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Fig. 1. Rough ranges of the main Permian fusuline genera. The taxonomy of the fusulines mainly follows Sheng

et al. (1988).

(Ota & Isozaki 2006). The schubertellids experi-
enced a new diversification during the late Dzhul-
fian that gave rise to Gallowayinella, Nanlingella
and Palaeofusulina. Unfortunately, all fusulines
died out at the end of Permian due to the severe
mass extinction event (Jin et al. 2000; Shen et al.
2011). Overall, the history of fusulines during the
Permian witnessed a process of origination, diversi-
fication and extinction. Most importantly, these

evolution and extinction events have provided a
solid basis for the biostratigraphic subdivisions.

Biostratigraphy of Permian fusulines

Fusulines are considered to have lived in warm and
shallow-marine environments, which explained
their wide distribution in tropical and subtropical
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regions during the Permian (Ross 1982; Vachard
et al. 2010). However, because of geographical bar-
riers and climatic gradients, the fusulines showed
distinct palaecobiogeographical provinces (Ross
1967; Ozawa 1987; Kobayashi 1997a, 1999). Six
broad palaeogeographical regions were recognized
based on previous palaecobiogeographical studies
(Ozawa 1987; Kobayashi 1997a) (Fig. 2). The
most conspicuous palaeobiogeographical boundary
was drawn between the Tethyan region and the
North American Craton region because the vast
Pangaea supercontinent hampered the faunal com-
munications between these two regions. As a result,
the fusuline fauna on each side of the supercontinent
could not be correlated, especially in terms of mid-
dle and late Permian fusulines (Kobayashi 1997a,
1999). In order to facilitate the correlations of fusu-
line biostratigraphy between different regions,
detailed descriptions of fusuline biostratigraphy
from every block/region are provided here.

Eastern Tethyan region

The Eastern Tethyan region is centred on South
China Block (Ozawa 1987). It consists of the
South China Block, the Indochina Block, the
North China Block, the Tarim Block, the North
Qiangtang—Qamdo Block, seamounts within the

Palacotethys Ocean, Darvaz, north Afghanistan
and southern Fergana, and the Urals and the Russian
Platform (Fig. 3).

South China Block. The South China Block was
located at equatorial regions during the Late
Palacozoic (Metcalfe 2013). This huge block has
preserved a complete biostratigraphic zonation
ranging from the Early Carboniferous to latest
Permian (Sheng 1963; Xiao et al. 1986; L.X.
Zhang et al. 1988; Sheng & Jin 1994).

The earliest Permian fusulines are marked by
the appearance of pseudoschwagerinids in the Map-
ing or Chuanshan Formation in South China, which
differ from the underlying Triticites-bearing fusu-
line assemblages (e.g. Lin et al. 1979; Xiao et al.
1986; L.X. Zhang et al. 1988; Shi et al. 2009; Li
et al. 2010). The Zisongian fusulines can be subdi-
vided into two fusuline zones: the lower Pseudosch-
wagerina uddeni Zone (or Pseudoschwagerina
uddeni—P. texana Zone) and the upper Sphaero-
schwagerina Range Zone (Xiao et al. 1986; L.X.
Zhang et al. 1988) (for the full species names see
Appendix A). The lower Pseudoschwagerina
uddeni Zone contains many species of Pseudosch-
wagerina and Eoparafusulina. The upper Sphaer-
oschwagerina Range Zone in the Houchang
section in Guizhou Province is composed of three

Legend

evans’
Early Permian fusuline Middle Permian fusuline  Late Permian fusuline Eastern Tethyanregion ~ Western Tethyan region
()
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Fig. 2. Sketch map showing the distribution of fusulines during the Late Permian and the main
palaeobiogeographical regions. The base map is modified from Scotese (2001). Abbreviations of tectonic blocks/
regions are as follows, in alphabetical order: AL, Alaska; AR, Arabia Plate; B, Baoshan Block; CA, Central
Afghanistan; CCT, Cache Creek Terrane in Canada; CI, Central Iran; FR, France; G, Greece; GE, Germany; GR,
Greenland; IC, Indochina Block; K, Karakorum; Ka, Kazakhstan; L, Lhasa Block; M, Mongolia; MT, Mino Terrane
in Japan; NA, North America; NC, North China; NQ, North Qiangtang Block; S, Spain; SA, South America; SC,
South China; SI, Sibumasu Block; SQ, South Qiangtang Block; ST, Southern Turkey; T, Tengchong Block; TT,

Torlesse Terrane in New Zealand.
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Fig. 3. Schematic framework of Permian fusuline biozones in the Eastern Tethyan region. The references are: (1)
Xiao et al. (1986); (2) Z.H. Zhang et al. (1988); (3) Xu et al. (1986); (4) Sheng (1963); (5) Rui er al. (1984); (6)
Sheng & Jin (1994); (7) Sheng & Zhang (1958); (8) Zhang (1983); (9) Xia (1981); (10) Zheng & Lin (1991); (11)
Igo (1972); (12) Toriyama et al. (1965); (13) Dawson (1993); (14) Igo er al. (1993); (15) Toriyama et al. (1974);
(16) Toriyama & Kanmera (1979); (17) Fontaine et al. (2002); (18) Ingavat et al. (1980); (19) Zhang et al. (2016);
(20) Sichuan Regional Geological Survey & Nanjing Institute of Geology & Palaeontology (1982); (21) Liu (1993);
(22) Niu er al. (2006); (23) Niu et al. (2010); (24) Zhao et al. (2006); (25) Ueno et al. (2003); (26) Ueno &
Tsutsumi (2009); (27) Leven et al. (1992); (28) Leven (1997); (29) Rauzer-Chernousova (1965); (30) Forke (2002);
(31) Chuvashov et al. (1990).

subzones: the Robustoschwagerina kahleri Sub- in ascending order (Xiao et al. 1986). The Robus-
zone, the Sphaeroschwagerina moelleri Subzone  toschwagerina kahleri and Sphaeroschwagerina
and the Robustoschwagerina ziyunensis Subzone, moelleri subzones show a stepwise increase of
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subglobular to globular pseudoschwagerinids, such
as Sphaeroschwagerina, Zellia and Robusto-
schwagerina. In contrast, the Robustoschwagerina
ziyunensis Subzone was dominated by large Robus-
toschwagerina species and abundant Eoparafusu-
lina species (Xiao et al. 1986). The fusulines in
the Zisongian Stage can be broadly correlated with
those from the Maping Stage, in which the fusulines
were divided into three zones, respectively: the
Pseudoschwagerina morsei—Robustoschwagerina
xiaodushanica Zone, the Pseudoschwagerina para-
beedei—Sphaeroschwagerina sphaerica Zone and
the Pseudoschwagerina robusta—Zellia chengkun-
gensis Zone (Zhou et al. 1987).

The overlying fusuline assemblage is charac-
terized by the appearance of Pamirina species
synchronously in various areas in South China,
such as the Zhengan area in Shanxi Province
(Ding et al. 1989), the Longlin area in Guangxi
Province (Huang & Zeng 1984) and the Ziyun
area in Guizhou Province (Xiao et al. 1986). Xiao
et al. (1986) established the Pamirina darvasica
Zone, which was assigned to the Longlin Stage
according to the Permian timescale of South China
(Jin et al. 1999). The contemporaneous fusuline
assemblages in outer shelf or slope environments,
however, are often dominated by schwagerinids
such as Chalaroschwagerina and Laxifusulina,
which were recognized as the Laxifusulina—
Chalaroschwagerina inflata Zone (Xu et al. 1986).
Also, in the restricted platform environment, the
fusulines are dominated by the Pseudoendothyra
assemblage (Wu & Yang 1998).

The evolutionary trend, from Pamirina via
Misellina (Brevaxina) to Misellina, has been
reported in the Chihsia Formation and Houziguan
limestone (Xu et al. 1986). The Misellina Range
Zone established by Xiao et al. (1986) includes
five subzones, respectively: the Misellina (Brevax-
ina) dyhrenfurthi Subzone, the Misellina termieri
Subzone, the M. claudiae Subzone, the Shengella
simplex Subzone and the Maklaya elliptica Sub-
zone, in ascending order. These five subzones
recorded a clear evolutionary progress of the follow-
ing aspects: (1) the appearance of numerous para-
chomata in Misellina (Brevaxina); (2) the increase
in size of Misellina; (3) the appearance of axial
septula in Shengella and Maklaya subsequently.
It should be noted, however, that in some places
the underlying two subzones are often replaced by
many schwagerinids, such as Darvasites, Pseudo-
chusenella, Praeskinnerella and Nagatoella, which
was named as the Darvasites Zone or Pseudochuse-
nella cushmani Zone (originally the Schwagerina
cushmani Zone) (Zhou 1982). The Miselline clau-
diae Subzone was widely distributed in the Chihsia
Formation of South China (Wang 1978; Xiao et al.
1986: Ding ef al. 1989). The Shengella simplex and

Maklaya elliptica subzones also bear species of
Pseudodoliolina, Eoverbeekina and Neofusulinella.
The overlying fusuline assemblage is dominated
by neoschwagerinids, which were ascribed to the
Neoschwagerina Zone (Xiao et al. 1986). This
zone comprises the Cancellina liuzhiensis Subzone,
the Neoschwagerina simplex Subzone, the Afgha-
nella schencki Subzone, the Yabeina gubleri Sub-
zone and the Metadoliolina multivoluta Subzone,
in ascending order (Xiao et al. 1986). The Cancel-
lina liuzhiensis Subzone is dominated by species
of Cancellina and other genera, such as Praesuma-
trina, Paraverbeekina, Pseudodoliolina, Verbee-
kina and sporadic primitive Neoschwagerina. This
subzone may correspond to the upper part of the
Cancellina Subzone of Sheng (1963) or the Praesu-
matrina neoschwagerinoides—Parafusulina multi-
septata Zone in the upper part of the Chihsia
Formation in Tonglu in Zhejiang (Wang & Tang
1986). The Neoschwagerina simplex and Afgha-
nella schencki subzones are dominated by diverse
species of Neoschwagerina, Afghanella, Verbee-
kina, Neofusulinella and Parafusulina. The appear-
ance of Yabeina marks the lower boundary of the
Yabeina gubleri Subzone, which includes the spe-
cies of Yabeina, Neoschwagerina, Verbeekina, Chu-
senella, Sumatrina and Codonofusiella (Xiao et al.
1986). The uppermost subzone in the Neoschwager-
ina Zone is the Metadoliolina multivoluta Zone,
which is characterized by advanced species of
Metadoliolina. However, with the demise of large-
shelled neoschwagerinids in the uppermost part of
this subzone, the fusuline assemblage is dominated
by small schubertellids such as Codonofusiella,
Lantschichites and Dunbarula. This subzone
roughly corresponds to the upper part of the Yabeina
Zone of Sheng (1963). The fusulines from this zone
were also documented from the Yangiao Formation
in eastern South China (Sheng & Wang 1962).
The Late Permian fusuline assemblages were
divided into four zones: the Nanlingella simplex—
Codonofusiella kwangsiana Zone, the Gallowayi-
nella meitienensis Zone, the Palaeofusulina minima
Zone and the Palaeofusulina sinensis Zone, in
ascending order (Sheng & Jin 1994). The Nanlin-
gella simplex— Codonofusiella kwangsiana Zone is
dominated by species of Codonofusiella, Nanki-
nella, Reichelina and primitive Nanlingella (Rui
et al. 1984). The decrease in Codonofusiella and
the appearance of Gallowayinella is the feature of
the Gallowayinella meitienensis Zone. The appear-
ance of primitive Palaeofusulina, Palaeofusulina
minima, marks the lower boundary of the Palaeo-
Sfusulina Zone. Also, primitive Palaeofusulina
occurred in both zones. The uppermost part of the
fusuline zone is the Palaeofusulina sinensis Zone,
which is widespread in the upper part of the Changx-
ing Formation or Longdongchuan Formation in
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South China (Sheng & Zhang 1958; Sheng 1963;
Sun 1979). The former two zones are generally
ascribed to Wuchiapingian/Dzhulfian, whereas
the latter two are Changhsingian/Dorashamian in
age (Wang et al. 1997; Jin et al. 2003; Leven
2004). However, the discovery of the Palaeo-
fusulina assemblage at the base of the Heshan
Formation in the Penglaitan section indicates an
age of early Wuchiapingian (Wang & Jin 2006);
further detailed taxonomic study is needed in
the future.

North China Block. The North China Block has
been a stable block since the beginning of the Palae-
ozoic (Shi 2006). This block underwent long-term
erosion from the Late Ordovician, up until trans-
gression took place during the Late Carboniferous
(e.g. Wang et al. 1992). Fusulines were found in
several limestone beds within the Taiyuan Forma-
tion in this block (Zhang 1983; Zhang et al. 1989;
Jiang et al. 2001). They were often represented in
the Pseudoschwagerina Zone (Zhang 1983; Zhang
& Xia 1985; Zhang et al. 1989; Jiang et al. 2001)
or Sphaeroschwagerina Zone (Song et al. 2014).
The Pseudoschwagerina Zone in the Taiyuan
Formation of the Xishan section near Taiyuan city
was divided into four subzones, respectively: the
‘Pseudofusulina’ pseudovulgaris Subzone, the Dun-
barinella nathorsti—Dunbarinella nathorsti laxa
Subzone, the Pseudochusenella cervicalis Subzone
and the Pseudoschwagerina texana—Eoparafusu-
lina obtusa Subzone, in ascending order (Zhang
1983), with the uppermost subzone being most
probably of Sakmarian age (Zhang 1990).

Post-Sakmarian fusulines were not reported
from the mainland of North China because of the
retreat of seawater. However, in the northern margin
of the North China Block, the Sanmianjing Forma-
tion in the Kangbao area of Hebei Province yields
many fusulines referable to the Misellina ovalis—
Parafusulina splendens assemblage (Xia 1981).
Common fusulines in this assemblage comprise
Misellina ovalis, M. claudiae, Parafusulina splen-
dens, P. yabei and Chusenella sinensis (Sheng
1962; Xia 1981). This assemblage indicates a
Kubergandian age.

Tarim Block. Shallow-water carbonates with di-
verse marine faunas prevailed in the Tarim Block
during the Late Carboniferous and early Permian.
The appearance of Pseudoschwagerina or Sphaer-
oschwagerina in the lower part of the Kangkeling
Formation in the Keping area, in the lower part of
the Xiaohaizi Formation in the Bachu area and
in the middle part of the Tahaqi Formation in the
SW Tarim Block marks the beginning of the Perm-
ian (Zhang 1963; Zheng & Lin 1991; Zhu 1997;
Wang et al. 2011b). The Permian succession in the

Subashi area near Keping City was subdivided
into the following fusuline zones: the Sphaerosch-
wagerina sphaerica Zone, the Eoparafusulina suba-
shiensis brevis Zone, the Nankinella—Sphaerulina
Zone and the Parafusulina splendens Zone, in
ascending order (Zheng & Lin 1991).

The lowermost Sphaeroschwagerina sphaerica
Zone comprises species of Sphaeroschwagerina,
Pseudoschwagerina, Triticites, Paraschwagerina,
Zellia, Quasifusulina, Schubertella and Eoparafu-
sulina, and is coeval with the Pseudoschwagerina
parasphaerica Subzone in the Keping area (Zhang
1963), the Praepseudofusulina—Sphaeroschwager-
ina Zone in the Wuzunbulake area (Wang et al.
2011b), and the Sphaeroschwagerina vulgaris and
S. karnica zones in the Paojianggou area (Zhu
1997). The age of the Sphaeroschwagerina sphaer-
ica Zone is Asselian.

The Eoparafusulina subashiensis brevis Zone
overlies the Sphaeroschwagerina sphaerica Zone.
In this zone, many Eoparafusulina species have
taken over the pseudoschwagerinids of the underly-
ing zone (Zheng & Lin 1991). This Eoparafusulina-
dominated assemblage was also documented in
the Wuzunbulake, Bachu and Paojianggou areas
(Zheng & Lin 1991; Zhu 1997; Wang et al.
2011b). The age of this assemblage is most likely
to be Sakmarian.

The Balikelike Formation in the Subashi section
records the youngest fusuline assemblage in the
Tarim Block (Zheng & Lin 1991). This assemblage
comprises species of Chalaroschwagerina, Sphaer-
ulina, Darvasites, Nankinella and Pisolina in the
lower part of the formation, and species of Para-
Jfusulina in the upper part. They were ascribed to
the Nankinella—Sphaerulina and Parafusulina
zones, respectively (Zheng & Lin 1991). The ages
of these zones are most probably Bolorian and
Kubergandian, respectively (Zheng & Lin 1991).
Other areas in the Tarim Block deposited terrestrial
sediments without any marine faunas during the
middle and late Permian.

Indochina Block. The Indochina Block is bounded
by the Song Ma Suture Zone in Vietnam and
the Jinghong—Nan—Uttaradit—Sra Kaeo sutures in
western Yunnan and central Thailand (Metcalfe
2013). This block was situated in the tropical zone
of low latitude (Metcalfe 2013), which accounts
for the flourishing Permian fusulines.

The Asselian fusulines are grouped into the Tri-
ticites ozawai—Paraschwagerina yanagidai assem-
blage in the Phetchabun area of central Thailand
(Igo 1972) and the Sphaeroschwagerina sphaer-
ica—Rugosofusulina extensa assemblage in the Ter-
bat Formation of eastern Malaysia (Sakamoto &
Ishibashi 2002). The Triticites ozawai—Paraschwa-
gerina yanagidai assemblage was once considered
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to be of latest Gzhelian age (Igo er al. 1993). Since
the typical Permian species Pseudoschwagerina tor-
iyamai was also reported from the highest level of
this zone (Igo 1972), the stratigraphic age of this
zone should be at least partially Asselian.

A younger fusuline assemblage was reported
from the limestones in the Noankowtok area of
Thailand. It is represented by many species of
Pseudoschwagerina, such as P. sphaerica, P. cf.
muongthensis rossica and P. turbida, which indi-
cates an age of Sakmarian according to Toriyama
et al. (1965). A further younger fusuline fauna, com-
posed of species of sporadic Robustoschwagerina,
Nagatoella and Toriyamaia in the Saraburi area,
was named as the Robustoschwagerina—Nagatoella
assemblage of latest Sakmarian—earliest Yakhta-
shian age (Dawson 1993). The Yakhtashian fusu-
lines were reported from the Changwat Loei area
of NE Thailand (Igo et al. 1993). The fusulines of
this age are mainly represented by Pamirina darva-
sica, Darvasites contractus, Pseudoreichelina dar-
vasica and Nankinella ?oiensis (I1go et al. 1993).

The succeeding zones were established based on
the evolution of neoschwagerinids, which are well
exposed in the Khao Phrong Phrab and the Khao
Khao areas of Sara Buri, central Thailand (Tor-
iyama et al. 1974; Toriyama & Kanmera 1979;
Ingavat et al. 1980). The lowermost zone was
named the Misellina otai—Misellina cf. termieri
Zone from the Khao Phrong Phrab area (Toriyama
et al. 1974). Fusulines of this zone may also occur
in the Wang Saphung area of northern Thailand,
which comprise Misellina termieri and Pravitosch-
wagerina thailandensis (Toriyama 1982), indicat-
ing an age of Kubergandian according to Leven
(2004). Kubergandian fusulines in the Phrong
Phrab area were subdivided into the Misellina con-
[fragaspira Zone, the Maklaya saraburiensis Zone,
the M. pamirica Zone and the M. sethaputi Zone,
in ascending order (Toriyama et al. 1974). In these
zones, species of Maklaya, Pseudodoliolina, Neofu-
sulinella, ‘Pseudofusulina’, Parafusulina, Chuse-
nella and Neothailandina were reported (Toriyama
et al. 1974). Fusulines documented from the lime-
stones in the NE of Salavan, southern Laos are
equivalent to the Misellina confragaspira Zone
(Fontaine et al. 1999). The succeeding fusuline
zone is the Neoschwagerina simplex Zone, which
is characterized by the appearance of many pri-
mitive species of Neoschwagerina such as Neo-
schwagerina simplex, N. schuberti and N. tenuis
(Toriyama et al. 1974; Toriyama 1975), which indi-
cate a Murgabian age. The upper part of this zone,
however, is transformed to the Afghanella mega-
spherica—Neoschwagerina cf. kueichowensis Zone
in the Khao Khao area (Toriyama & Kanmera
1979). The overlying Afghanella pesuliensis—
Pseudodoliolina pseudolepida Zone was considered
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to be contemporaneous with the Praesumatrina
schellwieni Zone in the Khao Phrong Phrab area
(Toriyama & Kanmera 1979). The succeeding fusu-
lines in the Khao Khao area were subdivided into the
Afghanella schencki schencki Zone and the Neo-
schwagerina haydeni Zone, which are dominated
by species of Neoschwagerina, Afghanella, Verbee-
kina, Chusenella and Pseudodoliolina, but devoid
of any Yabeina or Lepidolina species (Toriyama &
Kanmera 1979). Thus, these two fusuline zones
are most probably of late Murgabian age. In com-
parision, fusuline fossils of both zones are not pre-
served in the adjacent Khao Phrong Phrab area.

The next younger zone was named the Colania
douvillei—Verbeekina verbeeki Zone by Ingavat
et al. (1980). The fusulines in this zone are domi-
nated by Colania douvillei, Sumatrina annae, Ver-
beekina verbeeki, Schubertella simplex, and a few
species of Reichelina and Rauserella in the Khao
Imot area (Ozawa 1970). Horizons 3 and 4 from
the Khao Tham Yai limestone in the Khao Tham
Yai area, northern Thailand consist of Colania
douvillei, Verbeekina verbeeki, Sumatrina sp. and
Codonofusiella sp., which are equivalent to the
Colania douvillei—Verbeekina verbeeki Zone (Fon-
taine et al. 2002). The youngest middle Permian
fusuline zone is the Lepidolina multiseptata Zone,
which is widely distributed in the Indochina
Block. The fusulines from this zone include species
of Lepidolina, Yabeina, Metadoliolina, Chusenella,
Verbeekina, Reichelina, Russiella, Rauserella,
Kahlerina and Dunbarula (Ingavat et al. 1980).
This zone has been widely documented in Thailand
(Fontaine et al. 2002), Cambodia (Gubler 1935;
Nguyen 1986) and East Malaysia (Igo 1966).

Dzhulfian fusulines have not yet been reported
from the Indochina Block. Dorashamian fusu-
lines, however, have been widely reported in this
block. They were grouped into the Palacofusulina
bella Zone by Ingavat et al. (1980). The fusulines
from this zone comprise Palaeofusulina bella,
P. sinensis, P. fusiformis, P. laxa, Codonofusiella
kwangsiana, Gallowayinella guidingensis, Reiche-
lina changhsingensis and R. cribroseptata, and
have been documented in northern Thailand,
southern Cambodia and eastern Malaysia (e.g. Aw
et al. 1977; Ueno & Sakagami 1991; Fontaine
et al. 2013).

North Qiangtang—Qamdo Block. The North Qiang-
tang—Qamdo Block is sandwiched between the Jin-
shajiang Suture Zone in the north and the Longmu
Co-Shuanghu Suture Zone in the south (Zhang
et al. 2013a). This block was located in low-latitude
areas during the Permian (Metcalfe 2013; Zhang
et al. 2013a).

The earliest Permian fusulines in this block can
be grouped into the Sphaeroschwagerina sphaerica



Downloaded from http://sp.lyellcollection.org/ at University of Birmingham on June 13, 2017

Y.-C. ZHANG & Y. WANG

Zone, which was distributed in the Raggyorcaka
Lake and Tanggula areas of northern Tibet, and in
the Machala area in eastern Tibet (Sichuan Regio-
nal Geological Survey & Nanjing Institute of Geol-
ogy and Palaeontology 1982; Liu 1993; Zhang et al.
2016). The fusulines in this zone comprise Sphaer-
oschwagerina  sphaerica, Sphaeroschwagerina
parasphaerica, Pseudoschwagerina sp. and Monti-
parus tobensis. The age of this zone is clearly Asse-
lian (Zhang et al. 2016). The Sakmarian fusulines
can only been recognized in eastern Tibet, where
they consist of diverse species of Paraschwagerina,
Darvasites and Leeina (Sichuan Regional Geologi-
cal Survey & Nanjing Institute of Geology and
Palacontology 1982). These fossils are grouped as
the Paraschwagerina—Darvasites assemblage here.
The overlying fusuline assemblage in the North
Qiangtang—Qamdo Block is represented by the
Yakhtashian Pamirina Zone in the Tanggula area
that includes Pamirina pulchra and P. nobilis (Liu
1993). Bolorian and Kubergandian fusulines are
not easily differentiated in several areas in this
block (Liu 1993; Niu et al. 2006). They are com-
posed of Sphaerulina hunanica, Nankinella orbicu-
laria, Wutuella wutuensis, Misellina claudiae,
Parafusulina yunanica and P. splendens, which
were ascribed to the Misellina—‘Schwagerina’
assemblage (Niu et al. 2006). Since species of
‘Schwagerina’ are not well developed in this assem-
blage, it is renamed here as the Misellina—
Parafusulina assemblage.

The equivalent of the Neoschwagerina simplex
Zone in this block is dominated by clastic rocks
lacking fusulines. The overlying strata were domi-
nated by limestones named as the Jiushidaoban For-
mation in the Tanggula area of northern Tibet and
the Jiaoga Formation in the Qamdo area in eastern
Tibet (Liu 1993; Niu et al. 2010). Abundant fusuline
fossils were found in these limestones, including
Neoschwagerina craticulifera, N. douvillei, Suma-
trina annae, S. longissima and Afghanella schencki.
They were grouped into the Afghanella schencki—
Neoschwagerina craticulifera assemblage (Niu
et al. 2010), indicating an age of late Murgabian.
A younger fusuline assemblage occurs in the
upper part of the Jiushidaoban Formation and the
Suojia Formation. It contains Yabeina gubleri,
Sumatrina annae and Chusenella schwagerinaefor-
mis, and was named as the Yabeina Zone (Liu 1993).

The late Permian strata, characterized by
paralic facies in the lower part and limestones in
the upper part, are distributed widely in the North
Qiangtang—Qamdo Block (Sichuan Regional
Geological Survey & Nanjing Institute of Geology
and Palaeontology 1982). Two assemblages, the
Codonofusiella—Gallowayinella laxa assemblage
and the Palaeofusulina sinensis Zone, in ascending
order, were established in the Labuchari Formation

(Zhao et al. 2006), and refer to Dzhulfian and
Dorashamian ages, respectively.

Seamounts within the Palaeotethys Ocean. Along
the Changning—Menglian Suture Zone in western
Yunnan, China and the Inthanon Zone in Thailand,
a series of limestones developed that have been rec-
ognized to be seamounts located within the Palaeo-
tethys Ocean (Ueno & Igo 1997; Ueno et al. 2003;
Ueno & Tsutsumi 2009). The fusuline successions,
ranging from Serpukhovian to latest Permian,
were recorded in the Yutangzhai area of western
Yunnan (Ueno et al. 2003; Ueno & Tsutsumi
2009). Early Permian fusulines are represented by
Sphaeroschwagerina sphaerica and Rugosofusulina
latispiralis in so-called Ytz 5, which indicates a late
Asselian age (Ueno et al. 2003). The overlying fusu-
line assemblages Ytz 6 and Ytz 7 are dominated by
Robustoschwagerina— Paraschwagerina and Cha-
laroschwagerina faunas, indicating Sakmarian and
Yakhtashian ages, respectively (Ueno et al. 2003).
Although the genera Levenella and Pamirina were
not found, their descendent genera Misellina—
Maklaya—Neoschwagerina lineage was well
recorded in the limestones, indicating a Bolorian—
Murgabian age (Ueno et al. 2003). The Midian fusu-
line assemblage consists only of Neoschwagerina
margaritae, N. sp. and Verbeekina verbeeki, and
lacks many of the other genera common in Tethys
regions, such as Yabeina, Lepidolina and schwager-
inid species (Ueno et al. 2003).

Late Permian fusulines were discovered in the
Shifodong section. They were subdivided into
three biozones: the Codonofusiella cf. C. kwangsi-
ana Zone, the Palaeofusulina minima Zone and
the Palaeofusulina sinensis Zone, in ascending
order (Ueno & Tsutsumi 2009). The Codonofusiella
cf. C. kwangsiana Zone is Dzhulfian in age as
evidenced by the absence of either neoschwageri-
nids or Palaeofusulina species, whereas the latter
two zones are Dorashamian in age because of the
dominance of Palaeofusulina species (Ueno &
Tsutsumi 2009).

Darvaz, north Afghanistan and southern Fergana.
Darvaz, north Afghanistan and southern Fergana
were located at the southern margin of Eurasia dur-
ing Late Palaeozoic time (Angiolini er al. 2016).
The fusulines reported from these blocks show a
continuous succession from Late Carboniferous to
the early Permian (e.g. Bensh 1972; Leven & Scher-
bovich 1978; Leven et al. 1992; Leven 1997). The
middle Permian fusulines, however, were mainly
reported from north Afghanistan (Leven 1997).
Asselian fusulines were grouped into three
zones in Darvaz (Leven et al. 1992). They are the
Sphaeroschwagerina vulgaris—Sphaeroschwager-
ina fusiformis Zone, the Sphaeroschwagerina
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moelleri—Grozdilovia fecunda Zone and the
Sphaeroschwagerina sphaerica—Sakmarella firma
Zones, in ascending order (Leven et al. 1992).
These zones contain species of Sphaerosch-
wagerina, Pseudoschwagerina, Rugosofusulina,
Rugosochusenella, Dunbarinella, Quasifusulina,
Grozdilovia, Sakmarella and Dutkevitchia (Leven
& Scherbovich 1978; Leven et al. 1992). The over-
lying zone was named as the Paraschwagerina
mira—Robustoschwagerina schellwieni Zone of
Sakmarian age (Leven et al. 1992). This zone is
marked by the appearance of some new ele-
ments such as Robustoschwagerina, Biwaella,
Darvasites and Zellia. During the Yakhtashian, the
fusulines were grouped into the lower Chalaro-
schwagerina solita Zone and the upper Chalaro-
schwagerina vulgaris—Pamirina darvasica Zone
(Leven et al. 1992). These two zones are typi-
fied by the occurrence of Chalaroaschwagerina,
Pamirina and Misellina (Brevaxina). With the
evolution of Misellina (Brevaxina) and Misellina,
the Misellina (Brevaxina) dyhrenfurthi and Misel-
lina (Misellina) parvicostata zones are established
that indicate a Bolorian age, and the Armenina—
Misellina (Misellina) ovalis Zone with additio-
nal Schwagerinidae genera such as Skinnerella
and Parafusulina in the Kubergandian (Leven
et al. 1992).

Murgabian and Midian fusulines are well
documented in north Afghanistan (Ciry & Amiot
1965; Lys & Lapparent 1971; Vachard 1980;
Leven 1997; Colpaert et al. 2015). They were
assigned to the Eopolydiexodina afghanensis Zone
because of its wide distribution of Eopolydiexodina
afghanensis (Thompson 1946; Amiot er al. 1965).
The associated genera include Afghanella, Neo-
schwagerina, Verbeekina, Minojapanella, Suma-
trina, Parafusulina and Codonofusiella (Lys &
Lapparent 1971).

The Urals and the Russian Platform. Late Car-
boniferous and Early Permian fusulines are widely
distributed in the vast Russian Platform and
Ural Mountains (e.g. Rauzer-Chernousova 1965;

Mikhailova 1974; Alksne & Isakova 1980;
Chuvashov et al. 1990; Davydov 1990b; Davydov
et al. 1997).

The Asselian in the southern Urals was once
considered to contain two zones, respectively, the
lower Sphaeroschwagerina moelleri—Grozdilovia
fecunda Zone and the upper Sphaeroschwagerina
sphaerica—Sakmarella  firma Zone (Rauzer-
Chernousova 1965; Chuvashov et al. 1990). How-
ever, in the Pechora area of the northern Urals, the
Pseudoschwagerina vulgaris— Pseudoschwagerina
Sfusiformis Zone occurred below the first appearance
of the Sphaeroschwagerina species (Mikhailova
1974; Papulov 1986; Chuvashov er al. 1990).

Overall, Asselian fusulines in the Russian Platform
and Urals are characterized by various species of
Pseudoschwagerina and  Sphaeroschwagerina,
associated with Grozdilovia, Sakmarella, Triticites,
Daixina, Rugosofusulina and Jigulites.

Sakmarian fusulines dominated by diverse
pseudofusulinid species are mainly distributed in
the southern Urals. The lower Sakmarian Tastubian
horizon bears two zones, the Sakmarella moelleri
Zone and the Verneuilites verneuili Zone, in ascend-
ing order (Rauzer-Chernousova 1965). These two
zones are dominated exclusively by abundant pseu-
dofusulinids and rare Paraschwagerina species. The
upper Sakmarian Sterlitamaklan horizon is also
dominated by pseudofusulinid species that have
been grouped into the Verneuilites urdalensis—
Verneuilites plicatissima Zone (Forke 2002).

The Yakhtashian fusulines are characterized by
the Kutkanella solida—Concavutella concavutus
Zone (Forke 2002). The pseudofusulinids in these
faunas are hard to correlate with contemporaneous
faunas in South China. The post-Yakhtashian fusu-
lines in the Urals have diminished greatly, with
only sporadic Parafusulina solidissima found in
Bolorian strata in the Kungur area (Chuvashov
et al. 1990).

Western Tethyan region

The Western Tethyan region was located at the
western terminus of the Tethyan Ocean during the
Permian. It covers Iran, Turkey, the Italian island
of Sicily, Greece, Tunisia and the Carnic Alps
(Fig. 4). According to Kobayashi (19974), the West-
ern Tethyan region differs from the Eastern Tethyan
region in the absence of Lepidolina species during
the middle Permian.

Iran. During the middle and late Permian, the main
part of Tran (except for the Zagros Mountains) rifted
away from the Gondwanan margin (Gaetani et al.
2009). These blocks included the Alborz Block in
northern Iran, the Yazd and Tabas blocks in central
Iran, and the Sanandaj-Sirjan Block in SW Iran
(Leven & Gorgij 2011a).

Asselian fusulines were widely reported from the
Emarat Formation in the Alborz Mountains (Gae-
tani et al. 2009), the Zaladou Formation in the
Yazd Block and the Tabas Block (Leven & Taheri
2003; Leven & Gorgij 2006), and the Vazhnan For-
mation in the Sanandaj-Sirjan Block (Baghbani
1993; Leven & Gorgij 20115). The fusuline genera
in this stage include Pseudoschwagerina, Sphaer-
oschwagerina, Praepseudofusulina, Ruzhenzevites
and Anderssonites. They were ascribed to the Pseu-
doschwagerina— Praepseudofusulina assemblage in
the lower part and the Sphaeroschwagerina— Eopar-
afusulina assemblage in the upper part (Gaetani
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Fig. 4. Schematic framework of Permian fusuline
biozones in the Western Tethyan region. References
are: (1) Gaetani et al. (2009); (2) Kobayashi & Ishii
(2003); (3) Baghbani (1993); (4) Kobayashi & Altiner
(2008); (5) Vachard et al. (2001); (6) Vachard & Moix
(2013); (7) Kobayashi & Altiner (2011); (8) Skinner &
Wilde (1966); (9) Skinner & Wilde (1967); (10)
Vachard et al. (2003); (11) Forke (2002); (12) Noe
(1988); (13) Pasini (1985).

et al. 2009). These two assemblages are broadly
comparable with the Pseudoschwagerina—*Pseudo-
fusulina’ Zone of Baghbani (1993).

Sakmarian fusulines are not reported from
the Iranian blocks, except for the Kahmard Block
which is included in the Gondwana Tethyan region
in this paper. Yakhtashian fusulines were docu-
mented from an isolated limestone succession in
the Abadeh area (Kobayashi & Ishii 2003). The
fusulines were named as the Darvasites ordinatus
Zone, which comprises Darvasites ordinatus,
Chalaroschwagerina cf. mengi, Leeina fusiformis
and Pamirina (Levenella) leveni (Kobayashi &
Ishii 2003).

A younger fusuline fauna was reported by Leven
& Gorgij (2008). It consists of Skinnerella, Paral-
eeina and Misellina in the lower part and Kubergan-
della, Chusenella, Misellina and Armenina in the
upper part, suggesting a Bolorian—Kubergandian
age (Leven & Gorgij 2008). These fusulines are
equivalent to the Misellina, Maklaya and Cancel-
lina zones of Baghbani (1993). Murgabian fusulines
were grouped into the Neoschwagerina simplex
Zone in the lower part and the Eopolydiexodina per-
sica (or Eopolydiexodina douglasi) Zone in the
upper part (Baghbani 1993; Kobayashi & Ishii
2003). The latter zone can be traced across several
Peri-Gondwanan blocks and the southern Eurasia
margin (Ueno 2003; Colpaert et al. 2015). The
Eopolydiexodina persica Zone is overlain by the
Afghanella schencki Zone of late Murgabian age
(Kobayashi & Ishii 2003). This zone is dominated
by many necoschwagerinids, such as Afghanella,
Sumatrina, Verbeekina and Pseudodoliolina (Koba-
yashi & Ishii 2003). The overlying fusulines in the
Abadeh area were grouped into the Neoschwagerina
occidentalis Zone and Chusenella abichi Zone
(Kobayashi & Ishii 2003). Common genera in
these zones include Neoschwagerina, Kahlerina,
Wutuella, Sumatrina, Dunbarula and Chenella,
indicating a Midian age. Late Midian fusulines
were reported from the upper part of the Abadeh
Formation (Baghbani 1993). They are composed
of Yabeina, Metadoliolina, Reichelina, Kahlerina,
Chusenella and Sichotenella, and were assigned to
the Yabeina Zone by Baghbani (1993).

Late Permian fusulines were divided into two
zones: the lower Codonofusiella Zone and the
upper Reichelina media—Nanlingella Zone (Bagh-
bani 1993). Both zones were ascribed to a Dzhulfian
age (Taraz et al. 1981; Baghbani 1993). The Dora-
shamian fusulines were not developed in the Aba-
deh area because the topmost part of the Hambast
Formation was probably not suitable to accom-
modate fusulines but was favourable for ammo-
noids and conodonts (Taraz et al. 1981; Shen &
Mei 2010).

Turkey, Sicily and Tunisia. The Tauride Block of
southern Turkey, the Italian island of Sicily and
southern Tunisia were located at the western
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terminus of the Palaeotethys Ocean (Sengér et al.
1984). The allochthonous Aladag unit in Turkey
preserved a good carbonate sequence recording
Early and Middle Permian fusulines (Kobayashi &
Altiner 2008; Okuyucu 2008). The earliest Permian
fusulines were represented by Pseudoschwagerina
robusta, Quasifusulina minina, Paraschwagerina
sp. and Dutkevitchia complicata, which were
grouped into the lower Paraschwagerina sp. Zone
and the upper Dutkevitchia complicata Zone (Koba-
yashi & Altiner 2008). The Sakmarian fusuline zone
was named as the Paraschwagerina pseudomira
Zone. It differs from the underlying zone in contain-
ing species of Robustoschwagerina, Darvasites
and Zellia (Kobayashi & Altiner 2008; Okuyucu
2008). A slightly younger fusuline assemblage was
reported from the Permian limestone boulders in
the Lercara Formation in Sicily (Vachard et al.
2001). It is composed of Chalaroschwagerina?
globosa, Robustoschwagerina cf. schellwieni and
Minojapanella? sp., suggesting an early Yakhta-
shian age (Vachard er al. 2001).

The Bolorian fusulines are scarce in this
region. The Kubergandian fusulines were found in
the allochthonous limestones that constain Cancel-
lina, Armenina, Pseudodoliolina and Nankinella
(Vachard & Moix 2013). Murgabian fusulines con-
tain Praesumatrina ciryi, Verbeekina erki, Dunbar-
ula protomathieui and Rauserella ?sp. (Kobayashi
& Altiner 2011). Midian fusulines were widely dis-
tributed in the island of Sicily and the Djebel Tebaga
area of Tunisia (Skinner & Wilde 1966, 1967; Ghaz-
zay et al. 2015). They were represented by Yabeina,
Dunbarula, Neoschwagerina, Yangchienia, Chuse-
nella, Lantschichites, Rauserella and Kahlerina
(Skinner & Wilde 1966, 1967; Ghazzay et al.
2015). A similar assemblage was also found in
the Ankara area of Turkey (Skinner 1969). This
assemblage is referable to the Yabeina—Dunbarula
assemblage here. By contrast, in eastern Turkey,
the equivalent fusulines were named as the Chuse-
nella Zone, which contains more species of Chuse-
nella (Koyliioglu & Altiner 1989).

Late Permian fusulines were documented
from southern Greece and southern Turkey (Lys &
Marcoux 1978; Unal er al. 2003; Vachard er al.
2003). The fusulines were dominated by Para-
dunbarula (Shindella) shindensis, Sphaerulina
zisonzhengensis,  Codonofusiella  paradoxica,
Palaeofusulina laxa, Reichelina cribroseptata and
R. sp. (Lys & Marcoux 1978; Unal et al. 2003;
Vachard et al. 2003). They were named as the Para-
dunbarula (Shindella) shindensis—Palaeofusulina
laxa Zone here.

The Carnic Alps. Permian fusulines occurred
from the lower part of the Grenzland Formation,
and contain the species of Sphaeroschwagerina,

Pseudoschwagerina, Paraschwagerina, Rugoso-
fusulina and Triticites. They were grouped in the
Sphaeroschwagerina carniolica—Pseudoschwager-
ina extensa Zone and the Pseudoschwagerina
aff. wuddeni—Paraschwagerina pseudomira Zone
(Forke 2002). According to Davydov et al. (2013),
the age of the former zone is late Asselian, whereas
that of the latter zone is Sakmarian. The overlying
Paraschwagerina mukhamedjarovica—Pseudosch-
wagerina muongthensis Zone and Sphaeroschwa-
gerina  asiatica—Paraschwagerina paranitida—
Zellia praeheritschi Zone in the upper part of the
Grenzland Formation are different from the under-
lying two zones in the occurrence of Zellia and Dar-
vasites (Forke 2002). The fusulines from the Upper
‘Pseudoschwagerina’ limestone were ascribed to
the Robustoschwagerina geyeri—Zellia heritschi—
Paraschwagerina  nitida—"Pseudofusulina’  sp.
Zone (Forke 2002). Similarly, the fusuline biostra-
tigraphy from the equivalent Zweikofel Formation
was divided into the Sakmarella fluegeli—Zellia
colanii Zone, the Sakmarella lubenbachensis—
Robustoschwagerina nucleolata Zone, the Leeina
pseudodivulgata—Chalaroschwagerina incompara-
bilis Zone and the Chalaroschwagerina solita floc-
cose—Perigondwania forkii Zone, in ascending
order (Davydov et al. 2013). The age of these
zones was considered to be Yakhtashian (Davydov
et al. 2013). The fusulines in the overlying Trogko-
fel limestones bear Biwaella and Robustoschwa-
gerina, which were grouped into the Yakhtashian
Leeina ex gr. fusiformis—Robustoschwagerina spa-
tiosa Zone (Forke 2002).

Middle Permian fusulines are unclear in the Car-
nic Alps. However, late Permian deposits developed
well there. They are represented by the Bellerophon
Formation and the lower Tesero Member of the
Werfen Formation, representing the major
second-rank transgressive—regressive cycles (Lor-
iga et al. 1986). Fusulines were found in the upper
part of the Bellerophon Formation and the lower
part of the Werfen Formation (Loriga et al. 1986;
Noe 1988). They consist of Staffella sp., Nankinella
quasihunanensis and Reichelina cribroseptata of
Dorashamian age (Pasini 1985; Noe 1988).

Gondwanan Tethyan region

The Gondwanan Tethyan region refers to both
blocks derived from the northern Gondwanan mar-
gin during the early Permian and those areas in
the Gondwana margin, such as southern Afghani-
stan, Central Pamir, South Pamir, Karakorum, the
South Qiangtang and Lhasa blocks in northern
Tibet, the Baoshan and Tengchong blocks in west-
ern Yunnan, the Sibumasu Block in SE Asia,
the exotic limestone blocks within the Indus—
YarlungTsangpo Suture Zone in southern Tibet, and
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the northern Gondwanan margin (Fig. 5). Because  South Afghanistan—Central and South Pamirs—
of the influence of Late Palaeozoic glaciation, there ~ Karakorum. The areas extended from the Kahmard
was no record of earliest Permian fusulines until the  Block of eastern Iran to Karakorum, through south
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Fig. 5. Schematic framework of Permian fusuline biozones in the Gondwanan Tethyan region. References are: (1)
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South Pamir Block represent a huge continental
slice rifting from the Gondwanan margin during
the early Permian (Stampfli & Borel 2002; Davydov
& Arefifard 2007; Leven ef al. 2011; Angiolini et al.
2015).

The earliest fusuline record in these blocks
is represented by the Kalaktash fusuline assemb-
lage preserved in Central Pamir (Leven 1993), the
eastern Hindu Kush (Gaetani & Leven 1993;
Leven 2010), southern Afghanistan (Leven 1997)
and the Kahmard Block of Iran (Davydov & Arefi-
fard 2007; Leven et al. 2011; Leven & Gorgij
2013). This fauna is dominated by the ‘Pseudofusu-
lina’ — Eoparafusulina assemblage that consists of
many special species such as ‘Pseudofusulina’
pamirensis, ‘Pseudofusulina’ karapetovi karape-
tovi, Eoparafusulina pamirensis, E. regina and Neo-
dutkevitchia insignis. They were associated with
some pseudoschwagerinids, such as Robustoschwa-
gerina psharti, Zellia nunosei and Sphaeroschwa-
gerina zhongzanica, in the Dangikalon Formation
in Central Pamir (Leven 1993). The age of this
assemblage in these blocks is considered to be late
Sakmarian (Leven 1993).

A slightly younger fusuline zone was named as
the Monodiexodina shiptoni Zone (Gaetani &
Leven 2014). This zone was reported from the east-
ern Karakorum and eastern Hindu Kush (Leven
2010; Gaetani & Leven 2014). The associated fusu-
lines in the eastern Hindu Kush include Minojapa-
nella, Darvasites and Chalaroschwagerina (Leven
2010). The age of this assemblage is most probably
Yakhtashian or early Bolorian (Leven 1967; Gae-
tani & Leven 2014). The Monodiexodina shiptoni
Zone was succeeded by the Leeina— Chalaroschwa-
gerina assemblage in the Shaksgam Valley of
Karakorum, with its age being most likely Bolorian
(Gaetani & Leven 2014). However, the equivalent
assemblage in SE Pamir contains many species of
Misellina and Parafusulina (Leven 1967). Kuber-
gandian fusulines are widely distributed in South
Pamir and Karakorum, where they were named
as the Cancellina Zone (Leven 1967) or the Cancel-
lina— Pseudodoliolina— Parafusulina  assemblage
(Gaetani & Leven 2014). The Cancellina Zone
bears diverse genera such as Cancellina, Parafusu-
lina, Pseudodoliolina, Neofusulinella, Misellina,
Armenina and Yangchienia (Leven 1967). The suc-
ceeding fusuline zone developed in South Pamir
is the Neoschwagerina Zone, which comprises
Neoschwagerina simplex, N. schuberti and N. mar-
garitae subzones, in ascending order (Leven 1967).
These zones were well correlated with those from
southern Afghanistan (Lys & Lapparent 1971). The
ages of these zones range from Murgabian to
Midianin light of the evolution of neoschwagerinids.

The late Permian fusuline fauna was docu-
mented in the Karabelesskaya Formation from SE

Pamir (Leven 1967). It contains Sphaerulina
zisongzhengensis, Nankinella sp., Reichelina pul-
chra, Codonofusiella sp. and Paradunbarula pamir-
ica, which indicates a Dzhulfian—Dorashamian age.

South Qiangtang Block. The South Qiangtang Block
was part of the Gondwanan continent before its
departure from Gondwana during the Artinskian
(Zhang et al. 2012a). Consequently, the fusulines
did not appear until the demise of glaciation in
this block: that is, since the Artinskian (Nie &
Song 1983a; Zhang et al. 2013b). The earliest
fusuline fauna in the South Qiangtang Block
is represented by diverse fusulines in the Qudi For-
mation (Nie & Song 1983b; Zhang et al. 2013b).
These fusulines are dominated by ‘Pseudofusulina’
or Eoparafusulina elements of the typical Kalak-
tash fusuline fauna similar to those found in
other Peri-Gondwanan blocks (Leven 1993). How-
ever, it should be noted that the Kalaktash
fusuline elements such as ‘Pseudofusulina’ pamir-
ensis, Neodutkevitchia insignis and N. tumidis-
cula found in the central Qiangtang Block were
associated with Chalaroschwagerina vulgaris and
C. globosa, which indicate a Yakhtashian age
(Zhang et al. 2013b).

The succeeding fusuline fauna in the South
Qiangtang Block is dominated by Parafusulina—
Monodiexodina fauna in the Tunglonggongba For-
mation in the Duoma area of the western Qiangtang
Block (Nie & Song 1983b) or the lower part of
the Lugu Formation (or Cainaha Formation)
(Zhang 1991; Y.C. Zhang et al. 2014). Its equivalent
fauna found in the central Qiangtang Basin is com-
posed of Cancellina primigena, Neofusulinella
giraudi, Nankinella orbicularia and Chusenella
schwagerinaeformis, which can be roughly ascribed
to the Cancellina primigena Zone of Kubergandian
age (Zhang et al. 2012b). The succeeding fusuline
fauna was represented by the Neoschwagerina sim-
plex Zone of Murgabian age in the lower part of the
Xiangian Formation (Zhang 1991) or the middle
part of the Lugu Formation (unpublished data).
The overlying fusuline assemblage in the Xiangian
Formation is dominated by Dunbarula, Yangchie-
nia, Parafusulina and Chusenella (Zhang 1991).
The equivalent fusuline fauna in the Lugu Forma-
tion is dominated by Eopolydiexodina species
(Cheng et al. 2005; Colpaert et al. 2015). The
Longge Formation in the Duoma area yields a youn-
ger fusuline fauna comprising Yabeina, Neoschwa-
gerina, Verbeekina, Colania and Kahlerina, and
can be assigned to the Yabeina—Neoschwagerina
assemblage of Midian (Liang er al. 1983; Nie &
Song 1983¢).

As far as the late Permian fusulines are con-
cerned, Wu & Lan (1990) reported Codonofusiella
and Reichelina from the Rehepan Formation and
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Palaeofusulina from the Qinshuihe Formation in the
west of the South Qiangtang Block. However, these
fusulines have never been described nor illustrated.
Thus, the validity of these assemblages needs to be
confirmed in the future.

Lhasa Block. The Lhasa Block is bounded by the
Yarlung Tsangpo Suture Zone to the south and the
Bangong—Nujiang Suture Zone to the north.
Because of the influence of glacio-marine deposits
on the northern Gondwanan margin, the faunas in
the Largar, Angjie formations and the lower part
of the Xiala Formation are represented by cool-
water biota, such as solitary corals, cool-water bra-
chiopods and the conodont Vjalovognathus, but
are devoid of any fusulines (Zhang et al. 2010,
2013a; Yuan et al. 2016). The fusulines occur in
the middle part of the Xiala Formation or the Luoba-
dui Formation (Zhu 1982b; Zhang et al. 2010). In
the Xainza area, the fusulines in the Xiala Formation
are dominated by diverse Chusenella and Nanki-
nella, and, thus, were named as the Nankinella—
Chusenella assemblage (Zhu 1982a; Zhang et al.
2010). Associated fusulines include Staffella,
Schwagerina, Armenina, Rugosochusenella, Neo-
schwagerina and Verbeekina (Zhu 1982a; Zhang
et al. 1985, 2010; Wang & Zhou 1986; Huang
et al. 2007). The equivalent fusuline assemblage
in the Luobadui Formation in the Lhunzhub area,
however, is dominated by Lepidolina (originally
described as Yabeina) (Wang et al. 1981; Zhu
1982b). Coexisting fusulines include Dunbarula,
Neoschwagerina, Verbeekina and Chusenella
(Wang et al. 1981; Zhu 1982b). The compositional
difference between different regions in the Lhasa
Block was considered to be the result of different
palacoenvironments (Zhang et al. 2010).

The distribution of late Permian fusulines in the
Lhasa Block is restricted compared with that of mid-
dle Permian fusulines. According to limited reports
in the Xainza area, the Dzhulfian fusulines are com-
posed of Codonofusiella schubertelloides and
Reichelina sp. (Y .J. Zhang et al. 2014). The advent
of Colaniella parva in the top of the Xiala Forma-
tion indicates a possible Dorashamian age (unpub-
lished data). The fusulines in this interval are
dominated by Reichelina changhsingensis and
Codonofusiella sp. The equivalent sequence in the
Tsochen area in the Lhasa Block also bears Reiche-
lina simplex according to Chen et al. (1999).

Baoshan Block. The Baoshan Block is bounded
by the Lancangjiang Fault, the Kejie Fault and the
Nandinghe Fault on the east, and by the Nujiang
Fault on the west (Jin 2002). Similar to the South
Qiangtang and Lhasa blocks, the lowermost
Permian in this block is dominated by glacio-marine
diamictites and pebbly mudstone, namely the

Dingjiazhai Formation (Jin 2002; Jin et al. 2011).
The earliest fusulines occurred in the uppermost
part of the Dingjiazhai Formation, which are domi-
nated by the Eoparafusulina—-‘Pseudofusulina’
assemblage (Ueno 2003; Shi et «l. 2011). This
fauna indicates a Sakmarian—early Yakhtashian
age and resembles contemporaneous assemblages
in other peri-Gondwanan regions such as Central
Pamir and Karakorum (Ueno er al. 2002; Shi
et al. 2011).

The younger fusuline fauna was documented
from the lower part the Shazipo Formation. These
fusulines were well studied in the Xiaoxinzhai sec-
tion and Bawei section in the southern Baoshan
Block (Huang et al. 2009, 2015a, 2017). In the
Xiaoxinzhai section, the fusulines constitute four
zones, the ‘Schwagerina’ yunnanensis Zone, the
Eopolydiexodina Zone, the Sumatrina Zone and
the Verbeekina Zone, in ascending order, with the
former two zones belonging to the Murgabian
and latter two zones belonging to the Midian
(Huang et al. 2009, 2015a). The fusulines in the
‘Schwagerina’ yunnanensis Zone are composed of
schwagerinids, such as Chusenella, ‘Schwageri-
na’and Parafusulina, and some verbeekinids, such
as Pseudodoliolina and Verbeekina (Huang et al.
2009). The Eopolydiexodina Zone can be distin-
guished from the underlying ‘Schwagerina’ yunna-
nensis Zone by the dominance of Eopolydiexodina
and other genera such as Xiaoxinzhaiella and Neofu-
sulinella (Huang et al. 2009). According to Huang
et al. (2015b), the neoschwagerinids and verbeeki-
nids took over the schwagerinids in the overlying
two zones. In the Bawei section, however, the fusu-
lines are typified by the Yangchienia—Nankinella
assemblage in the lower Shazipo Formation, and
Chusenella—Rugosofusulina assemblage in the
upper Shazipo Formation (Huang et al. 2015b,
2017). The compositional difference between the
Bawei and Xiaoxinzhai sections is considered to
be the result of different depositional environments
(Huang et al. 2015b).

Tengchong Block. The Tengchong Block is situated
to the west of the Baoshan Block (Jin 2002). The
fusulines from this block have received limited
study (Fan 1993; Shi er al. 2008, 2017). The earliest
fusuline record in this block is characterized by the
dominance of Eoparafusulina in the lower part of
the Dadongchang Formation, which could be
correlated with the Kalatkash fauna in the peri-
Gondwanan regions (Shi et al. 2008). Fan (1993)
reported the occurrence of Cancellina fauna in the
upper part of the Guanyingshan Formation (equiva-
lent to lower part of the Dadongchang Formation).
However, this fauna was not found in later research
(Shi et al. 2017). Middle Permian fusulines in the
middle part of the Dadongchang Formation are
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typified by the dominance of the Nankinella—
Chusenella assemblage, and those in the Yanpozi
Formation in the southern Tengchong are domi-
nated by Chusenella—Schwagerina according to
Shi et al. (2017). These two assemblages are quite
similar to those found in the Xainza area of the
Lhasa Block.

Sibumasu Block. The Sibumasu Block proposed by
Metcalfe (1984) includes the Baoshan and Teng-
chong blocks in western Yunnan, China, Shan
State in eastern Myanmar, western Thailand, Penin-
sular Thailand, western Malaya and Sumatra. As the
latest research has indicated that the Baoshan and
Tengchong blocks may have not adjoined with the
Shan State of eastern Myanmar during the Late
Palaeozoic (Zhang et al. 2013a; Xie et al. 2016),
the Sibumasu Block cited in this paper does not
include the Baoshan and Tengchong blocks in west-
ern Yunnan.

The Sibumasu Block, like other Peri-Gond-
wanan blocks, was dominated by glacio-marine
deposits during the earliest Permian (Metcalfe
2013). The earliest fusuline fauna is represented
by the antitropical Monodiexodina shiptoni fauna
in western Thailand (Ingavat & Douglass 1981).
Its age was considered to be Bolorian or early
Kubergandian (Ueno 2006). However, a nearly con-
temporaneous assemblage from the Tarn To Forma-
tion in the Yala area, southernmost Peninsular
Thailand and the Kinta Valley in Malaysia yields
abundant Tethyan fusulines ascribed to the Misel-
lina claudiae Zone and Leeina kraffti Zone, in
ascending order (Ishii 1966; Ueno er al. 2015).
The appearance of these Tethyan elements was
explained to be the result of a spike in warming in
the Sibumasu Block (Ueno et al. 2015).

The middle Permian fusulines have a lower
diversity. They are scattered in the Ratburi limestone
in western Thailand and the Plateau limestone group
in the Shan Plateau in eastern Myanmar. In some
places, such as the Sakangyi area in eastern Myan-
mar and the Doi Pha Daeng area in eastern Thailand,
the fusulines are composed of Neoschwagerina,
Afghanella and Sumatrina (Fontaine & Suteethorn
1988; Zaw et al. 2011). Other genera in the Ratburi
limestone include Rauserella, Kahlerina, Mino-
Jjapanella, Yangchienia, Eopolydiexodina, Rugo-
soschwagerina, Chusenella and Nankinella (Ueno
2003). Eopolydiexodina is a characteristic genus in
the Sibumasu Block, which is closely linked to
many other Peri-Gondwanan blocks (Ueno 2003).

The late Permian fusulines are more limited in
the Sibumasu Block, and were reported from west-
ern Thailand. They contain a few genera such as
Reichelina, Nanlingella, Codonofusiella, Staffella
and Nankinella (Fontaine & Sutecthorn 1988;
Ueno 2003).

Exotic limestone blocks within the Indus—Yarlung
Tsangpo Suture Zone. Some isolated blocks, scat-
tered in the mélange of the Indus—Yarlung Tsangpo
Suture Zone in southern Tibet, are known as the
exotic limestone blocks (Shen et al. 2003). These
limestones yield abundant fusulines ranging from
Midian to latest Changhsingian in age (Lys et al.
1980; Wang et al. 1981, 2010; Wang & Ueno
2009; Zhang et al. 2009; Zhang 2010). Middle
Permian fusulines were reported from the Xilanta
Formation in the Gyanyima limestone block
(Zhang et al. 2009; Zhang 2010) and the Lasaila
limestone block in Zhongba County (Wang et al.
1981). All these fusulines bear similaritics with
South China, such as the presence of Neoschwa-
gerina, Verbeekina, Chusenella, Codonofusiella,
Yangchienia and Lantschichites (Wang et al
1981; Zhang et al. 2009). However, some character-
istic middle Permian fusulines have not yet been
reported in these exotic limestone blocks, such as
Afghanella, Sumatrina, Yabeina and Lepidolina.
These fusulines are grouped into the Neoschwager-
ina fusiformis—Lantschichites minima assemblage.

Late Permian fusulines in these exotic limestone
blocks were widely documented (Lys et al. 1980;
Wang & Ueno 2009; Wang et al. 2010). The exact
age of these fusulines is not easily determined due
to a lack of Palaeofusulina, but they can be broadly
ascribed to late Dzhulfian—Dorashamian. The fusu-
lines in these blocks are dominated by Reichelina,
Parareichelina, Codonofusiella, Dilatofusulina
and Nankinella (Lys et al. 1980; Wang et al. 1981,
2010), and were grouped into the Reichelina pul-
chra—Dilatofusulina orthogonios assemblage by
Wang et al. (2010).

Northern Gondwanan margin. The fusulines
occurred in the Gondwanan margin such as Oman,
Timor and Salt Range of Pakistan with gradual
demise of the early Permian glaciation. In the mar-
gin of the Arabian plate, the earliest record of fusu-
lines is represented by some ‘Pseudofusulina’
species including ‘P’. inobservabilis, ‘P’. ex gr. kar-
apetovi karapetovi, ‘P’. aff. karapetovi tezakensis
and *P’. licis (Angiolini et al. 2006). Those fusulines
indicate a late Sakmarian age, and represent the
typical Kalaktash fusuline fauna reported from the
Central Pamir (Leven 1993). The Yakhtashian and
Bolorian fusulines were reported from the Aseelah
units, which were originally deposited on the car-
bonate platform in the northern Arabian plate
(Hauser er al. 2000). The Yakhtashian fusuline
fauna consists of Leeina kraffti, Schubertella cf.
simplex and Minojapanella cf. elongata, whereas
Bolorian fusuline yields Minojapanella cf. elon-
gata, M. ct. parva and Skinnerella ex gr. japonica
(Hauser et al. 2000). The Yakhtashian and Bolorian
fusulines were also documented from the Bua-bai
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limestone in Timor, where the fusulines consist of
sporadic species of Monodiexodina wanneri, Prae-
skinnerella sp. and Nankinella sp. (Haig et al. 2017).

The succeeding fusuline assemblage in Oman is
represented by Skinnerella visseri and S. arabica in
the Qarari unit of the Batain group, indicating a
Kubergandian age (Leven & Heward 2013). The
Murgabian and Midian fusulines were reported
from the Aseelah unit. They were represented by
Neoschwagerina simplex in the lower and many
advanced neoschwagerinids such as Neoschwager-
ina margaritae, N. occidentalis and Colania douvil-
lei in the upper (Hauser et al. 2000; Vachard et al.
2002). The Murgabian fusulines also occurred in
the Salt Range of Pakistan, where they were repre-
sented by only Monodiexodina kattaensis and
Codonofusiella laxa (Douglass 1970). In Timor,
the only Midian fusuline is represented by Lantschi-
chites weberi from the Maubisse group (Schubert
1915; Thompson 1949).

The Lopingian fusulines were not reported
from Oman, but sporadically occurred in the upper
part of the Wargal Formation in the Salt Range,
Pakistan. They comprise mainly Nanlingella sim-
plex, Reichelina sp., and Codonofusiella aff. schu-
bertelloides referable to the Nanlingella simplex
Zone (Pakistan—Japanese Working Group 1985).

Angara Tethyan region

Angara Tethyan region refers to the blocks to
the north of North China, which were located at
relatively high latitude areas in the Northern
Hemisphere (Ozawa 1987). It includes the Southern
Kitakami and Hida terranes in northern Japan,
Southern Primorye in eastern Russia and the Inner
Mongolia area in northern China (Fig. 6). The
blocks in this region are characterized by the occur-
rence of the antitropical genus Monodiexodina
during the middle Permian.

Southern Kitakami Terrane. The Southern Kitakami
Terrane, different from those pre-Cretaceous accre-
tionary terranes in Japan, was always in a position
proximal to the China continents during the Permian
(Tazawa 1991; Kobayashi 1999). The earliest
Permian sequence in the Southern Kitakami Terrane
is represented by the Sakamotozawa Formation,
which rests unconformably above the Upper Car-
boniferous strata (Kanmera & Mikami 1965). This
formation was subdivided into four units, respec-
tively the Sa and Sb members in the lower sub-
formation and the Sc and Sd subformation in the
upper subformation (Mikami 1965). Kanmera &
Mikami (1965) established the Zellia nunosei and
Eoparafusulina langsonensis zones in the Sb
member of the Sakamotozawa Formation. These
two zones consist of diverse fusuline species such

as Zellia nunosei, Eoparafusulina langsonensis,
Nipponitella explicata and Quasifusulina tenuis-
sima (Kanmera & Mikami 1965). The fusulines con-
tained in the Sa member include Eoparafusulina aff.
perplexa, Nipponitella explicata and Quasifusu-
lina? sp., which were considered to be similar to
the fusuline elements in the overlying Sb member
(Ueno et al. 2007). In the basal part of the Sakamo-
tozawa in the Kamiyasse area of Kesennuma, how-
ever, the fusulines are composed of Dutkevitchia?
hindukushiensis, Shichanella cf. callosa, Pseudo-
chusenella ex gr. cushmani, Nipponitella sp. and
Eoparafusulina sp. (Ueno et al. 2011). Thus, the
fusulines in the Sa and Sb members in the Sakamo-
tozawa Formation indicate a Sakmarian age
(Watanabe 1991; Ueno ef al. 2011). In the Sc and
Sd members of the Sakamotozawa Formation, Kan-
mera & Mikami (1965) established the Chala-
roschwagerina vulgaris, Leeina fusiformis and
Shichanella callosa zones, respectively. Watanabe
(1991) assigned a Yakhtashian age for these three
zones. However, the upper part of the Sakamoto-
zawa Formation contains elements of Misellina
(Choi 1972; Ueno et al. 2009). So, the Leeina
Sfusiformis and Shichanella amgibua zones in the
Sd member of the Sakamotozawa Formation were
considered to be Bolorian in age in terms of the
presence of ‘Pseudofusulina’  dzamantalensis,
Darvasites minatoi and Kubergandella? sp. (Ueno
et al. 2009).

Besides the Sakamotozawa Formation, the
Midian fusulines were widely reported from the
Southern Kitakami Terrane (Choi 1970, 1973;
Kobayashi et al. 2009). They can be grouped into
four zones, the Sumatrina annae Zone, the Mono-
diexodina sutchanica Zone, the Parafusulina
motoyoshi Zone and the Lepidolina shiraiwensis
Zone, in ascending order (Shiino et al. 2008; Koba-
yashi et al. 2009). The species Sumatrina annae was
found in the Hoso-o Formation accompanying with
Pseudodoliolina pseudolepida (Shiino et al. 2008).
At the bottom of the overlying Kamiyasse Forma-
tion or equivalent beds in the Southern Kitakami
Terrane, Monodiexodina sutchanica is highly con-
centrated (Ehiro & Misaki 2004; Kobayashi er al.
2009). The overlying fusuline elements consist of
Parafusulina motovoshiensis, P. oyensis, Chuse-
nella pseudocrassa, C. sinensis, which were
ascribed to the Parafusulina motoyoshiensis Zone
(Kobayashi et al. 2009). The Lepidolina shiraiwen-
sis fauna occurs in the upper part of the Kamiyasse
Formation, which may correspond to the Lepidolina
multiseptata Zone of Choi (1973). The fusulines in
this zone include Lepidolina shiraiwensis, L. multi-
septata, Verbeekina verbeeki, Chusenella andersoni
and Codonofusiella sp. (Kobayashi et al. 2009).

The Late Permian fusulines are represented by
scarce species such as Nanlingella cf. meridionalis,
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Palaeofusulina sp., Reichelina changhsingensis and
Nankinella sp. in the upper part of the Toyoma For-
mation (Kobayashi 2002). These fusulines overall
indicate a Dorashamian age.

Hida Terrane. Like the South Kitakami Terrane, the
Hida Terrane is located in the inner zone of Japan.

The lowermost Permian fusulines are characterized
by the Carbonoschwagerina morikawai Zone in the
upper part of the Mizuyagadani Formation. There
are species of Carbonoschwagerina, Quasifusulina,
Triticites and Rugosofusulina (Igo 1957; Niikawa
1978). The overlying zone was documented in
the lower part of the Hirayu Group, where the
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Pseudoschwagerina Zone was covered by the Cha-
laroschwagerina vulgaris Zone (Igo 1959). This
zone may range up to Bolorian because of the pres-
ence of Misellina minor. The succeeding zone is rep-
resented by the Parafusulina yabei Zone and the
Parafusulina hirayuensis Zone, in ascending order
(Igo 1959). The latter zone may range into Murga-
bian as evidenced by the dominance of typical
Parafusulina and Pseudodoliolina (Igo 1959). The
uppermost part of the Hirayu Group yields scarce
Neoschwagerina margaritae and ‘Schwagerina’ sp.
that were grouped into the Neoschwagerina Zone
(Igo 1959). This zone is probably Midian in age.

Southern Primorye. Southern Primorye area in Rus-
sia was composed of many terranes such as Vozne-
sensk, Nakhimovsk and Okrainsk terranes (Kotlyar
et al. 2006). The lower Permian strata in South Pri-
morye are composed of terrestrial sediment with
diverse plant fossils. The occurrence of fusulines
starts as late as Midian (Kotlyar et al. 2006). Over-
all, the fusulines found in the Chandalaz Formation
were grouped into three zones, respectively the
Metadoliolina dutkevitchi—Monodiexodina sutch-
anica Zone, the Parafusulina stricta Zone and the
Metadoliolina lepida—Lepidolina kumaensis Zone,
in ascending order (Ueno ef al. 2005; Kotlyar
et al. 2006). The Metadoliolina dutkevitchi—Mono-
diexodina sutchanica Zone contains Metadoliolina,
Monodiexodina, Minojapanella, Lantschichites,
Codonofusiella, Pseudofusulina, Parafusulina and
Reichelina (Sosnina 1981; Ueno et al. 2005; Kotlyar
et al. 2006). The overlying Parafusulina stricta
Zone is characterized by the appearance of Lepi-
dolina multiseptata and rare Yabeina (Kotlyar
et al. 2006). The Metadoliolina lepida—Lepidolina
kumaensis Zone occurs in the upper part of the
Chandalaz Formation, and is much more diverse
than the underlying two zones. The common genera
found in this =zone include Meradoliolina,
Lepidolina, Sichotenella, Rauserella, Reichelina,
Parareichelina, Minojapanella, Lantschichites,
Codonofusiella, Chusenella, Parafusulina, Kahler-
ina and Pseudokahlerina (Sosnina 1981; Kotlyar
et al. 2006).

Late Permian fusulines were discovered in the
Yastrebovka or equivalent formations in Southern
Primorye (Sosnina 1981; Kotlyar et al. 2006). The
fusulines consist of Palaeofusulina cf. prisca, Shin-
della sp., Sphaerulina zisongzhengensis, Reichelina
ulachensis and R. chorensis (Sosnina 1981; Vuks &
Chediya 1986; Kotlyar et al. 2006). Their age is
Dorashamian in terms of abundant Colaniella
parva in this assemblage (Kotlyar et al. 2006).

Inner Mongolia. Abundant fusulines were reported
from the central part of Inner Mongolia of China,
which tectonically belongs to the southern margin

of the Altaid Belt (Shen ef al. 2006). The Permian
sequence is dominated by siliciclastic rocks and
limestones beds (e.g. Han 1975; Xia 1981). The
fusulines were found discretely in limestone beds.
The lowermost zone is the Pseudoschwagerina
Zone characterized by species of Pseudoschwager-
ina, Triticites, Quasifusulina and ‘Schwagerina’.
It is of Asselian age and was reported in the Baiyu-
nebo area (Sheng 1958; Han 1975). A younger fusu-
line fauna occurred in the Sonid right banner area
yields Eoparafusulina, Zellia, Chalaroschwagerina
and Nipponitella. This fauna probably suggests
a late Sakmarian age. The overlying fusuline zone
was named as the Monodiexodina Zone, which
comprises Monodiexodina, Parafusulina, Laxifusu-
lina, Pseudodoliolina, Yangchienia and Armenina
(Xia 1981). Its age is broadly assigned to late
Kubergandian to Murgabian. The upper two zones,
respectively the ‘Schwagerina’ quasiregularis—
Codonofusiella simplicata Zone in the upper part
of the Zhesi Formation and the ‘Schwagerina’ qua-
sipactiruga—Codonofusiella pseudoextensa Zone
in the Yihewusu Formation, indicate a Murgabian
to Midian age (Xia 1981). It is noteworthy that
no neoschwagerinids have ever been reported in
these two zones.

Panthalassan region

During the Permian, many seamounts developed in
the Panthalassa Ocean. Those seamounts collapsed
when they were amalgamated with continents sur-
rounding the Panthalassan Ocean. So, the fusulines
belonging to Panthalassan Province were dispersed
in many allochthonous terranes in Japan, Canada,
and New Zealand (Fig. 7).

Akiyoshi Terrane. The Akiyoshi Terrane in the Inner
Zone of SW Japan represents the oldest accretionary
complex in Japan (Ueno 1996). The Omi limestone
in the south of Niigata Prefecture may represent the
NE extremity of the Akiyoshi Terrane (Ueno &
Nakazawa 1993). The Akiyoshi limestone in the
Akiyoshidai area preserves a complete carbonate
succession ranging from Early Carboniferous to
middle Permian in the Panthalassa Ocean (Ueno
1996). The biostratigraphic schemes of Ota (1997)
and Ueno (1996) are adopted in this paper.

The Permian starts from the appearance of
Pseudoschwagerina muongthensis, which is asso-
ciated with Schubertella kingi, ‘Schwagerina’ pri-
migena and ‘S’. okafujii. They were grouped in
the Pseudoschwagerina muongthensis Zone (Ota
1997). This zone corresponds to the Triticites
simplex Subzone of Toriyama (1954) because this
subzone is also dominated by species of Pseudosch-
wagerina and Triticites. Its age is most likely to
be Asselian. The overlying fusulines include
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Fig. 7. Schematic framework of Permian fusuline biozones in the Panthalassan region. References are: (1) Ota
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Chalaroschwagerina globosa and Paraschwager-
ina sp., which was ascribed to the Chalaroschwa-
gerina globosa Zone.

The overlying fusulines were named as the Cha-
laroschwagerina inflata— Chalaroschwagerina exi-
lis Zone with newly appeared species of Biwaella

and Mesoschubertella (Ueno 1996). The succeeding
fusulines were grouped into the Chalaroschwager-
ina vulgaris and Leeina ex gr. kraffti zones, which
comprise mostly Chalaroschwagerina, pseudofusu-
linid species and some small taxa such as Pseudoen-
dothyra and Schubertella (Ueno 1996). The
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above-mentioned three zones were assigned to the
lower Yakhtashian (Ueno 1996). The overlying
fusulines are dominated by small forms such as
Pamirina (Levenella), Minojapanella, Pseudorei-
chelina, Staffella and Pseudoendothyra, which
were named as the Pamirina (Levenella) leveni
Zone. Because the species Misellina (Brevaxina)
nipponica occurs in the upper part of this zone, the
age of the Pamirina (Levenella) leveni Zone is
clearly late Yakhtashian—lower Bolorian (Ueno
1996). The appearance of Misellina (Brevaxina)
dyhrenfurthi otai marks a new zone in which prim-
itive Misellina elements also occurred (Ueno 1996).
The overlying zone was named as the Misellina
claudiae Zone by Ueno (1996). Tt should be noted,
however, that the Misellina claudiae Zone used
here is different from those adopted widely in
South China because many neoschwagerinids
occurred in this zone in the Akiyoshi limestone
such as Maklaya pamirica and Neoschwagerina
simplex (Ueno 1996). The presence of the species
Neoschwagerina simplex indicates a Murgabian
age for the upper part of this zone.

The Misellina claudiae Zone is succeeded by the
Parafusulina kaerimizensis Zone. In the latter zone,
many schwagerinids occurred, including Parafiusu-
lina kaerimizensis, P. lutugini and Chusenella
alpina (Ueno 1996). Above this zone, Afghanella,
Neoschwagerina, Verbeekina and Pseudodoliolina
appeared successively. They were assigned into
the Afghanella ozawai, Neoschwagerina craticuli-
fera robusta, Verbeekina verbeeki—Afghanella
schencki, Neoschwagerina fusiformis and Verbee-
kina verbeekizones, in ascending order (Ueno 1996).

The following fusuline zones include the Cola-
nia douvillei Zone and the Lepidolina multiseptata
Zonme, in ascending order (Ueno 1996). Common
genera in these zones are Verbeekina, Sumatrina,
Kahlerina and Pseudokahlerina (Ueno 1996).
These two zones overall indicate a Midian age.

Mino and Chichibu terranes. Many seamounts
developed in the Panthalassa Ocean during the
Permian, and were later accreted to mainland
Japan during the Jurassic—Early Cretaceous (Koba-
yashi 1999, 2011; Ueno et al. 2006). These sea-
mounts were preserved as blocks of various sizes
in the mélange, which were roughly included into
the Mino Terrane or the Chichibu Terrane. The
biostratigraphy of these limestone blocks has been
thoroughly studied (e.g. Honjo 1959; Zaw 1999;
Kobayashi 2011, 2012).

Among all the limestone blocks studied, the
Akasaka limestone preserved a good record of fusu-
line zonations (e.g. Ozawa 1927; Zaw 1999). How-
ever, fusulines older than Kubergandian have not
been discovered in the Akasaka limestone. These
older fusulines have been reported from the
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Itsukaichi-Ome area of west Tokyo and the Atetsu
Plateau (Nogami 1961; Kobayashi 2005). The
early Permian fusulines were classified into the
Pseudoschwagerina  subsphaerica—Quasifusulina
longissima ultima, Chalaroschwagerina vulgaris
and Parafusulina kaerimizensis—Leeina kraffti
magna zones, in ascending order (Nogami 1961).
The former zone consists of the lower Quasifusulina
longissima ultima— Pseudoschwagerina nakazawai
Subzone and the upper Pseudoschwagerina sub-
sphaerica Subzone, respectively, most probably
indicating an Asselian—Sakmarian age. The over-
lying Chalaroschwagerina vulgaris Zone 1is
composed of C. vulgaris and C. globosa of Yakhta-
shian age. The Parafusulina kaerimizensis—Leeina
kraffti magna Zone also comprises the lower Leeina
kraffti magna Subzone and the upper Parafusulina
kaeimizensis Subzone (Nogami 1961). The latter
subzone was considered to be equivalent to the
Parafusulina nakamigawai Zone in the lower part
of the Akasaka limestone, which indicates a Kuber-
gandian age (Kobayashi 2011).

The overlying zone in the Akasaka limestone is
the Cancellina nipponica Zone. It consists of Can-
cellina, Codonofusiella, Neofusulinella, Toriyamaia
and Pseudoreichelina (Kobayashi 2011). The Mur-
gabian fusulines in the Akasaka limestone were
grouped into three zones according to the evolution
of Neoschwagerina; they are the Neoschwagerina
simplex Zone, the N. craticulifera Zone and the N.
colaniae Zone from lower to upper. It is noticeable
that Gifuella was found in both the Neoschwagerina
craticulifera and N. colaniae zones, however, this
genus was not found in the Akiyoshi Terrane. The
appearance of Yabeina species above the Neo-
schwagerina colaniae Zone marks the beginning
of the Midian age. It was ascribed to the Yabeina
globosa Zone, which is identical to the Yabeina
igoi Zone of Zaw (1999).

Many large fusulines went extinct across the
Guadalupian—Lopingian boundary (Ota & Isozaki
2006). Thus, the remaining fusulines in the Dzhul-
fian were grouped into the Nanlingella suzukii
Zone, which comprises small taxa such as Nanlin-
gella, Codonofusiella and Reichelina (Ota & Isozaki
2006; Kobayashi 2011). The uppermost Permian
fusulines have not been documented from the
Akasaka limestone; but they were reported from
the Iwai-Kanyo area in west Tokyo (Kobayashi
1997b). The fusulines found from the pebbles are
referable to the Palaeofusulina sinensis Zone
(Kobayashi 1997b).

Cache Creek and Chugach terranes. Along the
western margin of the North American Craton
some terranes developed extending from Alaska to
central California in the USA. The fusulines are dif-
ferent from those of the North American Craton
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faunas in possessing abundant neoschwagerinids.
These terranes were roughly ascribed to the Cache
Creek Terrane and the Chugach Terrane (Ross
1995; Stevens et al. 1997; Johnston & Borel 2007;
Kobayashi et al. 2007).

The fusulines from these two terranes can be
subdivided into three assemblages. The lowest
assemblage is characterized by the Pseudoschwa-
gerina skinneri fauna, suggesting a Sakmarian age
(Sada & Danner 1992). The slightly younger fusu-
lines are dominated by Parafusulina armstrongi of
late Kubergandian—Murgabian age (Thompson &
Verville 1950). The youngest fauna is widely dis-
tributed in western Canada and the NW USA
(Thompson & Wheeler 1942; Ross 1971; Rui &
Nassichuk 1996; Kobayashi ef al. 2007) or southern
margin of Alaska (Stevens et al. 1997). These fusu-
lines are named as the Yabeina columbiana Zone,
which comprises Yabeina, Lepidolina, Rauserella,
Reichelina, Codonofusiella and Schwagerina.

Torlesse and Waipara terranes in New Zealand. The
Torlesse and Waipara terranes on the eastern margin
of New Zealand are different from mainland New
Zealand in yielding diverse warm-water Tethyan
fusulines (Hornibrook 1951; Vachard & Ferriere
1991; Leven & Grant-Mackie 1997; Leven &
Campbell 1998). These fusulines can be grouped
into two assemblages. The older assemblage is char-
acterized by the Skinnerella japonica assemblage
of all Skinnerella species, with its age being late
Kubergandian—Murgabian (Leven & Campbell
1998). The younger assemblage, however, consists
of diverse fusulines such as Yabeina, Reichelina,
Kahlerina, Minojapanella, Sichotenella, Codo-
nofusiella, Rauserella, Dunbarula, Chusenella,
Neoschwagerina and Lepidolina (Vachard & Fer-
riecre 1991; Leven & Grant-Mackie 1997). This
Yabeina—Lepidolina assemblage is Midian in age.

North American Craton region

North America and South America were located
at the western margin of Pangaea during the Perm-
ian. As the Rheic Ocean closed during the Missi-
ssippian, there was little faunal communication
between the Palacotethys and North America
(Qiao & Shen 2014). This results in a distinctive
bioprovince in North America (Yancey 1975; Koba-
yashi 1997q).

The fusulines are widely distributed in both
North and South America. In addition to the USA,
some fusulines were also documented from Mexico
(e.g. Vachard et al. 2000), Guatemala (e.g. Ross
1962), Venezuela (Thompson & Miller 1949),
Peru (e.g. Wood et al. 2002) and Bolivia (e.g. Dun-
bar & Newell 1946). Overall, these faunas are
broadly correlatable with each other. Thus, the

biostratigraphy subdivision scheme of the USA
serves as a criterion.

The Lower Permian chronostratigraphy was
classified into the Wolfcampian Epoch and the
Leonardian Epoch (Ross 1963). The Wolfcampian
fusulines were grouped into three zones: the Triti-
cites—Thompsonites Zone in the lower part, the
Triticites— Pseudoschwagerina Zone in the middle
and the Pseudoschwagerina—FEoparafusulina Zone
in the upper part (Ross 1963). The lowest zone,
which corresponds to the fusulines in the Bursumian
Stage or the Newwellian Stage, contains Thompson-
ites, Pseudofusulina and Leptotriticites, and these
were considered to be the earliest Permian fusulines
(Wilde 1990, 2006; Lucas et al. 2015). However,
because Pseudoschwagerina and Sphaeroschwa-
gerina are widely considered to be indicators of
the Permian, then it is better to place the uppermost
part of the Newwellian Stage in the Permian because
of the presence of Pseudoschwagerina in that
interval (Wilde 2006). The succeeding zone is char-
acterized by abundant Pseudoschwagerina species
in the Middle Wolfcampanian (Nealian Stage)
(Ross & Ross 1994). In this regard, the Pseudosch-
wagerina uddeni—QOccidentoschwagerina Zone
of Wilde (1984) is equivalent to the Triticites—
Pseudoschwagerina Zone of Ross (1963). The over-
lying Pseudoschwagerina—Eoparafusulina Zone is
characterized by the dominance of species of Pseu-
doschwagerina, Paraschwagerina and Eopara-
Sfusulina (Ross 1963).This zone is equivalent to the
Pseudoschwagerina convexa— Eoparafusulina lin-
earis assemblage of Ross & Ross (2003).

The fusulines of the Leonardian differ greatly
from the underlying Wolfcampian fusulines in the
appearance of the genus Parafusulina (Ross 1963).
The lowermost part of the Leonardian faunas
was named as the Praeskinnerella crassitectoria—
Praeskinnerella guembeli Zone, whereas four
other zones were subdivided based on the evolution
of the Parafusulina species. They are the Parafu-
sulina allisonensis Zone, the P. deltoides Zone,
the P. spissisepta Zone and the P. brooksensis—
P. vidriensis Zone, in ascending order (Ross 1960).

The biostratigraphic subdivision of the Guadalu-
pian Series has been studied by many researchers
(e.g. Dunbar & Skinner 1937; Wilde & Rudine
2000; Yang & Yancey 2000). The biostratigraphic
subdivision scheme of Yang & Yancey (2000) is
followed here.

The Parafusulina bosei Zone in the lower part
of the Road Canyon Formation differs from the
underlying Leonardian fusuline fauna in the appear-
ance of genera such as Rauserella and Yangchienia.
From this zone onwards, the biostratigraphic subdi-
vision was based on the evolution of Parafusulina
from the middle part of the Road Canyon Formation
to the upper part of the Word Formation. It was
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classified into the Parafusulina rothi, P. trumpyi,
P. sellardsi and P. antimonioensis zones, in ascend-
ing order (Yang & Yancey 2000). The former two
zones belong to the Roadian and the latter two are
of Wordian age.

The Capitanian Stage is typified by an abun-
dance of the Polydiexodina species that was
assigned into Polydiexodina shumardi Zone in the
lower part of the Altuda Formation or Capitan lime-
stone. Some genera, such as Reichelina and Codo-
nofusiella, occurred from this zone (Yang &
Yancey 2000). A spectacular feature during the
Capitanian in Texas, USA was the occurrence of
Yabeina texana in the Guadalupe Mountains (Skin-
ner & Wilde 1955; Nestell & Nestell 2006). With
the extinction of large fusulines such as Yabeina
and Polydiexodina, the fusulines in the upper part
of the Altuda Formation are dominated by smaller
fusulines such as Reichelina, Codonofusiella, Para-
doxiella, Rauserella and Lantschichites (Yang &
Yancey 2000; Nestell & Nestell 2006). They were
grouped into two zones: the Reichelina lamarensis
Zone and the Paraboultonia splendens Zone, in
ascending order (Yang & Yancey 2000). The Reich-
elina lamarensis Zone is equivalent to the Paradox-
iella and Reichelina lamarensis zones of Wilde &
Rudine (2000). Accordingly, the Paraboultonia
splendens Zone of Yang & Yancey (2000) is equal
to the Paraboultonia—Lantschichites Zone of
Wilde & Rudine (2000).

Correlations of different Permian
chronostratigraphic scales

Asselian

The Asselian Stage is characterized by the
dominance of pseudoschwagerinids with loosely
coiled outer volutions, such as Pseudoschwagerina
and Sphaeroschwagerina. The transition of the
Triticites-dominated assemblage in the Gzhelian
of the Late Carboniferous to a Pseudoschwagerina-
or Sphaeroschwagerina-dominated assemblage can
be recognized in various regions, such as the South-
ern Urals (Rauzer-Chernousova 1965), Darvaz
(Leven & Scherbovich 1978; Leven et al. 1992),
South China (Xiao et al. 1986; Ding er al. 1989),
North China (Wang et al. 1992), Tarim (Zheng &
Lin 1991), Iran (Leven & Taheri 2003) and North
America (Ross 1963; Ross & Ross 1994). Conse-
quently, the base of the Asselian on the Tethyan
scale corresponds to the base of the Zisongian
Stage in South China and the base of the upper
part of the Newwellian Stage (lower Wolfcampian)
in North America (Fig. 8). In addition to Pseudosch-
wagerina and Sphaeroschwagerina, some Gzhelian
(latest Carboniferous) genera, such as Triticites,

Quasifusulina and Rauserites, can also range up
into the Asselian.

Sakmarian

Sakmarian fusuline faunas share a lot of common
genera with the underlying Asselian faunas, such
as Pseudoschwagerina, Rugosofusulina and Para-
schwagerina. That is possibly the reason why both
the Asselian and the Sakmarian were grouped into
the Zisongian Stage in South China (L.X. Zhang
et al. 1988; Z.H. Zhang et al. 1988; Sheng & lJin
1994). Nevertheless, Sakmarian fusulines are char-
acterized by the flourishing of species of Eoparafu-
sulina, Darvasites and Zellia in the Tethyan region,
such as the Carnic Alps (Forke 2002; Davydov et al.
2013), the Tarim Block (Zheng & Lin 1991), South
China (L.X. Zhang et al. 1988; Shi et al. 2009), Dar-
vaz (Leven et al. 1992) and north Afghanistan
(Leven 1997). In North America, diverse species
of FEoparafusulina and Paraschwagerina were
documented in the upper part of the Wolfcampian
strata such as the Leonox Hills Formation in Texas
(Ross 1963), as well as the middle part of the Bird
Spring Formation in southern California (Stevens
& Stone 2007). Taking into account these similari-
ties, the Sakmarian Stage in the Tethyan region
is roughly correlated with the Lenoxian Stage of
the upper Wolfcampian (Fig. 8). However, it should
be mentioned that the upper part of the Lenoxian
may fall within the Yakhtashian Stage of the
Tethyan regions because of the presence of the
genus Chalaroschwagerina (Wilde 1984). Addi-
tionally, it should be pointed out that the common
Sakmarian fusuline genera, such as Zellia and Dar-
vasites, in the Tethyan area were not reported in
North America.

With regard to the correlations of the Sakmarian
of the Tethyan scale with that of the international
scale, the sections from the Carnic Alps help to
resolve this correlation because of the presence of
both fusulines and conodonts (Forke 2002). In
those sections, the typical Artinskian conodont
Sweetognathus aff. whitei and Mesogondolella cf.
bisseli coexist with Zellia, Robustoschwagerina
and Pseudoschwagerina of the Tethyan Sakmarian
age (Forke 2002). Thus, the Tethyan Sakmarian
Stage corresponds to the Sakmarian and lowermost
Artinskian of the international scale (Fig. 8). The
Sakmarian Stage of the Tethyan scale was replaced
by the Hermagorian Stage, which is equal to the
Sakmarian and the lower part of the Artinskian
age of the international scale (Davydov et al. 2013)

Yakhtashian. The Yakhtashian fusulines can be dif-
ferentiated from the underlying Sakmarian fusu-
lines by the apperance of many characteristic
genera such as Chalaroschwagerina, Pamirina
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Fig. 8. Correlations of different Permian chronostratigraphic subdivisions between different regions/scales.

(Levenella), Pamirina (Pamirina), Praeskinnerella,
Mesoschubertella and Toriyamaia. The base of
the Yakhtashian was defined by the occurrence
of Pamirina (Levenella) or Chalaroschwagerina
(Leven 2004). The Chalaroschwagerina—Laxifusu-
lina fauna and the Pamirina fauna were considered
to be contemporaneous but under a different deposi-
tional environment (Xia et al. 1986; Xu et al. 1986),
although it is clear that the first occurrence of Cha-
laroschwagerina was earlier than that of Pamirina
(Levenella) or Pamirina (Xu et al. 1986; Leven
et al. 1992; Ueno 1996). The Longlinian Stage in
South China is characterized by the Pamirina—
Darvasites assemblage, which is contemporaneous

with the Yakhtashian Stage of the Tethyan scale
(Huang er al. 1982).

As mentioned earlier, the upper part of the Sak-
marian of the Tethyan scale corresponds to the low-
ermost part of the Artinskian of the international
scale. Consequently, the Yakhtashian Stage of the
Tethyan scale is Artinskian in age.

Pamirina (Levenella) and Pamirina (Pamirina)
have not been documented in America so far. This
has hampered a direct correlation of chronostratig-
raphy between Tethys and North America. How-
ever, abundant Chalaroschwagerina occurs in the
upper part of the Wolfcampian Series (Skinner &
Wilde 1965; Magginetti et al. 1988; Ross & Ross
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1994). In addition, the Praeskinnerella species,
common in the Yakhtashian in the Tethyan region,
are equal to the fusulines from the Hessian Stage
of the Leonardian Series in the fusuline evolutionary
stage (Ross & Ross 1997). Consequently, the
Yakhtashian Stage broadly corresponds to the
upper part of the Lenoxian Stage and the Hessian
Stage (Leven 2004).

Bolorian

The evolution of Pamirina gave rise to Misellina
(Brevaxina) and Misellina, which is the basis for
the recognition of the base of the Bolorian Stage
of the Tethyan scale (Leven 2004) or the Luodianian
Stage of the South China scale (Sheng & Jin 1994).
Common genera that prevailed in the Bolorian Stage
include Misellina (Brevaxina), primitive Misellina,
Chalaroschwagerina, Darvasites, Leeina and Prae-
skinnerella (Leven 2004). In correlation, the Luo-
dianian of South China contains the Misellina
(Brevaxina) dyhrenfurthi, Misellina termieri, M.
claudiae and Shengella simplex zones, in ascending
order (Xiao et al. 1986; Sheng & Jin 1994), which is
longer than the Bolorian Stage. Consequently, the
Bolorian Stage corresponds to the lower part of
the Luodianian Stage in South China (Fig. 8).

The Bolorian of the Tethyan scale is hardly cor-
relatable with the American scale owing to the lack
of Misellina (Brevaxina) and Misellina in North
America. In terms of the conodonts and ammonoids,
the Bolorian Stage corresponds to part of the Cathe-
dralian Stage of the American scale (Jin er al. 1997;
Leven 2004).

Kubergandian

The Kubergandian Stage is typified by advanced
forms of Misellina, such as Misellina ovalis and
M. claudiae, and primitive neoschwagerinids, such
as Cancellina successively (Leven 2004). Common
genera found in the Kubergandian Stage include
Misellina, Armenina, Pseudodoliolina, Yangchie-
nia, Maklaya, Cancellina, Nankinella, Neofusuli-
nella, Pisolina, Sphaerulina and Parafusulina. The
Xiangboan Stage in South China contains two
zones, the Cancellina liuzhiensis and the Neoschwa-
gerina simplex zones, based on the sections from the
Houchang area (Xiao et al. 1986). Consequently,
the Kubergandian corresponds to the upper part of
the Luodianian Stage and the lower part of the
Xiangboan Stage.

The correlation of the Kubergandian Stage with
the international scale has been a contentious issue
(Leven 2004; Leven & Gorgij 2011a; Wang et al.
201 1a; Angiolini et al. 2015). This stage was origi-
nally correlated with the Roadian Stage (Jin et al.
1997); however, the latest study of the strata in

both South China and Japan confirmed that the
conodont Mesogondolella siciliensis—Sweetogna-
thus guizhouensis coexists with Neoschwagerina
simplex of typical Murgabian species (Henderson
& Mei 2003; Shen ef al. 2013). These facts indicate
that the Kubergandian Stage falls within the Kun-
gurian Stage of the international scale. However,
the Kubergandian Stage was correlated to the
lower Roadian by Davydov et al. (2013) and to
the upper Kungurian—early Roadian by Angiolini
et al. (2015). More work is required in the future
to verify their precise correlations.

The correlation of the Kubergandian Stage with
the American scale is still not easily determined
because the fusulines from North America are dom-
inated by Parafusulina from the Cathedralian Stage
to the Wordian Stage (Wilde 1990; Yang & Yancey
2000; Ross & June 2003). However, some common
species such as Parafusulina bakeri documented
from both South China and North America may
indicate that the Kubergandian Stage can be corre-
lated broadly with the upper part of the Cathedralian
Stage (Z.H. Zhang er al. 1988; Ross & June 2003).

Murgabian. The Murgabian is characterized by
the appearance of Neoschwagerina, which might
be evolved from the Maklaya of the underlying
Kubergandian Stage (Yang 1985; Leven 2004). In
addition, the genus Cancellina evolved to Presuma-
trina, Afghanella and Sumatrina succeedingly dur-
ing the early Murgabian (Yang 1985). Other
genera include Verbeekina, Armenina, Cancellina,
Yangchienia, Chusenella and Parafusulina, which
are similar to the underlying Kubergandian Stage.
However, the schwagerinid genus Eopolydiexodina
developed well in bi-temperate regions in the
Tethyan region during the Murgabian (Ueno 2003).

The Guadalupian Series of North America was
adopted as the candidate Middle Permian chrono-
stratigraphy in the international scale. However, a
direct correlation between the Middle Permian
Tethyan scale and the North American (interna-
tional) scale is difficult because the Guadalupian
Series in North America is dominated by abundant
schwagerinids, such as Parafusulina and Polydiexo-
dina, whereas in the Tethys it is dominated by
abundant neoschwagerinids. However, conodonts
and ammonites play important roles in this correla-
tion. As mentioned previously, Neoschwagerina
simplex, an index species of the base Murgabian,
was found to coexist with Kungurian conodonts
(Henderson & Mei 2003; Shen et al. 2013). Conse-
quently, the lowermost Murgabian may be corre-
lated with the upper part of the Kungurian of the
international scale. With regard to the upper boun-
dary of the Murgabian, both conodonts and ammon-
ites proved that it falls within the Wordian Stage
(e.g. Rui & Nassichuk 1996; Henderson & Mei
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2003). However, this assignment was challenged by
Angiolini et al. (2015), who claimed that the upper-
most Murgabian fusulines coexist with Capitanian
conodonts. Such a discrepancy requires more work
in the future.

As previously stated, Neoschwagerina simplex
occurred in the upper part of the Xiangboan Stage
(Xiao er al. 1986). Thus, the lower part of the Mur-
gabian is correlatable with the upper part of the
Xiangboan Stage. Upwards, the Xiangboan Stage
in China was succeeded by the Khufengian Stage
(Sheng & Jin 1994). The Kuhfengian Stage was
originated from the Kuhfeng Formation, which is
characterized by ammonoids, conodonts, brachio-
pods and radiolarians (Sheng & Jin 1994). The
equivalent strata in the Houchang section in the Gui-
zhou Province bear two zones: the Neoschwagerina
craticulifera Zone and the N. margaritae Zone
(Xiao et al. 1986; L.X. Zhang et al. 1988). Because
the Neoschwagerina margaritae Zone was regarded
as the base Midian Stage (Leven 1996; Ueno et al.
2003), the upper boundary of the Murgabian Stage
thus falls within the upper part of the Kuhfengian
Stage. In conclusion, the Murgabian of the Tethyan
scale corresponds to the upper Xiangboan Stage and
the lower Kuhfeng Stage of South China (Fig. 8).

Midian. The base of the Midian Stage is character-
ized by the occurrence of the genus Yabeina
(Leven 2004). This genus represents the most
advanced forms of neoschwagerinids. In the Aka-
saka limestone of Japan, Yabeina occurs in the Neo-
schwagerina margaritae Zone (Zaw 1999). In South
China, Yabeina first occurs in the upper part of the
Houziguan limestone (Xiao et al. 1986). In addition,
Yabeina or Lepidolina occur widely in Western
Tethyan regions (e.g. Skinner & Wilde 1967), the
Gondwanan Tethyan area (Zhu 1982b) and Pantha-
lassan regions (e.g. Zaw 1999; Kobayashi et al.
2007; Kobayashi 2011). Common genera of the
Midian Stage include Yabeina, Lepidolina, Metado-
liolina, Dunbarula, Kahlerina, Lantschichites,
Reichelina, Codonofusiella and Paradoxiella.

As mentioned above, the lower boundary of the
Midian Stage corresponds to the upper Wordian of
the international scale or the upper Kuhfeng Stage
of the South China scale based on the evidence of
coexisting conodonts and ammonoids (e.g. Rui &
Nassichuk 1996; Henderson & Mei 2003). Thus,
the middle and upper part of the Midian Stage is
equal to the Lengwuan Stage of South China and
the Capitanian Stage of the North American (inter-
national) scale because both the Lengwuan Stage
and the Capitanian Stage possess Yabeina, Reiche-
lina, Kahlerina and Codonofusiella typical of the
Tethyan Midian Stage.

The upper boundary of the Midian Stage corre-
lates well with the upper boundary of the Capitanian

Stage or the Lengwuan Stage because this boundary
marks the greatest mass extinction event for fusu-
lines, especially for those schwagerinids and neo-
schwagerinids (Jin ef al. 1994; Yang et al. 2004).
A more detailed study has proved that the loss of
schwagerinids and neoschwagerinds takes place
prior to the Guadalupian—Lopingian boundary
(Ota & Isozaki 2006; Groves & Wang 2013). This
biostratigraphic information was well documented
from both the Panthalassan region and the North
American region, where many smaller fusulines,
such as Reichelina, Codonofusiella, Paradoxiella,
occurred in the latest Midian and latest Capitanian
stages (Wilde & Rudine 2000; Yang & Yancey
2000; Nestell & Nestell 2006; Ota & Isozaki 2006).

Dzhulfian

Because of the extinction of the neoschwagerinids
and schwagerinids during the latest Midian, the
remaining fusulines in the Dzhulfian of the late
Permian have reduced greatly in diversity. The
most dominant genera during the Dzhulfian Stage
are Codonofusiella, Nankinella and Reichelina
(Sheng 1963; Rui 1979). In the meantime, the gen-
era, such as Gallowayinella, Tewoella, Paradunbar-
ula and Palaeofusulina, started to diversify (Leven
2004).

The stratotypes for the Wuchiapingian and
Changhsingian stages are from South China (Jin
et al. 2006a, b). The base of the Changhsingian
Stage was defined by the first occurrence of Clarkina
wangi (Jin et al. 2003). This conodont corresponds
to the first occurrence of the fusuline Palaeofusulina
minima (Jin et al. 2003). In addition, Gallowayinella
meitianensis, underlying the Palaeofusulina minima
Zone, coexists with Clarkina orientalis and C.
liangshanensis of the upper Wuchiapingian (Wang
et al. 1997). Consequently, the Dzhulfian Stage of
the Tethyan scale is equal to the Wuchiapingian
Stage of the South China scale (international scale).

Dorashamian

The Dorashamian Stage is the uppermost stage of
the Permian. During this time, the genus Palaeofusu-
lina has evolved to the advanced Palaeofusulina
sinensis assemblage (Sheng & Rui 1984; Sheng &
Jin 1994). The associated genera include Nanlin-
gella, Parananlingella, Nankinella, Sphaerulina,
Reichelina, Staffella and Parareichelina (Leven
2004). As addressed above, the Dorashamian Stage
may correspond to the Changhsingian Stage of the
South China scale (international scale) (Leven &
Gorgij 2011a). All these fusulines became extinct
by the end of the Dorashamian/Changhsingian
because of the onset of the Permian/Triassic mass
extinction event (Jin et al. 2000; Shen et al. 2011).
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Summary

Fusulines are a kind of larger benthic foraminifer
living in tropical and subtropical environments
during the Permian. The rapid evolutionary rate
and distinct biostratigraphic subdivision play an
important role in global stratigraphic correlation.

Overall, there are several important evolutionary
key points that permit the biostratigraphic boundar-
ies to be defined. The advent of Pseudoschwagerina
or Sphaeroschwagerina marks the base of the
Asselian Stage. These pseudoschwagerinids gave
rise to Zellia and Robustoschwagerina during the
Sakmarian. During the Yakhtashian, Levenella and
Pamirina originated from the Tethyan region and
formed the basis of the neoschwagerinids. The fol-
lowing first occurrences of Misellina (Brevaxina),
advanced Misellina, Neoschwagerina and Yabeina
define the base of the Bolorian, Kubergandian, Mur-
gabian and Midian stages, respectively. Both neo-
schwagerinids and schwagerinids became extinct
by the end of the Midian. The remaining fusulines
during the Dzhulfian were small-sized Codonofu-
siella and Reichelina, and a few newly formed
genera such as Palaeofusulina and Gallowayinella.
Palaeofusulina, in particular, has evolved to
Palaeofusulina sinensis, the index fossil for the
Dorashamian/Changhsingian Stage. In summary,
the evolutionary milestones of fusulines have
formed the basis of fusuline biostratigraphy across
the Tethyan region.

By contrast, the evolution of fusulines in the
North American Craton region has a different
story. The main difference between the Tethyan
region and the North American Craton region lies
in the faunal compositions from the Leonardian
Stage to the Capitanian Stage. The fusulines of
North America during this interval are characterized
by the dominance of schwagerinids such as Parafu-
sulina and Polydiexodina. However, Parafusulina
plays a subordinate role from the Kubergandian to
the Midian in the Tethyan region. Therefore, the
direct and precise correlation of middle Permian
fusuline biostratigraphy between the Tethyan region
and the North American Craton region requires fur-
ther detailed investigation.
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A systematic revision of the oryctocephalid trilobites provides additional data for the
definition of a revised zonation of the Cambrian Series 2-Series 3 boundary at Balang
in South China. The zonation offers a new understanding of the biostratigraphical cor-
relation of this debated limit. The biostratigraphical revision was carried out in the
Wauliu-Zengjiayan Section and provides the following trilobite zones: (1) Protorycto-
cephalus arcticus; (2) Bathynotus kueichouensis—Qvatoryctocara sinensis Zone (upper
part of Cambrian Series 2); and (3) Oryctocephalus indicus Zone (base of Cambrian
Series 3). This suggests that this section is a suitable candidate GSSP for the base of
Cambrian Series 3, Stage 5. The correlation in the Wuliu-Zengjiayan Section suggests
that the P. arcticus Zone and the B. kueichouensis—O. sinensis Zone can be correlated
with the Ovatoryctocara granulata Zone, while the O. indicus Zone is time-equivalent
to the Oryctocephalus reticulatus Zone in Siberia. The P. arcticus Zone and the B. kuei-
chouensis—Q. sinensis Zone can be correlated with the Eoagnostus roddyi—Arthrico-
cephalus chauveaui Zone and the Bonnia—Pagetides elegans Zone in North Greenland,
as well as with the upper part of the Olenellus Zone, Nephrolenellus multinodus Zone
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In recent years, the International Subcommission
on Cambrian Stratigraphy (ISCS) has made signifi-
cant progress towards a decision concerning the
base of the provisional Cambrian Stage 5 (Peng
et al. 2006; Babcock & Peng 2007; Peng & Babcock
2008, 2011; Peng 2009). In 2015, the working
group concerned with the Cambrian Stage 5 pro-
vided its recommendation on which stratigraphical
horizon (of five options) would be used to mark
the base of the stage. The base of provisional Stage
5 is likely to be selected at the first appearance
datum (FAD) of the oryctocephalid trilobite Oryc-
tocephalus indicus (Reed 1910). Oryctocephalids are
geographically widely distributed and will have an
important role in correlating successions around
the base of the Stage 5. The regional lower-middle
Cambrian boundary interval and the base of Stage
5 are well exposed in the classic Wuliu-Zengjiayan
Section (Peng & Babcock 2001; Sundberg et al.
2011; Yuan et al. 2011; Zhao et al. 2012, 2014,
2015a,b; Wang et al. 2014). This has been pro-
posed as a potential GSSP for the base of Stage 5

by Zhao et al. (2012; see for further references).
The aim of this work was to revise the orycto-
cephalid trilobite zonation in the Wuliu-Zengjia-
yan Section and correlate the biozones with
sections in other parts of the world.

Revision of the oryctocephalid
trilobite zonation in South China

Oryctocephalid trilobites evolved relatively rapidly
and are geographically widespread. Hence, they are
suitable for biostratigraphy and correlation of Cam-
brian stages 4 and 5 strata in many parts of the
world. The Wuliu-Zengjiayan Section presents good
outcrops through the ‘“Tsinghsutung’ Formation
(Stage 4) and the Kaili Formation (stages 4 and 5).
The trilobite biozonation of this interval is revised
and discussed below. The new proposed orycto-
cephalid trilobite zonation is shown in Figure 1.
Selected, biostratigraphically important trilobite spe-
cies are illustrated in Figure 2.
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Fig. 1. The new oryctocephalid trilobite zonation in South China for the Cambrian Series 2-3 boundary and its international correlation

(see text for explanation).

The middle-upper part of the ‘“Tsinghsutung’ For-
mation has been assigned to the Protoryctocephalus
wuxunensis Zone (Yuan et al. 2002; Yuan & Esteve
2015), while the lowermost part of the Kaili Forma-
tion belongs to the Ovatoryctocara granulata—
Bathynotus kueichouensis Assemblage Zone (Yuan
et al. 2002; Zhao et al. 2007, 2008). These two zones
contain trilobites that are crucial for our understand-
ing of the evolution of this trilobite group, and for
international correlation, but some problems have
been detected. In the Balang area, P. wuxunensis has
not been recorded from the middle-upper part of
the ‘Tsinghsutung’ Formation, just below the limit
with the Kaili Formation. In other areas, however, its
FAD generally coincides with that of Arthrico-
cephalus intermedius. On the other hand, Protorycto-
cephalus arcticus (Geyer & Peel 2011) appears in
large numbers in the middle-upper part of the
“Tsinghsutung’ Formation, in the Balang area. Proto-
ryctocephalus arcticus was erected by Geyer & Peel
(2011), based on many disarticulated specimens
from the Henson Gletscher Formation in Peary
Land, North Greenland, and about 400 specimens
belonging to P. articus were collected in the middle-
upper part of the “Tsinghsutung’ Formation. The
stratigraphical range of the species is between ca. 110
and ca. 272 m from the base of ‘“Tsinghsutung’ For-
mation in the Songshan Section.

The identification of O. granulata has offered
many problems. Shanchi Peng (personal com. 2005)
was the first to question both the taxonomic basis of

this species and its occurrence in South China.
Sundberg et al. (2011) examined specimens from
the lower part of Kaili Formation that they referred
to Ovatoryctocara cf. granulata. One of us (ZYL) has
studied material of ‘O. granulata’ from the lower
part of Kaili Formation, including specimens col-
lected by Sundberg in 2009. Based on taxonomic dif-
ferences between the type material of O. granulata
from Siberia, and specimens previously identified as
O. granulata from the Kaili Formation, Zhao et al.
(2015a,b) erected the new species Ovatoryctocara
sinensis for the material from South China. The zone
was, accordingly, renamed as the O. sinensis—
B. kueichouensis Assemblage Zone.

On the basis of extensive material from South
China and Siberia, the intraspecific variability of
O. indicus from Wuliu-Zengjiayan Section and
three other sections (Esteve et al. 2015, 2017) were
examined. The results demonstrate that O. indicus
is a valid taxon with a very conservative shape
among the different populations. Esteve et al
(2017) also show that Oryctocephalus ‘reticulatus’
from the Molodo Section in Siberia is a junior
synonym of O. indicus, suggesting that the appear-
ance of O. indicus in Siberia can be correlated with
the O. indicus Zone of South China. This taxon
seems to demonstrate some geographical differ-
ences in sections from South China, but mainly
these differences are due to different degrees of
preservation (compaction and shearing), although
some small morphological differences have been
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detected (e.g. eye size). These can be explained by excellent guide fossil known from Siberia (Shabanov
the occurrence of the trilobites in different deposi- et al. 2008; Naimark et al. 2011) and North Green-
tional settings. Preliminary comparisons, using land (Geyer & Peel 2011). Therefore, we suggest that
morphometric techniques, between O. indicus from the zone containing this species in Siberia should be
Wuliu-Zengjiayan Section and O. reticulatus from renamed the O. granulata Zone. The presence of
Molodo River Section, showed minor differences B. kueichouensis in this zone allows us to correlate it
in the shape of the cranidia, though again, both with the B. kueichouensis—O. sinensis Assemblage
populations likely represent the same taxa (Esteve Zone from the lower part of the Kaili Formation and
et al. 2017). with the P. arcticus Zone from the middle-upper
In summary, the upper part of Cambrian Series 2 part of “Tsinghsutung’ Formation in South China.
and the lowermost part of Cambrian Series 3 in The Kounamkites Zone has yielded the following
Balang area can be subdivided into three zones, in trilobites, among others: O. ‘reticulatus’, Pagetia fer-
ascending order: 1, the P. arcticus Zone; 2, the ox, Peronopsis recta and Olenoides aptus. Several
B. kueichouensis—O. sinensis Zone (upper part of authors, such as Korovnikov (2001) and Zhao et al.
Cambrian Series 2); and 3, the O. indicus Zone (base (2006, 2008, 2012), have suggested that O. ‘reticula-
of Cambrian Series 3). tus’ cannot be differentiated from O. indicus. As

such, recently, Esteve et al. (2017) have considered
O. ‘reticulatus’ as a junior synonym of O. indicus.

Intercontinental correlation The Kounamkites Zone is therefore herein renamed
the O. indicus (=O. ‘reticulatus’) Zone, which can be
The correlation of five other areas on different conti- correlated with the O. indicus Zone at Balang, Guiz-
nents is briefly discussed below (Fig. 1). hou, South China.
Molodo River Section, Siberia Western North America
The middle part of Kuonamka Formation in the Oryctocephalus americanus Sundberg & McCollum
Molodo River Section embraces the Ovatoryctocara 2003 was erected on the basis of disarticulated scle-
and Kounamkites zones (Shabanov et al. 2008). The rites from the Amecephalus arrojosensis Zone of the
biostratigraphically most significant trilobites within Emigrant Formation at Split Mountain and Gold-
the Owvatoryctocara Zone are O. granulata and field Hills, western USA (Sundberg & McCollum
B. kueichouensis, occurring below the FAD of Kou- 2003). The A. arrojosensis Zone lies just below the

namkites (Shabanov et al. 2008; Goryaeva et al. O. indicus Zone (Sundberg & McCollum 2003).
2012; Peng et al. 2014). Other biostratigraphically Orytocephalus indicus differs from O. americanus in

important species from this zone are as follows: Ova- having only one transglabellar furrow (S1) and two
toryctocara ovata, Oryctocephalus frischenfeldi, Para- pairs of pygidial marginal spines. However, close
doxides eopinus among other trilobites (Shabanov examination of the cranidia of O. americanus from
et al. 2008). Species of Bathynotus are important for A. arrojosensis Zone (Sundberg & McCollum 2003;
correlation within the boundary interval (Zhao et al. pl. 4, figs 1-4) reveals two additional pairs of very

1990; Peng et al. 2009; Webster 2009; Goryaeva et al. shallow transglabellar furrows (52 and S3). An iden-
2012). Fletcher (2003) noted the importance of tical pattern of a shallow tranglabellar furrow is also

O. granulata for intercontinental correlation, while seen in O. indicus from China (see Yuan et al. 2002;
Zhao et al. (2015a,b), however, questioned the iden- pl. 18, fig. 4, pl. 20, figs 5, 6, pl. 22, fig. 5), including
tification of this species from Newfoundland. Never- specimens from the base of the O. indicus Zone at
theless, from our point of view, O. granulata is an the Pingzhai Section in Danzhai County, Guizhou

Fig. 2. A-G, Oryctocephalus indicus (Reed 1910) from South China, Siberia, Greenland, the Himalayan region of India and North America;
scale bar = 1 mm, except for 2, which is 2 mm. A, dorsal exoskeleton, GTB-26-1-211, Wuliu-Zengjiayan Section of the Kaili Formation,
Balang, Jianhe County, Guizhou, China. B, cranidium, HS-72-3, from base of the Tianpeng Formation of Mengzi County, Yunnan Pro-
vince, China (Luo et al. 2009). C, dorsal exoskeleton, with distinct transglabellar furrows in cranidium, from the Kounamkites Zone of the
Kuonamka Formation, Molodo River Section, Siberia, previously referred to Oryctocephalus reticulatus Lermontova, 1940 by Shabanov et al.
(2008, pl. 11, fig. 1). D, cranidium from N. Greenland previously referred to O. cf. indicus by Geyer & Peel (2011, fig. 19A, MGUH 29403
from GGU collection 482335). E, cranidium, from Himalaya of India (see Jell & Hughes 1997; Hughes 2016). F, cranidium, internal mould,
USNM 4108055, Plagiura Zone, California. G, internal mould of thorax with pygidium, USNM 488757, Plagiura Zone, California (see Sund-
berg & McCollum 1997, figs 96, 10). H, Bathynotus kueichouensis Lu in Wang 1964, dorsal exoskeleton, GTB-6-3-25, Wuliu-Zengjiayan Sec-
tion of Kaili Formation, Balang, Jianhe County, Guizhou, China; scale bar = 5 mm. I, Ovatorycara sinensis Zhao et al. 2015a,b, dorsal
exoskeleton GTBB1-12-258 Wuliu-Zengjiayan Section of Kaili Formation, Balang, Jianhe County, Guizhou, China; scale bar = 2 mm. J, Pro-
toryctocephalus arcticus (Geyer & Peel 2011), dorsal exoskeleton, Q51-2164, Songshan Section, Balang, Guizhou, China; scale bar = 5 mm.
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(Zhao et al. 2008). We have also observed such an of pygidial marginal spines of O. indicus of the Kaili

obliteration in 20% of the disarticulated cranidia Formation (Zhao et al. 2015a,b). These facts suggest
analysed (n = 135). The number of pygidial mar- that O. americanus can be a junior synonym of
ginal spines is highly variable with two and five pairs O. indicus. Oryctocephalus americanus (=O. indicus)
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occurs in the A. arrojosensis Zone and the FAD is 4
metres above the extinction datum of Olenellus. This
implies that the boundary between Cambrian Series
2 and Series 3 should be moved down to correlate
with the extinction level of Olenellus, the current
FAD of O. americanus (=O. indicus) in North
America.

North Greenland

Trilobites such as Pagetides elegans, O. granulata and
P. arcticus have been described from the upper-mid-
dle Henson Gletscher Formation of North Green-
land (Geyer & Peel 2011). The trilobite association
suggests a correlation with the Bathynotus
kuiechouensis—O. sinensis Assemblage Zone from
the lower part of Kaili Formation and with the Pro-
toryctocephalus articus Zone in the middle-upper
part of “Tsinghsutung’ Formation.

In Peary Land, North Greenland, Oryctocephalus
has been recorded from a limestone in the basal Syd-
passet Formation. The material has been described
as O. cf. indicus under open nomenclature by Geyer
& Peel (2011) due to the lack of pygidia. However,
given the variability in the number of segments seen
in the pygidia of O. indicus from the Kaili Forma-
tion, but the conservative cranidium shape from
China and Siberia (Esteve et al. 2017), the cranidium
found in North Greenland could belong to O. indi-
cus. If so, a straightforward correlation from
Greenland and South China is possible.

Australia

Bathynotus plays an important role in the correla-
tion strata immediately below the FAD of O. indi-
cus. The presence of Bathynotus in the lower part
of the Kaili Formation suggests a correlation with
the upper part of Ordain stage containing Bathyno-
tus (Kruse et al. 2009; Sundberg et al. 2016) of
Australia (Fig. 1).

Mediterranean area

The Mediterranean area lacks unfortunately cos-
mopolitan trilobites and correlation needs to be
based on other trilobites (see Gozalo et al. 2011,
2013). Very few oryctocephalids have been found.
Only two species belonging to the genus Shergoldiella
Geyer 2006 have been reported ?S. sequei from
Spain (Lindn & Gozalo 1999) and S. vincenti from
Morocco (Geyer 2006; Zamora et al. 2014). These
two species are very close related to O. ovata
(Chernysheva in Kryskov et al. 1960). According to
Naimark et al. (2011), the main difference between
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these two taxa is in the number of segments in the
trunk. It is noteworthy that the associated faunas
with O. granulata in Siberia share some genera or
even some species in Morocco, such as Morocconus
notabilis, Condylopyge eli, Hamatolenus spp. or Schis-
tocephalus (Fletcher 2003). Unfortunately, this does
not contribute to improve intercontinental correla-
tion, although it does at least suggest there was a
correlation from West Gondwana to other Cam-
brian continents.

On the other hand, in the Balang area, the combi-
nation of cosmopolitan trilobites such as Olenoides
and Burlingia in the O. indicus Zone, and Bathyno-
tus, Ovatoryctocara and Redlichia in the B. kuei-
chouensis—Q. sinensis Assemblage Zone, allows
stratigraphical correlation into the Mediterranean
area. The base of the Cambrian Stage 5 in the
Mediterranean area (e.g. Morocco, Turkey and Por-
tugal) is correlated based on some genus such as
Acadoparadoxides, Eccaparadoxides and Macannaia
with Siberia and Australia (Gozalo et al. 2007), and
these two areas can be correlated with that of South
China.
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The International Commission on Stratigraphy and the Laurentia, the Oryctocephalus indicus Zone in the Indian
TUGS Executive Committee have recently ratified a Global Himalaya and North Greenland, near the base of the
Standard Stratotype-section and Point (GSSP) defining the Delamaran Stage in Australia, and within the Eccapara-
conterminous base of the third series and the fifth stage of docides sdzuyi Zone in Iberia and the Ornamentaspis fre-
the Cambrian System. The series and the stage are respec- quens Zone in Morocco.
tively named the Miaolingian Series and Wuliuan Stage,
dffer the Maioling Mountains in southeastern Guizhou and

the Wuliu sidehill, Jianhe County, in eastern Guizhou Prov- Introduction

ince, South China, where the GSSP is located. The GSSP

is exposed in a natural outcrop near the Balang Village at The International Subcommission on Cambrian Stratigraphy (ISCS)
a position of 26°44.843'N latitude and 108°24.830'E lon- has recommended a subdivision of the Cambrian System into four
gitude. It is defined at the base of a silty mudstone layer series (Peng, 2004, 2006; Babcock et al., 2005; Peng et al., 2006;
52.8 m above the base of the Kaili Formation in the Wuliu- Babcock and Peng, 2007). Within each series it is expected that two or
Zengjiayan section, coinciding with the first appearance three stages will be recognized with their boundaries corresponding to

horizons that can be precisely correlated with confidence through almost
all palaeocontinents. Cambrian boundary positions ratified by the
International Union of Geological Sciences (IUGS) and International
Commission on Stratigraphy (ICS) (Figs. 1, 2) are: 1, the base of the
Terreneuvian Series and Fortunian Stage, which is also the base of

of the cosmopolitan oryctocephalid trilobite Oryctoceph-
alus indicus (base of the O. indicus Zone). Secondary global
markers at or near the base of the series and stage include
the peak of a rather large negative carbon isotopic excur-
sion (ROECE excursion), the simultaneous appearance

. N . . R Cambrian System, Paleozoic Erathem and Phanerozoic Eonothern,
of many acanthomorphic acritarch forms, a transgressive

corresponding to the base of Treptichnus pedum Zone in Newfound-

phase qfa' major eustatic event, and the last appearance land (Brasier et al., 1994; Landing, 1994; Gehling et al., 2001; Land-
of intercontinental polymerid trilobites, either Bathynotus or ing et al., 2007); 2, the base of Drumian Stage corresponding to the
Ovatoryctocara. Faunal turnovers close to the base of the base of the Prychagnostus atavus Zone in Utah, USA (Babcock et al.,
Miaolingian Series and Wuliuan Stage have been recog- 2007); 3, the base of the Guzhangian Stage corresponding to the base
nized as being at the base of the Oryctocephalus indicus of Lejopyge laevigata Zone in Hunan, South China (Peng et al.,
Zone of Amgan Stage in Siberia, the Delamaran Stage in 2009a); 4, the base of the Furongian Series and Paibian Stage corre-
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Ediacaran

Boundary horizons (GSSPs) or
SYSTEMS SERIES STAGES provisional stratigraphic tie points
Ordovician Lower Tremadocian )
Cambrian Stage 10 FAD of lapetognathus fluctivagus (GSSP)
(Undefined)
3 FAD of Lotag americanus
Furonglan Jiangshanian
FAD of Ag. orientalis (GSSP)
Paibian
FAD of Glyptag (GSSP)
Guzhangian
FAD of Lejopyge laevigata (GSSP)
Miaolingian Drumian
FAD of Ptychagnostus atavus (GSSP)
Wuliuan
FAD of Oryctocephalus indicus GSSP position
Cambrian Stage 4
(Undefined)
?FAD of Olenellus or Redlichi
Cambrian Stage 3
(Undefined)

?FAD of trilobites

~| FAD of Watsonella crosbyi/
| FAD of Aldanella attleborensis

4 FAD of Trichophycus pedum (GSSP)

Figure 1. Chart showing working model for global chronostratigraphic subdivision of the
Cambrian System, indicating the lower boundary of the newly ratified Miaolingian Series and

Wuliuan Stage (modified from Peng et al., 2009a, 2012b).

sponding to the base of Glyptagnostus reticulatus Zone in Hunan,
South China (Peng et al., 2004a); 5, the base of the Jiangshanian Stage

corresponding to the base of the Agnostotes orientalis Zone in Zheji-

ang, Southeast China (Peng et al., 2012a); and
6, the base of Miaolingian Series and Wuliuan
Stage, ratified recently, in Southwest China.
The purpose of this paper is to announce
ratification of the GSSP for the conterminous
base of the Miaolingian Series and the Wuli-
uan Stage, which coincides with the FAD of
the intercontinental oryctocephalid trilobite
Oryctocephalus indicus. The Miaolingian Series
and the Wuliuan Stage are newly named Cam-
brian chronostratigraphic units, replacing in
concept and content the provisional Series 3
and Stage 5 (Figs. 1, 2, 5, 7, 9). The GSSP for
the base of the new series and new stage lies
within Bed 9 at 52.8 m above the base of the
Kaili Formation in the Wuliu-Zengjiayan sec-
tion that is about 0.5 km North of Balang Vil-
lage, Jianhe County, eastern Guizhou Province,
South China (Figs. 3, 4). This point fulfills all
of the geological and biostratigraphic require-
ments for a GSSP (see Remane et al., 1996).
The section is easily accessible, and access for
research is unrestricted. It is located within the
Jianhe Natural Reserve of Paleontological Fos-
sils and the Miaoling National Geopark, both
have been under permanent protection by the
government of Guizhou Province since the
natural reserve was approved in 2002 and by

the Ministry of Land and Mineral Resources of China since the
geopark was approved in 2009.

—T
w
E g SOUTH CHINA N.INDIA SIBERIA LAURENTIA |N.GREENLAND| AUSTRALIA IBERIA MOROCCO
w | »n
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Figure 2. Correlation chart of the interval of Cambrian Stage 4 through Wuliuan Stage (Miaolingian Series). Chart compiled from numerous
sources, summarized principally in Yuan and Ng. (2014), Geyer (2015), Zhao et al. (2015, 2017), Hughes (2016), Sundberg et al. (2016), Peng

et al. (2017) and Esteve et al. (2017).
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Stratigraphic Rank of the Boundary

The Miaolingian Series is the third series of the Cambrian System,
and the Wuliuan Stage is the lowermost stage of the Miaolingian
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Series (Figs. 1, 2). The base of the series and stage defines automati-
cally the top of provisional Cambrian Series 2 and its uppermost stage,
the provisional Stage 4, both of which are unnamed yet. The boundary
will be a standard series/epoch and stage/age GSSP. The upper bound-
ary of the series is defined by the base of the Furongian Series, and the
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Figure 3. (a) Location of Guizhou in China (outlined blue area); (b) Cambrian palaeogeography of Guizhou with the Wuliu-Zengjiayan
GSSP section indicated by a red star; (c) Geological map of the part of eastern Guizhou province, showing the study area and the location of
the GSSP section for the Miaolingian Series and Wuliuan Stage (modified from Geological Survey of Guizhou Province, 1966); (d) Topo-
graphic map of the Balang and Tunzhou area, indicating location of the Wuliu-Zengjiayan GSSP section with the FAD of Oryctocephalus
indicus (red line; modified from topographic map G-49-37-55, Dagaowu Sheet, issued by Surveying and Mapping Bureaus of Guizhou and
Shaanxi, 1991; 1:10000 sale); the Wuliu-Zengjiayan section is named after the Wuliu sidehill and Zengjiayan hill (indicted by red stars).
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upper boundary of the stage is defined by the base of the Drumian
Stage of the Miaolingian Series (Fig. 1).

The names Wuliuan and Miaolingian are derived from geographic
localities in eastern, where the GSSP is located, and southeastern Guizhou.
The name of Wuliuan Stage (and Age) is derived from Wuliu, a side-
hill that the Wuliu-Zengjiayan section crosses, and the name Miaolin-
gian Series (and Epoch) is derived from the Miaoling Mountains,
which traverse the southeastern part of the Guizhou Province. These
mountains are inhabited primarily by the Miao ethnic minority.

Geography and Physical geology of the GSSP

Geographic Location

The Wuliu-Zengjiayan section (Yuan et al., 1997, 1999, 2002; Zhao
etal.,2001a, b, 2004, 2007; 20124, c) is exposed along a hill ridge, which
is about 0.5 km northeast of Balang Village, Jianhe County (formerly
the village was administered by Taijiang County), Guizhou Province,
China (Fig. 3). The studied area lies in the southwest of the Miaoling
National Geopark (Fig. 3(c)). The Balang Village is located 2.5 km
from the township of Jianhe County, which is easily accessible via the
Guiyang-Kaili-Yuping Express Highway. The position of the Wuliu-
Zengjiayan section is on topographic map G-49-37-55, Dagaowu
Sheet, 1:10000 sale (Fig. 3(d)). The GSSP is exposed near the ridge
crest at a position of 26°44.843'N latitude and 108°24.830'E longitude
at an elevation of approximately 795 m.

Geological Location

The Cambrian geology of eastern Guizhou, the site of the GSSP
section, has been summarized in a number of papers, among which
the most notable are the monographs on the Regional Geology of
Guizhou Province published by the Guizhou Bureau of Geology and
Mineral Resources (1987), and articles by Yin (1987), Yuan et al. (2002),
and Zhao et al. (2011).

The Miaoling Mountains in southeastern Guizhou consist of a
series of folds and thrust slices resulting from post-Devonian com-
pressional tectonics that affected the area between the Duliujiang and
Qingshuijiang river system of eastern Guizhou (Yin, 1987). The Bal-
ang area of Jianhe County, eastern Guizhou, is located on the north-
western limb of the Tunzhou Syncline (Fig. 3(c)), which belongs to
the Shansui Composite Syncline in the Nanhua fold belt. The lower
half of the Cambrian System in this area was deposited on the lower
part of the Jiangnan Slope (mostly shale facies), which was located
between the Yangtze carbonate platform to the northwest and deeper
water facies of the Jiangnan Basin to the southeast (e.g., Yin, 1987; Peng
and Babcock, 2001) (Fig. 3(b)). Exposure of Neoproterozoic and Cam-
brian strata in the Jianhe area is highly favorable. The Precambrian
succession there consists of several formations, which, in ascending order,
are the Liangjiehe, Tiesiao, Datangpo, Nantuo, Toushantuo (=Doushan-
tuo), and Téngying (=Dengying) formations (the former three units
are marked as Cyj..q on Fig. 3(c)). The Cambrian succession in this area
comprises seven units. In ascending order these are the Niutitang,
Bianmachong, Balang, Tsinghsutung, Kaili, Jialao and Loushankuan
(=Loushanguan) formations (Fig. 3(c)). Detailed descriptions of these

573

units have been presented in a number of papers (Zhou et al., 1980;
Yin, 1987; Pu and Ye, 1991; Zhao et al., 2001a, b). An overview of
Cambrian paleogeography, biotic provinces, and geologic history of
the region was provided by Peng and Babcock (2001).

The Kaili Formation is exposed widely in eastern and southeastern
Guizhou, showing a SW-NE trend across the Danzhai, Taijiang,
Jianhe, Zhenyuan and Yuping counties to the Tongren area. The Kaili
Formation was deposited in an open-shelf'to slope setting (Zhou et al.,
1980; Zhang et al., 1996; Zhao et al., 2001a, b; Yuan et al., 2002; Gaines
et al.,, 2011), where it overlies either the Wuxun Formation or the
Tsinghsutung Formation and is overlain by the Jialao Formation
(Figs. 4(a), 5). The formation is typically about 250 m thick, and strad-
dles the boundary of the provisional Cambrian Series 2 and the Miao-
lingian Series. The Kaili Formation crops out extensively in the Balang
and Chuandong areas (Fig. 3(c)), where it overlies the Tsinghsutung
Formation in conformity. The Wuliu-Zengjiayan section contains strata
extending from the top part of the Tsinghsutung Formation to the basal
part of the Jialao Formation with the GSSP occurring in the lower part
of the Kaili Formation. The Kaili Formation contains a total of 47 tri-
lobite genera (subgenera) with 16 genera occurring below the GSSP
level, 20 genera above, and 11 genera ranging through the boundary
(Zhao et al., 20014, b; Yuan et al., 2002). Trilobites are commonly articu-
lated and thin shelled, indicating a relatively deep, quiet water sedi-
mentary environment (Zhang et al.,, 1996; Zhu et al., 1999; Yuan et
al., 2002; Gaines etal., 2011).

Location of Level and Specific Point

The boundary interval of the Wuliu-Zengjiayan section consists
primarily of silty and calcareous mudstones (Fig. 5) that are abun-
dantly fossiliferous and bear the first appearance datum (FAD) of
the widely distributed oryctocephalid trilobite Oryctocephalus indi-
cus (Fig. 6(a)—(d)), which is selected as primary marker to define the
provisional Stage 5 of Cambrian by the International Subcommis-
sion on Cambrian Stratigraphy, at 52.8 m above the base of the Kaili
Formation (Zhao et al., 2001a, b). The species O. indicus is associ-
ated with a large number of trilobites, such as Pagetia, Euarthrico-
cephalus, Burlingia and Olenoides. Below GSSP level, the Bathynotus
kueichouensis— Ovatoryctocara sinensis Assemblage-Zone is recog-
nized (Figs. 4(a), 5, 6), which is characterized by the presence of many
trilobites with broad geographic ranges, e.g. Bathynotus, Redlichia,
Oryctocephalops, Ovatoryctocara, and Oryvctocephalites (Yuan et al.,
1997, 2002; Zhao et al., 2001a, b, 2007, 2012a, c; Sundberg et al.,
2011; Fig. 6(e)—(h)).

Stratigraphic Completeness

Detailed bed-by-bed correlation of the Miaolingian strata through
eastern Guizhou, coupled with detailed biostratigraphy (Yuan et al.,
1997, 1999, 2002; Yin and Yang, 1999; Yang and Yin, 2001; Zhao et
al,, 2001a, b, 2004, 2005, 2007, 2012a, b, ¢, 2014, 2015, 2017; Yin et
al., 2010; Sundberg et al., 2010, 2011), sedimentology (Zhang et al.,
1996; Gaines et al., 2011), carbon isotope chemostratigraphy ( Yang et
al,, 2003; Guo et al., 2005, 2010a, b), sulphur isotope chemostratigraphy
(Guo et al., 2014) and biomarkers (Wang et al., 2014) clearly demon-
strate the stratigraphic continuity of the basal interval of the Wulivan
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Figure 4. Exposure of the Wuliu-Zengjiayan GSSP for the base of the Wuliuan Stage (coinciding with the FAD of Oryctocephalus indicus in
the Kaili Formation?near Balang, Jianhe County, Guizhou Province, South China. Strata underlying the Wuliuan GSSP belong to the upper
part of undefined Cambrian Stage 4 of provisional Series 2. (a) View of the Wuliu-Zengjiayan section showing three trilobites zones of the
Kaili Formation; (b) The boundary interval of the GSSP in Wuli-Zengjiayan section, showing the FAD of O. indicus in the lower part of the
Kaili Formation; (c) and (d) close-up views of the rectangle areas in (b). (c) Showing the bed numbers in yellow (Bed 9 and 10), the numbers
of collecting interval in red on the white marble, and the FAD of O. indicus, which lies at 52.8 m above the Kaili Formation and defines the
base of Wuliuan Stage; (d) The “Wuliu Quarry”, studied by Sundberg et al. (2011), with identical succession and fossil ranges as the Wuliu-
Zengjiayan GSSP section; (e) Partial outcrop of the O. indicus Zone, where the rocks yield the Kaili Biota, along with a walk terrace leading
to the GSSP site.
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Sundberg et al., 1999, 2011; Shergold and Whittington, 2000; Yang
and Yin, 2001; Korovnikov, 2001, 2006; Zhao et al., 2001a, b, 2004, 2007,
2012a, b, 2014, 2015; Geyer, 2005; Fletcher, 2007; McCollum and

Stage (Miaolingian Series) in the Wuliu-Zengjiayan section. Biostra-
tigraphic studies of eastern Guizhou and other countries have revealed

a consistent succession of trilobite species and acritarch taxa (e.g.,
Tchernysheva, 1962; Zhang et al., 1980; Whittington, 1988, 1995; Astash-

Sundberg, 2007; Shabanov et al., 2008; Kruse et al., 2009; Peng et al.,

2009b; Yin et al., 2009, 2010; Moczydtowska and Yin, 2012; Hughes,
2016; Singh et al., 2016; Sundberg et al., 2016) as observed in the Wuliu-

kin et al., 1991; Moczydtowska, 1991; Palmer and Repina, 1993; Jell
and Hughes, 1997; Yuan et al., 1997, 2002; Sundberg and McCollum,

Zengjiayan section. This section is interpreted to represent continu-

1997, 2003; Palmer, 1998; Hughes and Jell, 1999; Yin and Yang, 1999;
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Figure 5. Observed stratigraphic distribution of trilobites in the Wuliu-Zengjiayan section near Balang, Jianhe, Guizhou, South China. The
GSSP coincides with the base of the Oryctocephalus indicus Zone in this section, lying 52.8 m above the base of the Kaili Formation.

June 2019

575



ous deposition of a succession of shales and subordinate lime mud-
stones across the GSSP boundary interval (Zhang et al., 1996; Yuan
etal., 2002; Zhao et al., 2005, 2007, 2012a, ¢; Sundberg et al., 2010,
2011; Gaines et al., 2011). The section lacks generally syndeposi-
tional and tectonic disturbance at the GSSP boundary interval,
although small scale folding or minor bedding-plane slippage
occurs along some beds and more or less tectonic shearing hap-
pened to fossil specimens, which are expected in an inclined succes-
sion of fine-clastic strata. Bedding-plane slip surfaces do not appear
to have resulted in any loss or repetition of stratigraphic thickness,
and event-driven deposition was maintained across the Kaili Forma-
tion with no evidence for condensation (Gaines et al., 2011). In
addition, the biostratigraphic succession in the section is consistent
with numerous reference sections in the region (Zhao et al., 2001a,
b, 2007; Fig. 5). Although the section has been affected by mild oxi-
dative weathering, no evidence of significant diagenetic alteration
or metamorphism is present.

Thickness and Stratigraphic Extent

The Kaili Formation is 214.2 m thick at the Wuliu-Zengjiayan sec-
tion (Zhao et al., 2001a, b, 2007, 2012a, ¢; Yuan et al., 2002). Litho-
logically, the formation is subdivided into three units: the lower part is
composed of thin-bedded limestones with silty mudstone interbeds,
with a thickness of 23.7 m (Bed 1-5); the middle part, including the
Oryctocephalus indicus Zone and the well-known Kaili Biota-bear-
ing interval (Zhao et al., 2005, 2011), is 150.43 m thick (Bed 6-27)
and is dominated by silty mudstones, mudstone, calcareous mudstone,
and shale layers, containing carbonate lenticles in the lower portion;
the upper part, including most of the Peronopsis taijiangensis Zone,
consists of thin-bedded limestone layers and intercalated shale, grad-
ing into grainy limestone and bioclastic limestone with a thickness of
40.07 m (Bed 28-30; Fig. 5).

The GSSP for the base of the Miaolingian Series and the Wuliuan
Stage occurs in a succession composed of greenish-grey, internally lami-
nated silty mudstone in the mid-lower part of the Kaili Formation
(Figs. 4(b)«d), 5). The strata below the GSSP belong to the upper part of
undefined Cambrian Stage 4 or to the Duyunian Stage in the terminol-
ogy used for South China.

Provisions for Conservation, Protection, and Accessibility

The exposure containing the GSSP in the Balang area has received
permanent protection, due to the geological significance, from the
government of Guizhou since 2002, when the Balang area was approved
as Jianhe Natural Reserve of Paleontological Fossils. In 2009, this
area was included as a part of the Miaoling National Geopark and
since then has been managed and protected by both governments of
Guizhou Province and Jianhe County.

Access to the outcrop is essentially unrestricted in all seasons.
Travel to Guizhou is open to persons of all nationalities, and travel
for scientific purposes is always welcomed. Ordinary vehicles can
be driven from the Jianhe Township directly to Balang or Tunzhou
village in no more than 20 minutes. From either village, the GSSP is
easily reached by 20-30 minute walking via paved paths.
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Motivation for Selection of the Boundary Level
and of the Potential Stratotype Section

Principal Correlation Event (marker) at GSSP Level

The oryctocephalid trilobite Oryvctocephalus indicus (Reed, 1910)
(Fig. 6(a)—(d)) has an intercontinental distribution and its first appear-
ance has been acknowledged as one of the most favorable level for the
GSSP defining the base of a global stage (e.g. Jell and Hughes, 1997;
Yuan et al., 1997; Hughes and Jell, 1999; Sundberg et al., 1999, 2010,
2011, 2016; Geyer and Shergold, 2000; Korovnikov, 2001, 2006; Peng
and Babcock, 2001; Shergold and Geyer, 2001, 2003; Zhao et al., 2001a,
b, 2004, 2006, 2007, 2012a, b, ¢, 2014, 2017; Yuan et al., 2002; Peng,
2003; Sundberg and McCollum, 2003; Babcock et al., 2005, 2014;
McCollum and Sundberg, 2005, 2007; Peng et al., 2006, 2012b; Geyer
and Peel, 2011; Hughes, 2016; Singh et al., 2016; Esteve et al., 2017;
Zhao et al., 2017). Besides South China, the species has been identi-
fied from northern India (Indian Himalaya) (Reed, 1910; Jell and
Hughes, 1997; Peng et al., 2009b; Hughes, 2016; Singh et al., 2016), west-
ern USA (Sundberg and McCollum, 1997, 2003), North Greenland (Geyer
and Peel, 2011), North Korea (Saito, 1934), and more possibly from
Siberia (Korovnikov, 2001, 2006; Zhao et al., 2006; Fletcher, 2007;
Shabanov et al., 2008; Hughes, 2016; Esteve etal., 2017).

Orvyetocephalus indicus provides the best and most precise tool for
intercontinental correlation in the lower part of Cambrian Series 3
(Zhao et al., 2001a, b, 2012a, b, ¢, 2014; Yuan et al., 2002; Sundberg
et al., 2010, 2011, 2016; Geyer and Peel, 2011; Yuan and Ng, 2014;
Hughes, 2016). Some widely distributed trilobites in the O. indicus
Zone also provide fine tools for intercontinental correlation.

The primitive form of Oryctocephalus indicus makes its first
appearance in the lower-middle part of the Kaili Formation in the
Balang-Chuandong area, Jianhe County, Guizhou Province. Speci-
mens of O. indicus with the primitive morphology possess only two
pairs of marginal spines on the pygidium. These forms are succeeded
and replaced by the advanced morphotype, characterized by three
pairs of pygidial marginal spines (Yuan et al., 2002). The advanced
form of O. indicus occurs in the O. indicus Zone of Nevada and Cali-
fornia, USA (Sundberg and McCollum, 1997, p. 1075), and the inter-
val of its occurrence can be correlated with the middle—upper part of
the O. indicus Zone of South China. Oryictocephalus americanus
from the Amecephalus arrojosensis Zone in Nevada, USA (Sundberg
and McCollum, 2003), also shows the primitive feature of O. indicus.
Specimens assigned to O. americanus lack connected transglabellar
furrows (82, S3), apparently as a result of taphonomic bias. Sundberg
(personal communication, 2008) suggested that it gave rise to the
advanced form of O. indicus but Zhao et al. (2006, 2007) and Esteve
et al. (2017) preferred to regard it as a junior synonym of O. indicus.
The FAD of O. indicus always succeeds the disappearance of Olenellus
in Laurentia and Redlichia in the Indo-Pacific faunal province, allow-
ing precise correlation among these levels in different faunal realms.

Stratigraphically, the first appearance of the primitive form of
Oryctocephalus indicus at the Wuliu-Zengjiayan section lies 1.2 m
above the LAD of the redlichiid trilobite Bathyrotus and 0.2 m above
the LAD of Redlichia (Sundberg et al., 2011). In the western United
States, the first appearance of O. indicus (=O. americanus) succeeds
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Figure 6. Key trilobite species used for recognition of the base of the Miaolingian Series and
Wuliuan Stage. All specimens were collected from the Kaili Formation of the Wuliu-Zengji-
ayan section; all are dorsal views, collecting horizons are in meters above the base of the forma-
tion, (a)—(d) Oryctocephalus indicus (Reed, 1910). (a) cranidium, GTBBI-15-19a, 52.8 m (first
appearance datum); (b) Cranidium, GTB17-5-119, 120.80 m; (c) Exoskeleton, GTB 20-5-1554,
135.70 m; (d) Exoskeleton, GTB 11-111, 56.70 m; (e) Redlichia (R.) takooensis longispina Guo
and Zhao, 1998, exoskeleton, GTBBI-3-3, 49.4 m; (f) Ovatoryctocara sinensis Zhao, Yuan,
Peng, Yang et Esteve, 2015, exoskeleton, GTBFZK-42, 51.8 m; (g)—(I), Bathynotus kuichouensis
Lu in Wang et al., 1964. (g) Exoskeleton, GTBG6-3-25, 25.9 m; (h) Exoskeleton, GTBBI1-47-1,
40.6 m. Scale bars = 1 mm for figs. (a)—b), 2 mm for figs. (c)—(f), 5 mm for figs. (g)—(h).
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the disappearance of Olenellus. The combina-
tion of the FAD of O. indicus, the narrow
stratigraphic range of O. indicus, the strati-
graphically abrupt disappearance of redlichi-
ids and olenellid trilobites, and evolutionary
advances in oryctocephalids and ptychopari-
ids allows the base of the Wuliuan Stage to be
tightly constrained. Bathynotus, which occurs
at the top of Cambrian Stage 4, is a guide fos-
sil found in the western United States, Siberia,
Australia and South China (Webster, 2009;
Peng et al., 2014). Its distribution overlaps that

- of Olenellus and Redlichia, and this taxon has

been treated as the most effective secondary
tool for intercontinental correlation.

As discussed previously (Babcock et al.,
2004, 2007; Peng et al., 2004b, 2006), the
selection of a GSSP in open-shelf to slope
deposits, and particularly in one from a low-
latitude region such as the South China Plat-
form, is desirable. Slope settings of the Cam-
brian favored a combination of cosmopolitan
trilobites including agnostoids, oryctocepha-
lids and polymerids, such as Pagetia significans,
Euarthricocephalus and Curvoryctocephalus
in the Oryctocephalus indicus Zone, Bathynotus,
Ovatoryctocara and Redlichia in the Bathynotus
kueichouensis—Ovatoryctocara sinensis Assem-
blage-Zone, and Olenoides and Burlingia in that
zone and the Oryctocephalus indicus Zone as
well. This combination of taxa enables a pre-
cise stratigraphic correlation into the Siberia,
Greenland, and Laurentia (Geyer and Peel, 2011;
Sundberg et al., 2016). In addition, based on
the important trilobite taxa Acadoparadoxides,
Eccaparadoxides and Micmacca, the base of
the Wuliuan Stage can be correlated across the
Mediterranean region (e.g., Morocco, Turkey
and Spain) and also to Siberia and Australia
(Lifan et al., 2004, 2008; Gozalo et al., 2007,
2011a, b; Geyer, 2016) although direct cor-
relation of Mediterranean successions to other
continents is difficult (Alvaro etal., 2003, 2013;
Gozolo et al., 2007; Sundberg et al., 2010,
2016; Geyer and Peel, 2011; Zhao et al., 2012a).
However, with the aid of Siberian taxa, the
base of the Wuliuan Stage can be correlated,
more or less confidently, with that of the Med-
iterranean region.

Stratotype Section and Point

The stratotype Wuliu-Zengjiayan section
consists mainly of the Kaili Formation that
rests conformably on the Tsinghsutung For-
mation and is overlain conformably by the Jia-
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lao Formation (Figs. 4(a), 5, 7, 9). Both the Tsinghsutung and Jialao
formations are of dolomite facies.

The Kaili Formation in the Wuliu-Zengjiayan section is a mostly
monofacial succession of silty mudstone, mudstone, calcareous mudstone
and shale with subordinate gray limestone-marlstone in the basal part
and limestone in the uppermost parts of the formation (Zhao et al.,
2001a, b; Gaines et al., 2011). Soft-sediment deformation, truncation
surfaces, and slide surfaces are rare in the section and absent near the
GSSP, suggesting deposition on a gentle slope. The interval of the FAD
of O. indicus is inferred to be a maximum flooding stage of the major
eustatic transgression (Zhu et al., 1999; Gaines et al., 2011; Fig. 7).

The Kaili Formation embraces three trilobite zones, including two
polymerid zones and one agnostoid zone (Zhao et al., 2012a, c, 2015,
2017; Fig. 5), in ascending order: the Bathynotus kueichouensis-Ova-
toryctocra sinensis Assemblage-Zone (4.0-52.8 m above the base of
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the Kaili Formation), the Oryctcocephalus indicus Zone (52.8-143.78
m above the base of the Kaili Formation), and the Peronopsis taijian-
gensis Zone (143.78-214.2 m above the base of the Kaili Formation).
As mentioned above, the trilobite zonal succession of the Kaili For-
mation in the Wuliu-Zengjiayan section reveals a complete, tectoni-
cally undisturbed, marine succession.

Oryctocephalus indicus makes its first appearance at 52.8 m above
the base of the Kaili Formation (Fig. 6(a)), a level defining the base of
the Miaolingian Series and Wuliuan Stage (Zhao et al., 2001a, b,
2006, 2007, 2008, 2012a, 2014; Sundberg et al., 2010, 2011). This
point in the Wuliu-Zengjiayan section demonstrates a major change in
faunal assemblages with the extinction of redlichiids and Bathynotus
and the appearance of several new ptychoparid taxa, although some
oryctocephalid taxa exhibit ranges that cross this horizon (Fig. 5).
Current stratigraphic resolution suggests that the FAD of O. indicus in
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Figure 7. Summary of primary and secondary stratigraphic indicators for the base of the Miaolingian Series and Wuliuan Stage of the Cam-
brian System. Major stratigraphic tools used to constrain the GSSP of the series and stage are trilobite biostratigraphy (Zhao et al., 2007,
2012, 2015), acritarch biostratigraphy (Yin et al., 2010), carbon and sulfur isotope chemostratigraphy (Guo et al., 2010a, b, 2014), organic
chemostratigraphy (Wang et al., 2014) and sequence stratigraphy (Gains et al., 2011). Abbreviations: TOC = total organic carbon content in
rocks; atomic H/C = atomic hydrogen/carbon ratio; d" "C,,,,( data were measured on kerogen samples; Pr = pristane; Ph = phytane; nC,;, = normal
C,5 nCiy=normal C5; bCigand bC,y = C,3 and Cy midchain monomethyl branched alkanes, respectively, based on m/z 126+140+154+168+
196+210+224 mass chromatograms; mfs = maximum flooding surface; SB = sequence boundary; HST = Highstand Systems Tract; TST =

Transgressive Systems Tract.
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the major Cambrian realms is equivalent in age. In the Wuliu-Zengji-
ayan section, O. indicus ranges across a 90.98 m interval, which is well
fossiliferous, especially in its lower portion. The high-resolution data
on distributions of trilobite taxa through the stratigraphic interval con-
taining the GSSP in the Wuliu-Zengjiayan section are summarized in
Fig. 5. In addition to O. indicus, a number of other guide fossils, which
have utility for correlation on either an intercontinental or an interre-
gional scale, help to constrain the position of the boundary. The major
faunal changes below and above the FAD of O. indicus provide excel-
lent data for global correlation of the boundary interval of the Wuli-
uan Stage. Among the key trilobite levels in the boundary interval, the
LADs of Ovatoryctocara sinensis (48.8 m above the base of the Kaili
Formation, Figs. 5, 6(f)) and Bathynotus kueichouensis (48.8 m above
the base of the Kaili Formation, Figs. 5, 6(g—h)) can serve as second-

ary biostratigraphic correlation tools for identifying, with more or less
precision, the base of the Miaolingian Series and the Wuliuan Stage
(Zhao et al., 2001a, b, 2007, 2012c¢, 2014; Geyer, 2005; Fletcher, 2007;
Peng et al., 2009; Sundberg et al., 2011).

The Wuliu-Zengjiayan section bears exceptionally preserved Bur-
gess-type biota, termed the Kaili Biota. The biota occurs slightly above
the FAD of Oryctocephalus indicus, containing representatives of at
least 11 phyla that include algae, sponges, chancelloriids, cnidarians,
“worms”, lobopodia, medusiform fossils, brachiopods, molluscs, arthro-
pods, echinoderms and various problematic fossils, of which some of
the taxa are non-biomineralizing (Zhao et al., 2005, 2011; Fig. 8).
This important biota can serve to constrain the position of the base of
the Miaolingian Series and Wuliuan Stage at least in South China.

Besides trilobites and the exceptionally preserved taxa of the Kaili

Figure 8. Some metazoan taxa from the exceptionally preserved Kaili Biota in Balang Area, Jianhe, Guizhou. (a) Angulosuspongia sinensis
Yang, Babcock et Peng, 2017 attached to Glyptacrothele bohemica, GTBM-9-2-1971; (b) Haplophrentis ¢f H. carinatus Matthew, 1899,
GTBM-9-3162; (c) Acrothele sp., GTBM-9-5365; (d) Palaeoscolecid, gen. et sp. indet., GTBM-9-1b; (e) Ottoia guizhouensis Yang, Zhao et
Zhang, 2016, GTBM-9-4166; (f) Marrella sp., ventral view, GTBM-9-5-1075; (g) Naraoia cf. N. compacta Walcott, 1912, showing thin ves-
sels in cephalic area, GTBM-9-3-5098; () Sinoeocrinus lui Zhao, Huang et Gong, 1994, GTB-9-5-3495; (i) Tuzoia bispinosa Yuan et Zhao,
1999, GM 9-5-1248; (j) Pararotadiscus guizhouensis Zhao and Zhu, 1994, GTBJ-13-3-220; (k) Wiwaxia taijiangensis Zhao, Qian et Li.,
1994, with articulated specimen, GTBM-9-5-8888a. Scale bars equal 5 mm for (a), (b), (e), (), (i); 10 mm for (h), (j) and 2 mm for others.
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Figure 9. Observed stratigraphic distribution of acritarchs in the Kaili Formation of the Wuliu-Zengjiayan GSSP section (modified from Yin

etal., 2010).

below the datum is clearly replaced by the Cristallinium cambriense-

Biota, the acritarch assemblage from the Wuliu-Zengjiayan section

Heliosphaeridium nodosum-Globosphaeridium cerinum assemblage

shows a prominent change close to the FAD of Oryctocephalus indi-

cus (Yin and Yang, 1999; Yang and Yin, 2001; Yin et al., 2009, 2010;

(52-140 m above the base of the Kaili Formation). This turnover in

microfossil assemblages closely corresponds with the major change
in trilobite assemblages (Yin and Yang, 1999; Yin et al., 2009). This

Figs. 9, 10). The Leiomarginata simplex-Fimbriaglomerella membra-
nacea assemblage (0-52 m above the base of the Kaili Formation)
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result has been confirmed by detailed, bed-by-bed sampling for paly-
nomorphs across a 4 m interval bearing the FAD of O. indicus (50.8—
54.8 m in Wuliu quarry, Fig. 4(b), (d)) (see Yin etal., 2010). Thus, the
acritarch assemblages also help to constrain the base of the Miaolin-
gian Series and Wuliuan Stage, and provide another fossil tool for cor-
relating the boundary interval of South China to those of Baltica and
Gondwana, in which the acritarch biostratigraphy has been reported in
details (Volkova, 1990; Moczyditowska, 1998, 1999; Palacios, 2015;
Moczydtowska and Yin, 2012).

Regional and Global Correlation

The FAD of Orvctocephalus indicus in the stratotype Wuliu-Zeng-
jiayan section is one of the most easily recognizable horizons in the
Cambrian (see Geyer and Shergold, 2000; Fig. 2). In South China, it
is used for defining the base of the regional Wulingian Series and Tai-
jiangian Stage (Peng et al., 2000; Peng and Babcock, 2001). Possible
suitability of the FAD of this species for marking a global stage and
series boundary has been summarized principally by Shergold and
Geyer (2003), and Peng et al. (2004a, b, 2006). Key correlation tools
are biostratigraphic ranges of polymerid trilobites, agnostoid trilobites,
acritarchs; carbon isotopic ratios; sulfur isotopic ratios; and organic
chemostratigraphy; and sequence stratigraphy.

Polymerid Trilobite Biostratigraphy

Two polymerid biozones are recognized in the lower-middle part of
the Wuliu-Zengjiayan section (Zhao et al., 2001a, b, 2012a, ¢, 2015,
2017; Yuan et al., 2002), the lower Bathynotus kueichouensis-Ovato-
ryetocara sinensis Assemblage-Zone and the overlying Oryctocepha-
lus indicus Zone (the lowermost zone of the Wuliuan Stage) with their
boundary defined by the FAD of O. indicus (Figs. 4(a), 5). These two
zones have been recognized in a number of sections of the Kaili For-
mation in eastern Guizhou, for example, the Miaobanpo (Zhao et al.,
2001a, b, 2005, 2011), the Jianshan (Zhao et al., 2008), the Fujiachong
(Zhao et al., 2012a), the Sanwan (Zhao et al., 2012b) and the Ping-
zhai (Yuan et al., 2002; Zhao et al., 2012a) sections. The level coincid-
ing with FAD of O. indicus may correlate to the base of the Tianpeng
Formation of platform facies in Mengzi County of Yunnan Province,
South China (Zhao et al., 2014), the base of Amecephalus arrojosen-
sis Zone of Emigrant Formation in Great Basin, USA, and occurs in
the Parahio Formation, Spiti area, Indian Himalaya (see Singh et al.,
2016; Hughes et al., 2018), and the corresponding level in northwest-
ern Korea (Saito, 1934).

Although most of the polymerid trilobites from the biozones are
endemic, a few of them provide, more or less, correlation tools of
regional or intercontinental scale and allow tielines to be established
into some other Cambrian faunal realms. Particularly useful guide fossils
are the pandemic forms such as Oryctocephalus indicus, Ovatorycto-
cara, Oryctocephalops, Oryctocephalites, and Burlingia (Reed, 1910;
Saito, 1934; Lermontova, 1940; Shergold, 1969; Lu et al., 1974; Zhang
et al., 1980; Whittington, 1994; Jell and Hughes, 1997; Sundberg and
McCollum, 1997, 2003; Yuan et al., 1997, 2002; Zhao et al., 2001a, b,
2006, 2012b, 2014; Sundberg et al., 2011, 2016; Geyer and Peel, 2011;
Yuan and Esteve, 2015; Hughes, 2016; Singh et al., 2016; Esteve et al.,
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2017), the nektobenthic forms such as Redlichia and Bathynotus
(Kobayashi, 1935; Lu, 1950; Luand Chien, 1964; Opik, 1970; Zhang et al.,
1980; Whittington, 1988; Guo et al., 1999; Shergold and Whittington,
2000; Yuan et al., 2002; Kruse et al., 2004; Peng et al., 2009, 2014; Web-
ster, 2009; Goryaeva et al., 2012; Hughes, 2016; Laurie, 2016), and the
benthic trilobite Olenoides that has an intercontinental distribution
(Yuan et al., 1997, 2002; Wang et al., 2016).

Agnostoid Trilobite Biostratigraphy

A single agnostoid biozone, the Peronopsis taijiangensis Zone, is
recognized in the upper part of the Wuliu-Zengjiayan section (Yao et
al., 2009), replacing the previous Oryctocephalus orientalis Zone of
Yuan et al. (2002). It lies immediately above the Orvctocephalus indi-
cus Zone (Fig. 5), and in eastern Guizhou and western Hunan it is
overlain by the agnostoid Ptychagnostus gibbus Zone of the Huagiao
Formation (Peng, 2009, 2018). The Peronopsis taijiangensis Zone is
correlatable with the Ptvchagnotus praecurrens Zone of Laurentia,
where the agnostoid Ptychagnotus praecurrens Zone, together with
the overlying Ptychagnotus gibbus Zone, correlates with the upper
half of the polymerid Oryctocephalus Zone (Robison and Babcock,
2011; Babcock et al., 2017). Ptychagnotus praecurrens is a wide-
spread agnostoid trilobite, known from Sweden (Westergard, 1946;
Weidner and Ebbestad, 2014; Ahlberg et al., 2019), England (Rushton,
1966), Russia (Siberia) (Egorova et al., 1976; Naimark, 2008; Shabanov
et al.,2008), Australia (Laurie, 2004; Kruse et al., 2009), the USA (Utah
and Nevada) (Robison, 1982; McCollum and Sundberg, 2007, Sundberg,
2011), and probably from Kazakhstan (Ergaliev and Ergaliev, 2008).

Although Ptychagnotus praecurrens has not been recorded in
South China (likely due to facies restriction), strata corresponding to
the P. praecurrens Zone are apparently present, i.e. the Aoxi Forma-
tion in northwestern Hunan, which is composed of grey to light grey,
thin- to thick-bedded dolomites but straigraphically is overlain by the
P gibbus-bearing Huagiao Formation (Peng and Robison, 2000). In
the Wuliu-Zengjiayan section, the eodiscid trilobite Pagetia significans
makes its first appearance slightly below the FAD of O. indicus (Sundberg
et al.,, 2016; Fig. 5). Pagetia significans has been recorded from the
Miaolingian strata of Australia (Jell, 1975), North Korea (Kobayashi,
1944), and Indian Himalaya (Jell and Hughes, 1997; Singh et al., 2016).

Acritarch Biostratigraphy

As phytoplanktic microfossils, Cambrian acritarchs are of signifi-
cance to assist in delineating faunal zones, for indicating changes in
the depositional environment, and even defining geological or biolog-
ical events,

The taxonomic change in organic-walled microfossils (acritarchs)
in the Wuliu-Zengjiayan section has been intensively studied (Yin et al.,
2010). As discussed above, two acritarch assemblages, the Leiomar-
ginata simplex-Fimbriaglomerella membranacea assemblage and the
Cristallinium cambriense-Heliosphaeridium nodosum-Globosphaerid-
ium cerinum assemblage are recognized below and above the GSSP
respectively (Fig. 9). These acritarch assemblage zones are based on
continuous sampling of the whole section, and more intensive sam-
pling across a 4 m interval (50.8-54.8 m above the base of the Kaili
Formation). Many acanthomorphic acritarch forms, such as Helios-
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(d)

(e) (f)

Figure 10. Acritarchs from the Kaili Formation of the Wuliu-Zengjiayan section. Sample numbers are prefixed with either FZX or K. (a)
Heliosphaeridium nodosum Moczydlowska, 1998, FZX25; (b), (c) Globosphaeridium cerinum (Volkova) comb. Moczydlowska, 1991, FZX-
25b, FZX24c; (d) Solisphaeridium flexipilosum (Slavicova) comb. Moczydtowska, 1998, FZX26; (e) Comasphaeridium molliculum Moczy-
dlowska and Vidal, 1988, K69; (f) Synsphaeridium sp., K51. All scale bars equal 10 um.

phaeridium dissimilare, H. nodosum, H. serridentatum, Globosphaerid-
ium cerinum, and Solisphaeridium flexipilosum (Fig. 10), exhibit a
first appearance at 52.3-52.7 m above the base of the Kaili Forma-
tion), which is slightly below the GSSP for the base of Miaolingian
Series and Wuliuan Stage.

Heliosphaeridium nodosum, H. dissimilare, H. serridentatum, Glo-
bosphaeridium cerinum, Solisphaeridium frixipilosum also mark the
base of the traditional middle Cambrian in Baltica, and Gondwana
(Volkova, 1990; Moczydtowska,1998, 1999; Moczydtowska and Yin,
2012; Palacios, 2015). On the basis of the present record and existing
data, it is noted that many species referred to Heliosphaeridium range
from the provisional Cambrian Series 2 through the Miaolingian Series
are even restricted to the Miaolingian Series. Therefore, certain species
of Heliosphaeeridium, such as H. dissimilare and H. serridentatum,
appear to characterize the Miaolingian Series.

More recently, acritarch assemblages and cryptospore-like micro-
fossils have been obtained from stratigraphic successions spanning
the Oryctocephalus indicus Zone in the Parahio Valley (Spiti), Indian
Himalaya, and the Log Cabin Mine section, eastern Nevada, USA
(Yin et al., 2013), showing the obvious change in acritarch taxonomy
near the FAD of Oryctocephalus indicus. Such a change is significant
and indicates an important geobiological event (Yin et al., 2016).

Carbon Isotope Chemostratigraphy

The carbon isotopic composition of carbonate rocks varies between
—2.7 and +3.1%o in the Wuliu-Zengjiayan section (Yang et al., 2003;
Guo et al., 2005, 2010a, b). There is a stepwise decline from the base
of the Kaili Formation towards the GSSP level, which is marked by
peak negative values. Subsequently, there is a long relative stable
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interval with average seawater values between 0 and 1, and then the
formation top (last sample) has a minor positive excursion. The base
of the Oryctocephalus indicus Zone is marked by a distinctive peak of
a rather long negative §"C,, excursion with minimum values of —2.7%o
(Fig. 7). Thus, a distinct negative excursion in the carbon isotopic
composition occurs from the Bathynotus kueichouensis—Ovatorycto-
cara sinensis Assemblage-Zone through the O. indicus Zone. This excur-
sion, near the conterminous base of the Miaolingian Series and Wuliuan
Stage, can also be recognized at the Jianshan section nearby (Guo et
al., 2010a, b), at other localities on the Yangtze Platform, South China
(Zhu et al., 2004), in Siberia (Shabanov et al., 2008), and North Amer-
ica (Montaiiez et al., 2000; Dilliard et al., 2007).

Sulfur Isotope Chemostratigraphy

The sulfur isotopic composition of sedimentary pyrite displays a
similar variation across the provisional Cambrian Series 2 through the
Miaolingian Series in the Wuliu-Zengjiayan section (Guo et al., 2014). A
shift from 8*'Scys values around 1.3%o to more positive values of 19.8%o
through the lower part of Kaili Formation. An excursion towards less
S enriched values is located slightly below the level of the Cambrian
Series 2 to Cambrian Series 3 transition. There are two separate posi-
tive excursions in the middle and upper Kaili Formation, and an addi-
tional third one occurs at the formation top. The evolution towards
more positive 5*S values could reflect the development of closed sys-
tem conditions in the early burial environment with respect to sulfate
availability in the pore water realm. Comparably **S enriched pyrite sul-
fur isotope values and a somewhat similar variation across this strati-
graphic transition have been observed in other sections of northwest
Spain (Wotte et al., 2012), southern France (Wotte et al., 2012), the
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Siberian Platform (Wotte et al., 2011), the USA (Wotte et al., 2011), and
Mexico (Loyd et al., 2012).

Organic Chemostratigraphy

Organic geochemical investigations for the boundary interval of the
Wuliu-Zengjiayan GSSP section (Bed 8-12) shows that all the geo-
chemical proxies, such as TOC content, S‘EC.,,E, atomic H/C value of
kerogen, as well as biomarker parameters, co-vary across the section
and change rather sharply across the boundary between the provi-
sional Cambrian Series 2 and the Miaolingian Series at the top of Bed
9 (Wang et al., 2014; Fig. 7). For example, the relative abundance of
isoprenoid hydrocarbons to n-alkanes (or the absolute concentration
to TOC) shows an upward increase across the boundary with the
(Pr+Ph)/(nC,7+nC ) values ranging in 0.31-0.56 in the provisional
Stage 4 sediments, as compared to 0.98-1.24 in the Wulivan Stage.
The 3"C,, trend is also in accord with the abrupt change in 8"C..p,
across the boundary (Guo et al., 2010a, b; Fig. 7).

In general, changes observed are interpreted to reflect primary dep-
ositional values, notably variations in the composition of primary pro-
ductivity and the marine redox condition (Wang et al., 2014). These,
in turn, are linked to biological changes (i.e. trilobites and acritarchs
respectively; Figs. 5, 6, 9, 10) and a possible regional and global anoxia—
extinction event across the transition from the Series 2 to the Miaolin-
gian Series. The extinction of multiple trilobite species at the end of
Series 2 is probably related to global anoxia as evidenced by carbon
and sulfur isotopes (Guo et al., 2010a, b, 2014; Fig. 7) and organic
geochemical result (Wang et al., 2014). Evidently, the organic chemo-
stratigraphic evidences also strongly support to place the base of the
Miaolingian Series and Wuliuan Stage at this level.

Sequence Stratigraphy

Sea level changes corresponding to 3rd and 4th order depositional
cycles (Fig. 7) caused migration of the adjacent Yangtze carbonate
platform, the proximity of which controlled the amount of carbonate
sediment delivered to the open-shelf to slope settings upon which the
Kaili Formation was deposited. Initial Kaili deposition represents the
onset of flooding on the slope. The lower portion of the Kaili Forma-
tion has been interpreted to represent a transgressive interval, with
maximum flooding in the interval surrounding the GSSP at 52.8 m
above the base of the formation (Gaines et al., 2011). The remaining
thickness of the middle and upper Kaili Formation is interpreted as a
highstand system tract with gradual shallowing and accompanying
seaward progradation of the Yangtze carbonate platform, manifested
an overall increase in the presence of thin, interbedded carbonates
upsection toward the contact with the overlying mixed-siliciclastic
carbonate Jialao Formation. The Kaili-Jialao succession has been
interpreted to be a complete 3rd order depositional cycle, representing
transgression, maximum flooding, and a protracted period of regres-
sion accompanied by basin filling (Wang et al., 2006).

Other Regional Reference Sections

For comparative purposes, the Jianshan and Sanwan sections in
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eastern Guizhou have been studied in detail (Zhao et al., 2008, 2012b).
Both sections bear the FAD of Orvctocephalus indicus and also ful-
fill, more or less, the biostratigraphic requirements for a GSSP. Both
sections are available with unrestricted access for research purposes.
The Sanwan section appears to be a good auxiliary to the Wuliu-Zengji-
ayan GSSP section if it could receive intensive study in future. The
Jianshan section is similar to the Wuliu-Zengjiayan section in litho-
and bio-stratigraphic features, but it bears a small tectonic fold within
the O. indicus Zone (at ca. 78.5 m above the base of the Kaili Forma-
tion) (Zhao et al., 2008).

Best Estimate of Age for the Base of the Proposed
Miaolingian Series and Wuliuan Stage

The age for the base of Miaolingian Series and Wuliuan Stage is
estimated at 509.1 + 0.22 Ma. This age is based on an ash bed in the
Upper Comley Sandstone of Shropshire, United Kingdom, which has
given a weighted mean Pb/**U age of 509.02 + 0.79 Ma on four (of
six) single grain fractions (Harvey et al., 2011). This age was newly
recalibrated to 509.1 £ 0.62 (with A errors) by the Isotope Geology
Laboratory of Boise State University, USA, as one of the high-resolu-
tion radiometric ages of zircon crystals determined by TIMS for the
International Commission on Stratigraphy (Peng et al., 2012b; Schmitz,
2012). From immediately overlying beds, trilobites including Para-
doxides harlani indicate the P. harlani Zone of Newfoundland, which
is correlatable with the Oryctocephalus indicus Zone of South China
and Laurentia (Geyer, 2005; Fletcher, 2007), and the base of the tradi-
tional ‘Middle Cambrian’ (St. David’s Series) in Shropshire. The base
of the traditional Middle Cambrian is estimated to be 510.0 £ 1.0 Ma,
an age that is constrained by U-Pb zircon ages from an ash bed in the
Hanford Brook Formation, southern New Brunswick (Bowring and
Erwin, 1998; Landing et al., 1998). This age was recalibrated as 508.05 =
2.5 Ma (Peng et al., 2012b; Schmitz, 2012). Although the age of the
stratigraphically older New Brunswick ash bed conflicts with the above
estimated age for the base of Wuliuan Stage (509.1 £0.62 Ma), the
conflict is easily accommodated within the error ranges for the two dates.
Taken together, the two dates give a well-corroborated age for the base of
the Miaolingian Series and Wuliuan Stage close to 509 Ma. Montafiez et
al. (2000) estimated an age of ~509 Ma for the base of the traditional
Middle Cambrian of Laurentia, and this estimate is close to the age
provided by ICS.
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Abstract.—The planktonic medusiform taxon Pararotadiscus guizhouensis (Zhao and Zhu, 1994) is one of the most
abundant components of the Kaili Biota. Many specimens are in direct association with other taxa, including trilo-
bites, brachiopods, hyolithids, echinoderms, and algae, as well as the trace fossil Gordia. Four types of interrelation-
ships between P. guizhouensis and associated fossils are recognized: symbiosis, co-burial, attachment of benthic taxa
on P. guizhouensis carcasses, and scavenging of P. guizhouensis carcasses. These associations of P. guizhouensis
within the Kaili Biota are unique among occurrences of medusiform fossils in Burgess Shale-type biotas worldwide
and provide important insights concerning ecological complexity in the Kaili Biota and in Cambrian marine commu-

nities in general.

Introduction

Many important Cambrian Burgess Shale-type biotas have yielded
the problematic medusiform fossils collectively referred to as
eldonioids. Described taxa include Eldonia ewmorpha Sun and
Hou, 1987 and Rotadiscus grandis Sun and Hou, 1987 from the
Chengjiang Biota of Yunnan Province, South China (Sun and
Hou, 1987; Chen et al., 1996; Chen and Zhou, 1997; Hou et al.,
1999, 2003; Zhu et al., 2002; Chen, 2004; Zhu, 2010); Eldonia
ludwigi Walcott, 1911 from the Burgess Shale, Spence Shale, and
Marjum biotas of western North America (Walcott, 1911; Conway
Morris and Robison, 1986, 1988; Briggs et al., 1994; Caron and
Jackson, 2008); Eldonia sp. from the Sinsk Biota of Siberia
(Ivantsov et al., 2005); and Pararotadiscus guizhouensis (Zhao
and Zhu, 1994) from the Kaili Biota of Guizhou Province, South
China (Zhao and Zhu, 1994; Dzik et al., 1997; Zhu et al., 1999,
Zhu et al., 2002; Cheng et al., 2009). All of the aforementioned
eldonioids are characterized by a disc-shaped body with radial
canals and concentric structures, a large alimentary canal, and
well-developed tentacles. Specimens are typically preserved as
carbonaceous compressions in mudstones, in some cases accom-
panied by molds of the disc (Gaines et al., 2008). Most researchers
have considered eldonioids to have had a planktonic mode of life
(Sun and Hou, 1987; Zhao and Zhu, 1994; Zhu et al., 2002; Yang
etal., 2007; Chen et al., 1995, 1996; Cheng et al., 2009), although
others have interpreted them as benthic (Dzik et al., 1997) or
nekto-benthic (Wang et al., 2004, 2009).

Some eldonioids from Burgess Shale-type biotas are pre-
served with other taxa. For example, the brachiopod Linguella
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chengjiangensis Jin, Hou, and Wang, 1993 and the lobopods
Microdictyon sinicum Chen, Hou, and Lu, 1989 and Paucipodia
inermis Chen, Zhou, and Ramskold, 1995 are found on the discs
of Eldonia eumorpha in the Chengjiang Biota (Chen and Zhou,
1997). In addition, the hyolithid Haplophrentis reesei Conway
Morris and Robison, 1988 and the echinoderm Crenocystis
utahensis Robison and Sprinkle, 1969 are found on the discs of
Eldonia ludwigi in the Spence Shale Biota (Conway Morris and
Robison, 1986, 1988), and trace fossils are associated with an
eldonioid in the Emu Bay Shale of South Australia (Schroeder
et al., 2018). Here, we examine the paleoecological significance
of taxa associated with specimens of Pararotadiscus guiz-
houensis from the Cambrian Kaili Biota in Guizhou, South
China (Zhao and Zhu, 1994; Dzik et al., 1997; Zhu et al., 2002;
Cheng et al., 2009).

Research material and preservation

Pararotadiscus guizhouensis is very abundant in the Kaili Biota
at the lowermost Cambrian Stage 5 (ca. 509 million year old)
and is the only species of medusiform fossil known from the
Kaili Formation (Zhao et al., 2011). This organism is found
throughout the stratigraphic interval that bears the Kaili Biota,
as well as in other horizons in the middle to upper part of the
Kaili Formation at the Miaobanpo and the adjacent Wuliu-
Zengjiayan (26°44.843" N, 108°24.830" E) sections at Balang
village, Jianhe County, Guizhou Province, South China (Figs. 1,
2) (Zhao and Zhu, 1994; Zhu et al., 2002; Cheng et al., 2009;
Zhao et al., 2011, 2012). The present study examined 628
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Figure 1.  Geological map showing the locations of the Mianbanpo and Wuliu-Zengjiayan sections at Balang, Guizhou Province, China.
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Figure 2. Stratigraphic columns of the Kaili Formation at the Miaobanpo and Zengjiayan sections at Balang, Guizhou Province, China, showing the

stratigraphic distribution of Pararotadiscus guizhouensis.

specimens (with associated taxa) from the Kaili Formation at the
Miaobanpo and Wuliu-Zengjiayan localities. The formation in the
study area shows conformable contacts with the overlying Jialao
Formation and the underlying Tsinghsutung Formation (Fig. 2).
Almost all specimens of P. guizhouensis in the Kaili Biota
are preserved as composite molds of the upper and lower portion
of the disc, with organic preservation of the alimentary canal

evident in many specimens (Zhu et al., 1999, 2002; Gaines et al.,
2008; Cheng et al., 2009) (Fig. 3). The disc is divided into four
zones from the center to the edge: a central ring, an
inner ring, a middle ring, and an outer ring (Zhao and Zhu,
1994) (Fig. 4). Ventral and dorsal portions of the disc are
difficult to distinguish from each other. Although numerous
specimens exhibit obvious plastic deformation resulting from
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Figure 3. Pararotadiscus guizhouensis with alimentary canal and tentacles
from the Kaili Biota at the Jinyinshan section, Guizhou Province, China
(GTBJ-12-3-22b). Scale bar = 10 mm.

Figure 4. Line drawing of a Pararotadiscus guizhouensis specimen showing
key features and associated brachiopods (GTB-23-3-103a). Abbreviations as
follows: (1) central ring; (2) inner ring; (3) middle ring; (4) outer ring; (5)
concentric ring and ridge; (6) radial canal; (7) associated brachiopods.

compaction, folding of discs is rare, indicating that the disc of P.
guizhouensis was probably softer than that of Rotadiscus
grandis (Zhu et al., 2002). Specimens of P. guizhouensis range
from 15-155 mm in diameter, with most having a diameter of
40-70 mm; the mean diameter is 55 mm (Zhu et al., 2002).
Repository and institutional abbreviation.—All study speci-
mens are deposited at Guizhou University. Specimen numbers
with the GTB prefix are from the Wuliu-Zengjiayan section, and
those with the GTBM prefix are from the Miaobanpo section.

Relationships between Pararotadiscus guizhouensis
and associated taxa

More than 2,500 specimens of P. guizhouensis have been
collected from the Kaili Biota, of which ~40% are closely

Table 1. Quantitative data for associations between Pararotadiscus guiz-
houensis and other taxa in the Kaili Biota at Balang village, Guizhou
Province, China.

Number of P. guizhouensis specimens that show

Associated taxa association

Complete brachiopods 128

Complete Pagetia 82
trilobites

Complete juvenile 5
eocrinoids

Complete adult 11
eocrinoids

Disarticulated trilobites 190

Other fragmentary 74
material

Gordia marina traces 138

Total 628

Table 2. Four types of relationships between Pararotadiscus guizhouensis and
associated organisms.

Symbiosis Benthic fixation Co-burial Scavenging

Other living animal  Other living benthic ~ Co-burial with P.  Marine trace Gordia

taxa with P. animal taxa on the guizhouensis and made by
guizhouensis carcass of P. other taxa scavenging
1) izh i the carcass of

P. guizhouensis,
with remains of
P. guizhouensis

associated with other fossils, including trilobites, brachiopods,
echinoderms, Wiwaxia, algae, and the trace fossil Gordia
marina (Emmons, 1844). Detailed quantitative data for the 628
specimens with associated taxa examined in the present
study are provided in Table 1. Four types of relationships
between P. guizhouensis and associated fossils are recognized
herein: symbiosis, co-burial, attachment of benthic taxa on P.
guizhouensis carcasses, and scavenging of P. guizhouensis
carcasses (Table 2). Each relationship is described in detail
below.

Symbiosis.—Animals including brachiopods, Pagetia (trilo-
bite), individual juvenile gogiids, and edrioasteroids (echino-
derms) engaged in commensalism and mutualism with
Pararotadiscus guizhouensis. As noted in a previous study
(Zhu et al., 1999), a brachiopod of uncertain affinity, initially
interpreted as the bradoriid ostracode Chuandianella? subovata
(Yuan and Huang, 1994), appears to have had a commensal
relationship with P. guizhouensis. The valves of this small
brachiopod are elongate and oval in shape; one end is rounded
and appears to be the anterior, the other end is subtriangular
(Zhu et al., 1999, pl. 3, fig. D). Commonly, large numbers of
these brachiopods are densely distributed on the outer ring of
P. guizhouensis, each with the long axis oriented perpendicular
to the adjacent portion of the rim and the apparent anterior end
placed closest to the perimeter (Figs. 4, 5.5, 5.6). This distinctive
arrangement suggests that the brachiopods were attached to
live specimens of P. guizhouensis and benefitted from this
relationship by gaining access to currents at a level well above
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Figure 5. Symbiotic relationships between Pararotadiscus guizhouensis and other taxa (indicated by arrows): (1) with juvenile Kailidiscus chinensis Zhao
et al., 2010 (GTBM-17-2908); (2) with Pagetia (GTBM-9-4-2172b); (3) with Pagetia (GTBM-8-5-1054);(4) with Pagetia and Kailidiscus chinensis (GTBM-21-
576); (5) with brachiopods (GTB-21-105); (6) with brachiopods (GTB-23-365). Scale bars = 10 mm.
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Figure 6. Examples of Pararotadiscus guizhouensis with associated taxa (indicated by arrows): (1) with dissociated brachiopod valves (GTB-9-3-4207); (2)
with complete Sinoeocrinus lui and Pagetia cranidia and pygidia (GTBM-9-3-5004b); (3) with dissociated brachiopod valves and cranidia and pygidia of Pagetia
(GTB-9-4-512); (4) with dissociated brachiopod valves and cranidia and pygidia of Pagetia (GTBM-9-5-3462); (5) with Haplophrentis cf. H. carinatus
(Matthew, 1899) (Mao et al., 1992) and pygidia of Pagetia (GTB-9-4-2256); (6) with trilobite cranidia (GTBM-17-433). Scale bars = 10 mm.
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Figure 7. Examples of Pararotadiscus guizhouensis with associated taxa (indicated by arrows): (1) with Sinoeocrinus lui with holdfast (GTBM-10-10122); (2)

with the monoplacophoran Oelandiella cf. O. accordi) R
32a); (4) with brachiopods (GTBM-9-3-2a). Scale bar = 10 mm.

the bottom. Complete specimens of the diminutive trilobite
Pagetia and juvenile individuals of the echinoderms Globoeo-
crinus globouensis Zhao et al., 2008 and Kailidiscus chinensis
Y.L. Zhao et al., 2010 are associated with P. guizhouensis. They
are mainly restricted to the edge and middle ring of the disc (Fig.
5.1-5.4). As with the aforementioned brachiopod specimens,
this distribution, together with the planktonic habit of Pagetia
(Luetal., 1963; Zhang et al., 1980), suggests that these species,
too, had a commensal relationship with P. guizhouensis. Nota-
bly, brachiopods and lobopods associated with eldonioids in the
Chengjiang Biota have also been interpreted to represent a
similar type of symbiosis (Chen and Zhou, 1997).

Co-Burial —On the discs of many specimens of P. guizhouen-
sis are found a variety of fragmentary and partial fossils.
Examples of this material include cranidia and pygidia of trilo-
bites, disarticulated brachiopod valves, Wiwaxia sclerites,

and Jell, 1976 (GTB-9-5-2884); (3) with Sinoeocrinus lui with holdfast (GTBM-20-1-

echinoderm plates, and algal fragments (Table 1: Fig. 6.1, 6.3—
6.6). Among this material, trilobite debris is the most common,
fossil brachiopods valves also are commonly preserved on P.
guizhouensis and account for 24% of the 628 specimens. The
fragments and individuals of these taxa settled on the carcasses
of P. guizhouensis that were lying on the seafloor. The tapho-
nomic characteristics of this material are such that they indicate
a post-mortem relationship (i.e., taphocoenoses), whereby
remains, including carcass of other organisms, became asso-
ciated shortly before or during final burial.

Benthic fixation on P. guizhouensis carcasses.—Following
death, carcasses of Pararotadiscus guizhouensis sank to the
seabed and lay at the sediment-water interface. Many benthic
taxa were attracted by of carcass of Pararotadiscus guizhouen-
sis. These included eocrinoids with holdfasts, brachiopods with
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Figure 8. Associations between Pararotadiscus guizhouensis and the trace fossil Helminthoidichnites sp. (1) GTBM-9-4-1934; (3) GTBM-9-5-1085; (4)
GTBM-10-1-7715. Association between Pararotadiscus guizhouensis and the trace fossil Gordia marina Emmons, 1844; (2) GTBM-10-1-9010. Scale

bar=10 mm.

pedicles, monoplacophora, and hyolithids, all of which took up
life habits on the disc of P. guizhouensis carcasses. After they
were buried by sediments, through compaction and lithification,
the shells of brachiopods occupied a portion of the disc of P.
guizhouensis (Figs. 7, 8.1) (Dzik et al., 1997). Some specimens
of P. guizhouensis show adult specimens of the gogiids Glo-
boecrinus globulus Zhao, Parsley, and Peng, 2008 and Sinoeo-
crinus lui Zhao, Huang, and Gong, 1994 attached with holdfasts
(Zhao et al., 2008; Yan et al., 2010; F.C. Zhao et al., 2010)
(Table 1; Figs. 6.2, 7.1, 7.3). Because these echinoderms are
quite large relative to the discs, the surfaces in such cases are
interpreted to have been colonized by the eocrinoids after the P.

guizhouensis specimens died, sank to the seabed, and lay
exposed for a time at the sediment-water interface. In this con-
text, carcasses of P. guizhouensis formed localized “oases” of
relatively hard substrate amid a backdrop of soft mud.

Scavenging of P. guizhouensis carcasses.— Some specimens of
P. guizhouensis show a distinct association with the meandering
horizontal ichnofossil Gordia marina (Fig. 8), the most com-
mon ichnotaxon in the Kaili Biota (Yang, 1993, 1994; Zhu et al.,
1999; Wang etal., 2004, 2009; X.G. Zhang et al., 2010). Among
the 628 study specimens, 138 (~25%) are preserved in asso-
ciation with G. marina (Cheng et al., 2009; Wang et al., 2009)
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(Table 1). In most of these cases, G. marina traces are largely or
entirely confined to the area of the disc, with the highest degree
of sinuosity and greatest number of self-crossings at the middle
and outer rings (Wang et al., 2004). This distinctive pattern
suggests a scavenging relationship between the G. marina tra-
cemaker, presumably a worm-like animal (Yang, 1994; Wang
etal., 2004), and carcasses of P. guizhouensis, thereby forming a
distinctive example of thanatocoenosis. No other evidence of
scavenging has been detected for specimens of P. guizhouensis.

Associations of uncertain paleoecological significance.—In
addition to the associations mentioned above, some specimens
of P. guizhouenesis are associated with individual complete
brachiopods with preserved pedicles, monoplacophorans, and
hyolithids (Table 1; Fig. 7.2, 7.4). Because the associated spe-
cimens are small relative to the discs and do not show a dis-
tinctive spatial pattern, it is uncertain whether the associations
represent additional examples of symbiosis as opposed to
attachment to discs of dead individuals of Eldonia on the
sea floor.

Discussion

Complex associations between the eldonioid Pararotadiscus
guizhouensis and other fossils in the Kaili Biota provide an
opportunity to gather important additional information about
organismal interactions during the Cambrian. Details of these
associations, as documented herein, reflect: (1) relationships
between living organisms, (2) relationships between living and
dead organisms, and (3) juxtaposition that arises purely from
mixing during burial. Thus, examples in our study would seem
to represent biocoenoses, thanatocoenoses, and taphocoenoses.
Notably, the particular examples of symbioses and scavenging
behavior documented herein are unique among Cambrian bio-
tas. As such, they contribute to a growing body of evidence that
points to a greater degree of ecological complexity among
Cambrian marine communities than previously suspected. This
view is supported by recent studies that document the attach-
ment of specimens of the linguloid brachiopod Diandongia to
other animals in the Chengjiang Biota (Z.F. Zhang et al., 2003,
2010) and an ecological association between the brachiopod
Nisusia and the annelid Wiwaxia in the Burgess Shale (Topper
et al., 2014, 2017). Further studies of the Kaili Biota hold the
promise of yielding additional insights concerning the ecology
of the Cambrian biosphere.
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Abstract

The First Appearance Datum (FAD) of the conodont Lochriea ziegleri in the lineage Lochriea nodosa—L. ziegleri has been considered the
most suitable definition and global correlation-level for a revised base of the Serpukhovian Stage. Abundant specimens of Lochriea are recorded
throughout the Late Visean—early Serpukhovian interval in the Naging section, South China. Among them, the P1 elements, with wide morphological
variability, enable confirmation and refinement of main lineages within the genus. Two lineages are proposed: 1) noded Lochriea species, such as
L. mononodosa—L. nodosa—L. ziegleri, L. senckenbergica and L. multinodosa, and 2) ridged Lochriea species such as L. monocostata—L. costata—L.
cruciformis. The possibility for their phylogenetic relationships is evaluated in this paper.
© 2018 Elsevier Ireland Ltd Elsevier B.V. and Nanjing Institute of Geology and Palacontology, CAS. Published by Elsevier B.V. All rights reserved.

Keywords: Lochriea; Lineage; Conodont; Biostratigraphy: Naging section; South China

1. Introduction

The current global scheme of chronostratigraphic subdi-
visions of the Carboniferous System was confirmed by the
Subcommission for Carboniferous Stratigraphy (SCCS) in late
2003 and ratified by the International Commission of Stratig-
raphy (ICS) and International Union of Geological Sciences
(IUGS) in early 2004 (Heckel, 2004). The Carboniferous now
comprises the Mississippian and Pennsylvanian subsystems; a
Global Boundary Stratotype Section and Point (GSSP) was
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selected and ratified for the base of the Pennsylvanian (Lane
et al., 1999). The Mississippian comprises the Tournaisian,
Visean and Serpukhovian stages. The GSSP for the base of
the Carboniferous and thus for the Mississippian and the Tour-
naisian Stage was ratified (Paproth et al., 1991); however, this
boundary is currently under review (Kaiser, 2009: Richards and
Task Group, 2009). The GSSP for the base of the Visean was
also ratified (Work, 2008). However, the Serpukhovian Stage
still doesn’t have a GSSP.

The succession constituting the type Visean is exposed in
the Namur-Dinant Basin of Belgium, northern France, and
southern England. There, the type Visean is represented in a
quarry section in Belgium and the contact with the overlying
Namurian succession (correlative with the Serpukhovian Stage)
is a regional unconformity (Paproth et al., 1983). The Serpukho-
vian Stage, proposed by Nikitin (1890), was re-introduced into
the Russian stratigraphic scheme in 1974 by the Interdepart-
mental Stratigraphic Committee of the USSR and has become

1871-174X/© 2018 Elsevier Ireland Ltd Elsevier B.V. and Nanjing Institute of Geology and Palacontology, CAS. Published by Elsevier B.V. All rights reserved.
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widely recognized (Skompski et al., 1995: Gibshman, 2001).
The type Serpukhovian was defined in the Moscow Basin and
is situated in the Zaborie quarry near the southern margin
of the town of Serpukhov. Unfortunately, the lower boundary
of the type Serpukhovian is a basin-wide unconformity that
resulted from a latest Visean regression and subaerial expo-
sure followed by a Serpukhovian transgression. Deposition of
the type Serpukhovian sediments was strongly influenced by
major glacial-eustatic sea level changes, which commenced
during the late Visean and continued through the Pennsylva-
nian (Richards and Task Group, 2003; Rygel et al., 2008).
Relatively deeper-water, carbonate-slope and basinal sections
that may serve as potential candidate sections for a GSSP
of the Visean—Serpukhovian (V-S) boundary are known from
the Cantabrian Mountains of Spain, the South Urals of Rus-
sia, and in southern Guizhou, South China (Richards and
Task Group, 2003; Wang and Qi, 2003; Nemyrovska and
Samankassou, 2005; Nikolaeva et al., 2005, 2009; Qi and Wang,
2005; Blanco-Ferrera et al., 2009; Qi et al., 2014; Chen et al.,
2016).

The Task Group to establish a GSSP close to the exist-
ing V-S boundary first assembled in 2002 (Heckel, 2002;
Richards and Task Group, 2003). Significant progress toward
selecting a basal Serpukhovian GSSP has been achieved since
then (Richards and Task Group, 2009, 2014), Before evalu-
ating potential GSSPs, the Task Group had to decide on the
biostratigraphical tool (or tools) to precisely identify the bound-
ary. Candidate fossil groups were ammonoids, conodonts, and
foraminifers. By 2005, the most-favoured group were the con-
odonts; in particular, an evolutionary lineage within the genus
Lochriea was considered to offer the best possibility of provid-
ing a tool to identify the boundary (Sevastopulo and Barham,
2014).

The genus Lochriea contains eleven species based on the
Pl elements including Lochriea commutata (Branson and
Mehl, 1941), Lochriea costata (Pazukhin and Nemirovskaya
in Kulagina et al., 1992), Lochriea cracoviensis (Belka,
1985), Lochriea cruciformis (Clarke, 1960), Lochriea mono-
costata (Pazukhin and Nemirovskaya in Kulagina et al.,
1992), Lochriea mononodosa (Rhodes et al., 1969), Lochriea
multinodosa (Wirth, 1967), Lochriea nodosa (Bischoff, 1957),
Lochriea saharae Nemyrovska et al., 2006, Lochriea senck-
enbergica (Nemirovskaya et al., 1994), and Lochriea ziegleri
(Nemirovskaya et al., 1994). Atakul-6zdemir et al. (2012) also
assigned Pseudognathodus homopunctatus to Lochriea on the
basis of a cladistic test by using multielement skeletal data of
P. homopunctatus and the genus Lochriea. As P. homopuncta-
tus is of less biostratigraphic importance in the V-S boundary
interval, its taxonomy will not be discussed in this paper. The
diagnoses of the species of Lochriea are based on the characters
of the Pl elements, and the other elements are shared vicar-
iously by different species (Sevastopulo and Barham, 2014).
The multielement composition of Lochriea commutata, the type
species of this genus, has been confirmed by natural assem-
blages (Norby, 1976; Varker, 1993; Purnell and Donoghue,
1998). The evolution of the Lochriea species has great poten-
tial for a stratigraphic application. Morphological trends within
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the genus Lochriea from simple unornamented to complex
sculptured forms have been recognized in many sections in
Europe and Asia (Nemirovskaya et al., 1994; Skompski et al..
1995; Nemyrovska and Samankassou, 2005; Pazukhin et al.,
2009: Qi et al., 2014; Barham et al., 2015). The evolution-
ary appearance of coarsely ornamented species of Lochriea
has been regarded to be of great importance for the defini-
tion and correlation of the base of the Serpukhovian. Most
of the Lochriea species are documented in South China sec-
tions and the evolutionary relationship among them has been
shown by abundant collections (Qi, 2008; Qi etal., 2010, 2014).
In addition to the abundant P1 elements of Lochriea species,
their ramiform elements are common in the South China sec-
tions.

The Task Group has concluded that the first evolutionary
appearance of the conodont Lochriea ziegleri in the lineage
Lochriea nodosa—Lochriea ziegleri currently presents the best
potential for the boundary definition (Richards and Task Group.
2005), although this marker still awaits formal ratification.
Lochriea ziegleri appeared near the middle of the Brigantian
substage in Western Europe, at a level that is correlated to
slightly below the base of the type Serpukhovian stage in the
Moscow Basin and at a substantially lower horizon than the
lower boundary of the Namurian Stage in Western Europe
(Sevastopulo and Barham, 2014), When formally adopted, the
new basis for defining the V-S boundary will mean that rocks
previously regarded as Late Visean in age will become early
Serpukhovian. The L. nodosa-L. ziegleri lineage is best doc-
umented from relatively deep-water sections and has been
identified at several sites in Western Europe, Russia, and China
(Nemirovskaya et al., 1994; Skompski et al., 1995; Wang and
Qi, 2003; Nemyrovska and Samankassou, 2005; Qi and Wang,
2005; Pazukhin et al., 2010; Qi et al., 2010, 2014; Barham
et al., 2015). The lineage has not been documented in North
America but several relatively long-ranging species including
L. nodosa (Bischoff, 1957) have been reported there under the
genus Paragnathodus, a junior synonym of Lochriea (Lane and
Brenckle, 2005; Groves et al., 2012). Since only one specimen
of L. ziegleri has been identified from the Barnett Formation
at the J. R. Walker Ranch, central Texas, North America (Qi
et al.,, 2010; Richards and Task Group, 2010), correlation of
the V-S boundary between Eurasia and North America is diffi-
cult.

Carboniferous marine sediments are widely distributed and
well-developed in South China, where they form continuous
successions of marine carbonates containing conodonts and
foraminifers. The Naging section is the most-studied section
across the V=S boundary in South China. Abundant conodonts
from the Late Visean to early Serpukhovian deposits of the
Naging section include a large number of elements related
to cosmopolitan species of the genera Gnathodus., Lochriea
and Pseudognathodus. Vogelgnathus and Mestognathus are also
common. In this section, numerous P1 elements of Lochriea
species have been found; their evolutionary lineages are quite
clear with many transitional forms within each lineage. The
First Occurrence Datum (FOD) of L. ziegleri, in the evolu-
tionary lineage L. nodosa—L. ziegleri, has been moved from
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60.60m (Qi, 2008; Qi et al., 2009), down to 60.38m (Qi
et al., 2010), and then down to 60.10m now (Qi et al., 2014)
above the base of the Naging section, based on repeated con-
tinuous centimeter-scale sampling from 2008 to 2011. There
are a number of transitional forms between L. nodosa and
L. costata and between L. nodosa, L. costata and L. zieg-
leri, as well as between L. ziegleri and L. cruciformis and
L. senckenbergica. The aim of this paper is to differenti-
ate and describe the Lochriea species and to discuss the
Lochriea lineages across the V-S boundary in the Naqing sec-
tion.

In addition, significant Serpukhovian foraminiferal species
including Janishewskina delicata and Bradyina ex gr. cribros-
tomata are found shortly above the V-S boundary as defined
by the first appearance of Lochriea ziegleri in the Naging
section (Sheng, 2016). Isotopic chemostratigraphy studies
show that multiple negative 3'3C excursion (>1%¢) can
be correlated across the V-S boundary interval in several
slope sections including the Naging, Luokun, and Narao
sections in South China (Chen et al.. 2016). Moreover,
the latest study results on conodonts and ammonoids from
the Wenne river bank section in the Rhenish Mountains,
Germany indicate that the debut of L. ziegleri in this sec-
tion is at a horizon just 0.5m below the “Actinopteria
Shale” and has a position in the ammonoid Neoglyphio-
ceras suerlandense Zone, which is contemporary to P2a
biozone (Lusitanoceras granosum) in British Isles (Wang et al.,
2018).

2. Geological setting

During the Mississippian, the southern part of Guizhou
belonged to the Dian-Qian-Gui Basin that developed on a
passive continental margin of the South China Craton. The
Dian-Qian-Gui Basin was bordered to the north and west
by the Yangtze oldland, and connected with the Paleotethys
Ocean to the south and east (Feng et al., 1999). The paleo-
geographical architecture in this region was influenced mainly
by rifting along NW- and NE-trending fault zones, which led
to a complex submarine landscape of small regional basins
surrounded by carbonate platforms. In the southern Guizhou
region, the Mississippian strata are well-exposed in a suite
of outcrops and highway road-cuts, bearing a complex vari-
ety of marine facies and fossil assemblages (Qi et al., 2014,
Chen et al., 2016). A number of studies on biota, sedimen-
tology, and geochemistry of these sections were carried out
in the context of selection of a GSSP for the V-S bound-
ary. The investigated region was generally represented by a
carbonate slope setting during this time interval (Chen et al.,

2016).

The Naqging section, one of the extraordinarily
exposed Carboniferous sections in China, is located
near Naging village (25°15'03.9”N, 106°29'06.9”"E) in

Luodian County, southern Guizhou Province (Fig. 1),
and has been considered an excellent GSSP candidate
for the base of several Carboniferous stages, including
the Serpukhovian, Moscovian, Kasimovian and Gzhelian
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(http://www.stratigraphy.org/GSSP/GSSPTable2015-01.pdf).
The Late Visean to early Serpukhovian succession in the Naging
section most probably preserves a complete phylogenic lineage
of Lochriea given the continuous deposition, occurrence of
abundant conodonts and relatively high sedimentation rate
(ca. 9m/m.y.) in contrast to condensed sections. The studied
interval consists mainly of thin- to medium-bedded, partially
siliceous lime mudstone, laminated wacke- to packstone and
normal-graded packstone (Chen et al., 2016). Although the
frequent occurrence of normal-graded bioclastic wacke- to
packstones most likely resulted from turbidity currents or debris
flows in a carbonate slope setting, the lack of obvious incision
or slump structures suggests no substantial submarine erosion.
In total, approximately 11000 well-preserved platform elements
of conodonts were extracted from the 32 m thick Late Visean to
early Serpukhovian interval, which warrants a high-resolution
conodont biostratigraphy and a precise correlation with the
global chronostratigraphic scale.

3. Evolutionary changes of Lochriea genus and the
definition of the V=S boundary

Conodonts of the important Mississippian genera Gnathodus,
Pseudognathodus, Lochriea, Vogelgnathus, and Mestognathus
are widely distributed in Visean and Serpukhovian deposits in
the Naging section (Fig. 2). The V—S boundary interval is char-
acterized by abundant specimens of the Gnathodus bilineatus
and G. girtyi, numerous and diverse species of Lochriea, abun-
dant Pseudognathodus homopunctatus, common Vogelgnathus
campbelli (Rexroad, 1957) and V. postcampbelli (Austin and
Husri, 1974), as well as less common Mestognathus beckmanni
Bischoft, 1957 and M. bipluti Higgins, 1961.

The Gnathodus bilineatus group dominates in the V-S
boundary interval. Numerous and diverse species of Lochriea
are the next most abundant group and they display the change
from simple unornamented platforms to coarsely decorated
forms with nodes or ridges. The distinction between species
is generally based upon the shape and ornament of the platform
(Nemirovskaya et al., 1994; Skompski et al., 1995; Nemyrovska
et al., 2006). Nodes or ridges, such as those in L. ziegleri, L.
senckenbergica, L. cruciformis, and L. multinodosa, distinguish
coarsely ornamented species. Species with “weak ornament”,
including noded and ridged morphotypes together, such as L.
mononodosa and L. nodosa are common, although Pazukhin
and Nemirovskaya (in Kulagina et al., 1992) distinguished the
ridged species as distinct. Following the method of speciation of
Lochriea as evaluated above, apart from stratigraphic occurrence
alone, the attributes that are important to the evolutionary signif-
icance for distinguishing ridged and noded species of Lochriea
with “weak ornament” are similar to what has been done to the
coarsely ornamented species of Lochriea (Nemirovskaya et al.,
1994). The noded species with weakly developed ornament are
considered to give rise to the noded species with a coarse orna-
ment. Thus, L. mononodosa could give rise to L. nodosa and the
latter could give rise to L. senckenbergica and L. multinodosa. In
the same way the ridged species, such as L. monocostata could
give rise to L. costata, which in turn could give rise to L. cruci-
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Fig. 1. Location map of the Naqing section (after Chen et al., 2016), NCB = North China Block, SCB = South China Block, TB = Tarim Block. The black square in
the map represents the investigated area. Sections: DZS = Dianzishang, LK = Luokun, NQ =Naqing, NR =Narao, YS = Yashui.

[This figure is available in colour online.]

Sformis. As to L. ziegleri, of which the platform is ornamented by
thick bars with large nodes on them, it could derive likely from
L. nodosa (Figs. 3, 4).

L. ziegleri differs from the more simply ornamented L. nodosa
and L. costata by a much coarser and prominent ornament of the
platform and the dorsal location of bars or ridges in comparison
to more central position of nodes or ridges in L. nodosa and
L. costata. The latter feature distinguishes L. ziegleri from the
other coarsely ornamented Lochriea such as L. cruciformis and
L. senckenbergica. In addition, L. ziegleri differs from L. cruci-
formis by having more complicated ridges or bars not connected
to the carina. L. ziegleri differs from L. senckenbergica by hav-
ing lower ridges or bars decorated by partly fused nodes that are
not as prominent and as high as more ventrally located bars in
L. senckenbergica.

In South China, there are a number of transitional forms
between L. nodosa and L. costata as well as between L. monono-
dosa and L. monocostata. This is fertile ground for probable new
species among the coarsely ornamented Lochriea species. The
similar features of Lochriea fauna have also been observed in
western Ireland (Barham et al., 2015) and in the Rhenish Moun-
tains, Germany (Wang et al., 2018). The evolutionary lineage of
L. nodosa—L. ziegleri with many transitions in the Naqing sec-
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tion and in many other sections in South China and elsewhere in
the world seems to be quite reliable; therefore, it has the great-
est potential to be used for the definition of the V-S boundary.
Coarsely ornamented L. ziegleri is widespread in Eurasia. A well
preserved specimen has been found in North America but is not
published (Qi et al., 2014). L. ziegleri is easily recognizable and
more numerous elsewhere than the other coarsely ornamented
Lochriea species. Its FAD can be well correlated with index
foraminifers and ammonoids (Sheng, 2016; Wang et al., 2018).
Thus, the FAD of L. ziegleri is the current best marker for the
base of the global Serpukhovian Stage. So properly it is time to
cast a vote for an official boundary marker for the base of the
global Serpukhovian Stage by using the FAD of the conodont L.
ziegleri in the lineage L. nodosa—L. ziegleri.

4. Systematic palaeontology

Lochriea Scott, 1942

Type species: Lochriea montanaensis Scott, 1942 (M ele-
ment) = Spathognathodus commutatus Branson and Mehl, 1941;
Mississippian of North America.

Content of the genus:
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Fig. 2. Range chart of conodonts across the Visean—Serpukhovian boundary at the Naqing section.

604

427



428 Y.P. Qi et al. / Palaeoworld 27 (2018) 423-437

Lithology Main evolutionary trends of Lochriea species

Zone

Stage

Naging (NQ)
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Fig. 3. Ranges of Lochriea species and their potential evolutionary relationships in the Visean—Serpukhovian boundary interval at the Naging section.
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Fig. 4. Main evolutionary trends of Lochriea species from the Visean—Serpukhovian boundary interval at the Naging section.

Lochriea commutata (Branson and Mehl, 1941)

Lochriea costata (Pazukhin and Nemirovskaya in Kulagina
et al., 1992)

Lochriea cracoviensis (Belka, 1985)
Lochriea cruciformis (Clarke, 1960)

Lochriea  monocostata  (Pazukhin  and Nemirovskaya in

Kulagina et al., 1992)

Lochriea mononodosa (Rhodes, Austin and Druce, 1969)
Lochriea multinodosa (Wirth, 1967)

Lochriea nodosa (Bischoff, 1957)

Lochriea saharae Nemyrovska, Perret and Weyant, 2006

Lochriea senckenbergica (Nemirovskaya, Perretand Meischner,
1994)

Lochriea ziegleri (Nemirovskaya, Perret and Meischner, 1994)

Diagnosis: Platform elements of Lochriea consist of a subrect-
angular blade and carina and a low subcircular to subquadrate,
slightly asymmetrical cup, positioned in most cases at the dorsal
end of the element. Constituent species exhibits the change from
a simple unornamented platform to a sculptured one bearing
nodes or ridges. Laterally, the platform elements are rectangular
in shape. The basal cavity is large and deep.

Remarks: Lochriea Scott differs from the closely related Pseu-
dognathodus Park, 1983 by having much higher position of the
platform sides and by the rectangular lateral shape of the plat-
form.

Range: Visean—earliest Bashkirian worldwide.

Lochriea costata Pazukhin and Nemirovskaya in Kulaginaetal.,
1992
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(Fig. 61-P)

1969  Gnathodus nodosus — Rhodes et al., p. 104, pl. 19, figs. 16, 19, 20,
non figs. 17, 18.

1975 Paragnathodus nodosus — Higgins, p. 72, pl. 7, figs. 15, 18, 19, non

figs. 17,22, 23.

Paragnathodus nodosus — Wang et al.. p. 131, pl. 1, figs. 4, 5, non

fig. 3.

Paragnathodus costatus — Pazukhin and Nemirovskaya in Kulagina
etal., p. 88, pl. 29, figs. 9-12.

Lochriea costata — Pazukhin in Nikolaeva et al., pl. 3, figs. 3, 5.
Lochriea costata — Pazukhin et al., pl. 3, figs. 3, 5.

2014 Lochriea costata — Qi et al., fig. Sh.

2015  Lochriea costata — Barham et al., figs. 8.2, 8.4.

Diagnosis: “Platform is wide, almost symmetrical, with two
large ridges on both sides of the platform (one on each side). The
ridges are not fused with carina” (Pazukhin and Nemirovskaya
in Kulagina et al., 1992, p. 88).

1987
1992

2009
2010

Description: P1 element with wide, rounded, subcircular, or
subquadrate platform that extends inwards at the caudal side
and in some specimens slightly ventralwards at the rostral side
providing an asymmetrical shape of the platform. Carina consists
of 7-9 denticles. Caudal and rostral parts of the platform bear
ridges — one on each side. The ridges are commonly unequal;
they vary in size, length and height. The ridge on the caudal side
is always larger. The ridges can come close to the carina but
they do not fuse with it. Sometimes the ridges consist of a row
of elongated small fused nodes.

Remarks: L. costata is similar to L. nodosa and L. cruciformis
but differs from the first by possessing ridges instead of nodes
on both sides of the platform and from L. cruciformis by the
lack of fusion of the ridges with the carina. L. costata probably
was derived from L. monocostata by the appearance of a small
node on the dorsal part of the platform, which later developed
into a ridge. In turn, L. costata could give rise to L. cruciformis
through the development of ridges fused with carina.
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Fig. 5. Conodonts from the V-S boundary beds in the Naqing section. All illustrations in this paper are oral views of P1 elements; they are deposited in Nanjing
Institute of Geology and Palaecontology, Chinese Academy of Sciences and listed with sampling horizons and catalogue numbers respectively below. (A, G-I)
Lochriea nodosa (Bischoff, 1957); (A)NSC58.2 m, PZ161386; (G) NSC51.8 m, PZ161391; (H) NSC52.6 m, PZ161392; (I) NSC54.85 m, 155777. (B, C) Transitional
elements between Lochriea nodosa (Bischoff, 1957) and Lochriea ziegleri Nemirovskaya, Perret and Meischner, 1994; (B) NSC51.8 m, PZ161387; (C) NSC59.15 m,
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Range: Latest Visean—earliest Bashkirian of Europe and Asia.

Occurrence: Naging section, 52.6 m (upper half of the Late
Visean) through the earliest Bashkirian.

Lochriea cruciformis (Clarke, 1960)

(Fig. 7 D-G)

1960 Gnathodus cruciformis — Clarke, p. 25, pl. 4, figs. 10-12.

1967 Gnathodus commutatus nodosus — Wirth, fig. 9b—d.

1975 Paragnathodus cruciformis — Higgins, p. 71, pl. 7, fig. 10.

1983 Paragnathodus cruciformis — Nemirovskaya, pl. 1, fig. 11.

1993 Paragnathodus cruciformis — Perret, p. 288, pl. C9, figs. 12-14,

1994 Lochriea cruciformis — Nemirovskaya et al., pl. 1, fig. 13; pl. 2, fig.
13.

1995 Lochriea cruciformis — Skompski et al., pl. 2, fig. 8: pl. 3, fig. 10;
pl. 4, fig. 16.

1996 Lochriea cruciformis — Skompski, pl. 3, figs. 6, 7.

1998 Lochriea cruciformis — Belka and Lehmann, pl. 4, fig, 4.

1999 Lochriea cruciformis — Nemyrovska, p. 74.

2002 Lochriea eruciformis — Pazukhin et al.. pl. 1, fig. 8.

2005 Lochriea cruciformis — Nemyrovska and Samankassou, p. 41, pl. 8,
fig. 2.

2009 Lochriea cruciformis — Kabanov et al., pl. 1, fig. 6 only.

2010 Lochriea cruciformis — Nigmadganov et al.. pl. 3. figs. 2, 4.

2011 Lochriea cruciformis — Nemyrovska et al., pl. 2, fig. 4.

2014 Lochriea cruciformis — Qi et al., fig. 6¢, d.

2015 Lochriea cruciformis — Barham et al., figs. 8.1, 8.3, 8.5.

Diagnosis: “Gnathodus with a short bowed blade, a sub-
rectangular platform and an extremely large sub-circular
escutcheon. Orally the unit is in the shape of a Celtic Cross”
(Clarke, 1960, pp. 25-26). In the description of the species
Clarke wrote: .. .“At each side” of the platform “stands a large
node; the nodes being joined to carina by a transverse ridge,
which is more prominent on the caudal half of the platform™.
Subsequent conodont workers slightly modified the concept of
this species, and the most popular one is of Higgins (1975, p.
71): “Its oral surface bears two ridges, one on each side, which
extends ventrally at a variable angle but is commonly 45°. The
ridges usually consist of fused nodes. They often slope to the
carina on their ventral face but are commonly almost vertical on
their dorsal. They are fused to the carina in the dorsal half of the
platform or about its midpoint either by a low ridge or directly
by a node”.

Revised diagnosis: P1 elements of Lochriea with an asymmet-
rical platform bearing two ridges or rows of nodes on each side
of the platform. They are fused to the carina by a low ridge or
directly by a node.

Description: Pl elements with round asymmetrical platform.
Rostral part is subcircular. Caudal dorsal part extends inwards.
Each side of the platform bears a large node or ridge, which is
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fused to the carina by a low thin ridge (Fig. 7E, G) or directly by
a node. Some specimens have coarse ridges on both sides of the
platform and these ridges are fused with carina (Fig. 7F). The
ridges are fused to the carina in the dorsal part of the platform
or about its midpoint and extend ventrally at the angle about
45-50°.

Remarks: L. cruciformis is close to L. nodosa and L. costata
by having the platform ornamented by ridges or rows of nodes
on both sides. It differs from L. nodosa and L. costata by the
junction of lateral ridges or rows of nodes with the carina. This
feature is most important in distinguishing L. cruciformis from
the other coarsely ornamented species, such as L. ziegleri, L.
senckenbergica and L. multinodosa. In our collection, there are
also a number of specimens, which have either very weak diffi-
cult to see fusion of ridges to carina or a very weak connection
observed only on one side of the platform. These are mostly in
cases where the ornament of the platform is generally not very
coarse; the ridges are thin, sometimes short. Some specimens
show a transitional trend from L. costata. The tendency of spec-
imens ornamented by nodes to develop the fusion with carina
was not observed.

Range: Serpukhovian to earliest Bashkirian of Eurasia.

Occurrence: Naging section, to earliest

Bashkirian (entry 60.60 m).

Serpukhovian

Lochriea monocostata Pazukhin and Nemirovskaya in Kulagina

etal., 1992

(Fig. 5, K, P-S)

1969 Gnathodus mononodosus — Rhodes et al., p. 103, pl. 19, fig. 13.

1975 Paragnathodus mononodosus — Higgins. pl. 7, fig. 14.

1992 Paragnathodus monocostatus — Pazukhin and Nemirovskaya in
Kulagina et al., p. 88, pl. 29, figs. 5-8.

1994 Lochriea monocostata — Nemirovskaya et al., pl. 2, figs. 3, 4.

1995 Lochriea monocostata — Skompski et al, pl. 1, fig. 6.

2009 Lochriea mononodosa — Pazukhin in Nikolaeva et al., pl. 3, fig. 2.

2010 Lochriea monocostata — Pazukhin et al., pl. 3, fig. 2.

2014 Lochriea monocostata — Q1 et al., fig. 5g.

2015 Lochriea monocostata — Barham et al., figs. 7.2, 7.6.

Diagnosis: P1 elements of Lochriea with a slightly asymmetri-
cal platform and one ridge on the caudal side of the platform.

Description: P1 elements with asymmetrical platform that is
oval to round in shape. Carina consists of 6-8 denticles, in some
specimens it extends slightly beyond the dorsal tip of the plat-
form. The rostral part of the platform is subcircular and flat;
the caudal varies in shape from subcircular to subtriangular and
extends dorsally inwards. It bears a single ridge, located near
the mid-point of the platform or shifted dorsally. Upward in the

155786. (D) Transitional element between Lochriea nodosa (Bischoff. 1957) and Lochriea senckenbergica Nemirovskaya, Perret and Meischner, 1994, NSC52.6 m,
PZ161388. (E, L-N) Lochriea mononodosa (Rhodes, Austin and Druce, 1969); (E) NSC62.5 m, PZ161389; (L) NSC49.5 m, PZ161395; (M) NSC51.8 m, PZ161396;
(N) NSC60.6 m, PZ161397. (F) Transitional element between Lochriea mononodosa (Rhodes, Austin and Druce, 1969) and Lochriea nodosa (Bischotf, 1957),
NSC49.5m, PZ161390. (J, K) Transitional elements between Lochriea monocostata Pazukhin and Nemirovskaya in Kulagina et al., 1992 and Lachriea costata
Pazukhin and Nemirovskaya in Kulagina et al., 1992; (J) NSC58.9 m, PZ161393; (K) NSC60.3m, PZ161394. (0) Lochriea commutara (Branson and Mehl, 1941),
LD48.00 m, PZ161398. (P-S) Lochriea monocostata Pazukhin and Nemirovskaya in Kulagina et al., 1992; (P) NSC51.24 m, PZ161399; (Q) NSC52.8 m, PZ161400;

(R) NSC60.6m, PZ161401; (S) NSC64.9m, PZ161402.
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Fig. 6. Conodonts from the V-S boundary beds in the Naqing section. (A-H) Lochriea ziegleri Nemirovskaya, Perret and Meischner, 1994; (A) NSC63.7 m,
PZ161403; (B) NSC68.9m, 155781; (C) NSC70.3 m, PZ161404; (D) NSC63.0 m, PZ161405; (E, F) NSC60.1 m, PZ161406, PZ161407; (G) NSC60.6 m, PZ161408;
(H) NSC62.5 m, 155780. (I, M=P) Lochriea costata Pazukhin and Nemirovskaya in Kulagina et al.. 1992; (I) NSC63.0 m, PZ161409; (M) NSC51.8 m, PZ161413;
(N)NSC60.3m, PZ161414; (0) NSC60.3 m, 155775; (P) NSC60.3 m, PZ161415. (J-L) Transitional elements between Lochriea costata Pazukhin and Nemirovskaya
in Kulagina et al., 1992 and Lochriea ziegleri Nemirovskaya, Perret and Meischner, 1994; (J) NSC52.6 m, PZ161410; (K) NSC60.1 m, PZ161411; (L) NSC67.8 m,

PZ161412.
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Fig. 7. Conodonts from the V=S boundary beds in the Naqing section. (A—C) Lochriea multinodosa (Wirth, 1967); (A) NSC52.3m, PZ161416; (B) NSC52.8 m,
PZ161417; (C) NSC63.7 m, 155776. (D-G) Lochriea cruciformis (Clarke, 1960); (D) NSC68.5 m, 155785; (E) NSC62.5 m, PZ161418; (F) NSC66.7 m, 155784: (G)
NSC68.5 m, PZ161419. (H-J, L-O) Lochriea senckenbergica Nemirovskaya, Perret and Meischner, 1994; (H) NSC66.9 m, PZ161420; (1, J) NSC74.4 m, PZ161421,
PZ161422;(L)NSC60.6 m,PZ161424; (M)NSC61.0 m, PZ161425; (N)NSC62.3 m, 155788; (0O) NSC66.9 m, PZ161426. (K) Transitional element between Lochriea
nodosa (Bischoff, 1957) and Lochriea senckenbergica Nemirovskaya, Perret and Meischner, 1994, NSC61.0 m, PZ161423.
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section, it is close to the dorsal margin of the platform (60.6 m;
69.3 m). Specimens extend ventrally commonly at 45-50°. Plat-
form ridges vary in length, height and thickness — from short
and thin, to long and sometimes consisting of fused small den-
ticles. In several specimens there is a tendency to connect to the
carina (52.6 m).

Remarks: L. monocostata is very close to L. mononodosa but
differs from the latter having a ridge but not a node on the caudal
side of the platform. It probably gave rise to L. costata, which
has ridges on both sides of the platform.

Range: Latest Visean—Serpukhovian of Urals and Moscow Syn-
cline (Russia) and Western Europe (Ireland and Britain).
Occurrence: Naging section, Late Visean (from 51.3m)
through the earliest Bashkirian.

Lochriea mononodosa (Rhodes, Austin and Druce, 1969)

(Fig. 5E, F. L-N)

1969 Gnathodus mononodosus — Rhodes et al., p. 103, pl. 19, figs. 14, 15
only.

1975 Paragnathodus mononodosus — Higgins. p. 71, pl. 7, fig. 14

1978 Paragnathodus mononodosus — Kozitskaya et al.. pl. 13, figs. 1, 3.

1994 Lochriea mononodosa — Nemirovskaya et al., pl. 2, fig. 2.

1996 Lochriea mononodosa — Skompski, pl. 1, figs. 1, 2; pl. 3, fig. 8; pl.
4, figs. 5, 14,

2009 Lochriea mononodosa — Pazukhin in Nikolaeva et al., pl. 3, fig, 1.

2010 Lochriea mononodosa — Pazukhin et al., pl. 3, fig. 1.

2014 Lochriea mononodosa — Qi et al., fig. 5f.

2015 Lochriea monenodosa — Barham et al., figs. 7.5, 7.7.

Diagnosis: P1 element of Lochriea with slightly asymmetrical
platform ornamented by one node on its caudal side.

Description: P1 elements with round to slightly asymmetrical
platform. Rostral side of the platform is flat, caudal side bears a
node, which varies in size. In Naging there are mostly specimens
with a small node located in the middle of the platform side or
slightly shifted dorsally.

Remarks: L. mononodosa is closest to L. monocostata, but dif-
fers from the latter by having a node and not a ridge on the
caudal side of the platform. From L. nodosa it differs by having
one node on one side of the upper element.

Range: Late Visean—earliest Bashkirian of Eurasia.

Occurrence: Late Visean—earliest Bashkirian in the Naging sec-
tion (from 49.45 m).

Lochriea multinodosa (Wirth, 1967)

(Fig. 7A-C)

1962 Gnathodus commutatus var. multinodosus — Higgins, p. 8, pl. 2,
figs. 13-16 only.

1967 Gnathodus commutatus multinodosus — Wirth. p. 208, pl. 19, figs.
19, 20.

1979 Gnathodus commutatus multinodosus — von Buchroithner, pl. 3, fig.
I.

1982 Paragnathodus multinodosus — Higgins and Wagner-Gentis, p. 335,
pl. 34, figs. 13, 15 only.

1983 Paragnathodus multinodosus — Park, p. 125, pl. 4, fig. 22 only.

1993 Paragnathodus multinodosus — Perret, p. 291, pl. 109, figs. 19, 20,

27 only.
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1994 Lochriea multinodosa — Nemirovskaya et al., p. 312, pl. 1, fig. 10.

1995 Lochriea multinodosa — Skompski et al., pl. 2, figs. 9-11.

1998 Lochriea multinodosa — Belka and Lehmann, pl. 3, figs. 1-4.

2005 Lochriea multinodosa — Nemyrovska and Samankassou, pl. 8, fig.
13.

2005 Lochriea multinodosa — Qi and Wang. pl. 1, fig. 11.

2013 Lochriea multinodosa — Ishida et al., p. 46, pl. 1, fig. 10 only.

Diagnosis: P1 elements of Lochriea with subcircular platform,
both sides of which are covered by numerous small nodes.
Description: The platform is subcircular, slightly asymmetrical.
Both sides of the platform are almost completely ornamented by
numerous small nodes.

Remarks: P1 elements of L. multinodosa differ from those of
the other species of Lochriea by platform sides being almost
completely covered with numerous small nodes.

Range: Visean—Serpukhovian boundary interval in the
Cantabrian Mountains (Spain), Pyrenees (Spain and France),
South China and Japan.

Occurrence: Naging section (52.3 m—64.8 m).
Lochriea nodosa (Bischoff, 1957)

(Figs. 5A-D, G-1, 7K)

1957 Gnathodus commutatus nodosus — Bischolf. p. 23, pl. 4, figs. 12, 13.

1967 Gnathodus commutatus nodosus — Wirth, p. 207, pl. 19, fig. 13 only.

1975 Paragnathodus nodosus — Higgins, p. 72, pl. 7, figs. 12, 17, 23 only.

1983 Paragnathodus nodosus — Park, p. 127, pl. 4, figs. 12, 17 only.

1992 Paragnathathodus nodosus — Pazukhin in Kulagina et al., pl. 29,
fig. 13.

1994 Lochriea nodosa — Nemirovskaya et al., pl. 1, fig, 8,

1995 Lochriea nodosa — Skompski et al.. pl. 1, figs, 3, 4: pl. 2, Fig. 4; pl.
3, figs. 1,3,6,7,9; pl. 4, fig. 4.

1996 Lochriea nodesa — Skompski, pl. 3, figs. 8, 9.

2005 Lochriea nodosa — Nemyrovska and Samankassou, p. 42, pl. 8,
figs. 10, 15, 17.

2009 Lochriea nodosa — Pazukhin in Nikolaeva et al., pl. 3, fig. 4.

2014 Lochriea nodosa — Qi et al., fig. 5j.

2015 Lochriea nodosa — Barham et al.. figs. 7.3, 7.4.

Diagnosis: P1 element of Lochriea with platform ornamented
by single, large and massive elongated nodes on both sides of
the platform (Bischoff, 1957).

Remarks: Meischner (1970, p. 1176) pointed out that “the ear-
liest L. nodosa bear mostly very simple nodes but later the
ornament is more complicated”. By more complicated, he obvi-
ously meant at that time the coarser ornament of L. ziegleri and
L. senckenbergica. This trend from simple nodes of the early
L. nodosa to more complicated ornament upward in the section
(closer to the V-S boundary) was recorded in the Naqing section.
There are a number of transitional forms between L. nodosa and
L. senckenbergica (Figs. 5 D, 7 K). More complicated ornament
always starts on the caudal side of the platform.

L. nodosa differs from the close L. costata and L. cruciformis by
having nodes and not ridges on the platform sides. It differs also
from L. cruciformis by having nodes not connected to carina.
Range: Latest Visean—earliest Bashkirian of Eurasia.

Occurrence: Latest Visean through earliest Bashkirian in the
Naging section (entry 49.5 m).
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Lochriea senckenbergica Nemirovskaya, Perret and Meischner.,
1994

(Fig. 7H-1, L-0)

1994 Lochriea senckenbergica — Nemirovskaya et al.. p. 313, pl. 1, fig. 5;
pl. 2, figs. 7-10, 12.

1995 Lochriea senckenbergica — Skompski et al., pl. 2, figs. 1-3, 5, 6; pl.
3, fig. 13; pl. 4, figs. 8, 10-12.

2014 Lochriea senckenbergica — Qi et al., fig. 6f, g.

Diagnosis: P1 elements with “the platform ornamented with
high, thick and steep bars on both sides of the ventral platform.
Caudal bar much higher than the rostral one and the carina”
(Nemirovskaya et al., 1994),

Remarks: L. senckenbergica has the coarsest ornament of the
platform among the other species of Lochriea. It differs from
the close L. ziegleri by its large and high bars located slightly
ventral of the center of the platform. L. ziegleri has its coarse
ornament close to the dorsal margin of the platform.

Range: Serpukhovian of Germany (Rhenish Mountains),
Ireland (County Clare), northern England (Cumbria), Poland
(Lublin Basin) and Ukraine (Lvov-Volhyn Basin) and Spain
(Esla area, Leon and Palencia).

Occurrence: Naging section, earliest

Bashkirian (entry 60.1 m).

Sepukhovian to

Lochriea ziegleri Nemirovskaya, Perret and Meischner, 1994

(Fig. 6A-H)

1962 Gnathodus commutatus var. multinodosus — Higgins, pl. 2, figs. 17,
18 only.

1967 Gnathodus commuratus nodosus — Wirth, pl. 19, figs. 14, 17 only.

1978 Paragnathodus nedosus — Kozitskaya et al., pl. 13, figs. 7, 8.

1983 Paragnathodus sp. | — Nemirovskaya, pl. 1, figs. 15, 19.

1994 Lochriea ziegleri — Nemirovskaya et al., p. 312, pl. 1, figs. 1-4, 6,
7. 11, 12; pl. 2, fig. 11 (see synonyms).

1995 Lochriea ziegleri — Skompski et al., pl. 1, figs. 5, 7-9, 11, 12 pl. 2,
figs. 7, 10; pl. 3, figs. 2,4, 5, 11, 14; pl. 4, figs. 6, 7,9, 13, 15.

1996 Lochriea ziegleri — Skompski, pl. 3, figs. 1-3.

1998 Lochriea ziegleri — Belka and Lehmann. p. 4, figs. 6, 7.

1999 Lochriea ziegleri — Nemyrovska, pl. 1, fig. 6.

2005 Lochriea ziegleri — Nemyrovska and Samankassou, p. 45, pl. 8,
figs. 11, 14, 16.

2005 Lochriea ziegleri — Qi and Wang, pl. 1, figs. 14, 15, 17, 18.

2008 Lochriea ziegleri — Kullmann et al., pl. 8, figs. 2, 6, 8.

2009 Lochriea ziegleri — Pazukhin in Nikolaeva et al., pl. 3, fig. 6.

2010 Lochriea ziegleri — Nigmadganov et al., pl. 3, fig. 3.

2011 Lochriea ziegleri — Nemyrovska et al., p. 161, pl. 2, figs. 3, 5, 16.

2014 Lochriea ziegleri — Qi et al., fig. 51-n.

2015 Lochriea ziegleri — Barham et al., figs. 8.6-8.10.

Diagnosis: P1 elements are ornamented by large discrete or
partly fused nodes located on ridge-like elevations (bars) or thick
long ridges on both sides of the platform close to the dorsal mar-
gin.

Description: The platform is subcircular to subquadrate in
shape. Ventral part of the platform is mostly subcircular while the
dorsal part varies in shape. The outline is asymmetrical because
of the concave dorsal-caudal margin. The oral surface of the
platform is ornamented by large, partly fused or less common
discrete nodes located on thick long ridges or bars close to the
dorsal margin of the platform. Long ridges or bars do not join
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carina. They are higher and thicker commonly at the caudal part
of the platform. The platform is rectangular in lateral view.

Remarks: L. ziegleri differs from the more simply ornamented
L. nodosa and L. costata by a much coarser and prominent orna-
ment of the platform and the dorsal location of bars or ridges
in comparison to the more central position of nodes or ridges
in L. nodosa and L. costata. The latter feature distinguishes L.
ziegleri from the other coarsely ornamented Lochriea species
such as L. cruciformis and L. senckenbergica. In addition, L.
ziegleri differs from L. cruciformis by having more complicated
ridges or bars not connected to the carina. L. ziegleri differs from
L. senckenbergica by having lower ridges or bars decorated by
partly fused nodes that are not as prominent and as high as more
ventrally located bars in L. senckenbergica. L. ziegleri differs
from L. multinodosa by differences in ornament of the platform;
small nodes cover both sides of the platform of L. multinodosa.
In our collections there are many specimens with partly or com-
pletely fused nodes on the bars.

There are many transitional forms between L. costata and L.
ziegleri (Fig. 6]-L) as well as forms intermediate between L.
ziegleri and L. senckenbergica (Fig. TH-J). Some specimens
show intermediate features between L. nodosa and L. ziegleri
(Fig. 5B, C), such as elongated ridge-like elevations (bars) with
nodes on them on one side of the platform and few discrete nodes
or a row of nodes on the other side. The majority of transitional
forms with ridge-like elevations on both sides of the platform
and forms with nodes on at least one side of the platform need
further investigation to understand their evolutionary relation-
ships.

Range: Serpukhovian to earliest Bashkirian in Eurasia. Ser-
pukhovian of the Rhenish Mountains (Germany). Rare in North
America — only one specimen is identified.

Occurrence: Naging section, to earliest

Bashkirian (entry 60.1 m).

Serpukhovian
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Abstract The North China Craton (NCC) has had a long geological history back to
ca. 3.8 Ga ago. In the Anshan area, northeastern part of the craton, three distinct
complexes with ages of 3.8-3.1 Ga (Baijiafen, Dongshan, and Shengousi) have
been identified, along with widespread 3.1-2.5 Ga rocks of different origins and
ages. In eastern Hebei Province, abundant 3.88-3.4 Ga detrital zircons were
obtained from metasedimentary rocks of the Caozhuang Complex, and the oldest
rock identified is a 3.4 Ga gneissic quartz diorite. The oldest zircons that may
originally have been derived from the NCC are 4.1-3.9 Ga grains in Paleozoic
volcano-sedimentary rocks in the northern Qinling Orogenic Belt bordering the
NCC in the south. 3.0-2.8 Ga rocks occur in Anshan, eastern Hebei, eastern
Shandong, and Lushan. ca. 2.7 Ga rocks of igneous origin are exposed in eight
areas of the NCC, but ~2.7 Ga supracrustal rocks have so far only been identified
in western Shandong. ca. 2.5 Ga intrusive and supracrustal rocks and associated
regional metamorphism occur in almost all Archean areas of the NCC. Banded iron
formations contain the most important ore deposit of the Archean in the NCC and
mainly formed during the late Neoarchean. Ancient crustal records obtained from
deep crust beneath the NCC are similar to those in the exposed areas, with the
oldest ca. 3.6 Ga rock enclaves occurring in Xinyang near the southern margin of
the NCC. This synthesis is based on the compilation of a large database of zircon
ages as well as whole-rock Nd isotopic and Hf-in-zircon isotopic data in order to
understand the formation and evolution of the early Precambrian basement of the
NCC. Considering the craton as an entity, there is a continuous age record from 3.8
to 1.8 Ga, and two tectono-thermal events are most significant in the late
Neoarchean to the earliest Paleoproterozoic and late Paleoproterozoic history, with
age peaks at ~2.52 and ~1.85 Ga, respectively. Whole-rock Nd and Hf-in-zircon
isotopic data show similar features, documenting the addition of juvenile material to
the continental crust at 3.8-3.55, 3.45, 3.35-3.3, 2.9, and 2.85-2.5 Ga with the late
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Mesoarchean to early Neoarchean being the most important period. Crustal recy-
cling began as early as 3.8 Ga and continued until 3.25 Ga and appears to have
played a more important role than juvenile additions between 3.25 and 2.90 Ga.
After outlining the general geological history of the NNC basement, we discuss
several issues relating to Archean crust formation and evolution and arrive at the
following major conclusions: (1) Similar to several other cratons, the late
Mesoarchean to early Neoarchean was the most important period for rapid pro-
duction of continental crust, and the most intensive and widespread tectono-thermal
event occurred at the end of the Neoarchean. (2) In our new tectonic model, we
define and outline three ancient terranes containing abundant 3.8-2.6 Ga rocks,
namely the Eastern Ancient Terrane, Southern Ancient Terrane, and Central
Ancient Terrane. (3) Vertical magmatic growth is seen as the main mechanism of
crust formation prior to the Mesoarchean. We favor a multi-island arc model related
to subduction/collision and amalgamation of different ancient terranes in the late
Neoarchean. (4) The NCC may already have been a large crustal unit as a result of
cratonic stabilization at the end of the late Neoarchean, probably due to magmatic
underplating.

Keywords North China Craton - Archean - Magmatism - Metamorphism - Zircon
dating - Nd-Hf isotopes

1 Introduction

The North China Craton (NCC) is one of the largest cratons in the eastern Eurasian
continent with a total area of 300,000 km?. It has a triangular shape and is sur-
rounded by young orogenic belts in the north and south, and faces the Pacific Ocean
in the east. The major tectonic structures are cut off by the craton boundary, and this
suggests that the NCC is a fragment of a once larger craton (Li et al. 2000). It is one
of a few areas on the Earth where >3.8 Ga rocks have been identified (Liu et al.
1992; Song et al. 1996; Wan et al. 2005a, 2012a). Rocks older than ca. 2.6 Ga occur
widely in the craton (Fig. 1). The NCC is characterized by strong late Neoarchean
tectono-thermal events (Shen et al. 2005; Wan et al. 2011a; Zhai and Santosh
2011), and this makes it different from several other cratons worldwide, providing a
chance for better understanding the tectonic property of the Archean/Proterozoic
boundary. Similar to other cratons, 80-90 % of the continental crust of the NCC
may have formed in the Archean.

The Archean rocks are covered in many areas by Paleo- to Neoproterozoic
sedimentary sequences deposited into major basins such as the Songliao basin,
North China basin, and Ordos basin. Furthermore, several events since the
Paleoproterozoic modified the original features of the Archean basement, including
(1) Paleoproterozoic tectono-thermal events that resulted in strong reworking of
Archean crust and overprinted the original geological relationships; (2) long-term
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Fig. 1 Simplified sketch map showing distribution and zircon ages for the early Precambrian
rocks in the North China Craton. Also shown are the locations of rocks and zircons of >2.6 Ga and
Figs. 2, 3,9, 15,17, 19, 20, 21, 26, 28, 29, and 31. YS Yinshan; HA Huai’an; Z/K Zhangjiakou; HS
Hengshan; WT Wutai; FP Fuping; LL Liiliang; ZH Zanhuang; ZT Zhongtiao; JZ Jiaozuo; DF
Dengfeng; XQL Xiaoqinling; LS Lushan; CD Chengde; MY Miyun; EH eastern Hebei; WL western
Liaoning; SL southern Liaoning; NL northern Liaoning; SJ southern Jilin; WS western Shandong;
ES eastern Shandong; HQ Huoqiu; BB Bengbu. Blue triangle rock age; red square detrital or
xenocrystic zircon age

erosion destroyed part of the Archean basement; and (3) craton destruction since the
Mesozoic was mainly related to deep crustal processes but also influenced the
shallow crust. All these modifications make it difficult to comprehensively under-
stand the Archean geology of the NCC. Nevertheless, geoscientists carried out
geological, petrological, geochronological, and geochemical studies in almost every
Archean area of the craton. Research was also undertaken on rock samples
recovered from drill cores that penetrate into basement beneath some sedimentary
basins and on Archean enclaves brought up from the deep crust by young igneous
rocks. In view of all these new data, the main features of the Archean basement of
the NCC have become better understood although significant debates still occur as
indicated by different tectonic models (e.g., Kusky and Li 2003; Wu et al. 1998;
Zhai and Santosh 2011; Zhao et al. 2002, 2005; Zhao 2014).

The NCC has a long history of geological studies, and some specific case studies
carried out in the last century laid important foundations for later work (e.g., Bai
et al. 1986, 1996; Cao et al. 1996; Cheng et al. 1982; Li et al. 1986; Lu et al. 1996;
Qian et al. 1985, 1994; Shen et al. 1990, 1992, 1994a, b, 2000; Sun et al. 1984,
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Sun and Hu 1993; Wu et al. 1989, 1998; Zhang et al. 1988; Zhao et al. 1993). Since
the beginning of this century, numerous papers were published on Archean rocks
and their evolution, and in this chapter, we try to synthesize present knowledge by
first outlining the general geological records of the Archean basement and then
discussing several important issues relating to Archean crust formation and
evolution.

2  Archean Geological Record
2.1 Eoarchean (>3.6 Ga)

Rocks older than 3.8 Ga have been discovered in only a few areas worldwide such
as northern Canada (Bowring and Williams 1999; O’Neil et al. 2007), eastern
Antarctica (Black et al. 1986), West Greenland (Kinny 1986; Nutman et al. 1996),
and around Anshan city in the NNC (Liu et al. 1992; Song et al. 1996; Wan et al.
2005a, 2012a). Anshan is located southwest of the Anben (Anshan-Benxi) area
where 2.5 Ga BIF-bearing supracrustal rocks (the Anshan “Group,” we use the
word group with quotation marks to indicate that it does not conform to modern
stratigraphic terminology but constitutes a tectono-stratigraphic term) and grani-
toids (mainly syenogranites) occur widely (Fig. 2).

In Anshan, 3.8 Ga rocks occur within three complexes, namely the Baijiafen,
Dongshan, and Shengousi complexes (Fig. 3). Baijiafen quarry was the site where
3.8 Ga rocks were first discovered (Liu et al. 1992). The complex is ~700 m long
and ~50 m wide in exposure and extends in a NW-SE direction, in tectonic
contact with the 3.3-3.1 Ga Chentaigou granite in the southwest and 3.36 Ga
Chentaigou supracrustal rocks in the northeast (Wan et al. 2005a; Wan unpublished
data). It is mainly composed of strongly mylonitized trondhjemitic gneiss of dif-
ferent ages with some biotite schist, gneissic monzogranite, and quartz diorite
(Fig. 4). In an early study, all granitoids of the complex were considered to have
formed at 3.8 Ga (Liu et al. 1992), but later studies indicated that these rocks
formed at different times ranging from 3.8 to 3.1 Ga (Liu et al. 2008). The 3.8 Ga
mylonitized trondhjemitic gneiss occurs in narrow layers such as sample A0518
(Fig. 5a) that is distinguished from the surrounding rocks (also trondhjemitic
gneisses) by containing less biotite. The biotite schist (Fig. 5b) varies in thickness
between a few centimeters and half a meter and alternates with igneous units,
including trondhjemitic gneiss. There are two opinions on the origin of the schist,
namely an altered mafic dike (Song et al. 1996) or a metasedimentary rock (Liu
et al. 2008). The latter is based on the observation that the schist is interlayered with
chert that is composed of recrystallized quartz with some banded biotite + epidote
aggregates. However, at some localities, quartz veins occur together with biotite
schist; therefore, the “chert” may, in fact, be a deformed quartz vein. Although it is
uncertain whether the biotite schist is derived from a mafic dike or a supracrustal
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Fig. 2 Geological map of the Anben (Anshan-Benxi) area, North China Craton. Modified after
LBGMRE (1975a, b, 1976); Wan (1993), and Wan et al. (2015a). Triangle in inset map shows
location of Fig. 2 in the NCC

rock, it is considered to be older than 3.6 Ga because it is cut by 3.62 Ga tron-
dhjemitic gneiss (Fig. 5b). Some younger magmatic rocks (samples A0405, A0517,
A0521) contain xenocrystic zircons with ages of 3.8-3.6 Ga.

Rocks of the Dongshan Complex trend approximately WNW-ESE (Fig. 3), and
the exposure is more than 10 m wide and up to 1000 m long. It occurs as a large
enclave within the 3.14 Ga Lishan trondhjemite and is cut by veins derived from the
Lishan trondhjemite intrusion. Different types of 3.8-3.1 Ga rocks have been
identified in the complex, including banded trondhjemitic gneiss, gneissic tron-
dhjemite, gneissic monzogranite, pegmatite, meta-ultramafic rock (komatiite?),
amphibolite (metabasalts or gabbro), and meta-quartz diorite. These units are
mostly structurally concordant to each other because of strong ductile deformation,
and their original contact relationships are often difficult or impossible to recognize.
Rocks older than 3.6 Ga were identified in three locations, including 3.81-3.68 Ga
banded trondhjemitic gneisses and 3.79 Ga meta-quartz diorite. The 3.81 Ga
banded trondhjemitic gneiss (sample Ch28, Fig. 5c) near a pavilion was first
identified in the complex (Song et al. 1996). 3.79 Ga meta-quartz diorite (sample
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Fig. 4 Photographic mosaic showing studied section of the Baijiafen Complex with sampling
sites marked (Liu et al. 2008). Samples with prefix 0SFW are from Wu et al. (2008)
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Fig. 5 Field photographs of Eoarchean rocks in the Anshan area. a 3.80 Ga mylonitized
trondhjemitic gneiss (A0518), Baijiafen Complex; b biotite schist (A0403) intruded by 3.62 Ga
trondhjemitic gneiss (A0404), Baijiafen Complex; ¢ 3.81 Ga banded trondhjemitic gneiss (Ch28)
intruded by trondhjemitic and pegmatitic veins, Dongshan Complex; d 3.79 Ga meta-quartz diorite
(A9604) occurring in 3.79 Ga banded trondhjemitic gneiss (A0507), Dongshan Complex;
e 3.68 Ga banded trondhjemitic gneiss (A0423) intruded by pegmatitic vein, Dongshan Complex;
f 3.77 Ga banded trondhjemitic gneiss (A0512), Shengousi Complex

A9604) occurs as a small enclave within the 3.79 Ga banded trondhjemite (sample
A0507) in an outcrop near the southeastern end of the Dongshan Complex
(Fig. 5d). The identification of 3.68 Ga banded trondhjemitic gneiss (sample
A0423, Fig. 5e) indicates that there are Eoarchean banded trondhjemitic gneisses of
different ages in the complex although they are similar in field appearance and
composition (Liu et al. 2008).
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Fig. 6 Photographic mosaic showing the section of the Shengousi Complex in the Anshan area
(Wan et al. 2012a)

The Shengousi Complex is located between the Dongshan and Baijiafen com-
plexes, and its full extent is unknown due to poor exposure and is only readily
apparent in a deep road cut (Wan et al. 2012a). The key locality is a ~50 m-long
and up to ~ 10 m-high section on an elevated bench in this road cut (Fig. 6). The
complex comprises polyphase migmatites, and despite a strong structural overprint
through ductile deformation, there are small areas of lower strain where the relative
chronologies between the different migmatite components are preserved. The
youngest component on the basis of field relationships is a pegmatitic monzogranite
dike. Eight samples were collected for zircon dating in this section, and these
samples revealed a protracted tectono-magmatic history from 3.77 to 3.13 Ga with
the oldest rocks being 3.77 Ga banded trondhjemitic gneisses (sample A0512,
Fig. 5f). The complex mainly contains monzogranite and mafic metamorphic rocks
besides trondhjemitic rocks of different ages (Fig. 6).

The above three complexes are similar in their geochronological record. Apart
from >3.6 Ga gneisses, 3.45-3.0 Ga rocks have been identified. Many >3.6 Ga rocks
notably contain younger (mainly 3.3 Ga) zircons. Some authors considered this as
evidence that the trondhjemitic gneisses formed at 3.3 Ga and contained numerous
3.8 Ga zircon xenocrysts (Wu et al. 2008). However, based on field observations,
zircon morphology, and cathodoluminescence (CL) images, a better explanation
may be that these granitoid gneisses predominantly constitute strongly deformed
igneous injection migmatites containing igneous components of several ages and/or
are related to anatexis of 3.8 Ga rocks at 3.3 Ga (Liu et al. 2008; Nutman et al. 2009;
Song et al. 1996; Wan et al. 2012a). There is no doubt that the 3.79 Ga quartz diorite
identified in the Dongshan Complex is magmatic in origin, as indicated by its
geological, petrological, and compositional features, although it also contains
younger zircons (Wan et al. 2005a). Some of the <3.6 Ga rocks in the three com-
plexes that do not show banded structures or strong deformation also contain old
zircon xenocrysts (Fig. 7). All ~3.8 Ga gneisses are trondhjemitic in composition
with high SiO, and Na,O, and low £FeO (FeO + 0.9 x Fe,03), MgO, Ca0, and K,O.
They have very low total rare earth element (REE) contents, positive or negligible Eu
anomalies, and weakly fractionated REE patterns (Fig. 8a).
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Many >3.6 Ga detrital and xenocrystic zircons were also discovered in the
Gongchangling and Waitoushan areas (Fig. 2) (Wan 1993; Wan et al. 2015a). This
suggests that Eoarchean rocks may occur in a wider area of Anben than currently
identified. The single zircon age of 4.17 Ga reported by Cui et al. (2013) from an
amphibolite (metabasalt) of the 2.5 Ga Anshan “Group” in Waitoushan is ques-
tionable after rechecking the original LA-ICP-MS data (Diwu personal
communication).
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Fig. 8 Chondrite-normalized REE patterns for Archean rocks from the North China Craton.
a 3.8 Ga trondhjemitic rocks in Anshan; b 3.0-2.9 Ga Tiejiashan K-rich granite in Anshan; ¢ 2.75-
2.7 Ga TTG rocks in the North China Craton; d 2.53-2.50 Ga syenogranite in the North China
Craton. Data are from Jahn et al. (2008), Wan et al. (2005a, 2007, 2011b, 2012a, b, 2014a), Yang
et al. (2013), and Zhu et al. (2013)
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Fig. 9 Simplified geological map of the Caozhuang area, eastern Hebei. Modified after Chen
(1988), Liu et al. (2013a), and Nutman et al.(2011). Triangle in inset map shows location of Fig. 9
in the NCC

Eoarchean rocks within relatively large areas in the NCC have so far only been
identified in the Anben area. However, abundant Eoarchean zircons were discov-
ered in rocks of the Caozhuang Complex, eastern Hebei Province. This complex is
composed of amphibolite- to granulite-facies granitoids and a supracrustal sequence
(Fig. 9). The supracrustal sequence is composed of Bt-P1-Qtz + Sil and Bt + Grt
gneisses, amphibolite, marble, calc-silicate, fuchsite quartzite, and banded iron
formation (BIF) and was considered to have an age of 3.5 Ga on the basis of a Sm—
Nd isochron age for amphibolites (Jahn et al. 1987). However, the Sm—Nd isochron
was later interpreted as a mixing line (Nutman et al. 2011). The oldest rocks
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Fig. 10 Age histogram for zircons from metasedimentary rocks (including fuchsite quartzite,
para-amphibolite, and metapelitic rock) in the Caozhuang area, eastern Hebei. Metamorphic zircon
ages of 2.5 Ga have been identified only in para-amphibolite and metapelitic rock. Data are from
Liu et al. (1992, 2013a), Nutman et al. (2011), Wilde et al. (2008), and Wu et al. (2005a)

identified in the area are 3.4-3.3 Ga granitoid gneisses (Nutman et al. 2011; Liu
unpublished data). Detrital zircons with ages of 3.88-3.55 Ga were reported from
the Caozhuang (fuchsite) quartzite (Liu et al. 1992; Nutman et al. 2011; Wilde et al.
2008; Wu et al. 2005a). Recently, Liu et al. (2013b) carried out SHRIMP dating on
detrital zircons from para-amphibolite and Grt-Bt gneiss and obtained detrital core
ages ranging from 3.8 to 3.4 Ga and metamorphic rim ages of ~2.5 Ga. Combining
the detrital zircon data of the three rock types, age peaks at ~3.83, ~3.67, 3.55,
and ~3.41 Ga can be recognized (Fig. 10), suggesting that detrital material was
derived from crustal sources of different ages. Based on zircon morphology and
inclusion studies, Nutman et al. (2014) suggested that the Caozhuang quartzite is
most likely a <3.5 Ga immature sedimentary rock of local provenance. This
interpretation strengthens the case for Eoarchean rocks with a substantial
3.88-3.80 Ga component occurring in eastern Hebei Province and indicates that the
paragneiss protoliths of the Caozhuang Complex were deposited between 3.4 and
2.5 Ga ago (Liu et al. 2013b; Nutman et al. 2014).

Rocks and zircons older than 3.6 Ga have also been identified elsewhere in the
NCC (Fig. 1), including 3.65 Ga felsic granulite enclaves in Mesozoic volcanic
rocks of the Xinyang area (Zheng et al. 2004a) and >3.6 Ga detrital zircons in the
Zhongtiao and Dengfeng areas (Liu et al. 2012a; Zhang et al. 2014a). Interesting is
the discovery of three 4.1-3.9 Ga xenocrystic or detrital zircons, together with
younger Archean and Paleoproterozoic grains, in Paleozoic volcano-sedimentary
rocks of the northern Qinling Orogenic Belt (Diwu et al. 2010a, 2013, personal
communication; Wang et al. 2007). One zircon has a 3.71 Ga overgrowth rim
(Fig. 11), suggesting a tectono-thermal event at that time in the zircon source
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Fig. 11 Cathodoluminenscence image showing 3.71 Ga overgrowth rim on 4.08 Ga xenocrystic
or detrital zircon from pyroclastic rock in the Paleozoic Caotangou Group in northern Qinling, near
the North China Craton (from Diwu et al. 2010a, b). Circle and dashed circles refer to SHRIMP
and LA-ICPMS dating locations, respectively

region. The volcanic rock is located near the southern margin of the NCC, and the
old zircons are considered to be derived from the NCC basement (Diwu et al. 2013;
Wan et al. 2009a).

2.2 Paleoarchean (3.6-3.2 Ga)

Paleoarchean rocks and components have been identified in many areas of the NCC
and reflect the most important tectono-magmatic events in Anshan as indicated by
their distribution and zircon age histogram (Fig. 12). The 3.36 Ga Chentaigou
supracrustal rocks near Baijiafen (Fig. 3) are the oldest supracrustal rocks identified
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and Zhou et al. (2007, 2009) Z 404+
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in the NCC. Their formation age is limited by 3.36 Ga felsic metavolcanic rocks in
the sequence and 3.34-3.31 Ga trondhjemitic veins intruding the sequence
(Fig. 13a, b) (Song et al. 1996; Wan unpublished data). The main rock types
include amphibolite, meta-ultramafic rocks, felsic metavolcanic rock,
meta-calc-silicate, fuchsite quartzite, and iron-bearing chert (Fig. 13c, d). The
meta-ultramafic rocks occur over a relatively large area in the northeastern exposure
of the sequence, and their protolith was uncertain (volcanic or intrusive) in early
studies. They are intruded by 3.31 Ga trondhjemitic veins (Fig. 13b) and are
considered to belong to the sequence. They are similar to komatiites in chemical
compositions with MgO contents up to 38 %, but no spinifex textures have been
identified because of strong modification. The amphibolite is tholeiitic in compo-
sition, showing a flat REE pattern with no large ion lithophile element (LILE)
enrichment. This is the main reason for the speculative interpretation that these
supracrustal rocks formed in an arc environment (Wan et al. 1997a).

The oldest Paleoarchean rock is a 3.45 Ga trondhjemitic gneiss in the Shengousi
Complex (Fig. 13e). It is considered to have interacted with Eoarchean trondhje-
mitic rocks nearby to form an injection migmatite that subsequently underwent
strong deformation to produce a rock with layers of different ages (Wan et al.
2012a). Igneous rocks of 3.35-3.2 Ga widely occur in the Anshan area, including
the Baijiafen, Dongshan, and Shengousi complexes. The rock types are metagab-
bro, metadiorite, meta-quartz diorite, granite, as well as trondhjemitic gneiss (Dong
et al. 2013; Liu et al. 2008; Wan et al. 2001, 2012a; Zhou et al. 2007, 2009). It is
common that different rocks with similar or different ages occur within a single
outcrop (Fig. 13f). The Chentaigou granite was considered to be the largest pluton
formed at ~3.3 Ga (Song et al. 1996). However, Wu et al. (2008) obtained ~ 3.3
and ~3.1 Ga zircon ages for three Chentaigou granite samples near the Baijiafen
Complex and thought the latter to represent the emplacement time of the pluton.
Based on geological mapping and zircon dating, Li et al. (2013) suggested that the
Chentaigou granite is composed of 3.3 and 3.1 Ga granitoid rocks. Trondhjemitic
rocks in the Anshan area, between 3.45 and 3.3 Ga in age, show a significant
variation in REE composition from very low XREE contents and weakly frac-
tionated REE patterns to high XREE contents and strongly fractionated REE pat-
terns (Wan unpublished data).

In Caozhuang, eastern Hebei Province, 3.4 Ga quartz dioritic gneiss and
3.3-3.2 Ga tonalitic gneiss (Fig. 13f, g) occur as enclaves within 2.5 Ga granite
(Nutman et al. 2011; Liu unpublished data). This is the second area where
Paleoarchean igneous rocks were identified in the NCC. Based on the youngest
detrital zircons at 3.55 Ga from a fuchsite quartzite and the oldest TTG rock at
~3.3 Ga in the area, Wan et al. (2009a) suggested that deposition of the Caozhuang
Complex supracrustal rocks occurred between 3.55 and 3.3 Ga. However, the
relationship between the supracrustal rocks and the ~3.3 Ga TTGs is uncertain.
Based on the metamorphic zircon age of 2.5 Ga and the believable youngest detrital
zircon age of 3.4 Ga of the metasedimentary rocks (Fig. 10), we can now only limit
deposition to between 3.4 and 2.5 Ga. Mainly based on zircon dating, Han et al.
(2014a) concluded that the supracrustal rocks in Xingshan, ~ 1.5 km northwest of
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< Fig. 13 Field photographs of Paleoarchean rocks in the North China Craton. a 3.36 Ga felsic
meta-volcanic rock (the Chentaigou supracrustal rocks) intruded by 3.25 Ga trondhjemitic vein,
Anshan; b meta-ultramafic rock (the Chentaigou supracrustal rocks) intruded by 3.31 Ga
trondhjemite vein, Anshan; ¢ fuchsite quartzite in the Chentaigou supracrustal rocks, Anshan;
d iron-bearing chert in the Chentaigou supracrustal rocks, Anshan; e 3.45 Ga trondhjemitic gneiss
in the Shengousi Complex, Anshan; f 3.31 Ga gneissic trondhjemite and 3.33 Ga meta-mafic rock
in the Shengousi Complex, Anshan; g 3.4 Ga gneissic quartz diorite, Huangbaiyu, eastern Hebei;
h 3.29 Ga gneissic trondhjemite, Huangbaiyu, eastern Hebei

Huangbaiyu, that belong to the Caozhuang Complex, were deposited at 3.39 Ga.
However, the dated rock contains garnet and many 3.76-3.43 Ga zircons, similar in
features to the metasedimentary rocks in Huangbaiyu. Therefore, it is possible that
the 3.39 Ga zircon is detrital in origin, and this age therefore only constrains the
upper depositional age of the Caozhuang supracrustal rocks.

The age distribution of >3.3 Ga detrital zircons from the Caozhuang Complex is
similar to that of magmatic zircons in the Anshan area (Figs. 10 and 12). However,
it appears that the detrital material was derived from the surrounding area, rather
than Anshan, which is too far from Caozhuang.

Paleoarchean detrital and xenocrystic zircons were identified in many areas of
the NCC such as Alax, Guyang, Wutai, Jiaozue, Dengfeng, Zhongtiao, eastern
Shandong, and Bengbu (Fig. 1) (Diwu et al. 2008; Gao et al. 2006; Ji 1993; Jian
et al. 2012; Jin et al. 2003; Liu et al. 2012a; Shen et al. 2005; Wan et al. 2006,
2009a, c, 2010a; Wang et al. 1998; Xie et al. 2014a; Zhang et al. 2014a, b).

2.3 Mesoarchean (3.2-2.8 Ga)

Mesoarchean rocks are more widespread in the NCC than Paleoarchean rocks. In
Anshan, large Mesoarchean intrusive bodies include the 3.14 Ga Lishan tron-
dhjemite, the 3.0 Ga Dong’anshan granite, the 3.0-2.9 Ga Tiejiashan granite, and
part of the 3.3-3.1 Ga Chentaigou granite (Fig. 3). The Tiejiashan granite (Fig. 14a)
is the oldest and largest K-rich granite pluton in the NCC (Wan et al. 2007; Wu
et al. 1998) and occupies a total area of >150 km? (Fig. 2). The rocks vary in their
REE fractionation patterns but have high XREE contents and strong negative Eu
anomalies (Fig. 8b). The Tiejiashan granite contains supracrustal xenoliths such as
BIF and quartzite (Fig. 14b, c). There are also some mica—quartz schists (Fig. 14d)
that were considered to be supracrustal enclaves (Yin et al. 2006). However, they
show similar geochemical features as the Tiejiashan granite, and the so-called
detrital zircons in the rocks are mainly ~3.0 Ga in age. In some thin sections,
K-feldspar grains occur at different sizes in the fine-grained sericite + quartz
groundmass. These features suggest that sericite resulted from strong deformation
and alteration of K-feldspar during shearing. Therefore, we suggest that at least
some schists are due to strong deformation and alteration of granite. Besides the
large Mesoarchean granitoid bodies, many small Mesoarchean granitoid bodies or
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4 Fig. 14 Field photographs of Mesoarchean rocks in the North China Craton. a Mesoarchean
Tiejiashan K-rich granite, Anshan; b BIF in Mesoarchean Tiejiashan K-rich granite, Anshan;
¢ quartzite in Mesoarchean Tiejiashan K-rich granite, Anshan; d mica—quartz schist in
Mesoarchean Tiejiashan K-rich granite, Anshan; e 3.13 Ga augen-like granitic gneiss in the
Baijiafen Complex, Anshan; f 3.14 Ga trondhjemite and 3.14 Ga monzogranite, Dongshan
Complex, Anshan; g ca. 3.2 Ga gneissic tonalite, Huangbaiyu, eastern Hebei; h 2.94 Ga anatectic
granitoid, Huangbaiyu, eastern Hebei

veins also occur in the Baijiafen, Dongshan, and Shengousi complexes (Figs. 4, 6
and 14e, 1).

In Caozhuang, eastern Hebei Province, Mesoarchean igneous rocks have also
been discovered (Fig. 14g, h) (Nutman et al. 2011), but they only occur on a very
small scale. However, Mesoarchean xenocrystic zircons are more widespread.

In eastern Shandong, 2.9 Ga rocks are widely distributed, extending from
Mazhuanghe in the west to Hexikuang in the east, with some occurring in the
southern portion of the area (Fig. 15). Most of the so-called Mesoarchean
Tangjiazhuang “Group” consists of intrusive rather than supracrustal rocks. Only a
few 2.9 Ga supracrustal rocks, named Huangyadi supracrustal rocks, occur on a
small scale within 2.9 Ga igneous rocks (Jahn et al. 2008). Mesoarchean supra-
crustal rocks in eastern Shandong are much smaller in scale than thought before
(BGMRSP 1991). At least three types of 2.9 Ga igneous rocks, namely quartz
diorite, tonalite, and high-Si trondhjemite, have been identified (Jahn et al. 2008;
Liu et al. 2011, 2013a; Wang et al. 2014a; Wu et al. 2014; Xie et al. 2014b). Of
these, tonalite seems to be the most common, with a total area up to several tens of
square km. 2.9 Ga gneissic tonalite occurs in the lower part along a ~200 m-long
road cut northeast of Zhoujiagou. It is in contact with 2.9 Ga gneissic high-Si
trondhjemite in the upper part; both show strong deformation with their foliations
parallel to each other (Fig. 16a—c). At the Hexikuang reservoir dam, 2.9 Ga gneissic
quartz diorite occurs as enclaves within 2.9 Ga gneissic tonalite, and these show a
differently oriented foliation (Fig. 16d). Felsic veins in the quartz diorite are parallel
to the foliation and are considered to be anatectic products. Both the gneissic quartz
diorite and tonalite contain ca. 2.5 Ga metamorphic or anatectic zircon, and the
gneissic tonalite around the enclave shows strong deformation and anatexis. It
seems likely that the quartz diorite enclaves were rotated after leucosome formation
during the ca. 2.5 Ga tectono-thermal event (Xie et al. 2014b). 2.9 Ga gneissic
tonalites exhibit strong anatexis with trondhjemitic leucosomes and biotite-rich
melanosomes in local outcrops (Fig. 16e). Some leucosome forms layers and lenses
at different scales and is strongly or weakly deformed. Anatexis occurred syntec-
tonically in a regime locally changing from compression to extension at the end of
the Neoarchean because 2.5 Ga metamorphic or anatectic zircons have been
identified.

2.8 Ga supracrustal rocks and TTGs have been identified in the Lushan area on
the southern margin of the NCC (Fig. 17). These rocks are mainly composed of
(garnet-bearing) amphibolite, hornblende—plagioclase gneiss, and biotite—plagio-
clase gneiss. Some amphibolites show a layered structure (Fig. 16f), mainly due to
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Fig. 15 Geological map of eastern Shandong. Shown also are locations of zircon dating samples,
and ages in parenthesis are magmatic zircon age or magmatic zircon age/metamorphic zircon age.
Data are from Jahn et al. (2008), Liu et al. (2011), Liu et al. (2011, 2013a, 2014), Liu et al.
(2013b), Liu et al. (2014), Shan et al. (2015), Tang et al. (2007), Wang and Yan (1992), Wang
et al. (2014a), Wu et al. (2014), Xie (2012), Xie et al. (2013, 2014b), and Zhou et al. (2008). See
Fig. 1 for location of the figure in the NCC

variations in plagioclase and hornblende contents. They occur as enclaves within
TTG rocks with strong deformation and local anatexis (Fig. 16g). Zircon dating of
the supracrustal rocks and TTGs yielded 2.83 Ga magmatic ages and two sets of
metamorphic ages at 2.79-2.77 and 2.67-2.64 Ga (Liu et al. 2009a). Huang et al.
(2010) performed zircon dating on TTG-like and TTG rocks in the same area and
interpreted the ages of 2.77 and 2.72 Ga as the time of crystallization of the host
igneous rocks. Similar conclusions were arrived at by Diwu et al. (2010b).
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< Fig. 16 Field photographs of Mesoarchean rocks in the North China Craton. a 2.9 Ga gneissic
high-Si trondhjemite (fop) in contact with gneissic tonalite (bottom), Qixia, eastern Shandong;
b 2.9 Ga gneissic tonalite, local enlargement in figure a; ¢ 2.9 Ga gneissic high-Si trondhjemite,
local enlargement in figure a; d relationship between 2.91 Ga gneissic quartz diorite and 2.91 Ga
gneissic tonalite, Qixia, eastern Shandong; e 2.91 Ga gneissic trondhjemite, Qixia, eastern
Shandong; f 2.84 Ga amphibolites showing banded structures, Lushan, Henan; g anatectic veins in
2.83 Ga gneissic tonalite, Lushan, Henan

However, the dated zircons exhibit strong recrystallization and overgrowth, and it is
therefore likely that these are ~2.8 Ga TTG rocks that underwent strong meta-
morphism in the early Neoarchean. More work is required to identify whether or
not there are ~2.7 Ga rocks in the area.

Mesoarchean detrital and xenocrystic zircons were discovered all over the NCC
such as Alax, Guyang, Wutai, Fuping, Dengfeng, eastern Hebei, Huoqiu, western
Shandong, and eastern Shandong (Fig. 1) (Jian et al. 2012; Kroner et al. 1988; Shen
et al. 2004, 2005; Wan et al. 2006, 2010a, b; Wang et al. 1998, 2014a, b, c, d, e;
Zhang et al. 2014a, b).

2.4 Neoarchean (2.8-2.5 Ga)

2.4.1 Early Neoarchean (2.8-2.6 Ga)

Two magmatic events can be recognized in the Neoarchean crust formation and
evolution, namely an early Neoarchean event (2.8-2.6 Ga) and a late Neoarchean
event (2.6-2.5 Ga). 2.80-2.76 Ga rocks are rare, and the most important
tectono-thermal event is 2.79-2.77 Ga metamorphism recorded in the Lushan area
near the southern margin of the craton (Liu et al. 2009a). The identification of
widespread ~2.7 Ga rocks is one of the most important discoveries made in recent
years. These rocks are widespread, including western Shandong, eastern Shandong,
Guyang, Fuping, Hengshan, Zanhuang, Zhongtiao, and Huoqiu (Fig. 1) (Cao et al.
1996; Dong et al. 2012a; Du et al. 2003, 2005, 2010; Guan et al. 2002; Han et al.
2012; Jahn et al. 2008; Jiang et al. 2010; Kroner et al. 2005a; Lu et al. 2008; Wan
et al. 2010b, 2011b; Wang et al. 2014a, b, ¢, d, e; Wang et al. 2009a, b; Yang et al.
2013a, b; Zhu et al. 2013).

In eastern Shandong, the spatial distribution of 2.7 and 2.9 Ga rocks is uncertain.
However, they show close spatial relationships with 2.7 Ga rocks occurring
extensively in a southwest to northeast direction with a total area of >100 km?
(Fig. 15). These Archean rocks underwent strong upper amphibolite- to
granulite-facies metamorphism at the end of the Neoarchean (Jahn et al. 2008; Liu
et al. 2011; Wu et al. 2014; Xie et al. 2014b). Similar to 2.9 Ga rocks, the 2.7 Ga
assemblages exhibit strong deformation and anatexis with neosome material
occurring in local outcrops (Fig. 18a). This makes it difficult to distinguish between
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Fig. 17 Simplified geological sketch map of the Lushan area, southern margin of the North China
Craton. Modified after Liu et al. (2009c). Triangle in inset map shows location of Fig. 17 in the
NCC

2.9 and 2.7 Ga assemblages. At present, the only way to identify these different
rocks is by zircon dating.

In western Shandong, Wan et al. (2010c, 2011b) divided the Archean basement
into three belts (Fig. 19), namely a late Neoarchean belt of crustally derived
granitoids in the northeast that predominantly consists of 2.53-2.49 Ga monzog-
ranite and syenogranite (Belt A), an early Neoarchean belt in the center that is
mainly composed of 2.75-2.60 Ga TTGs and supracrustal rocks (Belt B), and a late
Neoarchean belt of juvenile rocks in the southwest that 1s dominated by granodi-
orite, gabbro, quartz diorite, and tonalite, with minor monzogranite and syenog-
ranite (Belt C). Western Shandong is an area where 2.75-2.7 Ga rocks are most
widely distributed in the NCC. Different types of ~2.7 Ga TTGs can be observed
in contact with each other in Belt B, showing similar or different styles of defor-
mation (Fig. 18b, c). Furthermore, western Shandong is the only area where early
Neoarchean supracrustal rocks have so far been identified in the NCC. In an earlier
study, the Taishan “Group,” including the Yanlingguan, Liuhang, and Shancaoyu
“Formations,” were considered to be early Neoarchean in age (Cao et al. 1996).
However, more recent studies established that only the Yanlingguan “Formation”
and the lower part of the Liuhang “Formation” formed during the early Neoarchean
(named the Yanlingguan-Liuhang succession). They are mainly composed of
amphibolite and metamorphosed ultramafic rocks. Some of these rocks contain fine
spinifex textures (Fig. 18d). Amphibolites with abundant pillow structures are
abundant (Fig. 18e), and some show strong deformation (Fig. 18f, g).
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<« Fig. 18 Field photographs of early Neoarchean rocks in the North China Craton. a 2.7 Ga gneissic
tonalite showing anatexis, Qixia, eastern Shandong; b cutting relationship between 2.71 Ga
gneissic tonalite and 2.71 Ga gneissic granodiorite, Taishan, western Shandong; ¢ 2.71 Ga gneissic
tonalite showing anatexis and deformation, Taishan, western Shandong; d meta-komatiite with fine
spinifex structures, Sujiagou, western Shandong; e amphibolite with pillow lava structures,
Qixingtai, western Shandong; f deformed pillow lava in amphibolite, Qixingtai, western
Shandong; g carbonate + siliceous material occurring at the end of deformed pillow lava in
amphibolite, Qixingtai, western Shandong; h 2.69 Ga gneissic tonalite showing anatexis, Xi
Ulanbulang, Yinshan

Xi Wulanbulan is the only area where 2.7 Ga tonalite was identified in the
Western Block of the NCC. It extends in a north—south direction over an area of
>10 km? (Fig. 20) and shows strong metamorphism, deformation, and anatexis
(Fig. 18h) with metamorphic zircons recording an age of ~2.5 Ga. These tonalities
occur together with the late Neoarchean Xinghe “Group” and other TTG rocks
(Dong et al. 2012a; Ma et al. 2013a, b, c).

Wan et al. (2014a) summarized the spatial distribution, rock types, geochem-
istry, and Nd—Hf isotopic compositions of ~2.7 Ga granitoids in the NCC. They
are mainly tonalitic in composition and show large variations in SiO,, £FeO, MgO,
and CaO. They can be subdivided into two types in terms of REE contents (Fig. 8c).
Whole-rock Nd and Hf-in-zircon isotopic compositions indicate that the strong
2.7 Ga tectono-thermal event mainly involved juvenile additions to the continental
crust with recycling of older crust only in local areas.

Ca. 2.6 Ga rocks were also reported in several areas of the NCC, including
western Shandong, Hebi, Zhongtiao, Guyang, and Bayan Obe (Fan et al. 2010; Jian
et al. 2012; Wan et al. 2015b; Zhang et al. 2012a, b, c, d, e, f; Zheng et al. 2012; Ma
unpublished data). In most of these areas, ~2.7 Ga rocks also occur. Western
Shandong is the area where both 2.7 and 2.6 Ga rocks are widely distributed (Wan
et al. 2015b). They mainly occur together in Belt B (Fig. 21) and include hornb-
lendite (meta-pyroxenite), gneissic tonalite, gneissic trondhjemite, and gneissic
granite (Fig. 22a—d). Geological records are almost continuous from 2.75 to
2.59 Ga (Fig. 23). Ca. 2.6 Ga metamorphism and anatexis have also been identified
(Du et al. 2003, 2005; Lu et al. 2008; Ren unpublished data). This strong
tectono-thermal event resulted in the formation of migmatites in Belt B (Fig. 22e—f).
These are important for considering 2.6 Ga as the boundary between the middle to
early Neoarchean and late Neoarchean (2.6-2.5 Ga) in western Shandong. No
~?2.7 Ga metamorphism and ~2.6 Ga supracrustal rocks have been identified
there, and it appears that there was a “quiet period” between 2.60 and 2.56 Ga. We
speculate that this time subdivision is applicable to the entire NCC.

2.4.2 Late Neoarchean (2.6-2.5 Ga)

2.59-2.57 Ga rocks and metamorphism are rare. However, a 2.56-2.5 Ga
tectono-thermal event is very strong, resulting in extensive distribution of supra-
crustal and intrusive rocks and metamorphism of this age all over the NCC
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Fig. 19 Geological map of western Shandong. Modified after Wan et al. (2010c). Belt A A late
Neoarchean crustally derived granite belt in the northeast that consists predominantly of 2.525—
2.49 Ga monzogranite and syenogranite; Belt B An early Neoarchean belt in the center which is
mainly composed of 2.75-2.60 Ga TTG and supracrustal rocks; Belt C A late Neoarchean belt of
juvenile rocks in the southwest that is dominated by granodiorite, gabbro, quartz diorite, and
tonalite, with some monzogranite and syenogranite. Triangle in inset map shows location of
Fig. 19 in the NCC

(Chen 2007; Cheng et al. 2004; Cui et al. 2013, 2014; Dai et al. 2012, 2013; Dong
et al. 2012b; Geng et al. 2002, 2006, 2010; Grant et al. 2009; Guo et al. 2005, 2008;
Han et al. 2014a, b; He et al. 2005; Jahn et al. 1988; Jian et al. 2012; Kroner et al.
1998, 20054, b; Li et al. 2010a, b, 2012; Liu et al. 2002, 2004a, 2007, 2009b, 2011,
2012a, 2012b; 2012c, 2014, 2011a; Lu et al. 2008; Lii et al. 2012; Ma et al. 2012,
2013a, b, c; Ma et al. 2013a, b, 2014a, b; Peng et al. 2012; Peng 2013; Peng et al.
2013; Ren et al. 2011; Shen et al. 2004, 2005, 2007; Shi et al. 2012; Song et al.
2009; Sun et al. 1991, 2010, 2014; Sun and Guan 2001; Tian et al. 2005; Wan et al.
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Fig. 20 Geological map of the Xi Ulanbulang area, Yinshan. Modified after Dong et al. (2012a)
and Ma et al. (2013). Triangle in inset map shows location of Fig. 20 in the NCC

2005b, 2009b, c, 2010b, c, 2011a, c, 2012b, c, d, 2015a; Wang et al. 2004, 2011;
Wang et al. 2014; Wang et al. 2014; Wang et al. 2010; Wang et al. 2009; Wilde
et al. 2004a, 2005; Wu et al. 1998; Xiang et al. 2012; Yang et al. 2008, 2009, 2011;
Yang 2013; Zhai et al. 2000, 2005; Zhang et al. 2013; Zhang et al. 2012a; Zhang
et al. 2011; Zhang et al. 2014; Zhao et al. 2002, 2009; Zhao et al. 2008; Zhao et al.
2008; Zhou et al. 2009, 2011, 2014).

There are abundant Neoarchean (mainly 2.55-2.5 Ga) detrital and xenocrystic
zircons in younger rocks and river sands (e.g., Diwu et al. 2012; Wan et al. 201 1a).
Late Neoarchean supracrustal rocks are mainly composed of mafic to felsic gran-
ulite, amphibolite, fine-grained biotite gneiss (leptinite), banded iron formation
(BIF), and (fuchsite) quartzite, with the metamorphic grade ranging from

640



84 Y.-S. Wan et al.

E117 00

20 km

Supracrustal rocks TG Gneissic trondhjemite

(2.75-2.52 Ga) s (~2.70 Ga) (~2.6 Ga)
Gneissic trondhjemite Gneissic tonalite Pyroxenite-hornblendite
-granodiorite (~2.6 Ga) |+ > | (~2.6 Ga) (~2.6 Ga)
— —| Gneissic granodiorite _ | Banded gneiss e Granite
(~2.5Ga) (~2.5 Ga) (~2.5 Ga)
Diorite Diabase -
(~2.5 Ga) (Mesoproterozoic) Fault

Fig. 21 Geological map of the Taishan-Mengjiatun area, western Shandong (Wan et al. 2015b)

predominantly amphibolite to granulite facies. Mafic granulite and amphibolite
show light REE enrichment or flat REE patterns and are commonly rich in LILE
and depleted in Nb and Ta (Wan et al. 1997b). Fine-grained biotite gneisses gen-
erally show compositional features of dacitic rocks. Late Neoarchean intrusive
rocks are variable in composition, ranging from ultramafic to felsic, but TTGs and
crustally derived granites constitute the main components. It is not until the late
Neoarchean that granodiorites are widely distributed in the NCC. Syenogranites
predominantly formed between 2.53 and 2.49 Ga and can be further subdivided into
two phases with most showing massive structures and emplacement during the
second phase (2.52-2.48 Ga), whereas the first phase (2.53-2.52 Ga) syenogranites
show metamorphism and deformation (Wan et al. 2012b). All syenogranites share
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Fig. 22 Field photographs of early Neoarchean rocks in western Shandong. a 2.60 Ga
hornblendite, southwest of Qixingtai; b 2.66 Ga gneissic tonalite, Yishan; ¢ gneissic trondhjemite
cutting amphibolite, Taishan; d relationship between 2.60 Ga gneissic granodiorite and 2.60 Ga
mylonitized monzogranite, Xintai; e 2.7 Ga gneissic tonalite showing anatexis at ~2.6 Ga,
Taishan; f 2.7 Ga gneissic tonalite showing anatexis at ~2.6 Ga, Taishan

the same major element compositions, being high in SiO, and low in CaO, ZFeO,
MgO, TiO,, and P,Os. However, they have variable REE compositions and can be
subdivided into three types (Fig. 8d). In order to better understand the late
Neoarchean geological features in various parts of the NCC, several areas are
described below.

(1) Western Shandong

Late Neoarchean magmatism is widespread with peak ages of 2.53-2.52 Ga
(Fig. 24). A recent study indicated that the Shancaoyu “Formation” and the upper
part of the Liuhang “Formation” formed during the late Neoarchean rather than in
the early Neoarchean (Wan et al. 2012c¢). Western Shandong is the only area where
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Fig. 24 Age histogram of 320
zircons from Neoarchean
rocks in western Shandong.
Data are from Du et al.
(2003), Jiang et al. (2010),
Lu et al. (2008), Wan et al.
(2010c, 2011b, 2015b), and
Wan (unpublished data)
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both early and late Neoarchean supracrustal rocks were identified. The late
Neoarchean supracrustal rocks occur in different belts and mainly consist of
meta-conglomerate, fine-grained biotite gneiss, fine-grained two-mica gneiss, mica
schist, BIF, and felsic metavolcanic rocks. The metaconglomerates are interlayered
with fine-grained biotite gneiss (Fig. 25a), and the conglomerate pebbles vary in
size and mainly consist of TTG, monzogranite, and fine-grained felsic volcanic
rocks. Some fine-grained biotite gneisses show sedimentary structures such as
bedding (Fig. 25b), suggesting a clastic origin. However, in many cases, their
protoliths are difficult to determine (volcanic or sedimentary) because of strong
metamorphism and deformation (Fig. 25¢). Mantle-derived igneous rocks in Belt C
predominantly consist of gabbro, diorite, tonalite, and granodiorite. Magma mixing
can be observed between different rock types (Fig. 25d, e). Different migmatite
types are associated with crustally derived granites in Belt A as a result of anatexis
of early supracrustal and granitoid rocks. TTGs of early and late Neoarchean ages
were identified as protoliths of the anatectic rocks (Figs. 22b and 25f).

(2) Eastern Hebei

Late Neoarchean supracrustal and intrusive rocks are widespread (Fig. 26), apart
from ancient crustal components documented by 3.88-3.40 Ga detrital zircons and
3.40-2.95 Ga orthogneisses in Huangbaiyu, as mentioned before. 2.55-2.53 Ga
tonalites and quartz diorites are most important in the west, and 2.53-2.51 Ga
granites are most important in the east, where magma mingling between granite and
diorite has been also identified (Fig. 27a) (Nutman et al. 2011; Yang et al. 2008).

The Qian’an “Group” was considered to be Mesoarchean in age, but recent
zircon dating indicates that most of the supracrustal rocks formed at the end of the
Neoarchean (Han et al. 2014a; Zhang et al. 2011; Wan, unpublished data). Late
Neoarchean supracrustal rocks commonly occur as enclaves of variable sizes in
granitoids and show spatial variations in rock association, metamorphism, and
deformation, with metamorphic grades varying from granulite facies in the west to
lower amphibolite facies (epidote amphibolite facies) in the east and greenschist
facies in local areas. These rocks have different names in different areas (Fig. 26).
The Zunhua and Qian’an “Groups” and associated TTG rocks in the
Zunhua-Santunying area underwent granulite-facies metamorphism and were
commonly affected by amphibolite-facies retrogression. The supracrustal rocks
extend in a north—south direction and are mainly composed of biotite—plagioclase
gneiss, hornblende—plagioclase gneiss, two-pyroxene granulite, amphibolite,
meta-ultramafic rock, and BIF. Strong metamorphism resulted in anatexis of the
supracrustal rocks (Fig. 27b).

The Luanxian “Group” occurs in the Luanxian-Lulong area and is composed of
fine-grained biotite gneiss, amphibolite, and BIF, whereas at Huangbaiyu, the
Qian’an “Group” and Luanxian “Group” are separated by a ~2.5 Ga granite. The
Dantazi and Zhuzhangzi “Groups” at Qinlong exhibit lower amphibolite-facies
metamorphism. The Dantazi “Group” (or Shuangshanzi “Group”) is dominated by
fine-grained two-mica gneiss, garnet—mica schist, two-mica quartz schist, mafic and
felsic metavolcanic rocks, and BIF. It is covered unconformably by the Zhuzhangzi
“Group” (or Qinglong “Group”), commonly with >100 m of conglomerate at the
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Fig. 25 Field photographs of late Neoarchean rocks in western Shandong. a Metaconglomerates
interlayered with metasediments; pebbles are mainly TTG and felsic volcanic rocks, upper part of
Liuhang “Formation,” Huamawan; b metasedimentary rock showing bedding, Shancaoyu
“Formation,” Qixingtai; ¢ mylonitized fine-grained biotite gneiss (S0801) of Shancaoyu
“Formation,” Panchegou; d magma mingling between ~2.5 Ga granodiorite and quartz diorite,
showing large variations in proportion, southeast of Tianhuang; e magma mingling between
~2.5 Ga syenogranite and quartz diorite, southeast of Tianhuang; f 2.52 Ga gneissic tonalite
showing anatexis, Yinshan

base (Fig. 27c). Furthermore, the Zhuzhangzi “Group” contains fine-grained
two-mica gneiss, fine-grained biotite gneiss, mica schist, quartz schist, biotite—
hornblende schist, and BIF. Ca. 2.5 Ga BIFs are well developed in eastern Hebei
and contain important iron deposits. The supracrustal rocks in the Qinlong area
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Fig. 27 Field photographs of late Neoarchean rocks in eastern Hebei. a Magma mingling between
~2.5 Ga granite and diorite, Beidaihe; b anatexis of granulite-facies gneiss (the Zunhua “Group”),
north of Santunying; ¢ metaconglomerate at the bottom of the Zhuzhangzi “Group,” southeast of
Qinlong; d anatexis of TTG rock, west of Anziling
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commonly underwent lower amphibolite-facies metamorphism, but the TTG rocks
east of Qinlong show strong anatexis and deformation (Fig. 27d). In the eastern
coastal area of Hebei Province, weakly deformed 2.53-2.51 Ga granites occur
together with subordinate granodiorites, diorites, and magnesian gabbros and
contain slightly older Neoarchean granitoid inclusions.

Nutman et al. (2011) suggested that Neoarchean magmatism in eastern Hebei
was not a single protracted event but was marked by temporally, geographically,
and geochemically distinct pulses of igneous activity at 2.55-2.535, 2.53-2.52 Ga,
and 2.50-2.49 Ga, respectively, with the latter accompanied by granulite-facies
metamorphism.

(3) Fuping-Wutai-Hengshan

This is an important and famous exposure of Neoarchean rocks in the NCC with
a long history of research. Based mainly on the work of Cheng et al. (2004), Guan
et al, (2002), Han et al. (2012), Kréner et al. (2005a, 2005b, 2006), Li et al. (2010a),
Liu et al. (2002), Liu et al. (2004a), Miao (2003), Qian et al. (2013), Trap et al.
(2007, 2008), Wan et al. (2010a), Wang et al. (2010), Wei et al. (2014), Wilde et al.
(20044a, 2004b, 2005), Wu et al. (1989, 1998), Zhang et al. (2006); Zhang et al.
(2006); Zhang et al. (2007, 2009), and Zhao et al. (2011), some common features of
the basement are summarized as follows (Fig. 28).

(1) The early Precambrian basement is composed of the Fuping Complex in a
southeastern belt, the Wutai Complex in a central belt, and the Hengshan
Complex in a northwestern belt. All of these are composed of intrusive and
supracrustal rocks of different ages.

(2) Early Precambrian intrusive rocks mainly formed during the late Neoarchean
(2.55-2.5 Ga), including TTGs (mainly tonalite and granodiorite) with some
monzogranite and K-rich granite. 2.2-2.0 Ga intrusive rocks occur on a rel-
atively small scale and are predominantly crustally derived granites with a few
mantle-derived mafic—ultramafic rocks. Early Neoarchean (~2.7 Ga) TTGs
and early Neoarchean and older detrital and xenocrystic zircons were also
identified in the Fuping and Hengshan areas.

(3) No early Neoarchean or older supracrustal rocks have so far been found, but
this does not mean that they do not occur in these areas. Late Neoarchean
supracrustal rocks in the Wutai area are composed of mafic to felsic meta-
volcanic and clastic metasedimentary rocks, BIF, and minor limestone (the
Wutai “Group”). In Fuping, late Neoarchean supracrustal rocks, named the
Fuping “Group,” are mainly composed of mafic to intermediate metavolcanic
and clastic metasedimentary rocks and minor BIF and marble. Some or many
biotite—plagioclase gneisses and hornblende—plagioclase gneisses of the
Suojiazhuang-Yuanfang unit 1 of the Fuping “Group” may be strongly
metamorphosed and deformed intrusive rocks (Yang, unpublished data). Late
Neoarchean supracrustal rocks rarely occur as enclaves in the Hengshan
Complex, including garnet-bearing biotite—plagioclase gneiss, BIF, and
amphibolite. High-pressure garnet two-pyroxene granulites are derived from
gabbroic dikes.
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Fig. 28 Geological map of Hengshan-Wutai-Fuping, modified after Miao (2003), Cheng et al.
(2004), Liu et al. (2004b), Li et al. (2010a, b), Zhao et al. (2011), and Qian et al. (2013). Triangle
in inset map shows location of Fig. 28 in the NCC. The Yuanfang “Formation”(I) of the Fuping
“Group” is mainly composed of anatectic biotite—plagioclase gneiss, hornblende—biotite plagio-
clase gneiss, and fine-grained biotite—plagioclase (two feldspar) gneiss (leptinite), and some of
them may be metamorphic igneous rocks; Yuanfang “Formation”(II) of the Fuping “Group” is
composed mainly of amphibolite, fine-grained garnet-biotite gneiss, fine-grained feldspar gneiss,
fine-grained hornblende gneiss, banded iron formation, calc-silicate rock, and marble

(4) In Wautai, the Gaofan “Group,” originally named as the Gaofan “Subgroup” of
the Wutai “Group,” unconformably overlies the Wutai “Group” and was
deposited between 2.47 and 2.14 Ga. It should therefore be excluded from the
Wutai “Group.” The Hutou “Group” unconformably overlies the Gaofan
“Group” and is considered to be ~2.14 Ga or younger in age. The Wanzi
“Group” in the Fuping Complex was originally considered to be late
Neoarchean in age, but some authors considered it to be early
Paleoproterozoic (Guan et al. 2002; Li et al. 2005). It is composed of
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metasedimentary rocks including marble and is similar to the khondalite
sequences of the northwestern NCC in rock association and metamorphism.
Whole-rock Nd and Hf-in-zircon isotopic studies indicate that the formation of
all early and most late Neoarchean TTGs involved juvenile magmatic addi-
tions to the continental crust; most late Neoarchean and early Paleoproterozoic
(2.2-2.0 Ga) granitoids formed by recycling of early Neoarchean or older
crustal material.

The Fuping Complex and the northern portion of the Hengshan Complex
underwent upper amphibolite- to granulite-facies metamorphism, whereas the
Shizui “Subgroup” of the Wutai “Group” and the southern portion of the
Hengshan Complex underwent lower amphibolite-facies metamorphism, and
the Taihuai “Subgroup” of the Wutai “Group” underwent greenschist-facies
metamorphism. Metamorphic grades vary from granulite facies to greenschist
facies from both sides to the center. Consequently, the late Neoarchean
granitoid bodies in Wutai commonly show weaker metamorphism and
deformation than their equivalents in the Fuping and Hengshan complexes.
Fold axes, foliations, and lineations mainly extend in a west—east or south-
west—northeast direction. Three episodes of folding and two phases of ductile
thrusting and shearing have been identified (Li et al. 2010a). There are two
major shear zones: One is the west—east-striking Zhujiafang shear zone sep-
arating the granulite-facies Hengshan Complex in the north from the
amphibolite-facies Hengshan Complex in the south. Another is the southwest—
northeast-striking Longquanguan shear zone separating the Wutai “Group” in
the northeast from the Fuping Complex in the southwest.

A strong late Paleoproterozoic tectono-thermal event is recorded by
well-developed 1.95-1.83 Ga metamorphic zircons. This event resulted in
strong metamorphism and deformation in the Fuping and Hengshan com-
plexes and the lower part of the Wutai Complex and formation of the above
two shear zones. ~2.5 Ga metamorphic zircons have also been identified in
Fuping (Yang, unpublished data), but their significance is uncertain.

(4) Yinshan

Little was known about the early Precambrian basement of the Yinshan Block,
but new data were acquired in recent years (Chen 2007; Dong et al. 2012a, b; Fan
et al. 2010; Jian et al. 2012; Li et al. 1987; Liu et al. 2012d, 2014; Ma et al. 2013;
Ma 2013a, b, 2014a, b; Mei 1991; Zhang et al. 2003; Zhang and Liu 2004; Zhang
et al. 2014). The main features of the basement are summarized as follows (Figs. 29
and 30).

)]

There are 2.7 Ga tonalites and 2.6 Ga granites and older xenocrystic zircons in
~2.5 Ga granitoid rocks. The 2.7 Ga tonalite exposure is >10 km? in size.
Zhang et al. (2014) obtained a zircon age of 2.51 Ga for a charnockite exposed
near a 2.7 Ga tonalite dated by Ma et al. (2013) and interpreted this to reflect
emplacement of the charnockite precursor. However, considering strong
recrystallization of the zircon cores, the significance of the 2.51 Ga age is
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Dong et al. (2012a, b), Fan et al. (2010), Jian et al. (2012), Liu et al. (2012d, 2014), Ma et al.
(2013); Ma et al. (2013a, b, 2014a, b), and Zhang et al. (2014)

uncertain. We suggest that more >2.6 Ga rocks and zircons will be discovered
in Yinshan as more work is carried out.

(2) 2.55-2.5 Ga magmatism was widespread and resulted in the formation of
intrusive rocks composed of tonalite-trondhjemite and subordinate gabbro,
diorite, granite, and syenogranite, whereas granodiorite is rare. It appears that
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most tonalite—trondhjemite formed during an early phase in this event. It also
seems likely that, for some rocks, strong recrystallization and Pb loss caused
the magmatic zircon apparent ages to become younger than their original ages.
Middle to late Paleoproterozoic (2.2-1.9 Ga) granitoid rocks were identified in
local areas.

(3) Late Neoarchean supracrustal rocks include metavolcanic and
volcano-sedimentary sequences including BIFs. Two types of supracrustal
sequence can be recognized in terms of metamorphic grade. The high-grade
metamorphic supracrustal rocks (the Xinghe “Group”) consist of mafic to
felsic granulite with some containing garnet, and the low-grade metamorphic
supracrustal rocks (the Sheerteng “Group” or greenstone belt) consist of
greenschist- to lower amphibolite-facies mafic to felsic metavolcanic rocks
and minor metamorphosed ultramafic rocks, clastic metasediments, and BIF,
with some mafic lavas showing relict pillows. The supracrustal and associated
intrusive rocks broadly extend in an east-west direction. Some metasedi-
mentary rocks of the high- and low-grade supracrustal sequences are
Paleoproterozoic in age (Z.Y. Xu, unpublished data).

(4) Whole-rock Nd and Hf-in-zircon isotopic analyses of 2.7, 2.6, and 2.55-
2.50 Ga intrusive as well as 2.55-2.50 Ga supracrustal rocks indicate that
addition of significant juvenile material from the mantle occurred at 2.8—
2.7 Ga, and both juvenile magmatism and crustal recycling played significant
roles during magmatic events at the end of the Neoarchean.

(5) A late Neoarchean tectono-thermal event was widespread in the Yinshan
Block as indicated by abundant ~2.5 Ga metamorphic zircons. Late
Paleoproterozoic (1.94-1.86 Ga) metamorphic zircons were also found at
several localities. These metamorphic zircons are rare in the high-grade
metamorphic rocks, and this was interpreted to be due to late Paleoproterozoic
metamorphism having occurred in a dominantly “dry” system caused by
previous late Neoarchean high-grade metamorphism (Ma et al. 2012; Wan
et al. 2011a, b, ¢)

3 Distribution of Zircon Ages and Isotope Geochemistry

3.1 Zircon Age Distribution

Wan et al. (2011a) compiled a total of 7586 early Precambrian zircon age data for the
entire NCC and arrived at the conclusion that the most significant zircon-forming
tectono-thermal events occurred in the late Neoarchean to the earliest
Paleoproterozoic (2.55-2.48 Ga) and in the late Paleoproterozoic (1.95-1.80 Ga),
with age peaks at ~2.52 and ~ 1.85 Ga, respectively. In the present study, we
compiled additional zircon age data bringing the total to 15060. The geographic
distribution of these data is similar to those compiled by Wan et al. (2011a).
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The main differences include the following: (1) More data were obtained from the
Western Block, including the basement of the Ordos basin. (2) Only data are con-
sidered where the 1o error and discordance are less than 20 Ma and 15 %, thus
excluding many results obtained by LA-ICP-MS. (3) In areas where rocks under-
went strong metamorphism during the late Neoarchean and late Paleoproterozoic,
such as eastern Shandong and Daqingshan, some published ages of 2.45-2.0 Ga are
not included in our compilation. Although these data satisfy the above analytical
conditions, they may still be geologically meaningless because of likely partial
resetting of the U—-Pb isotopic systems in the zircons and/or partial Pb loss during
high-grade metamorphism.

Our new compilation of zircon data supports the earlier conclusions of Wan et al.
(2011a) that, considering the NCC as an entity, there is a continuous age record
from 3.8 to 1.8 Ga. Two tectono-thermal events are very significant in the late
Neoarchean to the earliest Paleoproterozoic and late Paleoproterozoic history of the
craton, reflected by age peaks at ~2.52 and ~1.85 Ga, respectively (Fig. 31a).
However, the age valleys are slightly different in our new compilation at ~ 3.6,
~3.2, ~2.85, ~2.65, ~2.25, and 2.0 Ga. Although there is an age valley at
~2.3 Ga worldwide for zircon ages (Condie et al. 2009), rocks of this age were
widely identified along the southern margin of the NCC (Diwu et al. 2007, 2014;
Huang et al. 2012a b, 2013; Jiang et al. 2011; Wang et al. 2012).

As indicated by Wan et al. (2011a), the Eastern Block shows an important
difference to the Western Block and the Trans-North China Orogen (TNCO) in
showing abundant ages >3.0 Ga (Fig. 31b—d) because of the well-studied ancient
rocks in Anshan and eastern Hebei. The discovery of many >3.3 Ga detrital zircons
in the Zhongtiao, Dengfeng, and Jiaozuo areas (Diwu et al. 2008; Gao et al. 2006;
Liu et al. 2012a; Yin et al. 2015) reduces the previous age difference between the
TNCO and Eastern Block. Significant progress was recently made in dating of early
Precambrian basement rocks in the Western Block, including the discovery of
2.7 Ga TTGs and identification of strong magmatism and metamorphism at
~2.5 Ga in the Yinshan Block (Dong et al. 2012a, b; Jian et al. 2012; Liu et al.
2014; Ma et al. 2012, 2013a, b, 2014a, b; Zhang et al. 2014). More data were also
obtained from the TNCO and Eastern Block. However, these new results do not
change the earlier conclusion that the Eastern Block, Western Block, and TNCO
have almost identical late Neoarchean age distribution patterns with zircon ages
varying from 2.55 to 2.48 Ga and a prominent age peak at ~2.52 Ga. The
prominent age peak in the Western Block seems slightly shifted toward younger
ages (Fig. 31d), probably due to the significant early and late Paleoproterozoic
metamorphic events.

3.2 Whole-Rock Nd Isotopic Composition

Wu et al. (2005b) compiled Nd isotopic data from NCC rocks and constructed
depleted mantle Nd model age histograms that indicated an important period of
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Fig. 31 Age histogram for zircons from the early Precambrian basement of the North China Craton.
a All data for the North China Craton; b data for the Eastern Block; ¢ data for the Trans-North China
Orogen (TNCO); d data for the Western Block. See text for interpretation and references

crustal growth during 3.0-2.6 Ga and minor events at 3.6-3.2 and ~2.2 Ga. Many
samples in their compilation were Paleoproterozoic or even younger in age. In order
to better understand the Archean geological evolution, we only used data of
Archean rocks in our compilation, including some 2.5-2.45 Ga samples. The total
number of samples for our eng(f) versus formation age diagram and the Nd model
age histogram are 1103 and 871, respectively. The data are mainly from references
published within the last twenty years (more than 70 papers, most are listed in the
“References”) together with our unpublished data. Similar to the zircon ages, the
whole-rock Nd isotopic data show an uneven geographic distribution. Most results
come from the eastern Block, and rock samples older than 2.9 Ga are mainly from
Anshan, eastern Hebei, and eastern Shandong. We divided the samples into four
types, namely ultramafic to intermediate rocks (including gabbro, diorite, quartz
diorite, metamorphic ultramafic rocks, mafic granulite, amphibolite, greenschist,
fine-grained hornblende gneiss), TTG and related rocks (e.g., metadacite,
fine-grained biotite gneiss), crustally derived granites, and metasedimentary rocks.
All parameters and equations used for calculation of depleted mantle Nd model
ages are those of Jahn et al. (1990) and Wu et al. (2005b). The crystallization
ages of most geological bodies in the NCC were determined from zircon dating.
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for the Eastern Block; b data for the Trans-North China Orogen (TNCO); ¢ data for the Western
Block; d all data for the North China Craton. See text for interpretation and references

This made it possible to construct eny(?) versus crystallization age diagrams for the
Archean rocks (Fig. 32a—d). Some important features are as follows.

(1) Juvenile, mantle-derived material was added to the crust during several major

2)

periods, namely at 3.8, 3.35-3.3, 3.1, 2.9, 2.8, and 2.75-2.5 Ga. Crustal
recycling occurred during almost every period of juvenile crustal additions.
Some 3.8 Ga rocks from Anshan have negative eng(f) values, probably sug-
gesting that crustal recycling was already an important process in the
Eoarchean. This is similar to the most ancient rocks in Canada (Acasta gneiss,
lizuka et al. 2009) and the Ancient Gneiss Complex of Swaziland, southern
Africa (Kroner et al. 2014). Crustal recycling became more dominant with the
evolution of continental crust as indicated by eng(f) values becoming more
negative with time.

Neoarchean (2.75-2.5 Ga) rocks from the Eastern and Western blocks and
TNCO show similar Nd isotopic features. However, the Eastern Block shows
higher maturity in crustal evolution than the Western Block and TNCO at the
end of Archean.
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Young, crustally derived rocks inherited the Nd isotopic features from their
source material in different areas to variable degrees. In Anshan, for example,
some 2.5 Ga crustally derived granites have very negative gng(?) values due to
long geological history up to 3.8 Ga. In contrast, in western Shandong, where
the majority of the oldest rocks formed during 2.75-2.7 Ga as addition of
juvenile material from depleted mantle source, the 2.5 Ga crustally derived
granites commonly have depleted mantle Nd model ages of 2.8 2.7 Ga.
Some rocks older than 3.3 Ga show very high enq(#) values (Fig. 32a, d).
Many of these are from the Anshan area and have very low Sm and Nd
contents and are strongly deformed and metamorphosed. Therefore, the above
positive anomalies are not considered to be original features of the rocks but
are likely due to analytical uncertainty and/or more probably to
post-crystallization Nd mobility during metamorphism and other late,
fluid-induced geological processes. Some rock samples reported in the earlier
literature from the Baijiafen Complex may not be ~3.8 Ga in age, and thus,
their enqg(f) values were incorrectly calculated.

The fsmna values for Archean rock samples selected for the Nd model age
histogram are limited to between —0.2 and —0.6 in order to reduce the uncertainties
in the model age calculations caused by strong Sm/Nd fractionation during geo-
logical processes (Jahn et al. 1990; Wu et al. 2005b). In the single-stage Nd model
age (depleted mantle Nd model age) histogram, the data are concentrated between
2.8 and 2.6 Ga with a model age peak at ~2.75 Ga (Fig. 33a). Different rock types
show similar single-stage Nd model ages between 3.1 and 2.5 Ga. Compared with
TTGs, however, ultramafic to intermediate rocks commonly have young Nd model

ages.

A model age valley is seen at ~3.1 Ga, and the model ages show a plateau

distribution between 3.9 and 3.1 Ga. Two-stage model ages (crustal model ages)
show a similar distribution but are commonly shifted toward older ages by
100-50 Ma (Fig. 33a, b).
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Fig. 33 Nd model age histograms for Archean rocks of the North China Craton. a Single-stage
model age (depleted mantle model age); b two-stage model age (crustal model age). See text for
further interpretation and references
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3.3 Hf-in-Zircon Isotopic Composition

Geng et al. (2012) and Wang and Liu (2012) summarized the Hf isotopic features of
zircons from early Precambrian basement rocks of the NCC and arrived at the
conclusion that crust formation and growth of the craton mainly occurred during the
early Neoarchean (2.8-2.7 Ga). In this paper, we used 8564 and 8736 data to
compile eye(f) versus formation age diagrams and Hf model age histograms,
respectively. These data are mainly from Archean rocks of the NCC (some are
2.49-2.45 Ga in age, and some detrital zircon data are from Paleoproterozoic
metasedimentary rocks). The data sources are mainly from references published
within the last ten years (more than 80 papers, many listed in the “References”),
together with our unpublished data, and the geographic distribution of the data is
similar to those of zircon U-Pb ages with most data for >2.9 Ga rocks being from
Anshan, eastern Hebei, and eastern Shandong. Zircon subdivisions are the same in
Sect. 3.1. All parameters and equations used for calculation and diagram are those
used by Bouvier et al. (2008), Griffin et al. (2000), and Soderlund et al. (2004).
In eye(#) versus formation age diagrams, data points far below the depleted
mantle evolution line have two possible interpretations: (1) the rock formed by
melting of older crustal material; (2) zircons with apparently depleted mantle Hf
isotopic compositions underwent lead loss, and therefore, their age assessment is
wrong. In order to avoid such possibly erroneous data, we only used weighted mean
207pb/2%°Ph ages and upper concordia intercept ages for magmatic and metamorphic
zircons. We also excluded data where zircon analyses have a discordance of >40 %.
For detrital zircons, individual data were only used when the 1o error is less than
20 Ma and the discordance is less than 15 %. Considering the entire NCC, the
Hf-in-zircon isotopic data show a similar distribution as the whole-rock Nd isotopic
compositions, namely addition of juvenile material to the crust at 3.8-3.55, 3.45,
3.35-3.3, 2.9, and 2.8-2.5 Ga (Fig. 34a—d). Crustal recycling began as early as
3.8 Ga, lasted from 3.8 to 3.25 Ga and, between 3.25 and 2.90 Ga, played a more
important role than addition of juvenile material. Ca. 2.90 Ga granitoids in Anben
and eastern Shandong show different zircon Hf isotopic features, reflecting differ-
ences in their early geological histories. It seems that the original features of
Hf-in-zircon isotopic compositions are better preserved than those of whole-rock
Nd isotopic compositions. Compared to the whole-rock Nd isotopic data,
Hf-in-zircon data reveal significant additions of juvenile material and stronger
crustal recycling. This is probably due to a much larger data set and may thus more
objectively reflect the Archean geological evolution of the NCC. For the Eastern
Block and TNCO, whole-rock Nd isotopic data show obvious differences in the
ena(?) versus formation age diagram (Fig. 32a—b), whereas the Hf-in-zircon isotopic
data are similar in the eyd#) versus formation age diagram (Fig. 34a-b). For
example, many detrital zircons from the Zhongtiao area of the TNCO have dis-
tinctly negative eyg(r) values, suggesting that >2.9 Ga rocks may occur in this area,
and therefore, the TNCO shows similar isotopic features in early crustal evolution
as the Eastern Block. In many cases, metamorphic zircons inherited the Hf isotopic
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features of their magmatic zircons in the same rocks unless metamorphic garnet
occurs in the metamorphic rocks. It may therefore be incorrect to assign a meta-
morphic age to the '76H£/""THF ratio, but it should be the igneous age of the host
rock. However, if using the igneous ages, metamorphic zircon analyses will occur
in the same area as the magmatic zircons, making it more difficult to distinguish
them. Considering this and presence of garnet in only a few metamorphic rocks, we
still use metamorphic zircon ages in this paper. It is easily observed that meta-
morphic zircons are similar in their Hf isotopic features to magmatic zircons.
Zircons do not generally crystallize from magmas derived directly from mantle
sources. Therefore, their single-stage Hf model ages (depleted mantle Hf model
ages) are geologically meaningless, and corresponding histograms are not shown
here. Two-stage Hf model ages (crustal Hf model ages) are commonly shifted by
about 100-50 Ma toward old ages compared with depleted mantle Hf model ages.
In the two-stage Hf model age histogram, the data are concentrated between 2.85
and 2.6 Ga with an age peak at ~2.8 Ga (Fig. 35). The age valley occurs at
~3.3 Ga. Compared with the whole-rock Nd model ages, the zircon Hf model ages
show an obvious plateau distribution but with a larger age variation between 4.1
and 3.2 Ga. We point out that the continuous whole-rock Nd and zircon Hf model
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from the North China Craton. Some are 2.49-2.45 Ga in age, and some detrital zircons are from
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age distributions do not mean that juvenile material was continuously added to the
continental crust. We rather suggest that the patterns in whole-rock eng(7) and
zircon gy(f) versus formation age diagrams are partly a result of mixing of juvenile
and recycled material.

4 Formation and Evolution of the Archean Basement
of the NCC

4.1 Temporal Evolution

Rocks older than 2.8 Ga only occur in local areas such as Anshan, eastern Hebei,
eastern Shandong, Lushan, and Xinyang, amounting to less than 5 % of the area of
the NCC Archean basement. However, detrital and xenocrystic zircons older than
2.8 Ga occur over a wider area. Rocks >3.4 Ga consist mainly of granitoids, but
ultramafic to mafic rocks of these ages are also present, but most were not dated due
to lack of magmatic zircon. Almost all rocks and zircons were involved in a late
Neoarchean tectono-thermal event. Rocks >2.8 Ga do not show an increasing trend
in distribution with time, but this may be due to uneven reworking of old rocks
during later geological processes. 2.75-2.6 Ga magmatic rocks have recently been
identified in many areas, and 2.55-2.5 Ga rocks occur more widely than thought
before.

Only a few >2.6 Ga supracrustal rocks have been identified, including the
3.36 Ga Chentaigou supracrustals and the 3.0-2.9 Ga Tiejiashan supracrustals in
Anshan, the 2.9 Ga Huangyadi supracrustals in eastern Shandong, the 2.82 Ga

658



102 Y.-S. Wan et al.

Xiataihua supracrustals in Lushan, and the 2.75-2.71 Ga Yanlingguan-Liuhang
succession in western Shandong. However, 2.56-2.51 Ga supracrustal rocks occur
in almost every late Neoarchean terrane, although their proportions are small
(commonly <10 %). Basaltic, intermediate, and felsic volcano-sedimentary rocks
are the predominant protoliths of the supracrustal sequences.

Intrusive rocks show variations in rock types with time. The 3.8-3.1 and 2.9-
2.7 Ga intrusive rocks are mainly trondhjemitic and tonalitic in composition,
respectively, but some gabbroic and dioritic rocks also occur. The oldest large-scale
K-rich granite body is the crustally derived 3.0-2.9 Ga Tiejiashan pluton.
Granodiorites only began to occur in the late Neoarchean on a large scale, together
with tonalites and trondhjemites, whereas crustally derived late Neoarchean granites
(mainly monzogranites and syenogranites) are widely distributed.

TTG rocks with ages between 3.45 and 3.3 Ga exhibit variable REE contents,
resulting in weakly to strongly fractionated REE patterns. This is considered to be a
result of cooling of the Earth (Wan et al. 2005a). However, Moyen (2011) indicated
that variable REE patterns in TTGs do not have any relationships with the cooling
Earth. Some late Neoarchean rock types such as syenogranite show large variations
in REE and trace element compositions, suggesting that the source regions and
conditions of magma formation became more complex with time.

The NCC exhibits a continuous evolution from 3.8 to 2.5 Ga, but there are age
valleys at ~3.5, ~3.2, 2.85, and ~2.65 Ga. Whole-rock Nd isotopes and
Hf-in-zircon isotopes indicate that both juvenile additions and crustal recycling
played important roles during almost every tectono-thermal event. The Neoarchean
was the most important period for the formation of continental crust in the NCC,
and this will be discussed below in more detail.

Metamorphic zircons older than 2.8 Ga were rarely found, and their formation
may be related to local events. The oldest (2.76 Ga) well-developed metamorphic
zircons are from 2.82 Ga rocks in the Lushan area. Widespread 2.6 Ga metamorphic
zircon ages were obtained from rocks in western Shandong. The most important
Archean metamorphic event occurred at the end of the Neoarchean, as indicated by
widespread ~2.5 Ga metamorphic zircon ages all over the craton. These may
suggest that significant crustal thickening only occurred after the Mesoarchean and
reached a climax at the end of the Neoarchean due to subduction/collision and/or
underplating. Ca. 2.5 Ga metamorphic zircons have not been identified in some
areas such as Wutai, but this may be due to the low metamorphic grade in these
rocks. In Anshan, there are 3.8-2.5 Ga rocks and zircons, and in eastern Hebei,
3.88-3.4 Ga detrital zircons and 3.4-3.0 Ga and 2.5 Ga rocks have been identified.
Many old zircons show overgrowth and recrystallization, suggesting that they
became involved in later crustal recycling and metamorphism.

The most important Archean ore deposits in the NCC are BIFs and some
massive Cu—Zn sulfide deposits. Although BIFs show large variations in formation
age from the Paleoarchean to the early Paleoproterozoic, they are predominantly
late Neoarchean in age (2.55-2.51 Ga) (Wan et al. 2012d; Zhang et al. 2012b). It
seems that a stable depositional environment was necessary for the formation of
large-scale BIF deposits. Gold deposits mainly formed in the Mesozoic, but it is
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generally considered that Archean mafic—ultramafic supracrustal rocks (greenstone
belts) were the main sources (Zhai 2010).

4.2 Ancient Material Records Beneath the NCC

Understanding the geological, geochemical, and geochronological processes during
the early Precambrian evolution of the NCC is mainly based on studying the
exposed basement as shown above. However, some progress has been made to
recognize ancient material in the deep crust of the NCC. There are two ways to
obtain information from this cratonic region. One is from rock samples recovered
from drill holes that penetrated the basement. One such study revealed late
Paleoproterozoic magmatism and metamorphism in basement rocks beneath the
Songliao basin in the northeastern NCC (Pei et al. 2007), whereas another study
indicated that the basement beneath the Ordos basin in the western NCC was
involved in a late Paleoproterozoic tectono-thermal event (Hu et al. 2012; Wan
et al. 2013).

Wan et al. (2014b) recently carried out zircon dating, Hf-in-zircon isotopic
analyses, and a whole-rock geochemical study of igneous and metasedimentary
rocks from basement covered by Mesoproterozoic and younger sedimentary rocks
in the Central Hebei Basin (CHB). The CHB extends in a NE-SW direction and
covers an area of >35,000 km? (Fig. 36). Based on drill core data and geophysical
investigations (NCOCP 2012), the basement is composed of greenschist- to upper
amphibolite-facies magmatic and supracrustal rocks that locally experienced anat-
exis. The bottom of the basin shows irregular elevations with the greatest depth
being >5000 m. This study identified late Neoarchean magmatic and
Paleoproterozoic metasedimentary rocks that were subjected to late Neoarchean to
early Paleoproterozoic and late Paleoproterozoic tectono-thermal events, similar to
those identified in the early Precambrian basement around the basin. Wan et al.
(2014b) concluded that the basement beneath the CHB is part of the NCC. On the
basis of this study, the authors suggested that early Precambrian rocks are extensive
beneath the Mesoproterozoic and younger sedimentary cover all over the NCC.

Another way to reveal ancient material in the deep crust is to study rock enclaves
(xenoliths) and xenocrystic zircons brought to the surface by eruption of volcanoes
and/or intrusion of magmas from a deep source. Zheng et al. (2012), Zhang et al.
(2012a, b), and Zhang (2014) summarized progresses made in the investigation of
such rocks and zircons. Young igneous rocks containing old xenoliths and xeno-
crystic zircons include Paleozoic kimberlite and lamproite, Mesozoic volcanic or
intrusive rocks, and Cenozoic basalts (Fig. 37). The xenoliths are considered to be
derived from the lower crust and upper mantle. The lower crustal xenoliths consist
of high-grade metamorphic rocks generally less than 10 cm in diameter. Many
igneous rocks also contain xenocrystic zircons that were derived from lower crustal
sources or were captured during magma ascent. These samples provide important
information on the age and composition of the deep NCC crust.

660



104 Y.-S. Wan et al.

T T T [ T
- N4t E115 E116 ET Luanping E118
0 30km

]
Xuanhua

miyun [Eastern Hebei

°
Zunhua

oZhuolu

o
Beijing

®Langfang

- N38"

Early Precambriar
rocks around CHB

=]
Early Precambrian
] rocks in CHB

T
)

Zanhuang ®
Complex

Dezhou
<

Fig. 36 Geological map of the Central Hebei Basin and surrounding areas, modified after NCOCP
(2012) and Wan et al. (2014b). Inset shows location in the NCC

The concordia diagram with zircon age data from xenoliths shows several
clusters around 2.5, 1.9-1.8, and 0.1 Ga (Fig. 38a). Some data for old zircons from
xenoliths of the Xinyang volcanic rocks plot along a discordia line with an upper
concordia intercept age of ~ 3.6 Ga. Note that there is significant lead loss in some
of these zircons. Thus, a cumulative histogram compiling all data may lead to an
overestimate of zircon crystallization events. Several lead loss trends can be rec-
ognized: (1) ancient lead loss in Paleoarchean zircon grains at ca. 2.5 and 1.8 Ga;
(2) ancient lead loss in Neoarchean zircon grains at 1.8 Ga; and (3) lead loss in
Neoarchean and Paleoproterozoic zircons during the Phanerozoic. The concordia
diagram of zircon xenocrysts shows a similar age pattern, including lead loss
(Fig. 38b). These features were also observed in the zircon age distribution of the
exposed early Precambrian basement. However, there are no zircon grains with
Paleoarchean ages, consistent with the limited occurrence of such rocks in the NCC.

All early Paleoproterozoic zircon data, including those with variable lead loss,
are shown in Fig. 38c and d. The Hf-in-zircon isotopic data from the xenoliths show
that the oldest age group has even more negative eydf) (Fig. 38c) than the
Paleoarchean zircons in the Anben and Caozhuang areas, indicating that they
represent recycled crust. The ~2.5 Ga zircon grains have both negative and
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positive ege(?), implying that juvenile material was added to the crust and recycling
of older material also occurred. A similar pattern was observed in the 1.9-1.8 Ga
zircons. Specifically, Phanerozoic zircon grains mainly show negative gy(7) values,
and some grains have extremely low eyf) of —40 and even lower. There is no
doubt that some Archean material was recycled during Phanerozoic
tectono-magmatic events. The Hf isotopic data of the zircon xenocryst show a
similar pattern (Fig. 38d).

Both the data from xenoliths and zircon xenocrysts show similar Hf model age
distributions (Fig. 38e, f) as those from basement rocks exposed on the surface. The
major peak is at about 2.8 Ga, and very old model ages near the beginning of the
formation of continental crust on the Earth suggest that there may be some very old
material in the deep crust of the NCC.
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4.3 Major Periods of Continent Formation

Formation of continental crust in the NCC can be traced back to the Eoarchean.
Geological records earlier than Mesoarchean were most likely partly destroyed
during later tectono-metamorphic processes, and it seems likely that the Neoarchean
was a major period of crust formation in the NCC. This means that some crucial
processes occurred in the Earth during this time, probably indicating a transfor-
mation in the global tectonic regime due to changes in the thermal state of the Earth
from hot to cool. Zircon age histograms indicate that the most important
tectono-thermal event occurred at ~2.5 Ga. Evidence for addition of juvenile
material at ~2.5 Ga includes the following: (1) Ca. 2.5 Ga supracrustal rocks
(greenstone belts), commonly with a high proportion of metabasalt, occur in almost
every terrane; (2) Ca. 2.5 Ga gabbroic to dioritic rocks are widely distributed all
over the NCC (Li et al. 2010b; Ma et al. 2012; Wan et al. 2010c; Wan, unpublished
data); and (3) some ~2.5 Ga TTGs exhibit whole-rock Nd and Hf-in-zircon iso-
topic compositions similar to the depleted mantle (Diwu et al. 2012; Geng et al.
2012; Liu et al. 2009b; Wang and Liu 2012; this study). However, mafic to
intermediate assemblages (including volcanic and intrusive rocks) constitute only a
small portion of the granitoid—greenstone belts, and 2.5 Ga TTGs with depleted
mantle model ages are relatively rare (Figs. 32d and 34d).

In western Shandong, >2.8 Ga rocks have not been identified, but voluminous
~2.5 Ga crustally derived granites show the same whole-rock Nd and Hf-in-zircon
isotopic features as the 2.75-2.7 Ga rocks. Therefore, the ~2.5 Ga granitoids are
considered to have been derived from 2.75-2.7 Ga sources (Wan et al. 2010c,
2011b). In areas where >2.8 Ga rocks are exposed, ~2.5 Ga granites with Nd and
Hf isotopic compositions of 2.7 Ga juvenile rocks could have formed as a result of
mixtures of depleted mantle-derived magmas and older crustal material. However,
>2.8 Ga rocks are rare in the NCC, so this may not have been a significant process
for the formation of ~ 2.5 Ga granitoids. On the other hand, some magmatic zircons
from ~2.5 Ga gabbros, diorites, and granodiorites show Hf isotopic enrichment,
similar to the Nd isotopic composition of some ~ 2.5 Ga amphibolites. This may be
a feature of a mantle source or a result of crustal contamination of magmas derived
from a depleted mantle. There are three potential sources for the ~2.5 Ga magmatic
rocks with similar Nd and Hf isotopic compositions as the 2.7 Ga juvenile rocks
(Wan et al. 2014a): (1) Ca. 2.7 Ga granitoids that constituted precursors for the
~2.5 Ga crustally derived granitoids; (2) Ca. 2.7 Ga mafic rocks that also con-
stituted precursors for the ~2.5 Ga intermediate and more felsic rocks; and (3) a
mantle source with ~2.7 Ga depleted mantle model ages from which some mafic
rocks could have been derived. The possibility cannot be excluded that ~2.5 Ga
granitoids with ~2.7 Ga depleted mantle model ages resulted from crustal recy-
cling of ~2.5 Ga mantle-derived rocks with the same isotopic features; however,
rocks formed in this way must be limited in volume. Therefore, the conclusion can
be drawn that the most important period of addition of juvenile material occured in
the early Neoarchean rather than in the late Neoarchean, consistent with rocks and
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detrital and xenocrystic zircons of these ages occurring in many areas of the NCC.
Fundamentally, therefore, the NCC is similar to many other cratons elsewhere in
that tectono-thermal and crust-forming events at ~2.7 Ga are globally well
developed. The main difference between the NCC and many other cratons is that a
superimposed ~ 2.5 Ga tectono-thermal event was particularly strong in the former
(Wan et al. 2010c, 2011b, 2014a, 2015b; Zhai and Santosh 2011).

4.4 Tectonic Subdivision of the NCC

The early Precambrian subdivision of the craton is mainly based on the distribution
of late Neoarchean to Paleoproterozoic rocks because of insufficient data for the
earlier geological evolution. The subdivision is debated in the literature, and several
schemes have been proposed as summarized by Zhai and Santosh (2011) and Zhao
and Zhai (2013).

Wu et al. (1998) subdivided the NCC into five blocks, namely the Jiaoliao,
Qianhuai, Jinji, Yuwan, and Mongshan blocks (Fig. 39a). The Jiaoliao and
Qianhuai blocks were considered to have assembled along the Jiao-Liao-Ji Belt,
resulting from an east-dipping subduction zone to form a larger block at ~2.5 Ga
which then collided with other blocks to result in final amalgamation of the NCC
during the late Paleoproterozoic.

Zhao et al. (2001) suggested a 3-fold subdivision of the craton, namely the
Eastern Block, Western Block, and Trans-North China Orogen (TNCO). Late
Archean anticlockwise P-T paths for the two blocks were interpreted to have
resulted from several mantle plumes, resulting in magmatic underplating and
high-grade metamorphism at ~2.5 Ga, whereas the clockwise path in the TNCO
was interpreted to reflect continental collision between the Eastern and Western
blocks, leading to Paleoproterozoic assembly of the NCC at ~ 1.85 Ga. Zhao et al.
(2005) later modified this model into the currently favored 6-fold subdivision of the
craton (Fig. 39b), resulting from the speculative interpretation of major collisional
zones within both the Eastern and Western blocks.

Li et al. (2002), Kusky and Li (2003), and Kusky et al. (2007) suggested that
collision between the Eastern and Western blocks occurred in the late Neoarchean
(~2.5 Ga) along the Central Orogenic Belt (COB) to form a unified NCC.
The COB is similar in spatial distribution to the TNCO of Zhao et al. (2001, 2005)
with differences being that the COB extends farther northeast into southern Jilin
(Fig. 39c) and that the subduction polarity was west-dipping, rather than
east-dipping, as suggested by Zhao et al. (2001, 2005).

Zhai and Santosh (2011) subdivided the NCC into seven microblocks, mainly
based on the spatial distribution of ancient rocks and tectonic boundaries revealed
by several granite—greenstone belts. These were named the Alashan (ALS), Xuhuai
(XH), Xuchang (XCH), Jining (JN), Ordos (OR), Qianhuai (QH), and Jiaoliao
(JL) blocks, with very different boundaries from those of other authors. They
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suggested that these microblocks were welded together along Neoarchean granite—
greenstone belts at ~2.5 Ga (Fig. 39d).

In order to understand the tectonic setting of the NCC during the late
Neoarchean, it is necessary to determine the spatial distribution of ancient
(22.6 Ga) continental domains in the craton. A strong tectono-thermal event at
~?2.6 Ga in western Shandong is an important reason for considering 2.6 Ga as a
chronological boundary between the early and late Neoarchean. With regard to the
spatial distribution of these ancient crustal domains, rocks and zircons of different
origins and ages have different geodynamic interpretations. Rocks =2.6 Ga them-
selves represent ancient crust, whereas >2.6 Ga detrital zircons in late Neoarchean
and Paleoproterozoic metasedimentary rocks suggest the existence of ancient crust
in nearby areas, and 22.6 Ga xenocrystic zircons in young (<1.8 Ga) intrusive rocks
may indicate the existence of old material in the deep crust. However, old detrital
zircons in young sedimentary rocks have no significance because they may have
undergone multirecycling. Figure 1 shows 22.6 Ga detrital and xenocrystic zircons
from Paleoproterozoic or older rocks. Based on the spatial distribution of ancient
rocks and zircons, three ancient terranes can be delineated, namely the Eastern
Ancient Terrane, Southern Ancient Terrane, and Central Ancient Terrane (Fig. 40).

(1) Eastern Ancient Terrane

This is the best understood ancient terrane and occurs along the eastern margin
of the NCC in a NE-SW direction, including Anben, eastern Hebei, eastern
Shandong, and western Shandong. The oldest rocks and zircons mainly occur in
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this terrane. Besides the 3.8-2.9 Ga rocks in Anshan and 3.4-3.0 Ga rocks and
3.8-3.3 Ga detrital zircons in eastern Hebei, 2.9-2.6 Ga rocks were identified in
eastern Shandong and western Shandong. The spatial relationships between the old
rocks in the terrane may not have changed significantly since the early Neoarchean
(2.6 Ga). In western Shandong, the margin of the ancient terrane is the boundary
between belts B and C (Fig. 19). Although granitoids in Belt A are mainly ~2.5 Ga
in age, they are derived from melting of older basement. Syenogranites and
monzogranites are also widely distributed in eastern Hebei, Jinzhou, and Anben,
and they constitute the largest crustally derived late Neoarchean granite belt in the
NCC. It is notable that these ~2.5 Ga granitoids inherited their compositional
features from older basement. As mentioned above, in Anshan, recycling of
>3.0 Ga crust played a profound role in the formation of the ~2.5 Ga syenogra-
nites, as evidenced by the presence of older xenocrystic zircons as well as
whole-rock Nd and Hf-in-zircon isotopic compositions (Wan et al. 2015a). In
western Shandong, on the other hand, the ~2.5 Ga crustally derived granites in
Belt A have similar whole-rock Nd and Hf-in-zircon isotopic compositions as the
adjacent early Neoarchean rocks (Wan et al. 2010c, 2011b).

(2) Southern Ancient Terrane

This terrane occurs along the southern margin of the NCC in a nearly E-W
direction. 3.65, 2.83-2.82, 2.7, and 2.7-2.6 Ga rocks have been identified in

667



Formation and Evolution of Archean Continental Crust ... 111

Xinyang, Lushan, Huoqiu, and Zhongtiao, respectively, and 3.6-2.6 Ga detrital and
xenocrystic zircons were discovered in additional areas (Liu et al. 2012b).
Importantly, as pointed out before, the captured or detrital 4.1-3.5 Ga zircons in
Paleozoic volcano-sedimentary rocks of the northern Qinling Orogenic Belt may be
derived from the southern margin of the NCC. This suggests that the Southern
Ancient Terrane may have a long geological history back to 4.1 Ga ago.
Widespread identification of >2.6 Ga rocks and zircons in this terrane is an
important progress made in recent years.

(3) Central Ancient Terrane

This includes the Zanhuang, Fuping, Hengshan, Zhangjaikou, and Chengde
areas where 2.7 Ga TTG rocks and zircons were identified, although the TTG rocks
commonly occur at small scales. It is likely that more rocks and zircons older than
2.6 Ga will be discovered in this terrane, and the widespread presence of crustally
derived granites in the Central Ancient Terrane is also consistent with the existence
of older material in the deep crust. However, there are also many ~2.5 Ga TTG
rocks in the terrane, and this makes it uncertain whether or not the Central Ancient
Terrane existed prior to 2.6 Ga.

Besides the above three ancient terranes, >2.6 Ga rocks and zircons were
identified in other areas of the NCC. For example, in Xi Wulanbulang, 2.7 Ga TTG
rocks with a relatively wide distribution as well as older detrital and xenocrystic
zircons were discovered (Jian et al. 2012; Dong et al. 2012a, 2012b; Ma et al.
2013). Ca. 2.5 Ga zircons in late Neoarchean supracrustal and intrusive rocks have
the same Hf isotopic compositions as zircons from the 2.7 Ga TTG rocks, providing
evidence for crustal recycling or contamination of early Neoarchean crust.
Therefore, there may also be an ancient terrane in the Yinshan Block.

4.5 Tectonic Regime

Mantle plume activity resulting in magmatic underplating and plate tectonics are
considered to have been the most important processes involving the formation and
evolution of early continental crust (Van Kranendonk et al. 2014), but the timing of
initiation of plate tectonics is debatable. Some authors suggested that present-type
plate tectonics only began in the late Paleoproterozoic or later, whereas others
considered that tectonic regimes similar to those of today occurred as early as the
Eoarchean (e.g., Nutman et al. 2013). Therefore, there are different opinions on
whether mantle plume activity (or underplating) and/or arc magmatism or both
played key roles in the Neoarchean, an important period when much of the global
continental crust formed (Bédard 2013; Condie and Kroner 2013; Dostal and
Mueller 2013; Halla et al. 2009; Manikyamba and Kerrich 2012; Mohan et al. 2013;
Wyman 2013a, b). Magmatic underplating is considered to be related to mantle
plume activity or, more probably, to mantle overturn (Davies 1995; Rey et al. 2003)
and may have been an important mechanism in continental growth and reworking
(Frost et al. 2001; Warren and Ellis 1996). Mantle plumes generally last for only

668



112 Y.-S. Wan et al.

Fig. 41 Comparison of the I
Archean magmatic records of
the Baijiafen, Dongshan, and M 'Y

Shengousi complexes in the

Anshan area. Data are from W

Liu et al. (1992, 2008), Song Dongshan

et al. (1996), Wan et al. i e
(2003a, b, ¢, 2012a), Wu et al. H N R -
(2008), and Wan nj'

(unpublished data)

T T
Shengousi

= =
whH e B |

H
L]
W

=t

Baijiafen-Chentaigou

J | =i
= =
la) =
R VR X
|

3.0 3.2 3.4 3.6 3.8 4.0
Rock or zircon age (Ga)

5-10 Ma (Abbott and Isley 2002), a much shorter time span than the late
Neoarchean (2.55-2.50 Ga) igneous activity in the NCC. Mantle overturn may have
led to longer magmatism.

We now have a better understanding of the early (>2.8 Ga) evolution of the NCC
through detailed studies in some areas. In Anshan, magmatism almost continuously
lasted for a long time from 3.8 to 2.9 Ga (Fig. 12), where multiple and complex
phases of igneous activity were recorded in all three complexes (Fig. 41). The rock
types include both mantle-derived and crustally derived rocks (Dong et al. 2013;
Liu et al. 1992, 2008; Song et al. 1996; Wan et al. 2005a, 2007, 2012a, 2015a;
Zhou et al. 2007; Zhou et al. 2009). These data suggest that long-term magmatism
related to mantle activity widely occurred in Anshan and adjacent area. In eastern
Hebei, detrital zircons record almost continuous ages ranging from 3.88 to 3.4 Ga,
although only 3.4-3.0 Ga Paleoarchean—Mesoarchean rocks were discovered until
now. We suggest that widespread magmatism due to mantle overturn activity may
have been the main mechanism of continental growth and reworking before the
Mesoarchean, consistent with the underplating model.

Western Shandong and eastern Shandong are areas where ~2.7 Ga rocks are
most widely distributed in the NCC. Metabasalts with REE depletion and enrich-
ment have been identified in western Shandong, and komatiites with well-preserved
spinifex textures (Fig. 18d) were considered to be ~2.7 Ga in age (Polat et al.
2006a). In eastern Shandong, ~2.7 Ga TTGs formed about 200 Ma later than
~2.9 Ga TTGs, and this suggests that subduction may not have been responsible
for the formation of the ~ 2.7 Ga rocks because a 200 Ma time span is too short for
a full Wilson cycle (Jahn et al. 2008). Furthermore, the majority of TTG rocks in
both western Shandong and eastern Shandong show strongly fractionated REE
patterns and Nb—Ti—P depletion (Jahn et al. 2008; Wan et al. 2014a). Based on rock
associations, TTG compositions, and the geological evolution, mafic magma
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underplating was considered as a viable process for the formation of the supra-
crustal and intrusive rocks (Jahn et al. 2008; Polat et al. 2006a). The tectonic setting
of ~2.7 Garocks in other areas is not so clear because of their small size and poor
data. However, Yang et al. (2013a) favored a subduction model for the formation of
~2.7 Ga TTG rocks in the Zanhuang area.

Underplating and arc magmatism have been proposed for crustal growth in the
late Neoarchean. The former model was mainly suggested from studies of the
eastern NCC (Geng et al. 2006; Yang et al. 2008; Zhao et al. 1998, 1999, 2001).
Zhao and Zhai (2013) summarized the main features supporting this view as fol-
lows: (1) An exceptionally large exposure of granitoid intrusions formed over a
short time period (2.55-2.50 Ga) and shows no systematic age progression across a
~ 800-km-wide block; (2) generation of komatiitic magmas with eruption tem-
peratures as high as ~ 1650 °C; (3) dominant domal structures; (4) bimodal vol-
canic assemblages in the greenstone sequences; (5) affinities of mafic rocks to
continental tholeiitic basalts; and (6) metamorphism with anticlockwise P-T paths
involving isobaric cooling. Jian et al. (2012) attributed the strong late Neoarchean
(2.55-2.50 Ga) magmatism and metamorphism in the Yinshan Block to episodic
mantle upwelling/melting as a result of spontaneous delamination of the lower crust
and periodic delamination of melt residues during granitoid production. They
considered this to have occurred in a continental environment because of the
presence of >2.6 Ga rocks and zircons.

Some authors suggested a scenario of arc magmatism followed by collisional
orogeny, although there are different opinions on the timing and spatial distribution
of collisional belts (Kréner et al. 2005a, b; Kusky and Li 2003; Kusky et al. 2007;
Li et al. 2002; Nutman et al. 2011; Polat et al. 2006b; Wan et al. 2005b, ¢, 2010c,
2012c; Wilde et al. 2005; Wu et al. 1998; Zhang et al. 2007, 2009; Zhao et al. 2001,
2002, 2005). The main points include the following: (1) Igneous rocks of different
ages and compositions occur in different zones and spatially show an asymmetrical
distribution in some areas such as western Shandong and eastern Hebei; (2) com-
pared with TTGs, syenogranites and monzogranites commonly formed during a
slightly late phase; (3) older rocks (2.56-2.525 Ga) commonly underwent stronger
deformation and metamorphism than younger rocks (2.525-2.48 Ga); (4) intrusive
and volcanic activities occurred during almost a same period, and the intrusive
rocks were uplifted quickly to the surface to form the source for sediments in the
late Neoarchean basins, suggesting an active tectonic environment; (5) there are
metabasaltic rocks with depletion and enrichment features in many supracrustal
belts; and (6) intrusive rocks of different compositions are commonly depleted in
Nb and Ta and thus display a subduction-related chemical signature. Nutman et al.
(2011) indicated that the complexity of the late Neoarchean eastern Hebei arc
magmatism matches that found in long-lived arc systems that involved older
continental crust, such as the Andean margin of South America (Hildreth and
Moorbath 1988), the Paleoproterozoic of South Greenland (Garde et al. 2002), and
the Neoarchean crustal development in southern India (Chadwick et al. 2007).

In fact, some of the above features can be intercepted by both the underplating
and subduction models. More data, including geophysical surveys, are required in
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order to better understand the tectonic regime in the NCC during the late
Neoarchean. These include (1) the difference in the spatial distribution of Archean
rocks at present and in the late Neoarchean and (2) the compositions and ages of the
unexposed basement. It is difficult to explain that the above two different tectonic
settings worked at the same time with underplating having occurred beneath the
Eastern and Western blocks when both these blocks moved toward each other
resulting in subduction/collision. On the basis of similarities in rock association,
ages of formation, and geological evolution in different areas, we suggest that only
one tectonic setting played an important role in the NCC during the late Neoarchean.

It is notable that globally, apart from the NCC, ~2.5 Ga rocks only occur in a
few areas such as southern India (Chadwick et al. 2007; Clark et al. 2009; Dey et al.
2012; Jayananda et al. 2000; Moyen et al. 2003), Antarctica (Corvino and
Henjes-Kunst 2007; Clark et al. 2012; Duclaux et al. 2008; Tsunogae et al. 2014),
and northern Australia (Driippel et al. 2009; McCready et al. 2004). The NCC
underwent a much stronger tectono-thermal event at ~2.5 Ga than many other
cratons characterized by ~ 2.7 Ga events (Condie 2000; Condie et al. 2009). It may
be possible that all these continental terranes once belonged to a single block (Clark
et al. 2012; Wan et al. 2011a; Zhao et al. 2003), but more work is required to
identify this. If underplating was active at ~2.5 Ga, it may have modified an early
Neoarchean supracontinent previously formed by a widespread and strong ~2.7 Ga
tectono-thermal event. On the other hand, if arc magmatism was active at this time,
the areas where ~2.5 Ga TTG rocks are well developed may represent an ancient
subduction/collision belt between two large blocks of the early Neoarchean. In both
cases, the different cratons may be dispersed remnants of what was once a single
continent at the end of the Neoarchean, consistent with many cratons showing
fragmented features (Bleeker 2003).

All late Neoarchean tectono-magmatic belts so far proposed in the NCC, such as
the Liao-Ji-Lu magmatic belt (Wu et al. 1998), the Central Orogenic Belt (Li et al.
2002), and the greenstone belts (Zhai and Santosh 2011), only contain a relatively
small portion of the late Neoarchean areas. Therefore, these are not consistent with
the arc magmatism model. In order to overcome this problem, we propose a
multi-island arc model in which the three ancient terranes, and possibly other old
terranes, occurred in an oceanic domain, and amalgamation of these terranes due to
subduction/collision resulted in the formation of supracrustal and intrusive rocks as
well as juvenile additions and crustal recycling and finally assembled the NCC at
the end of the Neoarchean. This is consistent with rocks of continental and oceanic
affinities in many areas of the NCC. In the western Liaoning, Dengfeng and Huai’an
areas, for example, there are supracrustal and intrusive rocks apparently derived
from depleted mantle sources, but crustally derived granites and sediments have
also been identified (Diwu et al. 2011; Liu et al. 2009b; Wang et al. 2011). The late
Neoarchean may have been a period when plate tectonics began to play an
important role in crust formation, although subduction/collision would have been
different in pattern and scale from present-day processes because the Earth was
hotter than now and the oceanic lithosphere was thicker, softer, and more buoyant,
and continent blocks were smaller.
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4.6 Craton Stabilization

Although there are different opinions on the late Neoarchean tectono-thermal event
in the NCC, it is accepted by many authors, including those who favored the arc
magmatism model (Nutman et al. 2011; Wan et al. 2010c, 2011b), that the latest
Neoarchean event was related to an extensional tectonic setting, probably due to
magmatic underplating. Most latest Neoarchean crustally derived granites have
formation ages of 2.52-2.49 Ga and either are undeformed and massive or show
weak deformation. They intruded into earlier, deformed rocks and are associated
with undeformed, mantle-derived gabbroic and dioritic rocks of the same age. In
western Shandong, for example, intrusive rocks older than 2.525 Ga commonly
show strong deformation, whereas intrusive rocks younger than 2.525 Ga com-
monly are undeformed or only weakly deformed (Fig. 42). This suggests that the
tectonic regime probably changed from compressional to extensional between 2.53
and 2.52 Ga (Wan et al. 2010c¢). Similar scenarios were proposed for other areas of
the NCC such as Wutai and Zanhuang (Wilde et al. 2005; Yang et al. 2013a).

It is also evident that migmatites occur on large scales and are associated with
crustally derived granites in many areas such as western Shandong (Fig. 19).
Migmatization occurred at the same time or slightly earlier than the formation of
granites. Metamorphism and associated crustally derived granites were identified all
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Fig. 42 Zircon age variation diagram (with error bars) for different types of intrusive rocks in
western Shandong. Data are from Lu et al. (2008) and Wan et al. (2010c)

672



116 Y.-S. Wan et al.

(a) —2.5Ca (b) ~2.5Ga

25 25 —

20 20
o Magmatic g — Metamorphic
g1 zircon g 15 zircon
— | -
= =

L n=81 H n=120

5 5

0 0

2400 2450 2500 2550 2600 2400 2450 2500 2550 2600
“'Pb/”*Pb mean age (Ma) “'Pb/*"Pb mean age (Ma)

Fig. 43 Weighted mean 2’Pb/***Pb age histograms for magmatic zircons from crustally derived
granites (a) and metamorphic zircons from high-grade metamorphic rocks (b) in the North China
Craton. See text for interpretation and references

over the NCC, including eastern Shandong, western Shandong, northern Liaoning,
western Liaoning, eastern Hebei, Dengfeng, Yinshan, and Daqingshan, with
metamorphic ages identical to crystallization ages of many crustally derived
granites, mainly ranging from 2.53 to 2.49 Ga and 2.53 to 2.45 Ga, respectively
(Fig. 43) (Bai et al. 2014; Chen et al. 2006; Cui et al. 2013; Dai et al. 2013; Deng
et al. 2014; Dong et al. 2012a, b; Geng et al. 2006; Grant et al. 2009; Guan et al.
2002; Guo et al. 2013; Han et al. 2014a; Jahn et al. 2008; Jian et al. 2012; Kroner
et al. 1998, 2005a; Li et al. 2009, 2010b, 2011a, b 2013a, b; Lu et al. 2008; Lii et al.
2012; Ma et al. 2013, 2013a; Nutman et al. 2011; Peng et al. 2012, 2013a, b; Ren
2010; Ren et al. 2013; Shen et al. 2004; Shi et al. 2012; Sun et al. 2010; Wan et al.
2005b, 2009¢, 2010c, 2012b, d, 2015a, unpublished data; Wang et al. 2000, 2011,
2012, 2013, 2014a, b; Wilde et al. 1997, 2005; Wu et al. 2013, 2014; Xie et al.
2013, 2014b; Yang et al. 2008, 2011; Zhang et al. 2011, 2012a, 2014; Zhao et al.
2002, 2008b2009, 2011; Zhu et al. 2015). The association of undeformed,
mantle-derived rocks (gabbro, diorite) of the same age (mainly 2.52-2.49 Ga)
suggests that underplating may have played an important role in causing meta-
morphism and anatexis in the lower crust to produce crustally derived granites
during extension in the NCC basement at the end of the Neoarchean. These magmas
moved to higher crustal levels to form intrusive bodies at different scales, including
syenogranites. The formation of large-scale granite batholiths and widespread
high-grade metamorphism and anatexis are considered to have been important
processes to cause cratonic stabilization of the NCC at the end of the Neoarchean, a
convenient time to set 2.5 Ga as the Archean—Proterozoic boundary (Wan et al.
2012b, 2015a; Yang et al. 2011).

Metamorphic zircon ages are younger than magmatic zircon ages of crustally
derived granites in some areas, down to 2.45 Ga or even later, although some may
be the result of partial resetting of the U-Pb isotopic system in the zircons due to
the strong late Paleoproterozoic tectono-thermal event. It is uncertain whether the
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metamorphism lasted from the late Neoarchean to the earliest Paleoproterozoic
(~2.45 Ga) or whether the earliest Paleoproterozoic metamorphism was a different
event. In western Liaoning, metamorphism was considered to be one event and
lasted from the latest Archean to early Paleoproterozoic (Kroner et al. 1998; Liu
et al. 2011a). In Daqingshan, however, the earliest Paleoproterozoic Dagingshan
supracrustal sequence (mainly metasediments) contains 2.45 2.40 Ga metamorphic
zircons, suggesting that here the earliest Paleoproterozoic metamorphism was a
separate tectono-thermal event.

Cratonic stabilization implies that the NCC was already a single tectonic unit at
the end of the Neoarchean as suggested by Wan et al. (2011a), Zhai and Peng
(2007), and Zhai and Santosh (2011). The Eastern and Western blocks and the
TNCO share many common features, and some have been discussed before:
(1) These tectonic units display almost identical late Neoarchean zircon age spectra
with age peaks at ~2.52 Ga; (2) there is evidence for >2.8 Ga material, although
this is more evident in the Eastern Block; (3) there are ~2.7 Ga TTGs in all three
blocks; (4) there are ~ 2.5 Ga supracrustal rocks with similar rock associations with
BIFs being typical components; (5) there was strong juvenile magma addition from
mantle sources to the crust between 2.8 and 2.7 Ga; (6) there are abundant ~2.5 Ga
TTGs, associated with minor gabbroic and dioritic rocks; (7) the old rocks
underwent metamorphism and anatexis between 2.52 and 2.48 Ga; (8) crustally
derived late Neoarchean granites occur in all three blocks and are commonly
younger than the TTGs; (9) crustal recycling of ~2.7 Ga rocks at ~2.5 Ga played
an more important role than juvenile addition; and (10) young sediments in different
areas commonly contain late Neoarchean and late Paleoproterozoic detrital zircons.

In general, it is difficult to determine the original relationships between the
different blocks just by comparing rock types and ages. Considering the limited
distribution of the ~2.5 Ga tectono-thermal event worldwide, however, the obvi-
ous similarity of the Eastern and Western blocks may suggest that they formed in a
similar tectonic setting, supporting the conclusion that the NNC had already been a
single unit at the end of the Neoarchean.

5 Summary and Conclusions

(1) The NCC underwent a long and complex evolution from 3.8 to 2.5 Ga. Rocks
older than 2.8 Ga occur only locally, with Anshan and eastern Hebei being the
most important areas where >3.8 Ga rocks and crustal components have been
identified.

(2) The most important tectono-thermal event in the NCC occurred at ~2.5 Ga,
and this is different from many other cratons worldwide. However, whole-rock
Nd and Hf-in-zircon isotopic compositions indicate that the late Mesoarchean
to early Neoarchean is the most important period for rapid production of
continental crust. This is similar to several other cratons.
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(3) The deep crust of the NCC shows similar evidence for the presence of ancient
material as the surface exposures, and the available data suggest that the most
important tectono-thermal events occurred in the late Neoarchean and late
Paleoproterozoic, and juvenile material was added to the crust during the late
Mesoarchean to early Neoarchean.

(4) We suggest that three ancient terranes older than 2.6 Ga can be delineated in
the NCC, namely the Eastern, Southern, and Central Ancient Terranes.

(5) Vertical crustal growth is considered to have been the main mechanism of
continental evolution prior to the Mesoarchean, and this is mainly based on
geological features in the Anshan area. It is still uncertain whether magmatic
underplating or arc magmatism played a decisive role in the evolution of the
NCC during the late Neoarchean. We favor a multi-island arc model related to
amalgamation through subduction/collision of different ancient terranes.

(6) The NCC may have been a single tectonic unit at the end of the late
Neoarchean, due to cratonic stabilization as indicated by the formation of
widespread and voluminous granites and extensive high-grade metamorphism
and anatexis all over the craton, probably as a result of mantle underplating.
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WIDESPREAD LATE NEOARCHEAN REWORKING OF MESO-TO
PALEOARCHEAN CONTINENTAL CRUST IN THE ANSHAN-BENXI
AREA, NORTH CHINA CRATON, AS DOCUMENTED BY
U-Pb-Nd-Hf-O ISOTOPES

YUSHENG WAN*##T MINGZHU MA*, CHUNYAN DONG*, HANGQIANG XIE*,
SHIWEN XIE*, PENG REN*, and DUNYI LIU*

ABSTRACT. We present an integrated study of zircon U-Pb dating and O-Hf
isotopic analyses combined with whole-rock geochemistry and Nd isotopic systematics
on widespread late Neoarchean syenogranites (Qidashan Pluton) and other granitoids
(granodiorite, quartz monzonite, monzogranite) in the Anshan-Benxi area, eastern
North China Craton. All these rocks were emplaced at ca. 2.5 Ga according to SHRIMP
zircon U-Pb dating and other indirect methods. The syenogranites are characterized by
high SiO, and K,O0/Na,O and low CaO, FeOt, MgO, TiO, and P,O;. However, they
differ in trace element and REE compositions and can be roughly subdivided into two
types. Type 1 syenogranite has strongly negative Eu anomalies and Ba depletion, with
large variations of LREE to HREE differentiation; type 2 syenogranite has no negative
Eu anomaly and Ba depletion. Other granitoids are also rich in K,O and show similar
trace element and REE compositional features as the type 2 syenogranite. Most
syenogranite samples have whole-rock €y, values of —10.5 to —2.7 and ty,\yng, ages of
2.96 to 3.90 Ga, whereas the other granitoids have ey, values of -5.2 to —2.2 and
tppnay ages of 2.95 to 3.19 Ga. Magmatic zircon from the syenogranites has €y
values and Hf crustal model ages ranging mainly from -11.0 to +4.4 and 2.70 to 3.4(%
Ga, respectively; those from other granitoids have €, values and Hf crustal model
ages of —16.0 to +2.4 and 2.81 to 3.72 Ga, respectively. Al these rocks contain Meso- to
Paleoarchean xenocrystic zircon grains with €y, values and Hf crustal model ages
ranging from -14.3 to +8.3 and 2.79 to 3.93 Ga, respectively. Decoupling of whole-
rock Nd and Hf-in-zircon isotopes occurs in some samples. Most low-U magmatic
zircon (U<200 ppm) from all granitoids has 3'®O values in the range of +4 to +7.2
permil, whereas high-U magmatic zircon (U=200 ppm) shows a larger variation with
the lowest 8'20 value being 1.6. The xenocrystic zircon grains have §'?O values in the
normal range of Archean magmatic zircon. Combined with previous studies, we
conclude that the 2.5 Ga granitoids formed by recycling of mature, old continental
crust, including metasedimentary sources, probably in an extensional tectonic environ-
ment.

Keywords: Neoarchean, syenogranite, Anshan-Benxi, zircon dating, Nd-Hf-O iso-
topes

INTRODUCTION

Archean granitoids wordwide consist mainly of tonalite-trondhjemite-granodio-
rite (TTG) (Moyen, 2011; Moyen and Martin, 2012; LaFlamme and others, 2014).
Large bodies of pre-Neoarchean potassic granites are relatively rare and occur only in a
few areas such as the 2.9 to 3.0 Ga Tiejiashan granite in the Anshan-Benxi area, eastern
North China Craton (NCC) (Wu and others, 1998; Wan and others, 1998, 2007), the
3.1 Ga Mpuluzi-Piggs Peak Batholith in eastern South Africa and Swaziland, eastern
Kaapvaal Craton (Kamo and Davis, 1994), and the 3.3 Ga Carbana-Mondana granites
in the East Pilbara Craton, western Australia (Bagas and others, 2002). Early Neo-

* Beijing SHRIMP Center, Institute of Geology, Chinese Academy of Geological Sciences, Beijing
100037, China
## State Key Laboratory for Continental Tectonics and Dynamics, Institute of Geology, Chinese
Academy of Geological Sciences, Beijing 100037, China
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archean (2.6-2.7 Ga) potassic granites also occur locally such as in southeastern
Greenland, Wyoming, the Superior Province and southern India (Nutman and Rosing,
1994; Frost and others, 1998; Whalen and others, 2004; Jayananda and others, 2006). It
is only until the late Neoarchean that potassic granites became more voluminous and
widespread such as in the NCC, Northern Australia, southern India, southwestern
Greenland, the Kaapvaal craton, and Antarctica (Moyen and others, 2003; Nutman
and others, 2007; Condie and others, 2009; Driippel and others, 2009; Dey and others,
2012; Wan and others, 2012a). It is evident that potassic granites are more extensively
developed after the Archean, and their occurrence is considered to reflect increased
maturity of the continental crust and may be related to the process of craton
stabilization (Frost and others, 1998; Moyen and others, 2003; Drippel and others,
2009; Wan and others, 2012a).

The NCC is characterized by widespread late Neoarchean tectono-thermal events
producing a variety of granitoids (Wan and others, 2011a; Zhai and Santosh, 2011;
Zhao and Cawood, 2012; Zhao and other, 2012; Zhao and Zhai, 2013), but =2.6 Ga
rocks and zircon grains occur widely, with >3.8 Ga rocks and zircon grains having been
identified locally (Liu and others, 1992, 2007, 2008; Song and others, 1996; Wan and
others, 2009a, 2012b, 2014a, 2014b, 2015; Wu and others, 2014a, 2014b). Based on
published geological and geochronological data, Wan and others (2015) identified
three ancient terranes (>2.6 Ga), namely the Eastern Ancient Terrane, Southern
Ancient Terrane and Central Ancient Terrane (fig. 1). There may also be an ancient
terrane in the Yinshan Block, northwestern NCC. These terranes define a foundation
for the late Neoarchean tectonic evolution of the NCC.

The Anshan-Benxi area is located in the northern part of the Eastern Ancient
Terrane (fig. 1), where the late Neoarchean Qidashan (or Qidashan-Gongchangling)
Pluton has extensive outcrops with a total area of >2000 km* (fig. 2). It is composed
mainly of syenogranite with some K-rich granite that according to divisions by Wan and
others (2012a) are (1) syenogranite, a rock high in K,O (commonly >4 %) and with a
KyO/NayO ratio of >1.3; and (2) K-rich granite, a rock high in K,O but not necessarily
high in K,O/Na,O. It is the largest late Neoarchean syenogranite pluton in the NCC.
In order to reveal the petrogenesis of these rocks and to provide evidence for
widespread Meso- to Paleoarchean components in the Eastern Ancient Terrane, we
carried out an integrated study of U-Pb zircon dating and O-Hf isotopic analysis,
combined with whole-rock chemistry and Nd isotopic systematics on the Qidashan
Pluton and other late Neoarchean granitoids (granodiorite, quartz monzonite, monzo-
granite) in the area.

GEOLOGICAL BACKGROUND

In the western area of Anshan-Benxi, near the city of Anshan (fig. 2), three 3.0 to
3.8 Ga predominantly granitoid complexes (Baijiafen, Dongshan and Shengousi) as
well as 2.5 to 3.3 Ga intrusive rocks have been identified (Lin and others, 1992, 2007,
2008; Wan, 1993; Song and others, 1996; Wu and others, 1998, 2008; Wan and others,
1998, 2002, 2005, 2007, 2012b). These three complexes are composed mainly of >3.3
Ga trondhjemitic rocks with low XREE contents and low (La/Yb), ratios, besides
minor 3.8 Ga meta-quartz diorites and 3.3 Ga meta-gabbroic rocks. The 2.5 to 3.3 Ga
granitoids are voluminous and extensive, including the 2.5 Ga Qidashan (syenogran-
ite) Pluton, 3.0 Ga Dong’anshan (granite) Pluton, 2.9 to 3.0 Ga Tiejiashan (K-rich
granite) Pluton, 3.1 Ga Lishan (trondhjemite) Pluton and the Chentaigou (granite)
Pluton.

The Qidashan Pluton occurs widely in the Anshan-Benxi area (fig. 2). It appears
reddish or gray when fresh and yellow-reddish when weathered and commonly is
massive, unfoliated and weakly gneissic in appearance (figs. 3A-3D). In previous
studies, identification of the rocks of the Qidashan Pluton was mainly based on field
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Fig. 2. Geological map of the Anshan-Benxi area, North China Craton, modified after LBGMRE

(1975a, 1975b, 1976), Wan (1993) and Wan and others (2012a). Also shown are sample locations of this
study, with SHRIMP zircon ages samples in italic numbers.

relationships and limited chemical data from the Anshan area and environs. SHRIMP
U-Pb zircon dating was performed on only one sample (A0713 in fig. 2, see Wan and
others, 2012a). The 2.9 to 3.0 Ga Tiejiashan Pluton is lower in K,O/Na,O ratios than
the Qidashan Pluton and is classified as K-rich granite. Although the Tiejiashan Pluton
is somewhat different in major element composition from the Qidashan Pluton, both
are similar in their REE patterns and trace element composition, commonly showing
strong negative Fu anomalies, depletion in Ba, Nb, Ti and P, and low &y, values
(Wan and others, 1998, 2002; Wu and others, 1998). Earlier studies suggested that the
Tiejiashan Pluton occurs only in the Anshan area but new data indicate that it extends
eastwards to Gongchangling (fig. 2) (Dong C.Y., unpublished data), where all granites
were previously believed to belong to the Qidashan variety (Wan and others, 1998; Wu
and others, 1998). Besides the widespread Qidashan Pluton there occur other types of
granitoids such as granodiorite, quartz monzonite and monzogranite. These only
occur locally and commonly distinctly show deformation with some exhibiting a
layered structure (figs. 3E and 3F).

The 2.5 Ga Anshan “Group” (we place the word “group” in parentheses to show
that the term was traditionally used to include supracrustal rocks and does not
conform to modern stratigraphic terminology) occurs in a “sea” of Qidashan Pluton

698



624 Y. Wan and others—Widespread late Neoarchean reworking of Meso- to Paleoarchean

Fig. 3. Field photographs of late Neoarchean magmatic rocks in the Anshan-Benxi area, North China
Craton. (A) Massive syenogranite north of Gongchangling (A1218); (B) gneissic syenogranite (A1232) south
of Waitoushan; (C) weakly deformed syenogranite (A1239) southwest of Waitoushan; (D) weakly deformed
syenogranite (A1214) Lianshanguan; (E) banded granodiorite (A1126) north of Jiguanshan; (F) gneissic
monzogranite (A1228) north of Jiguanshan; (G) supracrustal rock of the Anshan “Group” showing anatexis,
Waitoushan; (H) granitoid showing anatexis, Waitoushan. (I) 2.5 Ga syenogranite intruding the BIF-bearing
Anshan “Group”, Qidashan; (J) BIF-bearing Anshan “Group” intruded by a syenogranite vein derived from
2.5 Ga Qidahsan granite, south of Waitoushan.

plutonic rocks, with a total exposed area less than 10 percent (fig. 2). The Anshan
“Group” mainly comprises amphibolites, fine-grained gneisses (leptynites), quartzites,
phyllites and schists of volcano-sedimentary origin (Zhai and others, 1990; Wan, 1993).
The Anshan “Group” underwent greenschist- to amphibolite-facies metamorphism in
the southwest of Anshan-Benxi, but higher-grade metamorphism in the northeast of
Anshan-Benxi, with anatexis occurring locally. In some outcrops leucosome-rich strips
and lenses in anatectic supracrustal rocks and granitoids show weak deformation (figs.
3G and 3H). The occurrence of major BIF within the supracrustal succession makes
the Anshan-Benxi area one of the most important iron deposit regions in China. The
supracrustal rocks are cut by bodies of 2.5 Ga syenogranite (figs. 31 and 3]) that defines
ayoungest age limit for their deposition.
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Fig. 3. (continued)

The ca. 2.18 Ga Liaohe “Group” crops out extensively in the southeastern part of
the Anshan-Benxi area and is composed mainly of clastic sedimentary rocks, high-Mg
carbonates, and basic to acid volcano-sedimentary rocks, which underwent greenschist-
to amphibolite-facies metamorphism during late Paleoproterozoic time (1.83-1.95
Ga) (Luo and others, 2004, 2008; Wan and others, 2006; Li and Zhao, 2007; Liu and
others, 2012). These rocks also occur in the Anshan area (fig. 2), suggesting that the
Anshan-Benxi area was also affected by the late Paleoproterozoic tectono-thermal
event. This is supported by hydrothermal zircon from a chlorite-garnet rock in
Gongchangling (fig. 2) recording an age of ca. 1.85 Ga (Li and others, 2014).

The syenogranites of the Qidashan Pluton are composed mainly of quartz,
K-feldspar and plagioclase, with some muscovite and biotite. Some syenogranites show
none or only weak deformation and preserve original magmatic textures (fig. 4A),
whereas others display foliation defined by oriented quartz, muscovite and biotite
aggregates (figs. 4B, 4C and 4D). K-feldspar is mainly microcline with some orthoclase
(figs. 4A—-4D). Some K-feldspar occurs as patches in altered plagioclase (fig. 4E) or as
phenocrysts containing euhedral or subhedral plagioclase grains (figs. 4D and 4F).
Plagioclase commonly shows polysynthetic twinning and is often altered to epidote and
sericite (figs. 4A—4D). Quartz shows undulose extinction or/and occurs as oriented
aggregates and also occurs as veinlets cutting feldspar grains (fig. 4G). Biotite and
muscovite flakes are scattered between quartz and feldspar, and some form oriented
aggregates (figs. 4C and 4D). Reddish-brown biotite flakes with needle-shaped titanite
inclusions occur in some samples (fig. 4H) that are different from the yellow-green
magmatic biotite in most samples. These are interpreted as residual minerals following
anatexis (for example, Wan and others, 2009b). The petrographic features indicate
that (1) the syenogranites seem to have formed at variable but relatively low tempera-
tures; (2) at least some syenogranites contain residual minerals inherited from their
source region; (3) the syenogranites are variably deformed.
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Fig. 4. Photographs of late Neoarchean magmatic rocks in the Anshan-Benxi area, North China
Craton. (A) Massive syenogranite (A1218): all minerals show weak deformation; (B) gneissic syenogranite
(A1107): quartz grains occur as aggregates, a K-feldspar phenocryst shows a Carlsbad twin with the left and
right portions being microcline and orthoclase, respectively; (C) gneissic syenogranite (A1233): muscovite
flakes show deformation; (D) gneissic syenogranite (A1216): biotite and muscovite occur as aggregates; (E)
gneissic syenogranite (A0712): microcline occurs as patchs in altereted plagioclase; (F) gneissic syenogranite
(A1123): a K-feldspar phenocryst contains euhedral plagioclase; (G) gneissic syenogranite (A0713): quartz
veinlets cut K-feldspar phenocryst and other minerals; (H) gneissic syenogranite (A1229) containing
reddish-brown biotite flakes with needle-shaped titanite inclusions. Pl: Plagioclase; Kfs: K-feldspar; Mi:
Microcline; Or: Orthoclase; Bt: Biotite; Ms: Muscovite; Qz: Quartz.
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The gneissic granodiorites are composed of plagioclase, quartz, K-feldspar and
minor biotite. Plagioclase commonly shows polysynthetic twinning and is frequently
altered to epidote and sericite. Kfeldspar occurs as microcline and orthoclase.
Foliation is indicated by oriented quartz aggregates. The gneissic quartz monzonite
mainly consists of plagioclase, K-feldspar and quartz. Almost all plagioclase is sericiti-
cized. K-feldsapr is mainly microcline with some containing plagioclase stripes. Quartz
shows undulose extinction and is locally oriented as aggregates. The gneissic monzo-
granite is similar to the deformed syenogranite in many aspects but contains less
K-feldspar and quartz.

ZIRCON U-Pb DATING

Sample locations are shown in figure 2, and SHRIMP analytical data are listed in
table 1, in which Th and U contents and Th /U ratios are given, so they are listed only
when necessary in the following text.

Massive Syenogranite (A1218)

The magmatic zircon grains are stubby or elongate in shape and commonly show
blurred oscillatory zoning in cathodoluminescence (CL) images (grains 3, 8 and 10 in
fig. BA). Some zircons have cores with narrow magmatic rims showing recrystallization
(grains 1 and 6 in fig. 5A). Twelve analyses were made on 12 zircon grains. The zircon
cores with **’Pb/*"°Pb ages >3.0 Ga (4 analyses) (fig. 6A), are likely to be xenocrystic
in origin (inherited or captured) because the syenogranite is homogeneous and
massive. Analysis 4.1X has a high Th content (4079 ppm) and Th/U ratio (4.59),
probably due to the analytical spot being on a Th-rich mineral inclusion. No precise
age could be obtained for the magmatic zircon because of strong lead loss shown by all
analyses (fig. 6A) due to high U contents (8 analyses, 87511556 ppm). The intrusive
age of the syenogranite is estimated to be ca. 2500 Ma, in line with the other
syenogranites in the Anshan-Benxi area as shown below.

Gneissic Syenogranite (A1123)

The magmatic zircon is stubby and prismatic in habit and shows oscillatory zoning
in CL images (fig. 5B). Eight grains were analyzed, and all except spot 4.1MA, plot
indistinguishable from concordia, yielding a weighted mean ““"Pb/?"°Pb age of
2512 = 29 Ma (MSWD = 0.65) (fig. 6B) that is interpreted to reflect the time of
intrusion of the host syenogranite. One xenocrystic zircon shows an irregular shape
(grain 7 in fig. 5B) and has a near-concordant age of 3452 Ma (7.1X in fig. 6B).

Weakly Deformed Syenogranite (A1214)

The magmatic zircon is stubby or elongate in shape and shows oscillatory zoning
with narrow light or gray rims in CL images (fig. 5C). Fourteen analyses show variable
lead loss with 5 analyses on or near concordia providing a weighted mean *"’Pb/**°Ph
age of 2489 £ 20 Ma (MSWD = 1.04) (fig. 6C). This is considered to be the formation
age of the syenogranite.

Gneissic Syenogranite (A1125)

The zircon grains are of stubby or elongate habit and show oscillatory zoning in
CL images, commonly with strong recrystallization (fig. 5D). It is notable that some
grains have core-rim structures, and there are light CL. domains between the core and
rim and the rims are generally too narrow for SHRIMP dating. A total of sixteen
analyses on the xenocrystic cores were performed, with some spots yielding low Th/U
ratios (<0.1) due to recrystallization. The core analyses show strong lead loss (fig. 6D)
and large variations in their **”Pb/?"Pb ratios with the oldest minimum age being
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continental crust in the Anshan-Benxi area, North China Craton
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Fig. 5. Zircon cathodoluminescence images from late Neoarchean magmatic rocks in the Anshan-
Benxi area, North China Craton. (A)-(H) Syenogranite (A1218,A1123, A1214, A1125, A1229, A1232, A1239,
A1240); (I) banded granodiorite (A1126); (J) gneissic quartz monzonite (Al1124); (K) gneissic quartz

monzonite (A1235); (L) gneissic monzogranite (A1228).

3435 Ma. Only two analyses (spots 3.2MA, 8.1MA) were made on magmatic rims, and
these show even more severe lead loss than the cores. We estimate that the magmatic

zircon has a formation age of ca. 2.5 Ga.
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continental crust in the Anshan-Benxi area, North China Craton 637
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Gneissic Syenogranite (A1229)

The magmatic zircon grains are elongate or stubby in habit and show oscillatory
zoning in CL images with some showing recrystallization and dark rims (fig. 5E).
magmatic zircon exhibit lead loss to variable degrees, but the
analyses define a discordia line with an upper concordia intercept age of 2502 * 30 Ma
(MSWD = 2.5) (fig. 6E). This is interpreted as the formation age of the syenogranite.
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Fig. 5. (continued)
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Fig. 5. (continued)

Gneissic Syenogranite (A1232)

The zircon is of stubby or elongate habit, and some grains show core-rim
structures, with cores exhibiting oval or irregular shapes and narrow magmatic rims
exhibiting pusmdtlc terminations (grains 12, 16 and 17 in fig. 5F). Others have no such
clear core-rim structures, and the cores and rims show the same zoning (grains 1, 3 and
4 in fig. bF). Twenty one analyses on xenocrystic cores show lead loss to variable
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Fig. 6. Concordia diagrams showing SHRIMP analytical data of zircons from late Neoarchean
magmatic rocks in the Anshan-Benxi area, North China Craton. (A)-(H) Syenogranite (A1218, A1123,
Al214, A1125, A1229, Al1232, A1239, A1240); (I) banded granodiorite (Al126); (]J) gneissic quartz
monzonite (A1124); (K) gneissic quartz monzonite (A1235); (L) gneissic monzogranite (A1228).

degrees, but all analyses define a linear array in the concordia diagram with an upper
intercept age of ca. 3.45 Ga (fig. 6F). All five analyses on magmatic rims show higher U
contents (930-2126 ppm), lower Th/U ratios (0.06—0.19) and stronger lead loss than
the cores and roughly plot on the same discordia line as those of the cores (fig. 6F).
However, the cores are xenocrysts for the following reasons: (1) the internal structures
are different from the magmatic rims; (2) the syenogranite intruded into nearby ca. 2.5
Ga BIF-bearing supracrustal rocks (the Anshan “Group”); (3) analysis 1.2MA+X is
near-concordant and has a 2*"Pb/?°°Pb age of 2727 = 10 Ma (fig. 6F). We suggest that
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analysis 1.2MA+X is due to the analytical spot being partly placed on part of a core
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Fig. 6. (continued)

during analysis (grain 1 in fig. 5F).
Weakly Deformed Syenogranite (A1239)

The zircon is elongate in shape and shows oscillatory or banded zoning (fig. 5G).
Twelve analyses on magmatic zircon were performed, and the zircon with high U
contents shows lead loss to variable degrees. Five analyses on or near concordia yielded
a weighted mean 207py, /206py, age of 2523 * 29 Ma (MSWD = 0.36) (fig. 6C), which is

0.8

3200 __—
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considered to reflect the time of intrusion of the syenogranite.
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continental crust in the Anshan-Benxi area, North China Craton 641

Weakly Deformed Syenogranite (A1240)

The zircon grains show similar features in shape and internal structure as those
from sample A1232, but commonly have wider magmatic rims (fig. 5H). Nineteen
analyses were carried out on 17 zircon grains, and those on magmatic rims show strong
lead loss but the analyses are aligned and roughly define a discordia line (fig. 6H).
Analysis 7.1MA+X has a Th/U ratio of 0.73 and is relatively close to concordia with a
minimum *"’Pb/*"°Ph age of 2609 + 16 Ma. The reason for the slightly older age is
likely the same as for analysis 1.2MA+X of syenogranite sample A1232 mentioned
above. We consider that the syenogranite was formed at ca. 2.5 Ga. Seven analyses on
xenocrystic domains also show strong lead loss, and the oldest minimum **’Pb/?°°Pb
age is 3477 * 14 Ma (analysis 9.1X).

Banded Granodiorite (A1126)

The zircon grains are stubby or elongate in shape and show oscillatory zoning with
some containing xenocrystic cores (grains 1, 4, 8, 9 and 15 in fig. 5I). Some cores have
light gray rims in CL images, which may have formed as a result of fluid alteration.
Eight analyses on magmatic domains show variable lead loss, and three analyses close
to concordia with small errors yielded a weighted mean **’Pb/?"°Pb age of 2517 = 19
Ma (MSWD = 0.15) (fig. 6I) that we interpret as the emplacement age of the
granodiorite. Eleven analyses on cores yielded large variations of U contents and Th/U
ratios and those on or close to concordia have **’Ph/?"°Pb ages ranging from 3489 to
3781 Ma, with three analyses plotting on concordia yielded a weighted mean **’Pb/
20Ph age of 3496 + 17 Ma (MSWD = 1.0).

Gneissic Quartz Monzonite (A1124)

The zircon grains are similar in shape, internal structure in CL images (fig. 5]),
and analytical data (fig. 6]) to those from sample A1126. Seven analyses on magmatic
domains were performed, and two analyses close to concordia yielded a weighted mean
207ph /2%%Ph age of 2507 = 20 Ma (MSWD = 0.53). Thirteen analyses on xenocrystic
cores have **’Pb/?"Pb ages of 3407 to 3736 Ma, with the exception of analysis 18.1X
that has a minimum *’"Ph/?"°Ph age of 2767 Ma but with a large error.

Gneissic Quartz Monzonite (A1235)

The zircon grains show similar features to those from sample A1126 (fig. 5K).
Twenty four analyses on magmatic zircons commonly show severe lead loss, and some
grains yielding low Th/U ratios (<0.1) may be the result of growth during metamor-
phism or anatexis. Most analyses define a linear array in the concordia diagram with an
upper intercept age of 2507 *= 20 Ma (MSWD = 2.2) (fig. 6K). Seven analyses on
xenocrystic cores provided 207pp, /206pp, ages between 2711 and 3607 Ma.

Gneissic Monzogranite (A1228)

The magmatic zircon is stubby or elongate in habit and shows banded or
oscillatory zoning in CL images (fig. 5L). Seventeen of twenty analyses yielded a
weighted mean **"Pb/?’°Ph age of 2512 + 10 Ma (MSWD = 1.8) (fig. 6L.).

GEOCHEMISTRY

Whole-Rock Chemical Composition

Most of the studied 2.5 Ga magmatic rocks are syenogranite, besides a few
granodiorites, quartz monzonites, monzogranites and K-rich granites, consistent with
syenogranite being the main type of ~2.5 Ga granitoids in the Anshan-Benxi area. The
syenogranites are high in SiO, (commonly 70-75 %) and low in CaO, FeOt (total Fe as
FeO), MgO, TiO, and P,Oj (table 2), and plot in the granite field in an An-Ab-Or
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642 Y. Wan and others—Widespread late Neoarchean reworking of Meso- to Paleoarchean

TABLE 2

Element compositions of late Neoarchean magmatic rocks in the Anshan-Benxi area, North
China Craton

No. 1 2 3 B 5 6 7
Sample no. A0712 A0713 A9169 AlLl106 AL107 Al218 All23
S Gneissic Cineissic - C Massive Gneissic Massive Gneissic
Rock type g s Syenogranite . Y - 4 .
syenogranite  syenogranite SYENOZranile  SVenogranile  syenogranite  syenogranite
Sample idash idash Southeast of  Southeastol  North of North of’ Southeast of
location (pditan A Qidashan Qidashan  Shangdshe  Gongchangling Gongchangling
Longitude and ~ N41°09'[5" N41°0915" N4IP06M8"  N4I1P04'55"  N4IPI010"  N41°03'58"
latitude E123°06'35"  E123°06'35" E123°10'11"  E123°15'17"  E123°27'03"  E123°34'34"
Age 2503210 Ma 2312429 Ma
Si0, 75.06 73.61 74.48 73.63 74.33 73.05 76.84
1o, 0.07 0.18 0.16 0.28 0.15 0.14 0.16
AlO4 13.58 13.74 13.87 1391 13.42 13.83 11.85
FesOs 0.60 1.2 1.01 1.02 0.55 0.68 0.13
FeO 0.65 0.48 0.55 0.75 1.31 1.06 |28
MnO 0.04 0.04 0.04 0.05 0.06 0.04 0.04
MpO 0.48 0.30 0.27 0.34 0.35 0.58 0.38
CaO 0.51 0.40 0.31 0.21 .39 027 0.19
Na,O 3.46 2.92 317 2.90 3.22 31 2.71
K0 4.72 5.51 5.08 374 5.11 5.98 322
Pa0s 0.06 0.12 0.11 0.10 0.04 0.06 0.07
HO 0.70 0.66 0.90 0.80 0.80 0.72 0.46
LOL+CO, 1.08 1.09 0.10 0.12 0.09 0.10
Total 101.01 100.26 99.95 9983 99.85 99.61 99.43
K0/MNa,O 1.36 1.89 1.60 1.98 1.59 1.92 1,93
Cr 22 1 7 10 7 17
Ni - 5 3 5
Sc R 3 3 3 3 3
Rb 321 327 319 235 184 269 257
Ba 312 318 503 468 522 72 461
Sr 97 094 53 75 38 43 43
Nb 88 204 16.5 243 19.1 239
Ta 9 2.2 0.7 0.8 3.2 2.6
Hf 21 43 83 5.1 6.3 4.8
Zr 76 154 121 256 175 157 152
6 29 19 24 22 28 30 35
Th 18.0 33.0 42.0 9.8 204 61.5 51.8
u 253 6.9 12.0 4.1 3.7 20.7 36
La 20.40 18.50 37.33 102,00 23.20 67.10 62.90
Ce 37.70 31.50 74.87 176.00 63.30 118.00 115.00
Pr 3.83 4.11 7.16 18.60 4.28 12,80 11.90
Nd 12.70 13.70 2741 61.50 14.40 42.50 39.00
Sm 2382 2.94 5.64 9.89 2.97 9.07 741
Eu 0.38 0.26 0.52 0.68 0.20 0.57 0.36
Gd 335 3.08 341 6.82 3.32 7.92 5.64
Th 0.64 0.51 0.65 095 .64 122 0.97
y 4.25 3.3 443 4.53 4.10 6.62 542
o 0.90 0.61 0.83 0.77 0.95 121 111
Er 2.87 1.85 234 222 2.98 3.29 3.53
I'm 0.49 027 0.30 0.22 0.40 0.41 0.44
Yh 3.54 1.72 195 1.45 2.58 2,53 3.04
Lu 0.31 0.25 0.34 0.21 0.36 (.38 0.4]
IREE 944 824 167.2 385.8 123.7 2734 257.1
(La/Yh), 3.8 7.1 12.6 46.3 5.9 17.5 13.6
EwEu* 0.38 0.26 0.34 0.24 0.20 0.20 0.17
Ba/Ba* 0.12 0.10 0.4 0.11 0.23 0.08 0.i2
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TABLE 2
(Continued)

No. 8 g (U] 1 12 13 4
Sample no. Al216 Al214 Al226 A1233 AlL25 Al1229 Al232
Rk sfoe Gneissic dgg"ﬂ’::d Massive Gineissic Gneissic Gneissic Gneissic

syenogranite . syenog syenog: syenog! syenogranitc syenogranite

syenogranite

Sample Northwest of West of North of North of North of Southeastof — c
location Lianshanguan  Lianshanguan  Jiguanshan liguans) Jiguans! Dengta e §
Longitude and ~ N41°00'11" N4O°ST4" N41722'24" N41923'07° N41922'50" N4 N41°25507
latitude E123°44'51"  E123°44'57" EI23°34'56"  EI23°36'35*  E123°3827° E123°31'03" Ei23°36'11"
Age 2489=20 Ma 250024 Ma
Si0, 72.76 72.25 74.65 §149 75.60 71.46 74.21
TiO, 0.17 0.27 010 0.1l 0,01 0.36 0.15
AlLOy 1422 13.81 13.40 9.52 13.10 14.02 13.62
Fe 04 0.87 0.76 0.59 013 010 0.83 044
FeO 0.77 1.65 0.3% 092 0.52 1.80 110
MnO 0.04 0.04 006 0.05 0.03 0.06 0.05
MO 037 0.47 0,36 0.31 043 0.85 034
Ca0 0.37 0.60 0.88 0.63 0.21 1.0% 039
Na-0) 317 3.55 317 208 3,38 2.59 3.64
KO 5.63 4.85 515 kR 591 st 479
PO 0.05 0.12 0.03 0.04 0.03 0.13 0.05
H.0 0,80 0.88 0.70 0.54 038 0.94 0.60
LOL+CO, 0,09 017 0.09 0.09 0.12 0.09 0.09
Total 99.31 99.42 100.06 99.62 09,54 99,32 w.67
K-20/Na,O 1.78 1.37 1.62 .78 1.75 1.97 1.32
Cr 7 I8 21 24 8 20 &
Ni 3 8 8 ] 4 1 6
Sc 2 4 3 2 1 3 3
Rb 206 238 14s 94 105 177 157
Ba 600 944 307 1015 368 1049 360
Sr 61 77 12 188 RO 209 63
Nb 10.0 21.2 7.7 21 0.8 12.6 11.0
Ta 0.7 2.1 21 03 02 11 1.5
Hf 54 8.0 3.6 21 14 97 48
Zr 149 267 82 63 is 371 134
Y 22 33 27 4 3 25 26
Th 493 38.2 200 120 5.8 197 272
u 5.5 224 8.0 13 1.1 40 3
La 69.90 70.40 21.40 2530 11.30 103,00 30.00
Ce 128.00 131.00 40.30 37.30 17.00 181.00 H4.30
Pr 12.50 13.60 .64 4.02 .74 20.60 5.58
Nd 41.20 45.50 16.20 13.60 5,78 65,70 18.50
Sm 8.13 7.57 332 1.92 0.90 1030 178
Eu 0.54 0.69 0,50 .66 0.20 1.23 042
Gd 6.40 6.38 362 151 (.67 731 387
b 0.91 0.97 0.60 0.8 011 1.02 071
Dy 4.89 6.15 430 0.97 0,55 5.57 4.56
o 0.89 1.27 0.98 0.16 .08 1.00 1.02
Er 2,22 3.79 315 0.45 0,26 277 306
Tm 0.26 0.56 0,50 .05 0.03 038 048
Yb 1.56 3.62 3.59 0.31 0.25 122 2.85
Lu 0.23 0.54 0.56 0.06 (105 0.33 045
IREE 277.6 202.0 103.9 86.5 R 026 139.8
(La/Yh), 205 12.8 EX) 538 29.8 30.6 6.9
Ew/Eu* 0.22 0.30 043 115 0.76 041 034
Ba/Ba* 0.17 0.30 0.16 0.95 0,70 0.31 0.17

diagram (fig. 7). These rocks show large variations in 2REE and (La/Yb),, ratios, and
most have negative Eu anomalies. Based on REE patterns, two types of syenogranite
can be recognized. Type 1 is enriched in LILE and depleted in Ba, Nb, Ta, P, Ti, Sc and
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TABLE 2
(Continued)
No. 15 16 17 18 19 20 21
Sample no. A1237 Al239 Al240 Al243 Q-030 Q-040 Q-04)
Weikly deformed Weakly deformed Weakly deformed " cAKY . : . j

Rock type sver i sver syenogranite debienred Syenogr Syenog Syewog

Ao, Ao = syenogrunite
Saml?le Nostl of Rlosthes ol Nosthees of Eastof Dengta  Anshan-Benxi  Anshan-Benxt  Anshin-Benxi
location Dengta Dengta Dengta
Longitude and ~ N41°2823" N41728'31" N41=2§29" N412274)"
latitude E123°30'36" E123°30'30" E123°3030"  E123°34'55"
Age 2523229 Ma
SiO, 75.16 70.69 7478 7227 73.65 69,13 74.50
Ti0, 0.07 0.28 0.03 013 012 0.20 0.13
ALO; 13.04 14.45 13.55 14,37 13.75 15,79 14.12
Fes0, 041 0.34 0.21 0.7% 1,33 323 1.69
FeO 0.48 248 0.66 0.70 0.20 013 013
MnO 0.04 0.05 0,04 0.04 0,08 0.05 0,05
MgO 0.16 0.66 0.28 0.34 0.15 0.31 022
CaO 02 1.21 043 119 0,67 0.60 0,38
Na,O 370 347 347 2.96 KAL) i feo 363
K0 535 4.98 533 574 530 6.32 481
P20 003 007 0.04 0.02 (.09 0.10 008
HO' 0.42 0.64 0.54 0,58 0.63 0.87 .56
LOL+CO, 0.09 0.09 0,09 0,09
Total 9937 99,41 9047 9941 9920 98.95 100.30
K:0/Na,O 1.50 .44 1.54 1.94 ).69 1.9% 1.33
Cr 7 14 6 52
Ni 3 o 3 16
Se | 4 1 2
Rb 109 172 133 119
Ba 670 552 398 2189
Sr 70 101 121 in
Nb 51 152 30 33
Ta 0.7 1.3 04 0,3
Hf 5. 10.6 29 46
Zr 136 3335 77 148
Y 6 74 6 3
Th 6.1 872 18.6 6.2
) 4.7 28 2.5 L
la 5110 110.00 23.60 17.10 14.40 3647 48 89
Ce 82.20 213.00 4780 27.50 63.57 §7.25 76.81
Pr 995 21.70 461 254 7,08 7.20 §.50
Nd 34.90 73.80 1540 8.50 30.59 30.69 33.00
Sm 638 14.80 2mn 1.28 552 529 571
Eu 081 056 0,79 122 033 0.4 046
Gd 562 14.00 2.31 0.87 4.94 3.9% 496
Ih 0.7 229 031 0,12 0.82 0.9 0,96
Dy 1.60 14.80 149 0.61 495 5.35 649
Ho 0.68 282 0,26 0.12 .84 0.95 123
Er 1.73 N 0.62 0.36 237 2.68 3.78
Tm 023 1.03 0,09 0.05 0.34 0.39 0.53
Yb 1.35 377 045 042 197 232 32
Lu 0.22 0.90 0.07 0.07 0.27 0.31 040
SREE 201.5 4835 100.5 60.8 158.0 1852 195.0
(La/Yb), 259 126 343 268 15 10.4 10.0
EwEu* 041 [INE] 0,95 337 019 0.24 0,26
Ba/Ba* .29 01 037 242

Cr and shows strong negative Eu anomalies, but displays large variations in LREE to
HREE differentiation, with average (La/Yb), being 5.5, 11.9 and 30.3, respectively
(table 2; figs. 8A-8F). Type 2 syenogranite has no obvious negative Eu anomalies and
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TABLE 2

(Continued)
No. b 23 24 25 26
Sample no. Al215 All126 All24 A1235 Al228
Rock type Gneissic K-rich granite Banded granodiorite h"{:‘::fﬂ:::‘:m (’":"(::'llo:‘l::m Gneissic monzogranite
Sample location '\‘l:::::‘:x‘;; North of Jiguanshan North of Jiguanshan — Nonth of Jigusnshan — Nonb of Jiguanshan
Longitude and N40°59'17" N41°22%43" N4 1°22'54" N41°22'53" N4IE23'56"
latitude E123°a4712" E123738'42" E123738'15" E123°3R"1 5" E123°3533"
Age 251719 Ma 2507£20 Ms 2507=20 Ma 2512210 Mu
Si0, 74.47 66.28 6841 09.36 67.27
TiO, 0.13 0.40 0.33 032 0.54
AlOy 13.97 1452 14.83 14.85 14.50
Fe, 0, 029 2350 148 0.96 1.95
FeO 0.54 203 | 87 RA L 201
MnO 0.04 0.08 0.1 0.07 0.08
Mg 021 232 141 161 1.3)
CaO 077 366 2.60 231 216
Na,0 423 3.50 2.56 2.8 3.46
K-0O 423 104 452 418 487
PO, 0.01 0.15 0.13 013 0.31
H.O 042 0.86 0.0 110 0.76
LOL+CO, 0.09 0.10 0.19 0.24 0.00
Total 99.40 9944 09,34 .60 99,31
K;0/Na,0O 1,00 087 1.77 183 141
Cr 7 73 44 0 37
Ni i 3% 21 26 17
Se 1 10 o ] 9
Rb 123 103 171 169 180
Ba 1863 929 1142 1211 1226
Sr 166 483 308 278 156
Nb 7.5 6.0 0.5 0.1 15.6
Ta Ll 0.7 07 0.6 19
HE 2.0 43 3 4.1 7.2
Zr 49 160 195 143 270
Y 3 14 1 7 20
Th 254 158 20.3 14.7 152
u 22 3.0 28 16 34
La 40,90 4o 52,60 63.30 68.20
Ce 73.90 66.90 86,60 97.30 16500
Pr 676 741 X.86 10.10 13.60
Nd 2130 26.10 30,50 33.30 4570
Sm 313 4.51 487 427 7.26
Fu 0.69 121 1.02 115 1.29
Gd 195 ERE) 2.88 2.83 541
Th 018 0.49 041 0.30 0.74
Dy 0,78 242 2.11 1.54 4.07
Ho 0,15 045 0,36 0.29 0.91
Er 037 1.31 1.03 0.79 2,70
Tm 006 020 012 o 040
Yb 035 1.20 0.85 0.63 284
Lu 0.06 017 0.2 0.0 0.44
IREE 150.6 1578 192.3 2180 3192
(La/Yh), 77.0 231 40.8 08.3 15.8
EwEu* 0.80 092 0.77 0,96 0.6l
Ba/Ba* 0.96 0.71 0.61 0.77 0.74

Note: 1) Major element in %, trace and REE elements in ppm; 2) Nos. 1-3 and 19-21 are from Wan and
others (2012) and Wu and others (1998), respectively. Rest is from this study.

Ba depletion (figs. 8G and 8H). The K-rich granite shows similar geochemical features
as the type 2 syenogranite (table 2, figs. 7, 81 and 8]), except for a lower K,O/Na,O
ratio. The granodiorite and quartz monzonite are also similar in their REE patterns
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An

O Syenogranite

[l K-rich granite
/\ Other granotoids

ADb Or

Fig. 7. Modal An—-Ab-Or diagram for late Neoarchean magmatic rocks in the Anshan-Benxi area,
North China Craton. See notes in table 2 for data sources.

and trace element distribution to but are higher in ZREE contents than type 2
syenogranite (table 2, figs. 8K and 8L). Compared with type 1 syenogranite,
the monzogranite has a weak negative Eu anomaly and Ba depletion (figs. 8K
and 8L).

Whole-Rock Nd Isotopic Compositions

Nd isotope data of the 2.5 Ga rocks are listed in table 3 and shown in figure 9.
Twenty one syenogranite samples of the Qidashan Pluton have &y, ,, values of =10.5 to
—2.7. Correspondingly, they have old Nd depleted mantle model ages ranging from
2.96 to 3.90 Ga with the exception of samples A1214 and 1226 which have &4, values
of +3.6 to +3.7 and Nd depleted mantle model ages of 2.55 to 2.58 Ga. Compared with
the syenogranites, the other granitoids have high €y, values (-2.2 to —6.1) and young
model ages of 2.95 to 3.19 Ga.

Zircon Hf Isotopic Composition

Hf-in-zircon isotope data from the dated 2.5 Ga rocks are listed in table Al in the
Appendix and shown in figures 10A and 10B. Thirty-nine analyses on magmatic zircon
from the syenogranites of the Qidashan Pluton yielded &,y values and crustal model
ages (t..p) ranging from —11.0 to +4.4 and 2.70 to 3.46 Ga, respectively, with the
exception of analysis 1-1IMA for sample A0713 which has a higher &,y value of +7.6
and younger model age of 2.54 Ga. Magmatic zircon from the other granitoids
commonly has lower &, values and older crustal model ages and ranges from —16.0
to +2.4 and 2.81 to 3.72 Ga, respectively (47 analyses). However, xenocrystic zircon
from all these rocks are similar in Hf isotope composition. Fourteen analyses on
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Fig. 8. REE and trace element distribution patterns for late Neoarchean magmatic rocks in the
Anshan-Benxi area, North China Craton. (A)-(F) type 1 syenogranite showing variations in LREE to HREE
differentiation; (G) and (H) type 2 syenogranite; (I) and (J) K-rich granite; (K) and (L) other granitoids. See
notes in table 2 for data sources. REE-normalizing values after Masuda (1975) and rock/MORB values after
Pearce (1983).

xenocrystic zircon from the syenogranites have €4, values of —-12.2 to +8.3 and model
ages of 3.06 to 3.88 Ga, and xenocrystic zircon from the other granitoids has €y,
values and Hf model ages of —=14.0 to +5.0 and 2.79 to 3.93 Ga, respectively (25
analyses).

O-in-Zircon Isotopic Compositions

O-in-zircon isotopic data from the 2.5 Ga granitoids of this study and previously
published values are listed in table A2 in the Appendix and are shown in figures 11A to
11D. Most low-U magmatic zircon (U<<200 ppm) from the syenogranites of the
Qidashan Pluton have 8'®0 values in the range of +5.1 to +7.2 permil, typical of
unaltered, juvenile crustal Archean zircon (Valley and others, 2005). Five zircon
analyses from sample A0713 have 8'*O values up to +10.9 permil (Wan and others,
2013). Analysis A1123-1.1MA has a very low 3'%O value of +1.6 permil, but the analyzed
zircon domain contains high common lead (table 1). Therefore, we suspect that the
low 8'®0 value is due to the analytical spot being partly placed on fluid-bearing mineral
inclusion (s) or low 8'%0 metamict areas. Most high-U magmatic zircons (U>200 ppm)
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g. 8. (continued)

have similar 'O values to those with low U contents, ranging from +4.5 to +6.9
permil (figs. 11A and 11B), with the exception of three analyses on high-U magmatic
zircons from sample A1232 yielding very low 8'%0 values of +2.5 to +3.1 permil, again
possibly due to metamictization. Low-U magmatic zircon from other granitoids has
similar 3'%O values to that from the syenogranites of the Qidashan Pluton, ranging
from +4.0 to +6.9 permil (figs. 11C and 11D). Compared with the syenogranites,
however, high-U magmatic zircon from these rocks has low 8'%0 values (between +1.8
and +7.0%o) (figs. 11C and 11D).

Low- and high-U xenocrystic zircons from the Qidashan Pluton have §'*O values
ranging from +3.9 to +5.0 permil and +0.3 to +6.6 permil, respectively (figs. 11A and
11B); Low- and high-U xenocrystic zircons from other granitoids have 3'%O values
ranging from +3.0 to +6.8 permil and +1.8 to +6.2 permil, respectively (figs. 11C and
11D). The O isotope values of many high-U xenocrystic zircons plot in the field of
Archean magmatic zircon as defined by Valley and others (2005).

DISCUSSION

Formation Ages

We obtained magmatic zircon ages of ca. 2.5 Ga for samples A0713, A1123, A1124,
Al126, A1214, A1228, A1229, A1235 and A1239. Some ages have very big errors mainly
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TABLE 3

Whole-rock Nd isotopic compositions of late Neoarchean magmatic rocks in the Anshan-Benxi
area, North China Craton

No. Sample Rock type Age  Sm Nd Wem  Nd 20 fowne Evay  Bxnde)  MoNds

no. (Ma) (ppm) (ppm) '*'Nd  "Nd (Ga)
1 Al106 Massive syenogranite 2500 9.03 5634 0.0970 0.510781 5 -0.51 -362 -42 3,07
2 Al123 Gneissic syenogranite 2512429 6.28 3331 0.1140 0510863 &8 -042 -346 -8.0 347
3 A1107 Gneissic syenogranite 2500 321 14.69 0.1321 0.511040 11 -033 -312 -10.5 390
4 Al125 Gneissic syenogranite 2500 1.28  7.16 0.1079 0510886 7 -045 -342 -57 34
5 Al1214 Weakly deformed syenogranite 2489420 7,10 42,35 01014 0.511260 6 -048 -269 3.7 255
6 Al216 Gneissic syenogranite 2500 6.88 37.54 0.1109 0510807 12 -044 -357 -84 345
7  AI218 Massive syenogranite 2500 7,75 3751 0.1251 0511083 5 -036 -303 -7.5 353
8 Al226 Massive syenogranite 2500 390 21.21 01112 0.511409 10 -043 -240 3.6 258
9 A1229 Gneissic syenogranite 2502430 9.71 64.23 0.0914 0510732 9 -0.54 -372 -34 299
10 A1232 Gneissic syenogranite 2500 421 21.06 0.1210 0.510878 5 -0.38 -343 -103 370
11 A1233 Gneissic syenogranite 2500 137 948 0.0873 0.510646 5 -0.56 -389 -38 3.00
12 A1237 Weakly deformed syenogranite 2500 6.16 3234 0.1151 0511031 10 -04] -31.3 -53 325
13 A1239 Weakly deformed syenogranite 2523429 13.45 67.25 0.1210 0511113 5 -038 -29.7 -53 332
14 A1240 Weakly deformed syenogranite 2500 245 1326 01119 0511007 5 -043 -31.8 47 319
15 A1243 Weakly deformed syenogranite 2500 1.06 685 0.0936 0.510804 10 -0.52 -358 -2.7 296
16 A-7 Syenogranite 2500 236 17.73 0.0805 0510252 7 -0.59 465 92 329
17 A-44  Syenogranite 2500 4.02 1937 0.1257 0510995 &8 -036 -320 -93 370
I8 A-125 Syenogranite 2500 345 1969 0.1060 0510676 9 -046 -383 -92 347
19 A-126  Syenogranite 2500 748 39,03 01158 0510865 5 -041 -346 -86 353
20 A9169 Syenogranite 2500 581 2911 0.1208 0511152 5 -039 -290 46 323
21 G9502 Syenogranite 2500 213 922 0.1396 0.511369 13 -0.29 -248 -64 3.63
22 A1126 Banded granodiorite 2517419 362 217 0.1035 0.510827 5 -047 -353 .52 3.9
23 A1124 Gneissic quartz monzonite 250720 4,12 27.13 0.0919 0510727 7 -0.53 -373 -35 301
24 A1215 Gneissic K-rich granite 2500 262 1761 0.0899 0.510576 7 -0.54 -40.2 -6 3.5
25 A1228  Gneissic monzogranite 2512410 550 34.16 0.0974 0.510883 13 -0.50 -342 22 295
26 A1228E Gneissic monzogranite 2512+10 6.44 33.67 0.1157 051118 8 -041 -284 -23 304
27 AI1235 Gneissic quartz monzonite 2507420 368 2834 0.0786 0.510504 6 -0.60 -416 -3.7 297

Note: 1) Ages are estimated excepting those with errors; 2) Nos. 16-19 and 20-21 are from Qiao and
others (1990) and Wan and others (2012), respectively. Rest is from this study.

due to high common lead contents and lead loss from zircons with high U and Th
contents. No magmatic zircon ages have been obtained for samples A1106, A1218,
A1226, A1237, A1240 and A1243. However, none or weak deformation can be used as a
fingerprint to ensure their emplacement at the end of the Neoarchean, because many
dated syenogranites are ~2.5 Ga in age and no Paleoproterozoic magmatism has been
identified in the area. Some deformed rocks may also be late Neoarchean. Syenogran-
ites represented by samples A0712 and A1232 show deformation, but they were
intruded into 2.52 to 2.55 Ga BIF-bearing supracrustal rocks (the Anshan “Group”), so
they must be younger than 2.52 Ga. The syenogranites of the 2.5 Ga Qidashan Pluton
and the K-rich granites of the 2.9 to 3.0 Ga Tiejiashan Pluton are similar in their trace
element compositions with both showing strong negative Eu anomalies (Wan and
others, 1998, 2002; Wu and others, 1998; this study). The deformed Qidashan Pluton is
also easy to confuse with the Tiejiashan Pluton in the field, especially when weathered.
However, the Qidashan Pluton commonly exhibits higher K,O/Na,O ratios than the
Tiejiashan Pluton. Therefore, we contend that major element compositions can be
used as a fingerprint to estimate the formation age for the remaining samples, such as
A1107, A1125 and A1233 of this study and Q-030, Q-040 and Q-041 from the literature
(Qiao and others, 1990). Based on the present study and previous work, the Qidashan
Pluton is composed mainly of syenogranite with some K-rich granite. Besides this,
there are a few other ca. 2.5 Ga granitoids such as granodiorite, quartz monzonite and
monzogranite.
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Fig. 9. Age vs. whole-rock €y, diagram for late Neoarchean magmatic rocks in the Anshan-Benxi
area, North China Craton. See notes in table 3 for data sources. Data of the Tiejiashan Pluton are from Dong
C.Y. (unpublished data).

Relationships Between Zircon U Conlent, Discordance, 3%0 and 3"°0'H

For zircon from other granitoids (quartz monzonite and monzogranite) U
content, discordance, '*0 and §'°O'H show linear variations (figs. 12A-12F). High-U
content causes radiation damage in zircon but does not necessarily result in strong lead
loss (Geisler and others, 2002). Therefore, the positive variation between U content
and discordance suggests that the zircon underwent post-crystallization alteration
(Silver and Deutsch, 1963; Pidgeon and others, 1966; Black, 1987) during which
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Fig. 10. Hf-in-zircon isotopic compositions for late Neoarchean magmatic rocks in the Anshan-Benxi
area, North China Craton. (A) Zircon age vs. €;y¢,, diagram; (B) zircon crustal model age histogram. Dotted
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and dashed lines represent felsic crust with *“Lu/" “"Hf being 0.01 and 0.015, respectively.
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Fig. 11. O-in-zircon isotopic compositions for zircon analyses from late Neoarchean magmatic rocks in
the Anshan-Benxi area, North China Craton. (A) and (B) Syenogranite; (C) and (D) other granitoids.

process fluid-bearing mineral(s) formed in the damaged areas within the zircon
(Geisler and others, 2007) as indicated by positive relationships between U content,
discordance and §'°O'H (figs. 12A, 12B and 12C). Water is low in 'O and this may be
the reason why 3'0 shows negative relationships with U content, discordance and
5'°0'H (figs. 12D, 12E and 12F). This further supports the conclusion that strong
radiogenic Pb loss from zircon can be used as an indicator that the zircon 8'°0 is likely
to be of secondary origin (Booth and others, 2005; Valley and others, 2005; Wan and
others, 2013). It may be concluded that radiation damage does not necessarily resultin
decreasing 8'"O values in high-U zircon if the zircon has not undergone post-
crystallization alteration.

For zircon from syenogranites of the Qidashan Pluton, U content and discordance
roughly show a positive correlation (fig. 12A), suggesting that damaged zircon under-
went late alteration. Being different from zircons from other granitoids, however, U
content and discordance show only weak correlations with §'*0 and 8'°O'H (figs.
12B-12F). This may indicate that additional factors must be considered. Some zircon
grains have 8'®0 values in the normal Archean range (+4.6 to +7.5%0) but show
strong lead loss. This means that their O isotopic compositions cannot be assumed to
be primary, and the zircon might have had higher §'0 values (fig. 12F).

Origin of the Magmatic Rocks

The Qidashan Pluton is composed mainly of syenogranite, with some K-rich
granite, characterized by high SiO, and K,O and low CaO, FeOt and MgO. All samples
plot in the peraluminuous field in an A/CNK-A/NK diagram (fig. 13), although they
are also rich in alkaline compositions (K,O+NayO). They are low in Sr and high in Y
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analysis with U >10000 ppm is not shown.

and Yb and plot below the potassic granitoid area in a Y-Sr/Y diagram and in or below
the potassic granitoid field in a Yb-La/Yb diagram (figs. 14A and 14B). Most of the
rocks are similar in displaying negative Eu anomalies and Ba, Nb, Ta, P and Ti
depletion, but show large variations in ZREE contents and (La/Yb),, ratios. The latter
probably reflects the features of their source regions and cannot be explained only by
magma crystallization and melt-crystal mixture. The €y, values show a large variation
but commonly are lower than zero, and many have whole-rock tpy gy model ages up
to 3.5 Ga. Most magmatic zircons have €, values lower than +5, with a few having Hf
crustal model ages up to 3.5 Ga. As mentioned above, strong lead loss causes
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Fig. 13. A/CNK-A/NK diagram for late Neoarchean magmatic rocks in the Anshan-Benxi area, North
China Craton.

decreasing 3'%0 values in damaged zircon, therefore, “primary” (undamaged) mag-
matic zircon of the syenogranites should display a large §'%O variation although only a
few of magmatic zircon grains have 8'°O values higher than 7.5 permil. We speculate
that at least some magmatic zircon grains originally had higher 8'%O values. All these
features reveal that the 2.5 Ga syenogranites of the Qidashan Pluton are derived from
old continental crust, including mature metasedimentary material with long crustal
residence times. The conclusion that recycling of older crust played an important role
in the petrogenesis of the syenogranites is supported by numerous old xenocrystic
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Fig. 14. Y-Sr/Y (A) and Yb-La/Yb (B) diagrams (Moyen, 2011) for late Neoarchean magmatic rocks in
the Anshan-Benxi area, North China Craton. Shaded area: potassic granitoid; black line: high-pressure TTG;
gray line: medium-pressure TTG; dotted line: low-pressure TTG. Sample A1239 has high Y and Yb contents
(74 and 5.77 ppm) and plots outside the figures.
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zircon cores and restitic biotite in some syenogranite samples. Widespread syenogran-
ites with low whole-rock €y, and magmatic zircon €, are consistent with a long
crustal history up to 3.8 Ga in the Anshan-Benxi area. However, some syenogranite
samples have €yq, = 0 (fig. 9) and the magmatic zircons of some syenogranite
samples (mainly A0713) have g4, > 0 (fig. 10A) although it is the same as many other
syenogranites of type 1 in element composition and field appearance. It is uncertain
whether this indicates juvenile addition from mantle source or recycling of early
Neoarchean continental material. Ca. 2.7 Ga detrital zircon grains were discovered in
the Anshan-Benxi area (Wan, 1993) although rocks of this age have not been
identified.

Although there are abundant >3.4 Ga xenocrystic zircon cores, the syenogranites
cannot have been derived exclusively from the >3.4 Ga rocks that have been identified
in the Anshan-Benxi area. These are trondhjemitic in composition with very low REE
contents (Wu and others, 1998; Wan and others, 2012b). However, contamination with
>3.4 Ga rocks may have played a significant role in the formation of some syenogran-
ites. The Qidashan Pluton is similar in geochemical compositions to the 2.9 to 3.0 Ga
Tiejiashan Pluton which also shows strong negative Eu anomalies and Ba depletion
with low whole-rock €y, and zircon g, values (fig. 9). This may suggest that the
Tiejiashan Pluton is an important candidate for the source region of the Qidashan
Pluton. A conclusion can be drawn that there must be >3.4 Ga source rocks with
relatively high K,O/Na,O ratios and REE contents in the Anshan-Benxi area
from which the 2.9 to 3.0 Ga K-rich granites (the Tiejiashan Pluton) and 2.5 Ga
syenogranites (the Qidashan Pluton) are derived, although these have not yet been
identified.

Granodiorite, quartz monzonite and monzogranite occur locally in the Anshan-
Benxi area and formed at the same time as the syenogranites of the Qidashan Pluton.
The granodiorite and quartz monzonite are similar to type 2 syenogranite in showing
high LREE/HREE ratios. The monzogranite is similar to type 1 syenogranite in its REE
pattern but has weaker negative Eu and Ba anomalies. All these granotoid rocks have
whole-rock €y, and magmatic zircon &, values commonly < 0, and the undam-
aged magmatic zircon has 3'%0 values within the normal range of Archean magmatic
zircon (Valley and others, 2005). Combined with abundant xenocrystic zircon cores,
we suggest that they may be products of mantle-crust interaction or melting of more
mafic igneous rocks, similar to the high-K intermediate to felsic granites in the Rum
Jungle Complex, Northern Australia (Druppel and others, 2009), but older crust with
long crustal residence times must play an important role in their fomation. Their
geochemical differences from the syenogranites of the Qidashan Pluton indicate large
compositional variations in the source region and /or magmatic processes during late
Neoarchean magmatism in the Anshan-Benxi area. In any case, identification of
abundant 3.3 to 3.8 Ga xenocrystic zircon cores in Waitoushan-Jiguanshan indicates
that there is more than one area where Paleoarchean magmatism occurred in the
Anshan-Benxi area, and 3.8 Ga rocks may be discovered in Waitoushan-Jiguanshan
when more work is carried out.

It is notable that some granitoids show decoupling of whole-rock Nd and Hf-in-
zircon isotopic compositions. For example, syenogranite (A1226), granodiorite (A1126)
and quartz monzonite (A1124) samples have whole-rock €y, and magmatic zircon
€¢(y values of +3.6/-5.2/-3.5 and -15.0 to -4.4/-15.0 to -4.4/-16.0 to -2.7 and
tomnay and thyo g Mmodel ages of 2.6/3.2/3.0 Ga and 3.2 to 3.7 Ga/3.2 to 3.7 Ga/3.1
to 3.7 Ga, respectively. This decoupling may suggest contamination of the original
magmas by crustal material containing old zircon. In these rocks, some magmatic
zircons are formed around old xenocrysts, but show oscillatory zoning and have high
Th/U ratios (0.40-0.95) and are thus different from anatectic zircon which commonly
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Fig. 15. Eu*/Eu vs. Ba*/Ba diagram for late Neoarchean magmatic rocks in the Anshan-Benxi area.
See notes in table 2 for data sources. Eu*/Eu = 2X (Eu/0.0866)/((Sm/0.23)+(Gd/0.311)), Ba*/Ba =
2X(Ba/20)/((Rb/2)+ (Th/0.2)). Normalization values for Sm, Eu and Gd after Masuda (1975) and for Rb,
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shows diffuse oscillatory zoning and low Th/U ratios (<0.3, mostly <0.1) (for
example, Wan and others, 2009b). This suggests that at least some magmatic zircons
were formed after contamination with old crustal material when the magmas ascended
to higher crustal levels. The magmatic zircon probably formed by dissolution-
reprecipitation of xenocrystic cores during magmatism and inherited the Hf isotopic
composition from the old cores to variable degrees. This is similar to the formation of
metamorphic overgrowth rims with Hf isotopic features inherited from zircon cores
that have been identified as a result of dissolution-reprecipitation in previous studies
(Dong and others, 2009; Xie and others, 2014). In the magmatic process, on the other
hand, the whole-rock Nd isotopic compositions in the magmas did not noticeably
change if the addition of old crustal material was not obvious, thus the contaminated
magmas had Nd isotopic compositions being similar to original magmas. In this case,
whole-rock Nd isotopes may record more reliably the crustal residence time of the
source material from which the granitoids were derived. The magmas could not
completely dissolve xenocrystic zircon grains, this may be due to the fact that their
temperatures were relatively low when contamination occurred.

Considering all the rocks of this study, the Eu and Ba anomalies show a positive
correlation (fig. 15). Type 1 syenogranite has low Eu*/Eu and Ba*/Ba values, most
type 2 syenogranite and other granitoids have medium Eu*/Eu and Ba*/Ba values,
whereas sample A1243 of type 2 syenogranite has very high Eu*/Eu and Ba*/Ba values.
Although plagioclase fractionation decreases the Eu*/Eu values of magmatic rocks,
the large Eu*/Eu and Ba*/Ba variations, even in syenogranites that are similar in
major element composition, seem to mainly reflect differences in their source region.
Many of the Late Neoarchean syenogranites from other areas of the NCC also show the
same feature (Wan and others, 2012a). Rocks with low Eu*/Eu and Ba*/Ba values
were most likely derived from a mature crustal source region.
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Implication for the Archean Fuolution of the NCC

The late Neoarchean tectonic evolution of the NCC is debated in the literature.
Two main models are arc magmatism followed by collisional orogeny (Wu and others,
1998; Kroner and others, 2005; Wilde and others, 2005; Wan and others, 2010; Liu and
others, 2011; Nutman and others, 2011; Peng and others, 2013; Wang and others,
2013) and magmatic underplating caused by mantle plumes (Zhao and others, 1998,
1999a, 2001; Geng and others, 2006; Yang and others, 2008; Wu and others, 2012,
2013a, 2013b). There were different opinions on the early phase (mainly 2.52-2.55
Ga) of the late Neorchean tectonic event (arc magmatism or underplating), but most
authors suggested that the NCC was in an extensional tectonic setting at the end of the
Neoarchean (mainly 2.50-2.52 Ga), probably resulting from the underplating of
mantle derived magmas (Zhao and others, 1999b; Geng and others, 2006; Yang and
others, 2008; Wan and others, 2010, 2012b; Nutman and others, 2011).

Wan (1993) suggested a scenario of back-arc basin evolution to interpret the
formation of late Neoarchean supracrustal rocks (the Anshan “Group”) in the Anshan-
Benxi area. All ca. 2.5 Ga magmatic rocks identified in this study are potassic granitoids
from granodiorite to syenogranite, which excludes an island-arc setting where Na-rich
tonalite and trondhjemite should be formed. Furthermore, strong intracrustal recy-
cling of continental crust and intrusion of crustally-derived granites into the supra-
crustal rocks indicate that the back-arc basin did not extend over a large region
although the supracrustal rocks contain abundant MORB-like metabasalts (Zhai and
others, 1990; Wan, 1993; Cui and others, 2013). A relatively stable environment may
have been an important reason for the formation of a thick BIF deposit in the area
during the late Neoarchean.

Some features relating to metamorphism, deformation, anatexis and the forma-
tion of the Qidashan syenogranites can be summarized as follows: 1) Many of the
syenogranites show a massive texture with some showing gneissic structures; 2) some of
these structures seem to be magmatic flow banding and are not related to deformation,
but more work is required to confirm this; 3) undeformed syenogranite veins derived
from the Qidashan pluton cut the Anshan “Group” rocks and older granitoids in
different directions; 4) metamorphism and anatexis occurred at the same time or
slightly earlier than formation of the syenogranites, and leucosome-rich material in
anatectic supracrustal rocks and granitoids shows strong or weak deformation. These
features indicate that the syenogranites formed syntectonically in a tectonic regime
changing from compression to extension. Furthermore, geochemical studies indicate
that the widespread syenogranites were generated through reworking (partial melt-
ing) of older crust. This reworking must have occurred in the upper and/or the
middle crust rather than in the lower crust where melting would result in calc-alkaline
TTG rocks, therefore requiring extra heat from mantle. The latter should be related to
underplating due to upwelling of buoyant asthenosphere, consistent with the exten-
sional setting. It is noted that the type 2 syenogranites without negative Eu*/Eu and
Ba*/Ba anomalies and other granitoids mainly occur in the Waitoushan area. Some of
these are considered to be products of mantle-crust interaction or melting of more
mafic igneous rocks in the lower crust. Together with higher grade metamorphism, we
speculate that magmatism occurred in the low crust and was strongly influenced by
mantle material in the northeast of Anshan-Benxi compared with the southwest of
Anshan-Benxi. Large-scale intracrustal recycling of old continental material signifies
cratonic stability. More work is required to identify mantle-derived rocks (gabbro,
diorite) of the same age to provide evidence for magmatic underplating.

Crustally-derived granites in rift settings commonly have low §'%O values because
their source has been affected by meteoric water with low 'O that has moved down
along extensional structures (for example, Zheng and others, 2007). However, this has
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not occurred in the ~2.5 Ga granitoids of the Anshan-Benxi area, probably indicating
that reworking of old crust occurred during an early phase of extension.

As indicated in the introduction, at least three ancient terranes can be identified
in the NCC. It is considered that the three ancient terranes, and possibly other old
terranes, occurred in an oceanic domain, and amalgamation of these terranes due to
subduction/collision resulted in the formation of supracrustal and intrusive rocks as
well as juvenile additions and crustal recycling and finally assembled the NCC at the
end of the Neoarchean (Wan and others, 2015). The Eastern Ancient Terrane
includes Anshan-Benxi, eastern Hebei, eastern Shandong and western Shandong
where =2.6 Ga rocks and zircon grains have been identified and 2.5 Ga crustally-
derived granites formed by recycling of =2.6 Ga continental material (Liu and others,
1992, 2007, 2008; Cao, 1996; Song and others, 1996; Wan and others, 1998, 2002, 2005,
2007, 2011b, 2012a, 2012b, 2014a, 2014b, 2015; Jahn and others, 2008; Lu and others,
2008; Jiang and others, 2010; Liu and others, 2013, 2014a, 2014b; Wang and others,
2014; Wu and others, 2014a, 2014b). In this study, we provide new evidence for
widespread Meso- to Paleoarchean components in the Anshan-Benxi area, an impor-
tant portion of the Eastern Ancient Terrane. Ca. 2.5 Ga crustally-derived granites
inherited the compositional features from the older basement. This is consistent with a
long geological evolution back to 3.8 Ga revealed in early work (Wan and others,
2012b; references wherein). Apart from zircon dating, Nd-Hf-O isotope tracing is an
effective method to identify old continental material. In cases where the old crust has
been completely overprinted by intracrustal recycling, isotope tracing is the sole
method to determine its previous presence, if xenocrystic zircon grains cannot be
discovered.

CONCLUSIONS

1) 2.5 Ga magmatic rocks occur extensively in the Anshan-Benxi area and are
mainly composed of syenogranite with some other granitoids such as granodiorite,
quartz monzonite, monzogranite and K-rich granite. Two types of syenogranite can be
recognized in terms of REE patterns although they are similar in major element
composition and age of crystallization.

2) U contents, discordance, 3'%0 and 8'°0O'H show linear variations in zircon
grains from the granogranite, quartz monzonite and monzogranite, as a result of high
U contents causing radiation damage and late alteration in zircon. Zircon from the
syenogranite shows more complex relationships. We conclude that some zircon grains
with strong lead loss originally had higher 8'°O values although they plot in the normal
3'%0 range of Archean magmatic zircon.

3) The 2.5 Ga granitoid rocks formed by recycling of mature, old continental
crust, probably in an extensional tectonic environment. Some syenogranites of the
Qidashan Pluton may have been derived from metasedimentary precursors. However,
their geochemical differences indicate large variations in the source region.

4) The Eastern Ancient Terrane (>2.6 Ga) of the NCC is composed of pre-late
Neoarchean basement with different crustal residence times. Anshan-Benxi is an
important area where a long geological evolution back to 3.8 Ga was identified by
Nd-Hf-O isotope tracing and zircon dating.
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APPENDIX

ANALYTICAL TECHNIQUES

Whole-rock chemical analyses were conducted at the National Research Center of Geoanalysis, Chinese
Academy of Geological Sciences (CAGS), Beijing. Major and trace elements were determined by XRF and
ICP-MS respectively. Uncertainties depend upon the concentration in the samples, but generally for XRF
and ICP-MS are estimated at ca. 3 to 5 percent and ca. 3 to 8 percent, respectively. When the rock sample
contains large phenocryst feldspars, a large sample was used in order to get a truly representative sample.
Whole-rock Sm and Nd isotopic compositions were determined by isotope dilution at the Key Laboratory of
Isotope Geology, Ministry of Land and Resources of China, Beijing. Details of the procedures were described
by Zhang and Ye (1987).

SHRIMP zircon dating was carried out at the Beijing SHRIMP Center, Institute of Geology, CAGS. The
analytical procedures were similar to those described by Williams (1998). Five scans through the mass
stations were made for each analysis. The intensity of the primary ion beam was 3 to 4 nA, and beam size was
~30 pum, and each site was rastered for 120 to 200 s prior to analysis to reduce or remove common Pb.
International zircon standards M257 (U = 840 ppm, Nasdala and others, 2008) and TEMORA 2 (*°°Pb/2*3U
age = 417 Ma; Black and others, 2004) were mounted together with the unknowns and used for calibration
of U abundances and 2°°Pb/%*8U ratios, respectively. The TEMORA 2 to unknown ratio was 1:3—4. Data
processing and age assessment was carried out using the SQUID and ISOPLOT programs (Ludwig, 2001,
2003), and the measured 2**Pb was used for common lead correction. 207ph /296Ph ratios were used to
determine the age of all samples. The uncertainties for individual analyses are quoted at the 1 sigma level,
whereas uncertainties on weighted mean ages are quoted at the 95 percent confidence level.

In-situ O and OH isotopic compositions were measured on previously SHRIMP-dated zircon spots. The
analytical procedures and conditions were described by Ickert and others (2008) and Wan and others
(2013). The intensity of the Cs™ primary ion beam was ~3 nA. Spot diameter was ~30 pm, and each site was
rastered for 120 to 200 s prior to analysis. The reference material used for calibration of instrumental mass
fractionation was TEMORA 2 zircon (3'%0 = 8.20%o; Black and others, 2004), mounted together with the
unknowns. The standard was analyzed 2 to 4 times at the start of each analytical session, then after every 3
unknown analyses. The uncertainties for individual analyses are quoted at the 1 sigma level. 3'%0 (V-
SMOW) = ((**0/"°0) cupupic/ (*0/1°0)  mon=1) X 1000, 3'°OH'H (ref) = (("*OH'H/'°0) e/ ("*OH'H/
150) or =1)X1000, where (**0/'°0) 0w (= 0.0020052) is ('**0/'°0) of Standard Mean Ocean Water,
whereas ("°OH'H/'°0), ., (= 0.0020) is an artificial value.

Hf-in-zircon analyses were carried out on the similar internal domains and close to the original pit for
SHRIMP U-Pb and O analysis, using a Newwave UP213 laser-ablation microprobe, attached to a Neptune
multicollector ICP-MS at the Institute of Mineral Resources, CAGS, Beijing. Instrumental conditions and
data acquisition were described in Hou and others (2007). '7“Yb/!72Yb=0.5887 was used and the By,, value
obtained from the sample itself is applied for the Yb correction (Wu and others, 2006). For high 175yh/ VT THE
zircon, it is more difficult to accurately corrcct the Hf isotopic composition, since the interference of 176yh
on '"°Hf is significant (Wu and others, 2006). In this study, only the data with *7°Yb/**7Hf<0.08 are used.
Zircon standard 91500 yielded a '"°Hf/*""Hf average of 0.282296 (n = 19), being close to the "°Hf/'""Hf
value of standard 91500 (0.282306, Woodhead and others, 2004). All Lu-Hf isotopic results are reported at
95 percent confidence limits. The calculation of Hf model ages was based on a depleted-mantle source with a
present-day '"°Hf/"""Hf = 0.28325 and '"°Lu/"""Hf = 0.0384, using a '"°Lu decay constant of 1.865x10~"!
year_l (Nowell and others, 1998; Vervoort and Blichert, 1999; Scherer and others, 2001) and assuming that
the evolution of the Hf isotopic composition of the depleted mantle with time was linear. Calculation of Hf
crustal model ages (t.. () is based on the assumption of a mean 178Lu/V"THF ratio of 0.01 for the average
continental crust (Kréner and others, 2014), rather than 0.015 as recommended by Griffin and others
(2002). The calculation of &, values was based on zircon ages and the chondritic values (175HE/1TTHE =
0.282785, '"Lu/'""Hf = 0.0336, Bouvier and others, 2008).
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In-situ Hf isotopic compositions of zircon from late Neoarchean magmatic rocks in the
area, North China Craton

Anshan-Benxi

Hf spot .’Dﬁ Y i T 20 Age Gy En 26 vy 20 g 20 Fowin
THE THf THE (Ma) (Ga) (Ga)

Gnetissic syenogranite (A0713)

I-IMA 0038681 0.000833 0281436 0.000031 2503 -47.2 76 1.1 25 009 254 014 -097
2-IMA - 0040450 0.000835 0281333 0.000023 2503 -509 39 0.8 267 006 272 000 -097
3-1MA  0.042068  0.000934 0281318 0.000022 2503 -514 3.2 0.8 2700 006 276 0.10 -097
4-1IMA 0045227 0.001013 0281356 0.000021 2503 -50.1 44 0.8 265 006 270 0.09 097
S-IMA  0.035870  0.000730 0281285 0,000023 2503 -5206 23 0.8 273 006 280 010 -098
6-1MA  0.040341 0.000840 0281286 0000021 2503 -52.5 2.2 0.7 273 006 281 0.09 -0.97
7-IMA - 0.037371 0.000775 0281287 0,000021 2503 -52.5 2.4 0.8 273 006 280 0.09 -098
B-IMA  0.040943  0.000907 0281322 0.000024 2503 -51.3 3.4 0.9 269 007 275 011 -097
9-1MA  0.062758 0001522 0281346 0000023 2503 -504 3.2 0.8 270 0.06 276 040 -095
10-IMA  0.033685 0.000753 02813001 0.000021 2503 -52.0 2.9 0.7 271 006 277 0.09 -0.98
T-IMA - 0.063543  0.001558 0281314 0.000025 2503 -5lo 2.0 0.9 275 007 282 011 -095
Cineissic syenogranite (A1123)

1-IMA  0.045875 0.000839 0281187 0.000030 2512 -36.1 -1.1 i 287 0.08 298 0.3 -097
2-1MA  0.023585 0.000425 0281138 0.000022 2512 -37.8 -2.1 0.8 290 006 303 010 -0.99
3-1MA  0.055928  0.000974 0281165 0.000019 2512 -56.8 -1 0.7 291 005 3.03 008 -0.97
4-1MA  0.039553  0.000702 0281196 0.000021 2512 -558 -0.6 0.7 285 0.06 295 009 -0.98
5-1MA - 0.033623  0.000601 0281207 0.000019 2512 -353 0.0 0.7 282 0.0 292 0.08 -098
6-1MA  0.032202 0.000668 0281185 0.000020 2512 -56,1 -0.9 0.7 286 005 297 009 -098
9-1MA  (L030641  0.000590 0281166 0.000021 2512 -368 -1.4 0.7 287 0.06 300 0.09 -0.98
Weakly deformed syenogranite (A1214)

I-IMA 0076562 0.001452 0.281270 0.000027 2489 -53.1 0.3 1.0 280 0.07 289 0.2 -096
2-1MA 0031544 0.000712 0.281233 0.000021 2489 -344 0.2 0.7 280 006 290 009 -0.98
4-1MA  0.062637 0.001028 0281278 0.000017 2489 -328 1.3 0.6 276 005 281 007 -0.97
5-1MA 0047878 0.000806 0281246 0.000017 2489 -354.0 5 0.6 2,78 0.05 288 0.07  -0.98
o-1MA 0049540 0000871 0281317 0.000019 2489 -315 29 0.7 269 005 276 0.08 -0.97
T-IMA  0.046535 0.000968 0281176 0.000019 2489 -564 -22 0.7 2.89 0.05 302 0.08  -0.97
8-1MA 0056715 0.001078 0281239 0.00002] 2489 -332 -0.2 0.8 281 006 295 009 -0.97
O-IMA 0039326 0.000697 0281250 0000014 2489 -538 09 0.3 277 004 286 006 -098
10-1MA  0.058037 0.001102 0281244 0,000019 2489 -54.0 0.0 0.7 281 005 291 008 -097
I1-1MA 0.039945 0.001296 0281172 0.000023 2489 -56.6 -2.9 0.8 292 006 305 000 -096
12-1MA 0.054069  0.000953 0281263 0000019 2489 -534 09 0.7 277 005 286 008 -097
Gneissic syenogranite (A1125)

241X 0.073439 0001350 0280652 0000022 3435 -75.0 -0.4 0.8 363 006 369 0.09 -096
3-1X 0077369 0.001484 0.280915 0,000024 2733 -65.7 -6.5 0.8 329 0.07 343 010 -096
4-1X 0.077922 0.001431 0.280645 0000019 3542 -752 1.6 0.7 365 005 368 0.08 -096
-1X 0.076030  0,001494 0.280794 0000019 2944 =700 -6.6 0.7 346 005 360 0.08 -0.96
6-1X 0.038640 0000806 0.280383 0,000014 3112 -774 -89 0.3 368 004 386 0.06 -098
7-2X 0.073812 0001413 0.280641 0000020 3103 -754 -84 0.7 366 0.05 382 0.00 -0.96
-1X 0.024678  0.000491 0280578 0.000020° 3380 -77.6 -23 0.7 365 005 374 0.09 -099
-1X 0.044109 0,001092 0.280627 0.000014 3120 -75.8 -7.8 0.5 364 004 381 0.07 -097
12-1X 0.049619  0,000975 0.280604 0.000021 3161 -76.7 -74 0.7 3.66 006 382 009 -097
13-1X  0.032449  0,000676 0.280594 0.000017 2940 -77.0 -122 0.6 365 005 388  0.07 -0.94
151X 0.071071 0001317 0.280848 0.000020 3070 -68.1 -1.6 0.7 367 005 346 008 -0.96
CGinelssic syenogranite (A1229)

4-1MA  0.046336  0.000776 0.281229 0000020 2500 -54.6 0.2 0.7 281 005 290 0.0 -098
Ginelssic syenogranite (A1232)

121X 0.072908 0001203 0.280644 0000022 3457 -753 0.2 0.8 363 006 3.68 009 -096
Weakly deformed syenogranite (A1239)

I-IMA  0.076379 0.001125 0281110 0.000024 2523 -58.8 -4.1 0.9 299 007 314 011 -097
2-IMA 0061109 0.001064 0.281248 0.000030 23523 -539 0.9 1.1 280 008 289 013 -097
3-IMA  (0.040334 0.000626 0.281159 0000020 2523 -57.0 -1.5 0.7 289 0.06 301 009 -098
4-IMA - 0.079082 0.001411 0281139 0.000025 2525 -57.8 -3.6 0.9 298 0.07 301 041 -096
5-1MA  0.056740  0.000889 0.281100 0000022 2523 -59.1 -4.0 0.8 299 006 314 010 -097
6-1IMA  0.069323 0.001208 0281128 0.000023 2523 -382 -3.6 0.8 208 006 301 000 -09
12-1IMA 0L067686  0.001199 0.281198 0000020 2523 -55.7 -1.1 0.7 288 005 299 0.09 -096
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TaBLE Al
(Continued)
Hf spot fl)ill LT’ .llu! 2o Age e (0) ey 2o Apwg 20 Leenin lo fan
"THE T "THE (Ma) (ia) (Gin)

Weakly deformed syenogranite (A1240)

3-IMA - 0058510 0.001182 0.281136 0000032 2484 -57.9 -4.) 1.1 296 009 301 14  -0.90
R-1X 0.050081 0000836 0.280634 0.000027 3341 -756 -2.0 1.0 3ol 007 370 001 <097
10-IMA  0.071095  0.001189 0280942 0.000024 2484 -64.7 -11.0  O8 323 006 346 10 <096
14-1X 0.079864 0.001403 0.281056 0.000024 3188 -60.7 8.3 0.9 3000 0.07 306 000 <096
Banded granodiorite (A1126)

1-1X 0.057488 0.001022 0.280544 0.000022 3521 -78.8 -1.5 0.8 375 0.06 382 00 097
1-2MA  0.039909 0.000738 0280789 0.000028 2517 -70.1 -15.0 1.0 339 008 308 012 <098
2-IMA  0.033108 0.000668 0.281082 0.000023 2517 -598 -44 0.8 3N 006 305 000 <098
3-IMA - 0.039296  0.000776 0.281030 0.000020 2517 -61.6 -6.5 0.7 307 005 325 009 098
4-1X 0.044803  0.000846 0280531 0.000017 3489 -793 -23 0.6 375 0.05 383 007 097
42MA  0.015561  0.000356 0.280935 0,000016 2517 -65.0 -9.1 0.6 307 004 339 0,07 -0.99
5-1X (.039806 0.001180 0.280563 0.000017 3491 -78.1 -1.9 Lo 374 005 3.81 0.07  -0.96
6-1MA  0.033037 0.000704 0281007 0000017 2517 -624 -7.2 06 310 005 329 0.08 -098
9-1X 0.034486  0.000679 0.280747 0.000017 2624 -71.6 -14.0 0.6 345 0.05 371 007 -0.98
10-1MA 0024883 0.000328 0281005 0.000019 2517 -62.5 -0.9 0.7 3.090 005 3.28 0 008 -0.98
T-TMA - 0.030273 0.000746 0281001 0.000016 2517 -62.6 -7.5 0.6 30 004 330 0,07 -0.98
12-1X 0072189 0001228 0280583 0.000017 3509 -77.4 -0.9 0.6 372 005 378 007 -096
14-1X 0.059735 0001111 0.280617 0.000022 3607 -762 29 0.8 366 006 367 009 097
15-1X  0.079369 0.001517 0280783 0.000018 3161 -703 -23 06 347 005 356 (o8 -0.95
Gneissic quartz monzongranite (A 1124)

1-1X 0.034177 0000635 0280434 0.000017 3513 -82.0 -39 0.6 383 005 393 .07 -0.98
12X 0.025912 0.000481 0.280486 0.000019 3554 -809 -1.5 0.7 .77  0.05 385 0.08 -0.99
2-IMA - 0026781 0.000493 0280876 0.000020 2507 -67.0 -11.7 0.7 326 005 3.51 0.09  -0.99
3-IMA  0.055341 0.001083 0281158 0.000020 2507 -57.1 -2.7 0.7 292 0.05 3.05  0.09 -0.97
4-1X 0.033316  0.000696 0280436 0.000019 3648 -R16 -1.6 0.7 386 005 393 (.08 -0.98
5-IMA 0041040 0.000818 0280770 0.000019 2507 -70.8 -16.0 0.7 343 005 372 008 -098
6-1X 0.038296  0.000794 0280561 0.000019 3407 -78.2 -2.9 0.7 370 005 380 .08 -0.98
T-IMA 0067398 0.001354 0281141 0.000021 2507 -57.7 -3.7 0.8 207 0.06 an 009 -0.96
8-1IMA 0041816 0.000825 0281012 0.000018 2507 -623 -74 .6 310 005 329 (.08 -0.98
10-1X 0.048905  0.000968 0.280651 0.000020 3369 -75.0 3.6 0.7 360 005 361 0.08 -0.97
1-1X 0.067965 0.001306 0.280639 0.000022 3601 -75.4 3.0 0.8 365 006 366 .09 -0.96
H-2MA - 0.037666  0.000783  0.280904 0.000018 2507 -66.0 -11.2 0.0 324 0,05 348 008 -0.98
12-1X 0.044893  0.000920 0.280467 0.000018 3558 -81.5 -3.1 0.6 184 0.05 393 (.08 -0.97
13-1X 0.041224  0.000873 0.280543 (LOOOOIE 3480 -T788 2.1 0.7 374 0,05 3.82 008 -097
14-1MA  (0L028320  0.000636 0281036 0L.00001I6 2507 -61.4 -63 0.6 06 0.04 323 007 -0.98
15-1MA 0.033338 0.000757 0281011 0.000016 2507 -62.3 -74 0.6 310 004 329 007 -098
16-1X  0.067937 0.001344 0.281294 0000020 2657 -32.3 5.0 0.7 276 005 279 0,09 -0.96
17-1X 0.025540  0.000537 0281051 0.000021 2647 -60.8 -23 0.7 303 006 305 0.09 <098
1I8-1X  0.028983 0.000523 0.280730 0.000022 2767 -71.5 -103 08 343 006 365 0.09 -0.98
19-1X 0.019264 0.000409 0280500 0.000021 3736 -803 335 0.8 375 006 375 0.09 -099
Gneissic quartz monzongranite (A1235)

I-IMA  0.041537 0.000949 0281172 0.000020 2507 -56.6 -1.9 0.7 290 005 302 0.09 097
2-1X 0.048106 0.001032 0280574 0.000015 3290 -77.7 -5.7 0.6 3.7) 004 384 (.07 097
2IMA S 0.017043  0.000464 0.280846 0.000015 2507 -68.1 -12.7 0.5 3300 004 356 (.06 099
3-IMA 0035217 0.000851 0.281051 0.000017 2507 -609 -6.1 0.6 3.05  0.05 323 0.08 -0.97
4-1MA 0020877 0.000592 0280938 0.000017 2507 -64.2 -9.0 0.0 3.6 05 337 007 -0.9%
4-1X 0033752 0.000747 0280902 0.000016 2711 -66.1 -6.6 (.6 324 04 342 0.07 -0.98
6-1MA 0005467 0.000116 0280839 0.000015 2507 -68.4 -12.4 0.3 308 0.4 354 006 -1.00
8-1MA 0047955 0.001215 0281248 0.000019 2507 -539 0.3 0.7 2.81 0.05 29 (L08 -0.96
9-1MA 0.043593  0,001100 0281187 0.000018 2507 -56.0 -1.7 0.7 2.89 .05 3.00 0.08  -0.97
10-1X  0.038846  0.000944 0.280636 0.000018 3525 -75.5 2.1 0.6 3.62  0.05 365 0.08 097
11-1X 0025171 0.000886 0281067 0.000016 2880 -603 29 0.6 3.03 0.05 3.08  0.07 -097
12-IMA 0022323 0.000673 0.281055 0.000013 2507 -60.7 -3.6 0.5 3.03 0.04 320 .06 -0.98
13-1MA 0041232 0.001066 0.281057 0.000017 2507 -60.7 -6.2 0.6 3.06 .05 3.23 0.07  -0.97
13-2MA 0019706 0.000617 0281012 0.000014 2507 -62.3 -7.1 0.3 309  0.04 328 106 -098
14-IMA 0041190 0.001096 0281207 0000018 2507 -554 -1.0 0.7 286 0.05 297 008 -097
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TABLE Al
(Continued)
HF spot -—':'_Yh —':‘;L,U —,':Zl‘lf 20 Age o) ey 20 o 260 Loon 280 Sl
TR T T (Ma) (Ga) AL

Gneissic quartz monzongranite (A1235)

151X 0.047874  0.001289 0.280586 0.000016 3607 -773 1.3 0.6 372 004 375 007 096
16-1X 0.029779  0.000755 0.280607 0.000017 3383 -76.6 -1.8 0.6 3.64  0.05 372 007 -0.98
17-IMA - 0.025293  0.000715 0.281078 0.000014 2507 -59.9 -49 0.5 3.00  0.04 307 0.06 <098
18-IMA  0.037604 0.001091 0.281146 0.000015 2507 -37.5 -3.0 0.5 294 0.04 308 006 -097
19-IMA  0.026878 0.000782 0.281066 0.000013 2507 -60.3 -54 0.5 303 0.04 3.9 006 -098
20-IMA - 0021166 0.000638 0281065 0.000013 2507 -60.4 =52 0.3 302 004 308 006 <098
2I-IMA - 0025865 0.000924 0.281072 0000017 2507 -60.1 -55 0.6 303 005 320 008 -0.97
22-IMA - 0.032555  0.000963 0.281191 0.000014 2507 -559 -1.3 0.5 187 004 o0 006 <097
23-IMA 0.028450 0.000870 0281083 0.000016 2507 -597 -5.0 0.6 300 004 37 007 -0.497
24-1MA - 0.046760  0.001404 0281096 0.000015 2507 -593 54 0.5 304 004 A9 0,06 -0.96
25-IMA 0020576 0.000661  0.281066 0.000014 2507 -603 -5.2 0.5 3.02 0 004 A8 006 -0.98
26-1MA - 0.024471 0.000676 0.281006 0.000013 2507 -62.5 -7.4 0.3 3.0 0.04 29 0 006 -0.98
28-IMA - 0.029630  0.000811 0.281097 0.000016 2507 -592 44 0.6 299 0.4 34 007 -0.98
32-IMA 0.025973 0.001023 0.281153 0.000030 2507 -57.2 -2.7 1.1 293 0.08 3060 043 -0.97
35-IMA - 0.025325  0.000734 0.281173 0.000015 2507 -56.5 -1.5 0.5 288 0.4 3000 006 -0.98
Cineissic monzogranite (A1228)

2-IMA  0.034781 0.000583 0.281203 0.000018 2519 -555 0. 0.6 283 005 293 008 <098
J-IMA  0.033433 0000691 0.281169 0.000021 2519 -56.7 -1.3 0.7 288 0.06 300 0.09  -0.98
4-1MA 0056412 0.000899 0281284 0.000022 2519 -526 24 0.8 274 006 281 0.09  -0.97
S-IMA  0.076417 0.001458 0.281231 0.000030 2519 -54.5 -0.5 1.1 2.85 (.08 295 0.3 -0.96
T-IMA  0.046506 0.000750 0.281209 0.000023 2519 -553 0.0 0.8 283 0.06 293 0.10 -0.98
B-IMA  0.060116 0.001374 0.281162 0.000028 2519 -56.9 -2.8 1.0 2194 Q.08 3.07 012 -0.96
9-1MA  0.057757 0.000925 0281033 0.000018 2519 -61.5 -6.6 0.6 308 0.05 326 0.08 -0.97
1-IMA  0.045263  0.000744 0.281222 0.000022 2519 -548 0.4 0.8 281 .06 291 009 -0.98

e Lo L

L.

Note: MA = magmatic zircon; X = xenocrystal zircon.
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TABLE A2

In-situ O isotopic compositions of zircon from late Neoarchean magmaltic rocks in the
Anshan-Benxi area, North China Craton

Sample Analysisno. Ageof Discordance U Th Age "0 95%=  A"Q'H  95%=
no. of SHRIMP  zircon %) (ppmm) u type (V-SMOW) (ret)

dating (Ma) (%) (%)
Gneissic syenogranite (A0713)
1.IMA 1.IMA 2503 3 66 (.82 WMA 6.5 0.4
2.1IMA LIMA 2503 0 101 1.06 WMA 6.4 (.6
3.1MA 4.1MA 2503 -2 o0 1.00 WMA 1.0 0.6
4.IMA 5.IMA 2503 | 65 (.68 WMA 6.7 (.G
5.1MA 6.1MA 2503 2 78 0.87 WMA 9.4 0.5
6.1IMA T.IMA 2503 0 74 0.69 WMA 10,9 0.7
TIMA 9.IMA 2503 0 84 (.94 WMA 59 0.3
8. IMA 11L.IMA 2503 2 112 1.08 WMA 6.9 0.8
9.IMA 2503 Gray EA 5.8 0.5
10.1MA 2503 Gray EA 10.2 0.6
I1.IMA 2503 Gray EA 9.9 0.5
Massive syenogranite (A1218)
1LIX 11X 3572 35 192 0.37  Ph/Pbage 5.0 0.2 477 57
2.IMA 2.IMA 2500 35 875 .07 EA 4.8 0.1 2316 27
50X 5.1X 3349 41 310 0.54 Pb/Pb age 4.0 0.1 2504 20
61X 6.1X 316l 58 446 0.55 Pb/Pb age 3.7 0.1 1288 25
7-1IMA 7.IMA 2500 87 2359 0.20 EA 6.0 01 2955 16
10.1MA 10.1MA 2500 a8 11356 0.19 EA 6.0 0.1 3238 1
12.1IMA 12.1MA 2500 Ol 1614 0.39 EA 6.1 0.1 3324 2
Gneissic syenogranite (A1123)
1LIMA 1.IMA 2512 0 64 1.19 WMA 1.6 0.2 (<] in
2.TMA 1.1MA 2312 3 45 1.20 WMA 6.4 0.1 -179 28
3.IMA 3.IMA 2512 2 170 1.02 WMA 36 0.1 -196 43
6.IMA 6.1MA 2512 -2 82 (.81 WMA 5.5 0.1 =154 33
10.0MA 2512 Gray WMA 6.1 0.1 -187 21
1LIMA 2512 Dark EA 5.5 0.1 -9l 37
12.1IMA 2512 Dark EA 6.1 0.1 -15 42
13.1IMA 2512 Light gray EA 54 0.1 2235 45
4. 1MA 2512 Dark gray A 6.0 0.1 1150 43
15.1MA 2512 Gray EA 5.3 0.1 -130 24
16.1MA 2512 Gray EA 58 0.1 -151 16
17.1MA 2512 Gray EA 54 0.2 -463 87
19.1IMA 2512 Gray EA 59 0.1 -238 46
20.1MA 2512 Gray EA 6.0 0.1 =145 45
21.1IMA 2512 Light gray EA 5.5 0.1 -191 42
22.1IMA 2512 Gray EA 58 0.1 -82 34
Weakly deformed syenogranite (A1214)
3.IMA 3.IMA 2489 17 187 (.40 WMA 5.9 0.1 156 15
5.1MA 5.1MA 2489 5 66 1.09 WMA 6.4 0.2 i6 43
6.1MA 0.1MA 2489 Il 44 0.92 WMA 6.7 0.1 135 20
7.IMA 2489 Gray EA 59 0.2 186 44
RAIMA B.IMA 2489 7 43 1.26 WMA 0.6 0.1 78 28
9.1MA 9.1MA 2489 1 34 0.75 WMA 64 0.2 108 28
10.IMA 10.1TMA 2489 8 139 0.53 WMA 6.7 0,2 251 22
11.1IMA 1LIMA 2489 0 70 (.65 WMA 58 0.1 304 27
12.1MA 12.1IMA 2489 2 33 1.01 WMA 6.9 0.1 I 16
13.1MA 13.1MA 2489 31 259 0.36 WMA 04 0.1 109 16
14.1IMA 14.1MA 2489 43 299 0.19 WMA 6.2 0.2 281 60
15.IMA 15.1MA 2489 -1 45 .18 WMA 6.0 0.1 171 21
Gneissic syenogranite (A1123)
1.1X 1LIX 2846 60 1368 .34  Pb/Pbage 35 0.1 2157 28
21X 2.1X 3435 I8 198 1.14  Pb/Pb age 39 0.1 608 17
30X 3.1X 2753 32 725 0.87 Ph/Pb age 3.0 0.2 1276 45
51X 50X 2944 55 2322 0.24 Pb/Pbage 2.7 0.1 1843 23
71X 71X 2774 63 1979 0.11  Ph/Pbage 2.1 0.1 1774 45
9.1X 9.1X 2932 53 1145 .63  Pb/Pb age 3.0 0.2 1911 40
10.1X 10.1X 3380 25 598 0.47  Ph/Pb age 0.3 0.1 2000 28
150X 151X 3070 49 749 0.24  Ph/Pb age 2.3 0.1 2120 14
16.1X Dark gray 0.3 0.1 845 77
17.1X Dark 1.9 0.3 285 166
181X Gray 30 0.1 883 40
19.1X Gray 34 0.1 1146 65
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TABLE A2
(Continued)
Sample Analysisno.  Age of Discordance u Th Age 670 95% <+  A"O'TI  95% =+
no. of SHRIMP  zircon a) (ppm) U tvpe (V-SMOW) (ref)
dating (Ma) (%o ) { %)
Greissic syenogranite (A1229)
2AMA 2. IMA 2500 20 196 3.68 UITA 6.7 o1 189 22
3.1MA 3.IMA 2500 53 729 0.70 LA 6.9 0.2 966 46
4. 1MA 4. IMA 2500 . 90 (.58 UlA 5.5 0.2 398 37
6.1MA G MA 2500 37 133 1.73 LA (] 01 121 21
T.1MA T.IMA 2500 15 238 .83 LA 6.5 0.1 885 43
9.IMA 9.1MA 2500 22 302 0.48 UlA 0.0 01 1194 29
1D IMA 10.1MA 2500 30 278 1.84 UTA 6.0 0.2 2534 47
TEIMA FIMA 2500 L 18 1,94 LA 59 0.1 292 I3
12.1IMA 12 IMA 2500 7 314 (.60 UIA 53 0.2 1236 46
13.1MA 13.1MA 2500 + 152 (.69 UTA 5.2 0.1 311 24
14.1MA 4. IMA 2500 1l 108 2,75 U1A 58 0.2 131 54
15.1MA 15.1MA 2500 21 243 181 UIA 39 0.2 165 55
Gineissic syenogranite (A 1232)
11X 10X 3001 34 1420 (.97 Pb/Ph age 28 0.1 1908 23
3.1X 3IX 3377 12 222 (.72 Ph/Phage 5.8 0.1 124 37
3.2MA 3.2MA 2500 63 1244 014 EA 245 0.2 2172 20
41X 41X 2816 54 1068 (.97 Pb/Pb age 5.0 0.1 1819 29
51X S.1X 3445 15 06 1.12  Ph/Pb age 4.7 0.1 1477 20
61X 61X 3456 13 340 1.38  Ph/Ph age 4.6 0.1 1548 35
RIX B.IX 3404 I8 298 (.45 Pb/Ph age 49 0.1 134 13
121X 12.1X 3457 z 219 0.47  Pb/Ph age .l 0.2 164 37
13.1X 151X 3457 2 164 0,75 Pb/Ph age 6.4 0.2 250 43
14.1MA 14 IMA 2500 62 935 0,06 EA 2.8 0.2 1567 67
15.1X 151X 3239 36 458 040 Pb/Pb age H.h 0.2 176 53
16.1X 16.1X 2764 54 762 041 Ph/Phage 49 0.1 1833 17
17.1MA I7.IMA 2500 o8 1771 ol EA 3l 0.2 J148 15
211X 211X 3432 I 323 0,27 Ph/Pb age 52 0.1 1218 24
221X 21X 3265 BS 686 1.04  Pb/Ph age 59 0.2 307 46
231X 23.1X 3378 20 443 (.96 Ph/Ph age 5.6 0.1 1423 13
Weakly deformed syenogranite (A12349)
1.IMA 1LIMA 2523 0 19 235 WMA 6,1 0.2 26 54
2.IMA 2. IMA 2523 S0 K6 1.12 WMA 0.5 0.2 19 0
3.MA JIMA 2523 3 54 | .96 WMA 6.3 0. 122 32
4.1MA 4 1MA 2323 -2 o 2,49 WMA 6.4 0.2 29 32
S AIMA 5.0MA 2523 0 23 2.14 WMA 59 0.1 222 18
0.1MA 6 IMA 2523 v 27 211 WMA 1.2 0l 1795 35
BIMA B IMA 2523 3 32 2.19 WMA 6.0 N} 119 15
10.1MA HLIMA 2523 35 110 1.33 WMA 57 0.5 ~161 100
12.1MA 12.1MA 2523 49 513 017 WMA 0.6 0.1 248 25
Weakly deformed syenogranite( A1240)
3.AMA 3 IMA 2484 -29 561 .67 LA 6.5 0.1 BOO 42
4.1MA 4. IMA 2484 49 1054 (.38 L1A 4.6 01 2521 20
0.0X 61X 3011 41 336 0.26  Ph/Phage 5.7 0.2 1ol 42
T.IMA+X  T.IMA 2484 21 355 0.73 LA RN 0.1 2411 20
BAX 81X 3341 26 244 .58 Pb/Phage 32 0.4 2006 74
9.1X 91X 3477 7 414 0.69  Ph/Phage 59 0.2 2414 26
10 MA 10.IMA 2484 a6 1050 0.29 1A 5.3 0.1 2178 34
TEIMA L IMA 2484 48 647 (L.56 LA 5.3 0.1 3199 I
12.1MA 12.1MA 2484 57 RN 0.92 [RIEY 74 0.1 3149 16
13.1X 151X 3023 33 777 032 Ph/Phage 5.5 0.2 1214 53
141X 140X 38R 42 525 (.33 Pb/Pb age 4.9 0.1 2137 31
16,1 MA 16 IMA 2484 b 2156 (.06 UTA 4.5 0.2 3213 8
17.1MA 17.0MA 2484 [ih} 2426 (L05 LA 4.8 0.2 3223 4
Banded granodiorite (A 1126)
LIX LIX 3521 2 (RN .88  Pb/Ph age 58 0.1
1.2MA 1L.2MA 2517 2 256 0.52 WMA 6.4 0.1
1.3IMA 1.AMA 2517 14 325 (L40 WMA 55 0.1
2.IMA 2. IMA 2517 2 209 0.56 WMA 3.2 [N
3.IMA ALIMA 517 15 427 .60 WMA 5.0 0.2
4.2IMA 4.2MA 2517 4 374 1.56 WMA a0 0.1
5.1X 51X 34491 1 186 .46 Ph/Phage 3.1 0.1
a.IMA 6. 1MA 2317 13 448 0.67 WMA 19 0.2
X 81X 3742 2 206 (1L.53  Pb/Ph age 4.8 0.1
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TABLE A2
(Continued)
Sample Analysis no.  Age of Discordance §] Th Age 570 95%+ APOTH 95% =+
no. of SHRIMP  zircon (%) (ppm) u type (V-SMOW) (ref)
dating (Ma) (o) (M)
Banded granodiorite (A1126)
9.1X 91X 2624 0 55 019 Pb/Pb age 6.2 0.1
10.TMA HLIMA 2547 3 368 0.68 WMA 3.9 0.1
1L IMA 11.IMA 2517 17 397 0.76 WMA 4.9 0.1
121X 12X 3509 10 534 076 Pb/Pb age 53 0.1
14.1X 14.1X 3607 R} 464 006 Ph/Ph age 53 0.1
151X 151X 3161 43 1150 0.64 Ph/Pb age 2.6 0.1
16.1X 16.1X 3451 56 S90 043 Pb/Pb age 44 0.1
Gineissic quartz monzonite (A1124)
1.1X 11X 3513 -2 171 0.25  Pb/Pb age 4.6 0.1
1.2X 1.2X 3554 3 | 0.51  Pb/Pbage 5.7 0.1
2.1IMA 2.IMA 2507 29 569 043 WMA 28 0.1
3. IMA 3.IMA 2507 8 358 0.62 WMA 54 0.1
41X 41X 3048 5 357 046 Pb/Pbage 6.2 0.1
5.1MA 5.IMA 2507 16 411 0.43 WMA 49 0.2
0.1X 6.1X 3407 5 69K 0.05 Pb/Pbage 4.8 0.1
T.IMA 7.IMA 2507 38 613 01,95 WMA 4.5 0:2
S.IMA 8. IMA 2507 7 379 0.60 WMA 54 0.1
91X 91X 3641 -2 165 0.67 Pb/Pbage 3.0 0.1
10.1X 100X 3569 I 335 0.21  Pb/Pbage 20 0.2
11X 11X 3001 -1 32 0.39  Pb/Pb age 4.8 0.1
121X 12.1X 3558 5 212 0.35 Pb/Pb age 55 [N
13.1X 131X 3480 0 161 0.23  Pb/Pb age 39 0.1
14.1MA 4. 1MA 2507 4 328 0.85 WMA 4.6 0.1
1S 1MA 15.1IMA 2507 16 472 0.84 WMA A 0.1
16.1X 16.1X 2657 17 534 0.51 Pb/Pbage 4.8 0.1
17.1X I18.1X 2767 <2 188 0,93 Pb/Pb age 6.4 0.1
191X 19.1X 3736 0 12] 0.30  Pb/Pb age 4.2 0.1
Gneissic quartz monzonite (A 1235)
1.IMA 1LIMA 2507 20 417 0.71 UTA 3.7 0.1 1408 13
2.1X 2uX 3290 33 502 036 Pb/Pbage ) 0.1 1392 10
2.2MA 2.2IMA 2507 it 432 0.50 UTA 4.8 0.1 877 37
J.IMA J.IMA 2507 49 1001 AR LIA 3 0.1 1528 20
4.1MA 4. 1MA 2507 73 1329 0.11 UTA I.8 0.1 2021 33
4.2X 42X 2711 9 131 093 Pb/Pbage 6.0 0.1 251 62
5.4X Gray 4.1 0.1 1251 37
0.1IMA 6.1MA 2507 1] 251 1,22 UTA 7.0 0.2 -162 203
7.1X 71X 3375 19 348 (.58 Ph/Pbage 23 0.1 471 10
B.IMA 2. IMA 2507 41 520 0.90 1A 3.6 0.1 1434 22
9.1MA 9.1MA 1507 21 280 0.87 UTA 32 0.1 048 "9
101X 100X 3525 -5 128 0.99  Pb/Pb age 6.1 0.1 232 60
11X 11X 2880 24 2119 0.10  Pb/Pb age 1.8 0.1 2653 29
12.1MA 12.1IMA 2507 61 1412 0.07 UTA 34 0.1 1537 38
13.1MA 13.1MA 2507 37 450 (L85 UIA 4.1 0.1 1356 I
13.2MA 13.2MA 2507 40 630 .44 UIA 5.1 0.1 961 10
T4 1IMA 14.IMA 2507 35 528 0.81 UIA 28 0.1 1652 19
151X 150X 3607 7 378 0.70  Pb/Pb age 38 0.1 187 46
16.1X 16.1X 3383 7 63 0.58 Pb/Pb age 6.8 0.1 =74 63
17.1MA 17.1MA 2507 20 372 0.76 UIA 59 0.1 459 25
18.1MA 18.IMA 2507 51 S8R 1.08 UIA 34 0.2 1296 22
19.1MA 19.1MA 2507 29 622 0.49 UIA 43 0.1 901 40
19.2MA 2507 Giray EA 5.0 0.1 1728 10
20.1MA 20.1MA 2507 41 552 0.57 UIA 4.5 0.2 1096 48
21 IMA 21.IMA 2507 44 613 .06 UIA 37 0.1 1299 25
22.1MA 22.1IMA 2507 26 151 0.52 UIA 5.0 0.1 731 42
23.IMA 23.IMA 2507 43 674 1.25 UIA 3.0 0.1 1027 27
24 1MA 24.1MA 2507 45 533 306 UITA 54 0.1 395 22
25.1MA 25.1MA 2507 13 407 0.73 UIA 4.5 0.1 474 ih)
26.1MA 26.1MA 2507 12 364 (.60 UIA 4.7 0.1 339 31
27.1MA 27.1MA 2507 35 389 1.07 UIA 5.0 0.1 742 21
32.1MA 2507 Dark EA 2.0 0.1 2068 34
35.IMA 2507 Dark EA 32 0.2 973 128
36.1MA 2507 Dark EA 2.6 0.1 3533 16
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TaBLE A2
(Continued)
Sample Analysis no. Age of Discordance u Th Age 870 05% =+ 3"O'H 95%+
no. of SHRIMP  zircon (%) (ppm) u type (V-SMOW) (ref)
dating (Ma) (%0 ) (%o )
Gneissic monzongranite (A1228)
1.IMA 1.IMA 2512 -2 58 1.21 WMA 4.0 0.1 97 42
2.1MA 2 IMA 2512 2 169 0.36 WMA 6.6 02 =162 55
3. IMA 3.IMA 2512 -1 46 0.84 WMA 5.2 0.3 -08 47
4. IMA 4. IMA 2512 -1 35 1.08 WMA 6.3 02 -210 78
5.IMA 5.0MA 2512 6 125 0.60 WMA 6.1 ol 10 40
7.AMA T.IMA 2512 | 43 0.72 WMA 6.7 02 62 22
K.IMA 8. IMA 2512 | 09 0.49 WMA 6.0 02 -103 63
9.1MA 9. 1MA 2512 2 352 0.88 WMA S8 0.1 184 30
10.IMA 10.IMA 2519 & 221 0.90 WMA 52 0.2 670 50
12.1IMA 12.1MA 2512 3 223 0.59 WMA 57 0.1 167 a5
13.1IMA 13.1MA 2512 -3 42 1.05 WMA 57 0.2 -I13 38
14.1MA 14.1MA 2513 -1 65 1.28 WMA 58 01 -123 56
15.1MA 15.1MA 2512 -1 31 101 WMA 69 0.1 -120 28
16.1MA 16.1MA 2512 4 39 1.1 WMA 59 0.1 -113 22
17.1MA 17.1MA 2512 | 55 (.88 WMA 6.3 01 -118 15
18.1MA 1B IMA 2512 3 71 0.89 WMA 6.4 0.1 -107 13
19.1MA 19.1IMA 2512 3 179 0.32 WMA 4.8 0.1 156 41
20.1MA 20.1MA 2512 -2 174 1.25 WMA 6.6 0.1 28 15
21.IMA SAl2 Gray EA 6.1 0.1 188 A8

Note: 1) 3'O(V-SMOW) = ((180/_”’0)sample/('”O/“’Ogv-smow—l)XlOO(), ("*0/'°0)v-smow =
0.0020059:5'°OH'H (ref) = ((**OH'H/°0)sample/(1*OH'H/1°O)ref —1)x1000, (*OH'H/!°O)ref =
0.0020) MA = magmatic zircon; X = xenocrystal zircon; WMA = weighted mean 2*’Ph/**°Pb age;
UIA = upper intercept age; Pb/Pb age = 2°7Pb/?*°Ph age; EA = estimated age; 3) Sample A0713 is from
Wan and others (2013), rest are from this study.
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1. Objectives

The western Gangdese in Tibet during Triassic was
previously considered to be a part of the Gangdese Oldland
(Zhao ZZ et al., 2001; Fig. 1). If the Gangdese Oldland did
exist, it means no prospect of petroleum exploration of the
Triassic strata in western Gangdese area. Fortunately, the
recent biostratigraphic progresses don’t support the existence
of the Gangdese Oldland. This paper aims to briefly introduce
the new paleogeographic interpretation and the reason that the
western Gangdese in the Triassic was marine instead of
terrigenous on the basis of the recent conodont data.

2. Methods

The logic link of denying such a vast land as the Gangdese
Oldland by discovering such tiny fossils as conodonts is based
on the following geological principles. The first is the
paleogeographic principle that the existence of an ancient land
is interpreted by the absence of strata. The second is the
sedimentologic  principle that limestone or dolomite
containing marine fossils were accumulated in an
environment of carbonate platform or slope. The third is the
stratigraphic principle that the existence of a certain-age strata
is determined by the existence of its index fossils.

Conodonts, the index fossils for the marine strata from
Middle Cambrian up to Late Triassic, played a critical role in
the denying of the Gangdese Oldland. The conception of the
Gangdese Oldland was established on the stratigraphic
cognition that the Triassic strata did not deposit. If the above
stratigraphic understanding is true, there is no chance to find

* Corresponding author: E-mail address: jizhanshengiavip.sina.com (Zhan-sheng Ji).

doi:10.31035/cg2018053

2096-5192/@ 2018 China Geology Editorial Office.

746

Triassic conodonts. On the contrary, if Triassic conodonts
were discovered, it suggests the existence of the Triassic
marine strata. If the Triassic marine strata are found anywhere
in the scope of the Gangdese Oldland, the conception of the
Gangdese Oldland will be proved to be incorrect.
Furthermore, the paleoenvironment of the related area of the
Gangdese Oldland should be reinterpreted by the lithologic
facies of the strata yielding Triassic conodonts.

3. Results

The conception of the Gangdese Oldland was first
questioned by the discovery of the typical Late Triassic
Norian conodont Epigondolella specimens in the so-called
Middle Permian Xiala Formation at the Dibu Co section
which is located in the middle west of the Gangdese Oldland
by Ji ZS et al. in 2006. The above conodont data suggest the
existence of the Late Triassic Norian carbonate sediments
over there. The carbonate sediments suggest its environment
probably was carbonate platform or slope, but never land as
thought before. It is the first evidence to collapse the
conception of the Gangdese Oldland. More conodont samples
were collected and checked in the so-called Middle Permian
Xiala Formation limestone nearby the Dibu Co section to
verify its reliability. Inspiringly, not only Late Triassic
conodonts are found repeatedly but also abundant Early and
Middle Triassic conodonts were found (Fig. 2). Neogond-
olella carinata zone, Neospathodus triangularis - N. homeri
zone, Chiosella timorensis zone, Paragondolella inclinata -
P. polygnathiformis zone and Epigondolella zone, ranging
from the Early Triassic to Late Triassic, could be recognized
in ascending order.

In a similar way, the Early and Middle Triassic conodonts
indicate that the existence of the Lower and Middle Triassic
carbonate sediments and furtherly means its environment in
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Fig. 1. Sections producing Triassic conodonts in the“Gangdese land”(after Zhao 77 et al., 2001 and references therein).

this area was probably carbonate platform or slope in the
Early and Middle Triassic too.

Judging from one site of the Dibu Co area, the authors
deduced that there was a vast carbonate platform or slope in
the scope of the so-called Gangdese Oldland from Early
Triassic to Late Triassic Norian. If this deduction is correct,
more locations of the Triassic carbonate sediments could be
found in the Gangdese Oldland elsewhere. Checking
conodonts in the so-called Middle Permian Xiala formation
elsewhere was inspired by the study of the Dibu Co section.

Then more conodont investigations were carried out in
other locations to testify the existences of Triassic marine
deposition. Inspiring and expectant results were obtained in
the following works. Early Triassic conodonts were found at
the Langjiu section of the Shiquanhe area in the westmost
Gangdese Oldland by Ji ZS et al. in 2007. Late Triassic
conodonts were found at the Yawa section by Ji ZS et al. in
2010. Early Triassic conodonts were found at the
Wenbudangsang section in the northwest Gangdese Oldland
by Wu GC et al. in 2014. Early Triassic conodonts were
found both at the Namtso section by Wu GC et al. in 2017 and
at the Renduo section by Wu GC et al. in 2018.

In addition, Early Triassic conodonts were discovered at
the Mopanshan section and the Zishisang section in the
Southern Qiangtang. The Southern Qiangtang has been
considered to be the northward extending part of the
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Gangdese Oldland during Early and Middle Triassic. The
Early Triassic conodonts were found in samples taken from
the so-called Permian limestone by the geologists of the
Guizou Institute of Geological Survey and Jilin Institute of
Geological Survey respectively. These data indicate that the
marine Triassic deposition spread widely in the so-called
Gangdese Oldland.

4. Conclusions

The newly-discovered conodonts reveal the existence of
Triassic carbonate in several outcrops in the western
Gangdese region and the southern Qiangtang region. The
conception of the Gangdese Oldland should be eliminated for
the investigation of conodonts which are typical marine
microfossils. These scattered outcrops nowadays suggest the
existence of a vast and continuous carbonate platform or slope
environment during the Triassic.

For a more detailed discussion and mentioned references
in this paper, refer to the summary papers (Ji ZS et al., 2008,
2018).
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Fig. 2. Typical conodont specimens found at the Dibucuo section, Cogen County, Tibet. 1-Neospathodus homeri (Bender); 2—Neospathodus
triangularis (Bender); 3—Chiosella timorensis (Nogami); 4—Neospathodus conservativus Muller; 5—Neospathodus dieneri Sweet; 6—Neospatho-
dus cristagalli (Huckriede); 7, 8—Neospathodus waageni Sweet; 9—12—Neogondolella carinata (Clark); 13—Budurovignathus sp.; 14, 15—Neo-
gondolella cf. szaboi (Kovacs); 16, 17—-Paragondolella inclinata (Mosher); 18—Paragondolella polygnathiformis (Budurov and Stefanov);
19-Gladigondolella tethydis (Huckriede); 20—transitional form from Paragondolella inclinata to Paragondolella polygnathiformis; 21,
22—Neogondolella bulgarica (Budurov and Stefanov); 23—Paragondolella inclinata (Mosher); 24—Cratognathodus sp.; 25a, 25b—Epigon-
dolella cf. englandi; 26a, 26b—Epigondolella sp.; 27a, 27b—the evolved Epigongdolella serruta Orchard. Scale bar is 400 pm for figures 1-8
and 600 um for figures 9-30.
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