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Abstract The Neoproterozoic and Lower Paleozoic along the profile of Yuanguping in western Hunan Province,
China underwent anchimetamorphism. The illite crystallinity (IC) of the <2 pm fractions ranges from 0.23—0.34°A2 8 for
the Neoproterozoic to 0.23—-0.35°A28 for the Lower Paleozoic (calibrated with the Kisch IC set, Kisch, 1991). This
indicates that the metamorphic grade of the Neoproterozoic and Lower Paleozoic is the anchizone. The peak
metamorphic temperature is estimated to be 290-210°C. This result does not agree with the greenschist or
subgreenschist facies of the Banxi Group, nor with the lower-greenschist facies or sedimentary cover of the Sinian to
Lower Paleozoic, as most previous researchers thought. The illite (K-mica) b, values range from 0.9074 to 0.8963 (nm)
for the Neoproterozoic and the Lower Paleozoic. Based on cumulative frequency curves of the illite (K-mica) b, the
peak metamorphic pressure of the Banxi Group was derived to be of a type that is slightly higher than that of the N. New
Hampshire low-intermediate pressure type. Most illites occur as the 2M, polytype and some in the Neoproterozoic as a
mixture of the 2M;+1M types. The distributions of coherent scanning domains (CSDs) of illites along the profile,
measured with the XRD method, display a lognormal model and spread out with decreasing Kiibler Index of IC. It
indicates that illites underwent an Ostwald ripening. The post-anchimetamorphic structural movement not only results in
a series of faults but also induces the lattice strain in minerals along the faults and hence impacts the illite crystallinity
and causes diagenetic samples to occur within the anchizone. Compared with the cases in eastern and central Hunan
Province, the Neoproterozoic and Lower Paleozoic rocks in the west underwent a lower-temperature
anchimetamorphism with a pressure lower than that in the east and higher than that in the center of Hunan Province.
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1 Introduction

The Neoproterozoic and the Lower Paleozoic occur
along the Yuanguping profile in western Hunan Province,
China. There exist two major opinions on the diagenesis
and metamorphism around Hunan Province: One (Lu,
1988) considered that the Meso-Neoproterozoic (the
Lengjiaxi and Banxi groups) underwent regional low-
temperature dynamic metamorphism of lower greenschist
facies and reached the sericite-chlorite isograde during the
Mesoproterozoic and Neoproterozoic stages and that the
Sinian and the Lower Paleozoic underwent regional low-
temperature dynamic metamorphism of lower greenschist
facies (phyllite) during the Caledonian stage. The other (Jin
and Sun, 1997) believed that the regional metamorphism of
the Meso-Neoproterozoic in Hunan Province belongs to the
isograde of sericite from subgreenschist facies to lower
greenschist facies at 200-400°C, while the Sinian to
Silurian are the sedimentary cover after the Xuefeng
movement (10,000 Ma). The former opinion is based on the
analysis of mineral assemblage and the latter on those of
authigenic layered mineral assemblages and crystallinity

(dimension of fractions). Based on the illite crystallinity
(C, in °A26, CuKo, hereafter abbreviated as °A26),
polytype and cell dimension, Zhu and Wang (2001)
recognized the epimetamorphism and high
anchimetamrphism (IC=0.18—0.26°A26, calibrated with
Kisch IC set, 1991) in the Lengjiaxi Group, and high
anchimetamrphism (IC=0.21-0.28°A26) in the Banxi
Group in eastern Hunan Province. Wang et al. (2003)
concluded from the IC, polytype, cell dimension and lattice
strain analyses that the Meso-Neoproterozoic and the
Lower Paleozoic in northern-central Hunan Province
underwent very low-grade metamorphism (IC=
0.18-0.21°A2@in the Lengjiaxi Group, IC=0.19-0.23°A28
in the Banxi Group and IC=0.20-0.29°A28 in the Sinian to
Lower Paleozoic). It is rendered from those data that the
grade of metamorphism increases slightly from the east to
the center of Hunan Province (Peng et al., 2000). However,
the situation in the west requires further study.

The aim of this paper is to study the very low-grade
metamorphism and the Neoproterozoic-Lower Paleozoic
“sedimentary cover” of western Hunan Province and to
reveal the variation of the very low-grade metamorphism
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from east to west thronghout Hunan Province. Besides the
mineral assemblages and structural variations of layered
silicates, the crystal growth mechanism analysis was also
used in this study.

2 Geological Setting

The western part of Hunan Province is tectonically
located in the northern-central part of the Jiangnan
structural domain of the Yangtze massif (Jin and sun,
1997). The Neoproterozoic consists of a set of clastic-
volcanic and deep-sea sediments settled in the Jiangnan
domain. In the early Neoproterozoic the Wuling movement
took place, followed by folding, lifting and erosion. The
Lengjiaxi Group (Ptyln) of the Mesoproterozoic occurs
under the Wuling unconformity as the oldest stratum in
Hunan Province. The Banxi Group of the Neoproterozoic
occurs above the Wuling unconformity and disconformitly
under the Fulu Formation of the Sinian. The Banxi Group is
composed of conglomerates, sandstones, slates, tuffstones
and meta-volcanic rocks. The Madiyi Formation (Ptsbrnm)
and the Wugqiangxi Formation (Pt;bnw) compose the lower
and higher parts of the Banxi Group. The former consists of
a set of yellow-green pelitic and sandy slates and the latter

. is chiefly composed of quartz sandstones intercalated with
slates. The Sinian (Z) is recognized as a platform-type
sedimentary cover formed after the Xuefeng orogeny. The
sediments of the Sinian are characteristics of cold weather.
The main lithologic association includes clastic sandstones
containing tillitic-granule, slates, mudstones, dolomites and
so on. The Cambrian comprises mainly of limestone, pelitic
limestone and marls and characterized by a black
carbonaceous slate at bottom. The Ordovician mainly
consists of limestone, dolomitic limestone and pelitic
limestone. In the study area there is no exposure of the
Upper Paleozoic. The Cretaceous occurs in the area as the
only Mesozoic stratum lying unconformably over the
Paleozoic and Neoprotorozoic (Bureau of Geology and
Mineral Resources of Hunan Province, 1988, 1997).

Fifty-eight (58) pelitic rock samples along the
Yuanguping profile at sampling intervals of 1 to 3 km were
collected. Figure 1 is a geological sketch showing the
profile and sampling localities (simplified from the
1:200,000 geological map of Dayong, Regional Geological
Surveying Team of the Bureau of Geology and Mineral
Resources of Hunan Province, 1969). The profile, starting
at E110°32’15”, N29°06’07” in the north and ending at
E110°09747”, N29°28’36" in the south, is approximately 39
km long and 8 km from Zhangjiajie City in the north. The
samples were collected from the well-exposed outcrops at
the sides of the highway.
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Fig. 1. Geological sketch of the study area, an anchizone,
showing localities of profile and samples (modified from the
1:200,000-scale geological map of Dayong, the samples are
numbered from south to north corresponding to those listed in
Table 1).

3 Methods

About 50 g of rock specimens were crushed with a
hammer first and then ground with a DF-4 hammer mill for
about 20 seconds. The sedimentation method was used to
concentrate the fractions <2 pun, and the suspended liquid
was dehydrated with a LXJ-64-1 centrifuge for 30 minutes.
Oriented slides were prepared by pipetting suspensions
onto glass slides in >3mg/cm® and air-dried in room
conditions (humidity 20-50%, temperature c. 20°C). The
lattice strain was analyzed using the method proposed by
Wang and Zhou (2000) and Wang et al. (2002). Analyses
of clay coherent domain size were performed by using the
software MudMaster (Eberl et al, 1996). All the
measurements, conditions and usages were given in Wang
et al.”s paper (2003).

4 Results and Discussions

4.1 Mineral phases

Quartz, illite, chlorite and albite are main mineral phases
in rocks. Dolomite and calcite are mainly found in the
Ordovician, Cambrian and partly in the Neoproterozoic. K-
feldspars are found in some Ordovician, Cambrian and
Sinian rocks. Some pyrites are found in black slates at the
bottom of the Cambrian. It is difficult to recognize the
metamorphism from these mineral assemblages and
occurrences. All the data including mineral assemblage,
illite crystallinity, chlorite crystallinity, illite by values,
polytypes and lattice strain are listed in Table 1.

4.2 Tlite crystallinity (IC) and chlorite crystallinity
(CO
Illite crystallinity has been used by many researchers for
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Table 1 Data of strata, mineral assemblages, IC, CC, b,, illite polytypes and strains
Sample No. Stratum Mineral assemblage IC (°A26) CC (°A20) by (nm) Tllite polytype T(%)*

HW-133 K, Cc, Q, 1, Ch, Ab 0.707
HW-134 €2 Q,Or, I, Ch 0.346 0.219 0.9018 2M,
HW-135 €' I, Ch, Q, Or, Ab, Do, Cc 0.246 0.253 0.9010 2M;
HW-138 €' I, Ch, Q, Or, Ab, Do, Cc 0.282 0.286 0.9031 2M,; 0.2
HW-140 €5’ I, Ch, Q, Or, Ab, Do, Cc 0.266 0.261 0.9029 2M, 0.2
HW-141 €' I, Ch, Q, Or, Ab, Do, Cc 0.241 0.264 2M, 0.286
HW-143 €’ I, Ch, Q, Or, Do, Cc 0.226 0.235 0.9013 2M, 0.16
HW-147 O, I, Ch, Q, Or, Ab, Do, Cc 0.248 0.242 0.9034 2M;
HW-149 € I, Ch, Q, Ab, Do, Cc 0.246 0.232 0.9031 2M; 0.245
HW-151 €’ Q. Do, Or, 1 0.659 0.8963 out
HW-153 €’ Q, Do, Or, I, Ch, Ab 0.290 0.225 0.9002 2M,
HW-155 Z I, Ch, Q, Or, Do 0.344 0.9026 2M, 0.175
HW-157 Pthnw Q, Ab,L, Ch 0.300 0311 0.9026 2M,
HW-158 Pthnw Do, Q,Ch, 1, Cc 0.227
HW-159 Ptbnw Do, Q, Ch, I, Ab 0.319 0.375 0.9021 2M,+1M
HW-160 Pthnw I, Ch, Q, Ab 0.284 0.387 0.9008 2M+1IM 0.23
HW-161 Ptbnw I, Ch, Q, Ab 0.339 0.344 0.9015 2M;+1M 0.26
HW-163 Ptbnw I, Ch, Q, Ab 0.279 0.9034 2M;+IM 0.246
HW-164 V4 I, Ch, Q, Ab 0.292 0.330 0.9015 2M, 0.224
HW-166 Z I, Ch, Q, Ab 0.308 0.9010 2M;+IM
HW-169 V4 I, Ch, Q, Or 0.431 0.364 0.9010 0.5
HW-172 €, I, Ch, Q, Or, Do, Ab, Py 0.325 0.8992 2M, 0.268
HW-173 € I, Ch, Q, Or, Do, Ab, Py 0.346 0.9010 2M,;
HW-176 V4 Do, Q,1 0.242 0.8963 2M,
HW-178 Z I, Q, Ab, Or 0.484 0.8992 Out
HW-179 € Q,Ab,Or,1,,R 0.295 0.9018 2M; 0.165
HW-180 € I, Ch, Q, Ab 0.299 0.9008 2M;
HW-181 € L Ch,Q 0.324 0.8989 2M; 0.236
HW-182 €, Q, Ab, Cc, I, Ch, Do 0.244 0.219 0.9074 2M, 0.156

Note: Superscript “a” denotes the illite strain in the c* direction, Pr — pyrite, Q — quartz, I ~ illite, Or — feldspar, Ch — chlorite, Kao — kaolinite, Cc — Cal-

cite, Do — dolomite, Ab — albite. Out: out of the size-strain region.

analyzing the evolution from diagenesis to metamorphism
(Frey, 1987; Rahn et al., 1995; Merriman et al., 1995;
Mahlmann, 1996; Matenaar et al., 1999; Mullis et al., 2002;
Belmar et al., 2002; Carosi et al., 2003). As an important
indicator IC is measured from the full width at half
maximum (FWHM) of 1 nm XRD reflection of illite. This
width in 2 0 in CuKo radiation is known as the Kiibler
Index (Kiibler, 1964) and was calibrated with the equation
IC = 1.1823XIC eas + 0.052 for our experimental conditions
with the Kisch IC set (Kisch, 1991), which keeps all
measurements at an inter-laboratory comparable level. The
total variation of IC is from 0.23 to 0.71°A26. The IC value
0.71°A28in the Cretaceous is found to be the maximum,
and it is 0.25°A268 in the Ordovician. The IC values range
from 0.23 to 0.35°A28in the Cambrian and
0.23-0.34°A20 in the Neoproterozoic respectively. It is

noted here that three IC values larger than 0.38°A26
(belonging to the diagenetic zone) occurring in the
northeast fault system were not used and the interpretation
will be given in section 4.6. According to the boundaries of
anchizone 0.38-0.21°A26 (Kisch, 1991), all samples in the
Neoproterozoic and the Lower Paleozoic are classified into
the anchizone and that from the Cretaceous belongs to the
diagenetic zone. The detailed distribution of ICs is given in
Table 1.

In this study, 200-300°C was taken as the temperature
range for the anchizone (150+50°C as the lower boundary
of the anchizone, p. 1, Bucher and Frey, 1994; 300°C as the
upper anchizone boundary, p. 293, Kisch, 1987), and the
peak metamorphic temperature was estimated as 210-
280°C from IC=0.35-0.23°A20 with published IC and
temperature data (Schmid et al., 1997).
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Chlorite crystallinity (CC) is measured from the full
width at half maximum of chlorite (002) reflection. It has
been reported from several areas that chlorite crystallinity
plays a good role as illite crystallinity does (e. g. Antonelli
et al., 2003). However, there exists only a weak correlation
(IC = 0.4949CC + 0.1468, R* = 0.3114, N = 16 ) between
IC and CC in this study and it is consistent with the results
of Wang et al. (1996) and Schmidt et al. (1997). Therefore,
a further study is needed to understand the effects of
various factors on CC .

4.3 The b, value of illite

Sassi et al. (1974) and Guidotti et al. (1976) proposed a
mica geobarometer and defined three pressure types:
be<0.9000 nm as a low pressure type, 0.9000 nm
<by<0.9040 nm as an intermediate pressure type and
b>0.9040 nm as a high pressure type. As this
geobarometer is based on the statistical proportional
correlation between the muscovite (mica) by and the
pressure of the metamorphic terrene, the usage of the mica
geobarometer should be on a basis of statistics. Being a
species of the mica group, the illite b, has the same
meaning as the muscovite byand has been used as a mica by
geobarometer by many researchers (Padan, 1982; Yang and
Hesse, 1991; Wang, et. al., 1996). The 26 illite b, values
measured from the Neoprotorzoic to Ordovician range
from 0.8963 to 0.9074 nm. As derived from the cumulative
frequency curves of these by values, the pressure condition
of anchimetamorphism of the Neoprotorzoic to Ordovician
is a bit higher than the N. New Hampshire (low-
intermediate) pressure type and lower than that of the
Lengjiaxi Group (typical intermediate pressure type, Zhu
and Wang, 2001) (see Fig. 2).

100
90 F
80
70t
60 |
50
401
30r
201
10

Cumulative freqency (%)

0
0.895 0.91

by (nm)

Fig. 2. Cumulative frequency curves of the illite by. Solid lines
from left to right: the Bosost low pressure type, N. New Hamp-
shire low-intermediate pressure type, Otago intermediate-high
pressure type and Sanbagawa high pressure type; dashed lines:
W: this study, C: central Hunan, E: eastern Hunan.

4.4 The illite polytype

Although there exist some arguments on the role played
by the illite polytype to indicate the evolution from
diagenesis to metamorphism (Merriman and Roberts, 1985;
Frey, 1987; Dong and Peacor, 1996; Merriman and Peacor,
1999), this polytype transformation accompanying the
evolution from smectite via I/S to illite has been confirmed
by many researches (Yoder and Eugster, 1955; Maxwell
and Hower, 1967, Ylagan, 1996). This leads us to consider
the illite polytype still as an indicator for the evolution from
diagenesis to low-grade metamorphism. Some recent
researches consider that there is no intermediate 1M
polytype between 1M, and 2M; (Grathoff and Moore,
2002; Bauluz, et al., 2000). However, the identification of
the intermediate polytype 1M depends on, to a great degree,
the methods used, especially for mixed samples or those
with a low content of illite. The XRD method tends to
distinguish the polytype on powder average while the
SAED (selected area electric diffraction) of TEM focuses
on single crystal. The transformation from 1M, to 2M;
starts from the late stage of diagenesis or the beginning of
metamorphism. There are arguments on when this
transformation was finished. It is evidenced by this study
that there is the 1M+2M; combination in the stage of
anchimetamorphism.

By comparing the difference between the XRD patterns
calculated from the JCPDS database (International centre
for diffraction data, 1983), polytype and those of (14),
(114) and (025) of the these diagnostic reflections of (11),
(112) and (023) of the 1M 2M; polytype were used for
distinguishing the illite polytype. Our results show that the
reflections of (11), (112) and (023) of the 1M mica occur in
some Neoproterozoic samples and (14), (114) and (025)
reflections of 2M; occur in all specimens (Fig. 3).

Intensity (cps)

26 27 28 29 30 31 32
20(°)

Fig. 3. XRD pattern of illite 1M+2M, polytypes of sample
HW-166. Curve 1 is calculated from JCPDS 7-25 (JCPDS,
1983) of 1M polytype and curve 2 from JCPDS 26-911
(JCPDS, 1983) of 2M, polytype. Note that reflection (114)
of the illite 2M; polytype coincides with albite reflection
(002).
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Therefore most illites in rocks from the Neoproterozoic to
Ordovician are in the 2M; polytype and only a few in the
mixtures of the 2M;+1M polytypes. The presence of
2M+1M in the anchizone of the Neoproterozoic is
consistent with the conclusion of the IC.

4.5 Particle size distribution and Ostwald ripening

Eberl et al. (1990) published their study result that most
clay minerals undergo recrystallization via Ostwald
ripening and their particle distribution patterns have a
typical lognormal regulation. This has been improved that
from nucleation to surface growth mechanism the particle
size distribution pattern changes from asymptote to
lognormal (Bove et al., 2002; Brime and Eberl, 2002). It is
understood from these results that the higher the formation
temperature of clay minerals or the higher the diagenetic
and metamorphic grade the larger the particle size of clay
minerals. Therefore the grain size of clays and their
distribution pattern can be used to measure the changes of
formation conditions of the clay minerals.

The Bertaut-Warren- Averbach technique (Bertaut, 1950,
Warren and Averbach, 1950, software MudMaster, Eberl,
et al., 1996) for X-ray diffraction analysis of fundamental
particles, the moment calculation (Langford et al., 2000)
and the experimental relations between distribution’s
lognormal parameters (Drits et al., 1997) were used to
analyze the mean coherent scattering domain (CSD) of
illite. Figure 4 shows that with increasing illite crystallinity
(decreasing Kiibler Index), the mean coherent domain size
and maximum-frequency size generally tend to reach a
larger value (crystal growth) while the distribution patterns
spread out and the frequency number of particles decreases
(lower). This implicates that clay minerals underwent the
Ostwald ripening during the anchimetamorphism.

4.6 Lattice strain and its implication
Since lattice strain is an important factor impacting the

HW-133, IC=0.71°A206

—
(]
T

HW-161, IC=0.34°A26

Frequency (%)
=)

w

HW-147,1C=0.25°A20

0 8 16 24 32 40 48 56 64
Illite domain size (nm)

Fig. 4. Coherent domain thickness distributions for illites from
samples HW-133 (IC=0.71°A26 in the diagenetic zone), HW-
147 (IC=0.25°A28 in the higher anchizone) and HW-161
(IC=0.34°A26 in the lower anchizone).

IC, more and more attention has been paid to the strain
effect (Arkai et al., 1997; Jiang et al., 1997; Zulauf et al.,
2002 ). The HW-IR plot (Wang and Zhou, 2000) was used
to calculate the lattice strain of some illites in the study
area. Since the Weaver Index and the IR are defined from
the lower angle side of the illite 1 nm reflection, these peak
parameters of HW, As and IR needed in the HW-IR plot
(the meanings of the parameters are referred to Wang and
Zhou, 2000) were used from the lower angle side of the
illite 1 nm reflection. This is different from the previous
study of the profile of Huangtudian in northern-central
Hunan, which used the HW measured directly from an
asymmetric 1 nm peak of illite. The different distortion of
asymmetry on the lower and higher angle sides of an XRD
peak and the induced difference between the peak
parameters on the two sides were neglected in this study.
Peaks of low counts with low confidence were not used. As
the smoothing technique was not used, some negative
Weaver Index or IR data generated from random radiation
of X-ray were not used either.

All the lattice strain data range from 16—0.5% and two of
them are outside of the higher boundary of the strain
domain in the HW-IR plot (Fig. 5). It is generally thought
that the higher the stress is the higher the strain will be. The
two samples out of the higher boundary of the strain region
and the sample with the highest strain value of 0.5% are
collected from the northeastern fault belt, which indicates
that it is the fault that causes the high strain in the minerals
along the fault. That explains why these three daigenetic IC

0.6
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Fig. 5. Lattice strain plotting on the HW-IR plot for illites.
Two points out of the size-strain region are from samples
HW-178 and HW-169, which were collected from the north-
east fault zone. The others filling in the low strain region
indicate the relatively low stress effects. Lines 1 and 2 limit
the higher and lower boundaries of the size-strain region.
The numbers at the ends of other lines mark the values of
strain. The asymmetric parameter of the HW-IR plot is set
as 2.



Vol. 78 No. 1

ACTA GEOLOGICA SINICA

Feb. 2004 175

values of Kiibler Index occur in the anchizone. Other strain
data along the Yuanguping profile fall in the range of
0.286—0.16%, which indicates that the stress effects in
those area are relatively low.

5 Conclusions

It is concluded from the comparison of this study with
that of low-grade metamorphism in eastern and central
Hunan that: (1) the rocks of the Neoproterozoic and Lower
Paleozoic in western Hunan underwent a lower grade
(lower temperature) of anchimetamorphism than that in
eastern and central Hunan; (2) the pressure condition in the
west is lower than that in the east and higher than in the
center of Hunan; (2) during the anchimetamorphism clay
minerals underwent an Ostwald ripening and grew up; (4)
the post-metamorphic structural movement induced a series
of high-grade lattice strains in the minerals along the
northeastern fault belt; (5) the illite crystallinity in rocks of
the fault belt becomes poorer and hence the Kiibler Index of
IC grows larger.
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