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Some of the natural minerals formed in arid climate give information on the paleo-climate, A
microwave spectroscopy of electron spin resonance, (ESR), which detects the concentration of
accumulated defects produced by natural radiation, gives the age of a mineral. ESR ages of gypsum
(CaSO, - 2H,0) from Quaternary lacustrine sediments in Konya Basin, Turkey, were estimated using
the CO,” signal as a function of the depth. The ages at 17.4 and 27.4 m were estimated to be about 37
and 62 ka and the average velocity of sedimentation from 6 t0 13 m and from 17 to 26 m was
determined to be about 0.4 m/ka. The distribution of two radicals (CO,” and 80,7} in crystaltine
gypsum was imaged using a scanning ESR microscope developed in our laboratory, The high
concentration of 8O, at the center of the crystal indicates that the gypsum has grown from the center
to the surface. The distribution of impurities was also checked by electron probe X-ray microanalysis
(EPMA). Our scanning ESR imaging method can clarify the stripe pattern and cyclic variation of
palec-climate.
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INTRODUCTION

The climate changes since the last glacial age in the Konya Basin, Turkey, are of specific
interest in relation to the development of civilizations. Sediments of the Konya Basin, have been
investigated to clarify the vegetation and climatic history. Boring cores of sediments were
obtained and analyzed for pollen, diatoms, dust and volcanic ash (Yasuda et al. 1992). In
addition, we have measured some minerals in the boring cores using the electron spin resonance
(ESR) method to assess the environmental changes, since ESR and ESR microscopy are useful
techniques (Tkeya, 1993).

Gypsum (CaSO, - 2H,0) is a widespread sulfate mineral which is often formed by
precipitation from saline water in arid areas. Gypsum is useful for ESR dating based on the
measurements of accumulated defects, because it has unpaired electrons produced by natural
radiation after crystallization (Ikeda and Ikeya 1992). Paramagnetic species of impurity-related
CO," defects are formed by natural radiation in gypsum. The total dose of natoral radiation (TD)
is obtained using an additive dose method. The age is determined by assessing the annual dose
rate in the ESR dating (Ikeya, 1993),
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The distribution of defects due to natural radiation effects as well as paramagnetic impurities
can now be imaged using a scanning ESR microscope developed in our laboratory (Furusawa and
Ikeya 1988, 1990). Fossils of anmonite, crinoid, shark’s teeth and dinosaur eggs have been
imaged so far but no Quaternary mineral has been imaged due to the low signal to noise ratie
(S/N). If the TD (or ESR age) and the content of impurities could be determined for each pixel in
an ESR image, the distribution of radioactive elements and mineral growth conditions may be
obtained from the images. We have investigated the distributions of paramagnetic impurities and
defects in a small gypsum crystal taken from a bore-hole core at the Konya Basin, using the ESR
microscope.

It is possible to detect, using ESR and ESR microscope, radiation-induced defects which can
not be detected with other methods of analysis. Paramagnetic impurities such as transition metal
ions (Mn2* and Fe?*) and rare earth ions can be detected using other methods. Hence an electron
probe X-ray microanalysis (EPMA) was also used to determine the distribution of metallic
impurities in the mineral and to compare it with the images obtained by ESR (Omura and lkeya
1996). It can be interpretcd from the ESR image of the T obtained for the first time that the
surface of crystal is damaged by the external v -rays.

EXPERIMENT

Localities of Samples

Konya Basin (37 45713.3"N., 32 43°05.4"'E.) is located about 200 km south of Ankara, the
capital of Turkey. Fig. 1 shows the geomorphological map of the Konya Basin in Turkey. Yasuda
et al, (1992) drilled in the southeastern part of Konya city in 1991 and obtained a core of 60.68 m
in length. Detailed description of the core and the results of pollen analysis are reported
elsewhere.

DBEENBUY

Fig. 1. Geomorphological map of Konya Basin, Turkey partially modified after Fig. 1 in Yasuda et al. 1992, 1:Boring
site 2:Pluvial lake surface 3:Alluvial fan 4:Fault 5:Volcano 6:Anatolia surface 7:Mountains.
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Sample Preparation
(a) Sample for ESR Dating

Gypsum samples from the bore-hole core were crushed into powder, sieved between 100 and
250 um in diameter, and rinsed with weak hydrochloric acid (0.1 N) for 15 minutes. Each sample
was split into seven aliquots and these aliquots were irradiated with y -rays from %Co with doses
ranging from 0 to 300 Gy.
{b) Sample for ESR imaging

A large mono-crystalline gypsum piece (10 mm X 25 mm X 20 mm) obtained from the bore-
hole core at the depth of 27 m was used for the ESR imaging. Fig. 2a is a sketch of a broken
piece of bore-hole core which contatined the gypsum crystal. The gypsum was found in white -
light gray clay. The white-light gray clay layers are vertical to the horizontal light brown clay
sediment, The gypsum was cut parallel to the perfect cleavage surface (010) into a slice of 1 mm
in thickness (Fig. 2b). “Up, Down, Right, Left” and “Center” are surface and central positions of
the obtained gypsum, respectively. The b-axis, which is perpendicular to the cleavage surface, is
almost parallel to the white-light gray clay layers.

(a) (b) 25 mm
[ white Light
Gray Clay .
] Light Brown Clay g
Gypsum
(C) Sample

Fig, 2, (a) Sketch of a bore-hole core with the crystaltine
gypsum. The gypsum is found in the white-light
gray clay. (b) The gypsum was cut parallel to the
perfect cleavage surface (010) into a slice of 1 mm
in thickness. The cleavage surface was imaged.
“Up”, “Down”, “Right”, “Left” and “Center”
positions are indicated, respectively. (¢) Scanning
ESR microscope can image the distribution of
electron spins. The sample was placed over the
TE, -mode cavity with a pin-hele and then moved
using a mechanical X-Y stage.

Aperture

Magnetic Field

Apparatus
{a) ESR Spectrometer

ESR spectra were measured with a commercial X-band spectrometer (JEQL, RE-1X) at room
temperature at 100 kHz field modulation with a modulation amplitude of 0.1 mT and with a
microwave power of 20 mW.
(b) ESR microscope

An ESR spectrometer (JEOL, FE-1X) attached to a hand-made cavity and computer-controlled
X-Y stage was used as a scanning ESR microscope. The cavity was the TE, ,-mode cylindrical
cavity with an aperture of 3 mm in diameter (Fig. 2¢c, Furusawa and Ikeya, 1988, 1990). The
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cleavage surface of the gypsum was placed over the aperture and was moved after each
measurement using a computer controlled X-Y stage. The number of pixels is 1173 (23 X51) for
the 275 (11 X 25) mm? region.

(¢) Radiation assessment

Gamma Ray Spectroscopy

Average 238U, 232Th, 0K concentrations in sediments around the samples were measured by
¥ ~ray spectroscopy using low background spectrometers (GEM-90210 and LOAX-51370/20,
Seiko EG&G Ortec) and a hand-made shielding of plastic, pure copper plates and lead blocks
from. the interior to the outer shielding. Gamma-rays above about 200 keV were carefully
measured by GEM-90210 with p-type Ge detector and those below about 200 keV were
measured by LOAX-51370/20 with n-type Ge detector.

The sediments were heated at 70°C for 3 days in order to remove water and then placed on the
detector. Measurements were made during a period of 2 days and the contents of 23U were
calculated from the 234Th, 2*%Fh, 225Ra and 2Pb peaks at 63.3, 67.7, 186.10 and 351.87 keV,
respectively. Those of 252Th and “°K were calculated from the 28Ac peak at 911.21 keV and the
40K peak at 1460.83 keV, respectively. The contribution of cosmic rays was tentatively
neglected.

Imaging Plate

The distribution of radioactivity (K,0O, U-series) in the gypsum was measured using a
commercially available imaging
plate (Bas-tII, Fuji Photo Film
Co., Ltd) with fine crystals of
photo-stimulatable phosphor
11.0-11.1 ] (BaFBr: Eu?*) in a polyester.
When the exposed imaging plate
is scanned with a fine laser
beam, it emits luminescence
proportional to the 3-rays dose. This
luminescence is collected and
imaged.

RESULTS

ESR Spectra of Gypsum
Fig. 3 shows the ESR spectra of
gypsum. The signals due to two
I - paramagnetic species were
o 802 observed at g = 2.006 (SO;), g, =
| I ) 2.01% and g = 2.008 (CO,) (Ikeya
332 334 1993). Other signals that were
reported previously in natural

-Magnetic Field (mT) gypsum powder could not be

Fig. 3. ESR spectra of gypsum. The signals at g = 2.006 and that at g = 2.019, g = Obs_er?red’ p_r?sumably because
2.008 were identified as SO, and CO;, respectively. their intensities were large for

QE CO;~ ©
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relatively young samples or overlapping signals were too complex to be separated (Kasuya e ai.
1991, Albuquerque and Isotani 1982, Ikeda and Ikeya 1992, Tkeya 1993, Gunter 1967, Wigen
and Cowen 1960). Details of ESR signals in gypsum are given in Ikeya (1993).

The Concentration of SO, and CO,” with Depth

The concentrations of SO,” and CO,” in samples are plotted as a function of depth from ground
surface in Fig. 4. The concentration of defects are obtained by comparing the ESR intensities of
the samples with that of the standard sample, in which the number of defects are known.

Deeper samples show higher concentration of SO, The concentration of CO; also tends to
increase with depth; however there is some reversal for the deepest samples as shown in Fig. 4,
because the concentration of CO,” depends on the concentration of the impurity CO> as well as
the annual dose.

1016

L L.t g1J)i

T T TTTTI

C03_

T l]llllll
v rand

[
o
—" Y
s

LA R L
vt ennl

SOQ"

L AL |

Concentration of Defects (cm )
)
o

T T T Ty
IR RETT

It | t ! 1

10 20
Depth (m)

Fig. 4, The concentrations of 8O, are higher in the samples at deeper points. But there are some reversal points for
those of CO " which depend on the cencentration of the impurities as well as the annual dose.
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Thermal Annealing of Natural and Irradiated Gypsum

Natural gypsum at 17.3-17.5 m depth and the one irradiated with y -rays from 5°Co with 126
Gy were isochronally (15 minutes duration) heated at several temperatures varying from 70°C to
200°C to investigate the formation and decay of the SO, and CO," defects. The 80, defects were
produced by thermal annealing in air as shown in Fig. 5. Two peaks were observed at 120°C and
180°C. The peak at 120°C indicates the loss of 3/2 molecules of water and the peak at 180°C
indicates the loss of the remaining water, because gypsum is converted to the semi-hydrate
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Fig. 5. The enhancement of $O,” and decay of CO;" were observed by Fig. 6. The growth curve of CO,". The concentration is
thermal annealing in air. Two peaks of $0,” correspond to the used for dating.
loss of water.

(CaS'O‘t * 1/2H,0) and anhydride (CaSO,) at 100~200°C (Deer et al. 1966). The 30, defect may
be induced by dehydration.

The ESR Dating of Gypsum

Fig. 6 shows the growth curve of CO," in the sample at the depth of 17.3-17.5 m against the
additive y -irradiation. The amplitudes of CO,” signal are taken as the signal intensities because
CO; is suitable for ESR dating of gypsum (Kasuya et al. 1991, Chen ef al. 1988,1989, Ikeda and
Lkeya 1992).

When the lifetime of defects is considered to be infinite, formation and decay of defects in
nature are described as .

dn/dQ = a(1-n/n) 1)
where the following parameters are used: '

n : Concentration of defects [defects/cm?].

a : Defect creation efficiency [defects/(cm?Gy)].

n_: Concentration of defect saturated by insensitive volume to radiation [defects/om?]

Q : The dose of artificial y-rays [Gy].

TD : The total dose by natural radiation of the sample after precipitation [Gy].
The solution of Eq,(1) with the boundary condition of a(%0) = r_is

n =n{1-expl-a{@+TD)]) )
The values of the parameters, g, n, and 7D were determined by cxtrapolatlng Eq (2) to the zero
ordinate as shown in Table 1.

The high value of a indicates the high concentration of the impurity CO.%, included in gypsum
because the CO,” defect is considered to be produced from CO2. The saturation concentration
cotresponds to the ratio of the number of the available lattice sites, IV, and interaction volume
defined as the number of lattice sites insensitive to radiation, b, following Ikeya (1993).
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Table 1. The values of the parameters, 4, # and 7D.

Depth (m) a (X100 em™ Gy ™) B, (%10 co®) D (Gy)
6.610.1 33%03 6.8%03 6.8-10.2
11.0%:01 54302 10*1 20-32
13.2%0.1 55+11 31%5 48-55
17.4+0.1 9.7t2.0 39+6 21-30
20.2%+0.1 59+13 162 S56-76
26.010.1 84kt12 . 1942 33-44
27.4%0.1 5.6T0.8 1732 30-39
n=N/b ) 3)
The TD is related with an ESR age, T, as follows.
TD=TXD 4
The annual dose, D, is determined by estimation of the annual internal dose, D, , and the annual
external dose, DBX, as follows,
D=D_+D_ &)

where D is constant for 23¥U-series equilibrium. The radiation energies of the radioactive
elements and D were used according to the recent papers by Nambi and Aitken 1986, Liritzis and
Kokkoris 1992 and Ogoh er al. 1993.

The value of D, was estimated using the gypsum obtained from the core at 26.2 m depth
shown in Table 2(a). A defect production efficiency of a-rays relative to that of the artificial
irradiation (k) of 0.1 was used. Values of D_ were estimated using the sediments around the
samples at each depth as shown in Table 2(b). Values of D and D, were estimated by
considering the 3-dose attenuation (Mejdahl 1979, Yokoyama er al. 1982).

The relation between the ESR ages and the depth are shown in Fig. 7. The extrapolated broken
line indicates the relation between the depth and the age derived from the average velocity of
sedimentation.

ESR Image

The distribution of the two defects was obtained using a microwave scanning ESR microscope.
“Center” position gives a high intensity for SO, produced by chemical reaction (Omura et al.
1994) (Fig. 8a). “Up” and “Down” positions give high intensities for CO,” produced by natural
radiation as shown in Fig. 8b.

Distribution of Total Dose (TD)

The ESR images of the gypsum before and after y-irradiation were obtained in order to
investigate the spatial distribution of the total dose as shown in Fig. 9. The total dose by natural
radiation, 7D, of the sample was determined by exfrapolating the growth curve of the signal
intensities, I, to zero ordinate. A fitted straight line as a function of dose, Q.

I=I (1+0Q/TD)
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Table 2. (a) The concentration of the radioactive elements in gypsum and the annual dose, D
(b) The concentration of radioactive elements, that of H.C in sediment around the sample and the annual

external dose, D,
(a)

U (ppm) Th (ppm) K,0 (%) Dy (mGyly)
Gypsum at 26.2m = 02 £ 03 =002 = 02 .
(b)
Depth (m) U (ppm) Th (ppm) KO @  HO %) Dy (mGyly)
6.610.1 41+0.2 11.5+0.3 2441004 13.1+0.1 2.0310.05
11.0%0.1 3.1%0.2 78%02 1.19+0.02 14..0¢0.1 1.37%0.04
132201 35%02 88+02 156+002  147%01 1.85+0.05
17.4%01 44%02 6.8%0.2 1.00£0.02 13.1%0.1 1.36E0.04
20.2+0.1 46102 L5.3i0.3 2.39%0.04 13.410.1 286007
262101 26302 87102 1.34%0.03 10.8£0.1 1.13%0.04
27.4%0.1 27102 13.8%0.3 1.8110.03 17.9%0.1 1.30%0.03

Depth (m)

Age (ka)

Fig. 7. The relation between the ESR age and depth. The broken line indicates the age derived from the average
velocity of sedimentation.
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Fig. 8. (a) The distribution of SO, The central position gave a high intensity.
(b) The distribution of CO,". The surface gave a high intensity.
(c) The distribution of the ESR intensities of 80," and CO, along the ceniral horizontal line in the images.

was used, where 7 is the initial intensity before additive irradiation. It is considered that the
growth is linear in this dose range. The 7D at “Up” and “Down” surfaces are higher than that at
“Center” position either because of heterogeneous distribution of radioactive elements or of the
external radiation (Fig. 8b). The TD image corresponds to the CO,” image.
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Fig. 9. (a) The image of CO," irradiated up to 118 Gy. The image of TD is obtained with this image and Fig. 8(b) by the
additive dose method.
(b) The image shows the TD of surface is higher. The image corresponds to the CO image.

Distribution of Impurity, CO>

Distribution of impurity, CO.> was determined by irradiating up to the dose of 12 kGy by 7 -
rays from the source of 5°Co much heavier than TD (The maximum of TD is less than 250 Gy). If
the intensity of CO, is in proportion to the concentration of CO,%, the distribution of CO,* may
be obtained as an image of CO,” by heavy irradiation (Fig. 10). The obtained image would
indicate that the surface (“Up”, “Down”, “Left” and “Right”) has a high concentration of CO32'.
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Fig. 10. The distribution of COf‘ was obtained by heavy irradiation. The local concentration of COJZ' may be high at
that portion which has been crystallized later.

Radioactive Elements Using an Imaging Plate

The imaging plate accumulates and stores the S-rays energy : The coated surface 10 pm in
thickness absorbs a-rays. The gypsum had been placed on the imaging plate for 10 days in the
shield of lead blocks for radiation exposure. The internal dose rate of 3-rays was measured with
the imaging plate. The intensity around the gypsum was higher than that in the gypsum, becavse
the dose rate in the air was higher than that in the gypsum. There is no heterogeneous distribution
of 8 emitters within the fluctuation less than 0.1 %. The concentration of K O was calibrated by
comparing the standard sample of KCI assuming that the source of 2-rays was *°K in natural K
(Fig. 11a).

Heavy Metal Ions with EPMA

The concentrations of impurities, Na, K, Mg, Al, Si and Fe at eight points of the gypsum were
measured with an electron probe X-ray microanalysis (EPMA) (Fig. 11b). Fe at all points were
not detectable with EPMA. (The concentration of Fe is less than 0.001 %.) The high intensities of
ESR signals, SO,, CO,” as well as COaz' do not correspond to the concentration of specific



204 : IkEYA, Motoji, et al.

(@)

=
Intensity

Intensity

(b) . 5 mm

C.4, .03l

(%)

for

o.2r
&
; G.OIF

Wit.

. B BT = 4

oy L eV i
R L DC1C2C3C4Cs R L DCiC2C3C4Cs

Fig. 11. (a) The distribution of the dose rate from radioactive elements in gypsum was obtained by an imaging plate.
There was no hetrogeneous distribution which corresponds to the 7D image.

{b) The concentrations of impurities, Na, K, Mg, Al, Si and Fe at eight points were measured with EPMA. The
concentration of K* and Na* appear to be higher at D, C5 and C2 where the TD and intensity of CQ,” are high,
suggesting the stabilization of a hole (CO,’) at monovalent alkali ions. Anomaly of MgO, ALO, and SiO, at C2
may indicate clay mineral inclusion.

metallic impurities detected with EPMA.
DISCUSSION

ESR Age of Gypsum

The ESR ages obtained using the CO," signal were not consistent with the stratigraphy as
shown in Fig. 7. The CO; signal was found to decay on dehydration, but the S0, signal was
produced by dehydration (see Fig. 5). Gypsum can be converted into anhydrite in pure water at
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42°C (Deer et al. 1966). The ESR ages would be underestimated because of the decay of Co,
caused by repeated dehydration and hydration in nature. Fig. 7 shows that dehydration occured at
17.4 and 27.4 m in the past. The ages at 17.4 and 27.4 m are estimated about 37 and 62 ka
respectively according to the average velocity of sedimentation from 6 to 13 m and from 17 to 26
m, (408 m/ka. The temperature at 37 and 62 ka before present was lower than that of today
according to the variation of paleo-temperature derived from the oxygen isotope ratio (Masuda
1991, Webb et al. 1984}. Therefore, the decrease of the CO,” might be caused not by a long term
variation of climate but by short range events which raised the temperature of sediments at that
time. Thus, ESR of radical species in gypsum is a good indicator of the paleo-temperature
fluctuation,

Environmental Assessment Using ESR Imaging
(a) Images of SO,

The depth profile of SO, indicates that the intensity of SO, is proportional to the age but it
saturates at the age of about 45 ka according to the average velocity of sedimentatton (at about 20
m, see Fig. 4 and Fig, 7). SO, produced by chemical reaction indicates growth direction if its
intensity is proportional to the age. In the case of gypsum, the image indicates that the gypsum
crystallized from the center to the surface. No growth steps were observed under the optical
microscope by etching the cleavage surface with water.

(b) Image of CO,” induced by natural radiation

The TD image indicates that the external f-rays from surrounding sediments would be
responsible for the high signal intensity of CO," at the surface for the following reasons (see Fig.
8b and 9b). '

1) The distribution of 8 dose rate indicates Solution
homogeneous internal radioactive elements in
the crystal (see Fig. 11a). \L

2) The surface portion having a high 7D is just
about the same range as that of f3-rays of 0.5
MeV (1-2 mm) in a solid.

If the external B-rays from surrounding rack
sediments is responsible for the high intensity of
signal CO," at the surface, the reasons why only
“Up” and “Down” surfaces have high 7D (see
Fig. 8b and 9b) are considered as follows:

1) The crystal has been kept in a crack filled
with aqueous solution with the “Up” and
“Down” surfaces touched to the sediment as
shown in Fig. 12. “Right” and “Left” surfaces
would have been exposed to external
radiation from radio-active elements in the
aqueous solution. ) )

2) “Right” and “Left” surfaces would have "5 1 B o e e o s
recrystallized. ’ touched to the sediment. .

Gypsum

u
down P

Impermeable clay
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. Both reasons imply that the gypsum has been kept in a crack filled with aqueous solution.

(c) Image of CO,> as impurities

- The image of the CO,> concentration would indicate that the CO, concentration at the surface
is higher than that at the central position of the gypsum. The variation of CO.> in gypsum would
be due to the change of C032' in agueous solution, In a closed system model into sulfate jons
precipitate as solid gypsum and CO,> ions are repelled solution. Thus, the content of CO,> in
solution would become higher at the last stage of crystallization. If an open system is established,
the variation would correspond to the environmental changes of the aqueous solution at the late
stage of crystallization. Further systematic studies of various minerals at the different depths of
the bore-core are necessary to clarify the processes of crystallization and the environmental
changes.

CONCLUSIONS

ESR dating and imaging of gypsum in bore-hole cores from the Konya Basin were carried out.
The ESR ages were obtained using the CO;” signal. It was found that the concentration of SO,
was larger for deeper samples. The CO, signal decayed on dehydration, but the SO, signal
increased on dehydration in a thermal annealing experiment in air. ESR ages may be
underestimated because of the decay of CO, by repeated dehydration and hydration of the
sediments. The decrease of CO," at 17.4 and 27 4 m rmght be caused by some short range events
which raise the temperature.

The signal intensity of radicals in a sliced crystal of gypsum was imaged with a scanning ESR

microscope.

1) The image of SO,” concentration indicates the gypsum has grown from the center to the
surface.

2) The CO;" indicates that the crystalline gypsum has grown in a crack filled with solution in
impermeable clay.

3) The distribution of the TD indicates that the external £ rays from surrounding sediments are
responsible for the high intensity of signal CO, at surface.

4) The distribution of CO,* was obtained as the CO,” image after heavy irradiation. The high
concentration of CO,” at the last stage indicates elther repulsion of CO,* ion crystal:zatwn or
environmental change of aqueous solution.

The ESR microscope would be another useful tool for studying the repulsion of impurities and
the ambient environmental changes during mineral growth as well as for imaging radiation
effects. From these studies, it is concluded that gypsum precipitated in arid climate about 50 ka.
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