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Abstract Recently measured high gamma ray values in
the Yanchang Formation of the Upper Triassic in the Ordos
Basin have added an interesting and controversial twist to
the study of the formation’s uranium enrichment and
genesis. High uranium and thorium contents in the tuffa-
ceous layer cause high gamma ray values in the Yanchang
Formation. Petrographic studies, major elements, rare earth
elements (REEs), and trace elements have been systemat-
ically analyzed to determine the composition, geochemical
environment, and diagenetic processes of the layer. The
observed color of the tuffaceous layer in the study area
varies from yellow to yellowish brown. The tuff consists of
matrix supported with sub-rounded to sub-angular lithic
fragments. These lithic fragments probably derived from
pre-existing rocks and incorporated into the tuffaceous
layer during volcanic eruption. Quartz, plagioclase, and
biotite were observed in well to poorly sorted form, in
addition to framboidal pyrite and organic laminae. Mea-
sured ratios of Si0,/Al,O5 ranged from 3.277 to 6.105 with
an average of 3.738. The ratio of TiO,/Al,O3 varied from
0.037 to 0.201 with an average of 0.061, indicating that the
sediments of the tuffaceous layer originated from an
intermediate magma. REE distribution patterns show sharp
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negative Eu anomalies, indicating a reducing environment,
which is suitable for uranium deposition. A reducing
environment was confirmed by black shale in the base of
the Yanchang Formation. Such black shale has high
organic matter content that can take kerogene from mud-
stone and provide a reducing environment for uranium
enrichment in the tuffaceous layer. Moreover, negative Eu
anomalies and the REE patterns indicate a subduction-re-
lated volcanic arc environment as the magma source of the
tuffaceous layers. High values of Rb, Ba, and Sr might be
the result of fluid phase activities; low values of Hf and Eu
indicate the involvement of crustal material during diage-
nesis of the tuff. Discrimination diagrams (Th/Yb vs Ta/
Yb, Th/Hf vs Ta/Hf) suggest an active continental margin
as the tectonic setting of source volcanoes. Plots of Nb
versus Y, Rb versus Y + Nb, TiO, versus Zr, and Th/Yb
versus Nb/Yb of the tuffaceous content point to calc-al-
kaline continental arc-related magmatism. We concluded
that uranium enrichment in the tuffaceous layer was sup-
ported by oxidation—reduction.

Keywords Tuffaceous layer - Gamma ray values -
Uranium enrichment - Yanchang Formation - Ordos Basin

1 Introduction

In the Ordos Basin, Permian, Triassic, Jurassic, and Cre-
taceous rocks show high gamma ray anomalies, indicating
the presence of uranium (Zhao 2005; Zhao et al. 2006).
Associated large-scale uranium deposits are found in the
Zhilou Formation of Jurassic time in the Dongsheng and
Huangling areas of the Ordos Basin. The recent discovery
in the Yanchang Formation of a high-potential hydrocar-
bon reservoir that also has high gamma ray values, became
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an interesting and controversial topic among geologists.
The Yanchang Formation is divided into ten members—
Chang 10 to Chang 1 from top to bottom. High gamma ray
values were found in Chang 8, Chang 7, Chang 6, and
Chang 4 + 5 in different regions of the Ordos Basin. There
is no universally accepted definition of a high gamma ray
reservoir so authors have presented different arguments for
this Triassic age reservoir. High gamma ray sandstone of
the Yanchang Formation might be the result of re-deposi-
tion of sedimentary tuff (Zhang et al. 2010). Gamma ray
content in sedimentary rocks can be measured through
pelite. Rocks with normal gamma ray content show pelite
values up to 30%; if the pelite content values exceed 40%,
then it is deemed high gamma ray sandstone (Zhang et al.
2010). The mud and clay content distinguish high gamma
ray sandstone. High gamma ray values might also result
from high content of feldspar, uranium, and thorium of the
tuffaceous layer in the Yanchang Formation (Li et al. 2006;
Qiu et al. 2009; Sun et al. 2010; Zhang et al. 2010). Very
few tuffaceous samples of well Y91 show high gamma ray
values so the high gamma ray values of the Yanchang
Formation are proposed to be the result of high content of
heavy elements like uranium and thorium in zircon, rather
than feldspar and clay minerals (Liu et al. 2013). However,
this theory is inconsistent with gamma ray spectrum log-
ging of the highly radioactive Yanchang sandstone (Li
et al. 2006; Qiu et al. 2009; Sun et al. 2010). According to
this second set of results, high gamma ray values are
related to high uranium and thorium content in the sand-
stone and show no genetic relationship with zircon. The
high gamma ray values of the tuffaceous layers at the
bottom of Chang 7 have been previously confirmed (Qiu
et al. 2014).

2 Regional geology of the Ordos Basin

The Ordos Basin is the western block of the north China
Craton and is known as the intracratonic basin (Li et al.
1995). It lies in the transitional zone between an exten-
sional rift basin and a compressional basin. The Ordos
Basin is affected by the tectonic activity of eastern and
western China (Li et al. 1995; Yang 2002; Yuan et al.
2007). N-S striking folds, faults, depressions, and uplifts
separate eastern and western China, as established by the
study of stratigraphy and geophysical and structural char-
acteristics (Li and Li 2008). The Ordos Foreland Basin
formed as a result of collision of the Tethys tectonic field
of southwest China with the north China and Yangtze
Blocks (Li et al. 1995; Liu 1998). It is a stable rigid block
with no major faulting and prominent deformation on the
margins (Li et al. 1995). The Basin is surrounded by active

tectonic belts. It is bound to the north by the Inner Mon-
golia-Dxing’anling fold system, to the south by the Qilian—
Qinling fold system, to the east by the Shanxi block, and to
the west by the Alashan block (Cai et al. 2007; Yang et al.
2009; Li and Li 2011) (Fig. 1A). Similar to the Ordos
Basin, strata of the Dongsheng uranium deposit dip slightly
(Fig. 1B).

The basement rocks of the Ordos Basin are metamorphic
crystalline rocks of the Neoarchean, Paleoproterozoic,
Meso-Neoproterozoic series with average thickness of 4 to
5 km (Yang 2002; Wang et al. 2015). In the cross-sectional
profile of the Ordos Basin, acromagnetic anomalies indi-
cate that the basement rocks show three uplifts—the
Yulin—Daotu, Dongsheng, and Yijinhuoluo—and two
depression—the Yanchuan—Yulin and Baotou—from north
to south (Wang et al. 2015) (Fig. 1C).

One side of the Ordos Basin is steep with a turbidite
sequence while the other side is a gentle slope. The gentle
slope is basically fluvial facies sandstone, favorable for
uranium mineralization. The sediments of the Ordos Basin
were deposited on a crystalline basement beginning in the
Archean to Early Proterozoic and ending in the Mid-
Cenozoic. The thickness of the sediments deposited in
Middle-Upper Proterozoic and Mid-Cenozoic is up to
6000 m (Yang et al. 2009). A detailed stratigraphy of the
Ordos Basin is presented in Fig. 2.

The Yanchang Formation is composed of sandstone,
siltstone, mudstone, and the tuff layer with an estimated
thickness of about 1000 to 1300 m (Qiu et al. 2014). Pet-
roChina Changqing Oilfield Company subdivided the
Yanchang Formation into 10 members (Chang 10 to Chang
1) on the basis of reservoir characteristics (Li et al. 2009;
Zou et al. 2012; Qiu et al. 2014). Chang 7 is the lacustrine
black shale deposit containing the high gamma ray tuffa-
ceous interval (Zhang et al. 2006).

3 Petrology of high gamma ray sandstone
of the Yanchang Formation

The Upper Triassic Yanchang Formation is comprised of
sandstone, mudstone, blackshales, and a tuffaceous layer.
Individual beds of the tuffaceous layer vary from 0.2 to
45 cm. The observed color of the tuffaceous layer in the
study area is from yellow to yellowish brown. Thin section
study of the tuff revealed a matrix supported with sub-
rounded to sub-angular lithic fragments (Fig. 3). These
lithic fragments probably derived from pre-existing rocks
and incorporated into the tuffaceous layer during volcanic
eruption. Quartz, plagioclase, and biotite were present in
well to poorly sorted form. In addition to these minerals,
framboidal pyrite and organic laminae were observed.

@ Springer
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Fig. 1 A Geologic map of the Ordos Basin (modified after Cai et al. 2007; Yang et al. 2009; Li and Li 2011). B Geologic map of the Dongsheng
area (modified after Li and Li 2011). C East—west cross-section of the Ordos Basin, mapped by seismic tomography and drilling wells (modified

after Wang et al. 2015)

Plagioclase content of the high gamma ray sandstone is up
to 50% (Zhang et al. 2010). A few zircon inclusions were
observed within quartz grains (Fig. 3E). Through diage-
netic evolution, the tuffaceous layer might have been
altered to clay minerals such as illite, smectite, and a

@ Springer

mixture of illite and smectite. A sandstone thin section
showed mineral alteration such as sericitization, with ser-
icite replacing K-feldspar (Fig. 3A, B). Mineral alteration
and zircon inclusions indicate the high uranium content of
the tuffaceous layer.
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Stratigraphic sequence
Rock description
Group System | Series |Formation| Column
Quaternary (0-280m) Loess, muddy clay, brown sand and conglomerate at the bottom
Cenozoic Tertiary = Reddish brown mild sandy clay and mild clay, pink brownish gray sandy
(150-360m) conglomerate at the bottom occasionally
Zhidan [ Brownish red, mid-coarse grained sandstone and brownish red and bluish
Cretaceous| Lower (0-1280m) gray argillaceous rocks, locally interbedded with conglomeratic sandstone
Andmg Mainly brownish red mudstone, intercalated with silty and fine-grained
(80-150m) sandstone in the lower part, and various colored marl in the upper part
Middle Zhil Grayish green, fine-grained sandstone, argillaceous sandstone intercalated
lluo with grayish green mudstone and arenaceous mudstone in the upper part,
Jurassic (200-400m) gray mudstone, arenaceous mudstone intercalated with gray fine-grained
sandstone and argillaceous sandstone in the lower part
Yanan Dark gray mudstone and carbonaceous mudstone intercalated with coal
Lower seams, interbedded with grayish, grayish white fine-middle grained
(250-300m) sandstone and arenaceous sandstone , very thick sandstone at the bottom
Mesozoic Dark gray mudstone and carbonaceous mudstone intercalated with coal
Upper Yanchan E==———=——x seam, Interbedded with gray fine-grained sandstone and argillaceous
sandstone in different thickness locally with coal seam
(800-1400m)
Triassic -
. Gray, dark gray and brown mudstone and arenaceous mudstone intercalated
) Zhifang with gray and pink fine-middle grained sandstone and arenaceous sandstone
Middle (210-300m) with different thickness
Heshanggou == Purple red sandy mudstone and sandstone, with grain size coarsening
s downwards, with fine-grained conglomerate locally
Lower (100-130m)
(I;Slglgggz) Interbeds of brown argillaceous sandstone and siltstone
Shigianfang Brownish red mudstone intercalated with light pink fine-grained sandstone
U pper inthe upper part, brownish red mudstone intercalated with light gray fine-
(260-290m) grained sandstone
Upper
. Shihezi Thick brown and dark brown mudstone intercalated with light gray fine
Middle grained sandstone
(130-140m)
Permian Lower Light gray fine-grained sandstone, grayish white middle-grained sandstone,
Shihezi conglomeratic coarse-grained sandstone intercalated with light gray and
(140-150m) various colored mudstone
Shanxi Thick dark gray mudstone, grayish black mudstone intercalated with
Paleozoic L (80-110m) grayish white middle- fine-grained sandstone and thin coal seam
ower
Taiyuan Dark-gray limestone intercalated with black mudstone at the top grayish
(25-40m) black mudstone, coal seam intercalated with gray fine-grained sandstone
) Benxi Coal seam and grayish black carbonaceous mudstone at the top,
Carbonifeous Upper (10-25m) aluminiferous mudstone at the bottom
Dark gray limestone, gray argillaceous dolomite, muddy dolomite, light
Odovician (500-600m) gray dolomite, intercalated with evaporite in the lower part

Fig. 2 Detailed stratigraphy of the Ordos Basin. After Yang et al. (2009)
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Fig. 3 Thin sections showing primary minerals and altered minerals of the tuffaceous sandstone of the Yanchang Formation. Qtz quartz, Pl
plagioclase, Bt biotite, Sr sericite, Py pyrite. A and B are images of YCF-05, a medium-grained feldspathic sandstone; sericitization and
plagioclase twins are common. C and D are images of YCF-03 and YCF-04, respectively, showing sub-rounded to sub-angular quartz grains and
plagioclase twinnings. E and F are YCF-07-1 and YCF 07-3 respectively, showing zircon inclusion in quartz grains and biotite

4 Geochemistry of the tuffaceous layer descriptions of the well samples are in Table 1. Samples
of the Yanchang Formation were analyzed for major elements, trace elements, and rare
earth elements (REEs) in ALS Geochemistry Laboratory of

4.1 Sampling and methodology Guangzhou. Major elements were determined by X-ray

fluorescence (XRF). Samples were crushed in steel jaw
To study the genesis of the tuffaceous layer, we collected  crushers to <200 mesh. Mixtures of whole rock powder
14 well samples from the study area. Petrographic (0.5 g) and LiB4O; 4 LiBO, were prepared in a glass disk

@ Springer
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Table 1 Petrographic description of samples of the tuffaceous layer
(Chang 7) of the Triassic Yanchang Formation, Dongsheng area,
Ordos Basin

Sample Petrographic description
YCF-01 Mudstone

YCF-02 Mudstone

YCF-03 Tuffaceous sandstone
YCF-04 Tuffaceous sandstone
YCF-05 Sandstone

YCF-06 Mudstone

YCF-07-1 Tuffaceous sandstone
YCF-07-2 Tuffaceous sandstone
YCF-07-3 Mudstone

YCF-08-1 Tuffaceous sandstone
YCF-08-2 Tuffaceous sandstone
YCF-08-3 Mudstone

YCF-09 Tuffaceous sandstone
YCF-10 Sandstone

for XRF analysis with an AXIOS Minerals spectrometer.
Analytical uncertainties during this process were generally
within 0.1% to 1% (RSD).

For the analysis of trace elements, whole rock samples
were dissolved in distilled HF 4 HNOj in Teflon screwcap
capsules at 200 °C for several days, dried, and then
digested with HNO; at 150 °C for one day. The final
solution was obtained after this procedure and diluted to
80 g with a mixture of 1 ml internal standard solution of
the single element Rh, with a dilution factor of 1/250 in 2%
ultrapure HNOj3. The diluted solution was then analyzed by
inductively coupled plasma-mass spectrometry (ICP-MS)
(Element, Finnigan MAT). Uncertainties in this analysis
were less than £5%.

4.2 Origin of the tuffaceous layer

Tuffaceous layer samples returned SiO, contents of
28.27% to 61.04% (Table 2), reflecting different quartz
contents in the samples. The variation of quartz in the
tuffaceous layer indicates its different sources. The
tuffaceous layer samples also contained mudstone and
high oxygen content indicating the presence of clay
minerals. The most common clay minerals were illite
and smectite. The presence of shale is the result of the
diagenetic product smectite (Qiu et al. 2014). Samples
were high in aluminum and alkali (Table 2). The ratio
of SiO,/Al,03 ranged from 3.277 to 6.105 with an
average of 3.738; TiO,/Al,O5; varied from 0.037 to
0.201 with average of 0.061, indicating tuffaceous layer

Table 2 Major elements of tuffaceous layer samples

TiO, (%)  ALO; (%) Fe,03 (%) CaO (%) MgO (%) NaO (%) KyO (%) P,0s (%) MnO (%) (%) SiOyALO;  TiOx/ALO

SiO, (%)

Sample

0.04
0.05
0.06
0.05
0.05
0.04
0.05
0.04
0.07
0.05
0.05
0.04

3.34
3.51
3.30
3.28
3.32
3.34
3.54
3.53
3.75
3.56
3.48
3.54

4.75
6.1

98.46
95.65

0.07

0.11

0.24
0.26
0.20
0.25
0.27
0.18
0.26
0.18
0.25
0.19
0.23
0.24
0.06
0.17

4.99
3.00
3.37
3.07
3.93
4.82
3.73
3.72
3.93
3.97
3.55
3.29
2.61
1.16

393
4.45
5.76
3.04
3.60
3.87
2.14
2.02
2.49
1.99
1.85
1.96
3.26

2.5
5.

1.40
1.47
1.18
1.49
1.5
1.08
0.93
0.90
0.77
1.01
1.03
0.95
14.47
27.52

5.23
7.57

18.28
16.64

16.01

0.78
0.83

0.

61.04
58.35

52.86

YCF-01
YCF-02
YCF-03
YCF-04
YCF-05
YCF-06

2.97
3.31
3.7
2.61
2.95
3.15
3.23
3.74
343
347
3.36
0.63
18.85

91.54
93.45

97.33

09
0.1

7.80
8.11

96

17.03
17.94
18.17
16.06
16.05
15.02
16.23
16.62

16.13

0.84

55.82

0.08
0.08

0.1

7.01
6.90
7.11
7.00
5.67

7.44

0.85
0.74
0.76
0.71
0.

59.54
60.72

99.51

91.09
90.51

56.85

YCF-07-1

0.07
0.08

0.1

56.63

YCF-07-2

89.18

98
76
80

56.25

YCF-07-3

92.97

57.85 0.

57.84

YCF-08-1

92.81

0.07

7.35
7.01

0.

YCF-08-2

90.73

0.1

0.60
0.79
0.93

57.09
52.52

YCF-08-3
YCF-09
YCF-10

0.07
0.20

87.42
92.36

0.07
0.06

29

1.96
5.48

11.05
4.63

28.27

@ Springer



38

Acta Geochim (2018) 37(1):32-46

20 — 9 —
m Tuffaceous S.st. m  Tuffaceous S.st
18+ | ® Mudstone A® 8l @ Mudstone - L
A Sandstone [ ] A Sandstone " d
16 = of 7k B Ay
@
e 14+ < 6l .
A
2 12 z 5L »
S o S;
) L
8 =
3 -
6 L
A 2r -
4
1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1
25 30 35 40 45 50 55 60 25 30 35 40 45 50 55 60
H 0,
SICWi% Si0/wt%
— 20
5.0¢ m Tuffaceous S.st. a A : ',I\'/lllffgcz:ouss.st.
® Mudstone 181 LR
457 A Sandstone A Sandstone
| 16 -
4.0+
- 141
(=]
g 391 a E 12}
g 3.0F "o O 10k
[s))
X' o5t = s gl
2.0f 6
1.5 ar
5 = .,
A 2+
1.0F | | L . | L . L : T 0 1 ) 1 : 1 1 . B : 1
25 30 35 40 45 50 55 60 25 30 35 40 45 50 55 60
SiO/wt% SiQ/wt%
1.00+ m Tuffaceous S.st .
6 Mudstone ® Mudstone
Sandstone u 0.95r .| 4 sandstone | -
0.90+
5 ..
°\° & o\° 085 B u .A
s 20.80f .
= 4 L N n
ow o O B [ 1]
g . A i: 0.75 PY
3l - 0.70+ o
o 0.65+
2| ﬁ 0.60+ ®
1 N 1 1 1 N 1 2 1 s 1 0.55 L | L 1 L 1 L 1 L 1 L 1 L 1
25 30 35 40 45 50 55 60 25 30 35 40 45 50 55 60
SiOJwt% Sio/wt%

Fig. 4 Correlation of major elements of the tuffaceous layer with its SiO, content

sediments originated from an intermediate magma
(Fig. 4). A correlation was found between major ele-
ments of the tuffaceous layer and silica content. Al and

K showed a positive correlation with SiO,; Fe, Mg, Ti,
and Na showed weak negative or no correlation with
Si0O».
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4.3 Depositional environment and the cause
of uranium enrichment in the tuffaceous layer

REE data contribute to understanding the geochemical
environment of the tuffaceous layer. Compositional values
of REEs are listed in Table 3. Numerical values were also
calculated for XREE, 2La-Nd, XSm-Ho, 2Er-Lu, LREE/
HREE, 0Ce, and OEu after Wang et al. (1989). Ce and Eu
anomalies were calculated after Taylor and McLennan
(1985), formula: 8Ce = Cen/(Lay x Ndyn)'?  and
OEu = Eupn/(Smy x GdN)l/z. 2REE values ranged from
58.02 to 215.43. XLa-Nd values ranged from 51.32 to
186.05. XSm-Ho values ranged from 5.21 to 25.52 and
2Er-Lu from 1.49 to 6.65. Variations of these values
indicate that uranium-enriched samples have high con-
centrations of LREEs as compared to HREEs; calculated
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Fig. 5 Rare earth elements of the tuffaceous layer of the Upper
Triassic Yanchang Formation

Table 3 Rare earth element

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

data for tuffaceous layer

samples YCF-01 431 81.7 9.66 364 651 163 649 0.88 450 088 262 038 235 035
YCF-02 463 89.6 1045 39.7 729 177 7.12 099 5.02 099 288 042 253 0.37
YCF-03 374 693 841 303 483 1.12 473 0.63 323 0.65 206 032 202 032
YCF-04  40.8 805 944 351 625 151 6.09 083 429 0.84 251 035 231 035
YCF-05 482 957 113 431 799 193 791 107 555 1.07 3.07 045 272 041
YCF-06 340 682 806 305 582 133 540 0.75 395 0.76 222 033 199 0.30
YCF-07-1 37.6 833 933 353 6.68 128 639 092 489 098 290 042 257 040
YCF-07-2 383 70.8 889 309 479 093 46 061 319 063 197 029 1.88 0.28
YCF-07-3 38.8 745 9.04 323 519 1.04 494 0.67 350 0.71 2.17 032 2.08 0.32
YCF-08-1 33,5 720 8.17 29.8 538 1.09 507 075 4.03 0.80 243 038 224 0.33
YCF-08-2 34.0 673 826 305 554 1.14 534 077 413 081 248 038 225 0.35
YCF-08-3 31.6 71.7 7.72 29.0 543 1.12 547 0.79 437 087 267 04 245 037
YCF-09 139 250 272 9.7 158 052 159 021 1.10 021 0.68 0.09 0.63 0.09
YCF-10 122 21.6 320 145 334 1.02 422 0.66 410 090 272 035 1.83 027
Sample Y >REE 2La-Nd ~Sm-Ho 2Er-Lu LREE/HREE dCe SEu
YCF-01 24.0 197.45 170.86 20.89 5.70 9.70 2.06 0.25
YCF-02 26.6 215.43 186.05 23.18 6.20 9.60 2.09 0.25
YCF-03 17.8 165.32 145.41 15.19 4.72 10.84 2.06 0.23
YCF-04 222 191.17 165.84 19.81 5.52 9.88 2.13 0.24
YCF-05 28.5 230.47 198.3 25.52 6.65 9.36 2.10 0.24
YCF-06 19.4 163.61 140.76 18.01 4.84 9.42 2.12 0.24
YCF-07-1 26.2 192.96 165.53 21.14 6.29 8.91 2.29 0.20
YCF-07-2 16.5 168.06 148.89 14.75 4.42 11.50 2.06 0.20
YCF-07-3 17.7 175.58 154.64 16.05 4.89 10.94 2.10 0.21
YCF-08-1 20.4 165.97 143.47 17.12 5.38 9.35 2.28 0.21
YCF-08-2 21.7 163.25 140.06 17.73 5.46 8.89 2.09 0.21
YCF-08-3 23.5 163.96 140.02 18.05 5.89 8.43 2.37 0.21
YCF-09 6.5 58.02 51.32 5.21 1.49 11.61 2.15 0.33
YCF-10 40.0 70.91 51.5 14.24 5.17 3.71 1.62 0.27
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values show the following trend: XLa-Nd > XSm-
Ho > XEr-Lu. As REEs mostly share geochemical prop-
erties, Ce and Eu anomalies were calculated to indicate
oxidizing and reducing environments, respectively. Values
of 6Ce fluctuated between 1.62 and 2.36 and SEu between
0.195 and 0.328 (Table 3). REEs of selected samples
measured by high precision ICP-MS were normalized by
chondrite values (Sun and McDonough 1989) and plotted
in Fig. 5.

The REE distribution of most tuffaceous sandstone,
sandstone, and mudstone samples display a similar trend
including sharp negative Eu anomalies. Eu acts as a
boundary between LREEs and HREEs, with LREEs to the
left forming a steep slope, while normalized HREE values
have a flatter trend. Two samples, YCF-09 (tuff) and YCF-
10 (sandstone), show a different trend. Negative Eu
anomalies indicate a reducing environment suitable for
uranium deposition. Moreover, the negative Eu anomalies
and REE distribution suggest a subduction-related volcanic
arc environment for the source magma of tuffaceous
material (Qiu et al. 2014).

The tuffaceous layer is bookended by sandstone at the
bottom and black shale at the top. Volcanic ash might have
been transported by wind and deposited in sub-aqueous
conditions. According to Swanson (1956) and Disnar and
Sureau (1989), the black shale has a high uranium content.
Black shale is closely associated with organic matter that
provides a reducing environment for uranium enrichment
(Coveney and Martin 1983; Coveney et al. 1987; Coveney
and Glascock 1989; Doveton and Merriam 2004). Black
shales of the Yangtze Block of Lower Silurian and Lower
Cambrian have uranium content of >10 ug/g (Liu 1992).
Organic matter content was further confirmed by micro-
scopically observed pyrite (Fig. 3A). According to Hu
(2010), the total organic content (TOC) of Chang 7 is as
high as 40%. Organic matter acts as a powerful reductant
and has a close relationship with various mineral deposits,
particularly sandstone-hosted uranium deposits (Leventhal
1993; Spirakis 1996). Almost all types of solid bitumen,
some coal and humic acid are important for reduction and
mineralization of uranium (Li et al. 2009). Organic matter
controls the oxidation—reduction state (Eh) of mineraliza-
tion (Spirakis 1996). In the case of the Yanchang Forma-
tion, organic matter takes kerogene from mudstone and
provides a reducing environment for uranium enrichment
in the tuffaceous layer.

4.4 Trace elements

Tuffaceous layer samples had high contents of Rb, Pb, Zr,
Ba, Zn, and Sr, indicating fluid phase activities (Lai et al.
2010), and low contents of Hf, Eu, and Ta, indicating the
involvement of crustal material during diagenetic processes
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Fig. 6 Spider diagram for trace elements of the tuffaceous layer of
the Yanchang Formation

(Table 4). Trace element values were normalized by
primitive mantle values (Taylor and McLennan 1985; Sun
and McDonough 1989) to plot a spider diagram (Fig. 6)
with high peaks for Rb, Pb, Zr, Ba, Zn, and U content. All
samples of the tuffaceous layer, including sandstone and
mudstone, show similar geochemical behavior for uranium
enrichment, except for samples YCF-09 (tuffaceous sand-
stone) and YCF-10 (sandstone).

U values were plotted against Ta, Zr, Ba, Lu, Th, Dy,
Pb, and Yb. The plots show a positive correlation with Ta,
Th, Pb, Lu, Dy, and Yb in tuffaceous samples and weak
correlation with Ba and Zr (Fig. 7).

5 Formation and source of the tuffaceous anomaly
of the Yanchang Formation

To determine the formation mechanism of the tuffaceous
layer of the Yanchang Formation, its silica (SiO,) content
was plotted against TiO, (Tarney 1976). As previous
studies have shown, few elements in the tuffaceous mate-
rial remain unaltered by weathering or other diagenetic
processes; TiO,, for example, is very resistant (Huff et al.
1997). All but one sample plotted as sedimentary rocks; the
exception was of igneous origin (Fig. 8). This suggests the
tuffaceous layer resulted from deposition of volcanic ash
and other sedimentary material that travelled a long dis-
tance from the source area. Through transportation and
diagenetic effects, volcanic ash was altered to be sedi-
mentary material.

Explosive volcanoes produce a large amount of volcanic
ash and very fine-grained material with a tendency to travel
a long distance before deposition. Such fine material and
volcanic ash deposited in sedimentary basins change to
clay particles (Huff et al. 2010). If the volcanic ash or fine
particles remain unaltered, they can help determine the
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composition and mineralogy of source magma (Gorton and
Schandl 2000; Sharma et al. 2005).

5.1 Tectonic setting of the host volcanoes

To determine the tectonic setting of volcanoes that pro-
vided the material for the tuffaceous layer in the Upper
Triassic Yanchang Formation, volcanic ash data were
plotted on discrimination diagrams of Th/Yb versus Ta/Yb
(Fig. 9A) (Schandl and Gorton 2002) and Th/Hf versus Ta/
Hf (Fig. 9B) (Pearce et al. 1984). In both plots, all samples
fell in the area of an active continental margin, the pre-
sumed tectonic setting of source volcanoes.

2.0
D tuffaceous S.st|
® mudstone
A sandstone
1.5¢ Sedimentary rocks
X
2 10}
Q
|_
0.5
Igneous rocks
00 1 1 L 1 L 1 L 1 L 1 1 1 L 1 L L 1 L
0 10 20 30 40 5 60 70 80 90 100
Sio/wt%

Fig. 8 SiO, versus TiO, for tuffaceous material of the Yanchang
Formation, Ordos Basin (Lai et al. 2010)
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5.2 Type and composition of source rock

To find the rock type of source volcanoes, Rb versus
Y + Nb (Fig. 10A) and Nb versus Y (Fig. 10B) were
plotted (Pearce 1982). The plots show that the tuffaceous
sediments of Yanchang Formation belong to “volcanic arc
granite.”

To find the composition of the source arc granite, TiO,
versus Zr was plotted (Fig. 11A); most samples fell in the
area of calc-alkaline arc magma. REE distribution patterns
(Fig. 4) with negative Eu anomalies, enrichment of LREEs,
and depletion of HREESs, support the results of the com-
positional discrimination diagrams. Consequently, we posit
that the source magma of the tuffaceous sediments is calc-
alkaline arc related. To determine whether this arc-related
magma belongs to an island arc or continental arc, Th/Yb
versus Nb/Yb was plotted (Fig. 11B); all the tuffaceous
samples fell within the continental arc field. Therefore, we
conclude that source rocks of the tuffaceous layer belong to
calc-alkaline, continental arc-related volcanoes.

6 Enrichment of uranium in the tuffaceous layer

The tuffaceous layer of the Yanchang Formation has high
gamma ray values due to high content of uranium.
Although the uranium content of the tuffaceous layer was
previously determined to be not more than 3 x 10~° (Lai
et al. 2010), our tuffaceous layer rock samples returned
uranium content up to 4.44 x 107°, with one sandstone
sample at 20.9 x 107°.

The tuffaceous layer lies in the Yanchang Formation of
Upper Triassic strata that underly Jurassic strata. Both the
Yannan and Zhilou Formations have high contents of
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Fig. 9 Tectonic discrimination diagram for source volcanoes by plotting Th/Yb versus Ta/Yb (A) (Schandl and Gorton 2002) and Th/Hf versus

Ta/Hf (B) (Pearce et al. 1984)
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uranium, petroleum, coal, and natural gas, and play an
important role in uranium enrichment of the tuffaceous
layer. The Yanchang Formation itself is a good reservoir of
petroleum. The Yanchang was deposited in the Upper
Triassic as eroded sediments of the Yinshan and the Qin-
ling Mountains were deposited in fluvial-deltaic and
lacustrine environments (Li et al. 2009; Zou et al. 2012).
The intraplate Ordos Basin then developed and various
evolutionary stages changed the depositional environment.
In the Late Triassic, erosion of Liupan Mountain caused
isostatic rebound resulting in an unconformity between the
Triassic and Jurassic strata (Liu 1998). Moreover, strong
tectonic activity occurred during the Late Triassic to Early
Cretaceous, including the collision of the China and
Qiangtang Blocks with the Eurasian Plate. Such tectonic
activity developed a large number of fissures and gaps in

@ Springer

this area through which uranium-enriched fluid moved
downward from the Jurassic strata to the Yanchang For-
mation. Due to pressure relief, natural gases such as CHy,
H,S, CO, CO, and H,, started to move up. The tuffaceous
layer acts as a barrier for downward flowing fluids and
upward moving gases. Consequently, the speed of rapidly
penetrating uranium-bearing fluids decreased, allowing the
fluids to interact with the gases. Penetrating fluids were
oxidizing, having U®", a soluble form of uranium. How-
ever, after interaction with reducing natural gases, hex-
avalent uranium (U®") started to reduce into tetravalent
uranium (U*"). As tetravalent uranium is insoluble in
water and other fluids, uranium precipitated in the tuffa-
ceous layer. A schematic for uranium enrichment in the
tuffaceous layer of the Yanchang Formation (Fig. 12)
shows uranium enrichment in the tuffaceous layer
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Fig. 12 Model for mechanism of uranium enrichment in the tuffaceous layer of the Triassic Yanchang Formation, modified after Lai et al.

(2010)

enhanced by tectonic activity and by oxidation-reduction
processes.

7 Conclusions

(1) The high gamma-ray tuffaceous layer, hosted by the
Yanchang Formation of the Ordos Basin is matrix-
supported with sub-rounded to sub-angular lithic
fragments. These lithic fragments likely derived
from pre-existing rocks and incorporated into the
tuff during volcanic eruption.

(2) The tuffaceous sediments originated as an interme-
diate magma. Specifically, tectonic and composi-
tional discrimination diagrams show the tuffaceous
layer belongs to calc-alkaline continental arc-related
magma.

(3) After deposition of the tuffaceous layer, uranium
enrichment resulted from tectonic activity. A large
number of fissures and gaps developed, allowing
uranium-enriched fluids to migrate downward from
Jurassic strata while natural gases rose due to
pressure relief, developing an oxidation-reduction
boundary to enhance uranium enrichment.
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