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ESR studies of Anatolian gypsum
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Abstract

Electron spin resonance (ESR) was used to date the formation and most recent recrystallization of three types of gypsum samples (massive,
bedded and fracture filling gypsum) from the Sakarya Formation at Eski¸sehir in the middle of Turkey. The ESR spectra had the signals of
Fe3+ and Mn2+ in addition to those of the G1 and G2 sensitive centers (g = 2.002 and 2.008) to artificial�-irradiation. ESR intensities of
G1 and G2 were enhanced by�-ray irradiation to give equivalent dosesDE for each sample. The ESR ages derived from the annual doses of
238U, 232Th and40K contents of the samples determined by thermal neutron activation analysis (TNAA) were between 43± 18 ka (massive
gypsum) and 1100± 466 ka (bedded gypsum) as minimal and maximal values. The ages fall into the upper Miocene–Pliocene Epoch of the
geological time scale, which agreed with the stratigraphy.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Gypsum, the dihydrate form of calcium sulfate (CaSO4·
2H2O, monoclinic) is a common sulfate mineral, which
has different morphology including prismatic, rosette and
other habits, and often forms through precipitation from
saline waters in arid areas. Although different crystalliza-
tion characteristics of gypsum may provide clues to the
depositional environment during growth of the mineral, the
conclusions about the depositional environments on gypsum
habits is uncertain unless the chemical and physical factors
producing these habits are understood[1]. The chronol-
ogy of the gypsum deposits in quaternary arid areas is one
of the significant factors for the study of environmental
history.

Gypsum is useful for electron spin resonance (ESR) dat-
ing that has been widely applied to a number of different
geological minerals for determining the chronology. Some
of these applications for the stratighraphic gypsum have al-
ready been reported by Nambi[2], Ikeda et al.[3], Yijian
et al. [4], Ikeda and Ikeya[5], Omura and Ikeya[6]. In this
method, the concentration of accumulated defects having
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unpaired electrons produced by natural radiation after the
crystallization is measured. The accumulated dose of natu-
ral radiation,DE is obtained by the use of the additive dose
method. Hence, the measurement sample acts as a dosime-
ter to record the dose from all radioactive elements such as
U, Th and K in its immediate environment in radius up to
30 cm. The determination of the radioactive composition en-
able to calculate the contribution of the inherent dose to the
annual dose,D, which includes the cosmic dose rate. The
ageT is then calculated from the equation:T = DE/D [7].

ESR provided some signals related to the accumulation of
unpaired electrons atg = 2.009 (G2), 2.004 (G1) and 2.003
(G3), which were attributed the oxygen centers (O3

2, O2
−

and O3
− electron deficient centers) were reported for nat-

ural gypsum powders[8] and common anhydrite crystals
(CaSO4) by Bershov et al.[9], and Ikeda and Ikeya[5]. The
applicability of ESR dating is directly related to the stability
of these centers or its lifetime. For instance, the mean life-
time of the G1 atg = 2.004 approximately to 1012 years,
whilst the G2 atg = 2.009 was reported to be more stable
than the former[10]. By considering the concepts mentioned
above, it is obvious that the gypsum minerals are suitable
material for ESR dating studies.

Sivrihisar Neogen lacustrine basin of Sakarya Formation
is one of the most typical Neogen basin in central Anatolia
in Turkey. The basis contains evaporated formation such as
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dolomite, sepiolite and gypsum. The ESR signals of sepio-
lite from the basin and its dating were previously reported
in detail [11]. The occurrences of gypsum should also pro-
vide unique examples of ancient lacustrine environment of
the basin. In this study, the paramagnetic features of some
typical gypsum from the Sakarya Formation were investi-
gated in view of the ESR dating to be able to compare with
the features of the sepiolite.

2. Experimental

2.1. Gypsum samples (CaSO4·2H2O)

Some properties of the samples from Sazılar Village of
Polatlı, Ankara and Sivrihisar–Eski¸sehir in Sakarya For-
mation are presented inTable 1. The formation consists
of gypsum associated with dolomite, dolomite-bearing se-
piolite and limestone in the Sivrihisar Lacustrine basin.
Gypsum rocks present different crystallization characteris-
tics. The morphology is characterized by marked variability
and includes discoidal, prismatic, pyramidal, rosette and
numerous other habits. Most gypsum is white to gray-
ish white although the impurities in any given deposit
frequently determine the color of the rock and resulting
products. Sedimentological features of gypsum indicate
different depositional environments such as sub-water,
lacustrine plains and fracture-fillings. Three types of gyp-
sum were defined in the formation[12]: the massive, the

Table 1
Some properties of three types of gypsum which occur in many parts of the world, and has long been of economic importance in the family of industrial
minerals

Sample code Site Color, morphology (crystal size) and host rock Types of gypsum

T4 Sivrihisar–Eski¸sehir Honey, prismatic (50 mm× 12 mm × 25 mm),
too many very fine layers in the 25 mm
thickness), dolomite

Bedded gypsum at the upper levels of
massive gypsum(the thickness of 6 m)

T21 Sivrihisar–Eski¸sehir White, prismatic (70 mm× 30 mm × 20 mm),
dolomite

Bedded gypsum at the upper levels of
massive gypsum(the thickness of 6 m)

T7-G Sivrihisar–Eski¸sehir Green, pyramidal (swallow tail, 95 mm×
50 mm × 20 mm), dolomite and limestone

Displacive-grown, fracture filling gypsum
(the thickness of 20 m)

T7-B Sivrihisar–Eski¸sehir Brown or honey, pyramidal (swallow tail, 95 mm
× 50 mm × 20 mm), dolomite and limestone

Displacive-grown, fracture filling gypsum
(the thickness of 20 m)

T15 Sivrihisar–Eski¸sehir Honey, rosette (55 mm× 45 mm × 30 mm)
sdolomite

Displacive-grown, fracture filling gypsum
(the thickness of 20 m)

T16 Sivrihisar–Eski¸sehir White, discoidal (40 mm× 10 mm × 15 mm),
dolomite

Displacive-grown, fracture filling gypsum
(the thickness of 20 m)

T11 Sivrihisar–Eski¸sehir White, pyramidal (swallow tail, 50 mm×
5–12 mm× 10 mm), dolomite and limestone

Displacive-grown, fracture filling gypsum
(the thickness of 20 m)

T20 Sivrihisar–Eski¸sehir White, prismatic (length< 0.5 mm, very fine
crystals), dolomite

Massive gypsum (the thickness of 10 m)

1 Sazılar–Polatlı Ankara White, prismatic (4 mm× 1.5 mm× 1 mm),
dolomite

Massive gypsum (the thickness of 10 m)

It is generally calcined for the production of stucco for industrial applications. Uncalcined uses of gypsum are principally as a retarder for portland
cement, as a soil conditioner, as a mineral filler, and other minor.

bedded, and the displacive-grown and fracture filling gyp-
sums. The samples used in this investigation and its fea-
tures in accordance with the gypsum types are given in
Table 1.

2.2. Experimental procedure

The pieces of gypsum were picked up from the host rock
(dolomite, dolomite-bearing sepiolite and limestone) and
gently powdered. About 300 mg of 12–14 aliquots of each
sample were used for�-irradiation and annealing experi-
ments. ESR measurements were performed with a Varian
E-L9′′ X-band ESR spectrometer at ambient temperature
with a 100 kHz field modulation of amplitude at 0.8 mT
and with a microwave power of 2 mW. The scan speed was
5 mT min−1 with a time constant of 1 s.

The samples were irradiated with different�-doses of
0–3.2 kGy by the use of a60Co source with a rate of
2.15 kGy h−1. Single growth curve was fitted to a satura-
tion curve which was obtained by the least-square method
by using a software. Values ofDE were determined by ex-
trapolating the growth curve to the zero ordinate. Thermal
stabilities of paramagnetic centers were scanned with the
ESR measurements by isochronal annealing from 50 to
600◦C for 15 min at each step, and by isothermal anneal-
ing at the temperatures of 525, 550, 580 and 600◦C for
different periods at each step.

Annual doses were calculated from238U, 232Th and
40K contents of the samples measured by thermal neutron
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Table 2
Concentrations of radioactive elements obtained by thermal neutron activation analysis, calculated total annual doses including the cosmic dose rate (0.35 mGy a−1), DE’s and ESR ages of the G1 and
G2 centers in the gypsum samples

Sample code 238U (ppm) 232Th (ppm) K (%) Annual doses (mGy a−1) DE (kGy) Age (ka)

G1 G2 G1 G2

T4 1.16± 0.21 – 0.07± 0.05 0.59± 0.05 (0.42± 0.02) 0.65± 0.22 0.08± 0.03 1100± 466 (1533± 587) 135± 62 (189± 79)
T21 1.25± 0.19 – 0.02± 0.05 0.60± 0.05 (0.42± 0.02) 0.25± 0.06 0.00± 0.01 417± 135 (595± 173) 1.00± 0.92 (1.43± 1.26)

T7-G 2.91± 0.15 – 0.07± 0.05 0.94± 0.04 (0.52± 0.02) 0.54± 0.12 0.14± 0.05 576± 152 (1038± 263) 149± 60 (269± 104)
T7-B 2.91± 0.15 – 0.07± 0.05 0.94± 0.04 (0.52± 0.02) 0.52± 0.20 0.02± 0.01 554± 237 (1000± 416) 20± 16 (37± 28)
T15 2.62± 0.16 1.51± 0.16 0.19± 0.03 1.01± 0.05 (0.56± 0.02) 0.33± 0.10 0.04± 0.02 327± 115 (589± 200) 40± 22 (71± 38)
T16 6.36± 0.14 1.41± 0.06 0.17± 0.03 1.74± 0.04 (0.76± 0.02) 0.42± 0.06 0.02± 0.02 242± 39 (553± 90) 12± 12 (26± 25)
T11 – – 0.11± 0.04 0.37± 0.01 (0.76± 0.02) 0.06± 0.03 0.03± 0.03 162± 86 (553± 90) 78± 78 (26± 25)

T20 6.41± 0.18 – 0.02± 0.05 1.97± 0.08 (0.78± 0.05) 0.20± 0.06 0.01± 0.01 102± 34 (258± 94) 6 ± 7 (15 ± 18)
1 2.48± 0.16 0.94± 0.09 0.19± 0.03 1.13± 0.07 (0.65± 0.03) 0.05± 0.02 0.12± 0.06 43± 18 (75± 31) 105± 56 (183± 97)

Annual doses were calculated assuming both ways of 100% loss of Rn in parentheses and no loss of Rn.
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activation analysis (TNAA), using the conversion table given
by Nambi and Aitken[13]. In this calculation, we used the
conversion factors assuming both ways of no Rn loss and
100% Rn loss. The efficiency of the defect production by�-
rays (k value) in gypsum is tentatively estimated to 0.05, as
in calcite[14]. The attenuation factor for the average�-doses
was assumed to be 0.78 for the sample thickness of 15 mm
or thicker ones, using Fig. 3a of Grün[15]. The attenuation
factors for the�-rays for different sizes of the samples were
considered to be the values of Table 2 in Mejdahl[16].
The calculated total annual doses for the buried samples are
provided inTable 2. The contribution of the cosmic dose
to the dose rates was considered to be 0.35 mGy a−1 by
assuming the elevation, latitude and depth (1000 m, 39◦ and
17 g cm−2) of the sampling site[17–19].

Fig. 1. ESR spectrum of the sextet of hyperfine lines attributed to Mn2+
in addition to the Fe3+ peak atg = 4.22 observed in powdered natural
gypsum sample T15 at room temperature. (a) Natural sample, (b) 1.61 kGy
�-irradiated sample. The characteristic peaks for dating are observed at
aboutg = 2.005 in the middle of the sextet of hyperfine lines.

Fig. 2. ESR spectra of gypsum sample T15 for (a) natural, (b)�-irradiated
at 1.61 kGy and (c) 1.61 kGy�-irradiated-heated at 600◦C for 9 min. The
intensities of the signals atg = 2.008 and 2.002 of the natural sample
increased by�-rays, while the signal at 2.002 disappeared after annealing
at 600◦C.
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3. Results

3.1. ESR signals and equivalent dose (DE)

The ESR spectra of T15 for natural and 1.61 kGy�-
irradiated powdered gypsum samples are shown inFig. 1a
and b. The characteristic peaks for the sample are observed
at g = 2.005 in the middle of the sextet of hyperfine lines
of Mn2+, in addition to the peak atg = 4.22 presumably
associated with Fe3+.

The ESR spectra of the natural samples were compared
with those of the samples exposed to 1.61 kGy and the ex-
posed and annualed in for 600◦C for 9 min (Fig. 2a–c). Two
centers were seen inFig. 2a, the one atg = 2.014 to 2.008
for G2, and the otherg = 2.002 for G1, which were be-
tween third and fourth of sextet hyperfine lines of Mn2+
(g = 2.037 and 1.979). These centers were sensitive, for
which the increase atg = 2.008 and 2.002 of the irradi-
ated sample (Fig. 2b), and the disappearence of the signal
at g = 2.008 of the annealed sample (Fig. 2c) were evident.
However, the intensities of Mn2+ and Fe3+ signal were re-
mained unchanged in all samples.

Fig. 3. Growth curves of the G1 and G2 centers in the gypsum samples.
(a) T20 of massive gypsum. The intensity increased exponentially by
�-doses; (b) T7-B of fracture filling gypsum. The intensities of G2 in
T7-B enhanced exponentially, while G1 increased linearly by�-doses.

In all samples the ESR intensities of the sensitive cen-
ters increased exponentially (Fig. 3afor T20), whilst those
for G1 in T4 and T7-B which increased linearly by�-ray
irradiation (Fig. 3bfor T7-B). The signals of G2 in natural
T16 and T21, and G1 and G2 in natural T20 could not be
recorded.

Table 2summaries the calculated values ofDE and ages in
addition to the annual doses calculated by using radioactive
contents for each sample. Since the values ofDE for the
G2 of T20 and T21 were close to zero, the ages should be
zero with the 100% error limits. The age distribution of the
studied samples is shown inFig. 4. The ages of the centers
present different values from 1.0 ± 0.9 ka to 1100± 466 ka
though they fall into the same Neocene basins. On the other
way, the ages of G2 centers within the 1.0±0.9 ka to 135±
62 ka limits are younger than those of G1 centers in the
range of 43± 18 ka to 1100± 466 ka.

3.2. Thermal stabilities of the centers

The isochronal annealing experiments of G1 and G2 for
the sample 1 from the massive gypsums are shown inFig. 5.
The signal intensities of G1 did not change up to 500◦C,
after this temperature they significantly increased and con-
tinued by the increasing temperature to 600◦C. The increase
were also observed for G2 centers. The increase was started
above 450◦C, reached maximum at about 550◦C and dis-
appeared completely at 600◦C.

Isothermal annealing experiments showed that the inten-
sities of G1 increased at the first step, then decreased by
heating periods at 525, 550, 580 and 600◦C, whilst they in-
creased again after decreasing by heating periods at 600◦C
(Fig. 6). However, G2 annealed at these temperatures. The
decay coefficients of G1 centers were calculated by as-
suming the annealing obeys first-order kinetics and the re-
sults were plotted on an Arrhenius diagram (Fig. 7). The
mean lifetime,τ at an average environmental temperature of

Fig. 4. The ages calculated for different types of gypsum samples are
presented vs. the sample code. According to the data, the youngest and
oldest gypsum belong to the massive and bedded gypsum, respectively.
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Fig. 5. Signal variations on isochronal annealing experiments for 15 min. The intensity of G2 reached its maximal value at 550◦C and then disappeared
at 600◦C, while the intensity of the G1 continued to increase even at the temperatures of 600◦C.

Fig. 6. The variations of the intensities of G1 in the sample 1 on the
isothermal annealing experiments.

15◦C, activation energy,E and frequency factor, 1/τo were
found to be 2.4 × 1021 years, 2.2 eV and 2.1 × 109 s−1,
respectively.

4. Discussions

Three types of gypsum samples from the Sakarya For-
mation falling into the upper Miocene–Pliocene of Neocene
lacustrine basins were studied. The ESR results showed that
the samples had two sensitive centers, G1 and G2 in addi-
tion to the ones of Mn2 and Fe3+ which were stable. There
were no relation between samples and its spectra.

The ESR ages calculated for the G1 and G2 varied in a
wide range (Table 2andFig. 4). The ages of the G2 centers
were within the range of 1.0 ± 0.9 ka to 135± 62 ka, and
those of G1 were of 43± 18 ka to 1100± 466 ka.

The ages of the G2 centers in three types of the samples
were younger than those of G1 with the mean lifetime of

2.4×1021 years. This should be due to the difference in ther-
mal stability of the centers. However, Nambi[10] suggested
that G2 signal at 2.008 is more stable than G3 atg = 2.004
with the mean lifetime of 1012 years and can be used for
ESR dating. Therefore, the ages of G1 centers may be ac-
cepted as the reliable ages of the samples, whilst G2 centers
might be considered to be annealed after the formation of
the crystals. However, the signals of G2 was too weak but
those of G1 were observed clearly in all the natural samples.
The ages of G2 in the samples from massive gypsums (T20),
bedded gypsums (T21) and fracture filling gypsums (T16)
were calculated within 100% errors. The massive gypsums
had the finest crystals amongst the studied types and had the
youngest ages in view of both centers. This might imply that
the massive gypsums was possibly recrystallized repeatedly
under the environmental conditions of lake and ground wa-
ter, after its formation in the upper Miocene–Pliocene Epoch,
but was not annealed due to the subjection of high tempera-
tures like a few hundred degree celsius, in this period. Based
on this possibility, it can be concluded that sample T4 of the
bedded gypsum and sample 1 of the massive gypsum were
the oldest and youngest ESR age of G1; 1100± 466 ka and
43± 18 ka. The ages of the formation for bedded, fracture
filling and massive gypsums might be within the range of
417±135 ka to 1100±466 ka, 162±86 ka to 576±152 ka,
and 43± 18 ka to 102± 34 ka, respectively. Three types of
gypsums can be classified chronologically as the bedded, the
fracture filling and the massive gypsums from its formation
to the present.

These ages of the site are young due to the recrystalliza-
tion or annealing effects in the site though they are in agree-
ment with the stratigraphy. On the other hand, the ages are
in good agreement with the ages of three types of sepiolites
for the same formation, 1800± 800 ka, 900± 200 ka and
700± 500 ka for beige sepiolites, meerschaum and brown
sepiolites, respectively[11].

The major disadvantage of the ESR age determination
is that the method requires further consideration past dose
rates for an inhomogeneous site. The inhomogeneity of
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Fig. 7. Arrhenius diagram of decay coefficients of G1. First-order kinetics was assumed when calculating the coefficients for the decay curve. An activation
energy of 2.2 eV and a frequency factor of 2.1 × 109 s−1 were obtained by fitting a line to those points by the least-square method. Extrapolating this
line to 15◦C, the mean life time of the center was calculated to be 2.4 × 1021 years.

radioactive contents in host rocks and gypsum crystals may
cause a wide scatter of ESR data. For confirmation of the
ESR ages of the studied site, the age determination by
different techniques, like14C is required.
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