
1987, 1991). As a result of intensive land use since Minoan 
times, most Cretan landscapes have been severely modified, 
hindering the reconstruction of natural/pre-anthropogenic 
conditions and soil-/sediment-distribution. Existing paleo-
ecological studies (Bottema 1980; Bottema and Sarpaki 
2003; Ghilardi et al. 2018, 2019; Jouffroy-Bapicot et al. 
2016; Lespez et al. 2003; Theodorakopoulou et al. 2012) 
are mainly focused on the middle to late Holocene records 
due to the scarcity of well-preserved terrestrial deposits dat-
ing to the Pleistocene–Holocene transition.

While different geomorphological aspects of Crete have 
gained much attention, there is a research gap regarding geo-
morphological processes and paleoenvironmental conditions 
during the late Pleistocene and early Holocene. The resultant 
research gap is all the more important as studies of adjacent 
areas like the Peloponnes (Heymann et al. 2013; Weiberg 
et al. 2016) or paleoclimatic and paleoecological studies 
concerning the entire eastern Mediterranean have shown 
that the early Holocene climate was affected by strong spa-
tio–temporal variations in temperature and aridity (Dusar 
et al. 2011; Robinson et al. 2006; Roberts et al. 2011).

During a field campaign in the spring of 2019, a deposit 
of yellowish-brown well sorted fine-grained (sandy to silty) 
material was observed in a large exposure created as a result 
of the construction of a large water storage basin near the 
coastline of southwestern Crete. The profile (Chriso 1) offers 
a unique example of fine-grained deposits free of coarse 
fragments, rarely described for Crete. The sediment charac-
teristics and their stratigraphic position do not suggest the 
presence of fluvially reworked marls, but rather an aeolian 
origin.

The main research questions that we address in this study 
are as follows:

•	 Which geomorphological processes resulted in the stud-
ied sedimentary record?

•	 What are the potential source areas of the sediments?
•	 What can be deducted in regard to regional landscape and 

sediment dynamics during the early Holocene?

2 � Geographical setting

2.1 � Geological and geomorphological context 
of the Chriso 1 profile

Chriso 1 is located near the village and monastery of 
Chrisokalitissa at the southwestern tip of Crete at an alti-
tude of 95 m (measured at the base of the profile) and at a 
distance of approximately 1500 m from to the current shore-
line (see Fig. 1b).

Due to Crete´s geotectonic position at the contact of the 
African and Eurasian tectonic plates, it can be described as 
a nappe pile consisting of different sedimentary and meta-
morphic rock units, formed before and during the Alpine 
subduction and collision processes (Eocene to Early Mio-
cene) (Martha et al. 2017). The different napes are not nec-
essarily represented by the exact same geological units over 
the entire island, and their original stratigraphic positions 
in many cases have been altered as the result of tectonic 
processes (Fassoulas 2001).

The mountain ranges stretching on a north–south axis 
to the east of the coastal plain and reaching about 600 m 
a.s.l. are composed of limestones and dolomites of the 
upper Triassic (Fig. 2: Ts-Ji, k, d), a mixed formation of 
the Phyllite–Quarzite (PQ)-unit (ph/sch/mr) from the Upper 
Carboniferous and schists (“Stavros-Seli”) intercalated with 
evaporites (anhydrite-gypsum) from the Upper Triassic. 
According to the geological map 1:50 000 (IGME 2002), an 
overthrust and a fault are located very close to the sampled 
profile. About 2 km to the north of the profile, Stomio River, 
one of the largest rivers of western Crete, enters the Mediter-
ranean Sea at Stomio Bay. The river is approximately 10 km 
long and drains a watershed of about 25 km2. Its catchment 
area consists of bedrocks belonging to the mixed formation, 
the “Aghios Dikeos quartzites” and “Stavros-Seli schists” 
of the Phyllite-Quartzite-unit in the upper reaches, while 
the lower reaches are dominated by limestones, dolomites 
and evaporites belonging to the autochthonous series of the 
Upper Triassic.

The coastal plain to the north and south of Stomio Bay, 
a former marine abrasion platform (Kelletat 1979), is made 
up of marly Neogene limestones (Ng) that have been cov-
ered by large Pleistocene alluvial fans (SC-CS) (Fig. 2). 
The Chriso 1 profile is located in a small depression on 
the alluvial fan (the fan deposits are, however, not repre-
sented in the geological map at the sampling location). 
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While the coastal plain contains round karstic features, 
such as dolines and small poljes that formed through the 
dissolution of (Neogene) limestones, a topographic map 
(1:50 000) of the German Military from 1941 (Gen. St. 
d. H. Abt. f. Kr. Kart. und Verm. Wes.) depicts several 
linear drainage pathways but no circular hollows (dolines) 
for the surroundings of the profile (Fig. 3). Therefore, the 
small depression containing the sampled sediments was 
interpreted as a head of a small, dry valley developed on 
the alluvial fan. During the early 1940s, the study area was 
already under agriculture use, as documented in the map 
by several rectangular outlines of fields. The area con-
tinued to be under agriculture use at least into the 1970s, 
as could be confirmed by high-resolution declassified 
military satellite images from 1974 (KH-9 mission, Earth 
Resources Observation And Science (EROS) Center 2017, 
image not displayed).

A detailed reconstruction of the terrain surrounding the 
sampling location was limited by the construction of the 
large water storage pond. Furthermore, the area around the 
abandoned water pond has been subject to intense land lev-
elling for greenhouses, olive orchards and infrastructure, 
making the reconstruction of pre-modern, let alone pre-
anthropogenic, surface features virtually impossible.

2.2 � Quaternary deposits in the study area

Based on our field observations we have concluded that 
reddish-brown slope debris/scree, rich in coarse fragments, 
is the dominating sediment type on slopes among different 
geological units, altitudes and landscape positions along the 
mountain ranges of southern and western Crete. Our obser-
vations on Crete suggest that regolith containing consider-
able amounts of dust, represents the main parent material 
for soils on slopes in most landscape units. This dust was 
transported downslope over a long-range by reoccurring 
single events of heavy rainfall.

Apart from coarse slope sediments, only a few other 
sediment types were observed during field campaigns. Near 
the current shoreline, up to about 100 m a.s.l., young sandy 
aeolian sediments occur as dunes or sandy contributions in 
near-surface soil horizons.

2.3 � Modern and Late‑Quaternary climate

The climate on Crete is characterized by warm summers 
and cool, humid winters. The coastal plain of south-western 
Crete, south of Stomio Bay (see Fig. 1a, b), has a mean 
annual temperature of about 19° C and a mean annual pre-
cipitation between 450 and 500 mm (Hellenic National 
Meteorological Service 2020).

Throughout the late Quaternary, the climate in the eastern 
Mediterranean and on Crete underwent major fluctuations 
that have been reconstructed from terrestrial and marine 
archives. The late Pleistocene in the eastern Mediterranean 
and the Aegean Sea was cooler and more arid than today, 
especially but not exclusively during the Last Glacial Maxi-
mum (LGM) and the Younger Dryas (Dusar et al. 2011; 
Geraga et al. 2000, 2010; Gvirtzman and Wieder 2001; Hey-
mann et al. 2013; Robinson et al. 2006; Rossignol-Strick 
et al. 1992; Triantaphyllou et al. 2009).

Increased sedimentation in the eastern Mediterranean 
during the early Holocene has been attributed to an over-
all climatic change towards wetter conditions soon before 
deciduous forests began to cover landscapes and reversed 
this trend (Dusar et al. 2011). This general climatic pattern is 
supported by Hempel (1982) based on his findings in north-
ern Crete.

However, there still is uncertainty regarding the timing 
and distribution patterns of the increase in temperatures and 

Fig. 1   Location of Chriso 1 in southwestern Crete (a) General loca-
tion of study area at the southwestern tip of Crete (b) Location of 
abandoned water storage pond south of Stomio Bay (c) Location of 
abandoned water storage pond within consolidated alluvial fan sedi-
ments (d) Location of small depression containing the sampled pro-
file (red square) at the south-eastern edge of abandoned water storage 
pond (Google Earth 2021, satellite images recorded in 9/2018, Image 
Landsat/Copernicus, ©2021 CNES/Airbus)



272	 F. Kirsten et al.

1 3

precipitation as well as the related changes in vegetation 
cover during the early Holocene (Brunovic et al. 2020). Sea 
level fluctuations on the shores of Crete during the late Holo-
cene amounting to several meters were mainly driven by 
tectonic events, while only minor eustatic sea level changes 
occurred (Mourtzas et al. 2016). However, during the late 
Pleistocene, the sea level was considerably lower than today 
due to climate. Lambeck and Purcell (2005) calculated a 
relative sea level difference of −140 m around 20 ka BP and 
−60m at 12 ka BP around Crete compared to the current sea 
level. At 6 ka BP, sea-level was only about 5 m below its 
current level (Lambeck and Purcell 2005). Based on a global 
sea-level curve by Siddall et al. (2003) for the last glacial 
cycles, at 12 ka BP, the relative sea-level was between −80 
and −100 m, followed by a very quick rise in sea level that 
occurred between 11 and 9 ka BP, bringing it to about 20 m 
below current levels (Mouslopolou et al. 2017).

3 � Material and methods

3.1 � Sampling

A sediment/soil-profile (Chriso 1, 35.306278° N 23.547274° 
E) was sampled near the village and monastery of Chrisoka-
litissa at the southwestern tip of Crete. The profile is located 
at 95 m a.s.l. at the edge of an exposure within a small 
depression (eastern wall of an abandoned water storage basin 
built around 2000). The depression is about 30 m long from 
north to south and reaches its maximum depth of about 10 m 
below the surrounding surface in the centre of the depression 
where sampling was performed. The main stratigraphic units 
are illustrated in Fig. 4.

Due to the steep slope, the uppermost part of the profile 
(unit 1, unconsolidated coarse slope debris on top of fine-
grained layers) could not be accessed and sampled.

Fig. 2   Bathymetry near the coastline of southwestern Crete and land 
topography (hillshade) overlain by main geological formations. The 
location of Chriso 1 profile is marked by a red star. (Coordinates: 
GCS WGS 84). Bathymetrie data: EMODnet Bathymetric Grid 
(2018) (resolution approx. 115 m, bilinear interpolation) (white tiles: 
no data). Relief Hillshade (background): DEM Copernicus GLO30 
(resolution 30  m). Geology: Geological Map of Greece 1:50 000 
Palaeochora Sheet, IGME 2002 (digitalized). Ts-Ji.k.d: Upper Tri-

assic (recrystallized limestones and dolomites). SC-CS: Holocene 
talus cones and scree (carbonate and phyllitic rubles of various sizes, 
mixed with terra rossa, loose and locally consolidated). Jsch: Schists, 
recrystallized limestones, quartzites. g: Evaporites (anhydrite-gyp-
sum). ph/sch/mr: Mixed formation of Phyllite-Quartzite-Series (chlo-
ritoid schists, quartzites and platy marbles). Ng: Neogene formations 
Tortonian-Pliocene (marly limestones, clayed-marley formations with 
silt and sand intercalations)
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In order to characterize the main stratigraphic units 
(2 and 3), five bulk samples (loose sediment) were taken 
(Fig. 5).

At the same depths as samples 2–1 and 2–3, undisturbed 
samples for luminescence dating were taken by hammering 
steel tubes horizontally into the freshly cleaned profile walls 
(CR-1 and CR-2, Fig. 5). Additionally, three undisturbed 
samples (Mimo 2–1, Mimo 2–2, Mimo 2–3) using Kubiena 
boxes (following Goldberg and Macphail 2003) were taken 
for thin sections and micromorphological analysis (Fig. 5).

3.2 � Sample preparation and analysis

Bulk samples were air-dried and sieved to separate coarse 
fragment (> 2 mm) from the fine fraction. A portion of the 
fine (< 2 mm) fraction was ground in a planetary ball mill 
PM 200 (Retsch) for 10 min to achieve a required grain size 
of < 30 µm needed for X-Ray-Diffraction (XRD), X-Ray-
Fluorescence (XRF), Total Organic Carbon (TOC) and mag-
netic susceptibility measurements (see below).

3.2.1 � Grain size distribution

10 g of samples were left in 50 ml 35% hydrogen peroxide 
(H2O2) and heated to remove organic matter. Afterwards, the 
samples were dispersed using 10 ml 0.4 N sodium pyroph-
osphate solution (Na4P2O7) and ultrasonic treatment for 
45 min. CaCO3 was not removed following the recommen-
dation by Lucke and Schmidt (2015), as primary carbonatic 
particles are needed for sedimentological interpretation.

Grain size classes of the fine-earth fraction were calcu-
lated by combining the results of dry-sieving for the sand 
fraction (63−2000 µm) and X-ray granulometry (XRG) 
using a Sedigraph III 5120 (Micromeritics) for the clay and 
silt fraction (< 63 µm). The combined data, displayed as %, 
have not been mathematically corrected for small errors (as 
the original result of analysis) that may amount to a maxi-
mum of 1% of the total sum.

Within the sand fraction, three discrete grain-size 
classes were distinguished by dry sieving: coarse sand “cS” 
(2000−630 µm), medium sand “mS” (630−200 µm) and fine 
sand “fS” (200−63 µm). Within the clay and silt fractions 

Fig. 3   Location of profile Chriso 1 (red star) with respect to historical map from 1941 (modified from: Deutsche Heereskarte Griechenland 1:50 
000, Blatt 4 Kastelli, 1941), contour intervals 10 m (Coordinates: GCS WGS 84)
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(< 63  µm), six discrete grain size classes were distin-
guished based on sedigraph measurements: coarse silt “cSi” 
(63−20 µm), medium silt “mSi” (20–6.3 µm), fine silt “fSi” 
(6.3–2.0 µm), coarse clay “cC” (2.00−0.6 µm), medium clay 
“mC” (0.63−0.2 µm) and fine clay “fC” (< 0.2 µm).

Furthermore, data from sedigraph measurements dis-
tinguishing 101 single fractions (measurement intervals) 
between 0.2 and 63 µm were used in order to identify the 
detailed distribution of grain sizes as well as characteristic 
peaks within this specific grain size range. All values are 
given as mass-percentages of grains.

3.2.2 � Element contents and Fe‑weathering‑index

For the determination of total element contents, 32 mm-
pellets were produced by mixing and pressing 8 g of the 
ground subsample material with 2 g CEREOX Licowax 
prior to measurement with a Spectro Xepos-X-ray fluores-
cence spectrometer.

Contents of iron oxides were determined with oxalate 
(DIN ISO 19,684–1 1977) (Feo) and dithionite (Mehra and 
Jackson 1960, DIN ISO 19,684–1 1977) (Fed) extraction, 
respectively. Measurement was performed with an AAS Per-
kin Elmer PinAAcle 900 T.

Using the analytically determined contents of Fet, Feo, 
Fed and clay, the Fe-weathering-index = (Fed-Feo)/(Fet/
clay) was calculated following Kehl et al. (2005) and Zöller 

Fig. 4   Stratigraphy of the sampling site (red rectangle marks position of sampled profile, see photograph in upper right corner)

Fig. 5   Sketch of the sampled profile with stratigraphic units and sam-
pled locations
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and Nehring (2002) for the determination of weathering 
intensities.

3.2.3 � Munsell colours

Soil colours were determined under standardized moist con-
ditions in the laboratory, based on the Munsell soil colour 
chart.

3.2.4 � PH

PH values were measured in a 0.01 M CaCl2 suspension 
following DIN ISO 10,390 with a ratio of 1:2.5 (soil/water).

3.2.5 � Total organic carbon (TOC) and total inorganic carbon 
(TIC)

Total organic carbon (TOC) content was measured by kata-
lytic oxidation at 680° C and subsequent NDIR-detection 
using a TOC-L Shimadzu device with 50 mg of the ground 
sample. Prior to analysis, inorganic carbon was removed by 
adding 1 N HCl (DIN EN 15,936:2020–08-Entwurf). Total 
carbon (TC) was measured by dry combustion at 1200° C, 
using a Vario EL cube elemental analyzer. Total inorganic 
carbon (TIC) was calculated by subtracting TOC from TC.

3.2.6 � Mineralogy

Mineralogical composition was determined using X-ray 
powder diffraction (XRD) of the ground subsamples. Dif-
fraction data were recorded on a PANalytical Empyrean dif-
fractometer using CuKα radiation (λ = 1.54060 Å) at 40 kV 
and a tube current of 40 mA. Unoriented samples were 
scanned on a rotating stage at a step size of 0.013°2θ in the 
range 5–70°2θ. Mineral quantification was performed with 
the Rietveld refinement function of the BGMN/Profex v4.3.0 
(Döbelin and Kleeberg 2015).

3.2.7 � Magnetic susceptibility

Magnetic properties were analysed using 10 cm3 of ground 
subsamples, densely packed in rectangular plastic boxes. 
Volume-specific magnetic susceptibility (κ) was measured 
at low (0.465 kHz, κLF) and high (4.65 kHz, κHF) frequen-
cies using a Bartington MS3 magnetic susceptibility meter 
equipped with a MS2B dual frequency sensor. The following 
parameters were calculated from these measurements:

1.	 Mass-specific magnetic susceptibility (χ) (10–8 m3/kg) 
was obtained by relating κLF to the mass of each sample.

2.	 Frequency-dependent magnetic susceptibility (χfd) (%) 
was calculated using the measured values for κLF and 
κHF according to the following formula:

χfd = (κLF − κHF)/κLF* 100.
χfd indicates the presence of superparamagnetic crystals 

smaller than 0.03 µm, with theoretical values of 14.5–16.9 
for magnetite and 11.6–14.3 for maghemite (Dearing 1999).

3.2.8 � Luminescence dating

Dating was conducted at the luminescence-dating laboratory 
at the Albert-Ludwigs-University Freiburg.

To determine equivalent doses (De), samples from the 
lightproof steel tubes were prepared under subdued red 
light. Wet sieving (90–200 μm) was followed by a chemi-
cal treatment to remove carbonates and organic matter with 
HCl (20%) and H2O2 (20%), respectively. Heavy liquid 
separation (heterosodiumpolytungstate, LST) was used to 
separate quartz from the remaining mineral matrix at densi-
ties between 2.58 and 2.70 g/cm3. The extracted quartz was 
subsequently etched with HF (40%) for 60 min to remove 
the naturally α-irradiated outer rim and potential feldspar 
contaminations. The etched samples were re-sieved (90 µm) 
to recover the original grain-size fraction. 2-mm aliquots 
were prepared by mounting grains onto stainless steel cups 
using silicon oil as adhesive (59 aliquots of CR-2). As the 
sediment was very poor in sand (especially CR-1), further 
analysis was performed on the fine-grain fraction of both 
samples. The polymineral 4–11 μm fraction was separated 
by Atterberg method after sieving (90 µm) and pipetted onto 
stainless steel cups (12 aliquots, 1.5 mg each). Fine-grain 
quartz was obtained by treatment of the 4–11 µm polymin-
eral fraction with 35% hexafluorosilicic acid (H2SiF6) for 3 
to 6 days. For dose rate determination (D0), the contents of 
primordial radionuclides Uranium (238U), Thorium (232Th) 
and Potassium (40 K) were detected by gamma spectros-
copy using a high-purity germanium detector (Ortec). For 
polymineral samples, an a-value of 0.08 ± 0.02 was used to 
account for the lower luminescence-efficiency of alpha par-
ticles compared to beta and gamma radiation (Rees-Jones 
1995). An a-value of 0.03 ± 0.005 was assumed for fine-
grain quartz (Lai et al. 2008). The cosmic dose rate was 
estimated according to geographical position, altitude and 
sampling depth.

Equivalent doses were measured on a Lexsyg lumines-
cence reader (Freiberg Instruments) using green diodes and 
IR laser diodes, respectively. Quartz coarse-grain and quartz 
fine-grain were measured with a modified OSL SAR-proto-
col by Murray and Wintle (2000), and for the polymineral 
fraction, the post-IR-IRSL SAR-protocol by Buylaert et al. 
(2009) was applied. Immediately after the measurement of 
the conventional 50 °C IRSL (infrared stimulated) signal, a 
second IRSL signal is stimulated at 225 °C. This high-tem-
perature post-IR-IRSL signal is considered to be more stable 
compared to the conventional 50 °C IRSL signal. There-
fore, the polymineral doses were not corrected for fading. 
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Equivalent dose calculation was performed applying the 
Central Age Model (CAM) and the Minimum Age Model 
(MAM) according to Galbraith et al. (1999). Luminescence 
ages were calculated with Adele software (v2017, Degering 
and Degering 2020).

3.2.9 � Micromorphology

Thin sections for micromorphological analysis were pre-
pared from oriented and undisturbed soil samples at MKFac-
tory (Stahnsdorf, Germany). Analysis of the thin sections 
was conducted at the Max-Planck-Institute for Evolution-
ary Anthropology with a petrographic microscope, at mag-
nifications of 20 × to 200x, using oblique incident (OIL), 
plane- (PPL) and cross-polarized light (XPL). Microscopic 
description terminology mainly follows Bullock et al. (1985) 
and Stoops (2003).

4 � Results

4.1 � Macroscopic description

The following sequence of sediments is described in strati-
graphic order from bottom to top of the profile. All depths 
are given with respect to the top of unit 2 (see Fig. 5).

Unit 4 represents the base of the profile and consists of 
consolidated/cemented alluvial fan sediments composed 
of well-rounded and poorly sorted boulders in a carbonatic 
matrix (not sampled for further analysis). Unit 3 consists 
of brown (7.5 YR 4/4), unconsolidated, coarse-grained 
slope debris (sample 3–2, 150–170 cm). The upper 5 to 
10 cm of unit 3 are significantly darker in colour (7.5 YR 
3/3) and were, therefore, sampled separately (sample 3–1, 
130–140 cm). There is a gradual transition between units 2 
and 3, indicating post-depositional alteration.

Unit 2 consists of yellowish-brown fine-grained material. 
The lower part of this unit (sample 2–3, 115–125 cm) has a 
sandy-silty texture and slightly darker colour (10 YR 4/3). 
At about 100 cm below the top of unit 2, the matrix gradu-
ally changes into a silty texture free of sand with a slightly 
lighter colour (10 YR 5/4) (sample 2–2, 70–80 cm; sample 
2–1, 30–40 cm). Within unit 2, coarse fragments and bed-
ding could not be detected macroscopically.

A prominent disconformity separates unit 2 from the 
overlying thick deposits of heterogeneous, coarse-grained 
slope debris designated as unit 1. Unit 1 is approximately 
150 cm thick and did not show any macroscopic signs of 
weathering or soil formation.

In the following sections, detailed results for units 2 and 3 
are given with respect to grain-size distribution, geochemical 
and mineralogical composition, microscopic characteristics 
and luminescence ages.

Fig. 6   Grain-size distribution of 
the profile Chriso 1. Coloured 
lines depict single sedigraph 
fraction distribution between 
0.2 and 63 µm (right axis). Bars 
depict portions of 9 discrete 
grain size classes (0–2 mm) 
(left axis). Dashed coloured 
lines depict cumulative contents 
of grain size classes (0–2 mm) 
(left axis)
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4.2 � Grain‑size distribution

Unit 3 (samples 3–1 and 3–2) has a fairly even grain-size 
distribution (see Fig. 6 and Table 1). There is a pronounced 
peak at about 15 µm for both samples, which corresponds 
to the medium silt fraction (20–6.3 µm). This fraction com-
prises about 25% in both samples.

Sample 2−3 (lower part of unit 2) contains the highest 
amount of sand of all five samples, mainly in the fine and 
medium sand fraction. The fine sand fraction (63−200 µm) 
comprises 32% of the sample, half of which lies between 
63 and 125 µm (very fine sand−subfraction of the fine sand 
fraction obtained during sieving procedure, data not sepa-
rately displayed). Within the clay and silt fractions, there is 
a peak at 14 µm similar to samples from unit 3.

The upper part of unit 2 (samples 2–1 and 2–2) contains 
very low quantities of sand (about 2%). Sample 2–2 con-
tains high amounts of coarse and medium silt, with a very 
pronounced peak at about 20 µm. Sample 2–1 is more fine-
grained than sample 2–2, with higher contents of coarse 
clay, fine silt and medium silt, while it is lower in coarse silt 
than sample 2–2. There is a highly pronounced peak with a 
mode at 12 µm in sample 2–1. A minor peak with a mode 
between 0.6 and 1 µm was detected in all five samples.

4.3 � Geochemistry, mineralogy and magnetic 
susceptibility

Unit 3 is almost homogeneous in its geochemical composi-
tion (Table 2). Both samples (3–1 and 3–2) contain about 
19% SiO2, 1.3% Fet and 2.9% Alt. TIC is about 10% in all 
three samples. Fed- and Feo-contents are somewhat higher in 
sample 3–1, resulting in an increased Fe-weathering index 
value. The same holds true for both mass-specific magnetic 
susceptibility (χ) and frequency-dependent magnetic sus-
ceptibility (χfd). Sample 3–1 also has a considerably higher 
content of organic carbon than sample 3–2.

Samples from unit 2 are chemically fairly homogeneous. 
They contain lower amounts of SiO2, Fet and Alt than sam-
ples from unit 3. All three parameters show an increasing 
trend towards the top of unit 2. TIC is slightly lower than 
in unit 3. Fed-contents as well as the Fe-weathering-index-
values of sample 2–3 are also lower than in unit 3. In con-
trast, sample 2–1 has the highest Fed-contents, the highest 
Fed/Fet-ratio, and a very high Fe-weathering-index-value. 
While mass-specific magnetic susceptibility (χ) is low in 
unit 2, frequency-dependent magnetic susceptibility (χfd) 
is higher (especially in sample 2–1) than in unit 3. Total 
contents of sulfur (St) are very low (0.03 to 0.04%). The Ti/
Al-ratio is nearly constant throughout the profile, as well as 
TOC-contents, which are also low (0.3–0.4%).

Mineralogical composition throughout the profile shows 
only minor variations, with the exception of sample 2–3 Ta
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Table 2   Geochemical parameters of samples

*n.d.: not determined

Sample Depth
[cm]

pH
(CaCl2)

TOC
[%]

TIC [%] SiO2
[%]

Alt
[%]

Fet
[%]

St
[%]

Fet/Alt Fed
[%]

Fed/Fet Ti/Al Fe0 [%] Fe-weathering index 
[(Fed-Feo)/(Fet/clay)]

2–1 30–40 7.9 0.40 9.6 14.7 2.57 1.09 0.04 0.42 0.88 0.81 0.054 0.02 16.29
2–2 70–80 7.8 0.36 10.3 12.4 2.02 0.84 0.04 0.42 n.d.* n.d.* 0.051 n.d.* n.d.*
2–3 115–125 7.9 0.42 9.8 13.9 1.82 0.80 0.03 0.44 0.35 0.44 0.052 0.03 3.91
3–1 130–140 7.8 0.88 8.8 19.1 2.89 1.31 0.03 0.45 0.62 0.47 0.056 0.04 6.53
3–2 150–170 7.8 0.46 9.0 19.4 2.91 1.26 0.03 0.43 0.52 0.41 0.057 0.02 5.57

Fig. 7   Diffractograms of all five samples with labelled peaks of main minerals (Ms = Muscovite, Qz = Quartz, Cal = Calcite, Dol = Dolomite, 
FSp = Feldspar), Feldspar peak in sample 2–3 highlighted with red rectangle

Table 3   Geophysical and mineralogical parameters of samples

Sample Depth [cm] Munsell colour (moist) Mineralogy (∑ 100%)

Quartz [%] Calcite [%] Dolomite [%] Muscovite [%] Feldspar [%] χ [10–8 
m3 kg−1]

χfd [%]

2–1 30–40 10 YR 5/4 5 19 63 12 0 0.78 11.31
2–2 70–80 10 YR 5/4 4 14 74 8 0 0.57 9.66
2–3 115–125 10 YR 4/3 9 21 53 6 10 0.50 9.10
3–1 130–140 7.5 YR 3/3 9 15 67 9 0 1.28 9.36
3–2 150–170 7.5 YR 4/4 7 16 68 10 0 0.89 8.81
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(Fig. 7, Table 3). Both samples from unit 3 consist mainly 
of dolomite, with minor proportions of calcite, muscovite 
and quartz. The lower part of unit 2 (sample 2–3) contains 
considerable amounts of feldspar (10%). The proportions of 
dolomite and muscovite in this sample are lower than in all 
other samples, while the proportions of calcite and quartz 
are slightly higher. In the middle and upper part of unit 2 
(samples 2–1 and 2–2), feldspar was not detected, while con-
tents of quartz, calcite, dolomite and muscovite are similar 
to those found in samples from unit 3. 

4.4 � Luminescence dating

Coarse-grain quartz of CR-2 shows poor luminescence prop-
erties. The signal intensity is low and saturation is reached at 
low doses (see Fig. 8a). Furthermore, the dose recovery test 
failed, and the applied laboratory dose of 15 Gy was under-
estimated at all chosen preheat temperatures by approxi-
mately 20% (see Fig. 8b).

Fine-grain quartz behaved completely different: the reset-
ting of the OSL signal was slower (despite the absence of 
feldspar contamination), and the growth curve shows no 
evidence of saturation (see Fig. 8a and b). Dose recovery 
tests revealed that known beta doses can be precisely recov-
ered, shown by measured to given dose ratios close to 1 (see 
Fig. 8b). The ages determined on fine-grained quartz were, 
therefore, used for interpreting the chronology of the inves-
tigated sediment profile. The polymineral fine-grain ages 
of the IR signal stimulated at 50° C underestimate the fine-
grain quartz ages by about 20%, which can be attributed to 
the effect of anomalous fading (Huntley and Lamothe 2001). 

In contrast, ages derived from the post IR-signal at 25° C 
overestimate the fine-grain quartz ages by 8 to 18% (see 
Table 4). This overestimation might be due to residual dose 
amounts. The determination of the residual dose of sample 
CR-1 (after bleaching for 500 s in the Lexsyg solar simu-
lator at 50% power) resulted in a value of 3.49 ± 0.41 Gy. 
Subtracting this value from the measured paleodoses of both 
samples would result in post-IR-ages identical to the fine-
grain quartz data within error limits (for luminescence ages 
presented here, the residual dose was not considered). It is 
worth noting that the analysis of fine-grain and coarse-grain 
quartz yielded the same age applying the Central Age Model 
despite the very different luminescence behaviour. The broad 
and positively skewed paleodose distribution of the coarse-
grained quartz of CR-2 (overdispersion of 26.1%) indicates 
a possibly incomplete resetting of the OSL signal during 
the last sediment reworking. In this case, the central age 
model would overestimate the true age. This also applies to 
the fine-grained samples where averaging effects prevent the 
detection of individual grain characteristics. However, other 
reasons like dosimetric inhomogeneities cannot be ruled 
out. Gamma spectroscopy detected a moderate radioactive 
disequilibrium in the 238U decay chain of both samples. A 
partial uranium leaching is indicated by an approximately 
25% lower 234Th activity compared to the 214Pb and 214Bi 
activities. The latter were used for dose rate calculation, 
since their energy peaks are more clearly represented in the 
gamma ray spectra. An assumed linear uranium leaching 
would increase the mean OSL ages by only a few hundred 
years resulting in ages within the error margins of calculated 
ages (Fig. 9). 

Fig. 8   OSL shine down curves and corresponding dose growth 
curves (inset) of a coarse-grain quartz aliquot of CR-2 and one fine-
grain quartz aliquot of the same sample (a). Black squares: natural 
OSL signal, empty circles: OSL signal of repeated dose at the end 
of the SAR measurement to check for the quality of the sensitivity 

correction. Dose recovery test of coarse-grain quartz sample CR-2 
and fine-grain quartz samples CR-1 and CR-2 (b). Three to four ali-
quots were measured per temperature step (PH = preheat temperature, 
CG = coarse-grain, FG = fine-grain). A laboratory dose of 15 Gy was 
given after bleaching
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The lower part of the fine-grained sediments (CR-2, cor-
responding to sample 2–3) was dated to 10 ± 0.4 ka (CAM), 
and the upper part of the fine-grained sediments (CR-1, cor-
responding to sample 2–1) was dated to 8.4 ± 0.3 ka (CAM) 
in the fine-grained quartz fraction. These results indicate a 
sediment deposition during the early Holocene (Preboreal 
to Boreal).

4.5 � Micromorphology

In the uppermost thin section (Mimo 2–1), mainly silt-sized 
material with minor proportions of sand-sized limestone 
fragments is strongly impregnated by micrit coatings (cal-
citic crystallitic b-fabric). The apedal and closely packed 
light greyish-brown material is broken by several channels 
that often reveal calcitic (micrit) hypocaotings and micritic 
to sparitic coatings of the void`s walls (Fig. 10a). In most 
cases, passage features as well as biogenic infillings contain 
material with higher proportions of sand (Fig. 10b) and scat-
tered fragments of mollusk shells.

The material of the second thin section (Mimo 2–2) is 
lighter in colour than in the upper thin section. It is nearly 
exclusively silt-sized and less strongly impregnated by micrit 
coatings (Fig. 10c). Calcitic coatings and hypocoatings of 
voids are almost completely absent as are mollusk shell frag-
ments and (coarse) sand grains. Evidence of bioturbation, 
such as channels and passage features, are less abundant.

The lowermost thin section (Mimo 2–3) shows coarser-
grained material than the other two thin sections (Fig. 10d). 
In its upper part it is predominantly fine- to medium sand-
sized with a weaker micritic impregnation, while the lower 
part contains even more coarse particles (coarse sand, 
mollusk shell fragments), but reveals a stronger micritic 
impregnation. Furthermore, root remains and small pieces 

Fig. 9   Individual equivalent doses for all selected aliquots of CR-1 
and CR-2 with resulting kernel density estimates. Mean equiva-
lent doses (CAM) and overdispersion values are given. Box plots: 

box delimited by the first and third quartile, whiskers defined by the 
extremes within 1.5 interquartile ranges. Open circles indicate outli-
ers, they were eliminated from CR-1 before applying the CAM

Fig. 10   Microphotographs of thin sections at profile Chriso 1: (a) 
Mimo 2–1: micritic matrix impregnation and bioturbation (channels), 
note the micritic hypocoatings of most of the voids (PPL) (b) Mimo 
2–1: coarser grained material (sand) in a biogenic infilling (PPL) (c) 
Mimo 2–2: closely packed silty material with weak micritic impreg-
nation (PPL) (d) Mimo 2–3: coarse material in the lower part of the 
thin section (PPL) (e) Mimo 2–3: micritic coating of a void with fer-
ruginous mottling (OIL) (f) Mimo 2–3: charcoal (right) and fragment 
of mollusk shell (left) (PPL)



282	 F. Kirsten et al.

1 3

of charcoal (Fig. 10f) were identified in all parts of the thin 
section. The intensity of bioturbation is weaker than in the 
uppermost thin section, but is stronger than in the second 
sample. Some channels exhibit brown micritic coatings of 
their walls stained by weak ferruginious mottling (Fig. 10e).

5 � Synthesis and discussion

5.1 � Profile genesis

Based on our luminescence dating results, the fine-grained 
sediments in the upper part of Chriso 1 (unit 2) accumulated 
during the early Holocene. Unit 3 represents slope debris 
and contains considerable amounts of sand and coarser par-
ticles. As this stratigraphic unit is older than the dated sedi-
ments, it was probably deposited during the late Pleistocene. 
The macroscopic characteristics correspond to most other 
sediments in the wider study area. However, a pronounced 
peak with steep flanks at 15 µm (Fig. 6) indicates a strong 
silty component. Consequently, we interpret this input to be 
of (local) aeolian origin. Whether the input happened pre- or 
synsedimentary cannot be deduced from the existing data. 
Stratigraphic unit 3 has most likely been subject to chemi-
cal weathering and weak in-situ pedogenesis. The latter is 
indicated macroscopically by the darker colour, a result of 
higher contents of organic carbon in sample 3–1, as well as 
by a small increase in Fed, the Fe-weathering-index-value 
and χ and χfd. Apparently, weathering took place despite the 
high-carbonate contents. There is no indication of an exter-
nal input to the uppermost part of unit 3, as samples 3–1 
and 3–2 are otherwise almost identical with respect to their 
geophysical, geochemical and mineralogical composition. 
This question cannot be resolved based on our data alone.

Unit 2 exhibits very different characteristics compared to 
the underlying unit. The lower part of unit 2 (sample 2–3) is 
rich in fine and medium sand and also contains considerable 
amounts of medium and coarse silt with a mode very simi-
lar to the one in unit 3. Furthermore, sample 2–3 contains 
very small amounts of coarser fragments (coarse sand) and 
has a considerably different geochemical and mineralogical 
composition than samples 3–1 and 3–2. Based on these com-
positional differences, aggradation processes of unit 2 must 
have been quite different from those of most other slope 
sediments in the study area, including unit 3. We, therefore, 
suggest a local aeolian origin from the coastal plain, nearby 
beaches and marine shelf that were exposed due to the sea-
level-lowstand during the late Pleistocene and early Holo-
cene. In the lowest part of unit 2 (sample 2–3, lower part of 
thin section Mimo 2–3), the small amount of coarse sand as 
well as numerous charcoal fragments may be indicators of 
water transport, although the particles could also have been 
transported by aeolian processes over short distances. In the 

middle and upper part of unit 2 (samples 2–2 and 2–1), the 
sediment is much finer and contains almost no sand-sized 
particles. The mode shifts from coarse and medium silt 
in sample 2–2 to medium and fine silt in sample 2–1. The 
peaks of these samples are much more pronounced than in 
the other three samples, indicating an even better grain-size 
sorting. Signs of bedding as a result of sheet flow could not 
be detected macroscopically or through micromorphologi-
cal analysis. The small amount of coarse sand observed in 
thin section Mimo 2–1 could well be the result of biotur-
bation and, therefore, originated from the overlying slope 
debris, as described in the micromorphological analysis. The 
geochemical and mineralogical similarity to samples from 
unit 3 indicates a proximal source area within the same geo-
logical unit (Neogene limestones). This is confirmed by the 
nearly constant Ti/Al-ratio throughout the profile that has 
been applied successfully for the differentiation of source 
areas (Sheldon and Tabor 2009). However, the considerable 
proportions of feldspar in the lower part of unit 2 suggest a 
distinct source area for parts of the sediments.

Based on our results from several other sites in western 
and central Crete (data in preparation), we interpret the small 
peak between 0.6 and 1 µm, detected in all five samples 
(Fig. 6), as a representation of a distal dust input from north-
ern Africa. Its deposition would have taken place simultane-
ously with local aeolian inputs, but due to the relatively short 
period of deposition, it only represents a minor component.

The geochemical data indicate a considerably higher 
degree of weathering towards the upper part of unit 2, 
especially for sample 2–1, but to a lesser degree also for 
sample 2–2 compared to sample 2–3. This is confirmed by 
micromorphological findings, especially the redistribution 
of calcite (hypocoatings and micritic impregnation). How-
ever, we could not detect any macroscopic signs of soil 
formation, and a considerable degree of in-situ chemical 
weathering seems unlikely due to the abundance of carbon-
ates, although it apparently took place to some degree in 
the upper part of stratigraphic unit 3. We, therefore, assume 
that the profile was truncated before the aggradation of unit 
1 and that the original upper parts of unit 2 are missing. 
The higher amounts of Alt, Fet, Fed and the corresponding 
Fe-weathering-index-value, as well as the higher values for 
χ and χfd in the upper part of unit 2 may be the result of 
a pre-depositional weathering of the substrate. They could 
also be attributed to post-depositional inputs (e.g. of Saharan 
dust or through bioturbation from overlying sediments), a 
matter that cannot be resolved based on the data collected 
so far alone.

5.2 � Origin of sediments

As a possible source area of the aeolian sediments, we pro-
pose the nearby coastal plain, especially the shoreline and 
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(exposed) continental shelf. Based on bathymetric data (see 
Fig. 2), several hundred metres of current seafloor would 
have been exposed with the relative sea level being 60 to 
100 m lower than today during the late Pleistocene around 
12 ka BP in southwestern Crete (Lambeck and Purcell 2005; 
Mouslopolou et al. 2017). Despite a rising sea level during 
the early Holocene, it was still considerably lower than today 
during the time of deposition of the studied aeolian sedi-
ments (Lambeck and Purcell 2005). In the shallower Stomio 
Bay, a few kilometres north of the profile, the exposure of 
seafloor may have extended up to 2000 m seawards com-
pared to the current shoreline. In its lower reaches, Stomio 
River passes through an extensive area composed of Upper 
Triassic limestones and dolomites that could have been the 
source-area of the fluvial and/or marine sediments that were 
later redeposited in the sampled profile. Furthermore, the 
coastal plain is made up of Neogene (marly) limestones with 
silt and sand intercalations (see Fig. 2). It seems probable 
that these formations act as a proximal source area for the 
sampled sediments.

As total contents of sulphur are very low in all samples 
(see Tables 2, 3), sulphates such as CaSO4 apparently do 
not play a major role in substrate composition. They were 
also not detected in mineralogical analysis. A source area 
within the extensive outcrops of evaporites (anhydrite/
gypsum) in the area around the profile can, therefore, be 
ruled out. Furthermore, the drainage area of Stomio River is 
comprised of carbonate-free metamorphic rocks belonging 
to the Phyllite-Quartzite-Unit and, therefore, cannot be the 
main source area of the aeolian sediment. However, reliable 
data, incorporating the physical and chemical characteristics 
of basement rocks in the potential source areas, need to be 
generated as part of future investigations.

Silty sediments with characteristics similar to those of 
samples 2–1 and 2–2 were identified within a polje-like 
depression within the coastal plain about 1 km south-west 
of the sampled profile. However, due to intense agricultural 
land-use activity and limited access, the lateral extent of 
these sediments could not be determined. Based on prelimi-
nary results of geochemical parameters and grain-size dis-
tribution, these sediments resemble sediments comprising 
unit 2 in the Chriso 1 profile and will be analyzed during 
our ongoing investigation.

Within the marly geological formations of Crete, flu-
vially redeposited silty sediments are very common. The 
latter have previously been mistaken for loess-like aeolian 
sediments (Nihlén 1990; Pye 1992). However, grain-size 
characteristics of such silty alluvium are distinct from those 
discussed here.

Sediments of unit 2 have been preserved mainly as a result 
of the deposition of younger slope sediments (unit 1). Due to 
the lack of data for unit 1 (including depositional ages), we 
can only assume that the duration of exposure of unit 2 was 

rather short, as silty sediments are especially prone to ero-
sion. So far, aeolian sediments with similar characteristics 
have not been detected or described for other locations in 
western Crete. A similar sandy-silty deposit on top of late 
Pleistocene alluvial fan sediments has been described by 
Mousloupolou et al. (2017) for the southern coast of Western 
Crete. It was dated to approximately 25 ka BP. Furthermore, 
sandy aeolian sediments deposited during the early Holo-
cene have been found by Mandel and Simmons (1997) in a 
rock shelter in southern Cyprus. For Crete, we would expect 
such accumulations to be covered by younger reddish-brown 
slope deposits as represented by unit 1 and, therefore, be 
largely undetectable.

5.3 � Landscape evolution and paleoenvironmental 
conditions

In summary, we propose the following chronology of profile 
genesis at Chriso 1. During the late Pleistocene with con-
siderable parts of the marine shelf exposed, coarse-grained 
slope debris including aeolian sediments were deposited in 
a sediment trap (on a fault scarp), probably a small valley 
or gully head. During a short phase of landscape stability 
(probably an interstadial period), these sediments experi-
enced some degree of weathering and soil formation, cor-
responding to “Late Glacial Soils” described for Koroni 
(Southern Peloponnese, Greece) by Paepe et al. (1990) and 
attributed to the Lascaux, Bølling and Allerød Interstadiales 
(Greek terminology: Philippi and Xanthi). Similar findings 
were described by Thiem (1981) for north-western Greece 
and by Brunnacker (1979) for Crete and the coastal plain 
of Israel.

During the early Holocene, an exceptionally dry period 
and concomitant sparse vegetative cover caused aeolian 
sedimentation in the study area. Accumulation of wind-
blown sand and silt was followed by aggradation of loess-
like sediment. The shift from sandy to silty aeolian sediment 
could be the result of sea level fluctuations that have been 
described by Siddall et al. (2003) and Mouslopolou et al. 
(2017) for the late Pleistocene and early Holocene. A rising 
sea level during the early Holocene may have flooded the 
source areas of sandy material comprising the lower part 
of unit 2 (sample 2–3). Also, minor shifts in paleoclimatic 
and -ecological conditions such as humidity, wind speed, 
or soil cover could have easily altered the patterns of aeo-
lian transport and caused the grain-size shift (Vandenberghe 
et al. 2018). Furthermore, it is possible that two local source 
areas contributed simultaneously to the deposit: sandy mate-
rial from the exposed continental shelf and silty surface 
material from the Neogene marly limestones of the coastal 
plain, as proposed in a different geomorphological setting 
by Wolf et al. (2019) for phases of high aridity. Also, two 
distinct source areas would account for the differences in 
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luminescence properties of the fine-grain and coarse-grain 
quartz in sample CR-2 as well as the contents of feldspar 
detected by mineralogical analysis in the sandy part of unit 
2.

Though strongly dependent on the definition applied (Iri-
ondo and Kröhling 2007; Sprafke and Obreht 2016; Van-
denberghe et al. 2018), we propose to classify the described 
sediments as loess or loess-like based on the proposed aeo-
lian transport mechanism, the predominantly silty grain-
sizes, the deposition under comparatively cold and arid 
conditions and the abundance of carbonates. Furthermore, 
the micromorphologically-detected micritic matrix impreg-
nation resulting in a calcitic crystallitic b-fabric appears to 
have a stabilizing effect on the macroscopic structure of the 
sampled sediments, something very similar to a process 
labelled loessification, which was proposed by Sprafke and 
Obreht (2016) as a main criterion for loess.

After an unknown period of landscape stability with ini-
tial weathering and soil formation, the deposit was prob-
ably truncated and subsequently sealed and preserved by the 
deposition of slope sediments. The latter could be the result 
of a pre-anthropogenic landscape process described for the 
early Holocene in the eastern Mediterranean (Dusar et al. 
2011). Based on the results of their palynological research, 
Bottema and Sarpaki (2003) concluded that the lowlands 
of Crete were drier during the first three millennia of the 
Holocene compared to the modern climate. According to 
their findings, the driest phase was around 8000 BP, which 
corresponds to the upper part of the profile analysed here, 
while a significant climatic change with increased precipita-
tion facilitating the spread of oak forests only started around 
7.5 ka BP (Bottema and Sarpaki 2003). Similarly, Heymann 
et al. (2013) deduced an increase in summer aridity between 
10.5 and 8.7 ka BP based on geochemical data for lake sedi-
ments on the Peloponnese (Greece). Also, pronounced arid-
ity during summer and an increase in fire intensity during 
the early Holocene was suggested by Peyron et al. (2011) 
based on a pollen sequence from Lake Tenaghi Philippon 
(Greece). Contrary to these findings, according to Robinson 
et al. (2006) and Roberts et al. (2011), the first millennia of 
the early Holocene were the wettest phase of the last 25 ka 
throughout the Levante and the eastern Mediterranean, with 
a single short cooling event at 8.2 ka BP (correlated with 
Bond event 5). While this event may correspond to the upper 
part of unit 2 within the studied profile, the general regional 
climatic trend during the early Holocene does not appear 
to favour aeolian transport processes. Cold and dry periods 
within the south-eastern Aegean Sea were identified by Tri-
antaphyllou et al. (2009) based on a multi-proxy study of 
marine cores for the period between 11.5 and 9.3 ka BP as 
well as the mentioned Misox Oscillation at 8.2 ka BP. In a 
sedimentological study by Theodorakopoulou et al. (2012), 
the highest fluvial sedimentation rates in north-eastern Crete 

were correlated with the warm and wet period between 7.6 
and 6.4 ka BP. Unit 1 in our profile probably corresponds to 
this phase of increased precipitation and natural slope pro-
cesses but may also be the result of later processes caused 
by anthropogenic land use. Against this background, ques-
tions regarding the variation of local climatic conditions 
during the early Holocene in (western) Crete with respect 
to regional climatic trends remain to be investigated.

6 � Conclusion and future research

Our findings indicate that under dry climatic conditions with 
low vegetation cover during the early Holocene, aeolian sed-
iments were mobilized and deposited in western Crete on a 
local to regional scale. However, so far no similar deposits 
have been identified, probably due to the poor conditions 
for preservation or as a result of burial by younger coarse-
grained sediments during the Holocene. Hence, our findings 
represent the first dated sequence of early Holocene aeolian 
sediments for Crete. Questions regarding the distribution 
pattern of these sediments, their source area(s) and their 
composition still remain unanswered. More data are needed 
to accurately assess the age of the overlying and underlying 
slope sediments and the fossil soil (sample 3–1).

Future investigations should include the sampling of 
potential source areas, a more extended and detailed sam-
pling and analysis of the profile itself (including units 1 and 
4 as well as numerical dating for units 1 and 3), as well as 
extensive fieldwork in order to identify similar sediments 
in south-western Crete. Further findings regarding the late 
Pleistocene to early Holocene paleoclimatic conditions and 
landscape evolution would be very valuable to establish a 
connection between more arid zones in northern Africa and 
the temperate regions of Greece, the Adriatic Sea, and con-
tinental Europe.
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