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A B S T R A C T

The Baimadong uranium deposit is hosted in carbonate rocks that were subjected to extensive black and red
alterations, silicification and argillization, and is assigned to the carbonaceous-siliceous-pelitic rock-type ur-
anium deposits in the Chinese literature. However, the nature of the mineralization, especially the black and red
alterations and their relationship with uranium mineralization, remains poorly understood. Petrographic and
Raman spectroscopic studies indicate that the black material are organic matter mainly composed of graphite
and bitumen, whereas the red-altered rocks are characterized by abundant iron oxides. Crosscutting relation-
ships suggest that the black alteration occurred before the red alteration. Comparison of whole-rock geo-
chemistry between the different types of rocks suggests that total organic carbon (TOC), U and total organic
sulfur (TOS) were gained through the black alteration, and FeOT was gained through the red alteration, whereas
total inorganic carbon (TIC), CaO and MgO were lost in both types of alterations. The δ13Corg (PDB) values and
biomarker characteristics of the black-altered rocks suggest that the organic matter was derived from the black
shale of the Niutitang Formation underneath the deposit. U enrichment is associated with both the black and red
alterations, and shows positive correlations with Al2O3, K2O, TiO2, SiO2, TOC and TOS. It is proposed that the
uranium mineralization at Baimadong resulted from superposition of two fluid events controlled by a common
structural system. First, petroleum generated in the black shales of the Niutitang Formation and hydrothermal
fluids migrated along cross-formational faults to the carbonate rocks of the Qingxudong and Shilengshui for-
mations, causing the black alteration and preliminary uranium enrichment. Second, an oxidizing, U-bearing fluid
flowed through the same structure and precipitated uraninite through reaction with the black-altered rocks,
accompanied by precipitation of hematite and goethite as marked by the red alteration. The combination of
black and red alterations with major faults may be used as a mineralization indicator in the exploration of this
type of U deposits.

1. Introduction

The uranium deposits in China have been classified into four main
types, i.e., sandstone-type, volcanic-type, granite-type, and carbonac-
eous-siliceous-pelitic rock-type (Huang et al., 1994; Min, 1995; Hu
et al., 2008). Among these types, the carbonaceous-siliceous-pelitic
rock-type, hereinafter referred to as CSP-type, is least understood by the
international uranium geoscience community in terms of its geological
characteristics and genesis, in part because the name is used exclusively
in the Chinese literature and the meaning of ‘carbonaceous’ is

ambiguous. The host rocks of this type of uranium deposits include a
variety of non-metamorphic to weakly metamorphic carbonaceous-si-
liceous-pelitic carbonate rocks (including limestones and dolostones)
and pelitic rocks (including slates and shales), and the mineralization
appears to be controlled by a combination of lithologies and cross-
cutting structures (Zhang, 1982; Liu, 1989; Huang et al., 1994; Min,
1995; Hu et al., 2008). Therefore, some of the CSP-type uranium de-
posits may belong to the category of black shale uranium deposits in the
IAEA classification (IAEA, 2009, 2018), and some of them may be
classified as the carbonate-hosted deposits in the new IAEA (2018)
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classification. In the case of black shale uranium deposits, the organic
matter in the black shales is clearly of syn-sedimentary to burial di-
agenetic origin, whereas in the case of carbonate-hosted uranium de-
posits, the organic matter in the host rocks is likely imported from
external sources (IAEA, 2018).

In this paper, we examine one of the more important carbonate-
hosted CSP-type uranium deposits, the Baimadong uranium deposit in
Guizhou Province of South China, in order to gain a better under-
standing of the geological characteristics and genesis of this type of
uranium deposits, in particular the nature of black-colored and red-
colored alterations associated with mineralization and its role in ur-
anium mineralization. Detailed petrographic studies were carried out
for samples from different parts of the deposit, and representative al-
tered and least altered rocks were sampled for major and trace elements
analysis. Organic matter was examined with Raman spectroscopy and
analyzed for carbon isotopes, chloroform asphalt “A”, biomarkers (m/
z85, m/z191, m/z217) and group components. The whole-rock geo-
chemical data were used to estimate the elements gained and lost
during the mineralization and alterations, and the organic geochemical
data were used to trace the origin of the organic matter.

2. Geologic setting and local geology

2.1. Regional geologic setting

The Baimadong area is located in Kaiyang County, central Guizhou
Province (Qianzhong), southwestern China (Fig. 1a). This area is si-
tuated in the Guiyang complex tectonic deformation zone in the
Qianzhong uplift, which is located within the Yangtze platform
(Guizhou Bureau of Geology and Minerals, 1987; Long et al., 2017).
The Yangtze platform is surrounded by an early Paleozoic fold belt in
southeastern Guizhou (Qiandongnan) and a Mesozoic fold belt in
southern Guizhou (Qiannan) (Guizhou Bureau of Geology and Minerals,
1987). The basement of the Yangtze platform is made of metamor-
phosed shallow marine sedimentary rocks of Meso- to Neoproterozoic
ages, which experienced two major tectonic movements, i.e., the
Wuling Movement (ca. 820Ma; Dai et al., 2010) and the Xuefeng
Movement (ca. 760Ma; Zhang, 1995). The cover of the platform is

composed of dominantly marine sedimentary rocks of Neoproterozoic
(Sinian) to Triassic ages and terrestrial sedimentary rocks since Jur-
assic, which were subject to multiple tectono-thermal events during the
Phanerozoic as discussed below.

The central Guizhou region experienced a transgression-regression
cycle from Sinian to Late Cambrian, when the Yunan Movement

Fig. 1. (a) Regional map showing the tectonic setting of SW China and location of the study area (modified from Zhou et al., 2014). (b) Geological map of the
Baimadong uranium mining district (modified from Mo et al., 2016). (c) The stratigraphic column of the Baimadong area.

Fig. 2. A cross section of the Baimadong uranium deposit (see Fig. 1b for lo-
cation).
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Fig. 3. An outcrop showing the relationships between the black-altered, red-altered and least altered rocks in the Baimadong area (see Fig. 1b for location).

Fig. 4. Hand samples of least altered rock (a), black-altered rock (b), red-altered rock (c), red-altered rock with remnant black-altered rock (d), breccia with black
material in the matrix (e), and breccia cemented by calcite (f).
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resulted in the Qianzhong uplift (Guizhou Bureau of Geology and
Minerals, 1987; Mei et al., 2005; Long et al., 2017). The subsequent
Duyun Movement (ca. 458Ma) and Guangxi Movement (ca. 443Ma)
further uplifted central Guizhou and resulted in variable degrees of
denudation of the marine sedimentary rocks deposited during Ordovi-
cian and Early Silurian (Yu et al., 1995). After more than 100 million
years of weathering and erosion, the region received marine sedi-
mentation again in early Carboniferous (Guizhou Bureau of Geology
and Minerals, 1987; Liu, 2001; Ling et al., 2015; Long et al., 2017), and
was then uplifted again due to the Ziyun Movement in Late Carboni-
ferous.

The region was subsequently affected by the Dongwu Movement
(between Middle and Late Permian) and the associated Emeishan
mantle-plume related basalt eruption event (He et al., 2005). These
were followed by the Indosinian Movement (Late Triassic), with in-
tervening marine and terrestrial sedimentation in Middle Permian and
Lower Triassic, and then by the Yanshanian (end of Middle Jurassic)
and Himalayan (Late Cretaceous) movements (Huang, 1945; Guizhou

Bureau of Geology and Minerals, 1987; Wang and Mo, 1995; Chen,
2005). These tectonic movements resulted in strong folding and
faulting of the strata in the Qiandongnan and Qiannan fold belts, and
affected the strata in the Qianzhong uplift within the Yangtze Platform
to variable degrees.

2.2. Geology of the Baimadong deposit

The strata outcropping in the Baimadong area are all Cambrian,
including (from bottom to top) the Niutitang, Mingxinsi, Jindingshan,
Qingxudong, Gaotai and Shilengshui formations and the Loushanguan
Group (Fig. 1c). The Niutitang Formation consists of black shale en-
riched in organic matter and pyrite, with intercalated phosphatic no-
dule, siliceous phosphorite, carbonaceous claystone and siltstone, and
Ni-Mo-V-U-rich layers. The Mingxinsi Formation is composed of
claystone intercalated with sandstone, limestone, and sandstone inter-
calated with shale. The Jindingshan Formation comprises siltstone,
sandstone and limestone. The Qingxudong Formation consists of

Fig. 5. Photomicrographs and SEM image showing petrographic features of least altered, black-altered, red-altered rocks: replacement dolomite (RD) in least altered
rock (a), black material filling interstitial space (b) and fractures (c) in black-altered rocks, authigenic quartz with well-developed crystal shape in black-altered rock
(d), and reddish material fills interstitial space (e) and fractures (f).
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limestone and dolomite, and the Gaotai Formation is composed of do-
lomite and shale. The Shilengshui Formation and the Loushanguan
Group comprise mainly dolomite (Chen, 1990; Pi et al., 2013; Yang
et al., 2013; Yi and Zhao, 2014; Long et al., 2017).

The strata in the Baimadong area are folded and faulted. The
Baimadong fault (F1) is ∼50 km long, ENE-trending and dipping to SE
at angles of 75° to nearly 90° (Fig. 1b). The Xiniudong fault (F2) is
∼8 km long, NNE-trending and dipping to SE at angles of 15–30°
(Fig. 1b). The F1 fault is characterized by a breccia zone of up to >
100m width (Figs. 1b and 2), with angular to subangular fragments of
the host rocks cemented by calcite, quartz as well as black material
(organic matter) (Fig. 4e and f). Several smaller-scale, NNE- to ENE-
trending and SE-dipping faults are developed between F1 and F2
(Fig. 1b). The strata strike NE and dip to SE, and secondary folds are
locally developed near F1. Multiple interformational fracture zones are
developed within the Qingxudong, Gaotai and Shilengshui formations
(Fig. 1c).

The uranium mineralization is hosted in altered rocks in the inter-
formational fracture zones in the Qingxudong (the lower ore zone) and
Shilengshui (the upper ore zone) formations adjacent to the F1 fault

(Chen, 1990) (Figs. 1b, c and 2). The ores are best developed in the
black-altered rocks that are overprinted by red alteration. The lower ore
zone consists of lenticular and cap-shaped orebodies that are 30–80m
(up to 350m) long and 2–10m thick, with average grades of
0.10–0.21% U (up to 0.60%). The upper ore zone consists of lenticular,
saclike and crescent-shaped orebodies that are 7–35m (up to 60m)
long and 2–10m thick, with average grades of 0.06–0.11% U (up to
0.20%). The U orebodies are closely associated with mercury miner-
alization in both the lower and upper ore zones (Fig. 2), with average
grades of 0.02–0.25% Hg (up to 0.60%) (Huang and Zheng, 2016;
Zhang et al., 2017).

The main wall rock alterations associated with mineralization in-
clude black alteration, red alteration, silicification and argillization.
The black alteration, characterized by enrichment of organic matter
responsible for the black color (Fig. 3), is the most prominent feature in
the breccia zone along the F1 fault; whereas the red alteration, char-
acterized by development of Fe oxides causing the reddish color,
overprinted the black alteration (Fig. 3) and is closely related to U
mineralization. Uranium is present as micron-sized grains of uraninite
and adsorption (Chen, 1990). Other metallic minerals include pyrite,

Fig. 6. Photomicrographs showing coarse saddle dolomite (SD) replaced by coarse-grained quartz (Qz1) (a), black material (Black 1) crosscutting coarse crystal
quartz (Qz1) (b), a second generation of black material (Black 2) crosscutting Black 1 (c), Black 2 associated with kaolinite (Kln) crosscutting Black 1 (d), pyrite (Py)
occurring in black material (e), and stibnite (Snt) coexisting with pyrite (Py) (f).
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cinnabar, stibnite, hematite and goethite. The main gangue minerals
are calcite, quartz, fluorite, kaolinite and muscovite.

3. Samples and study methods

Representative samples of the black-altered, red-altered and least
altered rocks as well as the fault breccias (Fig. 4) were collected from

outcrops and drill cores in the Baimadong uranium deposit for petro-
graphic and geochemical studies. The sampling is focused on the black
and red alterations, and the sample locations are shown in Fig. 1b.
Whole rock samples were crushed and milled to powders for inorganic
and organic geochemical analyses, and polished thin sections were
made for petrographic and mineralogical observations. Densities of
selected black-altered, red-altered and least altered rocks were

Fig. 7. Raman spectra of bitumen (a), graphite (b), hematite (c), and goethite (d).

Fig. 8. Paragenetic sequence of minerals in the Baimadong deposit.
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measured for mass balance calculation.
Petrographic study was conducted on 93 polished thin sections

using an Olympus BX51 petrographic microscope equipped with
transmitted and reflected lights as well as UV fluorescence auxiliaries. A
JEOL JSM-6360 scanning electron microscope (SEM) equipped with a
Thermo Scientific Noran System 7 energy-dispersive spectroscopy
(EDS), and a Renishaw RM2000 Raman spectroscopy with an excitation
laser wavelength of 514 nm, were used as auxiliary tools to identify and
characterize the black materials and fine-grained minerals. These pet-
rographic analyses were carried out at the Geofluids Lab, University of
Regina.

Whole rock composition analyses were carried out at the Sichuan
Province Key Laboratory of Geoscience Nuclear Technology, Chengdu

University of Technology. Major elements were analyzed using a wa-
velength-dispersive X-ray fluorescence spectrometry (XRF, PW2404)
and following the procedure described by Norrish and Hutton (1969),
with precision and accuracy better than 5%. Trace elements were
conducted using an American Perkin Elmer type Elan DRC-e inductively
coupled plasma mass spectrometer (ICP-MS), with precision and accu-
racy better than 10%.

Total inorganic carbon (TIC) was analyzed at Chengdu Mineral
Resources Supervision and Testing Center of the Ministry of Land and
Resources, using a LECO model CS230 combustion furnace instrument
(LECO Corporation, St. Joseph MI) and a modified ASTM D153 method.
Total organic sulfur (TOS), total organic carbon (TOC), and δ13Corg of
kerogen were measured at the Experimental Research Center of Wuxi

Table 1
The concentrations of major elements (%) and trace elements (ppm) of altered rocks from the Baimadong uranium deposit.

Sample D20-2 D20-4 D23 D25 D26-1 D20-3 D26-2 D26-3 D20-1 D22-1 D22-2 D23-1 D26-4 D31 D29 D30

Black-altered rocks Red-altered rocks Least altered rocks

SiO2 42.87 61.99 47.83 81.98 67.72 31.76 87.87 55.08 38.00 56.11 64.35 85.09 9.77 4.70 4.07 3.00
Al2O3 11.36 17.53 14.78 12.69 20.20 8.44 6.36 14.17 7.68 5.02 17.74 9.67 3.77 0.99 3.00 1.00
FeOT 2.17 5.24 6.88 0.59 3.29 2.45 2.56 21.62 2.11 3.70 6.33 0.75 2.10 1.05 2.18 3.01
MgO 10.72 1.83 3.56 0.72 0.68 0.34 0.30 0.65 11.82 0.48 1.88 0.60 23.68 19.10 24.55 27.30
CaO 27.61 8.47 19.30 0.06 0.02 0.13 0.07 0.14 38.69 27.42 7.06 0.05 58.47 73.40 65.28 62.90
Na2O 0.06 0.09 0.17 0.10 0.09 0.32 0.05 0.09 0.08 0.06 0.04 0.17 – – 0.06 –
K2O 2.21 1.93 2.53 1.64 2.17 0.54 0.79 1.66 0.64 0.71 0.79 1.76 0.36 0.12 0.15 0.38
P2O5 0.16 0.45 0.26 0.06 0.07 0.09 0.06 0.35 0.15 0.03 0.36 0.09 0.04 0.10 0.05 0.02
SO3 2.19 1.45 3.40 1.13 4.89 20.08 0.61 2.11 0.08 5.79 0.09 0.62 0.26 0.11 0.18 1.78
TiO2 0.22 1.02 0.84 0.52 0.33 0.31 0.23 0.58 0.23 0.58 0.20 0.62 0.09 0.10 0.13 0.08
TIC 21.75 – 0.24 0.00 0.12 – 0.24 0.12 23.57 9.48 25.97 0.18 40.27 45.78 39.36 40.12
U 3.99 3.82 5.33 7.90 9.70 4.16 7.21 15.88 3.03 5.72 3.24 5.89 0.67 0.86 0.77 0.73
Bi 0.08 0.08 0.40 0.17 0.28 0.04 0.11 0.29 0.10 0.24 0.07 0.23 0.06 0.30 0.13 0.09
Co 7.89 7.71 6.03 0.76 1.99 3.64 0.24 8.37 7.74 7.66 4.90 0.78 0.53 0.84 0.64 0.58
Cr 17.04 28.05 44.84 29.33 47.27 20.14 40.75 76.31 16.54 55.93 19.20 34.68 5.28 5.39 5.33 5.27
Cs 1.44 3.68 4.39 3.32 3.12 1.81 2.03 5.82 1.30 5.35 2.42 3.68 0.07 0.02 0.03 0.05
Cu 5.56 7.19 18.18 2.97 9.48 5.45 8.09 31.47 5.51 15.64 2.58 3.27 0.32 1.89 0.56 0.83
Ga 9.30 18.59 15.59 26.09 63.58 12.07 153.42 28.44 8.25 8.88 2.10 25.55 0.11 0.14 0.09 0.12
Hf 4.22 4.13 5.57 4.15 2.30 7.33 1.95 3.49 5.67 6.37 14.08 4.74 0.01 0.02 0.03 0.01
Li 12.57 21.12 32.15 43.15 23.40 12.33 26.06 49.16 10.72 28.03 6.43 24.74 0.91 0.95 0.92 0.94
Mn 126.26 129.83 35.37 23.70 16.62 136.26 12.35 29.55 136.74 540.9 104.55 19.68 154.99 133.44 132.33 140.11
Nb 5.09 7.74 11.07 12.17 7.86 7.51 5.39 13.12 5.69 11.53 5.44 14.59 0.06 0.06 0.05 0.06
Ni 16.88 17.34 13.55 2.04 5.47 9.50 0.38 27.20 15.48 30.18 8.15 1.76 6.16 8.08 6.49 7.87
Pb 16.86 19.26 30.45 27.41 34.44 14.52 12.88 49.53 17.57 20.39 4.61 20.21 0.10 0.69 0.50 0.33
Rb 27.90 65.98 39.27 37.20 26.15 47.71 16.38 48.75 21.19 18.39 10.24 46.17 0.15 0.18 0.16 0.15
Sc 4.23 7.86 2.92 4.04 2.28 4.77 1.62 8.28 4.03 10.89 4.04 2.83 0.13 0.20 0.18 0.15
Sn 0.54 1.09 3.09 2.01 1.45 0.68 0.98 2.84 0.63 2.37 0.61 2.77 0.00 0.09 0.03 0.01
Sr 97.92 131.55 237.08 165.57 179.84 81.62 216.34 145.71 107.97 750.06 214.08 245.93 41.19 51.00 45.32 47.09
Ta 0.43 0.67 0.99 1.03 0.68 0.68 0.45 1.12 0.47 0.93 0.45 1.25 0.02 0.03 0.02 0.01
Th 5.67 11.28 15.82 5.54 9.24 10.22 8.33 15.37 6.27 11.90 7.09 12.76 0.06 0.06 0.06 0.05
Ti 1302.76 1976.66 3068.82 3120.07 1992.05 1883.58 1379.02 3463.33 1396.00 3454.37 1171.41 3726.62 0.09 0.00 0.02 0.04
V 25.53 35.66 57.33 48.88 57.98 20.54 52.68 127.87 32.54 88.78 32.03 49.44 0.38 0.23 0.35 0.33
W 0.42 0.65 3.81 2.05 2.63 0.59 1.54 7.23 0.47 5.14 0.61 4.48 0.10 0.07 0.09 0.08
Zn 109.09 165.55 8.48 10.35 7.04 107.65 5.23 54.05 159.31 44.00 5.86 7.64 0.73 2.66 2.45 0.93
Zr 162.55 150.73 201.12 153.29 87.89 274.23 71.42 128.91 227.84 247.95 546.28 176.15 0.66 0.78 0.61 0.74
Ba 458.37 938.19 535.58 1299.48 3891.10 654.36 10056.83 1242.40 384.92 156.12 33.56 1284.15 5265.41 103.19 98.30 85.11
La 11.54 27.74 40.43 38.66 28.88 17.77 21.65 28.00 11.60 36.28 18.10 29.81 8.83 6.47 5.10 4.80
Ce 21.60 54.88 81.94 62.43 49.06 33.40 41.50 52.00 22.70 72.71 38.15 55.41 16.82 11.20 7.32 6.40
Pr 2.71 6.39 9.75 5.81 5.26 4.27 4.81 6.08 2.83 8.73 4.55 6.24 1.93 1.30 0.82 0.77
Nd 10.73 24.24 34.13 16.94 18.27 16.78 16.40 22.11 10.61 32.88 18.61 22.85 6.78 5.06 4.13 2.87
Sm 2.18 4.18 5.37 2.45 3.44 3.29 4.51 3.93 2.22 6.49 3.75 3.83 1.23 1.01 0.80 0.60
Eu 0.47 0.79 0.79 0.52 0.89 0.57 0.78 0.76 0.48 1.27 0.60 0.76 0.24 0.26 0.22 0.11
Gd 1.93 3.60 3.67 2.03 3.05 2.78 2.67 2.58 1.99 6.26 3.45 2.76 1.04 1.11 0.81 0.49
Tb 0.32 0.52 0.46 0.27 0.20 0.42 0.20 0.32 0.34 0.89 0.57 0.37 0.12 0.19 0.15 0.08
Dy 1.89 2.99 2.41 1.62 1.03 2.62 0.84 1.66 1.98 5.28 3.38 2.00 0.83 1.04 0.60 0.49
Ho 0.36 0.58 0.44 0.32 0.20 0.49 0.17 0.29 0.37 1.01 0.63 0.38 0.15 0.20 0.13 0.10
Er 1.09 1.68 1.40 1.03 0.63 1.50 0.50 0.99 1.16 2.88 1.92 1.24 0.42 0.58 0.30 0.29
Tm 0.19 0.27 0.24 0.19 0.13 0.24 0.10 0.19 0.19 0.46 0.32 0.22 0.07 0.11 0.05 0.05
Yb 1.27 1.76 1.62 1.27 0.74 1.63 0.53 1.26 1.24 2.97 2.07 1.55 0.44 0.55 0.32 0.29
Lu 0.20 0.26 0.26 0.20 0.12 0.27 0.11 0.19 0.20 0.46 0.33 0.24 0.05 0.08 0.06 0.05
Total REE 56.48 129.88 182.91 133.74 111.90 86.03 94.77 120.36 57.91 178.57 96.43 127.66 38.95 29.16 20.81 17.39
LREE/HREE 6.79 10.14 16.42 18.30 17.34 7.65 17.51 15.09 6.75 7.84 6.61 13.57 11.48 6.55 7.60 8.45
δEu 0.70 0.62 0.54 0.71 0.84 0.58 0.69 0.73 0.70 0.61 0.51 0.71 0.65 0.75 0.84 0.62
δCe 0.93 0.99 0.99 1.00 0.96 0.92 0.98 0.96 0.95 0.98 1.01 0.98 0.98 0.93 0.86 0.80

Notes: δEu=EuN/sqrt(SmN*GdN); δCe=CeN/(LaN*PrN); N=Chondrite normalized; TIC=Total inorganic carbon; “–” means no data.
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Petroleum Geology Research Institute, SINOPEC Petroleum Exploration
and Production Research Institute. TOS and TOC were measured with a
Leco CS-200 infrared carbon sulfur analyzer instrument. δ13Corg were
measured with a Finngan MAT-252 isotope mass spectrometer, fol-
lowing the technique of Deines and Wickman (1973), with the accuracy
of± 0.1‰ for delta values referencing to the V-PDB standard.

Chloroform asphalt “A” values of organic matter were obtained
using a Soxhlet apparatus at the State Key Laboratory of Organic
Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences. The samples were pretreated using dilute HCI to wash the
surface, and then the residual acid was washed away by water. In order
to prevent partial loss and deterioration of organic matter caused by
overheating with crusher instrument, all the samples were manually
pulverized to 200 mesh with mortar, and then subjected to Soxhlet
extraction using CHCI3 (Trichloromethane) for 72 h. Group components
were analyzed using silica gel and alumina column chromatography.
Saturated hydrocarbons, aromatic hydrocarbons and non-hydrocarbons
were obtained by using n-hexane, benzene and absolute ethanol as
rinsing agents. Saturated hydrocarbon gas chromatography-mass spec-
trometry (GC-MS) was performed with a ThermoTRACE ULTRA-
DSQⅡinstrument. The oven temperature gradient was programmed
from 60 °C to 300 °C at 4 °C/min, followed by an isothermal period of
15min. Helium was used as carrier gas. The injector temperature (Int)
is 300 °C, using HP-5MS silica capillary (60m×0.32mm×0.25 µm)
as column.

Density measurements of rocks were done using a procedure mod-
ified from International Society for Rock Mechanics (1972) and Xiong
(2006), as explained in detail by Chu et al. (2015). The isocon method
proposed by Grant (1986), which is based on Gresens’ (1967) theory,
was used to estimate elements gained and lost during the alteration
processes, as also explained in Chu et al. (2015).

4. Results

4.1. Petrography and paragenesis

The least altered rocks (Fig. 4a) consist mainly of dolomite (Fig. 5a),
with variable amounts of detrital grains (dominantly quartz). In the
black-altered rocks, which occur massively (Fig. 3) or in the matrix of
breccias (Fig. 4e), the black material fills interstitial space (Fig. 5b) or
fractures (Fig. 5c). In addition to detrital quartz, many of the quartz
grains in black-altered rocks appear to be authigenic, as reflected by the
well-developed crystal shapes (Fig. 5d). In the red-altered rocks, which
appear to crosscut (Fig. 3) or overprint (Fig. 4d) the black-altered rocks,
the reddish material is pervasively developed (Fig. 5e) or occurs as
fracture fillings (Fig. 5f).

Saddle dolomite occurs as coarse crystals filling cavities or replacing
earlier, relatively fine-grained replacement dolomite. The dolomites are
brecciated and cemented by calcite (Cal 1) (Fig. 4f), and locally re-
placed by coarse-grained quartz (Qz 1) (Fig. 6a). Qz 1 is crosscut by
black material (Black 1) (Fig. 6b and c) locally associated with calcite
(Cal 2), which is in turn crosscut locally by veins of black material
(Black 2) associated with kaolinite (Fig. 6d). Raman spectra suggest
that the black material is composed of bitumen (Fig. 7a), which is
fluorescent under UV excitation, and graphite (Fig. 7b), which is no-
fluorescent. Pyrite is commonly found in the black material (Black 1),
and occurs as disseminations or aggregates (Fig. 6e). Stibnite (Fig. 6f)
and cinnabar also coexist with pyrite in the black material. Fluorite is
locally developed in the black-altered rocks. The reddish material in the
red-altered rocks (Fig. 5e and f) consists mainly of hematite and goe-
thite, as confirmed by Raman spectroscopy (Fig. 7c and d). Minor
amounts of rutile as well as calcite (Cal 3) are associated with the
reddish material (Fig. 5f).

Based on the crosscutting relationships described above, the authi-
genic minerals in the Baimadong deposit are divided into two periods,
i.e., the diagenetic period and the hydrothermal period, with the latterTa
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further divided into a quartz-calcite stage, black alteration stage, and
red alteration stage (Fig. 8). Replacement dolomite and saddle dolomite
were formed during the diagenesis, whereas all the other minerals oc-
curred during the hydrothermal period. The coarse-grained quartz re-
placing the saddle dolomite (Fig. 6a) and calcite cementing dolomite
breccias (Fig. 4f) are assigned to the quartz-calcite stage before the
black alteration. The black material, which is made of bitumen and
graphite and assigned to the black alteration stage, is divided into two
sub-stages, labeled as Bit 1 – Gr 1 and Bit 2 – Gr 2. The bulk of the black
material is made of Bit 1 and Gr 1, which are associated with fine-
grained authigenic quartz (Qz 2), calcite (Cal 2), pyrite, stibnite, cin-
nabar and fluorite. The Bit 2 and Gr 2, which occur with kaolinite in
veins (Fig. 6d), are minor components of the black material. Hematite,
goethite, rutile and minor calcite (Cal 3) are assigned to the red al-
teration stage. Uraninite, although not observed in the samples ex-
amined in this study, is assigned to the red alteration stage (U2), based
on previous petrographic, radiographic, α-track, electrodialysis and
leaching test of the ores (Chen, 1990; Ni et al., 2012).

4.2. Whole rock geochemistry

Whole-rock major and trace elements data of three types of rocks
are listed in Table 1 (TOC and TOS are given in Table 2). The black-
altered rocks, red-altered rocks and least altered rocks have variable
SiO2 contents ranging from 31.76 to 81.98% (avg.= 55.69%, n=6),
38.00 to 87.87% (avg.= 64.42%, n=6) and 3.00 to 9.77%
(avg.= 5.39%, n= 4), respectively. Other major components of the
three types of rocks are also highly variable (Table 1), for example
FeOT=0.59–6.88% (avg.= 3.44%) for black-altered rocks,
0.75–21.62% (avg.= 6.18%) for red-altered rocks, and 1.05–3.01%
(avg.= 2.09%) for least altered rocks.

The three types of rocks also have variable concentrations of trace
elements (Table 1). Notably the uranium concentrations in black-al-
tered rocks (U=3.99–9.70 ppm, avg.= 5.82 ppm) and red-altered
rocks (U=3.03–15.88 ppm, avg.= 6.83 ppm) are significantly higher
than those of the least altered rocks (U= 0.67–0.86 ppm,
avg.= 0.76 ppm). U concentrations appear to be positively correlated
with Al2O3, K2O, TiO2, SiO2, TOC and TOS, and negatively correlated
with CaO, MgO and TIC (Fig. 9), which are consistent with the field and

Fig. 9. Bivariant diagrams between various components in the least altered, black-altered and red-altered rocks of the Baimadong uranium deposit (data from
Table 1). (a) U versus Al2O3; (b) U versus K2O; (c) U versus TiO2; (d) U versus SiO2; (e) U versus CaO; (f) U versus MgO; (g) U versus TOC; (h) U versus TIC; (i) U
versus TOS.
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microscopic observations that uranium mineralization is related to the
black alteration, red alteration, silicification and argillization, as well as
the development of sulfides in the black-altered rocks.

A comparison of the concentrations of trace elements among the
three types of rocks indicates that both the black-altered and red-al-
tered rocks are significantly enriched in most trace elements (e.g. U, Pb,
Th, Zr) relative to the least altered rocks (Fig. 10a). The isocon dia-
grams (Grant, 1986) were constructed to evaluate the elements gained
and lost during the black and red alterations (Fig. 10b–d). The isocons
were constructed based on the assumption that the change of the vo-
lume of the rocks before and after the alterations was negligible, thus
the slope of the isocons was determined by the change of the rock
densities, which were measured to be 2.21–2.38 g/cm3 (avg.= 2.30 g/
cm3) for the black-altered rocks, 2.24–2.70 g/cm3 (avg.= 2.47 g/cm3)
for the red-altered rocks, and 2.51–2.68 g/cm3 (avg.= 2.60 g/cm3) for
the least altered rocks. It is shown that most of the major elements and
all of the trace elements measured in this study (Table 1), except CaO,
MgO and TIC, were gained during the alteration from the least altered

rocks to the black-altered rocks (Fig. 10b) or the red-altered rocks
(Fig. 10c). However, most of the elements were neither gained nor lost
during the alteration from the black-altered rocks to the red-altered
rocks, except for the significant gained of TOC and TOS (Fig. 10d).

The three types of rocks display similar chondrite-normalized REE
patterns, which are characterized by light rare earth elements (LREE)
enrichment relative to heavy rare earth elements (HREE), and negative
Eu anomalies (Fig. 11). The total rare earth elements (REE) con-
centrations in the black-altered rocks (56.48–182.91 ppm,
avg.= 116.82 ppm) and red-altered rocks (57.91–178.57 ppm,
avg.= 112.62 ppm) are much higher than those in the least altered
rocks (17.39–38.95 ppm, avg.= 26.58 ppm). The LREE/HREE ratios
are 6.79–18.30 (avg.= 12.77), 6.61–17.51 (avg.= 11.23), 6.55–11.48
(avg.= 8.52), the δEu values are 0.54–0.84 (avg.= 0.67), 0.51–0.73
(avg.= 0.66), 0.62–0.84 (avg.= 0.72), and the δCe values are
0.92–1.00 (avg.= 0.97), 0.95–1.01 (avg.= 0.98) and 0.80–0.98
(avg.= 0.89), for the black-altered, red-altered and least altered rocks,
respectively.

Fig. 10. (a) Primitive mantle-normalized spider diagrams of black-altered, red-altered and least altered rocks. Normalizing values are from McDonough and Sun
(1995). (b–d) Isocon plots of various major and trace elements for black-altered versus least altered rocks (b), red-altered versus least altered rocks (c), and black-
altered versus red-altered rocks (d). Note many elements have been scaled by *n for clarity.
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4.3. Organic geochemistry

The total organic sulfur (TOS), total organic carbon (TOC) of the
whole rocks, δ13Corg values of the kerogen as well as the chloroform
asphalt “A”, selected biomarker parameter and group components of
organic matter are listed in Table 2. TOS values range from 0.47 to
2.58% (avg.= 1.11%) for the black-altered rocks, from 0.02 to 0.61%
(avg.= 0.17%) for the red-altered rocks, and from 0.01 to 0.05%
(avg.= 0.04%) for the least altered rocks. TOC values range from 0.20
to 0.46% (avg.= 0.29%) for the black-altered rocks, from 0.07 to
0.46% (avg.= 0.22%) for the red-altered rocks and from 0.02 to 0.08%
(avg.= 0.04%) for the least altered rocks. The black-altered rocks have
the highest TOC and TOS values, whereas the least altered rocks are
most depleted in TOC and TOS. Nevertheless, these types of rocks have
similar δ13Corg values of organic matter, e.g., from −29.7 to −27.4‰
for the black-altered rocks, from −28.5 to −25.0‰ for the red-altered
rocks, and from −27.6 to −26.6‰ for the least altered rocks.

The black-altered, red-altered and least altered rocks also have si-
milar contents of chloroform asphalt “A”, but significantly different
contents of saturated hydrocarbons, aromatic hydrocarbons as well as
non-hydrocarbons and asphaltenes. The chloroform asphalt “A” con-
tents of the black-altered rocks, red-altered rocks and least altered rocks
range from 33 to 85 ppm (avg.= 66 ppm), 42 to 126 ppm
(avg.= 94 ppm) and 29 to 110 ppm (avg.= 61 ppm), respectively. The
saturated hydrocarbons contents range from 57.50 to 66.00%
(avg.= 60.17%) for the black-altered rocks, 35.19 to 55.56%
(avg.= 45.19%) for the red-altered rocks, and 27.17 to 34.65%
(avg.= 30.61%) for the least altered rocks. The aromatic hydrocarbons
contents range from 4.83 to 8.75% (avg.= 6.34%) for the black-altered
rocks, 3.70 to 29.60% (avg.= 13.73%) for the red-altered rocks, and
3.94 to 7.79% (avg.= 5.30%) for the least altered rocks. The non-hy-
drocarbon+ asphaltene contents range from 26.00% to 36.55%
(avg.= 33.47%) for the black-altered rocks, 25.60 to 61.11%
(avg.= 41.08%) for the red-altered rocks, and 61.42 to 68.21%
(avg.= 64.10%) for the least altered rocks. These data indicate that the
black-altered rocks are dominated with saturated hydrocarbons, fol-
lowed by non-hydrocarbons and asphaltenes, and the red-altered rocks
have a large proportion of saturated hydrocarbons and non-hydro-
carbons+ asphaltenes, whereas the least altered rocks have more non-
hydrocarbons+ asphaltenes than saturated hydrocarbons and aro-
matics.

In addition, the organic matters from the three types of rocks show

similar biomarker characteristics. The gas chromatograms of n-alkanes
fractions of all samples (Fig. 12) are characterized by n-alkanes be-
tween C13 and C28, with a peak at C17 and prominent isoprenoids
pristane (Pr) and phytane (Ph) singlet. The m/z191 mass fragmento-
grams of the saturated hydrocarbon fractions of all samples (Fig. 13)
show high proportion tricyclic terpanes and low proportion pentacyclic
terpane, however it is noticeable that the contents of pentacyclic ter-
pane in the least altered rocks are higher than that in both the black-
altered and red-altered rocks. The m/z217 ion chromatograms (Fig. 14)
of all samples show similar distribution patterns with prominent dia-
steranes and steranes (C27, C28 and C29) peaks.

5. Discussion

5.1. Classification of the Baimadong uranium deposit

The Baimadong deposit has been classified as a carbonaceous-si-
liceous-pelitic rock-type uranium deposit (Hu et al., 2008; Zhang et al.,
2009; Ni et al., 2012). On the other hand, because of its close asso-
ciation with the black-altered rocks, the Baimadong deposit is also as-
signed to the black rock series-type uranium deposits (Zhang et al.,
2009; Ni et al., 2012), which are widespread in southwestern China
(Tu, 1999; Ni et al., 2012). Furthermore, the Baimadong deposit was
considered comparable to the black shale uranium deposits (Ni et al.,
2012), although the black-altered rocks in this case are apparently not
black shales.

In the 2018 IAEA classification, Baimadong is assigned to the car-
bonate-hosted deposits, along with 10 other deposits from Kyrgyzstan,
India, USA and Mexico (IAEA, 2018), or more specifically, under the
cataclastic carbonate type (IAEA, 2018). It has been noted that carbo-
nate rocks are generally unfavorable host rocks for uranium miner-
alization because of their low permeability and lack of precipitation
agents such as organic matter (IAEA, 2018), although high-perme-
ability and organic-rich carbonate rocks are not uncommon, as mani-
fested by development of oil and gas reservoirs in such type rocks. In
the case of the Baimadong uranium deposit, the high permeability ap-
pears to be readily satisfied due to the development of the inter-
formational fracture zones within the Qingxudong and Shilengshui
formations adjacent to the Baimadong fault (Figs. 1b and 2), but the
nature of organic matter in the black-altered rocks and its role in ur-
anium mineralization need to be further discussed.

5.2. Source of organic matter in the black-altered rocks

The black material in the black-altered rocks is interpreted to be
exogeneous based on the following observations: (1) organic matter is
enriched in the altered zones in the mineralization area; (2) TOC values
of the black-altered (and to a lesser extent, the red-altered) rocks are
higher than those of the least altered rocks (Table 2); (3) macroscopic
features indicate cross-formational nature of the black alteration
(Fig. 3); and (4) the black material occurs in the matrix of the breccias
(Fig. 4e) and as veinlets (Figs. 5c, 6c and d). Furthermore, the fluor-
escence of the bitumen under UV excitation suggests that the black
material was originally petroleum (Shang et al., 1990), which was
charged into the host rocks from external sources. This hypothesis is
supported by the presence of petroleum inclusions in calcite in the
Baimadong deposit (Chen, 1990).

The most possible source of the organic matter in the Baimadong
deposit is the black shale of the Niutitang Formation (Figs. 1c, 2 and
15), as is supported by their similarity in organic geochemistry. The
δ13Corg values (−29.7 to −25.0‰) of the organic matter are compar-
able to sapropel-type (−30 to −27‰) rather than humus-type (−26.0
to –22.5‰) kerogen (Huang, 1984), suggesting that the organic matter
is of marine origin, as also proposed for those from the Niutitang For-
mation (∼−31.51‰; Chen, 2005; Yang, 2009). The high contents of
non-hydrocarbon+ asphaltene components and low contents of

Fig. 11. Chondrite-normalized REE distribution patterns of black-altered, red-
altered and least altered rocks. Normalizing values are from Sun and
McDonough (1989).
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aromatic hydrocarbons (Table 2) are also consistent with aqueous ra-
ther than higher plants origin (Wen et al., 2000), as is the case for the
black shale of the Niutitang Formation. The n-alkane distributions,
characterized by predominance of low to medium molecular weight
compounds (n-C13–n-C28) with a peak at C17 and without odd-even
carbon number preference (Fig. 12), are indicative of marine algal

origin of the organic matter (Clark and Blumer, 1967; Ebukanson and
Kinghorn, 1986; Murray and Boreham, 1992), and so are the Pr/Ph
ratios (0.66 to 0.87; Table 2) which are all< 1 (Philp, 1985; Amane
and Hideki, 1997). The high contents of tricyclic terpanes (Fig. 13) and
predominance of C27 (Fig. 14) further suggest that the source of organic
matter is marine algal (Seifert and Moldowan, 1979; Huang and
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Fig. 12. The distributions of n-alkane m/z 85mass fragmentograms of saturated hydrocarbons of black-altered, red-altered and least altered samples from the
Baimadong uranium deposit.
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Meinschein, 1979; Mackenzie, 1984). All these characteristics are
comparable to those of the black shale of the Niutitang Formation
(Chen, 2005).

The chloroform asphalt “A” contents of the altered rocks from the
Baimadong deposit (29–126 ppm; Table 2) are also comparable to those
of the black shale in the Niutitang Formation (16–193 ppm; Luo et al.,
2014), which, together with the high Ro values (1.60–4.15%; Bai, 2012;
Luo et al., 2014), indicate high degree of organic maturity. The organic
matter in the Niutitang Formation in the studied region was subject to a
long thermal history since the deposition in early Cambrian, reaching

the dry gas stage in late Jurassic to early Cretaceous (Bai, 2012).
Therefore, the Niutitang Formation is capable of supplying petroleum
to the host rocks of the Baimadong deposit.

5.3. Ore-forming mechanism and relationship with the black and red
alterations

The formation of uranium deposits generally results from reaction
between oxidizing fluids carrying uranium and reducing agents, which
reduces U6+ to U4+ and precipitates uranium minerals (Cuney and

Fig. 13. The distributions of triterpanes m/z 191 mass fragmentograms of saturated hydrocarbons of black-altered, red-altered and least altered samples from the
Baimadong uranium deposit.
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Kyser, 2015; Feng et al., 2017). Based on the close spatial relationship
between the uranium mineralization and the black and red alterations
in the Baimadong deposit, it is proposed that the organic matter in the
black alteration served as the main reducing agent, whereas the red
alteration results from the redox reaction related to uranium miner-
alization, as illustrated in Fig. 15 and discussed.

It is difficult to determine the timing of petroleum migration from
the Niutitang Formation to the carbonate rocks of the Qingxudong and
Shilengshui formations. However, based on the close spatial relation-
ship between the black alteration and the F1 fault in the Baimadong
area, it is inferred that the main phase of petroleum charging may have
occurred during the F1 normal faulting (Fig. 2), which most likely

occurred in late Cretaceous to early Tertiary, when the study area and
other parts of South China were under extensional tectonic regime due
to the roll back of the subducted Pacific plate (Hu et al., 2008). The
migration of petroleum was probably accompanied by hydrothermal
fluids with high concentrations of silica, as reflected by strong silicifi-
cation associated with the black alteration in the Baimadong area.
Large amounts of gases, including CH4, CO2 and H2S, may have been
involved in this hydrothermal – hydrocarbon charging event, which
may have led to crypto-explosion causing the formation of the breccia
along the F1 fault (Figs. 1b, 2 and 15).

Preliminary uranium enrichment is inferred to have taken place
during the black alteration, as reflected by the generally high U

Fig. 14. The distributions of steranes m/z 217 mass fragmentograms of saturated hydrocarbons of black-altered, red-altered and least altered samples from the
Baimadong uranium deposit.
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concentrations in the black-altered rocks. However, the nature of the
fluid that carried uranium is uncertain. The black shale of the Niutitang
Formation in South China is known to be enriched in multiple elements
including U, Pb, Ni, Co, V, Mo, Cu, Au, Ag, Sb, Hg, PGE, REE, Se and P
(Coveney and Nansheng, 1991; Li et al., 2003; Chen, 2005; Yang, 2009;
Yang et al., 2013; Pi et al., 2013; Wang and Zhang, 2016; Zhang et al.,
2017). Among them, the U concentrations of the Niutitang Formation is
10 times compared with that of crustal sedimentary rocks and 6 to 20
times compared with that of the crust (Ni et al., 2012). Most of these
elements are also enriched in the black-altered rocks at the Baimadong
deposit (Fig. 10a). It is attempting to envisage that the petroleum
sourced from the Niutitang Formation may have carried significant
amounts of U and associated elements in adsorption and fixed them in
the black-altered rocks at Baimadong. However, this hypothesis is not
supported by the observation that uranium is generally very low (< 5
ppb) in petroleum (Bell, 1960). Alternatively, a separate hydrothermal
fluid carrying uranium and silica may have followed the same structure
(F1 fault) as the petroleum migration, and they encountered each other
at Baimadong, resulting in preliminary uranium enrichment, black al-
teration and silicification. The uranium may have been derived from
various sources including the Niutitang Formation. It is notable that
high concentrations of U have also been found in other strata, e.g., up to
12.4 ppm in the Sinian Dengying Formation (Yang et al., 2014). U may
have been transported as F complexes as suggested by the association of
fluorite with the black alteration.

Although black-altered rocks are enriched in uranium, the U con-
centrations are generally below ore grade. Based on the observation
that orebodies are best developed where red alteration overprints the
black-altered rocks, it is inferred that the main phase of uranium mi-
neralization is related to a fluid event associated with the red alteration.

The incoming fluid was most likely oxidizing and carrying U6+, which
reacted with the reducing agents in the black-altered rocks (organic
matter, and to a lesser extent Fe2+ and sulfides) and precipitated ur-
aninite. At the same time, Fe2+ was oxidized to Fe3+ and hematite as
well as goethite were precipitated, causing the red alteration (Fig. 15).

The reddening and uranium mineralization event may be fairly
young, based on the uraninite U-Pb ages of 27.8–28.9Ma (Tang and
Zhu, 1986) and 44.7–51.5Ma (Chen, 1990). The H-O isotope data in-
dicate that the ore-forming fluids in the Baimadong deposit have a
dominantly meteoric source (Chen, 1990). The uranium may have been
derived from various rocks that the meteoric fluid encountered in its
path, including the U-rich Cambrian sedimentary rocks that may have
been exposed on the surface elsewhere in the Qianzhong uplift (Long
et al., 2018).

The overall extensional tectonic environment, plus enhanced per-
meabilities related to faulting and brecciation along the F1 fault, may
have greatly facilitated the deep circulation of the meteoric water and
extraction of uranium (Fig. 15). The black alteration played a critical
role in the uranium mineralization, both as ground preparation (setting
up a reducing environment and geochemical trap for mineralization)
and as an initial uranium enrichment. However, these roles alone are
not sufficient for economic uranium mineralization. It is the structural
activity, particularly faulting along the F1 fault and adjacent inter-
formational fracture zones, that controlled both the black alteration and
subsequent uranium mineralization and eventually led to the formation
of the deposit.

6. Conclusions

The Baimadong uranium deposit is hosted in carbonate rocks of the

Fig. 15. Genetic model of the uranium mineralization of the Baimadong uranium deposit.
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Cambrian Qingxudong and Shilengshui formations, and is closely re-
lated to the black and red alterations. The black material in the black-
altered rocks is made of graphite and bitumen, which was introduced
into the host rocks, i.e., exogeneous rather than indigenous. Organic
geochemical studies indicate that the black material was originally
petroleum derived from the black shale of the Niutitang Formation
underneath the deposit, which migrated along the F1 normal fault and
was charged into adjacent interformational fracture zones. Uranium
and multiple metals were preliminarily enriched during the black al-
teration, whereas the main phase of uranium mineralization took place
during a subsequent fluid event associated with the red alteration that
overprints the black alteration. Uranium was carried by an oxidizing
fluid of meteoric origin, which reacted with the reducing agents in the
black-altered rocks and precipitated uraninite, hematite and goethite.
The black alteration was accompanied by preliminary uranium en-
richment and created a reducing condition for subsequent main-phase
uranium mineralization. Both the black alteration and overprinting red
alteration were controlled by the same structural framework, which
facilitated fluid circulation and ore precipitation. The structural con-
trol, together with red alteration overprinting black alteration, is an
important factor to be considered in the exploration of this type ur-
anium deposits.

Although the Baimadong uranium deposit is associated with black
rocks which appear to resemble black shales, it is clearly different from
black shale uranium deposits as defined by IAEA (2009, 2018), because
the organic matter in the host rocks was derived from an external
source. Furthermore, although the Baimadong uranium deposit may
still be classified as the carbonaceous-siliceous-pelitic rock-type or
black-rock type deposits, this is not recommended because the defini-
tion of these types of deposits are ambiguous. In contrast, it is un-
ambiguous to classify Baimadong as a carbonate-hosted deposit or
cataclastic carbonate deposit (IAEA, 2018), the latter also having the
advantage of highlighting the importance of structural control.
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