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a b s t r a c t
To better understand the alteration of volcanic ash in different depositional environments, we measured the clay
mineralogy, major and trace element geochemistry, and Sr and Nd isotopic composition of altered ashes in two
Permian-Triassic boundary (PTB) successions in southern China. The Pengda and Xinmin sections, in Guizhou
Province, represent different depositional settings, allowing us to investigate the role of the early burial environment on authigenic clay formation. The PTB ash beds in both sections consist predominantly of mixed-layer illitesmectite clays. Altered ashes in the relatively shallow Pengda section contain predominantly R2 and R3 I/S clays,
with 70% to 85% illite layers, whereas their stratigraphic equivalents in the deeper Xinmin section contain only R3
I/S clays, which are of two types, with 88% and 99% illite layers, respectively. The two studied ash beds can be
stratigraphically correlated between the Pengda and Xinmin sections, and show similar 143Nd/144Nd ratios
(0.511991 for PD-1 and 0.511983 for XM-1; 0.512073 for PD-2 and 0.512074 for XM-2). REE distributions and
immobile element cross plots are consistent in suggesting that the altered ashes may have originated via felsic
volcanism. Altered ashes in the deep sea Xinmin section have notably high 87Sr/86Sr ratios (0.764209 and
0.795921) relative to those from equivalent horizons in shallower environments (0.728455 and 0.749953).
This difference in 87Sr/86Sr ratios is likely attributable to different degrees of chemical weathering. Elemental ratios such as SiO2/Al2O3, K2O/Al2O3, Y/Sr and Zr/Sr all support more intensive chemical leaching in deep-water environments. The altered ashes at Xinmin contain substantially more K2O than those at Pengda, suggesting greater
incorporation of K+ into clay minerals due to lower pH during early diagenesis. Clay mineral assemblages and
stacking structures of I/S clays in the altered ashes are consistent with a general sequence of smectite illitization
during diagenesis and burial metamorphism in both sections.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The Permian-Triassic boundary (PTB) mass extinction is recognized
as the most serious biotic crisis in the history of life (Erwin, 2006; Chen
and Benton, 2012). A prominent negative carbon isotope excursion is
observed globally at the PTB, and is believed to represent disruption of
the carbon cycle due to extensive volcanic eruptions in Siberia, however
smaller scale, regional volcanism likely also contributed to the PTB biotic crisis (Wignall, 2001; Korte and Kozur, 2010; Shen et al., 2012). The
extensive Permian-Triassic successions of South China contain clustered
⁎ Corresponding author at: State Key Laboratory of Biogeology and Environmental
Geology, China University of Geosciences, Wuhan 430074, China.
E-mail address: honghl8311@aliyun.com (H. Hong).

beds of volcanic ashes, with individual thicknesses ranging from 2 to
40 cm, interbedded with argillite, siliceous mudstone, and carbonate
sediments (Yin et al., 1992; Shen et al., 2012; Fang et al., 2016). Because
these ash deposits can cover large areas, they can potentially be used as
geochronologic and stratigraphic markers in sedimentary successions
(Huff et al., 1991, 1998; Ver Straeten, 2004, 2008; Ddani et al., 2005;
Middleton et al., 2015; Winter, 2015; Huff, 2016).
Each of these clusters is composed of numerous, closely spaced ash
layers, which are often observable at several locations (Zhang et al.,
2004; Shen et al., 2012, 2013a, 2013b; Gao et al., 2013, 2015; He et al.,
2014; Fang et al., 2016). They were formed via the weathering and alteration of distal lava ﬂows and air-fall ashes, in a range of environments, at
different distances from the volcanic center. Alteration of glassy volcanic
ash and pyroclastic ﬂows usually produces bentonites (Ddani et al.,
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2005; Segvic et al., 2014; Huff, 2016). Illite and illite-smectite (I/S) are
also common products of weathering and alteration, and are frequently
interpreted to be the result of illitization of previously formed smectite
(e.g. Amouric and Olives, 1991; Drits et al., 1996; Huggett and Cuadros,
2005; Christidis and Huff, 2009; Dong, 2012; Deconinck et al., 2014;
Middleton et al., 2015).
Volcanic glass is highly reactive in the presence of water, and different authigenic minerals may be formed depending on conditions in the
sedimentary environment (Ddani et al., 2005; Hints et al., 2008;
Cuadros et al., 2013; Huff, 2016); in marine environments, ashes are
typically altered to smectite and I/S clays (Christidis and Huff, 2009;
Deconinck et al., 2014; Huff, 2016). Smectite illitization is generally associated with burial diagenesis, hydrothermal alteration, and contact
metamorphism, and the stacking structure and crystal chemistry of I/S
clay depends on a number of environmental parameters, including the
chemical composition of the parent material, temperature, composition
of hydrothermal ﬂuids, ratio of water to rock, and the duration of the alteration process (e.g. Altaner and Ylagan, 1997; De La Fuente et al.,
2002; Ferrage et al., 2011; Deconinck et al., 2014; Middleton et al.,
2015; Siir et al., 2015).
To employ altered ashes as regional-scale chronostratigraphic
markers in sedimentary successions, it is important to distinguish how
an original parent ash is likely to be altered in different depositional environments (Kiipli et al., 2007). Early diagenetic alteration of
volcanogenic sediments is typically approached via conventional petrographic, sedimentological, mineralogical, and geochemical methods.
However, due to the relatively porous texture of ash deposits, petrological and sedimentological approaches are of limited value. Applying
mineralogical and geochemical techniques might provide more useful
information about diagenetic weathering and alteration processes.
Thin, altered ash beds are common within the Permian and Triassic
successions of South China, in a number of different sedimentary environments, ranging from terrestrial to deep marine (Yin et al., 1992,
2007; Shen et al., 2012, 2016; Yu et al., 2015). Since these ash layers
are concentrated in closely spaced sets, we can rule out major source
material or climatic variations at the time of their deposition, which
considerably reduces the number of potential factors inﬂuencing their
early diagenetic alteration. The aim of this study is to investigate the

mineralogical and geochemical characteristics of altered ashes in two
well-correlated PTB sections in Guizhou, South China, deposited at different water depths (Shen et al., 2013a; Yin et al., 2014). This will
allow us to shed light on the role of depositional facies in controlling
the weathering and alteration of volcanic ashes, and their subsequent
authigenic clay mineralogy.

2. Materials and methods
2.1. Geological background and sampling protocol
Two sections were sampled for this study. The Pengda section is located near Pengda village, Huaxi district, in Guizhou Province, southeastern China (Fig. 1). Several ash layers occur in the Pengda section,
each with a thickness of 3 to 10 cm (Fig. 2). These ashes are interbedded
within a succession of siliceous mudstones, siltstones, and calcareous
argillite, but can be distinguished based on their distinctive color, poor
consolidation, and composition (Fig. 2B). During the earliest Triassic,
the Pengda area represented the transitional zone between a shallow
carbonate platform and the platform margin. Based on the lithology of
the Pengda succession, the presence of shallow-water ammonoid species (e.g., Lytophiceras sp., L. cf. commue, and Ophiceras sinensis), and
the Cruziana ichnofacies indicated by Phycodes (Shi et al., 2009; Chen
et al., 2010), the depositional depth is interpreted to be 100–200 m
(Shi et al., 2009; Chen et al., 2010; Yin et al., 2014).
The Xinmin section is located in the Xinmin valley, Guizhou
Province, southeastern China (Fig. 1). The succession records continuous sedimentation, with thin-bedded argillaceous limestone and siliceous to calcareous mudstone in the Talung Formation and siliceous
mudstone in the overlying Luolou Formation. N10 volcanic ash layers
can be observed in the Xinmin PTB succession, with thicknesses ranging
from 4 to 40 cm (Fig. 2B; Shen et al., 2012). These ashes are interbedded
with 10- to 20-cm-thick calcareous mudstone, siliceous mudstone, or
argillaceous limestone beds (Fig. 2A, B). The section has low thermal
maturity, with a conodont color alteration index (CAI) of b2, corresponding to burial temperatures of 30–90 °C (Shen et al., 2013a, and references therein). The Xinmin section was deposited in deep water

Fig. 1. Paleographic map of South China during the Permian-Triassic transition (~252 Ma), showing locations of the studied sections (modiﬁed from Yin et al., 2014).
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Fig. 2. Stratigraphic correlation between the XM and PD sections, showing equivalent ash beds in the two sections. (A) XM and PD sections correlated using conodont biostratigraphy. (B)
Close-up photographs of equivalent ash beds in the two sections. For the XM section, biostratigraphic and lithological data are from Shen et al. (2013a, 2013b) and Zhang et al. (2014). For
the PD section, data are from Shi et al. (2009), Chen et al. (2010), and Yin et al. (2014).

(~400 m), as indicated by conodont and radiolarian biofacies (He et al.,
2005; Shen et al., 2013a, 2013b; Yin et al., 2014).
At the regional scale, the occurrence of volcanogenic ash layers in
sedimentary successions is controlled by the frequency of volcanic activity, sediment transport and deposition processes, and the distance
of depositional environments from the eruptive center. Conodont

biostratigraphy is the principal means of correlating strata during the
Permian–Triassic transition in South China, and is effective across a
range of sedimentary facies (Chen et al., 2010; Yin et al., 2014; Tian et
al., 2014; Zhang et al., 2014). Two altered ash layers were selected for
this study, both of which can be correlated between the two sections
using conodont biostratigraphy. Both ashes are located slightly above
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the H. parvus zone, within the I. staeschei–I. isarcica zone (Fig. 2; Chen et
al., 2010; Yin et al., 2014; Zhang et al., 2014). Representative clay samples, with a weight of around 500 g, were collected from each of the
ash beds in both sections (Fig. 2).
2.2. XRD analysis
Bulk ash samples were air-dried, then crushed to a powder with a
mortar and pestle. The clay fraction (b 2 μm) was isolated using the sedimentation method, as described by Jackson (1978). Oriented clay samples were prepared by carefully pipetting the clay suspension onto glass
slides, which were air-dried at room temperature. Ethylene glycol treated (EGT) clay samples were prepared to determine the proportion of
expandable clay components, using the vapor treatment method. Oriented clay samples were treated with ethylene glycol for 4 h in an electric oven at 65 °C.
XRD analysis was performed using a Rigaku D/MAX-IIIA diffractometer, with Ni-ﬁltered Cu K radiation (35 kV, 35 mA), a 1° divergence slit,
1° anti-scatter slit, 0.3 mm receiving slit, with 2θ ranging from 3° to 65°
at a scan rate of 4° min−1. Clay minerals were identiﬁed by their characteristic reﬂections (Moore and Reynolds, 1989). Illite was identiﬁed by
the intense (001) reﬂection at 10 Å and (003) reﬂection at 3.3 Å, both
of which remain unaltered after ethylene glycol treatment. Smectite
was identiﬁed by the 15 Å (001) reﬂection under air-dried conditions,
which swells to ~17 Å after ethylene glycol treatment. Mixed-layer I/S
clays have a basal (001) spacing of 10 to 15.5 Å, and can be further distinguished by ethylene glycol treatment. Chlorite is identiﬁed by a basal
(001) reﬂection of 14 Å, and kaolinite is identiﬁed by its (001) and (002)
reﬂections of 7.15 Å and 3.57 Å, respectively. The stacking structures of
I/S clays, and relative proportions of clay minerals in the sample, were
estimated by ﬁtting the measured XRD spectra using the NEWMOD program (Reynolds and Reynolds, 1996).
2.3. Major element analysis
The major element geochemistry of the samples was measured via
X-ray ﬂuorescence (XRF) at the State Key Laboratory of Biogeology
and Environmental Geology, China University of Geosciences. Bulk
clay samples were dried overnight in an electric oven at 60 °C, then
powdered to b200 mesh using an agate mortar and pestle. The powdered samples were dried in an electric oven at 105 °C for 2 h. The
loss-on-ignition (LOI) value was calculated as the difference in weight
before and after the sample was heated to 1000 °C.
Fused pellets were prepared for X-ray ﬂuorescence (XRF) analysis by
mixing 1 g of dry powdered sample with 5 g of dilithium tetraborate.
After homogenization, four drops of 1.5% LiBr were added to the mixture, which was then further mixed with 0.5 ml of polyvinyl alcohol
for 10 min. The mixture was pelleted with a hydraulic press for 3 min
at 0.6 t/cm2, then fused under controlled conditions in a platinum crucible using a Philips Perl' X3 automatic bead machine, and poured into a
platinum mold.
The major element composition of the fused pellets was measured
using a SHIMADZU XRF-1800 sequential X-ray ﬂuorescence spectrometer, with a rhodium tube and a 2.5 kW generator. The detection limit
was ~ 0.01 wt%, and analytical precision (relative standard deviation)
was b 1% for major elements.
The degree of chemical weathering was estimated using the chemical index of alteration:
CIA ¼ Al2 O3 =ðAl2 O3 þ CaO þ K2 O þ Na2 OÞ  100%

ð1Þ

where oxides represent molar proportions, and CaO* represents Ca in
non-carbonate phases. CaO* was calculated by assuming a ﬁxed molar
ratio of CaO/Na2O in silicate minerals (Nesbitt and Young, 1982;
McLennan, 1993).

2.4. Trace element and rare earth element (REE) analyses
Trace element and REE analyses were performed at the State Key
Laboratory of Geological Processes and Mineral Resources, China
University of Geosciences. Samples were digested in Teﬂon bombs
with a mixture of HF + HNO3, following the procedure described in
Liu et al. (2008). For each sample, ~ 50 mg of sample powder was
weighed into a Teﬂon bomb, and then wet with a few drops of ultrapure water. A solution of 1.5 ml HNO3 + 1.5 ml HF was added to the
sample, then the Teﬂon bomb was sealed and heated to 190 °C in an
electric oven for 48 h. After the bomb was opened, the solution was
allowed to evaporate completely at ~115 °C. The residue was suspended
in 1 ml HNO3, then allowed to evaporate a second time. The residual salt
was suspended in ~ 3 ml of 30% HNO3, then resealed in the bomb and
heated to 190 °C for 12–24 h, and lastly diluted to a volume of
~100 ml by adding 2% HNO3 solution. Trace element and REE analyses
were conducted using an Agilent 7500a inductively coupled plasma
mass spectrometer (ICP-MS). The analytical precision (relative standard
deviation) is usually b4% for REEs and Y, and 5–10% for other trace
elements.
2.5. Sr and Nd isotopic analysis
Bulk clay samples were dried overnight in an electric oven at 40 °C,
then powdered to b 200 mesh using an agate mortar and pestle. Rb
and Sr were separated using an AG50w-X8 cation exchange resin column in HCl medium; REEs were separated with a Dowe × 50w × 8 column, also using HCl. Sm and Nd were separated using the two-column
ion exchange technique described by Jahn and Condie (1995). The
ﬁrst cation exchange column was packed with Bio-Rad AG50W-X8,
and was used to separate LREEs; the second exchange column, packed
with Kel-F Teﬂon powder and conditioned and eluded with dilute HCl,
was used to purify Sm and Nd with HDEHP as an exchange medium. Isotopic measurements were performed on a Triton Ti thermal ionization
mass spectrometer (TIMS), at the State Key Laboratory of Geological
Processes and Mineral Resources, China University of Geosciences. The
measured 87Sr/86Sr and 143Nd/144Nd isotopic compositions were normalized to 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively.
During the period of analysis, the NBS987 standard gave an average
87
Sr/86Sr value of 0.710221 ± 10 (2σ), and the La Jolla standard yielded
an average 143Nd/144Nd value of 0.511836 ± 1 (2σ). The precision of
147
Sm/144Nd ratio measurements was ± 0.2%, and procedural blanks
were b1 ng for Sr and ~86 pg for Nd.
3. Results
3.1. Mineral composition of the ash beds
XRD spectra of bulk clay samples, air-dried samples, and EGT clay
fractions are shown in Fig. 3. The mineral compositions of the bulk
clay samples are dominated by mixed-layer I/S clays, with minor quartz,
feldspar, and smectite components. Quartz is common in bulk clay samples from both the PD and XM sections, but is more abundant in samples
from the XM section. Both feldspar and smectite are only present in
samples from the PD section, and are not detected in samples from
Xinmin (Fig. 3A).
XRD spectra of the air-dried clay fractions from the XM section display a strong peak of ~10.5 Å, while samples from the PD section exhibit
two characteristic peaks; one has a d-value of ~15 Å, while the other has
a d-value of ~ 11.5 Å (Fig. 3B). After ethylene glycol treatment, the
~ 10.5 Å peak in the XM samples splits into two peaks, at ~ 9.8 Å and
~11.0 Å, and the ~11.5 Å peak in the PD samples splits into two peaks
at ~9.4 Å and ~13.0 Å. The ~15 Å peak expanded to ~17 Å. These patterns suggest that mixed-layer I/S clays are the dominant clay component, and that smectite is present only in trace amounts in the PD
samples. XM samples appear to contain only mixed-layer I/S clays.
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The relative proportions of clay minerals, and the mixed-layer structures of I/S clays, were determined by ﬁtting the XRD spectra of EGT clay
fractions using the NEWMOD program (Fig. 4). I/S clays show different
types of stacking structures in the PD and XM sections. Samples PD-1
and PD-2 contain both R2 and R3 I/S clays, while samples XM-1 and
XM-2 contain two types of R3 I/S clays. The mixed-layer I/S clays contain
a variable proportion of illite layers, with the R2 I/S clay in samples PD-1
and PD-2 containing 70% illite layers, while the R3 I/S clays contain 85%
illite layers. The two types of R3 I/S clays in sample XM-1 have 89% and
99% illite layers, and those of sample XM-2 have 88% and 99% illite
layers.

from the XM section have signiﬁcantly higher K 2O content (6.59–
6.82%) than those from the PD section (4.24–4.85%). TiO2 content is
generally low (0.44–0.67%), with the single exception of sample
XM-2 (1.36%). Samples from both sections have high and quite uniform MgO content (3.04–3.44%). CaO and Na 2O contents are low,
ranging from 0.08 to 0.42% and from 0.00 to 0.12%, respectively.
The Fe 2O 3 (t) content (2.11–3.23%) is notably lower than that of
soils derived from the weathering of igneous rocks.

3.2. Major element composition

Results of trace element and REE analyses are reported in Table 2. All
ash samples show similar primitive mantle-normalized trace element
distributions, similar chondrite-normalized REE distributions (Fig. 5A),
and pronounced negative Ba, Nb, Ta, Sr, and Ti anomalies (Fig. 5B).
REE distributions are characterized by enrichment in light rare earth elements (LREEs), relatively ﬂat heavy rare earth element (HREE) proﬁles,
and consistently negative Eu anomalies. ∑ REE values in the ash
samples range from 439 to 610 ppm, with ∑LREE and ∑HREE values
ranging from 329 to 457 ppm and from 110 to 153 ppm, respectively.
The ∑LREE/∑HREE ratio is relatively low, and varies within a narrow
range from 2.60 to 3.44, with a mean value of 3.01.

Results of major elemental analyses of bulk clay samples are reported in Table 1. Samples from both sections have rather uniform
major element abundances, with only minor variation between samples. LOI values are relatively high, ranging from 8.74 to 11.73%, consistent with the predominance of clay minerals determined by XRD
analysis. Samples from the PD section have consistently higher LOI
values (10.32–11.73%) than those from the XM section (8.74–
8.75%). SiO2, Al2O3, and K2O content ranged from 52.38 to 56.26%,
22.26 to 25.29%, and 4.24 to 6.82%, respectively. However, samples

3.3. Trace elements and REEs

Fig. 3. XRD spectra of the Xinmin and Pengda ash samples. (A) XRD spectra of bulk samples, showing the mineral assemblage of the ash beds. (B) XRD spectra of the clay fraction, before
and after glycolation.
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Fig. 3 (continued).

3.4. Sr and Nd isotopic compositions
Sr and Nd concentrations and isotopic ratios of all ash samples, as
well as their Rb/Sr ratios, are listed in Table 3. Both Sr and Nd concentrations varied within a narrow range (26 to 41 ppm for Sr, 74 to 92 ppm
for Nd). The 87Sr/86Sr ratios of the ash samples were notably high, and
differed signiﬁcantly between the two sections; samples from Pengda
have relatively low 87Sr/86Sr values (0.728455 and 0.749953) compared
to those from Xinmin (0.764209 and 0.795921). Rb/Sr values also exhibited large differences between the two sections. Samples PD-1 and PD-2
have notably lower Rb/Sr ratios (3.50 and 2.87) than samples XM-1 and
XM-2 (11.3 and 9.59). However, the ash samples had very uniform
143
Nd/144Nd ratios. Samples PD-1 and PD-2 have 143Nd/144Nd values
of 0.511991 and 0.512073, and samples XM-1 and XM-2 have
143
Nd/144Nd values of 0.511983 and 0.512074. The initial 87Sr/86Sr ratios

(ISr) of these ash samples are calculated using an age of 250 Ma, which
yields ISr values of 0.643257 and 0.691119 for XM-1 and XM-2, and
0.692319 and 0.719925 for PD-1 and PD-2, respectively (Table 3).
Since these ratios are in some cases lower than the chondritic
87
Sr/86Sr ratio, they likely do not represent true initial strontium isotope
ratios, and may be an artifact of Rb-Sr partitioning during weathering
(Section 4.1).
4. Discussion
4.1. Weathering and alteration of ash beds in the PD and XM sections
The crystallochemical characteristics of clay minerals in ash beds are
dependent on the initial chemical composition of the volcanic ash and
the composition of the solutions in which weathering and alteration
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Fig. 4. Fitted XRD spectra of the glycolated clay fraction showing the I/S stacking structure and clay mineral composition of the ash beds.

2010; Yang et al., 2012). The felsic nature of the volcanic ashes is also
reﬂected in their Ti versus Zr, TiO2 versus Al2O3, and Zr/TiO2 versus
Nb/Y cross plots (Fig. 6).
Previous investigations of ash beds have suggested that some of the
large ion lithophile elements (e.g. Y and Th) and high ﬁeld strength elements (e.g. Zr, Ta and Nd) tend to be stable during diagenesis
(Pellenard et al., 2003; Fanti, 2009). Th, Zr, U, La, Pb, Nd, Hf, and Gd
are systematically enriched in the studied ash beds, whereas Ba, Pb,
and Sr are depleted, typical of volcanic ashes in sedimentary successions
(Huff et al., 1998; Fanti, 2009). The enrichment of these elements is ascribed to their resistant host minerals (e.g., zircon, apatite, and monazite). Conversely, the depletion of elements may result from the
crystallization of biotite and K-feldspar, as well as the geochemical mobility of alkaline and alkali elements during weathering and alteration
(e.g. Ddani et al., 2005).
The Sm–Nd isotope composition of sediments is predominantly controlled by the lithology of the parent rock; supergene processes such as
chemical weathering, sediment transport, and deposition exert only a
negligible inﬂuence (Borg and Banner, 1996; Weldeab et al., 2002).
Samples PD-1 and XM-1 had very similar 143Nd/144Nd ratios
(0.511991 and 0.511983, respectively), as did samples PD-2 and XM-2

take place. Fresh volcanic ash is highly reactive, and is rapidly altered in
the presence of water (Ver Straeten, 2004; Kiipli et al., 2007; Hints et al.,
2008; Cuadros et al., 2013; Huff, 2016). The transformation of volcanic
ashes into claystones is dependent on the interaction of ash with seawater, the pH and chemistry of pore water, the presence of organic matter,
and microbial activity (Hints et al., 2008; Ver Straeten, 2008; Fang et al.,
2016; Huff, 2016).
The recrystallization of originally amorphous silica ash into new
authigenic silicates involves intensive leaching of mobile elements,
modifying the precursor composition (Hints et al., 2008; Arslan et al.,
2010; Obst et al., 2015). Though weathering and alteration processes
can modify the elemental chemistry of any rock type to varying degrees,
the recrystallization of fresh ashes occurs extremely rapidly compared
to other water/rock interactions (Zielinski, 1985; Christidis, 1998;
Arslan et al., 2010). As a result, the distribution of relatively immobile elements in a bulk ash sample likely reﬂects the chemical composition of
the original volcanic ash. The PTB volcanic ashes of the PD and XM sections have similar REE distributions (Fig. 5A), which resemble those of
other PTB-age ashes originating from felsic arc volcanism (He et al.,
2014). These ashes can be distinguished from those associated with
Siberian Traps volcanism by their Eu anomalies (Fig. 5A; Malitch et al.,

Table 1
Major chemical compositions of the ash beds (wt%).
Sample

SiO2

TiO2

Al2O3

Fe2O3

MnO

MgO

CaO

Na2O

K2O

P2O5

LOI

Sum

CIA

SiO2/Al2O3

K2O/Al2O3

PD-1
PD-2
XM-1
XM-2

52.39
56.26
52.49
52.38

0.55
0.67
0.44
1.36

24.93
22.26
25.29
24.86

2.11
3.23
2.81
2.80

0.00
0.02
0.01
0.09

3.29
3.04
3.36
3.44

0.42
0.23
0.26
0.08

0.12
0.10
0.11
0.00

4.85
4.24
6.82
6.59

0.05
0.05
0.09
0.03

11.73
10.32
8.75
8.74

100.44
100.42
100.43
100.37

80.06
81.15
75.89
77.35

3.57
4.29
3.52
3.58

0.211
0.206
0.292
0.287
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Table 2
Concentrations of trace elements and REE of the ash beds (10−6).
Sample

Li

Be

Sc

V

Cr

Co

Ni

Cu

Zn

Ga

Rb

Sr

Y

Zr

Nb

Sn

Cs

Ba

Ta

Tl

Pb

PD-1
PD-2
XM-1
XM-2

86.1
76.9
9.64
11.5

5.66
4.18
3.64
4.08

15.6
14.1
19.1
35.2

15.3
30.5
16.3
107

43.9
9.89
2.18
6.01

6.75
7.67
4.47
23.1

19.1
19.8
11.8
15.6

15.1
18.3
14.3
23.7

75.9
83.9
48.8
42.3

39.7
31.4
30.0
28.8

143
113
293
278

40.8
39.4
25.9
29.0

95.4
87.0
67.9
74.7

665
509
567
713

29.3
29.0
19.0
29.8

9.53
7.84
10.4
7.27

5.90
4.55
9.49
11.5

180
171
230
284

2.57
2.26
2.61
2.57

0.70
0.57
0.99
1.36

23.2
32.0
19.6
18.9

(0.512073 and 0.512074, respectively). The low 143Nd/144Nd values of
the altered ashes indicate that they are most likely derived from continental crust. The slight difference in the 143Nd/144Nd ratio between
the two sets of correlated ash beds further conﬁrms the stratigraphic
equivalence of PD-1 with XM-1 and PD-2 with XM-2, while suggesting
that they were derived from different episodes of felsic volcanism in a
magmatic arc (Figs. 5A, 6; He et al., 2014).
The chemical index of alteration (CIA) is commonly used to characterize the degree of chemical weathering, reﬂecting the degree to which
feldspars have been altered to clay minerals. The CIA values for feldspar,
illite, and kaolinite are 50, 80, and 100, respectively (Nesbitt and Young,
1982). As shown in Table 1, CIA values of the ash beds are 80.1 and 81.2
for the PD section, and 75.9 and 77.4 for the XM section, indicating that
all ash samples have experienced some degree of alteration. When a
volcanic ash bed is an open system with respect to seawater, the pore
water acts as an ion sink, and creates a favorable environment for
leaching of elements and clay formation (Arslan et al., 2010). Mobile elements are mainly redistributed through the weathering and hydration

Fig. 5. (A) Chondrite normalized REE patterns, and (B) primitive-mantle normalized
incompatible element patterns of the Xinmin and Pengda ash samples. Data for the
Siberian Traps are from Malitch et al. (2010); data for felsic volcanic ashes are from He
et al. (2014).

of volcanic ash, in which clay minerals replace the siliceous glass shards.
These processes drive the release of Si and the formation of clays, as suggested by the relatively low SiO2 and high Al2O3 content of the resulting
deposits (Pellenard et al., 2003). As a result, the SiO2/Al2O3 ratio can be
adopted as a proxy reﬂecting the intensity of weathering and alteration
of glasses during argillization (Kiipli et al., 2007). The SiO2/Al2O3 values
of the PD samples are higher than those of the XM samples (Table 1), indicating a greater degree of alteration in the deepwater ashes. The
transformation of glasses into clays releases Si and is expected to yield
opaline silica and quartz (Kiipli et al., 2007), as supported by our XRD results (Fig. 3A).
As the ratio of K2O to Al2O3 varies considerably between different
types feldspar, micas, and clay minerals, allowing the K2O/Al2O3 ratio
to be used as a proxy for alteration, after the early stages characterized
by Ca and Na removal (Cox et al., 1995). Potassium in plagioclase is
more mobile than that in K-feldspar during alteration; in phyllosilicates
such as mica and illite, potassium is tightly bound within the crystal lattice, making it less mobile than Na during the weathering process. The
K2O/Al2O3 values of 0.211 and 0.206 for the PD samples are notably
lower than those of the XM samples (0.292 and 0.287), suggesting
greater retention of potassium in the I/S clays of the XM samples.
No evidence for feldspar replacement by K-metasomatism in the
burial environment was observed in the XM section, either in the ash
beds themselves or the adjacent strata. We therefore interpret the
greater potassium retention in the clay fraction of the XM samples to reﬂect a greater degree of decomposition of non-clay K-bearing minerals,
such as volcanogenic K-feldspar and mica, which may be the result of
lower pH and better preservation of organic acids (e.g. oxalate and acetate; Hints et al., 2008; Arslan et al., 2010; Li et al., 2016). High Si and K
conditions in the pore water are favorable for K-feldspar stabilization,
whereas low Si and K (corresponding to high H+) environments promote the decomposition of K-feldspar (Hints et al., 2008). Bulk-rock
XRD analysis shows the absence of K-feldspar in the XM samples (Fig.
3A), further supporting this interpretation. In this case, the CIA value
does not fully reﬂect the intensity of weathering.
As 87Rb decays into 87Sr over time, the 87Sr/86Sr value of a sample is
dependent on its initial 87Sr/86Sr ratio, Rb/Sr ratio, and age (Faure,
1986). Additionally, chemical weathering can exert an inﬂuence on
strontium isotope ratios; the 87Sr/86Sr ratio increases with an increasing
degree of chemical weathering (Bullen et al., 1997; Hong et al., 2013,
2016). The 87Sr/86Sr ratios of the PD-1 and PD-2 samples (0.728455
and 0.749953), deposited in shallow water, are notably lower than
those of their equivalents XM-1 and XM-2 (0.764209 and 0.795921),
from a deeper environment. While the Rb/Sr values of ash samples
show a similar trend to their 87Sr/86Sr ratios, the calculated initial
87
Sr/86Sr ratios differ signiﬁcantly between the equivalent ash beds in
different sections (Table 3).
Strontium concentrations in the Pengda samples are markedly
higher than those in the Xinmin samples, while rubidium concentrations are signiﬁcantly lower (Table 1). Rubidium-rich minerals such as
micas and K-feldspars are more resistant to chemical weathering than
strontium-rich minerals, mainly plagioclase and carbonates. Additionally, Rb is typically retained on clay mineral surfaces due to its relatively
large ionic radius (Nesbitt et al., 1980), leading to Rb-Sr fractionation
and an increasing Rb/Sr ratio as the chemical weathering proceeds
(Dasch, 1969). In felsic igneous rocks, the weathering product has its
highest 87Sr/86Sr and Rb/Sr values following the rapid leaching of Sr as
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Th

U

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

Hf

∑REE

∑LREE

∑HREE

∑LREE/∑HREE

47.4
40.6
52.6
49.2

10.9
9.00
8.25
3.83

111
86.7
62.8
68.0

206
160
157
211

25.5
20.8
20.8
25.6

91.9
74.9
73.9
89.9

19.7
16.4
13.0
14.1

2.62
2.04
1.93
2.25

16.9
14.0
9.61
9.08

2.68
2.31
1.63
1.54

15.8
13.8
11.0
11.2

3.11
2.81
2.42
2.60

8.98
8.50
7.76
8.43

1.26
1.27
1.18
1.35

7.63
7.80
7.46
9.06

1.05
1.13
1.10
1.36

17.1
13.6
16.4
19.7

609.53
499.46
439.49
530.17

456.72
360.84
329.43
410.85

152.81
138.62
110.06
119.32

2.99
2.60
2.99
3.44

feldspars break down (Bullen et al., 1997). XRD analysis (Fig. 3a) reveals
that some feldspar is still present in the PD ash samples, but no residual
feldspar was observed in the XM samples, suggesting that the two sections represent different stages of the weathering process. The Rb/Sr
values (11.3 for XM-1 and 9.59 for XM-2) of the XM ash samples are notably higher than those (3.50 for PD-1 and 2.87 for PD-2) of the PD ash
samples, in agreement with the stage after feldspar weathering in the
XM samples. The large differences in the calculated initial 87Sr/86Sr
ratio between equivalent ash beds, and the fact that some ash beds
yield calculated initial 87Sr/86Sr ratios lower than those of geologic reservoirs, can most probably be attributed to Rb-Sr partitioning at different stages of chemical weathering.
Though the two PD ash samples exhibit a similar degree of chemical
weathering, the PD-1 sample contains less smectite, and the I/S clays
show a higher degree of ordering than the PD-2 ash sample (Fig. 4). Intensive chemical weathering and diagenetic ordering of I/S clays will result in decreasing Sr adsorption (Hong et al., 2013), which likely caused
the abnormally low calculated initial 87Sr/86Sr value of the PD-1 ash
sample. The positive correlation between the 87Sr/86Sr and Rb/Sr ratios
of the ash samples (Fig. 7) strongly suggests that a variable degree of
chemical weathering is the best explanation for the difference between
the PD-1 and PD-2 samples, as well as the observed differences in Sr isotope composition between stratigraphically equivalent ashes deposited
at different water depths (Dasch, 1969; Jahn et al., 2001). Though seawater is generally alkaline, deep water has a lower pH value than the
shallow sea (Kiipli et al., 2007), potentially leading to more intensive
chemical alteration and Rb-Sr partitioning. Zr and Y are considered to
be among the least mobile trace elements during weathering, and can
be used to assess the degree of leaching of other elements. The substantially higher Y/Sr and Zr/Sr ratios of altered ashes in the XM section
compared to those in the PD section further support more intensive
chemical leaching in the deep ocean.
4.2. Formation of I/S clays in the ash beds
The alteration of volcanic ash in sedimentary environments can result in a variety of authigenic minerals, depending mainly on the composition of the parent material and the physical and chemical
characteristics of the environment (e.g. pH and dissolved Si activity;
Christidis, 1998; Ddani et al., 2005; Kiipli et al., 2007; Hints et al.,
2008; Arslan et al., 2010; Huff, 2016). In seawater, altered ashes are typically composed of authigenic illite–smectite and/or discrete illite, with
minor amounts of feldspars, kaolinite, chloritic minerals, and primary
volcanogenic phases. Illite and I-S clays in these ash beds are frequently
interpreted as the result of illitization of smectite (Drits et al., 1996;
Meunier et al., 2004). However, under hydrothermal conditions, pyroclastic material may be directly altered to mixed-layer illite-smectite

clays, with predominantly smectite layers (De La Fuente et al., 2000).
During diagenesis, smectite will be altered to illite in the general reaction sequence smectite → random I/S → ordered I/S → illite. The ordering of I/S clays is correlated with the smectite layer content of the I/S
minerals; the I/S structure will change from random (R0) to shortrange ordered (R1), and then to long-range ordered (R3), as I/S interstratiﬁed clays become more illitic (Bethke and Altaner, 1986a, 1986b;
Ferrage et al., 2011; Dong, 2012).
The I/S clays of the altered ash horizons in the two PTB sections have
different clay mineral assemblages, and show different I/S stacking
structures. Ashes in the PD section, deposited in relatively shallow
water, contain mainly R2 and R3 I/S clays, with minor amounts of smectite, while their equivalent beds in the deeper XM section are more illitic, and much more ordered, containing only two types of R3 I/S clays
(Fig. 4). The predominant clay mineral in the altered ashes of both sections is mixed-layer illite/smectite, with varying degrees of ordering
and an illite layer content of 70–99%. However, smectite is also present
in low abundances, in association with R2 and R3 I/S clays in the PD
section.
The I/S clays that form in altered ashes and shales under diagenetic
conditions typically have R0 and R1 ordering structures. Mixed-layer
I/S with N70% illite layers is usually almost entirely R1 ordered,
transitioning to R3-ordered interstratiﬁcation as the illite layer content
increases (Bethke and Altaner, 1986a). Smectite illitization may also
produce I/S clays with trace proportions of smectite (Dong et al.,
1997). The stacking arrangements of I/S clays, and overall clay mineral
assemblages, of ash beds in the PD and XM sections are consistent
with a general sequence of smectite to illite transformation during diagenesis, which implies a smectitic origin for the I/S clays.
A progressive transformation of smectite to illite in I/S clays will
gradually increase the proportion of illite layers. The ash layers in the
PTB successions of South China occur in clusters, with several ash horizons in an interval of a few centimeters to meters. However, within
these clusters, ash layers containing I-S clays with few smectite layers
often occur in close stratigraphic proximity to those with a relatively
high proportion of smectite layers (Hong et al., 2008). These differences
in the proportion of illite layers are unlikely to be entirely attributable to
different burial temperatures at the time of deposition. Kiipli et al.
(2007) suggested that authigenic clay minerals in volcanic ash are
formed during early diagenesis, and that the principal silicate composition of the ashes is determined by environmental conditions during initial devitriﬁcation of pyroclastics.
Environmental conditions that control the porosity and permeability
of sediments, and their pore water chemistry, exert signiﬁcant inﬂuence
on weathering and alteration (Khalifa and Morad, 2015). Based on observations from this study and from Kiipli et al. (2007), we propose a
modiﬁed model, in which the authigenic clay mineral composition is

Table 3
Sr and Nd isotopic concentrations of the ash beds.
Sample

87

Sr/86Sr

±2σ

Rb (ppm)

Sr (ppm)

87

Rb/86Sr

PD-1
PD-2
XM-1
XM-2

0.728455
0.749953
0.764209
0.795921

0.000007
0.000005
0.000007
0.000004

143
113
293
278

40.8
39.4
25.9
29.0

10.2
8.33
32.9
28.0

(87Sr/86Sr)initial

±2σ

143

Nd/144Nd

0.692319
0.720321
0.647166
0.696435

0.000007
0.000005
0.000007
0.000004

0.511991
0.512073
0.511983
0.512074

±2σ

Rb/Sr

Y/Sr

Zr/Sr

0.000005
0.000003
0.000002
0.000005

3.50
2.87
11.3
9.59

2.34
2.21
2.62
2.58

16.3
12.9
21.9
24.6

Note: (87Sr/86Sr) initial = (87Sr/86Sr) − (87Rb/86Sr)(eλt − 1), where λ = 0.00654 Ga−1, t = 0.250 Ga.
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Fig. 7. Crossplot of 87Sr/86Sr vs. Rb/Sr in the ash beds.

(Nadeau and Reynolds, 1981; De La Fuente et al., 2002; Kiipli et al.,
2007; Gunal-Turkmenoglu et al., 2015). This results in greater incorporation of K+ into clay minerals in deep-water environments, promoting
the illitization of smectite.
Other reactions occurring in deep water could also contribute to a
decrease in pH, especially if pore waters were reducing. Oxidation of
Fe(II) (2Fe2+ + O2 + H2O = Fe2O3 + 2H+), and transformation of
HS− to SO24 − (HS− + 2O2 = H+ + SO24 −) at or near the sedimentwater interface could have temporarily lowered the local pH during
ash deposition. Ocean acidiﬁcation and reducing conditions are both
known to have occurred in South China around the PTB (Riccardi et
al., 2006; Song et al., 2013), and may have contributed to low pH at
the Xinmin section.
The substantially higher K2O content of samples XM-1 (6.82%) and
XM-2 (6.59%) relative to PD-1 (4.85%) and PD-2 (4.24%) suggests that
the crystal-chemical characteristics of I/S clays in the altered ashes
were predominantly controlled by the depositional environment and
early burial diagenetic processes. In addition to α(H+) and α(K+), the
activity of dissolved Si can also systematically affect the formation of
clays during glass devitriﬁcation. Pelagic clays tend to absorb dissolved
Si to varying degrees, depending on clay type, ionic strength, and pH.
Shallow-water platform environments with relatively high Si activity
are more likely to experience devitriﬁcation of volcanic glasses, and
preferential formation of feldspar-type minerals, than deep-water environments with low Si activity (Kiipli et al., 2007), which is consistent
with XRD results from the Pengda section.
5. Conclusions

Fig. 6. Plots of (A) Ti versus Zr (after Pearce, 1982), (B) TiO2 versus Al2O3 (after Zhou and
Kyte, 1988), and (C) Zr/TiO2 versus Nb/Y (after Winchester and Floyd, 1977). Data for the
Siberian Traps are from Malitch et al. (2010); data for the Meishan, Chaotian, Shangsi,
Dongpan and Rencunping felsic volcanic ashes are from He et al. (2014).

controlled primarily by pH and related chemical variation in the diagenetic environment (Fig. 8). The pH of modern seawater decreases from
~8.4 at the surface to ~7.4 below the thermocline (N 200 m), due to the
uptake of CO2 in surface water by biological productivity and
remineralization of organic matter in deeper water (Bearman, 2001;
Kiipli et al., 2007). The relatively low pH of deep-water environments
favors dissolution of fresh unstable carbonates, consuming H+ from
sediment pore water and raising the pH as well as the K+/H+ ratio

The altered ash beds considered in this study were found to have low
and relatively consistent 143Nd/144Nd values. Each of the two
stratigraphically correlated ash beds showed very similar 143Nd/144Nd
ratios in the PD and XM sections, with values of 0.511991 and
0.511983 for the lower ash bed, and 0.512073 and 0.512074 for the
upper ash bed. REE distributions and plots of Ti versus Zr, TiO2 versus
Al2O3, and Zr/TiO2 versus Nb/Y are consistent in suggesting that the
ashes are derived from felsic volcanism. However, the ash beds do
have unusually high 87Sr/86Sr ratios. The PD samples, deposited in a
shallow water environment, have lower 87Sr/86Sr values (0.728455
and 0.749953) than their stratigraphic equivalents in the XM section,
from a deeper environment (0.764209 and 0.795921). The difference
in 87Sr/86Sr ratios between the two sections strongly suggests that
ashes deposited in deep water experienced much more intensive chemical weathering than those in shallow environments, a process that is
also reﬂected in the notable difference in Rb/Sr ratios between sections.
Elemental ratios, including SiO2/Al2O3, K2O/Al2O3, Y/Sr, and Zr/Sr all
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Fig. 8. Schematic diagram illustrating variation in pH and related biological and chemical processes in marine environments (modiﬁed from Kiipli et al., 2007). The red shaded region
represents the range of variation in pH in the modern ocean. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

indicate a greater intensity of chemical leaching in deep-water environments. The higher K2O content of deep-water samples likely reﬂects
greater incorporation of K+ into clay minerals due to the lower pH of
the early diagenetic environment.
I/S clays in the altered ashes exhibit different mineral assemblages
and stacking structures in shallow and deep-water environments. Altered ashes in the shallower PD section contain predominantly R2 and
R3 I/S clays, with 70% and 85% illite layers, in addition to trace amounts
of smectite. Their stratigraphic equivalents in the deeper XM section
contain only R3 I/S clays, which appear to be of two types, containing
88% or 99% illite layers. The stacking structures of I/S clays, and overall
clay mineral assemblages of the altered ashes, are consistent with a general sequence of smectite illitization during early diagenesis, and are
thus indicative of a smectitic origin.
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