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Abstract Marine carbonate ooids are environment-sen-
sitive and hence valuable for paleoclimatic and paleo-
geographic reconstructions. This paper describes Permian
ooids from the Baoshan Block in western Yunnan, China,
in order to offer a new means to refine the uncertain paleo-
geographic details of this Gondwana-derived block. Four
major types of ooids (micritic ooids, compound ooids,
leached ooids and half-moon ooids) are documented from
the Hewanjie Formation in the northern and the Shazipo
Formation in the southern Baoshan Block. These ooids
are dated via biostratigraphic analysis to be Wordian—early
Wuchiapingian and signify an ameliorated shallow-marine
temperature for the Guadalupian strata of the Baoshan
Block. Results of this study, coupled with literature data,
reveal diachronous debut of Permian ooids among the
Gondwana-derived blocks: mostly Sakmarian in Cen-
tral Taurides of Turkey, Central Iran, Central Pamir and
Karakorum Block versus Wordian—Capitanian in Baoshan
Block, Peninsular Thailand and South Qiangtang. In con-
trast, Asselian—Sakmarian strata of Baoshan Block as well
as Peninsular Thailand and South Qiangtang are charac-
terized by glaciomarine diamictites. These observations
suggest that the Baoshan Block was probably situated at a
considerably higher paleolatitude under distinct influence
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of Gondwana glaciation during the Asselian—Sakmarian
than those blocks yielding Sakmarian ooids. Moreover,
marine ooids are virtually absent nearby the equator within
the Permian Tethys, similar to the modern situation. The
Baoshan Block is accordingly interpreted to drift to warm-
water southern mid-latitudes during the Wordian—Capita-
nian and remain to the south of Central Iran, Karakorum
Block and South China, which were equatorially located in
the Capitanian.
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Introduction

The formation of marine carbonate ooids is sensitive to
physicochemical conditions of sedimentary environments,
and oolitic limestones in strata thus record information
critical for exploring paleoclimate and paleogeography
in geological past (e.g., Lees 1975; Peryt 1983; Sandberg
1983; Opdyke and Wilkinson 1990; Rankey and Reeder
2009; Fliigel 2010; Li et al. 2015b). Permian ooids have
been reported in recent years among the so-called Gond-
wana-derived blocks (e.g., Gaetani et al. 1995; Kobayashi
and Altiner 2008; Leven and Gorgij 2011b; Huang et al.
2015a, b), which probably lay at northern Gondwana mar-
gin during the late Paleozoic and experienced dynamic rift-
drift evolution in the process of Gondwana disassembly
(e.g., Sengor 1979; Sengor et al. 1988; Shi and Archbold
1998; Wopfner and Jin 2009; Metcalfe 2013). Although the
Gondwana provenance, detachment from peri-Gondwana
and subsequent northward drift of these blocks have been
generally acknowledged, many aspects of their paleogeo-
graphic history are still highly uncertain in the context of
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Fig. 1 Location of the Baoshan
Block in western Yunnan,
China, showing sampling sites
of Permian oolitic carbonates
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Permian Tethyan evolution (e.g., Liu et al. 2002; Scotese
2004; Ferrari et al. 2008; Metcalfe 2013). Even the overall
configuration of their paleopositions relative to each other
remains to be a subject of considerable controversy. The
collective data on Permian ooids from these Gondwana-
derived blocks might provide unique insights into this geo-
logical conundrum.

One of these Gondwana-derived blocks, the Baoshan
Block in western Yunnan, China (Fig. 1), was firstly
reported as containing Permian ooids in the 1980s (Lan
et al. 1983; Sheng and He 1983; Geological Survey
Team of Yunnan 1980; Bureau of Geology and Mineral
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Resources of Yunnan Province 1990). Nevertheless, these
ooids have been neither concretely figured nor studied in
detail. Consequently, their paleoclimatic and paleogeo-
graphic significance remains hitherto insufficiently unrave-
led. Permian ooids in this area were still considered rare in
a recent study focusing on the paleoclimatic meaning of the
Permian carbonates in the Baoshan Block (Yan and Liang
2005). However, oolitic carbonates from Permian sections
across the Baoshan Block have been discovered in our lat-
est fieldworks and emphasize their potential importance.
This paper elucidates the fabric, age and environmental
implications of the Baoshan ooids and further compares the
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stratigraphic distribution of Permian ooids among several
Gondwana-derived blocks. Our goal here is to utilize ooids
as a sedimentological means to refine the details of the
Permian paleoclimate and paleogeography of the Baoshan
Block in relation to other Gondwana-derived blocks.
Results of this study illustrate the valuable role that oolitic
carbonates can play in constraining debatable paleogeo-
graphic and paleoclimatic reconstructions of terranes with
dynamic geological history.

Geological background

The Baoshan Block in western Yunnan is bordered on
the west by the Nujiang Fault and on the east by the Lan-
cangjiang Fault, Kejie Fault and Nandinghe Fault (Fig. 1).
The Permian of this block is composed primarily of silici-
clastics in the lower part and carbonates in the upper part
(Fig. 2). The lower Permian starts with the Dingjiazhai For-
mation, which mainly consists of shales, siltstones and fine
sandstones at the base and a roughly tripartite succession of
diamictites, pebbly mudstones and shales in the rest of this
formation. This threefold succession has been regarded to
be deposited in periods of glacial highstand, glacial retreat
and deglaciation (Wang 1983; Jin 1994; Wopfner 1996; Jin
et al. 2011) and may correspond to Glacial III with maxi-
mum ice sheets of the late Paleozoic Gondwana glaciation
(Isbell et al. 2003, 2012). The pebbly mudstones and shales

are fossiliferous with brachiopods, bryozoans and crinoids.
The top of the Dingjiazhai Formation contains carbonate
beds of coquina facies rich in bryozoans, fusulinids and
some conodonts, indicative a Sakmarian—Artinskian age
(Fang et al. 2000; Wang et al. 2001; Ueno et al. 2002; Shi
et al. 2011). Cool/temperate-water Gondwana affinity of
these fossils is manifested by small solitary corals instead
of massive reef-building elements, brachiopods with close
faunal links to coeval Australian ones and rather impov-
erished fusulinids (Fang 1983, 1994; Fan and Fang 1992;
Fang and Fan 1994; Shi et al. 1996; Wang et al. 2001; Shi
et al. 2011). Based on these sedimentary and faunal fea-
tures, the Baoshan Block has been reconstructed to be at
the northern margin of Gondwana during the Cisuralian
(Wang 1983; Jin 1994; Wopfner 1996; Metcalfe 2013).
The basalts of the Woniusi Formation, overlying the
Dingjiazhai Formation, interrupted the normal marine
sedimentation and probably represent the incipient intrac-
ratonic rifting of the Baoshan Block from the Gondwana
(Wopfner 1996; Wopfner and Jin 2009). Limestone interca-
lations within these basalts yield fossils similar to those in
the top of the Dingjiazhai Formation (Jin 1994). Paleomag-
netic investigations of these basalts revealed a paleolati-
tude between 38°S and 42°S (Huang and Opdyke 1991; Ali
et al. 2013; Xu et al. 2015). Hardgrounds occur at places on
the top of the basalts, implying a possible sedimentary hia-
tus. Afterward, in the northern Baoshan Block, variegated
fine siliciclastics of the Bingma Formation and overlying
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thick carbonates reflect resumed sedimentation. The car-
bonate succession is subdivided into the Daaozi Formation
of argillaceous limestones and limestones and the Hewan-
jie Formation of dolomitic limestones to dolostones. In the
southern Baoshan Block, variegated siliciclastics and argil-
laceous limestones are grouped into the Yongde Formation,
while the succeeding limestones and dolomitic limestones
into the Shazipo Formation. Abundant brachiopods and
corals as well as rare fusulinids of Wordian age occur in the
argillaceous limestones of the Daaozi or Yongde Formation
(Shi and Shen 2001; Wang et al. 2001; Jin and Zhan 2008).
Upward, the limestones of the Shazipo Formation are rich
in corals and fusulinids, while the dolomitic portion of the
Shazipo or Hewanjie formations yields a foraminiferal
Shanita fauna. These fusulinids and smaller foraminifera
collectively denote a Wordian—early Wuchiapingian age
(Sheng and He 1983; Wang et al. 2001; Jin and Yang 2004;
Yang et al. 2004; Huang et al. 2005, 2009, 2015a, b). It
needs to be clarified that although the Hewanjie Formation
was dated previously to be Middle Triassic, recent studies
have demonstrated that substantial parts of this formation
are Guadalupian-Lopingian in age, based on foraminif-
era, conodonts and regional correlation (Jin et al. 2008).
In contrast to the Cisuralian cool-water attributes, fossils
and carbonates in the Guadalupian strata show progressive
increase of warm-water features. For instance, fusulinid
elements of Neoschwagerinids and Verbeekinids diagnostic
for tropical/subtropical settings (Huang et al. 2009, 2015a,
b) and massive Wentzellophyllum corals (Wang et al. 2001)
are present in the Guadalupian strata. The Guadalupian car-
bonate facies belongs to the photozoan association charac-
teristic for warm-water environment (Yan and Liang 2005).
Judging from these pieces of information, climatic amelio-
ration through the Cisuralian to Guadalupian is evident for
the Baoshan Block and has been accounted by interplay of
northward drift of this block toward paleoequator and con-
current global warming (Shi and Archbold 1998; Wopfner
and Jin 2009).

Materials and methods

Ooid-bearing strata are developed in the Hewanjie Forma-
tion and Shazipo Formation in the northern and southern
Baoshan Block, respectively. Samples of this study are
from the Hewanjie Formation of the Daaozi Section and
Hewanjie Section nearby Baoshan City and from the Shaz-
ipo Formation of the Bawei Section in Yongde County and
the Xiaoxinzhai Section in Gengma County (Figs. 1, 2).
Samples were collected at intervals of ca. 1 m in all sec-
tions except the Daaozi Section. From the Daaozi Section,
collection was concentrated on the oolitic and fossilifer-
ous beds. Thin sections of rock samples were prepared to
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observe ooid fabrics and analyze carbonate microfacies.
Orientated thin sections for foraminiferal identification
were made for biostratigraphic analysis. Classification of
ooid types and procedures for microfacies analysis follow
Richter (1983) and Fliigel (2010), which use criteria, such
as overall shape, cortical structure and diagenetic overprint,
to classify ooids. Percentage of carbonate grains was esti-
mated semiquantitatively by using the comparison chart of
Baccelle and Bosellini (1965). Data in published literature
were further compiled for comparing the stratigraphic dis-
tribution of Permian ooids between the Baoshan Block and
other Gondwana-derived blocks.

Ooid features

Four dominant ooid types have been recognized in these
strata: micritic ooids, compound ooids, leached ooids and
half-moon ooids. The distinct fabrics and sedimentary fea-
tures of each type are rendered as follows.

Micritic ooids

Micritic ooids with cryptocrystalline cortical lamination are
the most common type in all examined sections (Fig. 3).
They are more or less obscured regarding their cortical
lamination, commonly lacking either tangential or radial
pattern. The micritic ooids include mainly single normal
or superficial ooids, as well as rare compound ooids. Their
nuclei comprise fragments of ooids, bioclasts and peloids
(Fig. 3g—i). The micritic ooids in the Daaozi Section were
previously recognized as algal grains by Yang et al. (2004).
However, regular and smooth concentric laminae (Fig. 3j)
in these “algal grains” clearly distinguish them as ooids,
rather than oncoids with algal origin. We interpret the mic-
ritization of these ooids to result from intense microboring
of endolithic microorganisms (Bathurst 1966; Reid and
Macintyre 2000). One line of evidence is the gradation
from micritic ooids with distinct concentric lamination to
almost structureless ooids with cortical banding completely
obliterated. Besides, the micritic process appears to be
centripetal replacement and commonly produces irregular
boundary between the interior part and outer destructed
part (Fig. 3k). The biogenic micritization is also witnessed
by dark micritic rims of skeletal grains (Fig. 3d, f).

The micritic ooids are primarily distributed in two
facies. The first facies is well-sorted oolitic grainstone with
some peloids and poorly diversified foraminifera includ-
ing Shanita and Hemigordiopsis (Fig. 3a—c). Oval ooids
in this facies are 0.17-1.23 mm in diameter and densely
packed (40-60 % rock). Foraminiferal tests are seldom
fragmented, although usually indented by ooids. The sec-
ond facies in which micritic ooids occur is moderately to
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Fig. 3 Permian micritic ooids from the Daaozi Section, Hewan-
jie Section and Bawei Section in the Baoshan Block. a—c Well-
sorted oolitic grainstone with foraminifera, arrow S and H point to
foraminiferal specimens of Shanita and Hemigordiopsis; d—f mod-
erately to poorly sorted skeletal and oolitic packstone to grainstone
with lithoclasts, arrow D points to green algae (Dasyclads), arrow T
to truncation of grains at the peripheries of lithoclasts, arrow M to

micritic clasts and arrow R to micritic rim of one skeletal grain; g—i
micritic ooids with broken ooid (arrow O), bioclast (arrow B) and
peloid (arrow P) as nuclei, respectively; j one micritic normal ooid
with conspicuously regular lamination in cortex; k micritic ooid with
the central part dissolved and subsequently cemented by calcite spar,
micritized outer part and irregular boundary between them
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poorly sorted skeletal and oolitic grainstone to packstone
and locally wackestone (Fig. 3d—f). Ooids in this facies are
oval or elongated ellipsoidal and 0.19-0.56 mm in diam-
eter. They make up 20—40 % of the rock, accompanied by
peloids, aggregate grains, lithoclasts and bioclasts. Associ-
ated fossils are slightly more diverse and fragmented, com-
prising foraminifera, gastropods, green algae (Dasyclads)
and phylloid algae. The lithoclasts are micritic or oolitic
carbonates of variable size and subangular to round with
conspicuous truncation at the boundaries (Fig. 3d—e). The
concurrence of abundant ooids with low content of bio-
clasts of shallow-marine fossils, e.g., fusulinids and green
algae adaptive to sunlit shallow sea, moderate to good sort-
ing and grainstone to packstone texture of both facies, is
diagnostic for oolitic shoals in recent and ancient carbon-
ate record (e.g., Esteban and Pray 1983; Zeng et al. 1983;
Tucker et al. 1990; Rankey and Reeder 2011; Fliigel 2010;
Pierre et al. 2010). In addition, the admixed micritic litho-
clasts, locally micritic matrix and comparatively more
diverse fossils likely hint a less winnowed and more inte-
rior platform setting for the second facies.

Compound ooids

Subspheroidal or lobate compound ooids (0.78—1.53 mm in
diameter) are abundant in the Bawei Section and subordi-
nate in the Daaozi Section (Fig. 4). Usually two or three
single ooids are coated by concentric alternation of dark
and light laminae into one compound ooid. The nuclei of
these single ooids include skeletal grains and peloids and
are dissolved to variable degree. Although the outermost
coating includes up to ten laminae, its thickness is much
less than the diameter of the interior core formed by the
bounding of single ooids.

Interestingly, the compound ooids are confined in the
lithoclasts which are well-sorted oolitic packstone and float
in poorly sorted oolitic grainstone with peloids and bio-
clasts in the Bawei Section (Fig. 4a—d). These lithoclasts
are considered to be generated in situ or nearby within the
depositional basin, based on their variable size, poor round-
ing and the absence of peripheral truncation. These oolitic
lithoclasts and accompanied ooids (0.21-0.79 mm in
diameter) comprise up to 40-50 % of the rock (Fig. 4f-g).
Some single ooids show asymmetrical growth with micritic
laminae thickening in one direction (Fig. 4g), which pos-
sibly suggest non-turbulent periods for micritic envelop-
ing to grow upward (Richter 1983; Strasser 1986; Fliigel
2010). According to Fliigel (2010), formation of compound
ooids commonly undergoes two processes: (1) single ooids
bound by encrustation or cementation in environment
with restricted water circulation and reduced sedimenta-
tion rates and (2) regeneration of outer thin oolitic coat-
ing in agitated condition. Therefore, the coexistence of
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asymmetrical single ooids and compound ooids, as well as
micritic remains in the matrix, indicates alternation of low
and strong water agitation.

Leached ooids

Many ooids have suffered diagenetic dissolution result-
ing in oomoulds, common in the Xiaoxinzhai, Bawei and
Hewanjie sections (Fig. 5). The oomoulds are now occluded
either by calcite spar or by euhedral rhomboidal dolomite.
The leached ooids are commonly spherical to oval in shape
and constitute 30-40 % of the rock. Many severely dis-
solved ooids only preserve rather thin outermost micritic
rims (ca. 0.01 mm) or cortices with obliterated texture
(Fig. 5a, h). Occasionally in less affected ooids, either skel-
etal (e.g., foraminifera and echinoids) or peloidal nuclei are
coated by distinct concentric bandings (Fig. 51).

Another significant feature is the distortion or rupture of
these leached ooids. Some of them are distorted into flat-
tened oval, duck-like or elephantine shape; several distorted
ooids link together to form zig-zag chains (Fig. 5c¢, f, j, k).
Such distortion has been regarded to result from weaken-
ing of ooids after dissolution of originally aragonitic por-
tion (Richter 1983; Zeng et al. 1983; Wilkinson et al. 1984;
Tewari and Tucker 2011; Li et al. 2015a). Some ooids have
segmented outermost cortical layers around inner micritic
cores (Fig. 5j). It is noticeable that the inner circumference
of the ruptured outer layers is longer than the outer perim-
eter of inner cores. This particular phenomenon could be
explained by the dissolution of in-between aragonitic layers
and named “spalled cortices” by Wilkinson et al. (1984).

The leached ooids mainly occur in moderately to poorly
sorted bioclastic and oolitic grainstone (Fig. 5b—c, e) and
less commonly in well-sorted and densely packed oolite
(40 % ooids) containing rare fossil skeletons (Fig. Sa, f). In
the oolitic grainstone, ooids are 0.16—0.71 mm in diameter
and make up 20-50 % of the rock, accompanied by aggre-
gate grains, peloids, algae (Unganderella), foraminifera,
echinoids and brachiopods. The fusulinid tests are often
broken, indicating possible reworking or turbulence. Simi-
lar to the case of micritic ooids in the preceding section,
these facies containing leached ooids are also interpreted to
be formed in ooid shoals.

The other facies type in which the leached ooids are
scattered is peloidal packstone (Fig. 5d). Cross-beddings
are locally developed near the top of the stratigraphic beds
of this facies type (Fig. 6). In the interstices between ooids
in this facies, peloids are abundant and embedded in mic-
ritic matrix. The ooids are well sorted, but the bimodal
size between white leached ooids (0.18-0.59 mm) and
inter-ooid black peloids (mostly less than 0.12 mm) is con-
spicuous. The foraminiferal test and ellipsoidal peloids as
ooid nuclei could reach 0.4 mm in diameter. If these ooids
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Fig.4 Permian compound ooids from the Bawei Section in the
southern Baoshan Block. a Sharp contact between a lithoclast (below
dashed line) with compound ooids and host sediment with dissolved
ooids (above dashed line); b poorly sorted bioclastic grainstone con-
taining an oolitic lithoclast; ¢ bioclastic grainstone with a rounded
oolitic lithoclast (left to the dashed line) and smaller foraminifera

(arrow F); d peloidal grainstone with a triangular oolitic lithoclast; e
poorly sorted bioclastic grainstone with echinoid fragment; f-g close-
up view of oolitic lithoclasts showing compound ooids and asym-
metrical single ooids (arrow A); h high magnification of a compound
ooid showing the thin outermost envelope and limited micrites (arrow
M) in matrix
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Fig. 5 Permian leached ooids from the Xiaoxinzhai Section, Bawei
Section and Hewanjie Section in the Baoshan Block. a, f Well-
sorted oolite with leached and distorted ooids, note the sample of f
is strongly dolomitized; b, ¢, e moderately to poorly sorted bioclas-
tic and oolitic grainstone, note leached ooids are occluded by rhom-
boidal dolomite in (e) and fusulinid Armenina and Pseudodoliolina
in (b) and (c), respectively; d leached ooids floating among peloids

@ Springer

in peloidal packstone; g selectively leached ooids against relatively
well-preserved ooid with radial cortex; h close-up view of leached
ooids showing early isopachous cementation; i less leached ooids
with distinct concentric cortical lamination; j, k magnification of dis-
torted ooids; arrows B, C, D, E refer to, respectively, brachiopods,
early cements, distorted ooids and echinoids
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Fig. 6 Cross-beddings of the oolitic packstone in the Bawei Section
in the southern Baoshan Block

were produced in situ, it would be hardly conceivable that
many peloids, which are smaller than the ooid nuclei,
are not incorporated as the cores for further ooid growth.
The agitation required for ooid production appears to be
incompatible with relatively low water energy suggested
by large quantity of peloids and the micrites in matrix.
We, therefore, interpret these ooids and peloidal packstone

to be deposited nearby to each other and later intermixed
together.

Half-moon ooids

The half-moon ooids exhibit a peculiar dichotomy between
upper coarse sparitic and lower dense micritic halves
(Fig. 7). The dual subdivisions of these ooids form excel-
lent geopetal structure. The shape of these ooids is usually
flattened oval or even deformed into curvy forms (Fig. 7b).
Diameters fall between 0.2 and 0.73 mm when measured
along their long axes. The bottom dark halves appear to
result from the collapse of micritic ooids, as demonstrated,
in rare instances, by plastic deformed but still differenti-
ated nuclei and cortices in the lower portion (Fig. 7a, d).
Isopachous cementation seems to prevent the complete col-
lapse of the ooids (Fig. 7c, e). The upper void is commonly
occluded by coarse blocky calcite.

These half-moon ooids with good sorting compose 60 %
of oolitic packstone and are confined in one stratigraphic
level of the Bawei Section. Associated allochems include
some peloids and rare foraminifera. The matrix is micritic,
but now partially dolomitized. Oolitic packstone can be
found in the bank interior on the flanks of ooid shoals in

Fig. 7 Permian half-moon ooids from the Bawei Section in the
Baoshan Block. a, b abundant half-moon ooids in well-sorted oolitic
packstone, note the slightly compacted oval shape, or even curvy
form (arrow C) and vague division of nuclei and cortices in micritic
halves (blank arrow); ¢ co-occurrence of ooids with concentric band-

ing and ooids that are almost entirely leached; d close-up view of a
half-moon ooid showing deformation of micritic portion; e sharp dis-
tinction of sparitic and micritic portions of a half-moon ooid, note the
coarse blocky calcite cement in the upper part with relic micrite
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modern Bahamas (Harris 1983) and similar environments
in geological record, e.g., Permian Grayburg Formation,
Midland Basin of USA (Barnaby and Ward 2007).

Age constraints

The age of ooids in both the Hewanjie and Shazipo forma-
tions can be well constrained by foraminiferal biostratigra-
phy (Fig. 8). Within or between these oolitic beds occurs
the Shanita-Hemigordiopsis foraminiferal assemblage in all
sections except the Xiaoxinzhai Section. This assemblage
is diagnostic for the northern peri-Gondwana and used to
be considered to range from late Murgabian to possibly
Wauchiapingian, based on non-fusulinid foraminifera and
regional stratigraphic correlation (Bronnimann et al. 1978;
Pronina 1988; Dawson et al. 1993; Leven 1997; Jin and
Yang 2004; Huang et al. 2005). Its appearance as early as
the Wordian, however, has been recently confirmed in Shan
State of Myanmar, as it is associated or interbedded with
Wordian fusulinids, e.g., Neoschwagerina craticulifera and
N. margaritae (Win et al. 2011).
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In the northern Baoshan Block, the Daaozi Formation
in the Daaozi Section and nearby areas contains brachio-
pod Cryptospirifer fauna, coral Wentzellophyllum fauna
and sporadic fusulinids. These fossils collectively attest
to a Wordian age, at least not younger than the Capitanian
(Shi and Shen 2001; Wang et al. 2001; Jin and Zhan 2008;
Jin et al. 2011). The oolitic beds in the overlying Hewanjie
Formation are tens to even hundreds of meters above the
Daaozi Formation and thus should not be older than the
Wordian age. This interpretation is congruent with the tem-
poral data from foraminifera discussed above. These lines
of evidence altogether assign a Capitanian—early Wuchiap-
ingian age to the oolitic carbonates in the northern Baoshan
Block.

Precise age information is furnished by fusulinid
biostratigraphy for the Permian ooids in the southern
Baoshan Block. Fusulinid Yangchienia—Nankinella assem-
blage and Chusenella—Rugosofusulina assemblage occur
more than 100 m below the lowest occurrence of the oolitic
beds in the Bawei Section. The age of these two assem-
blages is Murgabian—Midian in Tethyan Permian scale,
approximating Guadalupian in global standard (Huang
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et al. 2015b, 2016). Besides, all the oolitic beds are located
within the stratigraphic range of the Hemigordiopsis in this
section, and some Shanita specimens occur between the
top oolitic beds. Based on these data, the oolitic beds in the
Bawei Section are designated an age of Capitanian to pos-
sibly Wuchiapingian. In the Xiaoxinzhai Section, sporadic
carbonate ooids occur as low as the top of the Eopolydiexo-
dina assemblage, whereas abundant ooids are associated
with fusulinids belonging to the Sumatrina assemblage.
Biostratigraphic analysis determines the Eopolydiexodina
assemblage to be Murgabian (approximately late Road-
ian—Wordian) and the Sumatrina assemblage to be Midian
(approximately Capitanian) in age, respectively (Huang
et al. 2009, 2015b). Accordingly, sporadic ooids in this sec-
tion firstly appear in the Wordian strata, while oolitic car-
bonates become common in the Guadalupian strata.

Paleoclimatic and paleogeographic implications

Both laboratory and field researches have demonstrated
that the formation of marine carbonate ooids requires the
convergence of multiple physiochemical factors, majorly
including clean, shallow and warm seawater supersatu-
rated with carbonate, presence of nuclei and bottom agi-
tation, although the details of ooid genesis remain incom-
pletely understood (Newell et al. 1960; Bathurst 1975;
Davies et al. 1978; Deelman 1978; Simone 1980; Richter
1983, Tucker et al. 1990; Fliigel 2010; Hearty et al. 2010;
Reeder and Rankey 2008; Rankey and Reeder 2009). At the
global scale, marine carbonate ooids are largely confined
within 40°N and S in both modern and Phanerozoic oceans
(Lees 1975; Opdyke and Wilkinson 1990; Li et al. 2015b).
Opdyke and Wilkinson (1990) further argued that Holocene
aragonitic ooids mostly form where summer temperatures
of sea-surface water exceed ca. 25 °C. Therefore, warm
seawater is a precondition for marine ooid production and
oolitic feature can be regarded as diagnostic for Phanero-
zoic warm-water carbonate facies (Lees and Buller 1972;
Lees 1975; Nelson 1988; James 1997; Fliigel 2010). The
abundant Permian ooids recovered from the Baoshan Block
thus represent a warm and shallow-marine environment for
carbonate sedimentation. Moreover, these 0ooids are associ-
ated with peloids, aggregate grains, green algae and fusuli-
nids (Figs. 3, 4, 5). These grains constitute a typical Photo-
zoan association of carbonate facies, also reflecting shallow
and warm sedimentary realm (James 1997; Fliigel 2010).
The signature of warm-water condition from the studied
ooids strengthens previous arguments that the paleoclimate
of the Baoshan Block significantly ameliorated from the
Artinskian onward, based on sedimentological and fossil
evidence. The Asselian—Sakmarian cool-water condition
has been suggested by diamictites of probable glaciomarine

genesis in the lower part of the Permian in the Baoshan
Block (Wang 1983; Jin 1994; Wopfner and Jin 2009). A
marked shift from siliciclastic environment to carbonate
setting took place at the beginning of the Artinskian (Jin
et al. 2011). Furthermore, Yan and Liang (2005) recognized
that the Artinskian carbonate grains are dominantly bryo-
zoans and crinoids with no non-skeletal grains, whereas
the Guadalupian grains are more diverse with warm-water
elements, e.g., fusulinids, green algae and peloids. How-
ever, they posited that Permian ooids were rare, due to the
absence of ooids in their Permian collections. They further
assigned the Artinskian grain association to bryonoderm-
extended type indicating warm-temperate condition and
the Guadalupian association to chloroform type of tropical/
subtropical warm condition (following the classifications of
Nelson 1988 and James 1997). On the other hand, brachio-
pods, corals and fusulinids consistently changed from low
diversified fauna of cool- or at least temperate-water Gond-
wana affinity in the Cisuralian to more diverse composition
with progressive influx of warm-water taxa in the Guada-
lupian (Shi and Archbold 1998; Wang et al. 2001; Huang
et al. 2015a, b).

Besides the Baoshan Block, Permian oolitic limestones
have been documented from several other Gondwana-
derived blocks (Fig. 9). Permian ooids have been recog-
nized from both lower and upper Permian of the Aladag
Unit in Central Taurides, Turkey. Oolitic grainstone facies
occurs between Sakmarian Paraschwagerinia pseudomira
and Robustoschwagerina nucleolata fusulinid zones at the
Hadim area (Kobayashi and Altiner 2008, pl. 1, Fig. 2), and
ooids associated with late Asselian—early Sakmarian fusuli-
nids occur at the base of the Eskibey Section (Okuyucu
2008). A 40- to 60-cm-thick oolitic bed also occurs in the
uppermost Permian in the Hadim region (Unal et al. 2003,
pl. 3, Figs. 4-8), and its Dorashamian age is controlled by
the underlying foraminiferal Paradagmartia zone and over-
lying early Triassic stromatolitic boundstone. The Aladag
Unit has been considered an internal part of Taurus domain
which shows typical Gondwana affinity based on the fea-
tures of its basement, Paleozoic—-Mesozoic cover and tec-
tonic evolution (Gonciioglu et al. 2007; Moix et al. 2008).

Oolitic limestones also characterize the base of the
Early Permian Chili Formation at Halvan mountains in
the Kalmard area, Central Iran (Leven and Gorgij 2011b,
Fig. 2 and pl. V, Fig. 1; Shahraki et al. 2015, Fig. 5e). The
Chili Formation postdates a Bashkirian—Asselian hiatus
and underlies carbonates with conodonts indicative Tas-
tubian substage (early Sakmarian) and Kalaktash fusulinid
assemblage of Sakmarian age. The ooids at the base of this
formation are then well constrained to be early Sakmarian
in age. The Central Iran and North Iran (Alborz mountains)
are collectively interpreted to be an extension of Arabian
platform at northern peri-Gondwana during the most time
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of Paleozoic, based on the nature of their crystalline base-
ment and covering Paleozoic successions, as well as paleo-
magnetic studies (Stocklin 1974; Berberian and King 1981;
Wendt et al. 2005; Angiolini et al. 2007; Muttoni et al.
2009a, b).

To the east of Iran, Permian ooid can be found in South
Afghanistan, Central Pamir and Karakorum Block. These
three tectonic terranes are evidenced to be of Gondwana
provenance by their Paleozoic tectonic evolution and lith-
ologic and faunal successions, especially the Asselian—
early Sakmarian bryozoans, bivalves and brachiopods and
Sakmarian Kalaktash fusulinid assemblage which indi-
cate cool/temperate-water peri-Gondwana environment
(Gaetani et al. 1995; Gaetani 1997; Leven 1997; Angiolini
et al. 2005, 2013). In South Afghanistan, Permian oolitic
limestones are interbedded with algal-foraminiferal lime-
stones in Bed 7 of the Permian sequence in the Khaftkala
zone and attested by advanced Neoschwagerina and smaller
foraminifera to be Midian in age (Leven 1997, Fig. 10);
oolitic beds dated by fusulinids to be Bolorian occur in
Zone P3 in the Permian Tezak sequence in the Argandab
trough (Leven 1997, Fig. 16). The Permian successions of
Central Pamir resemble those of Halvan mountains in Cen-
tral Iran and contain ooids at the base of the Permian in the
Dangikalon Formation at Kalaktash and West Pshart areas
(Leven 1993; Leven and Gorgij 2011b, pl. V, Fig. 2). These
oolitic beds are overlain by Sakmarian Kalaktash fusulinid
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assemblage and bryozoans, but their lower boundary is
poorly age-controlled. We tentatively correlate the oolitic
beds in Central Pamir to those from Central Iran, based on
the similar Early Permian sequence in these two regions.
Additionally, the Permian ooids in the northern sedimen-
tary belt of Karakorum Block were illustrated from Mem-
ber 2 of the Early Permian Lupghar Formation at various
localities between Chapursan and Shimshal areas (Gaetani
et al. 1995, Fig. 12 and pl. 7, Fig. 3), e.g., Hunza oolitic
bars. Gaetani et al. (1995) pointed out that these ooids
were immediately underlain by fusulinids correlative to
Sakmarian Kalaktash assemblage and overlain by fossil-
barren limestones of which an Artinskian age is possible.
Gaetani (written communication 2016) confirmed the pres-
ence of these Early Permian ooids in the Karakorum Block,
although remarked they are rare in strata.

Moving further eastward, Permian ooids have been
recovered from South Qiang tang in Tibet and Peninsu-
lar Thailand. Oolitic limestones were reported from the
Longge Formation in the Ali (Ngari) area of South Qiang-
tang, Tibet (Liang et al. 1983). A Murgabian age could
be assigned to these oolitic beds based on detailed fusuli-
nid biostratigraphy. In Peninsular Thailand, the carbon-
ates containing foraminiferal Shanita-Hemigordiopsis
assemblage are commonly oolitic (Dawson et al. 1993,
Figs. 4.3, 5.1). This particular assemblage was regarded
to be a marker for late Murgabian—early Dzhulfian time
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Fig. 10 Schematic paleogeographic map of the Tethyan region dur-
ing the Early Permian (Asselian—-Sakmarian) emphasizing the distri-
bution of carbonate ooids and glaciomarine diamictites among the
Gondwana-derived blocks. Modified from the base map from Met-
calfe (2013) with additional information from Angiolini et al. (2007),
Muttoni et al. (2009a), Ali et al. (2013) and Domeier and Torsvik

in Peninsular Thailand (Dawson et al. 1993). Quite simi-
lar to the Baoshan Block, the Gondwana ancestry of South
Qiangtang and Peninsular Thailand is testified by Early
Permian cool/temperate-water fossils of Gondwana affin-
ity and Asselian—Sakmarian glaciomarine diamictites (Ridd
1971; Liang et al. 1983; Jin 2002; Ampaiwan et al. 2009;
Metcalfe 2013).

The variable spatio-temporal distribution of Permian
ooids among these Gondwana-derived blocks bears paleo-
geographic significance. Concerning the warm seawater as
a prerequisite for ooid production, we interpret the blocks
yielding Sakmarian ooids to reside in at least subtropical
warm-water realm during the Sakmarian, whereas Baoshan
Block as well as South Qiangtang and Peninsular Thailand
in cool-water region during the Asselian—Sakmarian time
(Fig. 10). Another supporting fact is that no unequivocal
Early Permian glaciomarine sediments have hitherto been
discovered from these blocks hosting Sakmarian ooids
(Sengor et al. 1988; Gaetani et al. 1995; Kobayashi and
Altiner 2008; Metcalfe 2013). Such remarkable contrast
in sea-surface temperature very likely results from dif-
ferent paleolatitudes of these blocks. During the Permian
period, distinct latitudinal temperature gradient and cli-
matic zones have been demonstrated by worldwide data
from varying disciplines, such as terrestrial florals and

(2014). Abbreviations for tectonic terranes: Ta—Taurides, Turkey,
cl—Central Iran, cP—Central Pamir, sSA—South Afghanistan, KK
Karakorum Block, sQ—South Qiangtang, Tibet, B—Baoshan Block,
SW China, L—Lhasa Block, Tibet, Te—Tengchong Block, SW
China, S—Sibumasu including Peninsular Thailand, H—Himalaya

marine invertebrates, computer model simulation and cli-
mate-sensitive lithotypes (Dickens 1985; Bambach 1990;
Ross 1995, Ziegler et al. 1997, 1998; Rees et al. 1999;
Kiessling et al. 1999; Mei and Henderson 2001; Winguth
et al. 2002; Angiolini et al. 2007; Boucot et al. 2013). Korte
et al. (2008) suggested about 9-12 °C gradient of sea-sur-
face temperature between tropical/subtropical (<30°) and
high southern (55 £ 10°) latitude localities, after compar-
ing oxygen isotope values of brachiopod shells from low-
latitude and high-latitude habitats. We therefore infer that
the Baoshan Block, Peninsular Thailand and South Qiang-
tang, Tibet, were located at comparatively higher southern
latitudes and more severely influenced by the Gondwana
glaciation during the Asselian—Sakmarian time than those
blocks where Sakmarian ooids were deposited. Another
factor affecting sea-surface temperature could be oceanic
current circulation. Limited studies have proposed that an
equatorial warm current flowed westward and deflected
southeastward upon reaching the northern margin of Gond-
wana, and a clockwise cool current existed at southern mid-
latitudes within the Permian Tethys (Kiessling et al. 1999;
Yan and Zhao 2001; Winguth et al. 2002; Angiolini et al.
2007). The boundary between the warm and cool currents
has been suggested, in these studies, to be roughly around
30°S with warm and cool currents confined, respectively,
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in warm and cool climatic belts. This means that the warm
current would fail to impact the sea-surface temperature
of the cool climatic belt to the south of 30°S, although its
northeastward deflection could compensate the decrease
of sea-surface temperature toward higher latitudes. Mean-
while, the cool current could not penetrate into the warm
climatic belt. Assuming such proposed pattern of ocean
gyres is valid, the ocean currents are not supposed to radi-
cally modify the overall distinction of sea-surface tempera-
ture between warm and cool climatic belts governed by
paleolatitudes within the Permian Tethys.

This inferred Asselian—Sakmarian paleoposition of the
Baoshan Block agrees well with paleomagnetic and fossil
data. Paleomagnetic studies on the basalts of the Woniusi
Formation (most likely Artinskian in age) have restored
the Baoshan Block to be near the conjunction of northern
India and northwestern Australia with a paleolatitude as
high as 42°S (Huang and Opdyke 1991; Ali et al. 2013; Xu
et al. 2015). For fossils, Cisuralian (Sakmarian to possibly
Artinskian) fusulinids of the Baoshan are rather monoto-
nous and represent warm-temperate condition, exclusively
comprising Eoparafusulina and Pseudofusulina (Shi et al.
2011; Huang et al. 2015b). In contrast, Asselian—Sakmar-
ian fusulinids in Central Taurides of Turkey, Central Iran,
Central Pamir are not only more diversified but also include
subordinate elements of Pseudoschwagerininae (e.g., Spha-
eroschwagerina and Chalaroschwgerina), which are com-
mon in tropical/subtropical eastern Tethys (Leven 1993;
Kobayashi and Altiner 2008; Leven and Gorgij 2011b).

Quite remarkably, the Middle Permian distribution of
carbonate ooids reverses among these Gondwana-derived
blocks. During Wordian—Capitanian, ooids made their
debut in Baoshan Block, South Qiangtang and Peninsu-
lar Thailand, but turned absent in those blocks used to
accommodate Sakmarian ooids. Instead, laterites ascribed
to warm and humid climate were developed, respectively,
in western Karakorum Block during the Capitanian and in
North Iran (Alborz Mountains) during the Wuchiapingian
(Muttoni et al. 2009a). These laterites have been revealed
by paleomagnetic data to be formed near the paleoequator
(1°N/S) (Muttoni et al. 2009a). Another estimated paleolat-
itude of the Alborz region is 12°S for the Wordian—Capita-
nian time based on paleomagnetic results from lavas inter-
bedded within strata underlying the Alborz laterites (Besse
et al. 1998; Muttoni et al. 2009a). In addition, the South
China maintained a position nearby paleoequator through-
out the Permian (Nie 1991) and was also virtually devoid
of carbonate ooids prior to the latest Permian (Yan 2004;
Li and Wu 2012; Tian et al. 2014; Li et al 2015b). These
observations demonstrate that the ooid distribution in the
Permian Tethyan region seems analogous to the present-day
situation (Lees 1975; Opdyke and Wilkinson 1990) in that
ooids are rather scarce near the equator, notwithstanding
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their confinement within tropical/subtropical region.
Accordingly, we postulate that the Baoshan Block was situ-
ated in the southern mid-latitudes between the paleoequa-
tor and 42°S during the Wordian—Capitanian interval. This
interpretation is corroborated by faunal features of several
fossil taxa. Wang et al. (2001) stated that the Guadalupian
coral diversity is much lower in the Baoshan Block than
in typical Cathaysian region, e.g., South China. Similarly,
Guadalupian fusulinids in the Baoshan Block, especially
representatives of Verbeekinidae and Neoschwagerinidae
diagnostic for warm water, are much less diversified than
their counterparts in South China, as well as Taurides of
Turkey, Central Iran and South Afghanistan (Ueno 2003;
Huang et al. 2015a, b). Paleobiogeographic studies on
Guadalupian brachiopods showed that the affinity of the
Baoshan Block was closely related to localities at Gond-
wana margin and belongs to a southern transitional Cim-
merian Province, while the North Karakorum was grouped
with South China to a Cathaysian Province in the equato-
rial belt (Shen et al. 2009; Angiolini et al. 2013). In sum,
the Baoshan Block probably lays in tropical/subtropical
region at southern mid-latitudes during the Wordian—Capi-
tanian, still remaining to the south of the paleoequator.

Conclusions

Permian oolitic carbonates are confirmed to be extensive
in the Baoshan Block in western Yunnan, China, and deter-
mined by biostratigraphic analysis to be Wordian—early
Wauchiapingian, predominantly Capitanian in age. Four
major ooid types are recognized, namely micritic ooids,
compound ooids, leached ooids and half-moon ooids.
These ooids cogently indicate a warm and shallow-marine
environment for the Guadalupian strata of the Baoshan
Block. This corroborates previous understanding that
the climatic condition significantly ameliorated from the
Cisuralian to Guadalupian in the Baoshan Block.

More significantly, diachronous distribution of Permian
ooids among the Gondwana-derived blocks provides new
constraints, from the sedimentological perspective, on
paleogeographic configuration of these blocks. Sakmarian
ooids in Central Taurides of Turkey, Central Iran, Central
Pamir and Karakorum Block are in sharp contrast with
Asselian—Sakmarian glaciomarine diamictites in Baoshan
Block, Peninsular Thailand and South Qiangtang. During
the Wordian—Capitanian, ooids debuted in Baoshan Block,
South Qiangtang and Peninsular Thailand, whereas turned
absent in those blocks where Sakmarian ooids used to
occur. Such variable ooid occurrences probably reflect lati-
tudinal difference between these blocks in comparison. The
Baoshan Block is interpreted to possess significantly higher
latitude than those blocks with warm seawater conducive
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to ooid formation during the Asselian—Sakmarian and thus
more severely influenced by Gondwana glaciation. Dur-
ing the Wordian—Capitanian, the Baoshan Block already
drifted to warm-water southern mid-latitudes, but was still
to the south of the equatorial belt where North and Cen-
tral Iran and Karakorum Block already resided during the
Capitanian. We believe that oolitic limestones have proved
effective for constraining paleogeography of the Gond-
wana-derived blocks, and they could be a valuable tool in
deciphering paleoclimatic and paleogeographic history,
especially for far-travelled terranes which experienced
dynamic and complex tectonic evolution.
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