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A B S T R A C T

Tropical rainforests have strongly influenced Earth systems throughout their evolutionary history. Plant taxa
found in the Fotan Group of Fujian Province indicate that an Asian tropical rainforest prevailed in southeastern
China during the Miocene. Abundant insect-bearing ambers co-occur with diagnostic plant fossils in outcrop.
Fotan Group fossils demonstrate that highly diverse tropical ecosystems existed during the early Neogene in
southeastern China. This study reports a robust 40Ar/39Ar age of 14.7 ± 0.4Ma for the Fotan fossils. This age
constrains interpretations of 1) when tropical rainforest ecosystems developed in China, 2) whether the Fotan
flora temporally overlapped with the Asian tropical forest in India, and 3) whether the Middle Miocene Climatic
Optimum triggered expansion of tropical rainforests in Asia. A precise age for Fotan units provides important
constraints on the biogeographic history of the field area and paleographic models linking Asian and Indian
biota.

1. Introduction

Tropical rainforests play an important role in modern ecosystems
and the global carbon cycle. The tropics host an estimated two-thirds of
flowering plant species (Pimm and Joppa, 2015), with the greatest di-
versity of these taxa occurring in rainforests. Major proportions of birds,
mammals, amphibians, and most arthropod groups also reside in these
ecosystems (Corlett, 2014; Williams et al., 2003). Fossil pteridosperms,
an extinct seed plant with fern-like leaves, indicate that Earth's first
rainforests developed in the late Carboniferous at around 300Ma
(DiMichele et al., 2007). Research indicates that the rise and fall of
rainforests in Earth history exerted dynamic influence on the biosphere
and atmosphere (e.g., Lawton et al., 1998; Falcon-Lang and Scott, 2000;
Bonan, 2008; Sahney et al., 2010; Dunne et al., 2018). For example, a
recent study by Dunne et al. (2018) suggested that Carboniferous
rainforest collapse led to extinction of some groups of tetrapods, but
allowed amniotes, a group which ultimately gave rise to modern
mammals, reptiles, and birds, to expand globally. On the other hand,

tectonics, ecosystems, and environmental circumstances also strongly
influenced the development and diversification of tropical rainforests
(e.g., Dettmann, 1989; Johnson and Ellis, 2002; Rust et al., 2010).

Tropical rainforests occur only sparsely in modern-day China but
their distribution and diversity is well-documented (Zhu, 2006, 2013).
The origin and evolution of tropical rainforests in China however re-
main unresolved. Based on the discovery of fossil winged fruits be-
longing to the mega-plant Dipterocarpaceae in the Fotan Group of Fu-
jian Province, southeastern China, Shi and Li (2010) first suggested that
Asian tropical rainforests appeared in China during the Miocene. This
interpretation was challenged because Dipterocarpaceae were not un-
ique to modern tropical rainforests (Ghazoul, 2011). Additional dis-
coveries of new tropical elements from the Fotan flora provided further
evidence for the existence of a Miocene tropical rainforest in south-
eastern China (Shi et al., 2014a, 2014b; Jacques et al., 2015). For ex-
ample, Dipterocarpaceae fossils co-occurred with Artocarpus, Boeh-
meria, Macaragna, Flacourtia, Shorea and Calophyllu, which represent
typical tropical flora (Jacques et al., 2015). In addition to plant fossils,
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recent discoveries have identified more than ten thousand arthropod
and plant inclusions in Fotan Group ambers. While none of these spe-
cimens have been described in scientific journals, the deposit may re-
present one of the most fossil-rich amber deposits in the world. Dis-
coveries from SE Fujian represent a highly diverse paleobiotic
assemblage. Fotan fossils can help constrain plant evolution and di-
versification over a critical interval of Earth history.

Determining the age of Fotan fossil horizons can help date the
Miocene tropical rainforest in China and constrain its long-term history.
This report presents new 40Ar/39Ar ages for two basalt samples col-
lected from just above the fossiliferous beds. Our robust age results
provide critical geochronological constraints on tropical plant evolution
and diversification.

2. Geological background

The Fotan Group was named for the Fotan bed, whose type locality
occurs in Fotan, Zhangpu County, Fujian Province, southeastern China.
The Fotan Group occurs widely throughout eastern and western Fujian
(Fig. 1; Zheng and Wang, 1994; BGMRFP, 1985). Initial studies de-
scribed the Fotan Group as terrestrial and consisting primarily of three
basaltic layers and three sedimentary layers (Zheng and Wang, 1994). A
typical stratigraphic section includes basalts, arenaceous conglomer-
ates, sandstone, and mudstone interbedded with lignite and diatomite
(Fig. 2; Zheng, 1984, 1987; BGMRFP, 1985; Zheng and Wang, 1994).

The Fotan Group hosts abundant amber and plant fossils containing
spores and pollen (Figs. 3, 4; Table 1). The plant fossils are preserved in

a light brown diatomite (Fig. 4A), while the amber occurs within coal
seams and diatomite that directly underlie the layer hosting plant flora
(Fig. 4B–D), both from the second sedimentary layers (Fig. 2). The
spore-pollen assemblage consists of two sub-assemblages, the Quercoi-
dites-Liquidambarpollenites-Dacrydiumidites assemblage and the Symplo-
coipollenites-Liquidambarpollenites assemblage, which occur in separate
sedimentary layers. The fossil assemblages indicate a middle to late
Miocene biostratigraphic age for the Fotan Group (Zheng and Wang,
1994). The Fotan Group units have not previously been subjected to
geochronologic analysis using radiogenic isotopic methods. Previous
paleontological studies have often cited a 14.8 ± 0.6Ma age reported
by Ho et al. (2003) for a nearby locality. This is the only published
chronostratigraphic age constraint on the Fotan Group. However, Ho
et al. (2003) did not offer detailed description of the sample locality or
stratigraphic position for the dated sample and we consider its re-
lationship to the Fotan fossils to be uncertain.

3. Sampling and analysis

We collected two fresh basalt samples from the Fotan Group as it
occurs in Zhangpu County, Fujian Province, China. Figs. 1 and 2 show
the sampling locality and its stratigraphy. Although previous studies
have described basaltic layers in the lower Fotan Group, their exposure
near the fossil-bearing outcrop is very poor. We therefore collected
samples FT-1 and FT-2 from interbedded volcanics just above the fossil
beds.

Sample preparation and analysis were conducted at the AGES

Fig. 1. (A) Distribution map of modern tropical forest (green colour) and Neogene tropical flora sites (red circles). Map revised from Jacques et al. (2015). (B)
Geological map of Fujian Province, southeastern China. (C) Geological map showing Fotan Group outcrop distribution and sampling localities in southeastern Fujian.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

D. Zheng et al. Palaeogeography, Palaeoclimatology, Palaeoecology 518 (2019) 82–88

83



facility (Argon Geochronology for the Earth Sciences) of Lamont-
Doherty Earth Observatory, Columbia University. After crushing, the
180–250 μm size fractions of fresh groundmass from both samples were
hand-picked under a binocular microscope and washed ultrasonically in
distilled water. Following selection, groundmass fragments along with
bracketing standards of Fish Canyon sanidine (dated at
28.201 ± 0.046Ma; Kuiper et al., 2008) were loaded onto a 1.9 cm
diameter by 0.3 cm deep Al disk. Samples and standards were irradiated
for 8 h duration at the US Geological Survey TRIGA reactor in Denver,
CO, USA. After irradiation, all standards and samples were degassed
using an automated CO2 laser-based extraction system and analyzed
with a Micromass VG5400 mass spectrometer at the AGES lab. Analytic
procedures followed those described in detail in Chang et al. (2012,
2014). Details of analysis procedures, Ar isotopic data corrected for
blanks, mass discrimination, radioactive decay, and J values are pro-
vided in the supplement.

4. Results

Incremental heating analysis of FT-1 groundmass yielded a plateau
age of 14.5 ± 1.5Ma (errors reported as 2σ throughout the paper),
with MSWD of 0.65 (see Fig. S1 in Supplementary file). The age spec-
trum for FT-1 shows systematically younger apparent ages at low
temperatures, indicating certain degrees of alteration. Data from the
step-heating analysis were plotted on an inverse isochron isotope cor-
relation diagram (36Ar/40Ar vs. 39Ar/40Ar). The isochron age of
15.2 ± 2.0Ma (MSWD of 1.2) shows good agreement with the plateau
age including its error term.

Incremental heating analysis of FT-2 groundmass yielded a well-
defined plateau age of 14.7 ± 0.4Ma with MSWD of 0.28 (Fig. 5A).
The isochron age of 14.7 ± 0.4Ma (MSWD of 0.96) is identical with

the plateau age (Fig. 5B). The 302 ± 2 40Ar/36Ar intercept from the
inverse isochron diagram resembles atmospheric values (i.e., 295.5
from Neir, 1950 or 298.56 from Lee et al., 2006). Although the age
results for both samples are indistinguishable at the 2σ level, we in-
terpret the more precise 14.7 ± 0.4Ma ages as the upper limit of the
depositional age of the Fotan fossils.

5. Discussion

5.1. The origin and evolution of tropical rainforests in China

Tropical rainforests are defined as tall, dense, multi-layered, broad-
leaved evergreen forests that form the natural vegetation in tropical
areas with a warm climate and a short to non-existent dry season
(Grentry, 1992; Whitmore, 1998). Most tropical rainforests occur
around the equator. Although tropical rainforests represent the world's
most diverse ecosystems, their origins and history remain unclear.
Tropical rainforests having similar structure but different flora and
fauna relative to those found today have existed since the Cretaceous
(e.g., Ziegler et al., 1987; Dettmann, 1989; Davis et al., 2005; Couvreur
et al., 2011).

Evidence for the oldest-known Asian tropical rainforest occurs in
early Paleogene sedimentary deposits in India (Prasad et al., 2009).
Previous studies demonstrated that many current organisms found on
the Indian subcontinent relate closely to those found in Africa, Mada-
gascar, and the Seychelles (these islands are a Cretaceous fragment of
the India-Madagascar landmass) (Murphy and Collier, 1997; Bijou and
Bossuyt, 2003; Noonan and Chippindale, 2006). Fossils and phyloge-
netic data also suggest that many recent taxa found in southeastern Asia
represent basal Indian lineages, indicating migration from the Indian
subcontinent, an interpretation sometimes called the “out-of-India”

Fig. 2. Stratigraphic section showing biostratigraphy and geochronologic age result (BL, basaltic layers; SL, sedimentary layers).
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hypothesis (e.g., Macey et al., 1999; Bossuyt and Milinkovitch, 2001;
Gower et al., 2002; Conti et al., 2002; Corlett, 2007; Rust et al., 2010).
This hypothesis helps explain many Indian plants and animals now
found in Asia, but the timing of this expansion is subject to considerable
uncertainty given that India and Asia were not contiguous until some-
time between the Cretaceous (~70Ma) and the Eocene-Oligocene
boundary (~35Ma) (e.g., Yin and Harrison, 2000; Aitchison et al.,
2007; Najman et al., 2010; Bouilhol et al., 2013; Hu et al., 2017).

Modern tropical rainforests have only a limited distribution in China
(Zhu, 2006, 2013). A true southeastern Asian tropical forest was
documented in Xishuangbanna, Yunnan based on recognition of Dip-
terocarpaceae in this area during the 1970s (Zhu, 2006). The timing

and establishment of tropical forest ecosystems in China remained un-
clear until recently. Based on winged fruit fossils belonging to two
genera of the Dipterocarpaceae and fossil resins, Shi and Li (2010) first
interpreted the Fotan Group as an Asian tropical rainforest and Dip-
terocarpaceae fossils as evidence of the out-of-India hypothesis. This
hypothesis was challenged because Dipterocarpaceae are not restricted
to tropical rainforest ecosystems (Ghazoul, 2011).

Jacques et al. (2015) also interpreted the Fotan fossil assemblages as
a classic rainforest. Its fossil assemblage includes eight genera, in-
cluding Artocarpus, Bauhinia, Boehmeria, Calophyllum, Dipterocarpus,
Flacourtia, Macaranga, and Shorea. Of these, Dipterocarpus, Shorea, Fla-
courtia, and Calophyllum are restricted to tropical regions in China

Fig. 3. Well-preserved plant fossils from the Fotan Group: (A) Calophyllum striatum, (B) Flacourtia serrulata, (C) Artocarpus basirotundatus, (D) Boehmeria fujianensis,
(E) Dipterocarpus zhengae, (F) Shorea fujianensis, (G) Bauhinia fotana, and (H) Macaranga stellata. All scale bars= 1 cm.
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today. Other genera listed occur mainly in tropical areas, but with some
representatives in subtropical regions and a few in temperate regions.
Given prevailing tropical interpretation of its fossil plant assemblage,
the Fotan flora represent a Miocene rainforest in China. The age re-
ported here for the basalt overlying the Fotan fossil beds dates this
tropical rainforest at 14.7 ± 0.4Ma.

5.2. Plant expansion and the Middle Miocene Climatic Optimum

The modern geographic distribution of Dipterocarpaceae is often
cited as evidence of the out-of-India hypothesis (Ashton, 1982; Ashton
and Gunatilleke, 1987). A number of Dipterocarpaceae sp. and early
Eocene fossil resins derived from Dipterocarpaceae occur in India (Rust
et al., 2010; Dutta et al., 2011). Dipterocarpaceae mega-fossils reported
from Neogene sedimentary units in India and Nepal (e.g., Prakash et al.,
1994; Khan et al., 2011) are absent from the Paleogene of India but
appear in the Paleogene of southeastern Asia (Shukla et al., 2013). The
older fossil evidence from southeastern Asia led Mehrotra et al. (2005)
to question links between Miocene vegetation in China and India. Be-
cause these types of plants are typical of Neogene strata in India, the
discovery of Dipterocarpaceae in Miocene deposits of China further
indicates exchange between Chinese and Indian floras. In addition to
Dipterocarpaceae, Jacques et al. (2015) identified several fossils in the
Fotan Group, which also occur among Indian fossil flora (Fig. 1A). This
overlap supports the interpretation of links between Chinese and Indian
palaeofloras. Sharing several components, some of them presumably
dominant, the Fotan and Indian palaeofloras clearly demonstrate ve-
getation exchanges occurred between the Gondwanide India and

Laurasia. According to the out-of-India hypothesis, after docking of
India, the uniqueness of the Indian flora was diluted by the floristic
exchange with Asia. Based on the Fotan palaeoflora, Jacques et al.
(2015) suggest that this dilution was already occurring by the Middle
Miocene. Their results do not necessarily imply that the out-of-India
hypothesis is true, only that Chinese and Indian palaeofloras are linked.

The Fotan fossil outcrops formed at a geographic position similar to
its modern location (i.e., ~24° north latitude, and not far from the

Fig. 4. (A) Photograph showing boundary between
basalt and diatomite. (B) Photograph of coal seam
and diatomite bearing amber. (C) Photograph of
amber lenses in diatomite. (D) Photograph of
unpolished amber pieces. Scale bar= 50mm. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

Table 1
Tropical rainforest flora occurring in the Fotan Froup.

Plant mega-fossils Reference

Dipterocarpus zhengae Shi and Li, 2010
Shorea fujianensis Shi et al., 2014a, 2014b
Artocarpus basirotundatus Jacques et al., 2015
Bauhinia fotana Jacques et al., 2015
B. ungulatoides Lin et al., 2015
Boehmeria fujianensis Jacques et al., 2015
Calophyllum striatum Jacques et al., 2015
Flacourtia serrulata Jacques et al., 2015
Macaranga stellata Jacques et al., 2015

Fig. 5. (A) 40Ar/39Ar apparent age spectra for FT-2 groundmass. (B) inverse
isochron plot for FT-2 groundmass.
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coastline) during the Middle Miocene. This area experiences a sub-
tropical monsoon climate and hosts subtropical coniferous broadleaf
forests (Wu, 1980). The appearance of tropical rainforests during the
Middle Miocene indicates that this area was warmer and more humid
than it is at present (Shi and Li, 2010). Several studies have linked this
phenomena with the Middle Miocene Climatic Optimum, which oc-
curred at 16.8–14.7Ma (Shi and Li, 2010; Shi et al., 2014a, 2014b;
Jacques et al., 2015). The Middle Miocene Climatic Optimum re-
presents Earth's most recent, natural, prolonged global warming event,
and one that is thought to have caused major global ecological shifts
(e.g., Flower and Kennett, 1994; Böhme, 2003; Mosbrugger et al., 2005;
Maguire, 2015). Oxygen isotopic profiles measured from deep-sea
benthic foraminifera in sediment indicate that temperatures were sig-
nificantly warmer in the deep ocean and at middle to high latitudes
(Zachos et al., 2008; Shevenell et al., 2008). Other studies have shown
that tropical sea surface temperatures were also higher than current
values (You et al., 2009; LaRiviere et al., 2012). Paleobotanical records
suggest a significant warming on land at middle to high latitudes, with
temperature anomalies ranging from +10 °C to +20 °C in central and
east Asia, a weak equator-to-pole latitudinal temperature gradient, and
very humid conditions without significant seasonal patterns (Bruch
et al., 2007, 2011; Utescher et al., 2011). Despite considerable research,
specific effects of the Middle Miocene Climatic Optimum on local paleo-
communities remains uncertain. Based on the plant fossils, Jacques
et al. (2015) suggested that tropical rainforests migrated northwards to
the Fujian area of southeastern China. Our new age data for the Fotan
fossils further constrains the timing of this expansion as occurring
around the time of the Middle Miocene Climatic Optimum.

5.3. Biodiversity hotspot

Ambers containing Miocene biota come from about 14 different
deposits found in Europe, Asia, North America, and South America
(Martıńez-Delclòs et al., 2004; Antoine et al., 2007; Shi et al., 2014a,
2014b). Most of these deposits have not been systematically in-
vestigated however and only three, from the Dominican Republic,
Mexico, and Peru, include tropical insect fossils (Iturralde-Vinent and
MacPhee, 1996; Antoine et al., 2007; Castañeda-Posadas and Cevallos-
Ferriz, 2007). The Dominican amber has been well-studied throughout
the last century and is interpreted to be 20–15Ma based on bios-
tratitigraphic and paleogeographic evidence (Iturralde-Vinent and
MacPhee, 1996). The Mexican amber deposit, formed west of the Do-
minican Republic, also hosts abundant inclusions but has not been
studied in detail (Solórzano Kraemer, 2007). The Mexican amber is
generally interpreted to have a similar history and age as that of the
Dominican amber. The recently discovered amber from Peru is con-
sidered to originate from an angiosperm tree and hosts a diverse Neo-
tropical biota including arthropods (13 hexapod families and 3 ara-
chnid species) and macrofossil inclusions (Antoine et al., 2007).

In addition to plant fossils, abundant insect-bearing ambers (also
referred to as Zhangpu Amber) have been discovered in the Fotan
Group. In contrast to the tropical amber deposits described above, the
Zhangpu Amber is the only Miocene deposit from Asia, and one formed
by members of the Dipterocarpaceae (Shi et al., 2014a, 2014b). More
than ten thousand arthropod and plant inclusions have been recently
identified from the Zhangpu Amber (personal communication). While
none of these discoveries have been described in scientific journals, the
deposit may represent one of the most fossiliferous amber deposits in
the world and may record considerable biodiversity. Our age indicates
that this area of Asia thus represented a biodiversity hotspot at 14.7 Ma.

6. Conclusions

Two basalt samples collected directly above fossil beds in the Fotan
Group of Zhangpu County, southeastern China yielded a robust
40Ar/39Ar age of 14.7 ± 0.4Ma. Plant mega-fossils and insect-bearing

ambers have been recovered and studied from outcrops in this area over
the last two decades. This age provides an accurate age constraint for
fossils belonging to a Neogene tropical rainforest in China. The Fotan
Group plant fossils indicate warm and humid paleoenvironments. The
locality currently enjoys a subtropical climate, and previous studies
attribute the appearance of tropical rainforests at middle latitudes to
the Middle Miocene Climatic Optimum. Our age data provide the
chronological constraints on rainforest expansion in Asia. In addition to
plants, abundant insects from ambers have been discovered from the
same strata, suggesting a diverse ecosystem. The well-constrained age
for these insect-bearing ambers will help improve general under-
standing of middle Miocene ecosystems, including the co-evolutionary
history of insects and plants.
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