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Abstract: The relations of the maximum paleo-geotemperature and vitrinite reflectance with Kbler
index (K.1.) of illite crystallinity were characterized, based on the analysis of the K.I. determined by X-
ray diffraction (XRD), the maximum paleo-geotemperature reconstructed by apatite fission track (AFT)
and vitrinite reflectance (Ro) data. The logarithmic relationship between the maximum paleo-
geotemperature and K.I. was revealed: T=-148.95xIn (K.I.)+86.77 (°C); Ro=-3.069xIn (K.l.) +0.068 (%).
This relationship has a temperature range of 130~300°C for wide using in geological process, and can be
considered as a simple function to convert K.1. to paleo-geotemperature and Ro. This method provides a
way for the selection of the thermal history geologic thermometer combination of marine-continental
superimposed basin. Comparing to Ro and AFT, the illite crystallinity index is still controversial to be
generally used as a maturity and geothermal indicator for the thermal history reconstruction of
sedimentary rocks due to the lack of an effective thermal evolution model.
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1. INTRODUCTION

lllite is one of the common clay minerals in
sedimentary rocks, and authigenic illite is an
important  product of the diagenesis and
metamorphic evolution of sedimentary rocks.
Because illite crystallinity (IC) (Kibler, 1964; 1967)
is closely associated with degrees of diagenesis and
metamorphism and increases with temperature, it
can not only be used to study the diagenesis and
very low-grade metamorphism (Zhu, 1995; Arkai et
al., 1995; Leoni, 2001; Bi & Mo, 2004) but also
serve as a geothermometer to reconstruct thermal
history (Francu et al., 1999; Miller & Macdonald,
2004; Klein et al., 2013) or determine the
temperature of the present geothermal systems
(Browne & Harvey, 1992; Ji & Browne, 2000;
Bignall et al., 2001). In a superimposed basin that
composed of marine and continental sediments, the
marine strata are normally the main source rocks,

which have experienced a high degree of thermal
evolution but contain rare vitrinite, apatite, and other
common paleo-temperature indicators. As a result, it
is difficult to identify their maturity and reconstruct
their thermal histories (Qin et al., 2009a; 2009b). On
the contrary, illite generally exists in all kinds of
clay minerals in sedimentary rocks, thus, it may
serve as a favorable means to complement the paleo-
temperature reconstruction of marine strata.
Estimating paleo-temperatures based on IC
can yield relatively accurate results when applied to
the burial metamorphism or epimetamorphism stage.
However, though the IC-Temperature (Browne &
Harvey, 1992; Ji & Browne, 2000), IC-Ro (vitrinite
reflectance) relationship (Guthrie et al.,, 1986;
Reinhardt, 1991; Qin et al., 2009a; 2009b) has been
studied, but the paleo-temperatures during
diagenesis estimated with this method were
unsatisfactory. In this study, based on the analysis of
the illite crystallinity index K.I. determined by X-ray
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diffraction (XRD), the maximum paleo-
geotemperature reconstructed by apatite fission track
(AFT) and vitrinite reflectance (Ro) data, the
relations of the maximum paleo-geotemperature and
vitrinite reflectance with Kibler index (K.1.) of illite
crystallinity were stated in the western Sichuan basin
(Fig. 1), SW China. It has some significance on
exploring the equivalence of illite crystallinity and
vitrinite reflectance, and establishing the geologic
thermometers for thermal history reconstruction in
superposition basin.

2. GEOLOGICAL
SAMPLING POINTS

SETTING AND

The western Sichuan depression is a foreland
basin which is bounded by the Longmen Mountain
front buried fault to the west and the Longguan
Mountain fault to the east (Wang, 1997; Li et al.,
2011). Before the Indosinian orogeny in the late
Triassic (T3), the western Sichuan region was at the
western boundary of the upper Yangtze Cratonic
basin, collectively forming a continental platform
composed of carbonate rock (Zhu & Liang, 2001; Li
et al., 2011). As the Longmen Mountain and Daba
Mountain orogenic belts developed during the
Indosinian  orogeny, continental sedimentation
initiated in this area. An ultra-thick Upper Triassic
series composed primarily of lithic sandstone

formed when voluminous clasts were deposited.
Longmen Mountain has been thrust onto the western
Sichuan depression several times since the
Indosinian orogeny began, resulting in regional
faults and the uplift and denudation of the basin
margins. The Indian Plate then collided with the
Eurasian Plate during the Himalayan orogeny,
inducing more violent thrusting of Longmen
Mountain. These structural events created the
Longmen Mountain thrust belt and the foreland
basin in western Sichuan (Wang, 1997; Li et al.,
2011). The boreholes in the western Sichuan
depression, such as CY92 and CY95, were drilled in
the upper continental petroleum system in Ts-J;. The
illite samples are mainly from the mudstone and
shale core rocks of the borehole CY 95 (Fig. 1).

3. EXPERIMENT

The illite crystallinity was analysed by X-ray
diffraction (XRD) in the Geological Experiment
Research Centre, Research Institute of Petroleum
Exploration & Development. In the sample
preparation process (Yang, 1993; You et al., 2007),
it must be eliminated inherited terrigenous clastic
illite and choose the illite from the authigenic origin
and diagenesis stage or their low rank
metamorphism.
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Figure 1. Geological map of the western Sichuan basin and the sampling points
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The experimental steps: (1) weigh 40 mg clay
with less than 2 um grain size, put the sample in a 10
ml test tube, and add 0.7 ml distilled water; (2)
vibrate it into suspension with ultrasonic wave, and
drop it on clean slides; (3) each sample shall be
made into two directional pieces for being dried by
natural air and measured.

The adopted instruments are D/max-2500 X
diffractometer produced by Rigaku with a Cu-Kal
ray of wavelength, the pipe pressure and flux are
respectively 40 kV and 100 mA. The scanning speed
is 2°/min, and the slit system is 1°, 1°, 0.3 mm,
scanning range is 216°-35°, 2 times repeated
scanning. The MD | Jade 5.0 software package is
used for data processing, when measuring illite
crystallinity of K.I., it shall firstly determine the
background line, and then measure the full width at
half maximum (FWHM) of 10 A diffraction peak
(Wang, 1998; Wang et al., 2000; You et al., 2007),
as shown in figure 2. Figure 3 shows the X-ray
patterns of illite at different depths of borehole CY
95.
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Figure 2. The measurement of Kibler Index of illite
crystallinity (after Wang et al., 2000)
Bg- Background Line; Imax- maximum intensity; IC-
Kibler Index of illite crystallinity

4. RESULT AND DISCUSSION
4.1 Result

Kibler Index is actually based on the
Scherrer's equation (Scherrer, 1918), therefore, with
the increase of the index, the diffraction peaks
become wider and crystallinity worse. In order to
reduce the effects of sample preparation, instrument
conditions, and methods of testing differences on
test result and improve data comparability, the data
should be calibrated with the international standard
sample in the process of measuring Kibler index
(You et al., 2007). The calibrated K.l. data are
presented in table 1a, along with the increase of the

depth, Kubler index on the whole show decreasing
trend, reflecting illite crystallinity increase with the
sample buried depth.

4.2 Discussion

Some researchers have reported their findings
regarding the relationship between crystallinity and
the generation temperature of illite and the division
of diagenesis to the very low-grade metamorphism
process. During the telodiagenesis  stage
(corresponding to the high-grade diagenetic zone),
the K.I. for illite crystallinity varies from 1.0 to 0.42
(°A20) and the temperature cap is 200°C (when
K.1.=0.42 (°A20), T= ~200°C). During burial
metamorphism, the K.I. is between 0.25 and 0.42
(°A20), and the temperature is between 200°C and
300°C (when K.1.=0.25(°A26), T= ~300°C). During
epimetamorphism, which corresponds to the
greenschist facies, the K.l is smaller than
0.25(°A260), and the temperature is higher than
300°C (Kibler, 1964; Arkai et al., 1995; Bi & Mo,
2004).

In light of the division of diagenesis in
metamorphism processes, the K.I. values of illite in
CY95 and the maximum paleo-temperatures attained
at different depths were estimated using the data in
previous reports (Qin et al., 2009b; Hu et al., 2012),
at a depth of ~4080 m, the K.I. is ca. 0.60 (°A20),
and the maximum paleo-temperature was ca.150°C.
The CY 95 well is adjacent to CY 92, with the same
geological background, similar geologic structure
and sedimentary evolution history, so according to
the constrained point (T=ca. 150°C, at ca.4000m)
and reference of palaeogeothermal gradients of CY
92 well, the maximum paleo-geotemperature
profiles can be established.

Figure 4 shows the AFT modelling result of
CY92-1 (at a depth of 2142m).

In CY92-1 (at 2142 m deep), the central AFT
age was 42.3+3.0 Ma, and the average track length
was 11.76+0.26pum. The modelling result revealed
that CY92-1 reached a maximum paleo-temperature
of approximately 115-130°C when it was buried at a
maximum depth at ca.60Ma.

Figure 5 displays both the maximum paleo-
geotemperature  profile of CY92 that was
reconstructed based on Ro and AFT, and the
maximum paleo-temperature profile of CY95.

The maximum paleo-temperature profiles of
the two boreholes intersect with the line of depth=0
(namely, the earth’s surface) when T1=~72°C and
T2=~54°C, respectively. Given the geothermal
gradient, ~26°C /km, a temperature difference of
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Figure 3. X-ray patterns of illite at different depths of borehole CY 95



Table 1. The illite K.I. data of borehole CY 95 samples in the western Sichuan basin (a) the maximum

temperature and the calculated Ro of the samples (b)

a.
Sample | Test No. Depth Strata | Lithology | K.l.measured | K-I. catibrated Maximum T Ro
No. (m) (K.1) (K.1) (°C) (%)
S1 2096 3074.61 | ToxX° shale 0.66 0.68 133.94 1.05
S2 2095 3163.21 | ToxX° shale 0.67 0.69 136.24 1.09
S3 2093 317135 | TxX° shale - - - -
S4 2092 3174.07 | Tox° | mudstone - - - -
S5 2090 344058 | Tox* | mudstone 0.60 0.62 143.46 1.24
S6 2088 444300 | TxX° shale - -
S7 2087 444425 | Tx° shale 0.61 0.63 169.55 1.77
S8 2086 444675 | TxX° shale 0.59 0.61 169.62 1.77
S9 2085 446390 | TxX° shale - - - -
S10 2084 446518 | TxX° shale - - - -
S11 2083 446748 | TxX° shale - - - -
S12 2082 447031 | T shale - - - -
S13 2081 447257 | TxX° shale 0.62 0.64 170.29 1.77
S14 2080 4586.49 | Tox° shale 0.50 0.52 173.25 1.85
S15 2079 4588.94 | Tox° shale 0.51 0.53 173.31 1.85
S16 2077 4834.83 | Tox° shale 0.51 0.53 179.71 1.98
S17 2078 4836.31 | Tox° shale - - - -
S18 2076 4942.02 | T shale 0.54 0.56 182.49 2.04
S19 2075 5068.20 | Tax° shale 0.52 0.54 185.77 2.11
S20 2074 5149.07 | Tt shale 0.50 0.52 187.88 2.17

*Note: (a) K.I. data, the data was tested in the Research Institute of Petroleum Exploration & Development, Petrol China. The K.I.
data have been calibrated by using international standards: K.l.cuiprated = 0.977%K. | measurea™ 0.0336(°A26), R? = 0.9835 (You, et al.,
2007). (b) Maximum temperature and modelled Ro calculated by using EASY%Ro model (Sweeney & Burnham, 1990).
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Figure 4. AFT thermal history modeling result of CY92-1
10000 paths have been modelled using Monte Carlo method. The inversion results are a series of possible or equivalent
thermal history paths, and these possible thermal history paths constitute a probability-distribution belt, a more complex
thermal history exhibits a wider distribution belt and greater uncertainty. The light grey regions indicate the envelopes
of “good traces” (0.6<GOF<1.0) and the black bold line in each result indicates the mean trace.
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Figure 5. Paleo-temperature reconstruction of borehole CY 92 and CY 95. The maximum paleo-temperature
profile of CY 92 was reconstructed by the Ro data (a) and the AFT data of sample CY 92-1 (see Fig.4). The paleo-
temperature modelling of Ro data based on the EASY%Ro model (Sweeney & Burnham, 1990).
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Figure 6. Correlation between the K.1. data and the maximum paleo-temperatures of borehole CY 95

continuous cooling, uplift, and denudation since
~60Ma, which resulted in a geothermal gradient
reduction from ~26°C /km to ~22°C /km and the

approximately 18°C could indicate a difference of
~690 m in the thickness of removed sediments, it
can be assumed that this area has undergone
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removal of ~1.3 to 1.9 km of sediments.

The relationship of CY 95 well illite
crystallinity Kubler index and temperature was as
shown in figure 6 and Table 1b, which has a good
logarithmic relationship:

T=-148.95xIn (K.1.) +86.77 (°C), (R?=0.924) (1)

Similar to Ro, the illite crystallinity is not
only related with the maximum paleo-
geotemperature, but also with the duration. But their
evolution properties vary with temperature and time
may not be completely consistent. In order to
explore the relationship between K.I. and Ro, we put
forward Ro value (see table 1b) of the sample
according to the maximum paleo-geotemperature of
CY 95 well that reflects a good logarithmic
relationship between the two (see Fig. 7, the forward
Ro modelling examples see Fig. 8):

Ro=-3.069xIn (K.1.) +0.068 (%), (R*=0.927) (2)

Estimating paleo-temperatures based on K.I.
can yield relatively accurate results when applied to
the burial metamorphism or epimetamorphism stage.
However, though the IC-Temperature, IC-Ro
relationship (Guthrie et al., 1986; Qin et al., 2009a;
2009b) has been studied, the paleo-temperatures
during diagenesis stage (K.1.>0.42(°A26)) estimated
with this method were unsatisfactory.

In this study, the results of thermal history for

=0.42(°A20) and K.1.=0.25(°A20) are introduced as a
constraint into the fitting function (in Fig. 6 and Fig.
7, the blank rhombuses indicate the actual data, while
the black rhombuses indicate 2 theoretical points
(K.1.=0.42(°A20), 0.25(°A20)); a better fitting degree
can still be got. Therefore, formula (1) and (2) can be
considered as a simple function to convert K.I. to
paleo-geotemperature and Ro. However, the thermal
evolution model of the IC has not been stated, it needs
further works on the combination of the K.I. and other
temperature indicators (Guthrie et al.,, 1986;
Reinhardt, 1991; Wyld & Copeland, 2003; Qin et al.,
2009a; 2009b; Zhu et al.,, 2015) to reveal their
correlations.

5. CONCLUSIONS

The corresponding relationships of the illite
crystallinity index K.l. determined by X-ray
diffraction  (XRD), the maximum paleo-
geotemperature and Ro value have been discussed,
and the good logarithmic relationships between the
maximum paleo-geotemperature, the Ro value with
K.I. were obtained. The relationships has a
temperature range of 130~300°C for wide using in
many geological processes, for example, in the
marine strata that lack of vitrinite reflectance, the
stratum maximum paleo-geotemperature and the
maturity of organic matter can be estimated by K.I..
This method provides a way for the selection of the

—— Fit 1:y= -3.069 x In(x) + 0.068; R?=0.927
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the entire geologic thermometer have good
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Figure 7. Correlation between the K.I. data and the modelled Ro data

605



a. Sample S1: Tm=ca.134C, Ro(c)=1.05%
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Figure 8. Examples of the Ro forward modelling from the maximum paleo-temperatures of borehole CY 95, using the Hefty
1.7.4 software package (Ketcham, et al., 2007) based on the EASY %R0 model (Sweeney & Burnham, 1990). The dark grey
regions indicate the envelopes of “good traces” (0.8<GOF<1.0) and the black bold line in each result indicates the mean trace.

thermal history geologic thermometer combination
of marine-continental superimposed basin.

However, unlike Ro and AFT, the illite
crystallinity index is still controversial due to the
lack of an effective thermal evolution model, and
more research is therefore necessary before it can be
generally used as a maturity and geothermal
indicator for the thermal history reconstruction of
sedimentary rocks.
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