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Abstract

The major elements, trace elements and REEs were analyzed on the samples collected from the

sandstone-type uranium deposits in the Ordos Basin to constrain the mechanism of uranium enrichment. The total
REE amount ranges from 36.7 to 701.8 pg/g and the REE distribution patterns of the sandstone-type uranium samples
are characterized by LREE enrichment and high REE depletion. The results also indicated a high Y abundance and
Eu anomalies between 0.77-1.81. High-precision ICP-MS results showed that U abundances are within the range of
0.73-150 pg/g, showing some strong correlation between U enrichment and related elements such as Ti, V, Zr, Mo,

and Au. In addition, Th abundance is correlated with XREE.
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1 Introduction

The Ordos Basin is the second largest
sedimentary basin in China. During the last 10 years, a
great progress has been achieved in the aspects of
tectonic evolution, dynamics process, inner and outer
geological processes during Mesozoic-Cenozoic times,
and effects on multi-energy mineral resources,
environmental protection and earthquake in this basin
(Ye and Lu, 1997; Zhang Lifei et al., 1998; Liu
Shaofeng, 1998; Zhang Jin et al., 2004; Darby and
Ritts, 2002; Li Xianqging et al., 2003a, b; Ritts et al.,
2004; Liu Chiyang et al., 2005; Dai Jinxing et al.,
2005; Yang Xiaoyong et al., 2006).

The extensional exploration in combination with
studies both at home and abroad indicates that the 4
extraordinary significant energy resources: oil, gas,
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coal and uranium, which have an affinity with the
national economy and people's livelihood, coexist
mainly in sedimentary basins. The sandstone-type
uranium deposits are one of the first discovered
uranium deposit types in the world (Granger et al.,
1961), and then discovered and reported in all
continents throughout the world. In fact, the
sandstone-type uranium deposits in basins are
distributed all over the world. However, according to
the number of uranium deposits or the total reserves,
they are distributed predominantly in the Northern
Hemisphere between latitudes 25 to 50 degrees,
especially in the Mid-East Asian huge metallogenic
belt. The belt covers an area extending from the
Songliao Basin in China in the east to the Caspian Sea
in the west with an extension of 6000 km (Peng
Xinjian et al., 2003; Li Shengfu and Zhang Yun, 2004;
Chen Daisheng et al., 2003; Yang Dianzhong et al.,
2004; Liu Chiyang, 2005; Min Maozhong et al., 2005).
The Ordos Basin is abundant in diverse energy
resources and useful mineral resources. Therefore, it is
of profound scientific significance and industrial value
to study the basin.

Along with deep-going ore exploration and
theoretical research, in-situ leachable sandstone-type
uranium deposits and mineralization abnormities have
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been discovered in many locations in the Ordos Basin.
For example, discovery of the Dongsheng large-scale
uranium deposit, characterized by great reserves and
perspective for a super-large deposit, marks an
important breakthrough in the exploration of the
in-situ leachable sandstone-type uranium deposits (Di
Yonggiang, 2002; Cheng Fazheng, 2002; Zhu Xiyang
et al., 2003; Xiao Xinjian et al., 2004a, b).

In this study, we made a systematical analysis on
samples from the sandstone-type uranium deposits in
the Ordos Basin, including the abundances of REE,
trace elements and several major elements, in an
attempt to discuss the mechanism of uranium
enrichment in this basin and the substantial relations
among and furthermore the rules of coexistence of
multi-energy mineral deposits in the same basin.

2  Geological background and characteri-
stics of the uranium deposits

The Ordos Basin is also called the Shaan
(Shaanxi)-Gan (Gansu)-Ning (Ningxia) Basin, and its
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Fig. 1. Geological sketch map of the Ordos Basin and its relative
geographical position in China (After Wu Rengui et al., 2003; Wei
Yongpei and Wang Yi, 2004; Xie Chenxia, 2004). 1. Yimeng Uplift; 2.
Western Fold and Fault Belt; 3. Tianhuan Syncline; 4. Yishan Slope; 5.
Western Shaanxi Flexure Belt; 6. Weibei Uplift; 7. uranium deposit and
sample locality; 8. middle gas field zone; 9. Yanchang Formation

oil-bearing zone.
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main portion covers an area of 2.5x10° square
kilometers. The Yimeng Uplift in the north, the Weibei
Uplift in the south, the West Fold and Fault Belt in the
west, and the Western Shaanxi Flexure Belt in the east
constitute a unique structure pattern (Fig. 1). Oil and
gas reservoirs are estimated at 86x10° tons and
11x10" cubic centimeters, respectively (Hu Wenrui,
2000), in which the reserves of oil rank the third of the
basins abundant in oil and gas resources, only next to
the Bohai Bay Basin and Songliao Basin (Liu Chiyang,
2005). The present Ordos Basin is attributed to be a
remnant craton basin in the Mesozoic (Zhao
Chongyuan and Liu Chiyang, 1990).

The early evolution of the Ordos Basin is marked
by a particular process in which uplifting proceeded
gradually at the eastern edge of a paleo-basin with the
eastern boundary of sedimentation moving westwards.
As a result, the former sediments were eroded (Zhao
Chongyuan and Liu Chiyang, 1990). Till Late Jurassic,
the residual basin showed such a pattern as to be
lower in the west and higher in the east. In the late
Early Cretaceous, the Ordos Basin died out as a result
of unitary rise. During the long-term evolution and
deformation, the Ordos Basin had experienced overall
ascending and descending, while internal vertical
movements were comparatively weak. Furthermore,
intense tectonic activities, as well as basin
deformation, occurred at the edge of the Ordos Basin
(Liu Shaofeng, 1998; Zhang Jin et al., 2004; Darby
and Ritts, 2002; Ritts et al., 2004; Liu Chiyang et al.,
2005). Deformation during the evolution of the Ordos
Basin made multi-energy mineral deposits coexisting
and emplacement in the same basin (Liu Chiyang,
2005).

Recently, many uranium deposits have been
discovered in the Ordos Basin, of which the
Dongsheng uranium deposit in the northeast is largest
in scale, highly expected to be a super-large deposit.
U-Pb isochron age of sandstone samples from the
Dongsheng uranium deposit is 107+16 Ma, which
may represent the paleo-oxidation time when uranium
was enriched and precipitated (Xia Yuliang et al.,
2003).

The ore-bearing strata in the Dongsheng
sandstone-type uranium deposit are represented by the
Zhiluo Formation which can be classified as the upper
and lower segments. The lower segment was further
divided into two sub-segments. The lower sub-
segment is composed of ore-bearing gray sandstone
and the upper sub-segment is composed mainly of
green sandstone and mudstone. The upper segment
consists of variegated medium to fine -grained
sandstones and mudstones. The rocks are loose, with
the sand body measuring 20-40 meters in thickness.
Developed in the ore-bearing sand body is an
oxidation zone-oxidation reduction zone-reduction
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zone layered petrochemical zone from north to south. drills. The oxidation- reduction frontier plane extends
The oxidation zone is yellowish in color on the Earth’s east-westwards in the mass, exhibiting a complex
surface, though it is celandine green or powder blue in S-pattern. The oxidation-reduction transition zone is

Fig. 2. Partial results of slice observation of the sandstone-type uranium deposits in the Ordos Basin. Qrt. quartz; Pl. plagioclase; Kf.
potassic feldspar; Bi. biotite; Am. amphibole; Ser. sericite; Chl. chlorite; Py. pyrite. Scale bar: 0.5 mm. A. ZK341-60-03, medium-grained
feldspar sandstone, strong paulopost alteration of feldspar and chloritization observed; B. another microscopic image of ZK341-60-03; C.
ZKA183-87-11, muddy fine sandstone with grain diameter between 0.1-0.3 mm, there exist a few fibrous products of paulopost alteration
like sericite and chlorite; D. ZKA183-87-08, medium-coarse-grained quartz sandstone composed of approximately 50% quartz and 35%
feldspar; chloritization and sericitization are also in existence. Some microlites of carbonate minerals appear in the form of cements; E.
another microscopic image of ZKA183-87-08; F. ZKA95-11-09, coarse-grained feldspar sandstone, there are tenuous feldspar grid twins
and plagioclase multiple twins, a proportion of which was altered into chlorite, muscovite and biotite coexist, and the latter resulted from
paulopost alteration; G. A39-14-03, medium-grained feldspathic quartz sandstone with 60% quartz; most of the quartz and feldspar grains
themselves have sharp edge angles, and chloritization was observed, too; H. A39-14-04, medium-coarse-grained feldspar sandstone;
biotite shows signs of having experienced deformation and feldspar grains, chloritization and sericitization; calcite grains are interstitial to
the crystals.
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gray or French grey, and it is rich in organic matter
and nodular pyrite. The reduction zone is grey and
abundant in organic matter. In addition, crystalline
pyrite is visible. Uranium mineralization occurred
nearby  the frontier of the interlayered
oxidation-reduction zone, and curved, plate-like or
lentoid uranium ore bodies were recognized (Zhu
Xiyang et al.,, 2003). Shown in Fig. 2 are the
characteristics of some rock samples.

Xiao Xinjian et al. (2004a) described the features
of post-alternation vertical zoning on the basis of the
petrography data from the Zhiluo Formation
sandstones: the lower sub-segment of the lower
segment of the Zhiluo Formation, which consists of
grey and hoar sandstones and is also a ore-bearing
segment, possesses mainly a green color due to
feldspar epidotization (I). Furthermore, carbonation
was recognized. In the upper sub-segment, grey
sandstone turns green mainly due to biotite
chloritization (II). All the processes including feldspar
chloritization, ~ epidotization,  argillation  and
carbonation led to the formation of the zone; the
sandstone is celadon in the segment mostly because of
its containing plenty of green biotite but no chlorite,
and relatively high abundance of Fe’ in the minerals
appears to be the essential reason (Fig. 2).
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3 Samples and experiments

In this study, 21 representative samples (Table 1)
were collected from 8 drill holes in the Ordos Basin
for study. Either extension or depth of the samples
represents the universality and particularity of the
sandstone-type uranium deposits in the Ordos Basin.

Of the 21 samples in this study there are 6
fine-grained quartz sandstone samples, 13 quartz
sandstone samples, and 2 mudstone samples. As is
known, quartz sandstone and mudstone generally and
extensively exist in the sandstone-type uranium
deposits. The mudstone samples were abundant in
organic matter, therefore it is of great significance to
determine REE and trace elements and their
correlations with reference to previous studies on the
relationship between organic matter and uranium
enrichment (Min Maozhong et al., 2005; Milodowski
et al., 1990). In addition, we can probe into the effects
on uranium enrichment of granularity difference
between fine-grained sandstone and normal sandstone.

REE and trace elements were determined by high
precision ICP-MS Plasma Quad 3, made by the
Thermo VG Elemental Company (UK), at the
Physical-Chemical Lab. Center of the Univ. Sci. &
Tech. The errors involved in the measurement were

Table 1.  Samples and their lithologic features of the sandstone-type
uranium deposit samples from the Ordos Basin
Sample type Sample No. Lithology

ZK183-79-02 Celadon medium-grained sandstone
ZK183-79-06 Celadon medium-grained sandstone
ZK183-79-09 Celadon medium-fine-grained sandstone
7ZK183-79-12 Hoar medium-coarse-grained feldspar sandstone
ZK341-60-04 Celadon medium-fine-grained sandstone
ZK341-60-05 Grey muddy siltstone, containing carbonic detrital matter
7K64-127-S-07 Celadon medium-fine-grained feldspar sandstone
ZKA139-35-03 Hoar medium-coarse-grained feldspar sandstone

ZKA139-35-05
ZKA139-35-13
ZKA183-87-02
ZKA183-87-08
ZKA183-87-09
ZKA183-87-10

U-bearing sedimentary rock

Hoar medium-coarse-grained feldspar sandstone
Hoar medium-coarse-grained feldspar sandstone
Celadon siltstone

Grey medium-coarse-grained quartz sandstone
Hoar medium-grained feldspar sandstone

Hoar medium-grained feldspar sandstone

ZKA39-14-02 Celadon mudstone

ZKA39-14-04 Hoar medium-coarse-grained feldspar sandstone
ZKA39-14-06 Hoar medium-coarse-grained feldspar sandstone
ZKA79-11-05 Hoar silt-mudstone

ZKAT79-11-09 Grey medium-coarse-grained feldspar sandstone
ZKAT9-11-11 Grey medium-coarse-grained feldspar sandstone
ZKAT9-11-12 Grey medium-coarse-grained feldspar sandstone

Standard GSR-4 Standard quartz sandstone
GSR-5 Standard shale
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maintained at 2%—-5%.

Samples were ground in a carnelian mortar, as
fine as 200 mesh, or so by hand to avoid con-
tamination while a special caution was taken in
grinding. First and for most, the indoor atmosphere
must be kept clear and clean in order to reduce air dust
contamination. Secondly, the carnelian mortar should
be cleaned with analytically pure alcohol for several
times and then dried before use, to avoid cross
contamination among different samples. Finally, the
sample powder was put into sample bags and the bags
were then tightly sealed. Samples GSR-4 and GSR-5,
used as the standard samples in the test, are quartz
sandstone and shale, respectively.

Five mL of mixed acid of HNO; and HF in the
proportion of 1:5 was used in the course of
dissolution. With reference to the method of Liu Ying
et al. (1996), the mixed acid was favorable to
thorough-going dissolution of the samples. In the late
stage of dissolution, 0.5 mL of HCl,; was added. The
temperature varied from sample to sample to confirm
whether all the samples were completely dissolved.
During ICP-MS determination, it was necessary to
add 2% HNO:s.

4 Results and discussion

4.1 REE characteristics and chondrite norma-
lization

Because the REEs are insoluble and very low in
concentration in water, the REEs present in sediments
reflect the chemistry of the source. They are
transported chiefly in the form of particulate matter.
The most important factor affecting the REE contents
of clastic sediments is the provenance (Fleet, 1984;
McLennan, 1989). Thus it makes good sense to
discuss REE characteristics and their distribution
patterns in the samples.

The REEs consist of 14 lanthanides (except Pm)
and Y. Furthermore, we made a series of numerical
statistics on REE characteristic parameters, i.e., ZREE,
YLa-Nd, XSm-Ho, XEr-Y, LREE/HREE, XCe/XY and
SEu after Wang Zhonggang et al. (1989). All these
results are listed in Table 2.

Based on the data listed in Table 2, it can be seen
that the REEs in the sandstone-type uranium deposits
in the Ordos Basin have the following characteristic
features:

As a whole, the light REEs are enriched and the
heavy REEs are depleted; XREE fluctuates awfully
between 36.7 pg/g and 701.8 ug/g; the values of
YLa-Nd, XSm-Ho and XEr-Y are 25.3-567.3,
4.46-48.68 and 6.91-85.83 ng/g, respectively, sho-
wing an obvious trend of light REE enrichment,
middle REE slight depletion and heavy REE depletion;
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the ratio of LREE/HREE varies greatly between
6.91-25.79; while the value of ZCe/ZY is relatively
small, varying from 1.86 to 9.90. Since the Y
abundance of the samples ranging between 5.31-69.3
is comparatively high, we can see the disparity
between the two REE parameters; absolutely all the
samples show remarkable positive Eu anomalies,
except for two or three samples showing negative
anomalies, fluctuating greatly from 0.77 to 1.81.

The general characteristics of the chondrite-
normalized REE distribution patterns (Fig. 3) are light
REE enrichment and heavy REE depletion. It is clear
that the chondrite-normalized REE distribution
patterns of all the samples are basically coincident
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Fig. 3. Chondrite-normalized REE distribution patterns. a. Samples
showing negative Eu anomalies: 1. GSR-4; 2. GSR-5; 3. ZK341-60-05;
4. ZKA139-35-05; 5. ZKA183-87-02; 6. ZKA183-87-10; 7. ZKA39-
14-02; 8. ZKA79-11-05; 9. typical seawater; 10. river water; 11. upper
crust. b. Samples with positive Eu anomalies: 1. ZK183-79-02; 2.
ZK183-79-06; 3. ZK183-79-9; 4. ZK183-79-12; 5. ZK341-60-04; 6.
ZK64-127-S-07; 7. ZKA139-35-03; 8. ZKA139-35-13; 9. ZKA183-
87-08; 10. ZKA183-87-09; 11. ZKA39-14-04; 12. ZKA39-14-06; 13.
ZKA79-11-09; 14. ZKA79-11-11;. 15. ZKA79-11-12; 16. typical
seawater; 17. river water; 18. upper crust. Typical seawater, river
water and upper crust data are also plotted in the diagrams for
comparison (after Taylor and Mclennan, 1981, 1985; Elderfield and
Greaves, 1982; Hoyle et al., 1984).
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Table 2. REE data for the sandstone-type uranium deposit samples from the Ordos Basin (ng/g)

Sample No. La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm
GSR-4 285 481 634 239 558 100 470 077 384 073 209 032
GSR-5 598 1007 128 442 801 173 652 110 601 123 378 0.60
7K183-79-02 388 636 7.6 262 430 206  3.64 052 242 047 135 021
7K183-79-06 214 330 426 154 290 200 247 040 199 039 1.3 0.16
7K183-79-09 365 531 831 314 651 233 550 099 567 116  3.44 0.56
7K183-79-12 198 217 403 142 247 167 216 034 190 040 119 0.20
ZK341-60-04 199 258 38 133 238 195 200 029 148 028 085 0.13
7K341-60-05 104 153 211 730 1185 272 1026 170 9.08 187  5.60 0.89
7K64-127-8-07 408 628 893 321 527 149 358 045 204 040 132 0.22
ZKA139-35-03 256 329 552 205 417 186 4.01 073 453 104 330 0.52
ZKA139-35-05 687 992 1398 461  7.28 171 6.49 107 595 132 4.08 0.66
ZKA139-35-13 174 234 380 132 237 151 233 040 212 044 141 0.24
ZKA183-87-02 620 942 1301 442 663 188 620 100 524 112 334 0.52
ZKA183-87-08 411 444 731 232 409 161 374 062 328 068 199 032
ZKA183-87-09 293 443 649 226 397 152 330 054 28 066 198 0.34
ZKA183-87-10 1764 2499 3339 1076 1617 202 1481 225 1103 239 730 1.22
ZKA39-14-02 613 1065 1180 410  7.08 162 595 100 507 099 293 0.47
ZKA39-14-04 413 33 776 273 47 189 38 062 330 072 218 036
ZKA39-14-06 112 116 259 931 170 089 133 023 135 029 090 0.17
ZKAT79-11-05 419 756 931 334 616 152 506 089 479 101 294 0.47
ZKAT79-11-09 277 318 558 194 355 145 287 053 293 062 184 031
ZKA79-11-11 877 896 167 58  Ll4 101 097 020 095 019 0.9 0.12
ZKAT79-11-12 286 418 549 191 347 152 272 046 236 050 157 0.26
Sample No. Yb  Lu Y SREE 3La-Nd ¥Sm-Ho  SEr-Y LREE/HREE ~ SCe/LY  8Eu
GSR-4 181 023 184 1464 1069 1662 22.89 12.07 419 0.83
GSR-5 354 045 389 2893  217.5 2460 4727 13.98 420 0.91
7K183-79-02 114 015 114 1639 1362  13.40 1427 23.43 8.27 1.18
7K183-79-06 094 013 102 967 740 10.14 12.55 15.83 531 137
7K183-79-09 324 041 280 1870 1293 2216 35.60 9.29 331 1.06
7K183-79-12 119 015 88 803 598 8.94 11.57 1230 4.65 1.37
ZK341-60-04 083 011 623 795 629 8.38 8.15 17.46 6.79 1.49
7K341-60-05 529 067 447 4457 3512 3748 57.10 14.98 5.39 0.93
7K64-127-8-07 139 019 964 1705 1445  13.23 12.76 25.79 9.90 1.02
ZKA139-35-03 316 040 370 1453 845 16.34 44.41 6.91 1.86 1.12
ZKA139-35-05 389 049 268 2877 2279 2382 35.95 13.94 5.50 0.92
ZKA139-35-13 138 017 963 798 578 9.17 12.83 10.38 4.05 131
ZKA183-87-02 311 038 324 2752 2133 2207 39.79 15.50 4.84 097
ZKA183-87-08 177 023 182 1525 1160  14.02 2251 14.11 4.63 1.09
ZKA183-87-09 197 026 162 1363 1027 1285 20.75 12.95 4.49 1.10
ZKA183-87-10 705 096 693  701.8 5673  48.68 85.83 18.65 591 0.77
ZKA39-14-02 271 035 312 2800 2206  21.72 37.69 17.41 526 0.92
ZKA39-14-04 217 029 120 1618 1297  15.08 16.96 14.56 6.49 112
ZKA39-14-06 1.04 014 645 492 347 5.80 8.69 9.38 3.65 1.36
ZKAT79-11-05 288 039 336 2199 1602 1944 40.28 12.93 3.68 0.94
ZKAT79-11-09 179 024 132 1138 844 11.95 17.38 11.17 430 1.14
ZKAT79-11-11 071 010 531 367 253 4.46 691 9.62 3.44 1.81
ZKA79-11-12 164 025 963 1195 951 11.02 13.36 14.61 6.17 1.17
with one another. Negative Ce anomalies are common typical seawater and river water. The Ce anomalies

in almost all the samples, which are similar to those of occur in response to the oxidation of Ce’" to Ce*" and
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the precipitation of Ce* from solutions as CeO,
(Elderfield and Greaves, 1982; Hoyle et al., 1984).
Thus the origin of seawater or river water may be the
cause of negative Ce anomaly, as is supported by
Wang Zhonggang et al. (1989). Furthermore, it may
be inferred that hydrothermal processes played a very
important role in uranium enrichment. In both REE
distribution pattern diagrams, with Eu as a boundary,
the front part is like a slope while the rear part is flat.
In this study, we classified the samples as 2 groups in
terms of their negative Eu anomalies and positive Eu
anomalies in order to address the problems of Eu
anomalies. As seen in Fig. 3, LREE enrichment in the
samples with negative Eu anomalies is slightly more
remarkable than that in those with positive Eu
anomalies.

4.2 Chondrite normalization of trace elements

Zhu Xiyang et al. (2003) once had made a study
on the trace elements of the Dongsheng
sandstone-type uranium deposit and found that there
was a positive correlation between U enrichment and

REE/trace element characteristics of sandstone-type uranium deposits
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Mo, Ba, Zr and Se. Castor and Henry (2000) studied
the trace elements of the uranium deposits in
northwestern Nevada and southeastern Oregon,
showing that the whole-rock U abundance was higher
than 20 pg/g. Cox and Singer (1986) drew a
conclusion that the U-rich samples were also enriched
in Zr, As, Mo and other elements, slightly enriched in
W, As, Sb, Pb and TI from Painted Hills related to
epithermal uranium deposits.

The results of analysis of trace elements are
listed in Table 3.

From the trace element chondrite-normalized
spider diagram (Fig. 4), it can be seen that the trace
elements have the following characteristics:

Generally, along with the reduction of trace
element incomepatibility from left to right, the
normalized value tends to decrease gradually.
Exceptional elements such as U, Ta, Nb, Sr, Hf and Zr
have different degrees of positive or negative
abnormity. Most of the samples show the same
distribution pattern as the average upper crust, which
indicates that they may have originated from an upper
crust source; however, several trace elements have a

Table 3. The results of analysis of trace elements for the sandstone-type uranium

deposit samples from the Ordos Basin (ug/g)

Sample No. Rb Th- U Ta Nb La Ce Pb Pr Sr Nd Hf Zr Sm Eu Gd Dy Y Er Yb Lu
GSR-4 1.90 2.15 2.19 1.24 1.23 196 1.77 1.77 1.67 0.68 1.60 0.96 1.12 1.46 1.06 1.19 1.00 0.96 0.92 0.86 0.79
GSR-5 280 2.58 2.14 1.75 1.74 228 2.09 1.89 197 1.05 1.87 120 1.34 1.62 1.30 1.33 1.20 1.29 1.18 1.15 1.07
7K183-79-02 241 221 220 149 140 2.09 1.89 2.06 1.75 1.50 1.64 0.84 0.94 1.35 1.38 1.08 0.80 0.76 0.73 0.66 0.58
ZK183-79-06 237 1.80 1.85 1.31 1.19 1.83 1.61 196 149 1.54 141 129 122 1.18 136 091 0.72 0.71 0.66 0.58 0.53
7K183-79-09 233 2.01 2.64 1.71 1.59 2.06 1.81 223 1.78 147 1.72 1.03 1.18 1.53 143 125 1.17 1.15 1.14 1.12 1.03
ZK183-79-12 229 1.74 342 140 1.28 1.80 1.43 197 1.47 1.41 138 0.88 1.02 1.11 1.28 0.85 0.70 0.65 0.68 0.68 0.60
7K341-60-04 234 1.67 1.75 141 136 1.80 1.50 2.06 1.45 129 135 125 1.24 1.09 135 0.81 0.59 0.49 0.53 0.52 0.45
ZK341-60-05 248 2.66 252 1.84 1.83 252 228 242 2.19 123 2.09 136 149 1.79 1.49 1.53 138 135 135 133 1.25
7K64-127-S-07 260 2.18 2.38 1.51 1.51 211 1.89 2.17 1.81 1.13 1.73 1.07 1.17 144 123 1.07 0.73 0.68 0.72 0.75 0.69
ZKA139-35-03 246 2.04 1.75 1.50 1.51 191 1.61 2.10 1.61 1.58 1.54 0.87 1.01 1.34 133 1.12 1.08 1.27 1.12 1.10 1.02
ZKA139-35-05 221 252 3.84 2.05 2.09 234 2.09 226 2.01 1.38 1.89 135 1.51 1.58 1.29 133 1.19 1.13 1.21 1.20 1.11
ZKA139-35-13 232 1.85 2.82 1.64 1.60 1.74 1.46 2.08 1.44 145 134 1.13 1.14 1.09 1.24 0.88 0.75 0.68 0.75 0.75 0.66
ZKA183-87-02 252 236 225 1.82 1.79 229 2.06 230 198 1.47 1.87 121 137 1.54 133 131 1.14 1.21 1.13 1.10 1.00
ZKA183-87-08 243 198 3.80 140 1.54 212 1.74 194 1.73 1.40 1.59 094 1.17 1.33 1.27 1.09 0.93 0.96 0.90 0.85 0.78
ZKA183-87-09 249 2.14 4.06 1.74 1.78 197 1.74 227 1.68 147 158 121 143 132 1.24 1.03 0.87 091 0.90 0.90 0.83
ZKA183-87-10 228 3.13 3.65 2.22 244 275 249 232 239 138 226 2.08 2.36 193 137 1.68 1.46 1.54 1.47 145 1.40
ZKA39-14-02 251 254 241 194 1.77 229 212 230 194 145 1.84 1.60 1.58 1.57 1.27 1.29 1.12 1.19 1.07 1.04 0.96
ZKA39-14-04 226 1.75 239 149 120 2.12 1.82 2.14 1.75 1.41 1.66 091 0.94 1.39 1.34 1.10 0.94 0.78 0.94 0.94 0.88
ZKA39-14-06 2.08 1.85 3.39 1.50 1.52 1.55 1.16 1.94 1.28 1.32 1.19 093 1.02 0.95 1.01 0.64 0.55 0.51 0.56 0.62 0.56
ZKA79-11-05 250 2.55 2.19 1.78 1.78 2.12 197 238 1.83 1.54 1.75 1.20 1.30 1.51 1.24 1.22 1.10 1.23 1.07 1.06 1.01
ZKA79-11-09 228 194 392 142 146 194 159 2.18 1.61 1.44 151 1.18 1.12 1.27 1.22 0.97 0.89 0.82 0.87 0.86 0.80
ZKA79-11-11 227 1.72 3.73 137 141 144 1.04 1.87 1.09 136 0.99 1.03 1.04 0.77 1.07 0.50 0.40 0.42 0.44 0.45 0.40
ZKAT9-11-12 234 194 374 159 1.57 196 1.71 2.09 1.60 1.41 1.51 097 1.11 1.26 1.24 095 0.79 0.68 0.80 0.82 0.83
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Fig. 4. Trace element chondrite-normalized spider diagram. a. Samples
with negative Eu anomalies: 1. GSR-4; 2. GSR-5; 3. ZK341-60-05; 4.
ZKA139-35-05; 5. ZKA183-87-02; 6. ZKA183-87-10; 7. ZKA39-
14-02; 8. ZKA79-11-05; 9. upper crust. b. Samples with positive Eu
anomalies: 1. ZK183-79-02; 2. ZK183-79-06; 3. ZK183-79-09; 4.
ZK183-79-12; 5. ZK341-60-04; 6. ZK64-127-S-07; 7. ZKA139-35-03;
8. ZKA139-35-13; 9. ZKAI183-87-08; 10. ZKA183-87-09; 11.
ZKA39-14-04; 12. ZKA39-14-06; 13. ZKA79-11-09; 14.
ZKAT79-11-11; 15. ZKA79-11-12; 16. upper crust. The abscissa of the
trace element chondrite-normalized spider diagram marks the trace
elements arranged in such an order that trace element incompatibility
reduces from left to right (Wang Zhonggang et al., 1989). Average
upper crust data are also shown in the diagram (Taylor and Mclennan,
1981); Rb, Th, U, Ta, Nb, La, Ce, Pb, Sr, Nd, Zr, Sm and Y are after
Sun and McDonough (1989); Pr, Eu, Gd, Dy, Er, Yb and Lu are after
Taylor and Mclennan (1985); Hf is after Thompson (1982).

notable diversity: the abundances of Rb, U, La, Ce, Sr,
Nd, Zr, Y, Pb and Pr are higher than those of others;
especially Rb, U, La, Ce, Pb and Pr which show
particularly positive abnormities. The abundance of U
ranges widely from 0.73 to 150 pg/g. For example, 3
samples from drill ZKA183 have the highest
abundance of U between 58.1-150, whereas the
abundance of Th is relatively low, varying from 2.34
to 67.75 pg/g. Uranium abundance is negatively
correlated with Th abundance, as is seen in Fig. 4. In
Fig. 4a and b it can be seen that the samples with
positive Eu anomalies are, in more cases, much higher
in U abundance than those with negative Eu
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anomalies. Of course, more data are needed to prove it
to be a universal phenomenon. The samples with
negative Eu anomalies are low in Sr abundance
compared with those with positive Eu samples, and it
is possibly the result of Eu incompatibility; late
hydrothermal activities made this phenomenon even
more remarkable.

4.3 Discussion on correlations between U, Th and
other trace and major elements

In this study, 14 plots showing the correlations
(Fig. 5a—n) between U, Th and other trace and major
elements are made to probe into the extensive
correlations concerning uranium enrichments.

Figure 5a shows variations between XREE and U,
and Th, respectively, from which a clear linear
correlation trend can be found, indicating a correlation
between Th and XREE; however, in Figure 5b, a clear
linear correlation trend is shown between ZREE and
Th. Usually, the abundances of Th in medium- and
coarse-grained sandstones are lower than those of
fine-grained sandstones. Figure 5c shows a variation
trend for Th and U, from which it can be seen that the
U abundance is obviously divided into 2 parts by
10pg/g, and the abundances of U in the medium- and
coarse-grained sandstones are slightly higher than
those of fine-grained sandstones. Figure 5d is a
YREE-Th/U plot, with no obvious correlation
observed. Figure Se is a plot showing variations in Rb
and U; all the data points are basically at the same
level, so we can infer that U enrichment is not
correlated with Rb. Figure 5f is a Sr-U plot; the
situation of Sr is similar to Rb and no remarkable
correlation is found. Figure 5g is a Ti-U plot; a
comparatively precise correlation is shown in the
figure, especially for the fine-grained sandstones.
Figure 5h is a Fe-U plot; the Fe abundance of each
sample is relatively high, and there is no distinct
correlation between Fe and U. Figure 5i is a V-U plot,
with no clear correlation observed. Probably, more
data are needed to support the linear correlation.
Figure 5j is a Zr-U plot; medium- and coarse-grained
sandstones and fine-grained sandstones have more or
less corresponding correlations, respectively, though
the correlations are not so clear. Figure 5k is a Mo-U
plot; U abundance is obviously correlated with Mo
abundance, especially for the medium- and coarse-
grained-sandstones. Figure 51 is a Pb-U plot, with no
clear correlation seen. Figure Sm is a Au-U plot; the
medium- and coarse-grained sandstones and
fine-grained sandstones show good correlations,
respectively. Figure 5n is a Pd-U plot, with no obvious
correlation between Pd and U.

Based on the trace element data, such a
conclusion can be drawn that there exist obvious
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Fig. 5. Correlations between U, Th and other REE and trace elements. a. XREE-U correlation diagram; b. XREE-Th

correlation diagram; c. Th-U correlation diagram; d. XREE-Th/U correlation diagram; e. Rb-U correlation diagram; f.

Sr-U correlation diagram; g. Ti-U correlation diagram; h. Fe-U correlation diagram; i. V-U correlation diagram; j. Zr-U

correlation diagram; k. Mo-U correlation diagram; 1. Pb-U correlation diagram; m. Au-U correlation diagram; n. Pd-U

correlation diagram.

positive correlations between U and other trace
elements such as Ti, V, Zr, Mo, Au and so on.
Therefore, the elements Ti, V, Zr, Mo, and Au can be
considered as an indicator of uranium enrichment. In
addition, Th abundance is obviously correlated with
YREE. This has been proved by the data from other
metallic ore deposits. Bao Zhiwei and Zhao Zhenhua
(2003) studied the rare-earth element mobility during
ore-forming hydrothermal alteration and found that

the mobility and fractionation of REE and the
coherent mobilities of Y, U, Th and Au lend great
support to the hypothesis that syenite is one of the
source rocks for gold mineralization.

5 Conclusions

Through the extensive analysis and discussion of
REE and trace elements in the sandstone-type uranium
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deposits in the Ordos Basin, we have drawn the
following conclusions:

(1) The sandstone-type uranium deposits in the
Ordos Basin are characterized by light REE
enrichment and heavy REE depletion; XREE
fluctuates awfully between 36.7 pg/g and 701.8 pg/g;
Eu anomalies vary greatly from 0.77 to 1.81. The
statistics data for XLa-Nd, XSm-Ho and ZXEr-Y
indicate obvious LREE enrichment, slight MREE
depletion and strong HREE depletion. Based on the
Eu and Ce anomalies, it is obvious that late-stage
hydrothermal activities had occurred and played a
very important role in uranium enrichment.

(2) The abundances of Rb, U, La, Ce, Sr, Nd, Zr,
Y, Pb and Pr are relatively high, and especially the
elements Rb, U, La, Ce, Pb and Pr show positive
anomalies. Higher U abundance vs. lower Sr
abundance is a universal phenomenon, as revealed in
this study. There exist obvious positive correlations
between U and other trace elements such as Ti, V, Zr,
Mo, and Au, whereas Th abundance is obviously
correlated with ZREE.

(3) The study has revealed an important
relationship between the U and Th abundances and the
granularities of rocks, i.e., the concentrations of Th in
the medium and coarse-grained sandstones are lower
than those of the fine-grained sandstones. However,
this case is not true for U concentrations.
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