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Tuff intervals of Upper Triassic Yanchang Formation are laterally widespread in the Ordos basin, Central
China. This paper focuses on magmatic origins and potential source regions of these tuff intervals through
detail depositional, petrographic and geochemical analyses. Most of the tuff intervals are well-docu-
mented at the bottom of the Chang7 oil reservoir unit and can be correlated laterally, and certain tuff
beds are reworked by turbidity current or seismic activity. Petrographic studies of the Chang7 tuffs indi-
cate that they are composed of crystal shards, lithic shards and altered glass shards, and the crystal shards
include plagioclase, quartz and biotite. Alteration of the Chang7 tuffs is ubiquitous, thus, most of these
tuffs transformed into illite/smectite (I/S) mixed-layers which are identified by scanning electron micros-
copy (SEM) and X-ray diffraction (XRD). Less common minerals are also detected in the Chang7 tuffs such
as zircon, hematite, siderite, anatase. Major elements are determined by the X-ray fluorescence (XRF)
analysis, the results indicate that the Chang7 tuffs are enriched in K2O (average 4.21%), the ratio of
SiO2/Al2O3 ranges from 1.73 to 2.85 (average 2.17), and the ratio of TiO2/Al2O3 varies between 0.006
and 0.032 (average 0.017), which imply that the Chang7 tuffs originated from a felsic parental magma.
Trace elements are determined by inductively coupled plasma mass spectrometry (ICP-MS), indicating
the total rare earth element (

P
REE) concentrations are variable, and range from 117.46 to 466.83 ppm

(average 251.88 ppm). REE distribution pattern of the Chang7 tuffs presents a LREE rightward incline
with flat HREE curve. The value of dEu ranges from 0.151 to 0.837 (average 0.492), suggesting a strong
to weak negative Eu anomaly. The Chang7 tuffs show positive anomalies in Rb, Th and U and negative
anomalies in Nb, Sr and Eu on a primitive mantle normalized spidergram. A preliminary analysis of
the geochemical composition of the Chang7 tuffs suggests a parental magma origin of rhyodacite/dacite,
which came from volcanic arc-related setting along an active continental margin. Combined with the
chronology and geochemical studies of the synchronous Tianshui rhyolite in the West Qinling Mountains,
we propose that the west Qinling Mountains is one of the potential source regions of these tuffs, and the
Middle-Late Triassic terminal closure of eastern Tethys provided the arc-related magma.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Explosive volcanic eruptions can produce large amounts of fine-
grained pyroclastic materials which may spread laterally by wind
drift over large areas (Kolata et al., 1987; Huff et al., 1992; Königer
and Lorenz, 2002; Königer et al., 2002; Huff, 2008). The volcanic
ashes are preserved when deposited in marine and nonmarine sed-
imentary basins, and subsequently altered to clay minerals during
diagenetic processes (Huff et al., 2010). However, based on the
morphology, composition and mineralogy of unaltered pheno-
crysts in the volcanic ashes, the magmatic and tectonic setting of
the source volcanoes can be inferred (Sharma et al., 2005; Su
et al., 2009; Huff et al., 2010; Sell and Samson, 2011). The relatively
immobile element compositions of the altered volcanic ashes can
also be used to determine the tectonomagmatic setting of the
parental magma by applying tectonic and magmatic discrimina-
tion diagrams (e.g. Huff et al., 1992; Kramer et al., 2001; Königer
and Lorenz, 2002; Foreman et al., 2008; Fanti, 2009).

The Middle-Late Triassic closure of the east Tethys along the
Mianlue suture belt was proposed owing to the presence of discon-
tinuous ophiolite suites (Zhang et al., 1996; Lai et al., 1998; Dong
et al., 2011), and the diachronous collision between Yangtze and
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North China blocks from the Late Permian in the east to the Mid-
dle-Late Triassic in the west is proposed by various workers (Zhao
and Coe, 1987; Yin and Nie, 1993; Zhang et al., 1996; Zhu et al.,
1998; He et al., 2007). The collision facilitated the uplift of the Qin-
ling Mountains, and induced the development of synchronous fore-
land basin in the southwestern Ordos area (Zhang et al., 1996; Liu,
1998; Meng and Zhang, 1999). This mountain building event was
recorded by widespread magmatism and metamorphism (Zhang
et al., 1996), and a number of syn/post-collisional Indosinian gran-
ites have been studied in the west Qinling Mountains by many
workers (Sun et al., 2002; Wang et al., 2007; Qin et al., 2008,
2009; Zhu et al., 2011), however, arc-related volcanic rocks of this
age are yet to be reported from the area. Fortunately, many con-
temporaneous Yanchang Formation tuff intervals are preserved
in the Ordos basin, especially at the bottom of the Chang7 oil res-
ervoir unit, which represent frequently volcanic eruptions. The
Chang7 tuffs can be traced easily due to their logging signatures
of high gamma-ray (GR), sonic velocity (AC) and resistivity (R),
and low self-potential (SP) (Zhang et al., 2006; Deng et al., 2008;
Qiu et al., 2009), and the Chang7 tuffs present positive thorium
(Th) anomaly that are revealed by natural gamma spectrometry
logging data (Qiu et al., 2010). According to the drill core data
and logging signatures, we created a preliminary isopach map of
the Chang7 tuffs in the Ordos basin (Fig. 1a, Qiu et al., 2009), which
shows clear decrease in the total Chang7 tuffs thickness toward the
northeast, indicating that the original volcanic sources must have
Fig. 1. (a) Isopach map (in meters) of the Chang7 tuff intervals in Ordos basin (after Qiu
Ordos basin Ch = Chang.
come from the southwestern part or southern part out of the pres-
ent Ordos basin. The mineralogical and chemical compositions of
the altered Chang7 tuffs tend to be very useful tools for decipher-
ing the tectonomagmatic setting of the potential volcanic sources.

Although the tuff intervals in the Yanchang Formation have
been recognized as very useful stratigraphic correlation tools by
earlier workers (e.g. Deng et al., 2008; Qiu et al., 2009; Zhang
et al., 2009; Li et al., 2009; Zou et al., 2012), their petrographic
and geochemical data are limited. In this paper, the depositional,
petrographic and geochemical data of the Chang7 tuffs in the Or-
dos basin is documented. We mainly focus on the tectonomagmat-
ic setting of parental magma, and probe the potential volcanic
sources of these tuffs.
2. Geological setting

The Ordos basin is an important nonmarine petroliferous basin,
which accounts for about one third of the total oil and gas output of
China and has huge resource potential (Yang and Deng, 2013).
Mesozoic–Cenozoic Ordos basin developed on the Paleozoic North
China craton, on top of a Paleoproterozoic crystalline basement
(Wan et al., 2013), which is bounded by poly-phase mountain
belts: the east–west trending Yinshan Mountains to the north
and Qinling Mountains to the south, the south-north trending Tai-
hang Mountains to the east and western Ordos thrust belts (Liu
et al., 2009) and (b) stratigraphic column of Upper Triassic Yanchang Formation in
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et al., 2008; Johnson and Ritts, 2012). A series of Cenozoic rift ba-
sins separate the Ordos basin from adjoining mountains (Fig. 1a).
In the Early-Middle Triassic, the area now defined as the Ordos ba-
sin was part of the North China intracratonic depression (Liu et al.,
2008), and by the Late Triassic the southwestern Ordos basin had
evolved as a foreland basin that was characterized in its asymmet-
ric cross-section by low-gradient northeastern and high-gradient
southwestern flanks (Liu, 1998; Liu and Yang, 2000). Rapid uplift
of the Qinling area was associated with a rapid subsidence of the
southern Ordos basin during the Late Triassic, which resulted in
molasse deposition with a thickness over 2.8 km that was named
as ‘‘Kongtongshan’’ conglomerate (Song et al., 2009). Upper Triassic
Yanchang Formation is dominated by alluvial fan, alluvial plain,
deltaic, fluvial and lacustrine complexes (Li et al., 2009; Zou
et al., 2012), and the Yinshan and Qinling Mountains were thought
to be the primary provenances for the Upper Triassic fluvial-deltaic
sequences in the Ordos basin (Liu et al., 2008; Zou et al., 2012).

The sedimentary deposit of the Upper Triassic Yanchang Forma-
tion comprises sandstones, siltstones, mudstones and tuff intervals
with a preserved thickness of about 1000–1300 m (Fig. 1b). For
exploration and exploitation purposes, the PetroChina Changqing
Oilfield Company subdivided the Yanchang Formation into 10
informal oil reservoir units named Chang10 to Chang1 from the
bottom to the top by marker beds, sedimentary cycles or litholog-
ical association (Fig. 1b) (Li et al., 2009; Zou et al., 2012), these oil
reservoir units are conformity contact with each other. The Chang7
lacustrine black shale is used to be as an important maker bed in
the Yanchang Formation due to its logging signatures of high GR
and low SP (Fig. 3) (Zhang et al., 2006; Qiu et al., 2009), it ranges
in thickness from 30 to 60 meters (m) at the bottom of Chang7
oil reservoir unit, and has been proved to be as dominant high
Fig. 2. Chang7 tuff intervals in outcrop sections and cores, (a) Hejiafang section; (b) Shiw
Ning39.
quality hydrocarbon source rock for most of Mesozoic oil–gas res-
ervoirs in the Ordos basin (Zhang et al., 2006; Yang et al., 2010; Ji
et al., 2010). Concurrent with the Chang7 black shale is the depo-
sition of many tuff intervals, and the depocenter of the Yanchang
period paleo-lake contains tuff intervals with a maximum total
thickness which are preserved due to low energy depositional con-
ditions (Deng et al., 2008; Qiu et al., 2009), and the thickness dis-
tribution of the Chang7 tuffs tend to be decrease toward
northeastern part of the Ordos basin (Fig. 1a), suggesting that the
volcanic sources could be near to the Qinling Mountains. Tuff sam-
ples for this study are collected from the bottom of the Chang7 oil
reservoir unit.
3. Depositional environment of the Chang7 tuffs

Generally, the preservation condition of tuff intervals is strongly
influenced by the depositional environment and intrabasinal pal-
aeogeographic framework (Haaland et al., 2000; Königer and Lor-
enz, 2002; Königer et al., 2002). In nonmarine environment, the
highest preservation potential of the tuff intervals occurs in lakes
where lack of or only very minor reworking (Königer and Lorenz,
2002), but some tuff intervals are still commonly reworked by tur-
bidity current or seismic activity at numerous localities (Haaland
et al., 2000; Grevenitz et al., 2003; Saylor et al., 2005).

The individual beds of the Chang7 tuffs vary in thickness
from 0.2 to 45 cm (cm), with tabular geometry in outcrop sec-
tions (Fig. 2a–c), which show yellow in color that can be easily
distinguished from the siliciclastic ‘‘background’’ sediments. The
top and the base of these beds are often mudstone-dominated
or capped by black shales (Fig. 2a and b). In drill cores, the
anghe section; (c) Yanhe section; (d) Well Zhuang80; (e) Well Bai270 and (f) Well
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Chang7 tuff intervals show variation in color from yellowish to
brown, and most of them are tabular and inter-layered within
black shales, which represent wind-transported volcanic ashes
deposited in sub-aqueous conditions. Some Chang7 tuff intervals
capped with sandstone at the base and black shale on the top,
respectively (Fig. 2d), suggesting their association with turbi-
dites. Some deformed tuff intervals associated with black shales
have been found (Fig. 2e and f), indicating a local reworking due
to slumping or down-slope deposition. Considering the turbidites
and seismites have been reported in the Chang7 oil reservoir
unit by numerous workers (e.g. Chen et al., 2006; Li et al.,
2007; Xia and Tian, 2007; Fu et al., 2008; Yang et al., 2010;
Zou et al., 2012; Qiu et al., 2013), we propose that the swirly
Chang7 tuff intervals were reworked by the post-depositional
turbidity current or seismic activity, thereby stratigraphic corre-
lation of the Chang7 tuff intervals should be attempted with
caution due to effects of reworking, an absence of obviously log-
ging signatures in one or several wells represent an absence of
tuff intervals or those tuffs have been reworked.
Fig. 3. Tuffs, turbidites and seismites coexist in
More than 80 tuff beds at the bottom of Chang7 oil reservoir
unit of the Well Ning33 drill core are identified, the individual
bed ranges in thickness from <1 cm to 40 cm, and has a total thick-
ness of 2–3 m (Fig. 3). Interestingly, the Chang7 tuff intervals are
associated with plentiful turbidites that are characterized by
incomplete Bouma sequences, and considerable typical seismites
that are identified by syn-depositional deformation structures,
which coexist in the Chang7 oil reservoir unit of the same well sec-
tion (Ning 33) (Fig. 3). These features suggest that the event depo-
sition of the unit were facilitated by synchronous volcanic
eruptions.
4. Samples and analytical methods

4.1. Samples selection

Petrographic and geochemical analyses have been performed
on the Chang7 tuffs which are from drill cores locating at the
Chang7 oil reservoir unit of Well Ning33.



Fig. 4. Characteristics of the Chang 7 tuffs under a single polar microscope, (a) lithic shard, vitric shard and plagioclase in Well Zhuang80; (b) anatase in Well Zhen33; (c)
vitric shard and biotite in Well Ning42; (d) zircon in Well Zheng7; (e) organic matter associated with tuffs in Well Zheng11; (f) quartz and biotite in Well Bai270. LS = lithic
shard, VS = vitric shards, Q = quartz, Pl = plagioclase, Bi = biotite, Zi = zircon, OM = organic matter, An = anatase.

Table 1
Mineral composition from XRD analysis of the Chang7 tuffs in Ordos basin. Note: samples CT01, CT03, CT10, CT13, CT15 are the same as Table 2.

Sample Mineral compositions (wt%)

CT01 I/S mixed layer 57; smectite 4; quartz 24; calcite 2; siderite 7; feldspar 4; undetected 2
CT03 I/S mixed layer 67; illite 4; quartz 4; plagioclase 8; calcite 4; hematite 8; undetected 2
CT10 I/S mixed layer 58; smectite 4; quartz 18; plagioclase 18; undetected 2
CT13 I/S mixed layer 89; kaolinite 4; quartz 3; anatase 2; undetected 2
CT15 I/S mixed layer 55; illite 8; kaolinite 6; quartz 4; plagioclase 17; calcite 2; hematite 5; undetected 3

ig. 5. Representative XRD pattern of the Chang 7 tuffs in Ordos basin, samples
T01, CT03, CT10, CT13, CT15 are the same as Table 2. I/S: illite/smectite; I: illite; Q:
uartz; Pl: plagioclase; Ka: kaolinite; He: hematite; Si: siderite; Ca: calcite; An:
natase.
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southwestern Ordos basin. Due to the pervasive alteration and
some reworking of the tuff intervals, care was taken to samples
only tuff with primary fallout characters and samples containing
organic matter was avoided.

4.2. Thin section analyses

Tuff samples from drill cores were sent to the Xi’an Institute of
Geology and Mineral Resources for making slices, and the thin sec-
tions were studied under a microscope by standard techniques to
identify the minerals and for modal analyses at the Department
of Geology, Northwest University, China.

4.3. XRD and SEM

Pulverized tuff samples of the fraction <2 lm were determined
for the total mineral compositions by X-ray diffraction (XRD) at the
Xi’an Institute of Geology and Mineral Resources. Small blocks of
the Chang7 tuffs were coated with gold and then observed using
a scanning electron microscopy (SEM), in order to obtain typical
crystal habit data (including that of clay minerals) at the Depart-
ment of Geology, Northwest University, China.

4.4. Chemical analyses

Fresh tuff and rhyolite samples were powdered to a 200 mesh
using a tungsten carbide ball mill at the State Key Laboratory of
Continental Dynamics (SKLCD) in Northwest University, China.
Major and trace elements of the Chang7 tuffs and rhyolites were
F
C
q
a



Fig. 6. Clay mineral characteristics of the Chang7 tuffs under a SEM, (a) I/S mixed-layer in Well Zhen59; (b) plagioclase in Well Feng4; (c) I/S mixed-layer in Well Zhuang80;
(d) illite in Well Li51; (e) illite in Well Zhen44 and (f) plagioclase in Well Ning33. I/S: illite/smectite; Pl: plagioclase.
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determined by XRF (Rikagu RIX 2100) and ICP-MS (Agilent 7500a),
respectively. Analyses of International Standards (BHVO-2 and
AGV-2) indicate that analytical precision and accuracy for major
elements are generally better than 5%. For trace element analysis,
sample powders were dissolved using a mixture of HF + HNO3 in
high-pressure Teflon bombs at 190 Celsius degree for 48 h. Analyt-
ical precision is better than 5% for the majority of trace elements.

4.5. Zircon U–Pb dating

Rhyolite zircon dating was carried out at the LA-ICP-MS labora-
tory of the SKLCD. An Agilent 7500a quadruple (Q)-ICPMS instru-
ment was used for simultaneous determination of zircon U–Pb
age and trace elements with a 193 nm excimer ArF laser-ablation
system attached. The detailed analytical procedure is described
in Liu et al. (2010). The 206Pb/238U ages were calibrated using zir-
con 91500 (206Pb/238U age = 1064 Ma; Yuan et al., 2004) as external
standard. The fractionation correction and results were calculated
using GLITTER 4.0. Subsequently, the method of Andersen (2002)
was used to perform common Pb correction. The concordia plot
was processed using ISOPOT 3.0 (Ludwig, 2003). The trace element
analysis was performed simultaneously with the U–Pb age analy-
sis. Trace element compositions of zircons were calibrated against
multiple-reference materials combined with the Si in NIST610
glass as the internal standard (Liu et al., 2010). The accuracy of
analyses is better than 10% for the majority of trace elements.

5. Results

5.1. Petrography

The Chang7 tuffs are matrix-supported and mainly consist of
crystal, lithic and less altered vitric shards, which are revealed by
detailed thin section examination (Fig. 4). The lithic shards are sub-
rounded to subangular ranging in width from 0.02 to 0.5 mm
(mm), which are probably derived from pre-existing rocks or
incorporated into the tuffs during volcanic eruptions (Fig. 4a, c
and d). Sporadic lenses of randomly orientated residual vitric
shards occur in the Chang7 tuffs (Fig. 4a and c). The crystal shards
are composed by a variety of euhedral to subeuhedral minerals
including quartz, plagioclase and biotite, which present well to
poorly sorted. The dominantly euhedral quartz grains range in
diameter from <0.02 to 0.5 mm, and rarely show undulose extinc-
tion (Fig. 4a–c). Rare rounded quartz grains also occur in the
Chang7 tuffs, which are probably owing to syn-depositional detri-
tal grains or contamination during local reworking. The angular or
elongate plagioclase commonly ranges in length from 0.01 to
0.5 mm, and presents oscillatory zonation (Fig. 4a and b). Zircon
and biotite occur as rare (<0.5% modal) accessory minerals
(Fig. 4c, d and f). Anatase occurs occasionally in Fig. 4b. Normally
graded tuff intervals appear in drill cores, which show gradually
fining upward (Fig. 4d). The altered Chang7 tuffs often occur as in-
ter-layer within laminated organic matter (Fig. 4e).

Mineral compositions from XRD analyses are listed in Table 1.
Representative XRD diagrams are shown in Fig. 5. The Chang7 tuffs
are dominated by clay minerals (61–93%), in which the illite/smec-
tite (I/S) mixed-layer accounts for 55–89%. The amount of quartz
varies between 3% and 24% in the Chang7 tuffs. Samples CT03,
CT10 and CT15 contain some plagioclase (8–18%). Low content of
calcite (2–4%) is detected in samples CT01, CT03 and CT15. Sam-
ples CT03 and CT15 contain hematite of 8% and 5%, respectively.
Minor siderite (7%) and feldspar (4%) are detected in sample
CT01. Sample CT13 has a low content of anatase (2%).

Scanning electron microscope (SEM) reveals a typical I/S mixed-
layer texture with curled and lighter edges (Fig. 6a–e), some illites
are characterized by a flaky texture (Fig. 6d and e), and plagioclases
can be observed in Fig. 6b and f, which confirm that the I/S mixed-
layer is dominated in the Chang7 tuffs.

The mineral compositions of the Chang7 tuffs indicate vitric
shards of volcanic ash altered extensively into clay minerals that
are sensitive to the thermal conditions and geochemical environ-
ments (Grevenitz et al., 2003). Some studies revealed that the I/S



154 X. Qiu et al. / Journal of Asian Earth Sciences 80 (2014) 148–160
mixed-layer in tuffs as well as shale is a diagenetic product of
smectite alteration, and the I/S mixed-layer further alter to Chlo-
rite/Smectite (C/S) mixed-layer under a low grade metamorphic
condition (Huff et al., 1997). Thus, the high contents of illite-
semectite mixed-layer in the Chang 7 tuffs indicate middle to late
stages of normal diagenetic alteration without any imprint of low
grade metamorphism.
Table 2
Major (%) and trace (ppm) element data of the Chang7 tuffs in Ordos basin. Note: dEu = EuCN

McDonough (1989);
P

REE means total rare earth elements.

Sample CT01 CT02 CT03 CT04 CT05 CT06 CT07
Well name Ning33 Ning33 Zhuang80 Zheng11 Zheng11 Mu9 Bai270
Depth (m) 1744.7 1722 2034.5 927 926.5 2311.7 2061.65

SiO2 59.81 56.12 51.86 54.11 60.71 53.50 55.29
TiO2 0.29 0.17 0.80 0.27 0.23 0.48 0.17
Al2O3 20.97 26.24 30.06 27.79 22.44 25.77 28.07
TFe2O3 3.48 2.69 1.51 2.50 1.74 3.95 1.71
MnO 0.03 0.01 0.01 0.01 0.01 0.02 <0.01
MgO 1.77 1.46 1.35 2.04 1.00 1.77 1.12
CaO 1.02 0.76 0.70 0.39 1.26 0.48 0.41
Na2O 0.72 1.15 1.00 0.66 1.50 0.89 1.06
K2O 4.00 3.97 5.35 5.61 4.49 3.35 3.40
P2O5 0.08 0.05 0.13 0.07 0.11 0.19 0.07
LOI 7.35 6.99 6.80 6.75 6.03 9.12 8.62
Total 99.52 99.61 99.57 100.20 99.52 99.52 99.92
SiO2/Al2O3 2.85 2.14 1.73 1.95 2.71 2.08 1.97
TiO2/Al2O3 0.0138 0.0065 0.0266 0.0097 0.0102 0.0186 0.0061
Li 10.9 17.6 13 8.38 25.2 27.2 6.5
Be 4.65 4.43 4.95 9.39 8.51 3.31 6.81
Sc 6.97 11.6 9.26 8.51 5.55 12.1 4.76
V 19.4 24.2 59.2 23.1 20.9 48.8 20.3
Cr 4.78 13 20.2 5.88 19.9 21.9 3.78
Co 40.5 36.9 6.63 3.47 1.51 14.2 4.28
Ni 1.5 8.02 8.12 5.61 8.71 10.1 3.47
Cu 8.94 11 17.4 8.04 6.56 30.7 7.58
Zn 43.5 103 61.1 75.7 64 166 102
Ga 24.9 29.6 30.2 32.2 30.8 27.1 39.3
Ge 1.66 1.21 1.21 1.36 1.46 1.79 1.33
Rb 143 129 111 180 241 129 113
Sr 486 219 363 717 186 149 229
Y 30.4 20.1 24 42.1 48.4 22 44.5
Zr 240 183 323 306 208 194 175
Nb 14.5 11.8 16.5 15.4 17.9 11.6 9.96
Cs 9.64 10.1 9.12 17.5 7.5 7.57 11.7
Ba 963 1393 1295 1447 549 853 763
La 57.6 26.6 49.2 25.5 49.3 36.1 80.2
Ce 120 57.4 82.1 56.8 98.4 77.6 174
Pr 12.5 6.52 7.33 5.72 10.1 8.54 18.6
Nd 45 25.5 24.6 20.2 35.4 32.2 68.2
Sm 8.17 5.77 4.35 3.8 7.12 6.58 14.5
Eu 0.66 1.02 0.5 0.75 0.74 0.92 0.8
Gd 6.43 4.72 3.43 3.54 6.23 4.92 11.8
Tb 1.03 0.74 0.57 0.67 1.09 0.73 1.83
Dy 6.03 4.07 3.68 5.02 7 4.08 10.2
Ho 1.23 0.77 0.84 1.28 1.58 0.82 1.95
Er 3.25 1.88 2.63 4.16 4.73 2.24 4.85
Tm 0.47 0.27 0.43 0.69 0.77 0.33 0.64
Yb 2.92 1.6 2.9 4.52 5.27 2.09 3.7
Lu 0.4 0.22 0.43 0.68 0.78 0.31 0.48
Hf 7.4 6.97 9.87 9.2 6.99 6.5 11
Ta 1.95 1.64 2.4 2.57 4.43 1.8 3.9
Pb 50 58.4 55.5 50.6 58.5 9.67 81.1
Th 51.7 22.4 42.9 47.6 56.3 19.3 57.8
U 10.1 6.32 9.04 7.89 16.7 8.04 16.1
P

REE 265.69 137.08 182.99 133.33 228.51 177.46 391.75
dEu 0.28 0.60 0.40 0.63 0.34 0.49 0.19
LREE/HREE 11.21 8.61 11.27 5.48 7.32 10.43 10.05
(La/Yb)CN 14.15 11.93 12.17 4.05 6.71 12.39 15.55
(La/Sm)CN 4.55 2.98 7.30 4.33 4.47 3.54 3.57
(Gd/Lu)CN 1.99 2.65 0.99 0.64 0.99 1.96 3.04
Zr/Hf 32.43 26.26 32.73 33.26 29.76 29.85 15.91
Nb/Ta 7.44 7.20 6.88 5.99 4.04 6.44 2.55
5.2. Major elements

During diagenetic alteration of volcanic ashes, Al2O3, CaO, total
Fe2O3 and P2O5 are enriched, whereas SiO2, Na2O and K2O are com-
monly depleted, concentrations of MgO, MnO and TiO2 are almost
unaffected (Spears and Rice, 1973). In the Chang7 tuff samples,
SiO2 and Al2O3 account for about 80% of the total major element
content (Table 2). The ratio of SiO2/Al2O3 (weight) ranges from
/(SmCN � GdCN)1/2; CN = Chondrite Normalized; the normalization value after Sun and

CT08 CT09 CT10 CT11 CT12 CT13 CT14 CT15
Zhen33 Zhen59 Ning42 Ning42 Ning42 Zhuang210 Xi187 Xi187
2256.7 2460.5 1556.2 1542.4 1557.3 1704.4 2132.8 2132.5

53.01 55.25 61.93 54.89 58.21 53.57 54.06 55.94
0.78 0.53 0.29 0.26 0.59 0.44 0.30 0.72
24.14 23.59 21.79 25.58 20.44 27.24 27.59 24.11
3.72 3.33 2.46 3.02 3.56 2.41 2.46 2.93
0.05 0.02 0.01 <0.01 0.03 0.01 0.01 0.03
1.72 1.58 1.61 1.49 2.05 2.15 1.87 1.79
2.93 2.84 0.55 0.66 1.64 0.61 0.43 2.48
2.46 3.10 1.65 1.29 1.38 0.65 1.06 2.15
3.34 3.45 3.82 4.34 4.27 5.38 4.82 3.60
0.16 0.14 0.14 0.10 0.15 0.11 0.06 0.11
6.98 6.55 5.58 7.92 6.94 6.74 6.85 5.66
99.29 100.38 99.83 99.55 99.26 99.31 99.51 99.52
2.20 2.34 2.84 2.15 2.85 1.97 1.96 2.32
0.0323 0.0225 0.0133 0.0102 0.0289 0.0162 0.0109 0.0299
35.4 13.6 11.3 14.8 21.9 11.1 12.8 14.8
3.65 3.69 6.79 6.04 5.29 8.76 5.59 3.8
8.21 8.79 5.81 9.36 13.8 9.28 11.5 7.82
46.2 55.1 46.3 35.4 176 29 52.3 46.4
11.4 33 6.65 9.68 32.8 10.2 26.8 14.3
4.24 12.7 13.1 4.11 26.8 0.87 12.6 3.19
5.49 12.9 2.94 6.47 16.5 3.43 15.8 3.21
16.7 23.9 4.63 12.1 23.6 10.7 18.8 13.4
86.9 104 66.3 107 105 53.9 143 70.6
28.1 27.9 24.5 32 26.2 35 39.3 27.4
1.34 1.73 1.61 1.52 1.94 1.68 1.37 1.44
135 120 153 159 220 169 146 147
709 370 408 252 300 707 656 781
20.8 22.2 25.1 42.5 34.7 46.9 28.1 28.1
283 219 167 323 226 323 202 320
13.4 11.9 13.8 21.8 18.9 16 16.3 17.2
9.51 7.06 9.3 15 13.7 17.2 11.3 12.4
945 1152 858 895 886 1157 1424 1238
52.5 24.6 66.5 64.7 48.5 99.1 69.6 74.6
107 47.6 120 136 94 215 157 148
10.5 5.32 10.9 14.9 10.1 22.4 16.9 14.8
35.9 19.7 35.9 55.8 36.8 79.9 63.9 51.5
6.22 3.9 5.49 11.1 7.04 15.7 12 8.94
0.85 0.88 0.88 1.53 1.24 2.37 2.2 1.01
4.44 3.41 4.38 9.25 5.87 11.4 7.81 6.55
0.65 0.52 0.63 1.46 0.93 1.54 0.95 0.94
3.77 3.3 3.72 8.45 5.64 8.3 4.77 5.35
0.77 0.81 0.82 1.69 1.21 1.63 0.92 1.07
2.15 2.73 2.44 4.43 3.47 4.39 2.36 2.96
0.32 0.47 0.4 0.65 0.54 0.63 0.31 0.44
2.07 3.65 2.78 4.07 3.65 3.91 1.83 2.82
0.31 0.57 0.45 0.57 0.56 0.56 0.26 0.4
7.73 6.14 5.54 10 6.56 9.78 7.39 9.35
0.91 1.54 2.58 2.68 2.45 2.39 1.82 1.9
40.2 34.5 52.3 14.2 15.5 56.8 43.2 62.8
23.6 20.2 47.4 42.1 34.7 53.7 24.8 39.3
6.31 3.67 9.25 13.4 13.6 11.6 7.07 8.29

227.45 117.46 255.29 314.6 219.55 466.83 340.81 319.38
0.49 0.74 0.55 0.46 0.59 0.54 0.69 0.40
14.71 6.60 15.34 9.29 9.04 13.43 16.74 14.56
18.19 4.83 17.16 11.40 9.53 18.18 27.28 18.98
5.45 4.07 7.82 3.76 4.45 4.07 3.74 5.39
1.77 0.74 1.20 2.01 1.30 2.52 3.71 2.02
36.61 35.67 30.14 32.30 34.45 33.03 27.33 34.22
14.73 7.73 5.35 8.13 7.71 6.69 8.96 9.05



Fig. 7. REE distribution pattern (a) and spidergram (b) of the Chang 7 tuffs and Tianshui rhyolites, the primitive mantle values are from Sun and McDonough (1989).

Fig. 8. Zr/TiO2-Nb/Y discrimination diagram for the Chang7 tuffs (after Winchester
and Floyd, 1977).

Fig. 9. Discrimination diagrams of Th/Yb versus Ta/Yb (a) (after Gorton and Schandl, 200
ACM and WPVZ in (b) are the same as (a).
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1.73 to 2.85, with an average of 2.27, which is close to the theoret-
ical value of illite, indicating a relatively pure illite with minor free
SiO2. The ratio of TiO2/Al2O3 (weight) is the most useful indicator
for provenance, which is less than 0.02 for typically acidic volcanic
rocks (Zhou et al., 2000; Burger et al., 2002). Our data show that the
TiO2/Al2O3 ratio ranges from 0.006 to 0.032 with an average of
0.017, which is consistent with an acidic magmatic origin (Table 2).
TiO2 content varies between 0.17% and 0.80% (average 0.42%), and
the contents of Fe, Mg, Ca and Mn oxides are relatively low, but the
content of K2O is high, ranging from 3.34% to 5.61% (average
4.21%), which is similar to the typical Paleozoic European K-ben-
tonite (Kolata et al., 1987; Huff et al., 1997; Huff et al., 2010; Su
et al., 2009).

5.3. Trace elements

Trace element compositions of the Chang7 tuffs are also given
in Table 2. Total rare earth element (

P
REE) content ranges from

117.46 to 466.83 ppm, with an average of 251.88 ppm, which is
higher than the averages of PAAS (182 ppm) (McLennan, 1989)
and NASC (176.2 ppm) (Haskin et al., 1968), respectively. The ratio
0) and Th/Hf versus Ta/Hf (b) (after Schandl and Gorton, 2002) for tectonic settings.



Fig. 10. Tectonic discrimination diagrams for the Chang7 tuffs. (a and b) After Pearce et al., 1984, VAG: volcanic arc granite; Syn-COLG: syn-collisional granite; WPG: within
plate granite; ORG: ocean ridge granite; (c) after Pearce, 1982 and (d) after Pearce and Peate, 1995.

Fig. 11. Simplified geological map of the Tianshui rhyolite in the West Qinling Mountains. 1. Quaternary sediments; 2. Neogene Gansu group; 3. Syenite porphyry; 4.
Indosinian rhyolite; 5. Indosinian granite; 6. Early Paleozoic Huluhe group; 7. Proterozoic gneiss and 8. fault.
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of LREE/HREE (Light REE/Heavy REE) ranges from 5.48 to 16.74
(average 10.94), and the value of (La/Yb)CN (CN = Chondrite Nor-
malized) varies between 4.05 and 27.28 (average 13.50), indicating
the Chang7 tuffs are relatively enriched in the LREE. The mean of
(La/Sm)CN (4.63) is higher than the average of (Gd/Lu)CN (1.83),
suggesting that the LREEs are more fractionation than HREEs. The
Chang7 tuffs show a negative Eu anomaly (dEu = 0.19–0.74), indi-
cating incomplete crystallization of plagioclase was retaining in
original magma. REE primitive mantle normalized diagram of the
Chang7 tuffs is shown in Fig. 7a, displaying a rightward incline of
LREE with flat HREE distributive curve. The evidently negative Eu
anomaly and REE distribution pattern suggest the parental magma
formed in a subduction-related volcanic arc environment.

The Chang7 tuffs show strong positive anomalies in Rb, Th and
U, and negative anomalies in Nb, Sr and Eu on a primitive mantle
normalized spidergram (Fig. 7b), which are thought to be related



Table 3
Zircon dating data of the Tianshui rhyolite in the west Qinling Mountains.

Spot Th U Th/
U

Pb207/
Pb206

±1r Pb207/
U235

±1r Pb206/
U238

±1r Pb208/
Th232

±1r Pb207/
Pb206

±1r Pb207/
U235

±1r Pb206/
U238

±1r Pb208/
Th232

±1r

BY01 40.4 51.3 0.79 0.06614 0.00705 0.3111 0.03222 0.03411 0.00095 0.01263 0.00064 810.7 209 275.0 25 216.2 6 253.6 13
BY02 312.6 425.8 0.73 0.05475 0.00151 0.25737 0.00659 0.03409 0.00028 0.04812 0.00036 401.9 60 232.5 5 216.1 2 950.0 7
BY03 107.2 108.4 0.99 0.05674 0.00261 0.26634 0.01175 0.03404 0.00041 0.01138 0.00022 480.7 99 239.8 9 215.8 3 228.7 4
BY04 189.1 186.3 1.01 0.05084 0.00246 0.23776 0.01108 0.03392 0.00042 0.01069 0.00022 233.6 108 216.6 9 215.0 3 214.9 4
BY05 302.6 552.1 0.55 0.05233 0.00099 0.24557 0.0041 0.03403 0.00022 0.01082 0.0001 300.0 43 223.0 3 215.7 1 217.5 2
BY06 51.0 71.7 0.71 0.05477 0.00286 0.25633 0.01292 0.03394 0.00045 0.0112 0.00027 402.9 112 231.7 10 215.2 3 225.1 5
BY07 160.3 195.3 0.82 0.05729 0.00314 0.26661 0.01409 0.03376 0.00048 0.01085 0.00027 502.1 117 240.0 11 214.0 3 218.0 5
BY08 51.8 62.8 0.82 0.04907 0.0037 0.23047 0.01692 0.03407 0.00059 0.0106 0.00034 151.4 168 210.6 14 215.9 4 213.1 7
BY09 123.3 122.7 1.01 0.06506 0.00371 0.30427 0.0167 0.03392 0.00053 0.01203 0.0003 776.4 116 269.7 13 215.1 3 241.6 6
BY10 55.4 66.1 0.84 0.05899 0.0032 0.27626 0.01445 0.03397 0.00049 0.01212 0.00028 566.9 114 247.7 12 215.3 3 243.4 6
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to a volcanic arc-related setting (Münker, 1998). The ratio of Zr/Hf
ranges from 15.91 to 36.61, with an average of 30.93, which is
close to the average of volcanogenic claystones (32.6) that are al-
tered from volcanic ash sediments (Zhang et al., 1997). The ratio
of Nb/Ta ranges from 2.55 to 14.73, with an average of 7.26, indi-
cating the parental magma of the Chang7 tuffs is mainly derived
from the partial melts of Upper Continental Crust (UCC) (Dostal
and Chatterjee, 2000).
Fig. 12. Zircon U–Pb concordia diagrams of the Tianshui rhyolite.
6. Discussions

6.1. Tectonomagmatic setting

Previously studies indicate that some elements in altered tuffs
tend to be unaffected by weathering and reside in as yet unaltered
phenocrysts. Such as TiO2, the high field strength (HFS) elements
(Zr, Nb, Hf, Ta) and the REE are commonly considered to be immo-
bile under the conditions of alteration, weathering, diagenesis and
low grade metamorphism (Huff et al., 1997; Königer and Lorenz,
2002), thereby the contents or ratios of these elements are useful
indicators for petrogenetic processes, which have been employed
to provide information on the magmatic and tectonic origin of
those tuffs by numerous workers (Huff et al., 1997; Haaland
et al., 2000; Königer et al., 2002; Grevenitz et al., 2003).

Quartz, plagioclase, and less commonly biotite are identified in
the Chang7 tuffs by standard analysis technique of thin sections,
which suggest that the parental magma prior to eruption had an
intermediate-to-felsic series magma. Evidence supporting this
interpretation is seen when the data are plotted on the Zr/TiO2-
Nb/Y magmatic discrimination diagram of Winchester and Floyd
(1977), which shows that the majority of the Chang7 tuff samples
fall at the rhyodacite/dacite field, and minor data fall at rhyolite
field (Fig. 8). Fractionated REE patterns with LREE enrichment, flat
HREE and negative Eu anomaly of the Chang7 tuffs indicate that
they are derived from highly evolved calc-alkaline felsic magmas
(e.g. Kramer et al., 2001).

Based on the empirical tectonic discrimination diagrams that
are derived from studies of igneous rocks of known origins, we
can probe the tectonic settings and general magmatic origins, par-
ticularly in cases where other geological evidence is ambiguous
(Kramer et al., 2001). To determine the possible tectonic setting
of the volcanoes responsible for the widespread distribution of
the Chang7 tuffs in the Ordos basin, we plotted the tuffs data on
the bivariate plots of Th/Yb versus Ta/Yb (Fig. 9a) (Gorton and
Schandl, 2000) and Th/Hf versus Ta/Hf (Fig. 9b) (Schandl and Gor-
ton, 2002), indicating the Chang7 tuffs are derived from an active
continental margin setting. In the Nb versus Y (Fig. 10a) and Rb
versus Y + Nb (Fig. 10b) plots, which are used for discriminating
the tectonic setting of granitic rocks (Pearce et al.,1984), the major-
ity of the Chang7 tuffs data fall at the ‘‘volcanic-arc granite’’ field,
suggesting the derivation of the Chang7 tuffs from an arc-related
source. However, these diagrams must be interpreted with caution
as the compositions of the tuffs may reflect the source geochemical
characteristics rather than the tectonic setting (Rollinson, 1993).
The diagrams of TiO2-Zr (Fig. 10c) indicate the Chang7 tuffs are
mainly derived from a calc-alkaline arc-related magma. Evidences
supporting this interpretation are the REE distribution pattern dis-
playing a negative Eu anomaly and LREE rightward incline with flat
HREE curve, and the spidergram showing enrichments in Rb, Th
and U and depletions in Nb, Sr and Eu, which are typical character-
istics of arc-related magmas (e.g. Brown et al., 1984; Münker,
1998). If it is accepted that the Chang7 tuffs are originated from
an arc-related source, are they derived from volcanoes in an island-
or continental-arc setting? The diagram of Th/Yb versus Nb/Yb
(Fig. 10d) shows that the Chang7 tuffs fall at the continental arc
field, indicate a normal calc-alkaline, continental arc-related set-
ting occurred in the Late Triassic near to the Southern Ordos basin.

6.2. Potential source region

Considering the lack of evidence for in situ eruptions in the Or-
dos basin at the time of the volcanic ashes deposition, the vents are
most likely locating outside the basin. The grain size and thickness
of altered tuffs are closely related to the duration of eruption, rate
of release, residence time in the atmosphere, settling velocity and
water depth at the site of deposition (Ledbetter and Sparks, 1979).
The maximum grain size of residual phenocrysts in the Chang7
tuffs is less than 0.5–0.6 mm (Fig. 4a and b), and the maximum



Table 4
Major (%) and trace (ppm) element data of the Tianshui rhyolites in the west Qinling Mountains. The dEu, CN and

P
REE are the same as Table 2.

Sample SiO2 TiO2 Al2O3 TFe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total Li Be Sc

BY02 71.89 0.14 14.29 2.00 0.09 0.33 0.87 3.57 5.56 0.08 1.26 100.08 20.3 4.10 6.75
BY03 72.48 0.16 13.12 2.46 0.07 1.20 1.21 3.35 5.14 0.06 0.75 100.00 42.6 4.34 9.38
BY04 76.01 0.08 12.60 1.54 0.08 0.26 0.66 3.74 4.61 0.02 0.42 100.02 22.2 6.64 6.95

Sample V Cr Co Ni Cu Zn Ga Ge Rb Sr Y Zr Nb Cs Ba

BY02 8.64 4.94 52.2 1.41 2.15 45.0 18.0 1.63 185.11 104 25.5 338 23.0 6.71 427
BY03 28.7 56.6 44.3 28.2 22.6 41.9 16.8 1.18 277.71 136 29.2 207 24.4 5.85 300
BY04 6.33 9.03 74.8 3.75 3.08 51.8 18.4 1.64 261.32 28.1 37.8 148 37.3 6.01 76.1

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf

BY02 97.7 168 16.9 57.2 8.68 0.87 6.47 0.86 4.45 0.84 2.34 0.35 2.28 0.34 7.94
BY03 67.3 131 12.8 43.9 7.58 0.46 5.87 0.86 4.68 0.90 2.47 0.38 2.46 0.37 5.82
BY04 38.3 82.1 9.20 34.0 7.72 0.18 6.41 1.06 6.02 1.19 3.25 0.50 3.23 0.48 5.41

Sample Ta Pb Th U SiO2/Al2O3 TiO2/Al2O3
P

REE dEu dCe LREE/HREE (La/Yb)CN (La/Sm)CN (Gd/Lu)CN Zr/Hf Nb/Ta

BY02 1.64 41.8 34.4 5.02 5.03 0.010 367.70 0.33 0.92 19.50 28.93 7.08 2.32 42.6 14.00
BY03 1.79 34.7 33.3 7.68 5.52 0.012 281.10 0.20 1.01 14.63 18.47 5.58 1.98 35.5 13.64
BY04 2.66 53.5 42.6 9.92 6.03 0.006 193.70 0.07 1.02 7.75 8.00 3.13 1.66 27.4 13.99
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thickness of the individual beds is about 40 cm (Fig. 3), which indi-
cate the distance of volcanic source is no more than 200 km that
was revealed by the similar volcanic eruption of Mount St. Helens
in 1980 (Sarna-Wojcicki et al., 1981). The direction of the Late Tri-
assic paleo-monsoon was mainly from the southwestern part to
the northeastern part across the Ordos basin due to the existence
of east Tethys (Carroll et al., 2010), and the investigation suggests
the clear decrease in total thickness of Chang7 tuff intervals toward
the northeastern Ordos basin (Fig. 1a), indicating these tuffs are
from the southwestern part or southern part out of the Ordos basin
(Fig. 1a). In addition, the grain sizes of residual phenocrysts in the
Chang7 tuffs show a decrease in diameter from the southwestern
of 0.5–0.6 mm (Fig. 4a and b) to the middle part of 0.1–0.2 mm
(Fig. 4c and d), and then to the northeastern of less than 0.1 mm
(Fig. 4f). All above facts indicate the volcanic source is most prob-
ably located at the west Qinling Mountains that is no more than
200 km out of the Ordos basin.

It is unlikely that volcanoes exist in the northern part and east-
ern part of this basin, due to lack of a synchronous tectonic event
and volcanic eruption to provide these tuffs (Zhang et al., 2002).
The Qinling orogenic belt is located at the southern part of the Or-
dos basin, which has undergone a complex evolution process since
Proterozoic, it is widely accepted that the Middle-Late Triassic col-
lision of the South China blocks with the South Qinling orogen
along the Mianlue suture belt that led to final integration of the
North and South China blocks (Zhang et al., 1996; Meng and Zhang,
1999), and many metavolcanic rocks were well dated showing a
range in age from 220 to 245 Ma along this suture belt (Li et al.,
1996; Lai et al., 1998), which are slightly older than the deposition
age of the Chang7 tuff in the Yanchang Formation, because the
flora of Danaeopsis-Bernoullia assemblage and the bivalve fauna
of Shaanxiconcha-Unio assemblage represent the depositional age
of the Yanchang Formation is Norian stage (208–227 Ma) (Shannxi
BGMR, 1989). Large amounts of contemporaneous magmatic
events that was recorded by granitic rocks in the west Qinling
Mountains (Wang et al., 2007; Qin et al., 2008, 2009; Jiang et al.,
2010; Zhu et al., 2011), and the Chang7 tuffs show a strong compo-
sitional affinity with the Late Triassic granites that were thought to
be originated from arc-related magmas in the west Qinling Moun-
tain (Jiang et al., 2010). However, these granites are dismissed as
possible sources due to those are intrusive rocks. If the volcanic
arc related, which represent the widespread magmatic events are
attribute to the subduction of Yangtze block beneath into North
China block to provide a continental arc-related magma, which im-
ply the terminal closure of the east Tethys produced huge amounts
of arc-related volcanic rocks. However, synchronous volcanic rocks
were thought to be very limited in the Qinling Mountains (Zhang
et al., 2008).

Recently, the synchronous Tianshui rhyolite possessing a
211 Ma U–Pb zircon age was found in the West Qinling Mountains
(Fig. 11, Xu et al., 2007), the locality of the rhyolites is no more than
200 km out of the southwestern Ordos basin. This paper dates the
rhyolite again by LA-ICP-MS zircon method obtaining a crystalliza-
tion age of 215.7 ± 2.3 Ma (Table 3 and Fig. 12), that is consistent
with the depositional age of the Chang7 tuffs (Shannxi BGMR,
1989) and the preliminary zircon U–Pb age of 205–228 Ma (Zhang
et al., 2009; Yang and Deng, 2013). Furthermore, the major and
trace element data of these rhyolites are determined to compare
with the Chang7 tuffs, the results indicate that the TiO2/Al2O3 ratio
of the rhyolites ranges from 0.006 to 0.012, that is similar to the
Chang7 tuffs (Table 4). The REE distribution pattern and spider-
gram of the Tianshui rhyolites present a consistency with the
Chang7 tuffs (Fig. 7), thus, the chronology and geochemical data
suggest the Tianshui rhyolite might be a possible volcanic source
of the Chang7 tuffs. However, more detail investigation is needed
to find the consanguinity of these tuffs in future.
7. Conclusions

The tabular Chang7 tuffs present normally graded as inter-lay-
ers within black shale, indicating the volcanic ashes deposited in a
sub-aqueous environment, certain tuff beds showing disturbed
laminations are attribute to the result of reworking by turbidity
currents or seismic activity. The tuffs, turbidites and seismites
coexist in the Chang7 oil reservoir unit of the same well (Ning33),
indicating the turbidity currents and the paleo-earthquakes were
activated by adjoining volcanism (e.g. Caddah et al., 1998; Haaland
et al., 2000; Grevenitz et al., 2003).

The clay mineral compositions of the Chang7 tuffs consist
mainly of I/S mixed-layer. Some residual phenocrysts are identified
including quartz, plagioclase, biotite and zircon, which indicate the
Chang7 tuffs are mainly derived from felsic series magma. Major
and trace element data suggest that the tectonomagmatic origin
of the Chang7 tuffs was related to calc-alkaline arc magma which
formed in an active continental margin setting. Combined with
the distribution pattern, mineralogical, geochemical data of the
Chang7 tuffs, and geochemical data of synchronous Tianshui rhyo-
lites, allow us to propose that the rhyolite in the west Qinling
Mountains might be a possible volcanic source of the Chang7 tuffs,
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which suggest these magmas formed during the northward sub-
duction of Yangtze block beneath into North China block, linked
to the terminal closure of the east Tethys.
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