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Preface
Welcome to the Mid-Conference Field Trip on Cretaceous adakitic granodiorite
and sedimentation around Nanjing for the 9th Hutton Symposium.
Nanjing is the capital city of Jiangsu Province, People's Republic of China. It is
also a cultural city with a long and unique history. We have chosen Cretaceous
adakitic granodiorite and sedimentation around Nanjing, as well as the geologic and
cultural landscapes in Yanziji Cliff park for the Mid-Conference Field Trip. We hope
that you find the three sites not only attractive, but also informative on the origin of
granites.

Location of the two destinations for the Mid-Conference Field Trip
The red stars indicate the location of Yanziji Cliff park and the Gaozi pluton. The blue star
indicates the location of Nanjing University, Xianlin Campus.
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Route instructions
Due to the limited space at each of the sites, the Mid-Conference Field Trip is
separated into two groups. Both groups will visit the same sites, but at different times.
Departure and end location: In front of the Nanjing University International
Conference Center (NJU-ICC) at Nanjing University, Xianlin Campus.
Field trip duration: 9:00 am to 5:00 pm, Oct 16th, 2019
Group-1： From NJU-ICC at Xianlin Campus, Nanjing University (departure at 9:00
am) → by bus → Stop site 1 : The Upper Cretaceous Pukou Formation (arrive at
about 10:00 am, departure at about 11:00 am) → by foot →Stop site 2 : Yangtze
River near Yanziji Cliff park (arrive at about 11:15 am, departure at about 12:00 pm)
→ Picnic lunch in Yanziji Cliff park (12:00 pm to 12:40 pm, departure at 1:00 pm) →
by bus → Stop site 3: Gaozi pluton (arrive at about 2:30 pm, departure at about
4:00 pm) → by bus → back to NJU-ICC (arrive at about 5:00 pm).
Group-2： From NJU-ICC at Xianlin Campus, Nanjing University (departure at 9:00
am) → by bus → Stop site 3: Gaozi pluton (arrive at about 10:00 am, departure at
about 11:30 am) → by bus → Yanziji Cliff park (arrive at about 12:30 pm) → Picnic
lunch in Yanziji Cliff park

(from 12:30 pm to 1:30 pm) → by foot → Stop site 1:

The Upper Cretaceous Pukou Formation (1:30 pm to 2:30 pm) → by foot → Stop
site 2 : Yangtze River near Yanziji Cliff park (arrive at about 2:45 pm, departure at
about 4:00 pm) → by bus → back to NJU-ICC (arrive at about 5:00 pm).
Lunch on Oct 16th: We will prepare a lunch pack for every participant.
Dinner on Oct 16th: First floor of NJU-ICC.
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Chapter 1 Geography and weather of Nanjing
Nanjing, also known as Nanking, Nankin, or “Ning” for short, is the capital
city of Jiangsu Province, People's Republic of China. It has a total area of 6,587
km2 and a resident population of 8.436 million (data to 2018). The inner area of
Nanjing that is enclosed by the city wall is Nanjing City, with an area of 55 km2.
The Nanjing Metropolitan Region includes surrounding cities and areas, and
covers an area of over 60,000 km2, with a population of over 30 million.
Nanjing is situated in the lower reaches of the Yangtze River at 32°03’N
and 118°47’E. It borders with the Yangtze River Delta to the east, one of the
largest economic zones of China, and the hilly areas of southern Anhui to the
west. The city is adjacent to the water network of Taihu Lake in the south and
the Jianghuai Plain in the north (Fig. 1).

Fig. 1 The administrative map of China showing the location of Nanjing
(from https://www.travelchinaguide.com/map/china_map.htm)
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The Yangtze River flows past the west side of Nanjing City, while the
Nanjing–Zhenjiang Ridge surrounds the north, east, and south side of the city.
The city is about 300 km west to Shanghai, about 1,000 km south to Beijing
(Fig. 1).
Nanjing has a humid subtropical climate with plenty of rainfall. The four
seasons are distinct, with hot summers and cold winters. The spring is warm
and humid, and the rainy season occurs in June and July. In summer, Nanjing
becomes one of the three "furnace cities" along the Yangtze River, together
with Wuhan and Chongqing. Autumn is short, but is the most pleasant season.
Though considered a southern city in China, Nanjing is cold in winter with
occasional snowfall.
The weather becomes cool in October. The average high and low
temperatures are 22°C and 13°C, respectively (Table 1). Generally, a shirt, a
thin sweater, and a thin jacket are enough to cope with the weather, but a thick
jacket may be needed in case the weather becomes chilly. It rains less in
October and the weather is relatively dry. The ultraviolet radiation is not too
strong, but sunscreen with SPF 12–15 and PA+ to protect your skin is advisable.
Table 1 October weather forecast and climate for Nanjing, China
(from https://www.weather-atlas.com/en/china/nanjing-climate)

Average

Average

high

low

temperature temperature
22℃

13℃

Average

Average

rainfall

rainfall

days

56 mm

10 days

Average

Average

daylight

sunshine

11 hours

6 hours

Average
UV
index
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Nanjing is the second largest commercial center in the East China region,
after Shanghai. Nanjing has always been one of the most important cities in
China. The city features over 350,000 years of human history, 6,000 years of
civilization, 2,500 years of urban construction, and 460 years of history as the
capital city (ten dynasties made Nanjing the capital city). Nanjing is listed as
one of the Four Great Ancient Capitals of China and was the capital of the
Republic of China before the Chinese Civil War in 1949. Nanjing also serves as
2

a national hub for education, research, transportation, and tourism throughout
history. It also hosted the 2014 Summer Youth Olympics.
There are many high-quality universities and research institutes in Nanjing,
with the number of universities listed in 100 National Key Universities ranking
third, including Nanjing University, which has a long history and is ranked
among the top 10 universities in the world by the Nature Index.
Nanjing is connected to all major domestic cities through two train stations:
Nanjing Railway Station and Nanjing South Railway Station. The city is one of
the stops on the five-hour high-speed rail route between Beijing and Shanghai.
The Nanjing Lukou International Airport, which is 36 kilometers southeast of the
city center (~40 minutes by car), also hosts some direct international flights,
mostly to nearby cities in Asia, such as Seoul, Singapore, and Tokyo. With the
"golden waterway" Yangtze River flowing through the city, Nanjing is also home
to one of the world's largest inland ports.
Enclosed by mountains and rivers, Nanjing boasts picturesque scenery
that blends natural landscape with towering modern buildings, integrating
traditional styles with modern civilization. It is known as a unique historic and
cultural city to the world.
DAY

DESCRIPTION

HIGH / LOW

PRECIP

WIND

HUMIDITY

SUN

13-Oct

Mostly Sunny

78° / 60°

10%

NE

8 mph

64%

MON

14-Oct

Partly Cloudy

75° / 57°

20%

NE 13 mph

66%

TUE

15-Oct

Partly Cloudy

70° / 55°

0%

NE 12 mph

56%

WED

16-Oct

Partly Cloudy

69° / 55°

10%

NE

8 mph

58%

THU

17-Oct

Partly Cloudy

73° / 57°

10%

NNE 6 mph

58%

FRI

18-Oct

Partly Cloudy

73° / 56°

10%

NNE 5 mph

57%

Data from https://weather.com
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Chapter 2 Geological setting
The tectonic framework of China is characterized by the assembly of
several orogenic belts and cratons/blocks, which are divided into eastern and
western regions (Fig. 2). Eastern China is mainly comprises the North China
Craton, the South China Block, and the Songliao Basin. The South China Block
was separated from the North China Craton by the Qinling–Dabie–Sulu
orogenic belt in the central region of China. Intense tectonic activity took place
in eastern China during the Mesozoic. Those events reactivated major folds
and faults that were formed in the Paleozoic, gave rise to extensive crustal
movement, and formed unique topographical features. Most notably, the Tan–
Lu (Tancheng–Lujiang) fault, which is the largest strike–slip fault in eastern
China, cut the Dabie–Sulu orogenic belt into the western and eastern segments
in the Mesozoic. Additionally, there is a spatial relationship between this
Mesozoic tectonic activity and the location of ore deposits in eastern China
(Zheng et al., 2013b).

Fig. 2 Simplified tectonic map of China showing the location of major cratonic blocks and
orogenic belts. Circled stars denote UHP metamorphic terranes in the central orogenic belt
of China. From west to east, these terranes include the Southwest Tianshan, Altyn, North
Qaidam, North Qinling, and Dabie–Sulu (From Figure 2 of Zheng et al., 2013b).
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The South China Block can be further divided into the Yangtze Craton in
the northwest and the Cathaysia Block in the southeast. It is generally accepted
that these two terranes collided during the Neoproterozoic (~820 Ma), creating
the Jiang–Shao fault (Fig. 2). After the collision between the Yangtze and
Cathaysia terranes, the tectonic setting of the South China Block entered into
a period of back-arc basin closure and continental rifting, resulting in
widespread emplacement of ultramafic to mafic rocks in the middle
Neoproterozoic. Magmatism was not prevalent in the South China Block during
the Paleozoic. In the late Permian, however, the Emeishan large igneous
province formed in the western margin of the South China Block. There are
obvious differences in the thickness of the eastern and western portions of the
South China Block. The western portion has a thick crust (~40 km) and
subcontinental lithospheric mantle (SCLM) (≥150 km), whereas the eastern
portion, the Cathaysia terrane, and the Jiangnan orogeny, have a relatively thin
crust (~30 km) and SCLM (~70–80 km).
The Yangtze Craton comprises Archean–Paleoproterozoic crystalline
basement (e.g., the Kongling Complex) that is surrounded by late
Mesoproterozoic to early Neoproterozoic orogens. The magmatic rocks are
unconformably overlain by weakly metamorphosed Neoproterozoic strata (e.g.,
the Banxi Group) and unmetamorphosed Sinian sedimental cover. Paleozoic
strata comprise marine carbonates and continental clastic sediments with
limited igneous rock. Mesozoic and Cenozoic strata consist mainly of clastic
sediments and continental red beds, respectively.
The Lower Yangtze River Belt (LYRB) is located in the northern part of the
Yangtze Craton, extending ~400 km from Wuhan, Hubei Province in the
southwest to Zhenjiang, Jiangsu Province in the northeast. The region generally
displays a “V” shape. In detail, the LYRB is bounded by the Xiangfan–Guangji
Fault to the northwest, the regional strike–slip Tan–Lu Fault to the northeast,
and the Yangxin–Changzhou Fault to the south (Fig. 3). The internal geologic
structures consist predominantly of NW-striking faults along the Yangtze River.
The LYRB is one of the most important polymetallic metallogenic belts in China,
5

which comprises several ore districts with ~200 deposits. From west to east,
these are the Edong, Jiurui, Anqing-Guichi, Luzong, Tongling, Ningwu, and
Ningzhen (Nanjing-Zhenjiang) districts (Fig. 3).

Fig. 3 A. Distribution of polymetallic mineral deposits in the seven mining districts outlined
in the Lower Yangtze River belt, east–central China. B. Distribution of Cretaceous
magmatism and some major faults in the Lower Yangtze belt (From Figure 1 of Ling et al.,
2009). (The inner belt consists of high potassium calc-alkaline intermediate–acidic intrusive
rocks, high sodium calc-alkaline intermediate–basic intrusive rocks, shoshonite, and Atype granite. “A” represents the A-type granites, which are symmetrically distributed along
the Lower Yangtze belt. The south belt consists of calc-alkaline rocks. The north belt also
consists of calc-alkaline rocks, but it is less developed and more complicated than the other
two belts. TLF = Tancheng–Lujiang fault, XGF = Xiangfan–Guangji fault, YCF = Yangxing–
Changzhou fault.
6

The LYR region contains Yanshanian (Late Jurassic to Early Cretaceous)
volcanic rocks, volcaniclastic rocks, and granitoids, including andesite, rhyolite,
shoshonite, trachyte, trachytic basalt, basaltic andesite, welded breccia, and
tuff. These magmatic rocks are classified into three types/series: high-K calcalkaline granodiorite series (gabbro, diorite, quartz diorite, and granodiorite),
calc-alkaline diorite series (pyroxene diorite porphyry and diorite porphyry), and
A-type granitoids (quartz syenite, syenite, quartz monzonite, and alkaline
granite). Many of these granitoids are adakitic in composition. According to
petrological and geochemical characteristics, these granitoids are divided into
inner, southern, and northern belts (Ling et al., 2009).
Two episodes of magmatism and mineralization have been recognized in
the Middle-Lower Yangtze River Belt: 1) 148–135 Ma porphyry–skarn–
stratabound Cu–Au–Mo–Fe deposits associated with 156–137 Ma high-K calcalkaline granitoids and 2) 134.9–122.9 Ma magnetite–apatite deposits
associated with 135–123 Ma shoshonitic rocks. A-type granitoids and
associated alkaline volcanic rocks have a small age range from 126.5 to 124.8
Ma, and are temporally, spatially, and genetically associated with the second
episode of mineralization (Mao et al., 2011).
The northern margin of the Yangtze Craton is characterized by Paleozoic
lithostratigraphic successions that overlie metamorphic basement rock. The
early Paleozoic strata comprise Cambrian and Ordovician siltstone, shale, and
dolomitic limestone, and Silurian dolomite and clastic rocks. Uplift occurred
from the late Silurian to Devonian and a suite of thick terrestrial successions
were deposited, including conglomerate, sandstone, coal, and hematite-rich
clastic rocks. The Carboniferous and Permian are characterized by a
succession of littoral to shallow-marine carbonate platform intercalated with
shales and clastic rocks. During the Triassic, hemipelagic, shallow marine to
littoral carbonate beds were deposited and minor amounts of evaporates were
formed, followed by the deposition of terrestrial sandstone and formation of coal
seams. A series of rift basins were then formed in the Jurassic–Cretaceous due
to extensional tectonics, and were accompanied by deposition of lake- and
7

swamp-facies sandstone, siltstone, and shales. These basins constitute the
Mid–Lower Yangtze River Valley. The extensive shoshonitic volcanism that
followed

produced

andesite,

rhyolite,

alkali

basalt,

and

associated

volcaniclastic rocks. The local extension-dominated geologic history ended by
deposition of continental red-bed clastic rocks intercalated with volcanic and
evaporitic rocks in the Upper Cretaceous and Neogene (Pirajno et al., 2015).
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Chapter 3 Geology around Nanjing
The nearly E–W-trending Nanjing–Zhenjiang region in Jiangsu Province is
~150 km long (Fig. 4), and is made up of three anticline and two synclines with
E–W trending axial directions. The crustal thickness of this region is around 30
km.

Fig. 4 Simplified map of eastern China showing the distribution of Early Cretaceous plutons
around the Nanjing–Zhenjiang region. A: Location of the Nanjing–Zhenjiang region in
eastern China. B: Contour map of present crustal thickness (km) in eastern China. C:
Simplified geologic map of the Gaozi pluton, Anjishan pluton, and other plutons in the
Nanjing–Zhenjiang region (From Figure 1 of Xu et al., 2002). The green circles and
adjacent numbers represent sample locations and corresponding zircon U–Pb ages,
respectively (data from Sun et al., 2013; Wang et al., 2014b; Xue, 2019).

Mesoproterozoic to Quaternary strata are well-exposed in the Nanjing–
Zhenjiang region (Fig. 5; Jiangsu Geology and Mineral Resources Bureau,
9

1997; 1989). The oldest basement rocks found in this region are the
Mesoproterozoic

Picheng

Group

greenschist-

and

metasedimentary rocks with a thickness of over 480 m.

10

amphibolite-facies

Fig. 5 Compiled chronostratigraphic logs of the Nanjing––Zhenjiang region (modified from
Hu and Li, 2017) showing the paleogeographic evolution from the Silurian to Quaternary.
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The regional stratigraphy comprises Cambrian metamorphosed marine
carbonates and continental clastic rocks, which are unconformably overlain by
a sequence of Ordovician shallow marine carbonates. Silurian strata are mainly
delta-facies deposits of sandstone and shale. Devonian strata comprise
siltstone, mudstone, and quartz sandstone. Carboniferous–Triassic strata
consist of interbedded marine carbonates, shales, and sandstones deposited
in coastal environment. In the Triassic, the tectonic setting of this region was
dominated by compression likely associated with the collision between the
South and North China blocks, forming a series fold and faults. Jurassic–
Cretaceous rocks mainly comprise continental clastic rocks with minor volcanic
rocks. From the Late Jurassic to Cretaceous, subduction of the Pacific plate in
the south and the Izanagi plate in the north caused widespread Yanshanian
magmatism and the development of broadly NNE–trending faults that crosscut
the E–W-trending folds. Paleogene strata were only identified in boreholes and
consist of lacustrine silty shales and siltstones. Fluvial conglomerates,
sandstones, and mudstones of the Neogene Yuhuatai Formation are covered
by basalts of the Neogene Fangshan. Quaternary continental clastic rocks are
widespread in the Nanjing–Zhenjiang region. The Nanjing––Zhenjiang region is
the easternmost mineralization district in the Middle–Lower Yangtze River belt.
Almost all intrusive rocks were emplaced during the Cretaceous.
Major plutons in the Nanjing–Zhenjiang region include, from west to the
east, the Qilinmen, Anjishan, Gaozi, and Shima plutons (Fig. 4). Zircon U–Pb
ages for these plutons range from 100 to 110 Ma (Sun et al., 2013; Wang et al.,
2014; Xue, 2019). The composition of the intrusive rocks range from mafic to
felsic, with intermediate-acidic compositions accounting for ~80% of the rocks
and comprising diorite (Fig. 6a), andesite porphyry (Fig. 6b), quartz
diorite porphyry (Fig. 6c), and granodorite (Fig. 6d). The Nanjing–Zhenjiang
region is also rich in polymetallic deposits, including copper, iron, lead, zinc,
silver, and gold. The main ore deposits are the Qixiashan Pb–Zn deposit,
Anjishan Cu deposit, Weigang Fe deposit, and Jianbi Mo deposit. These ore
deposits, which are generally distributed along the E–W-trending folds and
12

faults, are primarily belong to skarn and/or porphyry deposits.

Fig. 6 Macroscopic images for representative Mesozoic intrusive rocks from plutons in the
Nanjing–Zhenjiang region: a - diorite from the Anjishan pluton, b - andesite porphyry from
the Anjishan pluton, c - quartz diorite porphyry with a wall-rock xenolith from the Funiushan
copper deposit, Anjishan pluton, and d - granodiorite with a diorite enclave from the Gaozi
pluton.

On a total alkalis vs. SiO2 diagram, samples from these plutons mainly
cluster in the field of quartz monzonite, quartz diorite, and granodiorite
compositional fields, with few plotting within the field of gabbro (Fig. 7a). They
are relatively rich in potassium with the majority plotting in the field of high-K
calc-alkaline series on the K2O – SiO2 diagram (Fig. 7c). The dioritic and
granodioritic plutons also show high Sr and low Y concentrations, and plot
within the adakite field on Sr/Y–Y diagram (Fig. 7d).
The plutons are enriched in LREE relatively to HREE. They are enriched
in LILEs and depleted in HFSEs, with pronounced negative Nb, Ta, and Ti
13

anomalies on the primitive mantle–normalized trace element spidergrams (Fig.
8).

Fig. 7 Geochemical composition of representative samples from Mesozoic plutons in the
Nanjing–Zhenjiang region (From Figure 3 of Xue, 2019).

Fig. 8 Chondrite–normalized REE distribution patterns (from Figure 4 of Xue, 2019) (a) and
primitive mantle–normalized incompatible–element spidergrams (b) for representative
samples from the Mesozoic plutons in the Nanjing–Zhenjiang region.

From the perspective of petrogenesis, Xu et al. (2002) suggests that the
source material in the lower parts of the thickened crust (>40 km) in the
Nanjing–Zhenjiang region consisted of amphibole-bearing eclogitic material
14

which sank into the subcrustal mantle. Those adakitic magmas were generated
by dehydration melting of these delaminated blocks.
Compared to adakatic rocks in other areas of the LYRB, they have lower
radiogenic Pb isotopic values, and higher Mg, Mg#, and Cr–Ni contents for a
given SiO2 contents, implying their parent magma formed by mixing between
melts generated derived from a re-enriched mantle wedge and ancient lower
continental crust. The mixed magma underwent extensive fractional
crystallization and also assimilated upper crustal material during its ascent. Reenrichment of the mantle wedge may be related to metasomatism by melts
and/or fluids from subduction of the paleo–Pacific plate, which result in more
enriched in incompatible elements and fluids (Xue, 2019).
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Chapter 4 Stop sites description
Stop site 1: The Upper Cretaceous Pukou Formation
Location: Yanziji Cliff park, Nanjing city, Jiangsu Province
Field commentator: Prof. Xiu-Mian Hu
Duration Time: 1 hour
Background:
Yanziji Cliff is the most famous of the three cliffs along the Yangtze River
and is one of the best places for overviewing the river. It is located on the Zhizhu
Mountain outside of Nanjing City and has an altitude of 36 meters above the
sea-level. The cliff occurs along the river and has a shape that looks like a flying
swallow. This is why the cliff is called Yanziji, or Swallow cliff in English. In the
past, it was an important ferry and military area along the southern bank of the
Yangtze River.
There are several limestone caves in the cliffs. If you climb Yanziji Cliff at
night, the shape of the moon on the running white water looks like white silk;
this is one of the forty-eight pretty scenes in Nanjing. Many famous individuals
in ancient times came here to watch the Yangtze River in memory of the history.
Both Emperor Kangxi and Emperor Qianlong of the Qing Dynasty stopped at
Yanziji Cliff for a visit during their inspection of South China. The stone tablet
with "Yanziji Cliff " in Figure 9 was written by Emperor Qianlong in the spring of
1751; his poems about Yanziji Cliff are carved on the back of the tablet.
Geologically, the Late Cretaceous Pukou Formation (K2p) was deposited
widely in the Lower Yangtze Region (Shang et al., 2002). The Pukou Formation
sits unconformably on the Gecun Formation, and is conformably covered by the
Chishan Formation. The Gecun Formation is mainly composed of greyish––
green siltstone and mudrocks deposited in continental environments during
Early Cretaceous. The Late Cretaceous Chishan Formation is mainly
composed of reddish sandstone, siltstone and shales deposited in desert playa
and aeolian dune environments.
16

Fig. 9 Pavilion with imperial tablets in Yanziji Cliff Park

The Pukou Formation is composed of a variety of clastic lithologies,
including conglomerates, sandstones, siltstones, and mudrocks, as well as
evaporates. The lower part of the Pukou Formation is dominated by
conglomerates, grayish–purple volcanic conglomerates, and sandstone. It was
deposited in a fluvial fan environment. The upper part of the Pukou Formation
is dominated by purple sandstone with siltstone or mudrocks, which may be
replaced by mudrocks and gypsum–salt rock in some places. The upper part
was deposited in the outer fan of a lacustrine facies in an arid environment
(Jiangsu Geology and Mineral Resources Bureau, 1997).
17

The chronostratigraphy of the Pukou Formation is not well constrained due
to a lack of age-indicating fossils. Few isotopic ages on the igneous rocks from
the Pukou Formation are mainly in the range of 70–120 Ma (Anhui Bureau of
Geology and Mineral Resources, 1987; Jiangsu Bureau of Geology and Mineral
Resources, 1984). The Pukou Formation is, therefore, inferred to have been
deposited during the Late Cretaceous according to the plant fossils Manica

(Changlingia) Tholitoma, Classopllis, Monocolpopollentes, Sphaeripollenites,
Lygodiumsporites, Cicatrcosisporites, Schizaeois- porites laevigataeformis
(Jiangsu Geology and Mineral Resources Bureau, 1997).

Observation:
Along the southern bank of the Yangtze River in Yanziji Cliff park, largescale conglomerates that were deposited by debris flows in a fluvial fan
environment are well exposed. Conglomerates are grey–red, poorly sorted, and
poorly graded (Fig. 10).

Fig. 10 Photograph showing conglomerates of the Pukou Formation.
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Stop site 2: Yangtze River near the Yanziji Cliff park
Location: Yanziji Cliff park, Nanjing city, Jiangsu Province
Field commentator: Prof. Yuan-Feng Cai and Mr. Wen Lai
Duration Time: 45 minutes
Background:
The Yangtze River (Fig. 11) originates in the northeastern part of the
Tibetan Plateau, passes through Nanjing City, and enters into the sea near
Shanghai. The length of Yangtze river exceeds 6,300 km, making it the third
longest river in the world. Studies on evolution of Yangtze River began as early
as 1924 (Lee, 1934; Lee and Chao., 1924). Before the Yangtze River formed,
the upstream water system (the ancient Jinsha River system) on the
southeastern margin of the Qinghai–Tibet Plateau did not turn to the east, but
flowed south into the sea. The Sichuan Basin and the Wuhan–Nanjing area in
the middle and lower reaches of what is the Yangtze River today developed
independently with small local river systems (Wang, 1985).

Fig. 11 Topographic map of the Yangtze drainage (Dr. Ping Wang’s unpublished map,
personal communication)

The time when the Yangtze River formed is an important question. Chen
(1987) suggested that the Yangtze River formed in the Cretaceous based on
the paleogeographic evolution of east China. Rare-earth element contents and
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detrital monazite U–Pb ages from a continuous borehole in the Yangzte River
Delta suggest that the Pliocene and Quaternary sediments have distinct
provenances. Yang et al. (2006c) suggested that the drainage pattern of the
Yangtze River changed and developed into a large river that originated from
the eastern parts of the Tibetan Plateau during the early Pleistocene no later
than 1.18 Ma. Clift et al. (2006) and Clark et al. (2004), however, thought the
Oligocene–Miocene uplift of the eastern parts of the Tibetan Plateau margin
resulted in the formation of the Yangtze River. Richardson et al. (2010) argued
that the Yangtze River start forming the Three Gorges at ca. 45 Ma based on
the low-temperature thermal chronology. Zheng et al. (2013a) proposed that
the formation of the Yangtze River occurred in pre-Miocene based on the
occurrence of 23 Ma conglomerates in channel deposit. It seems that the time
of formation of the Yangtze River remains disputed.
Semi-consolidated channel conglomerates are widely distributed along the
banks of the middle and lower Yangtze River (e.g. the Yuhuatai Formation in
Nanjing) (Zheng et al., 2017). The pebbles are well sorted and rounded, and
mainly comprise siliceous rocks and granites. The Yuhua stone (Fig. 12) from
the Yuhuatai Formation is a kind of natural agate from the Yangtze River; it is
one of the famous Chinese ornamental stones loved by intellectuals. The
Yuhua stone is one of Nanjing's famous specialties. The pebbles were
deposited in the Yangtze River and were formed in the Miocene–Pleistocene
(Zheng et al., 2017).

Fig. 12 Photo of Yuhua (rain
flower) stones from Nanjing
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Stop site 3: Gaozi pluton in the Nanjing–Zhenjiang region
Location: Town of Gaozi
Duration Time: 2 hour
Field commentator: Prof. Jian-Sheng Qiu
Background:
The Gaozi pluton is located north of the middle part of the Nanjing–
Zhenjiang region, which is controlled by roughly EW-trending regional faults
(Fig.13). The pluton has an elongated lens shape with an exposed area of about
120 km2. Silurian sedimentary strata lie on the western portions of the pluton,
while Early Cretaceous volcanic rocks are exposed in the east. The composition
of Gaozi pluton shows a zonal arrangement in the western portions as follows:
quartz monzonite and granodiorite in the core, porphyritic quartz diorite in the
middle, and granodiorite at the margin (Xue, 2019). The zircon U–Pb age of the
Shima granodiorite (nearby stop site 3) is 107~110 Ma (Zhang et al., 2018, Fig.
14).
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Fig. 13 (A) Sketch tectonic map of central eastern China; (B) regional geology of the LYRB,
showing the distribution of Mesozoic magmatic rocks (plutons and volcanic basins)
associated with Cu–Au–Fe deposits (After Wang F Y, et al., 2014a and references therein);
(C) simplified geological map of the intrusive bodies in the Ningzhen area (modified after
Zhang M C, et al., 2018). JSF in the inset denotes the Jiangshan–Shaoxing fault, which is
the geological boundary between the Yangtze and Cathaysia Blocks
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Fig. 14 CL image and U–Pb concordia diagram of zircons from the porphyritic granodiorite
of the Shima pluton (nearby stop 3) (After Zhang et al., 2018).
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Observation:
The location of stop site 3 for the Gaozi pluton is an old quarry (Fig. 15A).
A felsite porphyry dyke crosscuts the granodiorite (Fig. 15B). Mafic
microgranular enclaves (MMEs) with shapes ranging from spheroidal to
ellipsoidal can be frequently observed within the pluton (Fig. 15C,D).

Fig. 15 Field photographs of the Gaozi pluton. A - Panoramic view of the quarry in the
Gaozi pluton; B - Felsite porphyry dyke that crosscuts the granodiorite; C, D - Ellipsoidal
diorite enclaves in granodiorite of the Gaozi pluton.

The Gaozi granodiorites are medium- to coarse-grained, slightly porphyritic,
and consist mainly of quartz (15%–20%), plagioclase (35%–45%), hornblende
(8%–10%), and biotite (5%–8%), with minor accessory minerals such as zircon,
apatite, titanite, and magnetite (Fig. 16A-C). Plagioclase, occurring as euhedral
or subhedral crystals, are the most common mineral phase and often show
zoning texture (Fig. 16A-B). Amphibole crystals are subhedral to euhedral, and
exhibit characteristic green to brown pleochroism, some of which displays
simple twinning (Fig. 16A, C). The phenomenon that quartz phenocryst
surrounded by biotite can be observed under microscope (Fig. 16D), indicating
the injection of mafic magma into granodioritic magma.
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Fig. 16 Thin section photographs of representative granodiorites and MMEs samples from
the Gaozi pluton. A-B: Host granodiorite, showing zoning of plagioclase crystals; C: Host
granodiorite, showing euhedral hornblende crystals with simple twinning; D: Quartz
phenocryst surrounded by biotite in granodiorite; E: MME in granodiorite, showing a finegrained microgranular texture; F: Plagioclase xenocryst in a diorite enclave; G: Plagioclase
in MMEs exhibiting complex oscillatory zoning; H: Acicular apatites in MMEs.
Microphotograph E and H were taken under plane-polarized light, and the others were
taken under cross-polarized light. Mineral abbreviations: Pl=Plagioclase, Hbl=Hornblende,
Bt=Biotite, Qtz=Quartz, Ap=apatite
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The enclaves have a fine-grained microgranular texture (Fig. 16E), and
generally contain similar mineral assemblage but with higher contents of
ferromagnesian minerals and plagioclase, and lower contents of quartz and Kfeldspar. It is notable that enclaves partially enclose phenocrysts of the host
rocks are common (Fig. 15E, 16F), suggesting the intermingling of two magmas.
MMEs have mineralogical compositions that range from biotite diorite to quartz
diorite, which contain plagioclase (~55%), K-feldspar (<15%), biotite (~15%),
hornblende (5~8%), and small amounts of quartz and accessory magnetite,
titanite, apatite, zircon, and allanite. Textures vary from fine-grained to
porphyritic. Plagioclase crystals occur both as phenocrysts and as elongate
laths in the groundmass, and show complex oscillatory zoning (Fig. 16G),
marking changes in plagioclase stability brought about by magma mixing (e.g.,
Hibbard, 1981; Müller et al., 2005; Vernon, 1991). Biotite is the most abundant
mafic mineral in the MMEs, and occurs mainly as anhedral to subhedral bladeshaped crystals. Apatite is a common accessory mineral in the MMEs,
occurring as acicular crystals (Fig. 16G-H), and this morphology is indicative of
mafic magma quenching (Wyllie et al., 1962), which is also suggestive of a
magma mixing origin (Hibbard, 1991).
Rocks of the Gaozi pluton have an adakitic signature and are enriched in
LREE relatively to HREE. They are characterized by an enrichment in LILEs
and depletion in HFSEs, with pronounced negative Nb, Ta, and Ti anomalies
(Figs. 7, 8).
Hf isotope analyses show that the zircon εHf(t) value of the Weigang (very
close to Gaozi) granodiorite ranges from -47.7~-16.9 with a mean value of 24.9, and two-stage TDM2Hf age ranges from 2.24~4.14 Ga, with an average
of 2.73 Ga (Zhang et al., 2018). For the perspective of petrogenesis, Xu et al.
(2002) advocate that source materials in the lower parts of thickened crust (>40
km) in the Ningzhen area consisted of amphibole-bearing eclogitic material
were sank into the subcrustal mantle, and these delaminating blocks were
heated by the relatively hot subcrustal mantle coupled with a flux of heat from
upwelling asthenosphere, inducing dehydration melting and the generation of
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these adakitic magmas.
The origin of MMEs has long been a subject of debate and three main
hypotheses have been proposed for their genesis: (1) MMEs are fragments of
recrystallised, refractory metamorphic rocks or of melt residues from the granite
source (e.g., Chappell and White, 1992; White et al., 1999); (2) MMEs are
cognate fragments of cumulate minerals or early formed crystals from the host
magma (e.g., Clemens and Wall, 1988; Donaire et al., 2005; Shellnutt et al.,
2010); (3) MMEs are globules of a more mafic magma that were injected into
and mingled with the felsic magma (e.g., Feeley et al., 2008; Kocak et al., 2011;
Vernon et al., 1988; Yang et al., 2006a, 2006b).
Abundant petrological observations, such as enclaves with spheroidal to
ellipsoidal–ovoidal shapes (Fig. 15C-D), and xenocrysts from the host
granodiorites within the enclaves (Fig. 15D, 16F), indicate that MMEs in the
Gaozi pluton were most likely generated through injection of a more mafic
magmatic component into a felsic magma chamber via a mixing/mingling
process. Micropetrographic observations also demonstrate that the MMEs were
globules of mafic magma that were initially quenched and then crystallised in
the host felsic magma. For example, the MMEs have igneous mineral
assemblages and textural evidence for disequilibrium, such as plagioclase with
complex oscillatory zoning (Fig. 16G) and acicular apatite (Fig. 16G-H). These
are interpreted as being indicative of chemical and/or thermal changes in the
melt during crystal growth, potentially as a result of magma mixing (Baxter and
Feely, 2002; Grogan and Reavy, 2002).
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