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Abstract: Carbonated rocks constitute one of the main lithologies of the southeastern Tibet area,
China, a tectonically very active zone. However, due to the lack of suitable dating materials, it is dif-
ficult to carry out chronological studies of the local tectonic evolution in such carbonate areas. In the
present study, electron spin resonance (ESR) method had been applied on the dating of carbonates
heated during fault activity of the Lijiang-Xiaojinhe (LX) Fault, an important active fault located in
the northwest of Yunnan Province. Clear displaced landforms show that the fault has undergone
strong late-Quaternary activity. During the fault activity, the heat produced by friction lead to the
melting of the frictional surface of the rocks, and the melting can attenuate or zero the ESR dating
signal of carbonate. The aim of the present paper was to check the ability of carbonate use to chrono-
logically identify fault activity using electron spin resonance (ESR) method. The results showed the
last fault activity of the LX fault was dated by ESR about 2.0+0.2 ka ago, in agreement with historical
and radiocarbon data. Hence ESR can be if necessary a practicable dating alternative method for the
study of fault activity chronology in carbonate rock area.
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1. INTRODUCTION
The southeastern margin of the Tibet Plateau, which
is one of the important areas for the study of active tec-

tonics, is marked by the presence of numerous faults
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having played in relation with the regional tectonic activi-
ty. Carbonated rocks constitute one of the main litholo-
gies of this area, and it is difficult to carry out chronolog-
ical surveys of the local tectonic evolution in such car-
bonated areas due to the lack of suitable dating materials.
In the present paper, we have checked the ability of re-
crystallized carbonate use to chronologically identify
fault activity using electron spin resonance (ESR) method.
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As early as the 1970s, Ikeya (1975) made the first
ESR dating study of carbonates using stalactite calcite.
The results being encouraging, the ESR dating method
was subsequently developed and applied rapidly on dif-
ferent Quaternary materials, including carbonates from
marine or continental origin (e.g., Smith et al., 1985;
Chen et al., 1987; Molodkov, 1988; Yin et al., 2001; Li et
al., 2015).

Thermal annealing experiments show that heating
(over 200°C) can attenuate or zero the ESR dating signal
of carbonate (e.g. Yokoyama et al., 1983; Bahain ef al.,
1994; Pirouelle ef al., 2007; Diao et al., 2018). As a great
deal of heat is produced during the fault activity process,
the ESR dating signal in carbonate rocks could decay or
clear up in relation with this heating. Therefore, it seems
theoretically possible to study fault activity in carbonate
rock area by ESR method.

Here the preliminary results of the ESR study of fault
activity in carbonated area are displayed for the Lijiang-
Xiaojinhe fault, China.

2. GEOLOGICAL SETTING AND SAMPLING

The Lijiang-Xiaojinhe (LX) Fault is an important ac-
tive fault located in the northwest of Yunnan Province,
and its length is about 400 km (Xiang et al., 2002). LX
fault locates along the boundary of the northwest Sichuan
and central Yunnan sub-blocks in the Sichuan-Yunnan
block in eastern Tibet. LX fault is not only the main
boundary fault controlling the steep deformation zone of
the southeastern margin of the Qinghai-Tibet Plateau but
also the main transverse fault in the Sichuan-Yunnan
rhombic block. Clear displaced landforms show that the
fault has undergone strong late Quaternary activity
(Cheng et al., 2012). There have been many earthquakes
in this area. However, fewer materials can be used to
measure the age of fault activity in such carbonate rock
area.

During the fault activity, the heat produced by friction
leads to the melting of the frictional surface of the rocks.
The thickness of the molten layer, often about a few mil-
limetres, is then related to the intensity of the tectonic
movement and associated temperature increase. As LX
fault is developed in carboniferous limestone with a frac-
ture bandwidth of about 20 meters, the main slip surface
is a smooth fault triangle on the surface of which a thin
layer of carbonate newly formed by friction and scratches
can be observed. In this study, we have picked the car-
bonate material on the frictional surface of the LX fault,
in order to try to date its last tectonic activity and associ-
ated intensity, see Fig. 1 and Fig. 2.

The carbonate sample has been divided into three
parts following their external aspects: fully melted (A),
partially modified (B), and slightly or not modified (C),
see Fig. 2(3). The observed modifications of the car-
bonate rock structure were interpreted as the results of the
heating of the carbonate rock during the fault movement.
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Fig. 1. Location of the Lijiang-Xiaojinhe fault, southeastern Tibet. The
red dots denote earthquakes, and the size of red dots denotes magni-
tude. The sample site is indicated by a black star.

Fig. 2. Global (1) and detailed (2) views of the sampling area. Picture
(3) is the photo of carbonates sample with indication of the sampling
point (red square) on picture (1). Area A: milky white and be melted
again thoroughly; area B: yellow-white and be partially melted; area C:
grey-green and has not the characteristic of being melted.

When the fault is active, the limestone on the fault plane
receives high-speed friction producing an increase of the
temperature, which leads to the carbonate melting again
thoroughly and forming a new milky white layer (part A
of our sample), which is smooth and a thin plate shape
with a thickness of about 1-2 mm. Yellow-white part B,
rough and globular, belongs to the material of fault frac-
ture zone adjacent to part A. Part B seems have been
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partially melted and re-cemented under the action of the
fault activity in relation with a thermal effect. In opposi-
tion, grey-green Part C looks similar with original car-
boniferous limestone and seems unmodified, without any
characteristic of melted rocks.

3. EXPERIMENTAL METHODS

Sample preparation and irradiation

The three aforementioned parts of the sample (A, B,
C) were separated and similarly crushed, the 100-200 pm
grain size fraction of each part was then selected, dried
after cleaning with distilled water and divided into sever-
al 200 mg aliquots. These aliquots have received addi-
tional gamma doses ranging from 0 to 400 Gy using the
%Co gamma source of Peking University.

Measurement of the dose rate

The dose rate was calculated using the dose conver-
sion factors of Guerin ef al. (2011) from the concentra-
tions of uranium, thorium and potassium of each sample
determined by ICP-MS analyses. The cosmic dose rate
was calculated on the burial depth of the sample from the
Prescott and Hutton (1994).

ESR measurement

ESR signal intensities were measured by a BRUKER
ER041XG X-band spectrometer at room temperature,
using microwave power of 0.01 mW, the centre field of
351.4 mT, sweep width 15 mT, modulation frequency
100 kHz, and modulation amplitude 0.1 mT, in the ESR
laboratory of the Institute of Geology, China Earthquake
Administration, Beijing, China. All of the samples were
measured three times with different directions to obtain
the average intensity. Fig. 3 showed ESR spectra of the
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LX fault nature sample (part C). A prominent feature is
the presence of the hyperfine sextet associated with Mn**
nuclear spin (I=5/2) and associated forbidden transition
lines (Am=+1). The intensity of Mn*'signals is strong in
calcite because of the repulsion of Mn®" in the recrystalli-
zation of CaCOj during stalactite growth (Ikeya, 1993).

In our samples, the ESR intensity of additional radia-
tion-induced signals (located in the spectrum area be-
tween Mn®" peaks 3 and 4) in the natural sample was
relatively weak although it should have been exposed to
natural radiations for several million years. However, it is
difficult to create defects in the carbonate with a high
impurity content as the inactive volume around Mn”",
F e2+, and A’ in the calcite lattice absorbs radiation ener-
gy (i.e., creates electrons and holes) without forming
stable defects (Ikeya, 1993).

It is better to select a stable radio-sensitive signal in-
creasing in intensity with artificial irradiation for ESR
dating (Henning and Griin, 1983). In our samples, we
observed three ESR peaks at g=2.0006, g=2.0039, and
g=2.0057 respectively, which have practically been used
as a dating signal (signal A, B and C of Ikeya and Ohmu-
ra (1981), linked to freely rotating SO,, axial SO;” and
freely rotating CO,  respectively) (Barabas, 1992;
Debuyst et al., 1990), see Fig. 4. The thermal stabilities
of these three signals can be classified as following:
g=2.0057 > g=2.0039 > g=2.0006, characteristics ob-
served in carbonates samples from different origins (Ba-
hain et al., 1994). According with its relatively low ther-
mal stability, ESR intensity of the g=2.0006 line can be
bleached to zero over 200°C according to the isochronal
annealing curve (Ikeya, 1993). Parallel, the signal intensi-
ty increases obviously with added artificial irradiation
doses. Therefore, we selected the g=2.0006 ESR signal as
the dating signal in this study.

Fig. 3. ESR spectra of the LX fault nature
sample (part C).
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Fig. 4. ESR spectra of the LX fault sample
(part C) for different artificial irradiation doses.
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4. RESULTS AND DISCUSSION

Thermal effect on ESR signal

The apparent characteristics of the samples seem to
show different degrees of thermal effect, so will their
ESR signals show the same characteristics? Fig. 5 com-
pare the natural ESR spectra of parts A, B and C. It
shows clearly the same ESR characteristic Mn*"-3 and
Mn*"-4 peaks, and the three dating signals (at g=2.0057,
g=2.0039, g=2.0006) whose intensities decrease gradual-
ly from part C to B to A. These intensity changes of the
three sample parts are consistent with their supposed
heating: higher the heating temperature, greater the atten-
uation of ESR signal. The friction surface (part A) has
received the biggest thermal effect because the tempera-
ture of the frictional surface is the highest when the fault
is active, then part of the thermal effect is received by
part B, which was close to part A. On the other hand, the
influence of fault activity on part C is weak.

As Mn?" is not radio-sensitive, the signal decrease ob-
served from part C to A could be related to different Mn
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contents of the three parts and not to a thermo-sensitivity.
Therefore, we had quantified the Mn contents of the
different parts of the LX fault sample by LA-ICP-MS at
the State Key Laboratory of Earthquake Dynamics, Insti-
tute of Geology, China Earthquake Administration. Sam-
ple ablations were performed using a Resolution M50
ArF excimer laser at a wavelength of 193 nm. An Agilent
7900 quadrupole ICP-MS was used to determine the ion
signal intensities under argon gas. Helium gas and aero-
solized samples were mixed with Ar/N2 gas via a
T-connector before entering the ICP-MS. Nitrogen was
added to enhance the sensitivity of the ICP-MS, reduce
the background and lower the polyatomic ion interference
(Pang ef al., 2017). The results show that if Mn content
decreases gradually from part C to B to A, the measured
content changes are quite restricted (about 7.6 and
2.4 ppm respectively for part B and A against 9.5 ppm in
Part C). Comparing with part C, the ESR signal intensi-
ties of Mn**-3 and Mn”>"-4 in part B attenuate to 24% and
in part A attenuate to 6%. As Part A and B show melting
characteristics and usually the melting also affects the

Fig. 5. Natural ESR spectra of LX samples (part A, B
and C). Mn?-3 at g=2.0345 and Mn?-4 at g=1.9804
are two of the six main peaks of the Mn?* ESR spec-
trum in calcite.
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number of available traps in manganese lattices, it seems
that both content change and melting attenuate the ESR
intensity of Mn>" in LX samples from part C to A.

Equivalent dose

The dose response curves of g=2.0006 peak were es-
tablished for Parts A, B and C, and the equivalent doses
(De) were obtained from the ESR intensities-doses data
set by extrapolation. For all subsamples, the equivalent
doses values and their individual errors were determined
from the dose response data fitted with a linear function.
The obtained dose response curves are displayed in Fig. 6.

The obtained equivalent doses for parts A, B and C
are 1.9£0.2, 2.1£0.2 and 4.6£0.4 Gy, respectively. We
can notice that the equivalent doses are consistent for
parts A and B within the error, while the equivalent dose
determined for part C is much bigger.

Dose-rate and age calculation

In order to obtain the age, the dose rate has been cal-
culated. Because the composition of carbonate rock is
homogeneous and part A and B are thinner (about a few
millimetres), we have considered that the three part (A, B
and C) have been submitted to the same dose rate. The
content of uranium, thorium and potassium of the LX
sample were determined by chemical method (ICP-MS)
as  0.099+0.005 ppm, 0.192+0.010 ppm and
0.045+0.002% respectively. The cosmic dose rate was
estimated at 0.287+0.011 Gy/ka (the burial depth set to
35-40 cm). From these data, the dose rate of carbonate
rock was estimated at 1.074+0.050 Gy/ka, see Table 1.
The ages of the last tectonic activity recorded into parts A
and B are 1.77+0.2 ka and 1.96+0.2 ka respectively. An
average age of 1.87+0.2 ka can be calculated. The detail
information see Table 1.
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Fig. 6. Dose response curves of the g=2.0006 line for LX samples.
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Table 1. ESR dating results of the LX faull.

Sample Depth U Th K cosmic dose rate D De Age
M (ugig) (bgg) (%) (Gylka) Gyka) (G (k)
part A 190£020  1.774020
part B 0.30 0.099+0.005 0.192+0.010 0.045+0.002 0.287+0.011 1.074+0.050 210+0.20  1.96+0.20
Part C 4.60£0.40  4.28+0.40
5. DISCUSSION activity as well as the age of the last recorded tectonic
event.

Practical ESR dating on carbonates started in the 1) The friction surface melts and recrystallizes when the
1970-1980s on stalactites and stalagmites in caves. Radi- fault is active, which can reset the ESR dating
ation-induced defects in carbonates have been well identi- g=2.0006 signal of calcite to zero.
fied by more recent investigations in the 1990s using 2) The last fault activity of the LX fault is dated by ESR
synthetic carbonates doped with impurities and *C- about 1.85+0.2 ka ago, so in relatively good agree-
isotope. Although there are some problems and limita- ment with the last historical recorded Earthquake
tions, ESR has given overall reliable ages of crystalliza- (dated by radiocarbon between 1830 and 1540a Cal
tion of calcite using signals due to CO,” and SO;". The BP). ESR can therefore provide a practicable dating
ESR age is then deduced from equivalent dose extrapo- method for the study of fault activity in carbonate
lated from the dose-response curve and from dose rate rock area. Of course, on the reliability and accuracy
deduced from the contents of **U, **Th and *’K using of the ESR dating results, further research is needed.

the method of radiation assessment.
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