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This article presents chronological investigations on
interfault fibrous gypsum using the technique of Elec-
tron Spin Resonance (ESR) dating, essentially to dem-
onstrate the robustness of the technique as a dating
tool on fibrous gypsum precipitates in a semi-arid re-
gion. Samples of fibrous gypsum collected from Katrol
hill range, Kachchh consist of those from fractures
and bedding planes, and those along the inferred fault
plane. The slow progressive uplift along the region re-
sulted in erosion, unloading and dissolution of near-
surface evaporite deposits and formation of extensional
joints parallel to bedding and across. These openings
became favourable sites for the fibrous gypsum to
develop perpendicular to the wall of factures as well
as fault plane. ESR chronometry studies deduce that
gypsum growth along the bedding plane and fractures
took place around 300 ka, while ESR dating studies on
fault plane gypsum indicate an age around 70 ka. The
young age of the normal fault plane indicates that it
developed on account of the ongoing compressive
stresses which resulted in normal faults perpendicular
to the principal stress and later got immediately filled
by sulphate-rich solutions. The ongoing compressive
stresses active on the region have finally resulted in
further uplift of the footwall back limb to its present
topography.

CHRONOLOGY of a faulting activity is of vital importance
in studies related to neotectonism. This is especially to
determine the age of recent rupture and time intervals be-
tween different events, which are extremely important para-
meters in the earthquake hazard assessment of any region.
In the absence of proper chronology of deposits, it is often
difficult to determine the magnitude of tectonic activity of
any region. Fault movements are dated by various methods
such as: (a) fission track dating of epidote material along
fault plane', (b) U-series dating of carnotite and tyuyamu-
nite along fault planez, (¢) Rb-Sr, K~Ar and tritium isotope
technique on intrafault material,> and (d) luminescence
dating“. It is, however, the robust Electron Spin Resonance
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(ESR) dating of fault gouge proposed by Ikeya et al.’, that
gained much wider acceptance worldwide. Each chrono-
metric technique has its own advantages as well as limita-
tions. Radiocarbon ages of soil layers that get deformed
during faulting events provide approximately reliable ages
of earthquake event, provided the carbon is not a trans-
ported matter. However, these methods are useful only
where active faults are found to displace younger deposits
from which datable carbon is extracted. In poor-to-mode-
rate consolidated sediments in arid to semi-arid climates,
occurrence of organic carbon is rather remote.

The most suitable material for ESR dating is the finely
crushed gouge material resulting from displacement of
well-consolidated rocks. An attempt to date fault gouge
sample from Desamangalam, Kerala was recently carried
out by examining the completely reset smaller grain frac-
tions using the plateau method®. Arid to semi-arid climates
are conducive for evaporite deposits and often result in
crystallization of fibrous gypsum along the fault and frac-
ture planes after the displacement culminates’”. These
fillings occur provided suitable conditions exist for the
dissolution and precipitation of sulphate-rich brines to enter
the extensional openings. ESR studies on the radiation-
induced defects in gypsum crystals would enable to deter-
mine the amount of natural radiation dose that the samples
have received after precipitation. The age estimated is the
minimum age or the upper limit of the last movement. It
is essential to mention that the age of gypsum crystals de-
termined by any chronometric method would indicate only
the age of its crystallization and not the faulting event as
such. However, fibrous gypsums are known to grow
contemporaneously with the extensional openings. The
present article discusses the studies on ESR dating of gyp-
sum precipitated along the fault plane from Katrol Hill
Range (KHR), Kachchh (Figure 1), essentially to demon-
strate the robustness of the technique as a dating tool on
fibrous gypsum precipitates in an arid region, and using it
as an important material for Quaternary dating in order to
provide an indirect age constraint. There exist no data on
the time constraints of Quaternary deformation in Kachchh
that are responsible for sculpturing the present-day topo-

graphy.
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ESR dating technique is usually grouped along with
thermoluminescence and optically stimulated lumines-
cence as trapped charge dating methods'®. Tt allows the
detection of paramagnetic centres and radicals, which are
induced in minerals by ionizing radiation. Minerals are
usually regarded as insulators and therefore show two en-
ergy levels where electrons might occur, the valence band
and the conduction band. At the time of mineral formation,
all electrons are in the ground state; however, with suc-
cessive natural radiation (o, B, y and cosmic radiation)
electrons are transferred to the higher energy state. After
a short period of diffusion, the excited electrons recombine
with the holes or positively charged sites near the valence
band. During crystallization minerals often accommodate
some charge deficits or defect sites, which are capable of
trapping electrons and form paramagnetic centres. This
can be easily detected by ESR spectroscopy. The intensity
of ESR signal is proportional to the trapped electrons at a
given centre and therefore proportional to the strength of
the radioactive field (dose rate).

An ESR age is determined by the following relationship:
Age = Accumulated dose (AD)/Dose rate (D).

AD is the radioactive dose that the sample has received
since its formation. This value is determined by the additive
dose method™®. D is derived either by chemical analysis
of radioactive elements U, Th and K or using gamma-ray
spectroscopy or by alpha counting technique.

For the collection of samples, the surfaces were first
thoroughly cleared and the upper surfaces were removed.
Gypsum plates precipitated in 5-7 mm thick veins were
carefully removed along the fault plane, and planes along
bedding and fractures from the exposed bedrock. The sur-
rounding samples were used for external dose measure-
ments. Gypsum samples were cleaned in an ultrasonic bath,
dried and then gently crushed in an agate mortar and sieved
in order to separate fractions of 150-200 um. The sam-
ples were then etched with 5% acetic acid to remove sur-
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Figure 1. General tectonic map of Kachchh depicting the study area.
Solid arrows indicate intrabasinal and regional stress directions (after
Biswas and Khattri'®).
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face defects produced on account of crushing. They were
then repeatedly washed and dried at room temperature.
To determine accumulated dose, single aliquot measure-
ments were carried out based on additive dose method using
%Co source with a dose rate of 29 Gy/min. After irradia-
tion, samples were annealed for 2 h at 100°C to allow fading
of any short-lived ESR signals induced during laboratory-
irradiation.

ESR experiments were carried out using a Varian E-
112 E line Century series X-band spectrometer, which
utilizes 100 kHz field modulation. TCNE (g=2.00277)
was used as a standard for g-factor measurements. Typical
power used is 2.0 mW. The dose rate estimation was done
using the elemental composition. ZnS (Ag) thick source
alpha counting was used to estimate U and Th, and K was
analysed using ICP-AES. Radioactive disequilibrium and
10% water content were assumed in dose rate computa-
tions. It is considered that the effects of disequilibrium, if
any, will be diluted as in most cases the potassium contri-
butes up to the total dose. Internal dose rate is not taken
into account due to small amount of sample. Dose rate is
based on the external values of radioactive elements. The
isotopic concentration is converted into dose rates using
published table''. Powder X-ray diffraction studies were
carried out to determine the purity of crystals using Phil-
lips 1710.

The exposed normal fault plane containing the gypsum
veins was collected from Satpura Dungar in the KHR
front (Figures 1 and 2). The N35°E-S35°W trending fault
dips at an angle of 48° cutting across intercalated ferrugi-
nous mudstone and shales. Apart from the samples of
gypsum from the fault plane, samples were also collected
from planes parallel to bedding and fracture fillings for
comparative studies of the results. Samples collected
were typical vein-filling satinspar variety of gypsum
showing fibrous nature. They have typically grown per-
pendicular to the wall rock from either side of the open-
ings, displaying several parallel layers of fibrous satinspar
and all meet along a central parting plane (Figure 3 a—f').
The fibrous gypsum crystals show increase in fibre width
towards the centre and also towards the fracture wall.
This characteristic textural evidence is manifestation of
syntaxial growth, inward from the wall towards the centre
and antiaxial growth from the centre towards the wall.
Occasionally, mudstone and shale chips derived from the
fracture-wall rock during fracture opening are observed
in between two crystals and also along the central parting
plane (Figure 3 @). The fibrous gypsum crystals along the
fault plane show growth perpendicular to the fracture
walls. Along the parting planes, the fault-plane gypsum
crystals show zones of curved sigmoidal features with
good optical continuity of the curved area (Figure 3 ¢ and
d). The gypsum crystals from fracture plane cutting
across bedding planes also show occasional zones of
curving of the fabric, but lack optical continuity indicating
minor movements after crystallization (Figure 3 e and f).
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Lack of optical continuity due to two generations of vein
fillings is, however, not ruled out.

Altogether five samples of gypsum from fault plane
(GYrla—d) (Figure 2) and one each from bedding (GYgl)
and fracture plane (GYcl) were analysed (Table 1). The
typical ESR spectra of gypsum are shown in Figure 4.
GYy!l fault-plane gypsums are composed of purely gyp-
seous material with complete absence of impurities, as can
been seen from the powder X-ray diffraction analysis with
peaks at 7.61, 3.07, 2.87 and 2.66 A (Figure 5).

Based on single crystal studies on gypsum crystals, four
main types of centres were identified and termed as Gl
(g=2.004), G2 (g=2.008), G3 (g=2.003) and G4 (g=
1.999)'2, The G1 centre is attributed to SO; radical. Single
crystal studies reveal that it has isotropic g-factor with
2 =2.0028-2.0042. The G2 centre is assigned to CO3 radi-
cal, which consists of two magnetically non-equivalent
sites having a g-tensor of rhombic symmetry with g. =
2.0192, g, =2.0084 and g, =2.0058. The G3 centre is
attributed to CO; radical and has orthorhombic symmetry
with g-=1.9973, g.=2.0029 and g, =2.0027. The G4
centre is assigned to (O,H) centre' >,

Figure 4 represents the powder ESR spectra of gypsum
precipitates from the fault plane. Gypsum spectra before
additive irradiation reveal signals associated with Mn*"
hyperfine lines at g =2.012 and g = 1.996, due to forbidden

Figure 2. Satinspar gypsum along fault plane cutting across mudstone
and shale sequence at Satpura Dungar. Sample positions collected for
ESR dating along fault plane are represented. Scale: closed circle en-
closing pen (6”). Approximate displacement along normal fault is 1.0 m.
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transitions. Additive irradiation shows enhancement of the
signals G1, G2 and G3. The mean life of the signal at g =
2.004 is 10" yrs, whereas the signal at g = 2.008 is more
stable than the former'*'*. ESR studies on gypsum sands
by Yijian e al."* showed that the AD values from g = 2.008
are consistent with the added dose, but the g =2.004 sig-
nal yielded an AD value up to one order of magnitude
higher. Hence, it appears that in gypsum the only signal
suitable for dating is at g =2.008. ESR dating studies on
gypsum precipitates from San Andreas Fault'® also sug-
gested the use of g=2.008 signal for AD measurement.
The study however, gave an age approximately twice that
of the last great movement in the year 1857. The discrep-
ancy between the ESR age and the historical record of the
displacement was attributed to the influence of internal
alpha dose and contamination with older gypsum particles.

Figure 3. Microfabrics of fibrous gypsum (photos under crossed
nicols; scale bar =1 mm). a, Growth of fibrous gypsum perpendicular
to wall rock with occasional presence of chips of mudstone in between
fibres and along parting plane. Dashed line represents parting plane. b,
Another representation of parting planes with interspersed growth of
fibrous gypsum from both ends of wall rock. ¢, Curved fault plane gyp-
sum crystals along parting planes showing optical continuity. d, Curved
fabrics of gypsum crystals with optical continuity. e, Increasing width
of gypsum fibres towards centre and curving along parting plane with
lack of optical continuity. f, Curving and lack of optical continuity of
gypsum fibres along fracture planes.
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Table 1. ESR age details of satinspar gypsum along fault, bedding and fracture plane
Internal External Total dose
Sample U Th K dose U Th K dose Dy=D+ Dg Age (ka)
code Location (ppm)  (ppm)  (wt%) D (Gyka) (ppm) (ppm) (wt%)  Dg (Gy/ka) (Gy/ka) AD (Gy) AD/Dy
GYela Fault 032+ 1.BOX 096+ 0.57 445+ 780+ 0224 1.814 1.87+ 130+ 69.5+
plane 0.11 0.41 0.04 1.15 3.95 0.01 0.37 12 15
GYelb Fault 049+ 186+ 092+ 0.57 427+ 763+ 0214 1.760 1.82+ 121+ 66.4 £
plane 0.17 0.61 0.04 1.01 3.81 0.01 0.35 11 14
GYrle Fault 050+ 189+ 095+ 0.59 453+ 780+ 0224 1.845 1.90 & 140 73.6+
plane 0.18 0.64 0.04 1.12 3.95 0.01 0.31 14 19
GYeld Fault 051+ 187+ 096+ 0.65 460+ 795+ 020% 1.860 1.92+ 144 + 75+
plane 0.18 0.65 0.04 1.23 3.75 0.01 0.37 15 19
GYsl Bedding 0.55+ 1.62+ 092+ 0.57 415+ 543+  020% 1.744 1.64 605 335+
plane 0.19 0.82 0.04 1.00 2.26 0.01 0.20 48 55
GYel Fracture 0.64%+ 2,62+ 040% 241+ 692+ 020+ 1.311 1.35+ 412+ 306 &
plane 0.29 1.02 0.01 0.41 0.66 2.07 0.01 0.21 42
Dy, Internal dose rate; Dg, External dose rate and Dy, Total dose rate.
values of gypsum in the fault plane were estimated from
g four different positions from top to bottom (Figure 2).
H § P (3 The age of gypsum mineralization that succeeds the event
by " q § of rupture along the fault plane is the mean AD obtained
o E out of the four samples analysed (Table 1). The variation
| N in AD values from different positions is attributed probably
* y
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Figure 4. ESR spectra of natural and irradiated gypsum aliquots from
fault plane. Peak-to-peak height of g = 2.008 is used for AD estimation.
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Figure 5. Powder X-diffractogram of satinspar gypsum indicating ab-
sence of any contamination with other mineral phases.

Figure 6 represents AD plot of the fault-plane-filling
gypsum. In the AD plots, both g =2.0080 and g =2.0046
signal growth are shown, but for the age calculations only
2.0080 is used as it is a more thermally stable centre. AD
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to the variation in internal dose rates. Errors in AD estimation
are determined using least square refinement method. The
bedding plane gypsum shows AD of 605 Gy, which is es-
timated based on the average of four aliquots to correct for
the spectrometer variation. Similarly, the fracture plane
gypsum shows AD 412 of Gy. Table 1 shows the estimated
U, Th and K concentrations, annual dose rates and ESR
ages of gypsum precipitates.

Microfabric studies on gypsum precipitates indicate the
absence of wavy extinctions and presence of optical con-
tinuity. This indicates continuous growth of fibrous gypsum
and absence of significant post-growth movements along
the fault plane, whereas the fracture planes cutting across
the bedding planes do show evidences of curving of elon-
gate fibres (Figure 3 ¢ and d), indicating post-growth shear
movements. Variation in the size of gypsum crystals along
the bedding plane is attributed to changes in the rate of crystal
growth or variation in fracture opening, or could also be due
to later generation vein-filling gypsum material. The latter de-
scribed textures are, however, not observed in the fault plane,
deducing that the fracture opening and crystallization were
probably contemporaneous, which resulted in crystallization
of elongate crystal fibres. Simultaneous crystal growth and
fracture opening along the fault plane is further supported
by the occasional presence of mudstone and shale chips of
the host rock as inclusions within the gypsum crystals
(Figure 3a) and growth of fibres perpendicular to the
wall (Figure 3 a—f). The above-mentioned observations
also suggest that the satinspar gypsum along the fault
plane is exclusively primary in origin and not a product
of hydration of earlier anhydrite veins.
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Figure 6. AD plot of fault-plane gypsum using additive dose technique for
ESR signal at g =2.0046 and g =2.0080. Intercept of line with g =2.0080 is
used for estimation of AD for all samples studied.

The Kachchh basin consists of considerable amount of
calcium sulphate and halite deposits all along the KHR
and also huge deposits in Banni and Rann area, formed
typically under conditions where evaporation exceeds
precipitation. The satinspar vein deposit occupying the
extensional openings is on account of the dissolution of
earlier evaporite deposits. The present-day exposed section
containing the gypsum crystals under study was under the
subsurface earlier when sulphate-rich brines could enter
the fractures as fillings and then grow perpendicular to the
wall of the openings.

The basic structural framework of Kachchh represents
a rift basin of Late Triassic-Early Jurassic age'”'®. This
rift basin is now under the influence of compressional
stress regime due to ongoing collision of Indian and Eura-
sian plates. The landscape thus consists of complex struc-
tural patterns marked by uplifts and low-lying depressions.
Uplifts are mainly confined along the major sub-parallel
longitudinal faults (Figure 1), e.g. the Katrol Hill Fault
(KHF), Kachchh Mainland Fault, Banni Fault and Island
Belt Fault'®,

The altitude of the KHR varies from about 148 to
348 m and is flanked to its north by the KHF (Figure 1),
which marks the major drainage divide in the Kachchh
Mainland. Uplift and compressional deformation of this
range along KHF has controlled the development of nu-
merous north- and south-flowing rivers'’. Intense asym-
metric folding of the Mesozoic and Tertiary bedrock has
given rise to the range with north-facing steep forelimb
and gentle back limb dipping due south. The uplifts in the
form of asymmetrical fold and monoclinal flexures along
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the bounding faults are a complex manifestation of fault-
related folding. Folding of Middle Pleistocene milolite
rocks clearly suggests that deformation has continued
during Upper Pleistocene to Holocene™. The extensional
openings that are observed along the limb/hinge through-
out the Kachchh region, have been inferred to be due to
the ongoing compressional tectonism experienced by the
Kachchh basin?'. This deformation is also considered to
be compressional, thin-skinned type and could be associ-
ated with fault-related folding, which resulted in the slow
uplift and early dissolution of evaporite deposits resulting
in initial fillings along the bedding plane around 335 ka,
based on the ESR age of bedding-plane gypsum (GYgl).
This is followed by the development of irregular exten-
sional opening cutting across the bedding plane and gyp-
sum filling around 306 ka, based on ESR age of fracture
vein (GYcl). The final stage was marked by continued
progressive uplift resulting in several normal faults per-
pendicular to the compressive stresses across the KHR.
The normal faulted extensional openings provided favour-
able sites for fibrous gypsum growth as seen in the present
study from one of the exposed section (Figure 2). Gypsum
ESR age of fault plane (GYplb) indicates that this hap-
pened sometime close to 70 ka. The continued compres-
sive stresses resulted in active uplift along the KHR back-
limb, exposing the study area to its present topography.

The above observations of active uplift during Late
Quaternary observed in KHR based on ESR ages are fur-
ther corroborated by the luminescence ages on the chan-
nel-fill deposits over the incised bed rocks™. This study
revealed that the initiation of river incision by the antece-
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dent drainages is as young as ~ 12 ka, incising over 25 m
of its own bedrocks. The present study, although based on
ESR chronometry studies from single-fault-plane gypsum,
provides some important time constraints on the Quater-
nary deformation over KHR. This, however, needs to be
supported by more such data in order to understand the
neotectonic activity of the region.
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