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Abstract Detailed studies on Late Devonian to Early Carboniferous carbonate rocks in central Hunan,

southern China have led to the recognition of 25 lithofacies which can be grouped into: (1) inner ramp

peritidal platform, (2) inner ramp organic bank and mound, (3) mid ramp, (4) outer ramp, and (5) shelf

basin facies associations. The peritidal platform facies association dominates the Zimenqiao Formation

(Namurian A or late Datangian) and is characterized by gypsum and dolostone-containing sequences,

indicating a peritidal platform environment. The other four facies associations dominate the Menggongao

Formation (late Famennian), Liujiatang Formation (Tournaisian or Yangruanian), Shidengzi Formations

(early Visean or early Datangian). Five upward-shallowing cycles were distinguished in these three

Formations. The predominant facies associations developed in each Formation demonstrate an overall

transgressioneregression cycle in the Late Devonian to Early Carboniferous in central Hunan. The over-

all transgressive sequence was preserved in the Shaodong, Menggongao, and Liujiatang Formations, and

the overall regressive sequence was preserved in the Liujiatang, Shidengzi, Ceshui and Zimenqiao Forma-

tions.
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1. Introduction

Carbonate rocks in geological history have preserved abundant
information on the evolution of the Earth (Meng and Ge, 2004; Le
Guerroue and Cozzi, 2010; Purohit et al., 2011; Jiang et al.,
2011). The Late Devonian to Early Carboniferous period is known
for its tectonic activities, frequent sea level changes, climatic vari-
ations, and world-wide coal accumulations (Han and Yang, 1980;
Bishop et al., 2010). The sediments of these stages have been
studied in detail in most parts of the world and many hypotheses
have been proposed for the depositional history, glacio-eustacy,
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plate tectonics, evolution of Earth’s biota and global time-
correlations (Johnson, 1982; Wu, 1982; Wright, 1986, 1994; Zhou
and Fl€ugel, 1986; Leeder, 1988; King, 1990; Grossman et al.,
2002; Racki, 2005). The hydrocarbon potential of the Lower
Carboniferous has also attracted great interest (Saltzman, 2003;
Stasiuk and Fowler, 2004).

The Late Devonian to Early Carboniferous strata are well
exposed in central Hunan, southern China, which are characterized
by thin to thick-bedded carbonate rocks intercalated with clastic
coal measures. During the Late Devonian to Early Carboniferous,
the central Hunan belonged to the South China biogeographical
Province (Wang, 1985; RGSH, 1987), with abundant shallow
marine fossils preserved in the carbonate rocks as well as a good
hydrocarbon potential in these strata (Guo et al., 2008).

Manypublished andunpublished reports have dealtwith theLate
Devonian to Early Carboniferous sections in central Hunan, but
most of them only deal with biostratigraphy, structural geology, and
general geological mapping (Wang, 1985; RGSH, 1987; CCSC,
2000a,b). Preliminary work on lithofacies and paleogeography
was done by the petroleum industries, all of whom interpret the Late
Devonian to Early Carboniferous in the central Hunan area as
deposits of a shallowmarine environment (Qiu, 1987; HPPT, 1979).
Detailed sedimentological studies are scarce or unavailable. Studies
by Beijing Graduate School of China Institute of Mining and
Technology (HACG, 1987) have provided lithological descriptions
and isotopic data on the Late Devonian to Early Carboniferous
carbonate rocks. The present study shows that the Late Devonian to
Early Carboniferous strata in central Hunan are far more complex.
For example, storm deposits are common, a variety of trace fossils
are present, and a variety of limestones and dolostones and upward-
coarsening and thickening carbonate sequences have yet to be
described. This wealth of new geological information holds clues
for new interpretations of the depositional history.
2. Geological setting

The central Hunan was tectonically a part of the intracratonic
basin within the Late Paleozoic South China Plate (Liu et al.,
Figure 1 Simplified geological map
1993; Ma et al., 2009). Paleotectonic and paleogeographical
reconstructions of the Late Paleozoic in southern China indicate
the development of two basins, the Jiangnan and Dian-Qian-Gui
Basins, between the Yangtze and Cathaysian blocks (Wang and
Jin, 2000). The tectonic background of the whole Jiangnan
region was traditionally regarded as part of the Huanan para-
platform (Huang et al., 1981). Hs€u et al. (1988) interpreted the
Paleozoic and Mesozoic rocks in the Huanan area (the easten part
of South China) as the Huanan fold belt; the result of a Mesozoic
orogeny with sutures on the eastern and western sides of the
Jiangnan Basin. Rowley et al. (1989) pointed out that the depo-
sitional sequences of the Jiangnan Basin were formed upon a pre-
Sinian suture from the Sinian to the Silurian and from the
Devonian to the Triassic rocks. Therefore, it is generally regarded
that, in the southern China, there were three tectonic zones during
the Paleozoic: the Yangtze continental block, Cathayian conti-
nental block and the South China extensional basin between these
two blocks. The central and southern Hunan province constituted
a part of the Jianan extentional Basin.

Paleogeographically the central Hunan area was a part of the
South China sea during the Late Devonian to Early Carboniferous
(Wang, 1985; Shao et al., 2003). The South China sea was sur-
rounded to the north by the Upper Yangtze oldland, to the south by
the Yunkai oldland, and to the east by the Cathaysian (Zhe-Min)
oldland (Wang, 1985). The central Hunan was situated near the
Xuefeng oldlandwhichwas a part of theUpperYangtze oldland.The
depositional environment was a shallow water shelf (Shao, 1997).

The Late Devonian to Early Carboniferous strata studied in this
paper include the Late Devonian Shaodong Formation and
Menggongao Formation, and the Early Carboniferous Liujiatang
Formation, Shidengzi Formation, Ceshui Formation and Zimen-
qiao Formation (Wang et al., 1987; RGSH, 1987; CCSC, 2000a,b).
The Shaodong and Menggongao Formations belong to latest
Famennian. The Liujiatang Formation belongs to Yanguanian
(correlates to Tournaisian). The Shidengzi, Ceshui and Zimenqiao
Formations belong to Datangian (correlates to Visean and
Namurian A). These strata are currently preserved in a series of
NNE-SSW oriented synclines (Fig. 1). The lithologies are as
follows (from top to bottom):
of central Hunan, southern China.



Table 1 Lithofacies of the Late Devonian and Early Carboniferous carbonate rocks in central Hunan, southern China.

Lithofacies Principal grains Grain

content (%)

Facies belt Stratigraphic distribution

D3s D3m C1l C1sh C1c C1z

1. Gypsum-dissolved breccia Angular gravel 60 Supratidal þ
2. Calcirudite Calcirudite intraclasts Intertidal þ
3. Calcarenitic grainstone Calcarenitic intraclast 60e70 Barrier shoal þ þ
4. Sandy oolitic grainstone Oolite, quartz sand 65 Barrier shoal þ
5. Graded calcarenitic-bioclastic grainstone and packstone (tempestite) Bioclast, calcarenitic intraclast 50e70 Mid ramp þ þ
6. Graded echinoderm-bioclastic grainstone and packstone (tempestite) Echinoderm, bioclasts 50e70 Mid ramp þ
7. Graded shelly bioclastic grainstone and packstone (tempestite) Bivalve, brachiopods 30e60 Outer ramp þ
8. Foraminifer-bioclastic grainstone Foraminifers, echinoderm 70 Inner ramp þ
9. Foraminifer-bioclastic packstone Foraminifers, echinoderm,

brachiopods

50e65 Barrier shoal þ þ

10. Pellet-bioclastic packstone Fecal pellet, bioclasts 50e70 Inner ramp þ þ þ
11. Burrowed bioclastic packstone Echinoderm, brachiopods 50e70 Inner ramp þ þ
12. Laminated carbonaceous bioclastic packstone Fine bioclasts 60 Intertidal þ
13. Burrowed bioclastic wackestone Echinoderm, brachiopods 10e40 Inner ramp, mid ramp þ þ þ þ þ þ
14. Spicula-bioclastic wackestone Bioclasts, spiclues 15e30 Mid ramp þ
15. Burrowed clayey lime mudstone <10 outer ramp þ
16. Silty lime mudstone with oolitic and calcarenitic bands Oolite, quartz, calcarenitic

intraclasts

<10 Intertidal þ

17. Laminated calcisiltite Calcisiltite, ostracods 55 Supratidal þ
18. Stromatolitic micrite Intertidal þ þ
19. Homogenous micrite Intertidal þ
20. Coral bafflestone Inner ramp organic bank

and mound

þ þ þ

21. Penecontemporaneous micritic and calcisiltitic dolostone Supratidal þ
22. Penecontemporaneous ferrous stromatolitic micritic dolostone Supratital, intertidal þ
23. Post-penecontemporaneous calcareous dolostone with fossil residues Inner ramp þ
24. Dark gray calcareous shale Shelf basin and outer ramp þ þ
25. Calcareous mudstone with body fossils Shelf lagoon þ þ
D3s - Shaodong Formation; D3m - Menggongao Formation; C1l - Liujiatang Formation; C1sh - Shidengzi Formation; C1c - Ceshui Formation; C1z - Zimenqiao Formation.
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Zimenqiao Formation: consists of stromatolitic, oolitic and
bioclastic limestones, dolostones, and evaporites, with a thickness
of about 150 m.

Ceshui Formation: consists of quartz arenites, sandy conglomer-
ates, siltstones, mudstones with siderite, stromatolitic and bioclastic
limestones. The Lower member of this Formation contains some
economic coal seams.The thickness of this Formation is about 110m.

Shidengzi Formation: consists of thick-bedded to massive
bioclastic limestones with intercalation of thin to thick-bedded
calcareous shales. The thickness is about 110 m.

Liujiatang Formation: consists of middle to thin-bedded bio-
clastic limestones, muddy limestones and calcareous shales with
the thickness of 360 m.

Menggongao Formation: consists of massive bioclastic lime-
stones intercalated with middle-bedded alternated bioclastic
limestones and calcarenites. The thickness is about 60 m.

Shaodong Formation: mainly consists of mudstones with
marine fossils and intercalated with quartz arenites and siltstones.
The thickness is about 200 m.
Figure 2 Photographs showing depositional characteristics of the Upper

a - Stromatolites in Lower Carboniferous Zimenqiao Formation, from Xiku

in Menggongao Formation, Shuangjiangkou section, representing basal lag

the spary calcite cement can be seen; the view is 3 mm wide; d - Escapin

Menggongao Formation at the Xiandong section; scale in centimeters; e - T

Shidengzi Formation at Xiandong section; the view is 2 m wide; f - thinly in

limestone base, Liujiatang Formation, Xikuangshan section; scale in cent
Sedimentological investigations into the Late Devonian to Early
Carboniferous sections in central Hunan allow a general environ-
mental interpretation for these Formations (Shao, 1997). The
Shaodong and Ceshui Formations consist mainly of clastic rocks
and they were formed in the offshore muddy shelf system and back-
barrier logoonal system respectively. The Zimenqiao Formation is
characterized by the gypsum and dolostone and was formed in
a peritidal and offshore ramp system under a dry climate. The other
three Formations, Menggongao, Liujiatang, and Shidengzi, were
formed in an offshore carbonate ramp depositional system.

3. Facies analyses of the carbonate rocks

3.1. Lithofacies characteristics

The outcrop sections at Xikuangshan and Xiandong of central
Hunan show that the carbonate rocks in the Upper Devonian to
Lower Carboniferous are mainly bioclastic limestones and
Devonian and Lower Carboniferous carbonate rocks in central Hunan.

angshan section; scale in centimeters; b - Crinoid-bioclastic grainstone

of the tempestite; scale in centimeters; c - Photomicrograph of b, and

g structures at the base of the bioclastic grainstone tempestite of the

race fossil Thallassinoides at the base of the thick-bedded limestone in

terbedded limestone and calcareous shale, with gutter casts (arrows) at

imeters.
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dolomitic limestone. Dolostones are common in the Zimenqiao
Formation. The textural types of limestone range from grainstone,
packstone, wackestone, lime mudstone to boundstone. Grains in
limestones are bioclasts, oolites, intraclasts, and faecal pellets.
Bioclasts are mainly fragments of the organisms such as echino-
derm, brachiopods, coral, mollusks, ostracods, bryozoan and
foraminifers. Halite pseudomorphs, stromatolites, hummocky
cross stratification, graded bedding and lamination are common in
some beds. A total of 25 lithofacies for these carbonate rocks have
been recognized (Table 1).

3.2. Facies association

Based on the lithofacies analyses for the Xikuangshan and Xian-
dong sections, five facies associations can be outlined, including
inner ramp peritidal, inner ramp organic bank and mound, mid
ramp, outer ramp and shelf basin facies associations.

3.2.1. Inner ramp peritidal facies association
The lithologies of this facies association are mainly gypsum,
anhydrite, dolosiltite, stromatolitic limestone, micritic limestone,
calcilutites, and calcareous mudstone. Sedimentary structures
include wavy to horizontal stromatolites (Fig. 2a), bird’s eye fen-
estrae, mud cracks, halite pseudomorphs, penecontemperaneous
micritic dolomite, gypsum and anhydrite beds, micritized oolite
bands in micritic limestone, and storm lamination in calcilutites.
Calcareous mudstone contains abundant whole body fossils like
Figure 3 The offshore ramp depositional model of the Lat
corals and brachiopods, and typical trace fossil Rhizocorallium sp.
The lithofacies of this facies association include: (1) gypsum and
anhydrite dissolution collapse breccia; (2) laminated calcisiltite; (3)
penecontemporaneous micritic and calcisiltitic dolostone; (4)
penecontemporaneous ferrous stromatolitic dolostone; (5) stro-
matolitic micrite; (6) silty lime mudstone with oolitic and calcar-
enitic bands; (7) homogenous micrite; (8) sandy oolitic grainstone;
(9) calcirudite (tidal channel deposits); and (10) calcareous
mudstone with body fossils. This facies association characterizes
the major parts of the Zimenqiao Formation in central Hunan.

All the sedimentary structures such as stromatolites, bird’s eye
fenestrae, mud cracks, halite pseudomorphs, penecontempera-
neous dolomites, gypsum and anhydrite beds, and storm lamina-
tions indicate an inner ramp peritidal platform environment under
an arid climate. In modern Pursian, gypsum, anhydrite and dolo-
mites are present in supratidal environments, stromatolites are
present in the intertidal environments and the calcareous mudstone
represents the subtidal environments (Purser, 1973).

3.2.2. Inner ramp organic bank and mound facies association
This facies association is mainly characterized by small lenticular
biohermal reefs, typically severalmeterswide and1mhigh. The reef
builders aremainly corals, including single or complex corals, which
take part of baffling in the reefs.Pseudouralinia sp.,Guizhouphyllun
sp. andYuanophyllum sp.,Lithostrotion sp., and Syringopora sp. The
contents of corals range from 15% to 30%. The matrix between the
corals are the bioclasts and micrites. The associated deposits are
e Devonian to the Early Carboniferous in central Hunan.



Figure 4 The ideal shallowing-upward ramp successions in the

Late Devonian to Lower Carboniferous in central Hunan. (a) a fair-

weather ramp succession of the Shidengzi Formation at Xiandong

section; (b) a storm-dominated ramp succession of the Menggongao

and Liujiatang Formations at Xikuangshan section.
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thick-bedded bioclastic packstone and sometimes calcarenitic
grainstone. The lithofacies includes: (1) coral bafflestone, (2) foram-
bioclastic packstone, (3) calcarenitic grainstone, and (4) laminated
carbonaceous bioclastic packstone (intertidal). These units are found
in the Menggongao and Liujiatang Formations at the Xiandong
section and theLiujiatang andShidengzi Formations atXikuangshan
section. Bioclastic packstones characterize the upper part of the
Zimenqiao Formation in all sections.

The small scale reef bodies do not provide a distinct facies
zonation. Coral bafllestoens, together with lack of fore-reef
breccia, indicates a weak to middle wave activity and the lack
of the shelf break. Compared with the characteristics of the ramp
deposits described in Ahr (1973), Read (1985), Tucker (1985) and
Burchette and Wright (1992), we believe that these bioherms
represent inner ramp deposits which were formed in the shallow
part of a gently sloping ramp. Bioclastic packstone is a part of the
shoal deposits which is adjacent to the peritidal environments.

3.2.3. Mid ramp facies association
This facies association is characterized by the thick-bedded lime-
stoneswith the single bed thicknessmore than 0.5m.The limestones
contain whole body fossil and fossil fragments such as brachiopods,
corals, echinoderms, ostracods and foraminifers. The fossil frag-
ments are major grains in the limestone, with contents ranging from
30% to 60%. The textural types of limestone are mainly wackestone
and packstone, with intercalation of grainstones. Some echinoderm-
bioclastic grainstones (Fig. 2b and c) are developed with erosional
bases, graded beddings, hummocky cross stratifications, escaping
structures (Fig. 2d). Trace fossils identified in this facies association
include Rhizocorallium, Thalassinoides(Fig. 2e), Zoophycos, Pla-
nolites, andChondrites (Shao and Liu, 1994). The lithofacies in this
association include: (1) foram-bioclastic packstone; (2) peloidal-
bioclastic packstone; (3) bioturbated bioclastic packstone; (4) bur-
rowed bioclastic wackestone; (5) foram-bioclastic grainstone; (6)
graded echinoderm-bioclastic grainstone and packstone; and (7)
post-penecontemporaneous calcareous dolostone with fossil resi-
dues. This facies association is developed in the upper part of the
Menggongao Formation, the middle part of the Liujiatang Forma-
tion and the Shidengzi Formation in most parts of central Hunan.

The storm deposits are well developed in this facies association,
especially those typical of proximal tempestites which are repre-
sented by the echinoderm-bioclastic grainstone and packstones at the
top of the Menggongao Formation in Xiandong-Shuangjiangkou
region. These grainstones are developed with erosional base, graded
bedding, hummocky cross stratification, escaping structures, and
shallowwater fossils are typical proximal tempestites (Aigner, 1982).
The amalgamation of storm beds are common and intercalated shale
deposits are relatively thin. The fossils in this facies association are all
stenohaline organism, indicating a normal marine conditions. The
packstone and wackestone texteures indicate a moderate wave
energy and the associated graded grainstones suggest the frequent
influence of storm wave. This facies association represents the
deposits in the mid ramp between fair-weather wave base and storm-
weather wave base. The sufficient supply of bioclasts and intraclasts
from adjacent bank and shoal and the strong disturbance of storm
wave will result in the formation of thick-bedded coarse-grained
tempestites with common amalgamation of storm beds.

3.2.4. Outer ramp facies association
This facies association is represented by the thin-bedded and
graded calcarenitic and bioclastic grainstone and packstones. The
textural types of limestones in the tempestites range from
grainstone to lime mudstone with the calcarenitic intraclasts and
the bioclasts of brachiopods, echinoderms, pelecypods, gastro-
pods and foraminifers. The trace fossils are less common and only
Chondrites and small Thalassinoides are occasionally found. The
limestone beds are thin-bedded (less than 10 cm) and intercalated
with very thin-bedded calcareous shale (Fig. 2f). These limestone
beds are mostly interpreted as proximal tempestites (Shao and
Zhang, 1993). Their bottom and top surfaces are gently undu-
lated and sometimes nodular. The graded beddings are evident for
this kind of tempestites. The lithofacies in this facies association
include: (1) burrowed bioclastic wackestone; (2) spicular-
bioclastic wackestone; (3) burrowed clayey lime mudstone; (4)
graded calcarenitic-bioclastic grainstone and packstone (tem-
pestite); and (5) dark gray bioclastic calcareous shale. This facies
association has been found in the upper part of the Menggongao
Formation and the lower part of the Liujiatang Formation of the
Xikuangshan and Lengshuijiang region and the middle part of the
Menggongao Formation of the Xiandong and Shuangjiangkou
region.
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This facies association represents the deposits in the outer
ramp which is developed below the storm-weather wave base.
Less strong bioturbation and less developed in-situ fossils indicate
a deeper water condition which is not favorable for the organism
development. However, the strong storm wave can disturb the
bottom and form thin-bedded proximal tempestites.

3.2.5. Shelf basin facies association
This facies association is typically represented by the calcareous
shale-dominated sequences. The shale is dark in color and rich in
organicmatter with total organic carbon between 1% and 2% (Shao,
1997). The limestones mainly occur as the thin-intercalated beds in
these sequences. The limestone beds are generally 10e30 cm thick
and contain little bioclasts. The shelly packstones and wackestones
are scarcely found in the limestone beds, which represent the distal
tempestites. They are thin-bedded (only 2e5 cm thick) or nodular.
Figure 5 The peritidal model and its facies characteristics of L
These shelly tempestites have many similarities with the coquina
described by Kreisa and Bambach (1982) such as erosional base,
gutter cast, graded bedding, and shelter porosity. The nodular
tempestites are believed to be the filled gutter cast structures or
pocket structures. The associated trace fossils are very rare and only
Chondrites can be occasionally recognized. The lithofacies in this
facies association include: (1) dark gray bioclastic calcareous shale;
(2) burrowed clayey lime mudstone; (3) graded shelly grainstone
and (4) packstone (tempestite). They are mainly developed in the
upper part of the Liujiatang Formation.

The dark colored shale is rich in organic matter, suggesting an
anoxic environment. The very rare storm deposits indicate scarce
storm influence. The sedimentary characteristics suggest that the
depositional environment for this shale-dominated sequence was
situated below the storm-weather wave base, and only very strong
storm wave can disturb the bottom sediments.
ower Carboniferous Zimenqiao Formation in central Hunan.



L. Shao et al. / Geoscience Frontiers 2(3) (2011) 409e419416
3.3. Depositional models

The carbonate rocks in the Menggongao, Liujiatang, and Shi-
dengzi Formations are characterized by inner ramp organic bank
and mound, mid ramp, outer ramp and shelf basin facies associ-
ations. These facies associations represent a typical offshore ramp
model. The environmental conditions and depositional character-
istics of each facies belts are summarized in Fig. 3.

In these ramp dominated Formations, typical shallowing-
upward successions were commonly developed. The two types
of shallowing-upward successions are the fair-weather ramp
succession without tempestites and the storm e dominated ramp
succession with many tempestites (Fig. 4).
Figure 6 Vertical facies variations of the Late Devonian (D3) and L
The fair-weather ramp successions were mainly developed in
the Shidengzi Formation (Fig. 4a). The lower part of the
succession is mainly composed of dark gray and grayish black,
calcareous shale, occasionally intercalated with muddy limestone
beds. The middle part is dominated by the interbedded lime
mudstone and calcareous shale, with the limestone beds are
10e30 cm thick. The upper part consists of thick-bedded bio-
clastic packstone and wackestones intercalated with calcareous
shale. The top of the succession is normally developed with
thick-bedded bioclastic grainstone and lenticular coral bound-
stone. The shallowing-upward trend is represented by an overall
facies change from shelf basin, outer ramp, mid ramp through the
inner ramp.
ower Carboniferous (C1) at Xikuangshan section of central Hunan.



Figure 7 An overall transgressive e regressive cycle in the Upper

Devonian and Lower Carboniferous of central Hunan.
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The storm-dominated ramp successions are commonly seen in
the Mengongao and Liujiatang Formations (Fig. 4b). The lower
part of the succession is dominated by the dark gray and grayish
black calcareous shale, occasionally intercalated with shelly
limestone beds. The middle part is composed of interbedded lime
mudstone and calcareous shale, and the limestone beds are
5e30 cm thick, and usually contain typical graded bedding and
associated trace fossils. The upper part is typically the thick-
bedded bioclastic packstone and wackestone, intercalated with
calcareous shale. Amalgamated tempestites, graded bedding,
hummocky cross bedding and abundant trace fossils. The top of
this succession is dominated by thick-bedded bioclastic grain-
stones. The shallowing-upward trend is also represented by an
overall facies change from shelf basin, outer ramp, mid ramp
through the inner ramp.

The depositional characteristics of the Zimenqiao Formation is
very different from the Menggongao, Liujiatang, and Shidengzi
Formations. It is mainly characterized by the inner ramp peritidal
facies association. This facies association can be further sub-
divided into supratidal, intertidal, lagoon, barrier shoal and
offshore mid ramp facies belts. These facies belts constitute
a typical inner ramp peritidal model. The environmental condi-
tions and depositional characteristics of each facies belt are
summarized in Fig. 5.

4. Sedimentary evolution of the central Hunan
during the Late Devonian to Early Carboniferous

4.1. Palaeoclimates

The Late Devonian to Early Carboniferous in central Guangxi was
well developed with coal, limestone with coral and other fossils,
tempestites, and phosphorite in some Formations, which are good
indicators of warm and humid climates. During the later stage of
the Early Carboniferous (the top part of the Ceshui Formation and
the Zimenqiao Formation, which correspond to the late Visean and
Namurian A), the palaeoclimate changed to arid, as manifested by
intertidal stromatolites and supratidal sabhka gypsum and dolo-
mites. The large-scale coal accumulation during the deposition of
the Ceshui Formation (Shao et al., 1992) decreased with the major
transgression (forming the thick-bedded sandstone in the middle
of the Ceshui Formation) and finally ceased due to the arid climate
(Shao et al., 1992). The Early Carboniferous warm climates
coincides with the palaeomagnetic data which suggest that the
palaeolatitude of the southern China is 4.1� N (Wu et al., 1997).
The oxygen isotope compositions with d18O values of �2 to �8
per mil give a temperature of 15e25 �C (Shao, 1997).

4.2. Depositional environment evolution and sedimentary
cycles

The detailed facies logging for the Xikuangshan section is shown
in Fig. 6. The carbonate rocks in the Menggongao, Liujiatang, and
Shidengzi Formations are mainly thin to thick-bedded limestones
and dark calcareous shales with many upward-shallowing
sequences. According to vertical facies distribution, five
upward-shallowing cycles are roughly recognized (Fig. 6). Cycle 1
takes up the Menggongao Formation and was developed from
outer ramp and shelf basin to inner ramp environments. Cycles 2
takes the lower part of the Liujiatang Formation and represent
a shallowing process from outer ramp and shelf basin to inner
ramp and to offshore clastic sand bar environments. Cycles 3 takes
up the middle part of the Liujiatang Formation and the environ-
ment changes from outer ramp and shelf basin to inner ramp
organic mound. Cycle 4 takes up the upper part of the Liujiatang
Formation and the environment changes from outer ramp and
shelf basin and shelf basin to inner ramp. Cycle 5 takes up the top
of the Liujiatang Formation and the Shidengzi Formation and
represents a process from outer ramp and shelf basin environment
to inner ramp environment.

According to Fig. 6, the predominant depositional environ-
ments of each Formation can be summarized as follows: the
Shaodong Formation formed in the offshore muddy shelf envi-
ronment (Shao, 1997); the Menggongao Formation in inner ramp
and mid ramp; the Liujiatang Formation in outer ramp and shelf
basin; the Shidengzi Formation in inner ramp; the Ceshui
Formation in clastic shoreline barrier-lagoon environments (Shao
et al, 1992); and the Zimenqiao Formation in inner ramp peritidal
environments. The overall transgressive sequence was preserved
in the Shaodong Formation, Menggongao Formation, and Liujia-
tang Formation, and the overall regressive sequence was preserved
in the Liujiatang Formation, Shidengzi Formation, and Ceshui
Formation (Fig. 7). Two kinds of distinctive carbonate systems are
developed in different time intervals of Late Devonian to Early
Carboniferous in central Hunan. The offshore ramp depositional
system of the central Hunan may be comparable to the general
carbonate ramp setting of the Early Carboniferous in North
America and western Europe (Ahr, 1989; Wright, 1994). Many
similarities exist between them such as thick offshore bioclastic
carbonates, large volumes of carbonate mud, the lack of peritidal
sequences, and the absence of reef builders capable of building
steep-fronted platform margins (Wright, 1994). The peritidal
depositional system dominating the late Datangian stage
(Namurian A) represents another setting of the Early Carbonif-
erous in central Hunan.
5. Conclusions

The Late Devonian to Early Carboniferous in central Hunan,
southern China consists mainly of carbonate rocks intercalated with
clastic coal measures. Carbonate rocks in the Menggongao,



L. Shao et al. / Geoscience Frontiers 2(3) (2011) 409e419418
Liujiatang, Shidengzi Formations (corresponding to late Famennian
to early Visean) are characterized by the upward-shallowing
sequences ranging from calcareous shale to bioclastic wackestone
and packstones. The carbonate rocks of the Zimenqiao Formation
(corresponds toNamurianA) are characterized by the dolostone and
stromatolitic limestone intercalated with gypsum and anhydrides.

A total of 25 lithofacies have been recognized and five facies
associations have been further described. The inner peritidal
platform facies association dominates most parts of the Zimenqiao
Formation and includes supratidal, intertidal, subtidal lagoon,
barrier shoal, offshore inner ramp facies belts. The inner ramp
organic bank and mound, mid ramp, outer ramp and shelf basin
facies associations occur in the Menggongao, Liujiatang, and
Shidengzi Formations.

The five upward-shallowing cycles have been recognized from
the Menggongao, Liujiatang, and Shidengzi Formations. The
predominant facies associations developed in each Formation
demonstrated an overall transgressioneregression cycle in the
Late Devonian to Early Carboniferous in central Hunan. The
overall transgressive sequence was preserved in the Shaodong,
Menggongao, and Liujiatang Formations, and the overall regres-
sive sequence was preserved in the Liujiatang, Shidengzi, Ceshui
and Zimenqiao Formations.
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