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Abstract—The origins of dolocrete and associated palygorskite in the Çanakkale region of Turkey have
been little studied, but are of fundamental importance for a more complete understanding of the mineralogy
of this region. The present study was undertaken in order to narrow this gap. Siliciclastic red mudstones
within alluvial-fan deposits of the Middle Miocene Sarıyer Formation locally contain dolocretes in various
forms (powdery, nodular, and fracture-filling) and scarce matte-brown, authigenic clay lenses. The
mineralogical characteristics of dolocrete and authigenic clay lenses were examined using polarized-light
microscopy, X-ray diffraction, differential thermal analysis and thermal gravimetry, scanning-electron
microscopy, and infrared spectroscopy, as well as by chemical and isotopic methods. These analyses
indicate that the dolocretes are indeed predominantly dolomite, coexisting with variable amounts of
palygorskite. The authigenic clay lenses are composed mainly of palygorskite. Dolomite appears as
euhedral crystals, whereas palygorskite developed authigenically as interwoven fibers on and between
resorbed dolomite crystals, rimming euhedral crystals, and as fiber bundles (where dolomite � magnesite is
absent). The stable-isotope values and some petrographic features, such as alveolar texture and dolomite
needles, support a pedogenic origin for the dolocretes. In the initial stage, dolomite formed by replacement
of siliciclastic red mudstones and/or by precipitation from percolating soil-derived water in a near-surface
setting. Subsequently, palygorskite either precipitated on the dolomite crystals from relatively more
evaporative water, replaced the host-rock mudstone in the presence of Al + Fe, or formed directly from
solution where the Ca/Mg ratio decreased and the Al + Fe increased. In view of the large Cr and Ni contents
of the bulk-rock samples, the elements required for the crystallization of dolomite and palygorskite
(namely Mg, Ca, Si, Al, and Fe) may have been supplied by weathering of ophiolitic rocks that crop out in
the area.
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INTRODUCTION

Within-soil and near-surface accumulations of calcite

or dolomite are known as calcretes (or caliche) or

dolocretes, respectively (Wright and Tucker, 1991).

Numerous studies have dealt with various aspects of

calcretes in general (e.g. Goudie, 1983; Wright and

Tucker, 1991; Alonso-Zarza, 2003), calcrete profiles and

their origin (e.g. Reeves, 1970; Harrison, 1977; Arakel,

1986; Alonso-Zarza and Arenas, 2004; Eren et al.,

2008), biogenic features (e.g. Klappa, 1980; Jones and

Ng, 1988; Wright et al., 1988; Goudie, 1996), chemistry

(e.g. Aristarain, 1970; Goudie, 1972; Sancho et al.,

1992; Khadkikar, 2005), paleoclimate (e.g. Mack et al.,

1991), associated authigenic clays (e.g. Kapur et al.,

1987; Verrecchia and Coustumer, 1996; Kadir and Eren,

2008), and morphology (e.g. Eren, 2007). In contrast to

calcretes, dolocretes have been studied relatively little

(e.g. Arakel, 1986; Khalaf, 1990, 2007; Colson and

Cojan, 1996; Schmid et al., 2006). Two main models

have been used to explain the formation of calcrete/

dolocrete: (1) the ‘per descensum’ model (pedogenic

calcrete/dolocrete) based on downward movement of

dissolved CaCO3, and (2) the ‘per ascensum’ model

(groundwater calcrete/dolocrete), related to the capillary

rise of groundwater (Goudie 1973, 1983; Wright and

Tucker, 1991). The previous studies listed above

suggested that dolocretes form from groundwater or

surface water by progressive evaporation. Identification

of precise sources of Mg is problematic, but it is

considered to have been supplied by means of an influx

of waters from Mg-rich rocks (Arakel, 1986).

Calcretes in Turkey have been studied by a number of

workers (Kapur et al., 1987, 1990, 1993, 2000; Atalay,

1996; Atabey et al., 1998; Eren et al., 2004, 2008; Kadir

and Eren, 2008). Eren et al. (2004, 2008) provided

detailed descriptions of calcretes of the Mersin area and

suggested that those calcretes have a pedogenic origin.

Furthermore, Kapur et al. (1987) and Kadir and Eren

(2008) explained the occurrence of palygorskite asso-

ciated with calcretes in the Adana and Mersin areas,

respectively. To date no detailed information has
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become available concerning dolocrete in Turkey. The

present study focuses on the formation of dolocrete and

coexisting palygorskite in the Çanakkale area.

GEOLOGICAL SETTING

Middle to Late Miocene terrestrial and marine

sedimentary rocks deposited in the Çanakkale Basin

are exposed along the southeastern margin of the

Çanakkale Strait (Figures 1, 2). These sedimentary

units uncomformably overlie Paleozoic schists and

marbles, Permian to Triassic ophiolitic rocks, and

Eocene volcanic rocks between Çanakkale and Truva-

Küçük Menderes Çay, and only Eocene volcanic rocks

crop out in the Lapseki area (Atabey et al., 2004). These

sedimentary units comprise the Middle Miocene Sarıyer

Formation and the Late Miocene Çanakkale Formation.

The Sarıyer Formation is composed of red alluvial-fan

deposits, consisting of conglomerate, sandstone, and

reddish-gray mudstone in which dolocretes are abundant,

and also locally enclose scarce, matte-brown, authigenic

clay lenses. The conglomerate is composed of abundant

Figure 1. Geological and location maps of the study area.
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serpentinite pebbles, and metamorphic, andesite, and

rhyolite pebbles are also present. In the study area, the

grain size in the Sarıyer Formation decreases from east

to west and northwest where siliciclastic red mudstone

dominates (Figure 1). The Çanakkale Formation is

subdivided into three members: the Güzelyal, Intepe,

and Tekkedere. These members are vertically and

laterally gradational. The Güzelyal member comprises

fine- to coarse-grained sandstones, mudstone, siltstone,

and conglomerate that were deposited in shore and

shoreface environments. The Intepe member is com-

posed of mudstone, siltstone, and sandstone deposited as

calcarenite and claystone units in a lagoonal environ-

ment, on the basis of their fossil contents and

sedimentary structures. Mudstone of the Intepe member

encloses relict plant stems and alternates with sand-

stones. The Tekkedere member is composed of algal

limestone, oolitic limestone, beach pebblestone, and

sandstone, characteristic of deposition in a nearshore

environment. The Çanakkale Formation is overlain by

Pleistocene marine terraces and Pleistocene–Recent

alluvium.

The siliciclastic red mudstones in the alluvial-fan

deposits of the Sarıyer formation contain white dolocrete

mottlings, with powdery, nodular, and fracture-infilling

forms, as well as authigenic clay (palygorskite) lenses.

The age of the dolocrete has not been determined. Field

observations suggest a relative age younger than Middle

Figure 2. Simplified general stratigraphic section for the study area (modified from Atabey et al., 2004)
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Miocene. Calcretization was a major process during the

Pleistocene to Early Holocene (Özer et al., 1989; Atalay,

1996; Kapur et al., 1987, 1990, 2000; Eren et al., 2004,

2008), and the dolocrete of this study may be attributed

to the same period of calcretization.

MATERIALS AND METHODS

Twenty-nine samples of dolocrete and material from

authigenic clay lenses and their host rocks were

collected. Thin sections were prepared from the dolo-

crete samples and examined using an optical microscope

(Nikon-LV 100Pol). The mineralogical characteristics of

the samples were determined by X-ray powder diffrac-

tion (XRD) (Rigaku Geigerflex), differential thermal

analysis-thermal gravimetry (DTA-TG Rigaku TAS 100 E),

and scanning electron microscopy (SEM-EDX) (JEOL

JSM 84A-EDX). The XRD analyses were performed

using CuKa radiation at a scanning speed of 1º2y/min

with tube voltage and current of 40 kV and 30 mA,

respectively.

Selected samples were prepared for clay-mineral

analysis (size fraction <2 mm) by separation of the clay

fraction by sedimentation, followed by centrifugation of

the suspension after dispersion overnight in distilled

water. The clay particles were dispersed by ultrasonic

vibration for ~15 min. Four oriented specimens of the

<2 mm fraction of each sample were prepared by either

air drying, ethylene-glycol solvation at 60ºC for 2 h, or

thermal treatment at 350ºC or 550ºC for 2 h. Semi-

quantitative estimates of the rock-forming minerals were

obtained by using the external standard method of

Brindley (1980), whereas the relative abundances of

clay-mineral fractions were determined using basal

reflections and the mineral intensity factors of Moore

and Reynolds (1989).

Representative clay- and carbonate-dominated bulk

samples were prepared for SEM-EDX analysis by

adhering the fresh, broken surface of each sample onto

an aluminum sample holder with double-sided tape and

covering with a thin (350 Å) gold coating using a Giko

ion coater. The DTA-TG curves were recorded using 10

mg of powdered sample in a Pt sample holder at an

average rate of 10ºC/min with an alumina reference.

Infrared (IR) spectroscopic analysis was performed on

pressed pellets of powdered clay samples (2 mg of

Figure 3. Field photographs showing dolocrete occurrences in siliciclastic mudstones of the Sarıyer Formation (Middle Miocene)

along the Çanakkale Strait: (a) white dolocrete mottlings (arrows) in the red mudstone (rm); (b) close-up view of dolocrete mottling

(m); (c) fracture-controlled dolocrete nodules (arrow) and powdery dolocrete (m); (d) dolocrete as a fracture-filling (d), cross-

cutting the bedding surface (bs) and decreasing downward.
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Figure 4. Dolocrete photomicrographs: (a) very finely to finely crystalline dolomite showing recrystallization from dolomicrite

(dark areas) to dolomicrosparite, ppl (EA-93), scale bar = 0.2 mm; (b) floating texture, displaying detrital quartz grains (arrow) in

dolomicritic groundmass, xpl (EA-99); (c) sparry dolomite including clay-infilling (brown) in intercrystalline pores, ppl (EA-78B);

(d) desiccation cracks (arrow) with sparry dolomite filling in groundmass of very finely crystalline dolomicrosparite, ppl (EA-72);

(e) curvilinear desiccation cracks (arrow) with sparry dolomite filling, ppl (EA-72); (f) vuggy pore showing very finely crystalline

dolomicrosparitic rim cement (arrow) and sparry-dolomite cement (ds) at the pore center, dm: dolomicrite, ppl (EA-74); (g) acicular

dolomite crystals forming a mesh-like structure, ppl (EA-73); (h) acicular, oriented, or suboriented dolomite crystals (arrow)

forming pore walls with alveolar texture, xpl (EA-73). ppl: plane-polarized light; xpl: crossed polars.
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<2 mm fraction) mixed with 200 mg of KBr using a

Perkin Elmer 100 FT-IR spectrometer; scans were made

at a 4 cm�1 resolution.

Chemical data for 16 representative samples of

dolocrete and their host rocks were obtained by X-ray

fluorescence (XRF) (Rigaku RIX 3000 X-ray fluores-

cence spectrometer). Chemical analyses were performed

using the rock standards of the MBH Reference Material

(1998-99) and Breitländer (1988). The detection limits

for the analyses were between 0.01 and 0.1 wt.% for

major elements and 10 ppm for trace elements.

Loss on ignition (LOI) for each sample was also

determined by drying the samples overnight at 105ºC,

followed by determination of their water contents (and

the contents of other volatiles) at 1050ºC. Carbon and

oxygen isotopes were determined using a Finigan MAT

252 mass spectrometer in the laboratories of Southern

Methodist University (SMU), Dallas, Texas (USA).

Powdered calcrete samples (510 mg) were reacted with

100% phosphoric acid (H3PO4) at 50ºC. Replicate

analyses on randomly selected samples gave a mean

deviation of �0.05% for oxygen and �0.02% for carbon.

All isotopic data are reported in per mil (%) with respect

to the PDB standard.

RESULTS

Field descriptions

In the field, the dolocretes and scarce authigenic clay

lenses appear as white (Figure 3) and matte-brown

mottlings, respectively, in siliciclastic red mudstones

of the Middle Miocene Sarıyer formation. The dolocrete

mottlings are discontinuous and occur as powdery,

nodular, and fracture-filling forms. The powdery and

nodular dolocretes are irregular in shape (Figure 3a�c)

and are often controlled by non-tectonic fractures

(Figure 3c). The fracture-filling dolocretes are elongated

(Figure 3d), cross-cut bedding, and decrease downward.

Petrography

Petrographic examination of thin sections indicated

that the dolocrete samples are predominantly very fine-

Table 1. Semi-quantitative mineralogical compositions of the dolocretes, authigenic clay lenses, and host-rock samples.

Sample Rock type pal smc chl ill dol mag cal qtz fds pyx talc

EA-66 dolocrete powder ++ + ++
EA-67 dolocrete powder +++ acc ++
EA-69 dolocrete powder ++ +++ acc
EA-78B dolocrete powder +++ ++ acc
EA-97 dolocrete powder +++ acc ++ acc acc
EA-94 dolocrete powder ++ +++
EA-95 dolocrete powder ++ acc +++
EA-98 dolocrete powder ++ +++ acc
EA-65 dolocrete nodule + acc +++++
EA-70 dolocrete nodule + ++ +
EA-72 dolocrete nodule + ++++
EA-73 dolocrete nodule + ++++
EA-74 dolocrete nodule + ++++ acc
EA-75 dolocrete nodule + ++++
EA-76 dolocrete nodule + ++++
EA-77 dolocrete nodule + acc ++++
EA-79 dolocrete nodule + ++++
EA-93 dolocrete nodule acc + +++
EA-96AB dolocrete nodule + + + ++ + acc acc
EA-99 dolocrete nodule + acc +++ acc
EA-68 dolocrete fracture-filling ++ +++ acc

EA-64 clay lens +++++ + acc
EA-71 clay lens +++++ acc acc
EA-100 clay lens +++++ acc acc acc

EA-118 mudstone + + + ++ acc
EA-119 mudstone +++ acc acc + acc
EA-120 mudstone + acc + + ++ acc
EA-121 mudstone acc ++ acc + ++
C-5 mudstone ++++ acc + acc
C-11A mudstone ++++ acc acc +
C-12 mudstone ++ + + acc +

pal: palygorskite, smc: smectite, chl: chlorite, ill: illite, dol: dolomite, mag: magnesite, cal: calcite, qtz: quartz, fds: feldspar,
pyx: pyroxene.
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grained crystalline dolomicrosparite and dolomicrite

(Figure 4a,b); patchy dolospar (Figure 4c) is also pre-

sent as a product of recrystallization. Desiccation cracks

are widespread, with crumbly, polygonal, and curved

aspects (Figure 4d�f), accompanied by dolomicrospar

infilling. Intensely fractured areas were subjected to

recrystallization resulting in dolomicrospar formation.

Detrital quartz grains (<5% volume) are present in some

samples where they appear to be floating in the

groundmass (Figure 4b); this sort of floating texture is

characteristic of calcretes (Wright and Tucker, 1991). In

thin section, birds-eye fillings and vuggy pores occur

locally. The pores are surrounded by rim cement �
either scalenohedral or cloudy microcrystalline dolo-

mite, which grades poreward into euhedral sparry

dolomite. In sample EA-76, acicular dolomite crystals

(17�61 mm) are widespread and form a mesh-like

s t ruc ture (Figure 4g) and/or a lveolar tex ture

(Figure 4h) in which voids are surrounded by bundles

of parallel or subparallel dolomite needles. Randomly

oriented dolomite needles are also present in the pores.

Brecciation in some clay-rich samples is also present.

XRD

The mineralogical compositions of bulk samples, the

clay fractions of dolocrete nodules, powders, and fracture-

fillings, and samples from matte-brown authigenic clay

lenses and reddish, greenish, and multicolored siliciclastic

mudstone host rocks were examined by XRD (Table 1,

Figures 5, 6). The results indicated that dolomite

predominates in the samples and is associated locally

with accessory magnesite and with abundant palygorskite

in powdery and nodular dolocrete samples. The amount of

palygorskite increases and dolomite decreases in powdery

dolocrete compared to nodular dolocrete. Accessory

smectite, chlorite, quartz, pyroxene, illite, and talc are

also present in the samples. Matte-brown clay lenses are

composed predominantly of palygorskite.

Figure 5. XRD patterns for bulk argillaceous dolocrete. pal: palygorskite, dol: dolomite, mag: magnesite, qtz: quartz, and fds:

feldspar.
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Host-rock samples comprise smectite, palygorskite,

chlorite, quartz, feldspar, illite, and, locally, dolomite

and calcite. Thus, palygorskite is either lacking or occurs

as an accessory phase in siliciclastic mudstone samples,

whereas feldspar and smectite + chlorite + illite are

associated with quartz and, locally, with dolomite and

calcite.

Palygorskite has sharp diagnostic basal reflections at

10.45 Å which were unaffected by ethylene-glycol

treatment, but reduced and then collapsed upon heating

at 350 and 550ºC, respectively (Figure 6). Smectite was

recognized by its 14.4 Å reflections which expanded to

16.8 Å with ethylene-glycol treatment, and then

collapsed to 10.0 and 9.97 Å after heating at 350ºC

and 550ºC, respectively, for 2 h (Figure 6). Chlorite was

determined from its 14.2, 7.1, and 3.54 Å reflections,

and by the fact that it was not affected by ethylene-

glycol treatment and heating at 550ºC.

DTA-TG analysis

The DTA-TG analysis of palygorskite-dominated

samples showed that sample EA-100 gives four main

endothermic peaks at 154ºC (weight loss: 8.8%), 288ºC

(weight loss: 3.7%), 473ºC (weight loss: 4.2%), and

Figure 6. XRD patterns for clay fractions. pal: palygorskite, smc: smectite, chl: chlorite, ill: illite, dol: dolomite, qtz: quartz,

fds: feldspar.
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800ºC (weight loss: 1.2%) (Figure 7). The first endother-

mic peak corresponds to the loss of adsorbed and zeolitic

water. The second endothermic peak, possibly tied to

bound water, is strongly coordinated with Mg atoms

within the palygorskite channels, and that water remains

stable until it is expelled at the third endothermic peak at

473ºC. The fourth endothermic peak, at ~800ºC, is due

to structural dehydroxylation. The last endothermic peak

is followed by a weak, broad exothermic peak that is due

to the collapse of palygorskite structure, as reported by

Kulbicki (1959), Imai et al. (1969), and Jones and Galán

(1988).

The DTA-TG curve for sample EA-75 has large

endothermic peaks at 780ºC (weight loss: 20.3%) and

900ºC (weight loss: 21.4%) due to decomposition of

MgCO3 and CaCO3, respectively, in the dolomite

structure (Figure 7; Mackenzie, 1957; Webb and

Kruger, 1970; Smykatz-Kloss, 1974).

SEM-EDX analysis

The SEM images indicated that dolomite � accessory

magnesite rhombs are dominant in dolocrete samples,

coexisting with palygorskite. The dolocrete samples

consist of euhedral or subhedral dolomite and accessory

magnesite crystals 3�18 mm in maximum dimension.

Palygorskite occurs as dense fiber masses and inter-

woven fibers grown as bridges in resorbed-crystal voids

and between relics of dolomite-dominated carbonate

crystals (Figure 8a�e). On the other hand, in sample

EA-100, taken from an authigenic clay lens, dense

palygorskite fibers developed sub-parallel to each other

where carbonate crystals are either absent or occur as

accessories (Figure 8f�g). Palygorskite also occurs in

highly degraded alluvial detritus of the study area

(Figure 8h�i).

Rhombic carbonate crystals show strong peaks for

either Ca and Mg, or Mg, suggesting a dolomitic or

magnesitic composition. Fibrous palygorskite is indi-

cated by strong Si, moderate Al, and smaller Mg and Fe

peaks (Figure 9).

IR spectroscopy

The IR spectra for palygorskite-dominated sample

EA-100 and dolomite-dominated EA-75 sample

(Figure 10) revealed bands at 3551, 3405, 1662, 988,

648, 583, 511, and 487 cm�1, suggesting the presence of

palygorskite. The 3405 cm�1 band may be due in part to

a large Mg content, which adds Fe-OH-Mg vibrations to

the Fe-OH-Al vibrations. The band at 1662 cm�1

corresponds to the bending vibrations of bound water

and structural hydroxyls, rather than to adsorbed and

zeolitic water, which were eliminated upon heating to

105ºC/4 h (Farmer, 1974; Van der Marel and

Beutelspacher, 1976; Imai et al., 1969). The 988, 697,

and 474 cm�1 bands are probably due to the (Mg,

Al)�Si�O and Si�O�Si (Al) stretching vibration of

palygorskite (Farmer and Russell, 1964; McKeown et

al., 2002). Bands at 648, 583, 511, and 487 cm�1 are

attributed to O�Si�O bending vibrations. Bands at

648 and 511 cm�1 may also be attributed to the Mg�O

vibration.

The IR spectra for the dolomite-dominated sample

EA-75 are characterized by a broad, intense band at

1436 cm�1, and sharp bands at 881 and 729 cm�1, all

related to CO3
2� anions (Van der Marel and

Beutelspacher, 1976). The IR spectra results were

consistent with the results of XRD, SEM, DTA-TG,

and chemical analyses of the samples.

Chemical analysis

The results of chemical analyses of palygorskite-

bearing dolocrete and palygorskite samples and their

reddish, greenish, and multicolored mudstone host rocks

are given in Table 2. An increase in loss on ignition

values, associated with an increase in CaO + MgO and

MgO, is important as an indicator of dolomite � trace

magnesite.

The chemical variations reflect the mineralogies and

crystal chemistries of the dolomite minerals that coexist

with the clay and detrital minerals (Tables 1 and 2). SiO2,

Al2O3, and MgO are abundant in the dolocrete samples,

corresponding to an abundance of palygorskite associated

with dolomite. Thus, SiO2, MgO, and loss on ignition

increase in the carbonate nodules where the detrital

component is absent. The Al2O3 + Fe2O3 contents increase

with an increase in palygorskite � smectite � chlorite or

SiO2 and MgO, indicating that Al2O3 + Fe2O3 is bound
Figure 7. DTA-TG curves for palygorskite and dolomite

(EA-100 and EA-75).
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within the structures of these minerals, as indicated by

mineralogical determinations. The presence of CaO

(11.6�29.8%) associated with MgO (12.8�19.5%) reflects

the presence of dolomite accompanied by clay minerals.

Thus, CaO reflects the presence of dolomite. Palygorskite-

rich, brown clay sample EA-100 is composed of 58.4%

SiO2, Al2O3 + Fe2O3 (11.0% and 6.2%, respectively), 9.0%

MgO, and 12.7% LOI.

Cr (952�2023 ppm), Co (50�69 ppm), Ni

(702�1444 ppm), Cu (30�50 ppm), and Pb (22�36

ppm) in palygorskite-rich samples (EA-71 and EA-100)

correlate positively with Fe2O3 + MgO, reflecting the

availability of ferromagnesian material which probably

originated from serpentinized ophiolitic-basement units.

Stable isotopes

Stable-isotope, d18O and d13C, values for selected

dolocrete samples (Table 3) revealed that the dolomite

ranged from �2.88 to �5.81 (mean = �4.27) and from

�5.59 to �6.77 (mean = �6.43)% PDB, respectively. The

dolocrete d18O values were more variable than their d13C
values. Considering the oxygen-isotope fractionation value

Figure 8. SEM images of: (a) euhedral dolomite crystals (EA-64); (b) palygorskite fibers as bridges between resorbed dolomite

crystals (EA-64); (c) close-up view of b; (d�e) interwoven palygorskite fibers in dissolution voids and as bridges between resorbed

dolomite crystals (EA-64); (f) palygorskite fiber masses in contact with dolomite rhombs (EA-64); (g) subparallel orientation of

palygorskite fibers in a brown clay lens (EA-100); (h�i) dense fibers and interwoven palygorskite development within altered

detrital sediments in alluvial-fan materials (multicolored mudstone � alluvial sediments) (EA-119).
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of 3�1% PDB between dolomite and calcite (Land, 1980),

the present values are clearly consistent with calcrete

(calcite) isotope values (Suchecki et al., 1988; Alonso-

Zarza and Arenas, 2004; Bajnoczi and Kovacs-Kis, 2006;

Eren et al., 2008). The dolocrete values tend to be enriched

in d18O and d13C relative to those of the calcretes.

DISCUSSION

In the field, dolocrete mottlings occur in near-surface

settings within the siliciclastic mudstones and decrease

downward, especially in fractures, suggesting formation

from percolating water in a near-surface setting.

Petrographic features such as desiccation cracks, scarce

alveolar texture, and floating grains are characteristics of

calcretes/dolocretes, and confirm a near-surface setting

or vadose environment (Wright and Tucker, 1991). The

T
ab
le

2
.
M
aj
o
r-

an
d
tr
ac
e-
el
em

en
t
co
m
p
o
si
ti
o
n
s
o
f
d
o
lo
cr
et
es
,
au
th
ig
en
ic

cl
ay

le
n
se
s,

an
d
h
o
st
-r
o
ck

sa
m
p
le
s.

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
D
o
lo
cr
et
e
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
A
u
th
ig
en
ic

cl
ay

le
n
se
s

–
M
u
d
st
o
n
e
(h
o
st

ro
ck
)
–

O
x
id
e
(%

)
E
A
-6
5

E
A
-6
6

E
A
-6
7

E
A
-6
8

E
A
-6
9

E
A
-7
2

E
A
-7
7

E
A
-7
8
B

E
A
-7
9

E
A
-9
9

E
A
-6
4

E
A
-7
1

E
A
-1
0
0

E
A
-1
1
8

C
-5

C
-1
1
A

S
iO

2
5
.9

1
9
.5

2
2
.5

1
8
.5

1
0
.6

2
.1

7
.0

7
.0

4
.0

8
.2

3
9
.0

5
1
.5

5
8
.4

6
6
.3

5
4
.3

4
6
.2

A
l 2
O
3

1
.7

4
.8

3
.4

3
.1

1
.6

0
.3

1
.2

1
.2

0
.8

1
.0

7
.5

8
.3

1
1
.0

1
4
.0

1
7
.0

2
3
.0

F
e 2
O
3

0
.7

2
.1

1
.5

1
.3

0
.7

0
.1

0
.9

1
.0

0
.4

0
.6

3
.5

1
0
.5

6
.2

0
.5

1
0
.5

9
.5

M
g
O

1
8
.5

1
6
.5

1
7
.6

1
7
.5

1
8
.2

1
9
.5

1
8
.5

1
8
.8

1
9
.0

1
8
.5

1
2
.8

9
.5

9
.0

0
.1

4
.0

2
.0

C
aO

2
8
.5

2
1
.0

2
0
.0

2
4
.5

2
6
.5

3
1
.6

2
8
.2

2
8
.5

2
9
.8

2
7
.8

1
1
.6

2
.4

0
.2

0
.3

1
.7

1
.8

N
a 2
O

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

1
.5

1
.1

0
.7

K
2
O

0
.2

0
.6

0
.2

0
.3

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.8

0
.6

0
.6

0
.8

1
.1

0
.4

T
iO

2
0
.1

0
.3

0
.2

0
.2

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.4

0
.7

0
.6

0
.2

1
.1

1
.4

M
n
O

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

0
.1

L
O
I

4
2
.6

3
5
.0

3
4
.5

3
1
.8

4
1
.0

4
5
.8

4
3
.9

4
2
.8

4
4
.9

4
2
.5

2
2
.4

1
4
.1

1
2
.7

1
5
.4

8
.1

1
3
.2

T
o
ta
l

9
8
.4

1
0
0
.0

1
0
0
.1

9
7
.4

9
9
.0

9
9
.8

1
0
0
.1

9
9
.7

9
9
.3

9
8
.9

9
8
.2

9
7
.8

9
8
.9

9
9
.2

9
9
.0

9
8
.3

T
ra
c
e
el
em

en
ts

(p
p
m
)

C
r

5
0

6
6

5
0

5
0

5
0

5
0

9
6

9
6

5
0

7
1

1
4
2

2
0
2
3

9
5
2

1
3
7

5
0

5
0

C
o

5
0

5
0

5
0

5
0

5
0

5
0

5
0

5
0

5
0

5
0

5
0

6
9

5
0

5
0

5
0

5
0

N
i

3
0

9
2

7
5

5
0

4
0

7
2

1
7
6

1
7
7

8
5

1
1
4

1
3
8

1
4
4
4

7
0
2

3
4

3
0

3
0

C
u

3
0

3
0

3
0

3
0

3
0

3
0

3
0

3
0

3
0

3
0

3
9

5
0

3
0

3
0

3
0

9
4

P
b

2
0

2
0

2
0

2
0

2
0

2
0

2
0

2
0

2
0

2
0

2
0

3
6

2
2

1
1
8

2
0

2
0

Figure 9. EDX pattern for palygorskite fibers (EA-100).

Table 3. Stable-isotope compositions of dolomite in dolo-
cretes.

Sample d18O (PDB) d13C (PDB)

EA-70 �4.23 �6.74
EA-72 �4.31 �6.72
EA-73 �5.43 �6.23

�5.40 �6.21
EA-74 �3.61 �6.62
EA-75 �4.77 �6.19
EA-76 �5.81 �6.33

�5.78 �6.32
EA-77 �4.24 �6.74
EA-79 �2.88 �5.59
EA-93 �3.19 �6.77
>
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oxygen-isotope values indicate formation from meteoric

water (James and Choquette, 1984), and the carbon-

isotope values suggest a large input of soil-derived

carbon (Goudie 1983; Cerling 1984; Purvis and Wright,

1991; Alonso-Zarza and Arenas, 2004). Both negative

d13C values and alveolar texture in some samples

suggest a pedogenic origin for dolocretes in the region

(Wright and Tucker 1991; Eren et al. 2008). Similar to

calcite needles, dolomites needles are interpreted to be a

result of fungal biomineralization (Wright, 1986 for

calcite needles) and support a pedogenic origin for these

dolocretes.

The dominance of micrite in the dolocrete samples

suggests rapid precipitation or replacement from a

supersaturated solution, followed by extreme super-

saturation and slower precipitation of sparitic dolomite

during dolocretization (Harrison, 1977; Braithwaite,

1979). The Mg required for the formation of dolocretes

was probably supplied by proximal serpentinized ophio-

litic-basement units in light of the high Cr and Ni

contents of the bulk samples.

Mineralogical and geochemical determinations on

dolocrete samples reveal that palygorskite coexisted

with dolomite in variable amounts, mainly as a minor

component. Determinations by XRD revealed that the

sharp diagnostic basal reflection at 10.45 Å is consistent

with palygorskites from Sapillo, New Mexico, No. 21

(Christ et al., 1969) and Attapulgus, Georgia (Bradley,

1940). The sharp 3551 and 3405 cm�1 bands in IR spectra

for palygorskite-rich sample E-100 were attributed to the

stretching vibration of hydroxyl groups; the bonding of

hydrogen-coordinated Al and Si atoms reveal typical

palygorskite, similar to that reported by Serratosa (1962),

Farmer and Palmieri (1975), and Van der Marel and

Beutelspacher (1976). Examinations by SEM revealed

that palygorskite developed either as dense fiber masses

and interwoven fibers or bridges on and between resorbed

dolomite rhombs in dolocrete samples; the textures

suggest that the palygorskite had an authigenic origin.

Palygorskite formation post-dated dolomite formation and

developed via a dissolution-precipitation mechanism;

alternatively, masses of palygorskite fibers edging well

crystallized rhombic carbonate may reveal direct pre-

cipitation following precipitation of carbonate under

semi-arid to arid climatic conditions (Singer, 1979,

1989; Jones and Galán, 1988; Inglès and Anadón, 1991;

Kadir, 2007; Gürel, 2008). Elsewhere, the subparallel

orientation of palygorskite fibers in brown clay lenses

Figure 10. IR spectra for palygorskite (EA-100) and dolomite (EA-75).
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(sample EA-100) may indicate formation by replacement

of host-rock mudstones, as well as by precipitation.

Locations lacking carbonate crystals are similar to

occurrences described by Allison and Riggs (1994),

Gehring et al. (1995), Akbulut and Kadir (2003), and

Kadir and Eren (2008). The chemical contents (58.4%

SiO2, 11.0% Al2O3, 6.2% Fe2O3, and 9.0% MgO) of

palygorskite-rich sample E-100 and its microchemical

analysis by EDX (Figure 9) indicated typical palygorskite,

similar to palygorskite from Mt. Flinders, Queensland,

Australia (Roger et al., 1964), and Barton, Florida, USA

(Krekeler et al., 2008), except that it contains more Al2O3

+ Fe2O3 and less MgO (Newman and Brown, 1987). Si

and Al + Fe for the formation of palygorskite originated

either from the weathering of ophiolitic rocks, (based on

large Cr and Ni values in palygorskite-rich samples [e.g.

EA-100 and EA-71] from dolocrete-bearing mudstone

[containing 952 and 2023 ppm Cr, and 702 and 1444 ppm

Ni, respectively]), or by degradation of unstable detrital

smectite, chlorite, illite, and other sediments (host rocks)

which show high degrees of degradation (Tables 2, 3;

Velde, 1977). Development of palygorskite between

degraded phyllosilicate-dominated detrital materials in

the host rock (mudstone) revealed that these phyllo-

silicates were unstable in a highly alkaline environment,

resulting in the release of Si and Al + Fe (Singer, 1984;

Paquet, 1983; Chamley, 1989; Çağatay, 1990). Ece et al.

(1999) reported contents of 23.7% MgO, 7.64% FeO, and

8.24% CaO in Permian to Triassic ophiolitic rocks of the

Çanakkale area. Thus, this palygorskite apparently formed

in association with smectite- and chlorite-rich, shore and

nearshore, alluvial-fan sediments. The Mg necessary for

precipitation of palygorskite associated with these dolo-

cretes may also have been supplied by resorption of

dolomite and magnesite crystals (e.g. Ghazban et al.,

1994).

Overall, the dolocretes of the Çanakkale area are of

pedogenic origin, probably developed below the vegeta-

tion cover from percolating soil-derived water. In that

alternating wet and dry periods are known to be important

in calcrete/dolocrete formation (Wright and Tucker,

1991), wet periods in the study area presumably caused

weathering of ophiolitic rocks and soil formation.

Subsequent dry periods increased Mg and Ca concentra-

tions in soil-derived water from which dolomite pre-

cipitated and/or replaced the host rocks in an earlier stage;

palygorskite later formed in a more evaporative stage.

CONCLUSIONS

In the Çanakkale area, siliciclastic red mudstones in

alluvial-fan deposits of the Sarıyer Formation locally

contain white dolocrete mottlings and scarce palygors-

kite lenses along the Çanakkale Strait. Analyses suggest

that dolocrete samples are predominantly dolomite with

variable amounts of palygorskite. Field and petrographic

features and stable-isotope values suggest formation

from soil-derived percolating meteoric water in a near-

surface setting below the soil zone. A process of

progressive drying resulted in dolomite formation by

replacement and/or precipitation in an early stage, with

palygorskite precipitating in a later stage.
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Fitzpatrick, E.A. (1990) Geomorphology and pedogenic
evolution of Quaternary calcretes in the northern Adana
Basin of southern Turkey. Zeitschrift für Geomorphologie,
34, 4959.
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