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Abstract

The Early Cretaceous Jehol Biota evolution has remarkable spatiotemporal correlation with the destruction of the North China

craton though the coupling mechanism remains enigmatic. The craton destruction was accompanied by intense magmatic

activity and the released volatiles and nutrients might have had climatic and environmental impacts on the biotic evolution.

In this study, we investigated the mentioned hypothetical causal link by determining concentrations and total emissions of

volatile elements (S, F, Cl) and bulk-rock P contents of volcanic rocks that were erupted during the pre-flourishing, flourishing

and post-flourishing stages of the Jehol Biota. Our results show that the volcanism near the flourishing stage has lower S

(1083-2370 ppm), Cl (1277-5608 ppm) and higher P2O5 contents (0.48-0.84 wt.%) than that in non-flourishing stages with S

of 1991-3288 ppm, Cl of 7915-12315 ppm and P2O5 of 0.17-0.23 wt.%. Fluorine contents in the three stages vary from 893 to

3746 ppm. The total volatile emissions are minor in the flourishing stage (3.6-6.6 Gt S, 2.2-4.6 Gt Cl and 2.1-4.0 Gt F) but

elevated in the non-flourishing stages (1-690 Gt S, 4-934 Gt Cl and 1-308 Gt F). Our data suggest that regional climatic and

environmental impacts of volcanism in the non-flourishing stages probably hindered the species diversification. The high P flux

released from lithospheric mantle-derived lavas during the peak time of craton destruction might enhance primary productivity

and contribute to the flourishing of the Jehol Biota. Our study provides insights into the relationship between the biosphere

and deep geodynamic processes driven by volcanism.
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Key Points:

• Volcanic gases (S, Cl and F) had limited climatic effects in the flourishing
stage of the Jehol Biota

• High P flux from lithospheric mantle-derived lavas facilitated the flourish-
ing of the Jehol Biota

• Volcanism associated with North China craton destruction affects terres-
trial biota evolution

Abstract

The Early Cretaceous Jehol Biota evolution has remarkable spatiotemporal cor-
relation with the destruction of the North China craton though the coupling
mechanism remains enigmatic. The craton destruction was accompanied by in-
tense magmatic activity and the released volatiles and nutrients might have had
climatic and environmental impacts on the biotic evolution. In this study, we
investigated the mentioned hypothetical causal link by determining concentra-
tions and total emissions of volatile elements (S, F, Cl) and bulk-rock P contents
of volcanic rocks that were erupted during the pre-flourishing, flourishing and
post-flourishing stages of the Jehol Biota. Our results show that the volcanism
near the flourishing stage has lower S (1083−2370 ppm), Cl (1277−5608 ppm)
and higher P2O5 contents (0.48−0.84 wt.%) than that in non-flourishing stages
with S of 1991−3288 ppm, Cl of 7915−12315 ppm and P2O5 of 0.17−0.23 wt.%.
Fluorine contents in the three stages vary from 893 to 3746 ppm. The total
volatile emissions are minor in the flourishing stage (3.6−6.6 Gt S, 2.2−4.6 Gt
Cl and 2.1−4.0 Gt F) but elevated in the non-flourishing stages (1−690 Gt S,
4−934 Gt Cl and 1−308 Gt F). Our data suggest that regional climatic and
environmental impacts of volcanism in the non-flourishing stages probably hin-
dered the species diversification. The high P flux released from lithospheric
mantle-derived lavas during the peak time of craton destruction might enhance
primary productivity and contribute to the flourishing of the Jehol Biota. Our
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study provides insights into the relationship between the biosphere and deep
geodynamic processes driven by volcanism.

Plain Language Summary

It is generally believed that volatiles, such as S, Cl and F, released by mas-
sive volcanic events may have strong ecological pressures both at the local and
global scales. However, it is puzzling that the flourishing of the Jehol Biota, an
Early Cretaceous terrestrial lagerstätte recording the origin and early evolution
of feathered dinosaurs, birds, mammals and angiosperms, occurred simultane-
ously with the extensive volcanic activities in the northeastern China. To find
the possible influence of volcanism on the biotic evolution, we determine the
contents and total emissions of S, Cl and F (toxic gases) and bulk-rock P (nu-
trient) contents of volcanic rocks that were erupted during the pre-flourishing,
flourishing and post-flourishing stages of the Jehol Biota. Our results show
that the volcanism at the flourishing period of the Jehol Biota was dominated
by intermediate-mafic magmas, the total S, Cl and F emissions of which had
limited impacts on the local climate and environment, while the high P flux
released from lavas might enhance primary productivity. On the contrary, the
intermediate-felsic volcanic rocks in the non-flourishing stage released abundant
toxic gases and the P flux was limited, which probably hindered the species
diversification.

1 Introduction

Volcanism provides an important mechanism transferring heat and matter (in-
cluding volatiles and nutrient elements) from the Earth’s interior to its sur-
face reservoirs (Mather, 2015). Studies on the linkage between large igneous
provinces (LIPs) and mass extinction events have shown that the volatiles, such
as F, Cl and S, released by giant magmatic events can have strong global-scale
effects on the biotic, environmental and climatic evolution (Sobolev et al., 2011;
Callegaro et al., 2014; Oppenheimer et al., 2014). However, what are the ef-
fects of less extensive continental magmatism on the evolutionary history of
regional biota remain largely unconstrained. Climate-modifying volcanic gases
(CO2, SO2 and halogens) may cause biota poisoning, environmental acidifica-
tion, ozone depletion and climatic warming or cooling (Ernst & Youbi, 2017).
In contrast, nutrients (e.g., P, Fe) derived from weathered lava flows can act as
limiting factors for primary productivity in terrestrial and freshwater ecosystem
(Elser et al., 2007; Augusto et al., 2017). The Jehol Biota, an Early Cretaceous
terrestrial lagerstätte (Zhou et al., 2003), can be divided into different evolution-
ary stages encompassing its origin, development, flourish and decay (Zhou et al.,
2021 and references therein). New geochronological data from the North China
craton (NCC) on the spatiotemporal evolution of the Jehol Biota show that it
coincided with the Cretaceous magmatism during the craton destruction (Zhu
et al., 2020; Zhou et al., 2021). Although previous studies have emphasized the
impacts of volcanism on the Jehol Biota, most of them focused on the role of vol-
canic ashes or pyroclastic flows causing mass mortality events and exceptional
preservation of fossils (Jiang et al., 2014). In this study, we determined concen-
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trations and total emissions of S, F and Cl as well as bulk-rock P2O5 contents of
volcanic rocks at the pre-flourishing (origin and development), flourishing and
post-flourishing (decay) stages of the Jehol Biota, to examine the hypothetical
causal link between the Early Cretaceous continental volcanic events and the
Jehol Biota evolution. Together with compiled data from other volcanic events
(i.e., LIPs and Toba), we discuss the impacts of the Early Cretaceous volcanism
in the NCC on the terrestrial ecosystem and Jehol Biota evolution.

2 Geological setting and samples

The NCC is one of the oldest continental nuclei on Earth (Liu et al., 1992), which
has lost its cratonic root through hydration-induced weakening, crustal delami-
nation and/or mechanical erosion during the Mesozoic-Cenozoic (Wu et al., 2019
and references therein). The intensive magmatism and extensional deformation
in the Cretaceous led to the development of widespread volcanic-sedimentary
basins (Wu et al., 2005). In particular, the Early Cretaceous volcanic rocks are
extensively distributed throughout the eastern and northern China.

The Jehol Biota is mainly distributed in the northern margin of the eastern NCC
(including northern Hebei, western Liaoning and southeastern Inner Mongolia
areas), and is primarily preserved in the Huajiying, Yixian, and Jiufotang For-
mations with ages spanning from 135 to 120 Ma (Figs. 1A-C; Pan et al., 2013).
The Huajiying Formation contains fluvio-lacustrine and lacustrine siltstones in-
terbedded with tuffs and tuffaceous clastics, recording the earliest occurrence
of the Jehol Biota (ca. 135�127 Ma; Yang et al., 2020). The Yixian Formation
(ca. 126�124 Ma), from bottom to top, consists of the Lujiatun Unit (fluvial
tuffaceous, pebbly sandstones), Lower Lava Unit (basaltic to andesitic rocks),
Jianshangou/Dawangzhangzi Unit (lacustrine shales and mudstones with tuff
interlayers), Upper Lava Unit (andesitic to dacitic rocks), and Jingangshan
Unit (lacustrine-facies clastics intercalated with rhyolitic pyroclastics) (Fig. 2A;
Zhong et al., 2021). The Jianshangou Bed in the lower part of the Yixian
Formation records the flourishing (with greatest species adundance and diversi-
fication) of the Jehol Biota as represented by nearly all Mesozoic plant groups
(including angiosperms), insects, diverse birds, dinosaurs, pterosaurs, mammals,
lizards, turtles, choristoderes, amphibians and fishes (Zhou et al., 2021). Com-
pared with the Jianshangou Bed, the Jingangshan Bed in the upper part of the
Yixian Formation contains significantly lower abundances and fewer species of
fossils. The Jiufotang Formation is mainly composed of interbedded mudstones,
siltstones, fine-grained sandstones and tuffs. The fossil assemblage preserved in
the Lower Jiufotang Formation displays a remarkable differentiation of verte-
brates between 123 Ma and 120 Ma (Yu et al., 2021; Zhou et al., 2021).
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Figure 1. (A) Spatial distribution of the Jehol Biota in the northeastern
North China craton (modified from Pan et al., 2013). (B) The main fossil
localities of the Jehol Biota and the Early Cretaceous volcanic rocks in the west-
ern Liaoning, northern Hebei and southeastern Inner Mongolia (modified from
Pan et al., 2013). (C) Lithostratigraphic and chronostratigraphic positions of
the Jehol Biota (modified from Pan et al., 2013). (D) Geological map of the
Dawangzhangzi-Maozishan district, Lingyuan and sampling sites (after Zhang
et al., 2005). The cross-sections of C-D and E-F are the same with Zhang et al.
(2005). (E) Geological map of the Yixian and Sihetun districts and sampling
sites (after Geng et al., 2019). Fm. is the abbreviation of formation hereafter.
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Figure 2. (A) Composite stratigraphic column of the Yixian Formation (mod-
ified from Zhong et al., 2021). (B)-(C) Stratigraphic columns of cross-sections
C-D and E-F in Fig. 1D in the Lingyuan County. (D-E) Stratigraphic columns
of the Xinkailing section in the Sihetun County, and the Mashenmiao section
in the Yixian County (modified from Wang and Zhou, 2008).

The studied volcanic rocks were collected from the main fossil localities in the
Lingyuan, Sihetun and Yixian Counties (Figs. 1D-E and 2), including three
rhyolite samples of the Zhangjiakou Formation (~140�130 Ma felsic lavas; Yang
et al., 2019), seventeen basalt samples (from both Yixian and Sihetun Counties)
and four high-Mg andesite samples (HMAs) of the Lower Yixian Formation with
ages between 125.684 ± 0.061 Ma and 125.457 ± 0.051 Ma (Zhong et al., 2021),
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and one trachydacite sample of the Upper Yixian Formation with age between
125.457 ± 0.051 Ma and 124.122 ± 0.048 Ma (Zhong et al., 2021). Based on
previous radiometric dating and stratigraphic correlation, the eruption ages of
these volcanic rocks from the Zhangjiakou, Lower Yixian and Upper Yixian For-
mations overlapped with the pre-flourishing stage (I; origin and development),
flourishing stage (II) and post-flourishing stage (III; decay) of the Jehol Biota,
respectively. The volcanic rocks in the Jiufotang Formation are not considered
in this study because they are mainly tuffs sourced from adjacent areas, while
the local lavas are rare. Detailed sample descriptions are given in the Supporting
text.

3 Methods

3.1 Bulk-rock major-element analysis

Bulk-rock major-element analysis was conducted at ALS Chemex (Guangzhou,
China) Co., Ltd. After removing the weathered surfaces, all samples were cut
and ground into small fragments (<0.5 cm in diameter). Then, they were
cleaned with deionized water and ground to 200-mesh powder. The powder
was divided into two parts. One part was dried and heated to 1000 ℃ in a
muffle furnace. The loss-on-ignition (LOI) was determined by the weight loss
before and after heating. The other part was dried at 105 ℃ and mixed with
the compound flux of lithium tetraborate-lithium metaborate-lithium nitrate.
Then, they were fused in a high-frequency melting furnace at 1050 ℃. The
melt was poured into a Pt crucible and cooled to form a thin fused glass disk.
The major-element compositions were measured by an X-ray fluorescence spec-
trometer (XRF). The precision (relative standard deviation, RSD) was 1–3%
for elements with concentrations of >1 wt.% and ~10% for those having concen-
trations of <1 wt.%. The major-element compositions of the studied samples
are given in Table S1.

3.2 Pre-eruptive volatile content in magmas

3.2.1 Method chosen for pre-eruptive volatile content measurement

A variety of methods have been proposed to quantify the pre-eruptive volatile
contents of ancient volcanoes, including: (1) direct determination of volatile
contents in volcanic glasses (Workman et al., 2006); (2) direct determination
of volatile contents in melt inclusions (Wallace et al., 2021); and (3) indirect
estimation of volatile contents in melts by combining the measured volatile con-
centrations in minerals with experimentally determined partition/exchange coef-
ficients between minerals and melts (Xia et al., 2013; Callegaro et al., 2014; Liu
et al., 2015). Given that the continental magmas tend to efficiently degas dur-
ing their eruption, volcanic glass may record a much lower volatile content than
the pristine value. In addition, melt inclusions in the continental volcanic rocks
are rare and their volatile contents are easily modified during post-entrapment
processes (Callegaro et al., 2014). Due to the absence of well-preserved melt
inclusions, it is not appropriate to use the first two methods to estimate the
volatile contents in our ancient (>100 million years) continental volcanic sam-
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ples. In this paper, we quantified the pre-eruptive S, Cl and F contents in
melts by combining the measured volatile concentrations in clinopyroxene (cpx)
phenocrysts and apatite inclusions in phenocrysts with experimentally deter-
mined partition/exchange coefficients between minerals and melts (Callegaro et
al., 2014; Meng et al., 2021). The advantages of this method are as follows:
(1) Cpx and apatite are widely developed and crystallized early in the samples;
(2) Apatite inclusions are not susceptible to volatile diffusion, crystallization
or bubble growth after entrapment, and can effectively record the pre-eruptive
volatile contents of magmas (Stock et al., 2016); and (3) The analytical methods
of F, Cl and S in cpx and apatite are robust.

3.2.2 Electron microprobe analysis of S, Cl and F in apatite inclusions

Volatile compositions of apatite were determined with a Shimadzu electron
probe microanalyzer (EMPA 1720H) at School of Earth Sciences, Zhejiang Uni-
versity. Backscattered electron images (BSE) were firstly used to check the
homogeneity of minerals. 15 kV accelerating voltage, 10 nA beam current and 5
�m beam size were set for analysis. Natural minerals and synthetic oxides were
used as standards, and the final data correction was conducted by the ZAF
program. The standard apatite (Durango; Van Hoose et al., 2013) was used to
estimate the relative errors (1�) of F, Cl, and SO3, which were <13%, <10%
and <15%, respectively. Moreover, we conducted map scanning (F, Cl and S)
of representative apatite grains, operating with an accelerating voltage of 15 kV,
a beam current of 10 nA, and a beam size of 1�m. The mineral compositions of
cpx, biotite and amphibole were also determined, with the analytical conditions
as follows: 15 kV accelerating voltage for all minerals, 20 nA beam current for
cpx and 15 nA beam current for amphibole and biotite. The beam sizes were
5 �m for cpx, and 1�m for amphibole and biotite. The errors of major elements
were lower than 2%. The analyzed results of cpx, biotite and amphibole are
described in the Supporting text.

3.2.3 Secondary ion mass spectroscopy (SIMS) analysis of S, Cl and F in cpx
phenocrysts

After the EPMA analysis, the cpx grains were cleaned and mounted in indium
targets. The mounts were made carefully to make sure that the analyzed spots
by EPMA can be found for the following SIMS analysis. The samples were then
repolished and washed (by ethanol and acetone) to remove carbon coating and
placed in a muffle furnace for 24 hours before gold coating. The concentrations
of volatiles (F, Cl, S) in cpx phenocrysts were measured by a Cameca IMS-
1270 instrument at CRPG-CNRS in Nancy, France. A primary Cs+ beam of
0.26−1.08 nA was accelerated by a voltage of 10 kV to sputter the secondary
ions with a diameter of 10 �m. The sputtered secondary ions were extracted by a
10 kV voltage, and then counted by Faraday cups or electronic multipliers with
a mass resolution of 7000. In each session, calibration slopes (m) were obtained
by plotting measured the isotope ratios (x) of 19F/30Si, 35Cl/30Si and 32S/30Si
of the standard glasses against the known reference material concentrations (y),
generating the equation y = mx (Fig. S1). The concentrations of F, Cl and S
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in the unknown samples were then calculated by multiplying measured isotope
ratios by m. The standard glasses are MQ47963 (776 ppm S, 777 ppm F and
1356 ppm Cl; Kamenetsky et al., 2000), VG2 (1424 ppm S, 300 ppm F and
298 ppm Cl; Jarosewich et al., 1980) and StHs (2.7 ppm S, 320 ppm F and 231
ppm Cl; Jochum et al., 2006). The relative average deviations of F, Cl and S
obtained from the different standard samples were 7%, 4% and 2%, respectively.

3.2.4 Calculating S, Cl and F in the equilibrated melts

The partition coefficient of S between cpx and melt (Dcpx-m
s ) is critically affected

by the melt composition (including water content), Mg# of cpx, and most impor-
tantly, oxygen fugacity (Callegaro et al., 2020). Previous works have obtained
oxygen fugacities of basalts and HMAs representing the same strata as our
samples indicate highly oxidized magmas with Δlog f o2 FMQ = +1.5 − +1.9
and Δlog f o2 FMQ = +0.5 − +1.4 (Hong et al., 2017; Geng et al., 2019). We
thus use the partition coefficient formula of total S for the highly oxidized
silicate melts: Dcpx-m

s = 0.003(±0.002) × (SiO2) − 0.117(±0.084) to calculate
S in the equilibrated melts (Callegaro et al., 2020), where SiO2 is the content
of bulk rock. The Cl partition coefficient between cpx and basaltic melt
(Dcpx-m

Cl ) is affected by temperature, pressure, mineral composition and melt
composition (including water content); the F partition coefficient between
cpx and basaltic to dacitic melt (Dcpx-m

F ) is mainly controlled by mineral
composition, melt water content and viscosity while the influences of temper-
ature and pressure are limited (Dalou et al., 2012, 2014; Baker et al., 2022).
According to the major-element compositions and crystallization conditions
(1120−1240 ℃ and ~0.7 Gpa) of cpx phenocrysts and the water contents of
bulk rocks (3.7 ± 2.1 wt.% to 4.3 ± 1.3 wt.%) (Geng et al., 2019), we chose
the appropriate Dcpx-m

Cl and calculated Dcpx-m
F by using the empirical equation of

ln(DF
cpx/L) = 0.2298(T/NBO) - 1.029(AlM1) - 3889(1/T) - 0.5472(P) + 0.5871

(see details in Table S2; Dalou et al., 2012, 2014; Baker et al., 2022). We then
used the functions of Smelt (wt.%) = Scpx / Dcpx-m

s , Clmelt (wt.%) = Clcpx / Dcpx-m
Cl

and Fmelt (wt.%) = Fcpx / Dcpx-m
F to calculate the volatile contents in the

equilibrated melts. The total uncertainties related to the applied methods are
approximately <40% for the melt S content and ~20−26% for the melt Cl and
F contents.

Additionally, we estimated volatile contents of melts that were in equilibrium
with apatite inclusions. The factors affecting the S partition coefficient
between apatite and melt (Dap-m

s ) are complicated, mainly including the
temperature, oxygen fugacity and S content of the melt (Parat et al., 2011;
Webster & Piccoli, 2015; Konecke et al., 2019). We used the formula
Sap (wt.%) = Dap-m

S (f O2) × Smelt × [Dap-m
S (AST)/Dap-m

S (1000℃)] (Meng et
al., 2021) to calculate melt S contents, in which Dap-m

S (f O2), Dap-m
S (AST)

and Dap-m
S (1000℃) can be acquired from experimental data of Konecke

et al. (2019) and Parat and Holtz (2004). This method was chosen be-
cause it considered the effects of both temperature and oxygen fugacity,
and deviations between the measured and calculated results are limited
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(Meng et al., 2021). Because of the non-Nernstian partitioning behavior
of F and Cl between apatite and melt (Boyce et al., 2014), we used the
exchange coefficients of F, Cl and OH between apatite and melt to quan-
tify the volatile contents in the equilibrated melts. As proposed by Li
and Hermann (2017), the empirical formulas of melt Cl and F contents
under a felsic magmatic system are Clmelt(wt. %) = Xap

Cl
Xap

OH

1
Kdap-melt

Cl-OH
× 10.79,

Kdap-melt
Cl-OH = e(25.81 + (Xap

Cl − Xap
OH) × 17.33) × 103

8.314×T and Fmelt (wt.%) = Xap
F

Xap
OH

1
Kdap-melt

F-OH
× 6.18,

Kdap-melt
F-OH = e(40.33 + (Xap

F − Xap
OH) × 21.29 − 3.96 × Xap

Cl ) × 103
8.314×T . The empir-

ical formula for the melt Cl content in a basaltic magmatic system is
Clmelt(wt. %) = Xap

Cl
Xap

OH

1
Kdap-melt

Cl-OH
× 9.12, where Kdap-melt

Cl-OH is the same as that in
a felsic magmatic system (Li & Hermann, 2017). The total uncertainties
are approximately <40% for the calculated S content and ~20−33% for the
calculated Cl content in the basaltic and felsic melts, while the total uncertainty
of the calculated F content in the felsic melt is higher, up to ~55%.

4 Results

4.1 Bulk-rock major elements

In the total alkali vs. SiO2 diagram of Le Bas et al. (1986), the samples plot in
the fields of rhyolite, trachydacite, trachyandesite and basalt (Fig. S2).

The rhyolites of the Zhangjiakou Formation (corresponding to Stage I) have
high SiO2 of 69.24−72.06 wt.%, and low TFe2O3 of 3.32−3.94 wt.%, MgO of
0.28−0.89 wt.% and P2O5 of 0.17−0.23 wt.% (Fig. S3). In Stage II, the basalts
of the Lower Yixian Formation are characterized by high MgO of 9.96−14.4
wt.%, TFe2O3 of 8.81−9.85 wt.%, P2O5 of 0.65−0.84 wt.% and Mg# of
68.9−75.3 (Fig. S3; Table S1). Among them, the basalts from the Yixian
County have obviously higher MgO and TFe2O3 and lower K2O and P2O5
than those from the Sihetun County, and they belong to high-K calc-alkaline
series and shoshonites series, respectively (Fig. S3-F). The trachyandesites
of the Lower Yixian Formation are referred to as HMAs with unusually high
MgO (>5 wt.%) and/or high Mg# (>50) (Fig. S3-C; Tatsumi, 2008; Kelemen
et al., 2014). They have significantly lower P2O5 (0.48−0.50 wt.%), TFe2O3
(6.93−7.11 wt.%) and MgO (5.60−6.22 wt.%) than basalts, yet higher than
rhyolites in Stage I (Fig. S3). The trachydacite sample of the Upper Yixian
Formation, which represents Stage III, has SiO2 of 68.14 wt.%, TFe2O3 of 4.00
wt.%, MgO of 0.87 wt.% and P2O5 of 0.23 wt.% (Fig. S3), which are nearly
comparable with those measured for rhyolites in Stage I.

4.2 Volatile (S, Cl, F) contents of clinopyroxene phenocrysts and apatite inclu-
sions

Clinopyroxene phenocrysts only occur in basalts and HMAs of the Lower Yix-
ian Formation (corresponding to Stage II) and are compositionally augite and
diopside. Compared with cpx in basalts from the Yixian County, which display
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F and Cl contents of 103.2−438.3 ppm and 1.5−61.7 ppm (mostly <30 ppm),
respectively, the cpx grains in HMAs have slightly lower F (43.1−314.4 ppm)
and Cl (2.5−23.9 ppm), while those in basalts from the Sihetun County show
much lower F of 58.3−94.7 ppm and Cl of 2.1−12.8 ppm (Table S2; Figs. 3A
and 3B). Sulphur contents of all cpx phenocrysts are similar: 0.9−10.7 ppm for
basalts from the Yixian County, 2.1−6.5 ppm for HMAs, and 2.1−18.4 ppm for
basalts from the Sihetun County (Fig. 3C).

Figure 3. F (A), Cl (B), and S (C) contents versus Mg# of clinopyroxene in
basalts and high-Mg andesites (HMAs) of the Lower Yixian Formation.

10



Figure 4. BSE images of studied volcanic rocks from the Zhangjiakou (A-B)
and Yixian Formations (C-D). BSE images and Cl, F and S maps of a repre-
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sentative apatite microphenocryst (E) and inclusion (F) in studied samples. Pl-
plagioclase; Ap-apatite; Amp-amphibole; Cpx-clinopyroxene. The red squares
show the analytical points of SIMS.

Apatite crystals are well developed in all samples, occurring either as microphe-
nocrysts associated with other phenocrysts, or as euhedral inclusions in coarser
phenocrysts (Fig. 4). Apatite microphenocrysts show heterogeneous composi-
tions indicating possible diffusional modification (Fig. 4E), while apatite inclu-
sions are usually homogeneous (Fig. 4F). We focused on those apatite crystals
that are included in early-crystallized phenocrysts (Fig. 4), such as plagioclase
and amphibole phenocrysts in rhyolites (Stage I), cpx phenocrysts in basalts and
HMAs (Stage II), and biotite and plagioclase phenocrysts in the trachydacite
sample (Stage III). They are mainly fluorapatites and minor hydroxyapatites
and mostly show a volcanic origin (Table S3; Fig. S4). In rhyolites of Stage
I, they have high Cl contents of 0.003−1.37 wt.% and SO3 of 0.17−0.88 wt.%.
By contrast, the apatite inclusions in Stage II basalts and HMAs show lower Cl
(0.04−0.70 and 0.13−0.40 wt.%) and SO3 (0.01−0.63 wt.% and 0.26−0.84 wt.%)
contents. In particular, apatite inclusions in basalts from the Sihetun County
contain the lowest Cl (0.04−0.16 wt.%) and SO3 (0.25−0.46 wt.%) contents
among all the samples (Fig. 5A). Stage III is represented by trachydacite with
Cl of 0.61−1.56 wt.% and SO3 of 0.17−1.22 wt.% in apatite inclusions, which
are comparable or higher than those of rhyolites in Stage I (Fig. 5A). Fluo-
rine contents of apatite inclusions display little differences between the samples,
ranging from 1.10 to 3.43 wt.% (Fig. 5B).

Figure 5. Plots of SO3 (A) and F (B) vs. Cl contents for apatite inclusions in
the studied samples from the Zhangjiakou and Yixian Formations.

4.3 Pre-eruptive magmatic volatile (F, Cl and S) contents
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4.3.1 Sulfur

The calculated S contents of melts in equilibrium with cpx are 17−632 ppm,
43−1083 ppm, and 24−259 ppm for Yixian basalts, Sihetun basalts and HMAs
in Stage II, respectively (Table S2; Fig. 6A). The obtained melt S contents
in equilibrium with apatite are 566−3288 ppm for rhyolites (Stage I), 16−1422
ppm for Yixian basalts (Stage II), 452−914 ppm for Sihetun basalts (Stage
II), 765−2370 ppm for HMAs (Stage II), and 283−1991 ppm for trachydacite
(Stage III), respectively (Table S3; Fig. 6A). The calculation details are given
in the Supporting text. It is noteworthy that although Callegaro et al. (2020)
suggested to use synchrotron X-ray microfluorescence to measure the low S
concentration in cpx, our results show similar independent results calculated
from the apatite- and cpx-based methods within one order of magnitude (Fig.
6A). It is noteworthy that although Callegaro et al. (2020) suggested to use
synchrotron X-ray microfluorescence to measure the low S concentration in cpx,
our results show similar independent results calculated from the apatite- and
cpx-based methods within one order of magnitude (Fig. 6A).

4.3.2 Chlorine and Fluorine

By combining the Cl and F contents of cpx phenocrysts and the partition coef-
ficients for Cl and F between cpx and basaltic to andesitic melt, we obtained Cl
of 99−5608 ppm and F of 753−3746 ppm for basalts from the Yixian County
(Stage II), relatively lower Cl of 132−1162 ppm and F of 439−891 ppm for
basalts from the Sihetun County (Stage II), and Cl of 62−1710 ppm and F of
295−2707 ppm in HMAs (Stage II) (Table S2; Figs. 6B and 6C). The calculated
Cl and F contents of melts in equilibrium with apatite show that the rhyolites
(Stage I) have Cl of 26−7915 ppm and F of 982−3132 ppm, the Yixian and Si-
hetun basalts and HMAs (Stage II) have Cl of 409−2747 ppm, 221−1277 ppm
and 728−2182 ppm, and the trachydacite (Stage III) has Cl of 3410−12315 ppm
and F of 1051−2450 ppm (Table S3; Figs. 6B and 6C). As shown in Fig. 6B,
the cpx- and apatite-based melt Cl abundance estimates are nearly comparable.
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Figure 6. Volatile (S, Cl, F) and P2O5 contents of the studied volcanic rocks
around Stage I (pre-flourishing), Stage II (flourishing) and Stage III (post-
flourishing) of the Jehol Biota. The dashed lines mark the maximum values
that were used to represent the pre-eruptive magmatic volatile contents of our
samples.

5 Discussion

5.1 Effects of volcanic gases

The wide range of F, Cl and S contents in most clinopyroxene phenocrysts and
apatite inclusions may be related to complex magmatic evolution processes, such
as fractional crystallization and syn-eruptive degassing (Figs. 3 and 5). Given
potential degassing prior to clinopyroxene and apatite crystallization (Callegaro
et al., 2014), we interpret the maximum S, Cl and F concentrations to be most
representative of the pre-eruptive magmatic volatile contents. Most volcanic
samples corresponding to Stage I and Stage III show higher S (3288 ppm and
1991 ppm) and Cl (7915 ppm and 12315 ppm) contents than volcanic samples
corresponding to Stage II with S of 1083−2370 ppm and Cl of 1277−5608 ppm
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(Figs. 7A-B). There is no obvious difference in the F contents, which range from
893 to 3746 ppm, between the different stages (Fig. 7C).

Figure 7. S (A), Cl (B), F (C) and P2O5 (D) contents of the studied sam-
ples around Stage I (pre-flourishing), Stage II (flourishing) and Stage III (post-
flourishing) of the Jehol Biota, as well as other volcanic events including typical
large igneous provinces (LIPs) and Toba volcano. Data sources are given in
Table S5.

A ‘petrological method’ was used to calculate the total masses of volatiles re-
leased in volcanic activities (see calculation details and results in the Supporting
text and Table S4). By using the estimated volumes (102 to 105 km3) of the lava
flows in different stages, the total masses of released S, Cl and F are estimated
to be respectively 34−690 Gt, 47−934 Gt and 15−308 Gt in Stage I (duration
of ca. 10 Ma); 3.6−6.6 Gt, 2.2−4.6 Gt and 2.1−4.0 Gt in Stage II (duration of
<0.3 Ma); and 1−29 Gt, 4−102 Gt and 1−17 Gt in Stage III (duration of <1
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Ma). These data clearly show that the volcanic activity in Stage II produced
the lowest total emissions (Fig. 8) and/or average fluxes of S, Cl and F. To
evaluate the climatic and environmental effects of volcanic gases, we compiled
the S, Cl and F contents and total masses of five LIPs associated both with dev-
astating (Siberia, Deccan and Emeishan LIPs) and negligible (Columbia River
and Paraná-Etendeka LIPs) environmental and biotic impacts (Ernst & Youbi,
2017; Clapham & Renne, 2019), as well as Toba, the largest volcanic eruption
(ca. 75ky with volumes of 2500�3000 km3; Chesner et al., 1991) since the Pleis-
tocene with limited impacts (Louys, 2007; Timmreck et al., 2012; Lane et al.,
2013) (Table S5). Our data show that the Stage II volcanism has elevated S,
F and Cl concentrations that are equivalent to or higher than those of LIPs
associated with devastating environmental impacts and mass extinctions (Fig.
7). However, the average fluxes of S, Cl and F of Stage II are much lower than
those in all LIPs due to the limited total S, Cl and F emissions that are similar
to those of Toba (Fig. 8). The result indicates insignificant climatic and envi-
ronmental impacts induced by volcanic emissions in Stage II. The prevalently
warm and humid climate in Stage II with short and seasonal intervals of cold
and drought (Yang et al., 2013; Zhou, 2014) are more likely controlled by the
fluctuating global climate in the Early Cretaceous (Price & Hart, 2002; Keller,
2008). In contrast, the volcanic eruptions in Stage I and Stage III show both ele-
vated concentrations and total emissions of S, Cl and F, with the emissions being
higher than those of Toba by 1�3 orders of magnitude (Fig. 8). In particular, the
upper levels of the total volatile emissions in Stage I can reach the amounts of
the Deccan or Emeishan LIPs (Fig. 8). However, the average volatile fluxes of
Stages I and III are lower than those in all LIPs, indicating minor global impacts.
Thus we conclude that the prolonged volcanic eruptions may have catastrophic
effects on the local environment in Stages I and III, including episodic acid rain,
poisoning of the ecosystem (by fluorine and trace metals), vegetation damage
(shedding of leaves, charring and decreasing the stomatal density), enhanced soil
erosion (by strong rainfall and acidication), and possibly enhanced nucleation
of storm clouds and wildfires (Garrec et al., 1977; Le Guern et al., 1988; Binkley
et al., 1989; Wilson et al., 2011; Haworth et al., 2012; Bacan et al., 2013).
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Figure 8. Total masses of released S (A), Cl (B) and F (C) of the early
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Cretaceous volcanism in the eastern North China craton around Stage I (pre-
flourishing), Stage II (flourishing) and Stage III (post-flourishing) of the Jehol
Biota and other volcanic events. Data sources are given in Table S5.

5.2 Effects of phosphorus released from weathered volcanic rocks

In addition to the climatic and environmental effects via gas emissions (Mather,
2015), the lavas can release essential nutrients for life through weathering. Phos-
phorus is one of the most important limiting nutrients, providing a fundamental
control on primary productivity (Tyrrell, 1999; Elser et al., 2007). Our results
show that stage II is dominated by intermediate-mafic volcanic rocks with rel-
atively higher P2O5 contents (median 0.50 wt.%) compared to Stages I and
III (median 0.11 wt.% and 0.24 wt.%), Toba (0.04 wt.%) and all LIPs (me-
dian 0.2�0.38 wt.%) (Fig. 7D and Table S5). Phosphorus limitation had been
evidenced to be strongly influenced by the parental material, especially the
bedrock geochemistry (Vitousek et al., 2010; Augusto et al., 2017). Moreover,
in the NCC, the predominant Early Cretaceous warm and humid climate (Li &
Battern, 2007; Yang et al., 2013), well-developed river systems (Liu et al., 2015)
and acidified surface environment (Zhou et al., 2016) undoubtedly contributed
to weathering of P-rich volcanic terrains and transporting P into the ecosystem.
In addition to P, the possibly enhanced Fe flux sourced from the weathered
intermediate-mafic lavas may play a subordinate role in promoting primary pro-
duction (Martin et al., 1994). These may decipher the flourishing of charophytes
(Wang et al., 2008), gold algaes (Hethke et al., 2013), bacterium and aquatic
plants (Li et al., 2016) and terrestrial vegetation (Wu, 2008) in Stage II, with
fossil-bearing sediments showing high total organic carbon (TOC) values up to
5.56 wt.% (Zhang et al., 2016). In contrast, the P-depleted intermediate-felsic
volcanic rocks in Stages I and III are mainly composed of quartz and K-feldspar,
which are resistant to weathering. The lack of P input may be an important
limiting factor for primary productivity in terrestrial ecosystems in those times.

5.3 Implications for terrestrial biota evolution

Our study demonstrates that the ecosystem deterioration related to poisonous
gas emissions (F, Cl and S) and the limited availability of nutrient P hindered
the survival and reproduction of species during the pre-flourishing (Stage I) and
post-flourishing (Stage III) periods of the Jehol Biota. Instead, the climatic
and environmental effects induced by volatile degassing were negligible in the
flourishing Stage II. The enhanced volcanogenic P flux increased primary pro-
ductivity and promoted the greatest species diversification and largest radiation
of the Jehol Biota at that time.

Generally, the abundances of P in the upper silicate crust are low due to the
accumulation of most P in the Earth’s interior during early differentiation (Rud-
nick & Gao, 2014). Thus, the processes of mantle melting and magmatism are
critical for recycling P (incompatible element) from the deep Earth to the sur-
face (Horton, 2015). The increased P flux in the flourishing period is consistent
with the intense eruption of intermediate-mafic lavas produced by melting of
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lithospheric mantle during the peak destruction of the NCC. Therefore, we pro-
pose that the deep-Earth material cycle associated with the NCC destruction
was probably the critical driving force for the flourishing of the Jehol Biota,
providing sufficient amounts of limiting nutrients (e.g., P, Fe) for the surface
ecological environment. The unique geodynamic process in the eastern NCC
may have determined the greater species diversification of the Jehol Biota than
that of contemporaneous Santana Biota in Brazil and Las Hoyas Biota in Spain
characterized by similar freshwater ecosystems. Similar examples include: (1)
The weathering of large-scale LIPs formed by the breakup of the Rodinia su-
percontinent resulted in extremely high P fluxes in the global oceans in the
early and middle Neoproterozoic (Cox et al., 2016; Horton, 2015), which might
have increased primary productivity and triggered ocean-atmosphere oxidation
and life explosion during that period (Gernon et al., 2016); (2) The continuous
increases of P contents of igneous rocks affected by long-term mantle cooling en-
hanced primary productivity and photosynthesis, and correlated with the rising
atmospheric oxygen levels throughout geological history (Cox et al., 2018); and
(3) The high TOC values of the Mesoproterozoic Kyalla Formation in Australia
might be related to P enrichment in sedimentary basins caused by the weather-
ing of Derim-Galiwinku LIP (Yang et al., 2020). Our study provides a unique
case to reveal the coupling relationship between biosphere and deep geodynamic
processes driven by volcanism at the local scale.

6 Conclusions

(1) The pre-eruptive magmatic S, Cl and F contents of the early Cretaceous
volcanism in the eastern NCC are 3288 ppm, 7915 ppm and 3132 ppm in Stage
I (the pre-flourishing period of the Jehol Biota); 1083−2370 ppm, 1277−5608
ppm and 893−3746 ppm in Stage II (the flourishing period of the Jehol Biota);
and 1991 ppm, 12315 ppm and 2450 ppm in Stage III (the post-flourishing
period of the Jehol Biota). The total emissions of S, Cl and F are 34−690 Gt,
47−934 Gt and 15−308 Gt in Stage I; 3.6−6.6 Gt, 2.2−4.6 Gt and 2.1−4.0 Gt
in Stage II; and 1−29 Gt, 4−102 Gt and 1−17 Gt in Stage III.

(2) The total amounts of volatiles (S, Cl and F) released by volcanism during
the flourishing period of the Jehol Biota were relatively low and had negligible
impacts on local climate and environment. The large amounts of P input sourced
from the weathering of intermediate-mafic volcanic rocks probably enhanced the
primary productivity of the ecosystem, which might be the important factor to
induce the flourishing of the Jehol Biota.

(3) Volcanic activity in the non-flourishing period of the Jehol Biota emitted
relatively abundant toxic gases, which might cause the deterioration of the local
climate and environment. Combined with the limited P sources (predominately
felsic bedrocks), the living conditions in these two stages are unfavorable for the
species diversification.
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