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Abstract: Bauxite, in central Guizhou, is predominantly karst bauxite, but there is insufficient research
on the effect of karst paleogeomorphology on bauxite development. Xiaoyuan bauxite is also a karst
bauxite, and high- and low-iron bauxite deposits exist in the study area. This study conducts geolog-
ical modeling of karst bauxite using controlled-source audio-frequency magnetotelluric (CSAMT)
data and drill core data. The effects of karst paleogeomorphology on bauxite deposition and mineral-
ization are evaluated by assessing karst paleogeomorphology, conducting a mineralogical analysis
of drill cores at different locations, and determining the geochemical distribution characteristics of
the elements in the horizontal and vertical directions. Combined with previous research results, we
propose two metallogenic processes of high-iron and low-iron bauxite. The findings are significant
for understanding the mechanism of bauxite formation.

Keywords: karst bauxite; terrain modeling; paleogeomorphology; mineral genesis; elemental behavior;
ore-forming

1. Introduction

The bauxite deposits in the central Guizhou region were largely formed during the
warm and humid Viséan stage of the Carboniferous [1–5]. Most are karst bauxite deposits
based on bedrock lithology [6]. The tectonics, topography, climate, hydrology, rock type,
and vegetation affect the formation of bauxite deposits [7–9]. However, our understanding
of the effects of tectonic and geomorphic factors on bauxite formation remains limited. Ob-
servations challenge the applicability of existing stratigraphic theories based on sequential
sedimentation and ore deposit science based on in-situ weathering processes [10]. This
discrepancy is partly due to the constantly changing topography, which cannot be used to
understand the effect of paleogeomorphology on the formation of bauxite. It is difficult to
obtain topographic and geomorphological data for entire mining districts [7,9].

Previous studies used the modern surface bauxite mineralization thickness and ter-
rain depth and concluded that high-altitude areas experienced strong weathering. These
areas became the source of erosion materials, whereas negative terrain in low-altitude
or high-altitude areas provided a sedimentary space for the accumulation of erosion
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materials [11–14]. Moreover, a modeling study of a karst basement based on large-scale
drill core data showed that high-grade clastic bauxite occurs predominantly in negative
terrain, and low-grade compact bauxite occurs in the center of the negative terrain [9].
However, few studies have focused on the effect of karst geomorphology on the distribution
of ore deposits. Geological models based only on drill core data are imprecise, and the
distribution characteristics of high-iron bauxite are not well understood. Large amounts of
bauxite deposits exist underground in the Qingzhen-Xiuwen area of central Guizhou. Thus,
it is critical to develop an efficient exploration method. Geophysical methods provide more
accurate data and more refined geological models for discovering and exploiting bauxite
deposits [10].

This study reconstructs the karst geomorphology of the Qingxudong formation of
the Cambrian using the carboniferous bauxite deposit in the Xiaoyuan area of Qingzhen
Town, central Guizhou Province, as an example. An analysis of geochemical data and
mineral facies is conducted to determine the effect of paleokarst geomorphology on the
deposition and mineralization of bauxite. The bauxite types in this area include high-iron,
low-grade bauxite and low-iron, high-grade bauxite. The former occurs in high-altitude
areas and is continental sedimentary bauxite. The latter occurs in low-altitude areas due to
sedimentation of lagoon facies. Previous research on the mineralogy and geochronology
of bauxite deposits in central Guizhou has shown that aluminum originated from the
carbonate and clastic rocks of the underlying Cambrian strata [3,15,16]. Bauxite minerals in
the Jiujialu Formation are primarily composed of aluminum hydroxide minerals (mainly
diaspore), iron-bearing minerals (hematite, siderite), and clay minerals (kaolinite, illite,
montmorillonite, and chlorite), as well as goethite, pyrite, anatase, and zircon [2]. This study
used data from twenty-three drill cores and two magnetotelluric sounding and apparent
resistivity profiles of the Xiaoyuan area were used to identify the fine-scale geomorphic
features in the mining area. The mineral transitions and element transport during bauxite
formation were identified by combining geomorphic reconstruction with mineralogical
and geochemical characteristics.

2. Geological Setting
2.1. Regional Geology

The central Guizhou region was a stable, passive, and continental-margin carbonate
platform sedimentary system during the late Sinian to Cambrian (Figure 1a) [17,18]. From
the late Cambrian to the early Ordovician, the central Guizhou area experienced the
Yunan Movement, creating an underwater uplift. At the end of the Ordovician, the Duyun
Movement caused an uplift of the central Guizhou region from underwater to land, forming
the Central Guizhou Uplift [17,19]. In the middle stage of the early Devonian, the seawater
transgression from south to north created a sea basin in the southern Guizhou area, although
the area from Hezhang County to Anshun City, Kaili City, and Sandu County remained
a terrestrial environment [4]. The sea level dropped in the middle and late Devonian,
but the sea water did not completely withdraw from the southern Guizhou area. Until
the early Carboniferous, an ocean existed in the south, and a terrestrial environment
occurred in the north of Guizhou Province [17]. After nearly 100 million years of large-scale
weathering and erosion, the central Guizhou area became a karstic plain at the end of the
Devonian. As seawater entered the region from south to north, aluminous rocks of the
Jiujialu Formation were deposited under warm and humid climate conditions until the
Mississippian Viséan [1–3]. During the early stage of the Mississippian Serpukhovian, the
entire southern Guizhou region was invaded by seawater, and the Baizuo Formation was
deposited on the Jiujialu Formation [20].



Minerals 2023, 13, 1013 3 of 24Minerals 2023, 13, 1013 3 of 25 
 

 

 

Figure 1. (a) Map of the South China Block showing the Yangtze Craton and the location of the 

study area in the Yangtze Craton (the map of the South China Block was modified from [21]); (b) 

regional geological map of the Xiaoyuan area bauxite ore field. 

2.2. Deposit Geology 

Bauxite in the Xiaoyuan area, a newly discovered bauxite deposit, belongs to the 

Xiuwen Qingzhen bauxite deposit in the middle of the central Guizhou uplift (Figure 1b). 

The reserves include 20 million tons of bauxite, 1.57 million tons of pyrite, and 4.44 million 

tons of hematite（115 Geological Party, Guizhou Bureau of Geology & Mineral Explora-

tion, unpublished report, 2022). Stratigraphically, in ascending order, the rock units in-

clude the Cambrian Qingxudong Formation, the Lower Carboniferous Jiujialu Formation 

and Baizuo Formation, the Middle Permian Liangshan Formation, the Qixia Formation 

and Maokou Formation, the Emeishan Basalt Formation, Upper Permian Longtan For-

mation, the Changxing Formation, the Dalong Formation, the Lower Triassic Yelang For-

mation, the Anshun Formation, and the Quaternary Formation. The Qingxudong For-

mation is the basement of the Jiujialu Formation. It primarily consists of dolomitic car-

bonate rocks. It is in parallel and unconformable contact with the Jiujialu Formation. The 

Baizuo Formation, comprising dolomite and dolomitic limestone, overlays the Jiujialu 

Formation. In addition to its conformable contact with the Jiujialu Formation, the Baizuo 

Formation also exhibits parallel unconformity contact with the overlying Liangshan For-

mation of the Permian age. The thickness of the Jiujialu Formation ranges from a few me-

ters to tens of meters. According to the lithological changes, the Jiujialu Formation in the 

study area is divided into three layers: the lower layer is composed of iron clay rock, the 

middle is bauxite, and the upper layer is composed of aluminous clay rock with rich pyrite 

nodules. The bauxite ores are dominated by clastic and compact ores.  

Figure 1. (a) Map of the South China Block showing the Yangtze Craton and the location of the study
area in the Yangtze Craton (the map of the South China Block was modified from [21]); (b) regional
geological map of the Xiaoyuan area bauxite ore field.

2.2. Deposit Geology

Bauxite in the Xiaoyuan area, a newly discovered bauxite deposit, belongs to the
Xiuwen Qingzhen bauxite deposit in the middle of the central Guizhou uplift (Figure 1b).
The reserves include 20 million tons of bauxite, 1.57 million tons of pyrite, and 4.44 million
tons of hematite (115 Geological Party, Guizhou Bureau of Geology & Mineral Exploration,
unpublished report, 2022). Stratigraphically, in ascending order, the rock units include
the Cambrian Qingxudong Formation, the Lower Carboniferous Jiujialu Formation and
Baizuo Formation, the Middle Permian Liangshan Formation, the Qixia Formation and
Maokou Formation, the Emeishan Basalt Formation, Upper Permian Longtan Formation,
the Changxing Formation, the Dalong Formation, the Lower Triassic Yelang Formation,
the Anshun Formation, and the Quaternary Formation. The Qingxudong Formation is the
basement of the Jiujialu Formation. It primarily consists of dolomitic carbonate rocks. It is
in parallel and unconformable contact with the Jiujialu Formation. The Baizuo Formation,
comprising dolomite and dolomitic limestone, overlays the Jiujialu Formation. In addition
to its conformable contact with the Jiujialu Formation, the Baizuo Formation also exhibits
parallel unconformity contact with the overlying Liangshan Formation of the Permian
age. The thickness of the Jiujialu Formation ranges from a few meters to tens of meters.
According to the lithological changes, the Jiujialu Formation in the study area is divided
into three layers: the lower layer is composed of iron clay rock, the middle is bauxite, and
the upper layer is composed of aluminous clay rock with rich pyrite nodules. The bauxite
ores are dominated by clastic and compact ores.
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3. Sampling and Analytical Methods

Controlled-source audio-frequency magnetotellurics (CSAMT) and drill core data
were used to conduct stratum modeling. The relationship between the sedimentary envi-
ronment and the element distribution in the study area was investigated by analyzing the
geochemistry of the elements. Samples were obtained from 23 drill cores in the study area.
A total of 48 bauxite ore samples were selected from 17 ore drill cores for the principal ele-
ment analysis. One bauxite ore sample each was selected from Zk5123, Zk1519, Zk0305, and
Zk0608 for the X-ray diffraction (XRD) mineral phase analysis. Twelve samples of Zk0305
were used as low-iron bauxite samples for the conventional analysis of trace elements and
B elements. Finally, three samples from the top to the bottom of Zk5123 were used as
high-iron bauxite samples for the conventional trace element analysis as a comparison.

3.1. Controlled-Source Audio-Frequency Magnetotellurics

The audio-magnetotelluric (AMT) data used in this study were provided by the
115 Geological Party. The 115 geological team employed the V8 multifunctional electrical
instrument (Phoenix Geophysics, Toronto, Canada) for data acquisition. Two parallel
measurement lines were established in the exploration area following the strike direction of
the strata towards the northeast. Measuring line W1 consisted of 81 electrode points, and
W2 comprised 61 electrode points. Subsequently, the data were preprocessed.

The data were processed using SSMT2000 and MTEditor software (that comes with
the V8 multifunctional electrical instrument). SSMT2000 uses a file with the time-series
data, a calibration file, and a file with the measurement data as input to generate a Fourier
transform factor. It processes the data using reference point data with the Robust program
and provides output data readable by MTPlot software. The output file contains the
crosspower (a single-frequency overlay factor) for each frequency. MTEditor was used to
read the output file of SSMT2000 and display the resistivity, phase curve, and crosspower
to calculate the electromagnetic parameters of a specific frequency. The resistivity data
and phase curve were edited in MTEditor, and the industrial standard EDI and PLT files
were output. One-dimensional (Bostick, OCCAM) and two-dimensional RRI (Rapid Relax
Inversion), NLCG (nonlinear conjugate gradient inversion) inversion models were used
in the AMT inversion software [22–26]. Different inversion results were compared, and
the optimum inversion results were selected based on geological data. Finally, Surfer 15
software (Golden Software, Golden, CO, USA) was used to create the apparent resistivity
profile with kriging interpolation (Figure 2a,c).

3.2. Geological Modeling

After the deposition of the Jiujialu Formation, a series of tectonic movements occurred,
albeit with minimal impact on the topography of the mining area [20,27]. It was during
the Yanshanian orogeny that the central Guizhou area experienced intense folding and
deformation, resulting in the current position of the mining area being on the limb of an
anticline [20]. Consequently, the Xiaoyuan area is situated on an inclined plane, dipping
to the northwest at an angle of 20◦. The tilting of the strata has caused a significant
vertical displacement of up to 400 meters, necessitating corrective measures to restore the
paleogeography of sedimentary mineralization period.

In this study, Matlab programming was employed to establish the XYZ coordinate axis
based on the coordinates extracted from the apparent resistivity inversion map and drill core
data. A northeast direction (perpendicular to the stratigraphic dip) was assumed, parallel
to the XY-plane axis in this coordinate system. Subsequently, the extracted coordinates were
rotated clockwise by 20◦ around the axis and converted into new coordinates to compensate
for the impact of the Yanshan movement on the strata in the region. Finally, kriging was
used in Surfer 15 to establish the stratigraphic model using the converted coordinates.
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Figure 2. (a) Magnetotelluric sounding apparent resistivity profile inversion map for W1; (b) corrected
curve of the Cambrian basement for W1; (c) magnetotelluric sounding apparent resistivity profile
inversion map for W2; (d) corrected curve of the Cambrian basement for W2.
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3.3. Analysis of the Major Elements

A major element analysis was performed on 48 bauxite ores samples from 17 drill
cores and 12 samples from Zk0305 in the study area. Al2O3, SiO2, Fe2O3, and TiO2 were
measured by X-ray fluorescence spectrometry. An NH4NO3 solution or LiNO3 was used as
a pre-oxidant, and a small amount of LiBr or NH4I solution was added as a release agent.
Subsequently, the sample was melted and cast into glass samples in an automatic fusion
machine. In the final stage, the fluorescence X-ray intensities of various elements were
measured using an X-ray fluorescence spectrometer. A calibration curve was established to
correlate the observed X-ray intensities with the elemental concentrations. A calibration
equation was used to correct the absorption enhancement effect between elements. The
element contents were calculated from the calibration curve.

3.4. Analysis of Trace Elements

A trace element analysis was carried out with twelve samples of Zk0305 and three
samples of Zk5123 at the ALS Minerals-ALS Chemex Laboratory (Guangzhou, China).
The conventional trace elements were dissolved by four-acid digestion and analyzed by
inductively coupled plasma atomic emission spectroscopy and mass spectrometry. After
the samples had been digested with perchloric acid, nitric acid, hydrofluoric acid, and
hydrochloric acid, the volume was fixed with dilute hydrochloric acid, and the sample was
analyzed with an inductively coupled plasma emission spectrometer. If the contents of
Bi, Hg, Mo, Ag, and W were high, it was necessary to dilute the sample and reanalyze it.
After the spectral interference between the elements had been corrected, the final result was
obtained. The B elements were analyzed separately. The sample was weighed and placed
into a nickel crucible, and sodium hydroxide flux was added to the sample, which was
thoroughly mixed and fused at a high temperature. The molten material was cooled and
dissolved with deionized water to obtain a volume of 100 mL. An equal amount of HCl
was added to the solution, mixed thoroughly, and analyzed by inductively coupled plasma
mass spectrometry. The final analysis result was corrected by the spectral interference
between the elements.

3.5. XRD

XRD was carried out in the Guiyang Science Compass Laboratory in Guizhou Province.
The mineralogical compositions of the whole-rock powder samples were determined using
a Rigaku Ultima IV X-ray powder diffractometer under the following operating conditions:
a voltage of 40 kV, a current of 40 mA, a scanning speed of 5◦/min, and 2-theta (◦) ranges
from 5◦ to 60◦. The major mineral phases were identified from the XRD patterns using the
ICDD PDF-2 database and Jade 6.0 software.

3.6. Mineralogical Analysis

Scanning electron microscopy (SEM) was conducted at the State Key Laboratory of Ore
Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences. The micro-
mineralogical analysis was carried out using thermal field emission scanning electron
microscopy (FE-SEM) (JSM-7800F). The working conditions were a 20 kV acceleration
voltage, a 1.6 nA current, a 10 mm working distance, and a 1 µm beam diameter. A thin
layer of carbon was sprayed onto the sheet prior to the SEM analysis. The petrological
investigation was carried out using a Zeiss Axio Scope optical microscope at the School of
Resources and Environmental Engineering, Guizhou University.

4. Results
4.1. Inversion Map of Apparent Resistivity

The two apparent resistivity inversion maps show low resistance, high resistance, low
resistance, and high resistance from top to bottom (Figure 2). Strata with different lithologies
show different resistivity characteristics. Besides the lithology, different porosities and
water saturations cause resistivity anomalies [28]. The interpretation of the apparent
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resistivity map requires prior understanding of the lithologic characteristics of the study
area [29]. We compared the resistivity results of different tests of the lithology of the exposed
strata in the study area (Table S1). The resistivity of the Quaternary overburden on the
surface of the study area is 78.59–197.27 Ω·m, that of the underlying Permian siltstone, clay
rock, and basalt is 96.72–2374.42 Ω·m, and that of the limestone is 2696.79–6625.37 Ω·m.
The resistivity of dolomite and limestone in the Carboniferous is 1435.23–2779.4 Ω·m, and
that of the bauxite layer is 125.63–867.03 Ω·m; the resistivity of the Cambrian dolomite
basement ranges from 2435.23 to 5779.4 Ω·m. The thicknesses of the strata in the study
area were compared (the thickness of the Permian Liangshan Formation is 17–31 m, that
of the Baizuo Formation is 50–80 m, and that of the Jiujialu Formation is 0–25 m). It is
speculated that the second-lowest resistivity anomaly is the result of the joint action of the
silty clay rock at the bottom of the Permian, the carbonate rock of the Carboniferous Baizuo
Formation, and the aluminous rock series of the Jiujialu Formation. However, many factors
affect underground formation resistivity, including lateral rock resistivity, karst caves, and
fractures [28]. Therefore, the formation morphology needed to be adjusted based on the
drill core data. The two electromagnetic sounding lines were corrected by data obtained
from Zk3909, Zk2712, Zk0305, and Zk2919 at the corresponding positions. A more accurate
Cambrian basement topography was obtained after the correction, and the information
was converted into coordinate data for geological modeling.

4.2. Geological Model

Paleogeomorphology is the result of the combined actions of many geological pro-
cesses and affects the sedimentation and mineralization of aluminous rock series [9]. An-
alyzing the paleo-geomorphological characteristics is critical for understanding the pale-
okarst and mineral layer features. Maps of the thickness of the ore layers (Figure 3a) and
the Jiujialu Formation strata (Figure 3b) were created. Kriging in Surfer 15 software was
used to establish a stratigraphic model (Figure 3c).
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4.3. Geological Characteristics and Distribution of Bauxite Deposits in the Study Area

Based on the geological modeling results derived from the geological data (Figure 4a,b),
the study area has higher elevations in the eastern region and lower terrain in the central
part. The Jiujialu Formation, which consists of an aluminous rock series, is deposited on
a karst basement. Bauxite deposits primarily occur in three distinct karst depressions at
different elevations (referred to as B1, B2, and B3).
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karst landforms in the study area; (b) cut profile; (c) drill cores on the cut profile.

The B1 deposit is situated in the western karst highlands and is characterized by red,
low-grade bauxite with a high iron content. The bauxite ores in this deposit exhibit compact
and clastic interbedded structures. The lower boundary of this deposit is approximately
40 m above the relative altitude, whereas the aluminous rock series thickness is about 10 m.
The ore layer in the deposit has an approximate thickness of 5 m.

The B2 deposit consists of high-grade, dark gray bauxite. The majority of the bauxite
ore in this deposit is clastic. In some drill cores in the central depression, a clastic structure is
observed in the lower layer, while a compact structure is present in the upper layer. The B2
deposit extends across the western side of the central karst valley, with its bottom boundary
at a relative altitude of 0 m. The aluminous rock series thickness measures approximately
25 m, whereas the ore layer reaches a thickness of 14.1 m.

Similarly, the B3 deposit shares similarities with the B2 deposit, featuring dark-gray,
high-grade bauxite characterized by a clastic structure. It is distributed on the eastern side
of the central karst valley. The bottom boundary of the B3 deposit is positioned at a relative
elevation of 15 m. The thickness of the aluminous rock series is 10.86 m, and the ore layer
has a thickness of 6.9 m.

The aluminous rock series in all three deposits exhibit a sequential structure of iron-rich
claystone, bauxite, and aluminous claystone from bottom to top. However, it is noteworthy
that these formations lack the occurrence of carbonaceous shale sandwiched between coal
seams commonly found in the central Guizhou region [30,31].
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In the Zk0305 sample, the top of the aluminum-rich claystone in the Jiujialu Formation
is composed of bauxite and claystone, which are interbedded and have clastic, oolitic, and
pellet textures. Moreover, abundant pyrite masses have entered fractures and aggregated
along them, showing intrusive and conglomerate textures. The area of the pyrite masses
decreases from the top to the bottom of the formation (Figure 5a). Pyrite has predomi-
nantly developed in white kaolin claystone and bauxite, exhibiting fine-grained textures
(Figure 5b). The bauxite ore layer is under the claystone and consists of light-gray clastic
and earthy bauxite in the upper part, intercalated with dark gray aluminous claystone
without bedding (Figure 5c). The lower part of the ore layer consists of clastic bauxite with
poorly sorted and sub-rounded particles. A distinct boundary can be observed between
the clastic bauxite and the earthy bauxite in the upper layer (Figure 5d). The interbedding
of green clay rock and clastic bauxite occurs below the bauxite ore layer. Pyrite aggregates
can be seen in the clay rock (Figure 5e). The bottom aluminous claystone is interbedded
with dark gray-black claystone and light gray claystone. A large number of pyrite veins
are located along the interlayer fractures, exhibiting spherical, large granular and narrow,
and coarse vein-like textures (Figure 5f). A ferric rock layer is located under the aluminous
claystone, with a deep, gray-green chlorite layer on top. The cracks between the layers
are filled by large amounts of pyrite (Figure 5g). A hematite layer occurs below and is
interbedded with hematite and ferric claystone with good bedding development and large
amounts of pyrite. The particle size decreases from the bottom to the top (Figure 5h).
The bottom of the iron rock is interbedded with hematite and chlorite claystone, and the
bedding is well-developed. The hematite exhibits a spheroid and oolitic structure locally,
with the edge penetrating into the chlorite layer (Figure 5i).
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ded clay rock and clastic bauxite; (f) pyrite bands along the cracks between the bauxite beds; (g) pyrite
bands along the cracks between chlorite clay beds; (h) oolitic hematite interbedded with chlorite
claystone; (i) hematite interbedded with chlorite claystone.
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4.4. Results of the Mineralogical Analysis of Karst Geomorphology

A mineralogical analysis of the bauxite ores from three bauxite deposits was con-
ducted. An XRD analysis (Figure 6) was performed to determine the mineral phases.
Subsequently, optical microscopy and SEM were used to analyze the mineral morphology
and contact relationships.
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Figure 6. Mineral characteristics of the Qingzhen Xiaoyuan bauxite deposit. Zk5123 is high-iron
bauxite, and Zk1519, Zk0608, and Zk0305 are low-iron, high-grade bauxite deposits; A = anatase, D &
Dsp = diaspore, I = illite; P = pyrite; S = siderite; C = chlorite.

In deposit B1, samples were taken from Z5123, which is characterized by high-iron
bauxite with a deep red color. The bauxite structure in this deposit is clastic. A microscopic
examination revealed the presence of aphanite and columnar diaspore (Figure 6 Zk5123).
The XRD mineral phase identification confirmed the presence of diaspore, chlorite, anatase,
siderite, and other minerals in the bauxite. SEM revealed the presence of iron pisolites in the
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high-iron bauxite with a core of siderite (Figure 7a). The bauxite ore predominantly consists
of diaspore, occurring as short columnar crystal aggregates with well-formed crystals.
These diaspore crystals coexist with siderite and the diaspore crystals are surrounded
by siderite (Figure 7b). Additionally, well-formed hematite crystals are found in certain
locations, surrounded by siderite. (Figure 7b).
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Figure 7. Backscattered SEM images of the samples showing the major minerals and their rela-
tionships: (a) iron pisolite; (b) hematite with a good crystalline form surrounding the siderite and
diaspore aggregates; (c) diaspore and illite surrounding each other and some anatase and zircon;
(d) pyrite surrounded by diaspore with a good crystalline structure; (e) anatase surrounded by
diaspore; (f) anatase surrounded by pyrite and diaspore.

The sample from Zk1519 in the B2 deposit contains diaspore, illite, anatase, and
other minerals. The bauxite ore has an earthy clastic structure. The microscopic analysis
indicates that the large-grained, oolitic aggregate diaspore has formed zones according to
the crystallization degree, and the crystallization degree inside is higher on the inside than
on the outside (Figure 6 Zk1519). The SEM images show short columnar or cryptocrystalline
diaspore and illite, anatase, and zircon (Figure 7c).

Two drill cores (Zk0305 and Zk0608) were selected for sampling in the B3 deposit.
The bauxite ores show a grayish-white and dark-gray clastic soil structure. The XRD
analysis indicates the presence of diaspore, illite, anatase, and pyrite. Microscopic analysis
shows that the structure of the diaspore is cryptocrystalline with spheroidal aggregates and
clay minerals. The SEM images show cryptocrystalline diaspore, illite, and pyrite with a
good crystalline structure. Furthermore, widespread occurrences of mutual inclusions of
diaspore, anatase, and pyrite are detected in the B2 and B3 deposits (Figure 7d–f).

4.5. Geochemical Characteristics of the Karst Geomorphology
4.5.1. Geochemical Characteristics of the Major Elements

The Zk5123 and Zk5115 drill cores in the B1 deposit are high-iron bauxite with Al2O3
contents of lower than 60% (44.4%–56.67%), an Al/Si ratio of 2.64–11.84, and a high Fe2O3
content (11.96%–23.86%). The contents of SiO2 and TS vary substantially with ranges of
4.24%–18.22% and 0.09%–4.56%, respectively, whereas the TiO2 content has a small range
of 1.88%–2.57% (Table S2).

The bauxite in the B2 and B3 deposits is low-iron and high-grade bauxite. Zk0305,
Zk0608, Zk0719, Zk1508, Zk1519, Zk1712, Zk2708, Zk2712, and Zk2919 have high Al2O3
contents (55.33%–77.85%), and the Al/Si ratio is 4.21–28.94. Moreover, samples with Al2O3
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contents exceeding 70% occur in each drill core. The Al2O3 content of the bauxite ore in
the Zk0504, Zk2304, and Zk2412 drill cores is medium (51.81–67.55), and the Al/Si ratio
is 4.89–12.20. Samples with Al2O3 contents exceeding 60% can be observed in each drill
core. The Al2O3 contents of Zk0506 and Zk1706 are lower (40.69–59.60), and the Al/Si ratio
is 2.21–12.40. The Fe2O3 contents in these two deposits are low (0.30%–19.68%, with an
average of 2.51). Only two ore samples (Zk0504 and Zk0506) show high-iron characteristics,
with contents of 11.99% and 19.68%, respectively. The TiO2 content varies considerably
(1.60%–4.47%, with an average of 3.31%). A low sulfur content (<3%) is common in these
three deposits, and only five samples (Zk0504, Zk1706, Zk2919, and Zk5115) have high
sulfur contents (4.29%–8.71%).

Zk0305 is used as an example to describe the element distribution in a low-iron bauxite
deposit. The Al2O3 content in the upper aluminous claystone is 30.97%, that in the lower
bauxite deposit is 46.84%–71.62%, and that in the iron clay rock is 12.03%–25.13%. The Ti
content does not vary significantly but is higher in the bauxite (0.96%–2.13%) than in the
claystone (0.88%–0.68%). The Fe content is 9.83% in the top clay layer and 18.45–39.70 in
the bottom clay layer, and the bauxite content is very low. The sulfur content in the bauxite
layer is very low (0.03%–2.66%), but sulfur is enriched at the top of the aluminous claystone
and the top of the ferric clay rock (7.49% and 17.55%, respectively). The aluminous rock
series has low contents of mobile elements, such as Na, K, Ca, and Mg. The K content is
higher than that of other mobile elements (0.76%–4.24%) and is the highest (4.34) in the
aluminous claystone. The Na, Ca, and Mg contents in the bauxite layer are very low (<0.5%),
but the Mg content is higher than the Ca content. The distribution of the major elements is
more uniform in the high-iron bauxite deposit Zk5123, and there is no delamination. In
addition to the high iron content, the layer has a relatively low K content (0.02%–0.1%) and
a high Mg content (0.61%–0.65%).

4.5.2. Geochemical Characteristics of the Trace Elements

The results for the trace elements show that the majority of samples from the low-
iron bauxite area represented by Zk0305 contain Ba, B, P, and Zr concentrations in ex-
cess of 100 ppm (Table S3). Bauxite is also rich in Cr (69–104 ppm, mean 85.8 ppm), Nb
(26.5–82.1 ppm, mean 54.1ppm), and Ni (2.9–588 ppm, mean 124.7 ppm) (Table S3). The
contents of As, Cu, Li, Ni, and Pb in the top aluminous claystone are significantly higher
than those in the lower bauxite and ferric claystone, but the As, Ni, and Pb contents are
highly enriched (64.40 ppm, 588 ppm, and 211 ppm, respectively). The B content is higher in
the Jiujialu Formation (71–388 ppm) than in the bottom Qingxudong Formation dolostone
(12 ppm). The Ba content is higher in the bauxite layers (840–1590 ppm) than in the ferric
rocks (20–970 ppm) and the top aluminous claystone (70 ppm). The Cr content is higher in
the upper (93–104 ppm) than in the lower bauxite layer (69–87 ppm). The contents of high
field-strength elements (HFSEs) (Nb, Ta, Zr, and Hf), Th, and Ti are higher in the bauxite
layer than in the top clay layer and the bottom iron layer. The P and Sr contents are lower
in the upper bauxite layer than in the lower bauxite layer, and the P and Sr contents are
highly enriched in the ferric rocks. The distribution trends of Rb, V, and Y are the same,
and their contents increase from the upper bauxite layer to the lower bauxite layer and the
ferric claystone. According to the total rare earth element (REE) content (39.58–859.55 ppm,
average of 375.538 ppm), the bauxite in Xiaoyuan is enriched in REEs. The distribution
of heavy REEs (HRREs) (La, Ce, Pr, Nd, Sm, Eu) is relatively uniform, whereas the light
REEs (LRREs) (Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) are concentrated in the lower bauxite layer
(273.29–810.99 ppm). Their contents are similar to that of the iron claystone at the bottom
(195.14–236.37 ppm). The bauxite content in the upper layer (23.44–36.18 ppm) is similar to
that of the dolomite in the Qingxudong Formation at the bottom (34.59 ppm). There are
relatively stable negative Eu anomalies (0.43–0.76) in the entire aluminous rock series of the
Jiujialu Formation, whereas the negative Eu anomalies in the dolomite of the bottom of the
Qingxudong Formation are relatively weak (0.94). Stable positive Ce anomalies (1.15–1.53)
occur in the upper bauxite layer, and significant changes in the Ce anomalies occur in the
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lower layer of the bauxite (0.75–1.42) and iron rocks (0.87–1.19). The chondrite-normalized
REE plots indicate that the REE patterns of the upper bauxite and bauxite clay rocks are
similar, with low ∑ REE contents (39.58–47.13 ppm, average 42.16 ppm), low ∑ LREE/∑
HREE ratios (1.45–3.3), stable negative Eu anomalies (0.43–0.51), and positive Ce anoma-
lies (1.15–1.52). The REE patterns of the lower layer bauxite and bauxite clay rocks are
similar with high ∑ REE contents (412–671 ppm, average 575.58 ppm), high ∑ LREE/∑
HREE ratios (12.87–21.55), stable negative Eu anomalies (0.55–0.76), and weakly positive Ce
anomalies (0.75–1.41). The content of ∑ REE in the lower iron rock is low (224.9–285.1 ppm,
average 251.17 ppm), and the ∑ LREE/∑ HREE ratio is high (4.84–6.54). There are stable
negative Eu anomalies (0.71–0.76) and weak positive Ce anomalies (0.87–1.19), and their
REE patterns are similar to those of the lower bauxite layer. The dolomite of the Qingx-
udong Formation has a low ∑ REE content (53.22 ppm) and a high ∑ LREE/∑ HREE ratio
(1.85), with weak negative Eu anomalies (0.93) and positive Ce anomalies (1.23). Its REE
pattern is similar to that of the upper bauxite layer.

The samples of the high-iron bauxite deposit represented by Zk5123 have a high iron
contents (8.39%–11.5%) and low and stable Ba and Sr contents (30–60 ppm and 199.5–253 ppm,
respectively), and the other elements’ characteristics are similar to those of the lower low-iron
bauxite. The REE content is higher in the high-iron bauxite (606.41–1485.23 ppm), and it is
more enriched in LREE than in HREE. The REE pattern is similar to that of the lower-layer
bauxite. Stable and positive Ce anomalies (1.11–1.6) and negative Eu anomalies (0.56–0.59)
can be observed.

5. Discussion
5.1. Effect of the Karst Geomorphology on Mineral Facies

The B1 deposit predominantly consists of diaspore, siderite, anatase, and chlorite. The
mineral assemblages are similar in the B2 and B3 deposits, consisting of diaspore, pyrite,
illite, and anatase minerals.

Previous studies have indicated that the diaspore in the bauxite deposits of central
Guizhou is primarily derived from gibbsite transformation [2]. However, recent research
has revealed that the diaspore in karst bauxite deposits originated not only from metamor-
phic processes but also from simple crystallization processes [32–37]. Generally, diaspore
in karst bauxite forms under supergene conditions in alkaline and reducing environ-
ments [11,34,38]. Similarly, anatase formation occurs under reducing conditions [5,33,37].
In contrast, gibbsite is more stable than diaspore and boehmite under supergene con-
ditions [7,35]. Mineral phase transformation from gibbsite to boehmite and diaspore is
common in karst bauxite due to the combined effects of tectonic stress from later folding,
burial metamorphism from overlying rock pressure, and hydrothermal processes [2,39].

The bauxite in the B1 deposit in the study area has a short columnar structure with
a good crystal shape, indicating that it was likely derived from the transformation of
gibbsite formed during the weathering of ancient laterite. The heat required in this process
was provided by the later tectonism or geothermal gradient [40]. The bauxite layer’s
mineral assemblage mostly comprises diaspore, siderite, anatase, and chlorite, indicating a
reductive metallogenic environment [38]. Siderite exists as a matrix surrounded by anatase,
indicating these minerals were formed by direct crystallization from water bodies in weakly
alkaline and weakly reductive environments [5,33,34]. In addition, the hematite with a
good crystal shape surrounding the siderite and diaspore (Figure 7b) indicates that the
ore sample was subjected to oxidant modification in the later ore-forming period and to
surface thinning caused by humic acid secreted by plant roots or weathering in the later
period [7,34,41].

The B2 and B3 deposits are dark-gray, low-iron and high-grade bauxite deposits. The
mineral assemblage of diaspore-pyrite-illite-anatase indicates a weak acid oxidation to
a weak alkaline reduction metallogenic environment [42]. A cryptocrystalline diaspore
ring can be observed around the oolitic diaspore (Figure 6 Zk1519), indicating that the
diaspore continued to form after deposition. Spherical and oolitic granular diaspore is
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more likely to inherit the gibbsite shape and be affected by the subsequent metamor-
phism [16]. Cryptocrystalline diaspore is formed by super-crystallization or kaolinite
desilication [33,34,37,43]. In addition, the B2 and B3 mining areas lack boehmite and gibb-
site, suggesting the area suffered intense late mineralization, and the aluminous minerals
were completely transformed into diaspore [16,33,34,38,40]. Recrystallization in diaspore
may be the recrystallization product of a subsequent burial [44]. Finally, anatase, diaspore,
and pyrite surround each other, indicating that anatase was inherited from the weathered
parent rock and formed due to supergene crystallization [33,34].

5.2. Effect of Karst Geomorphology on the Element Distribution
5.2.1. Horizontal Element Distribution

We performed kriging to create a contour map of the element content of the bauxite
ore in the drill cores (Figure 8).
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The Al2O3 content is low in the B1 area (44%–53%) and high in the B2 and B3 areas
(57%–69%). It is higher in the center of the karst depression than in the surrounding
area, i.e., the deeper the karst depression, the higher the content. The distribution of the
SiO2 content has the opposite trend to that of the Al2O3 content, i.e., the deeper the karst
depression, the lower the content. The content distribution of TiO2 is highly similar to that
of Al2O3. Previous studies showed that bauxite was deposited in negative terrain [7,9,45].
The karst depression in the study area serves as a sink area for sediments, and almost
all negative terrain areas have bauxite. Horizontally, the compact bauxite is primarily
found in the center (Figure 4a), consistent with high-grade bauxite (Figure 8a), whereas
the clastic bauxite surrounds these areas (Figure 4a), but its grade is lower (Figure 8b).
Some researchers believe that the bauxite morphology is related to the strength of the
hydrodynamic forces during sedimentation. Detrital bauxite predominantly forms in areas
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with strong hydrodynamic forces and unstable water bodies, whereas compact bauxite
forms in deep karst areas with weak hydrodynamic forces and stable water bodies [9,14].

The distribution of clastic bauxite in the lower part and compact bauxite in the upper
part of the study area suggest that highly weathered paleolaterite was transported to
the karst depression, forming clastic deposits under strong hydrodynamic forces during
the deposition. As the detrital material was depleted, the source rock located in high
erosion areas was weathered and transported as fine particles to the remaining locations
in the karst depression, forming fine-grained to compact bauxite ore [14]. However, since
there is no significant difference in the Al2O3 content between the clastic bauxite and the
compact bauxite in this study, the ore morphology inherited from the deposition period
cannot be determined by the Al2O3 content. This finding indicates that the transformation
of Al-bearing minerals can affect the Al2O3 distribution in the bauxite horizon during
the development and maturation of bauxite. The Al2O3 content in the depression center
indicates that Al-containing substances migrated to the depression center in solution or as
colloids during weathering and leaching.

The Fe2O3 content is high in the B1 deposit (18%–20%), low in the B2 and B3 deposits
(8% on average), and higher around the karst uplift than in the center of the karst depres-
sions. One possible explanation for the difference in the Fe2O3 content is that different
formation periods of bauxite resulted in different degrees of iron removal [46]. Cheng et al.
believed that high-iron bauxite was more likely to form in the deep part of the depres-
sion, and iron was directly precipitated from the water medium [12]. Siderite forms in a
reduction environment, and hematite forms in an oxidation environment. Reference [47]
analyzed the distribution of high-iron, low-grade bauxite and low-iron, high-grade bauxite
in a large region and found that bauxite closer to the provenance area was more likely to
have a high iron content. The drill core profiles in the study area revealed the presence
of iron clay rocks beneath the bauxite layer. The deposition period of the iron clay strata
is believed to be when the initial laterite was deposited in the soil-forming stage [48]. Fe
ions dissociate under slightly acidic conditions and deposited in karst depressions, indicat-
ing that karst depressions form when the iron clay beds are deposited. The topographic
differences between karst depressions may be attributed to different weathering levels of
the carbonate basement before deposition. Under similar climatic and erosion conditions,
chemical weathering often determines the weathering rate of carbonate rock, and physical
weathering determines the final karst morphology [49]. Local crustal uplift occurred during
the diagenetic and metallogenic period of the bauxite layer. The removal of Fe from the
bauxite layer is related to microbial action and seawater intrusion [36,38,43,50,51]. Since the
bauxite in this area is located in areas with high terrain and was not affected by seawater
transformation during the deposition period, it was mainly influenced by continental
deposition in addition to the influence of the paleokarst landform. The Fe2O3 content in the
bauxite layer is relatively high around the karst uplift or in the karst highland, indicating
that the initial bauxite material deposited in these areas provided iron-rich materials due to
their proximity to the source area.

In summary, the distribution of the major elements and their correlation indicates that
the migration of Al2O3, TiO2, and SiO2 occurred during the same process during element
migration, with Al2O3 and TiO2 in the retention phase and SiO2 in the removal phase [16].
The Fe distribution suggests that there was no removal and retention relationship between
Fe and Al during the migration process [17].

5.2.2. Vertical Element Distribution

The vertical element distribution in the study area is described using Zk0305 as an
example. Zk0305 is located in the B3 deposit, and its stratigraphic lithology is complete,
reflecting the element migration and transformation of the aluminous rock series from
deposition to mineralization. The Al and Si contents in the aluminous rock series are used
as a classification index. The section can be divided into the top bauxite stratum (Xy1),
lower bauxite stratum (Xy3-8), and bottom iron clay stratum (Xy9-11). The top bauxite
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layer is thought to have been formed by re-silicification caused by humic acid during late
diagenesis [4]. The interbedding of the clastic and compact structures and the inclusion of
a clay rock mass in the central bauxite layer show the alternations of the hydrodynamic
transport strength and rapid accumulation [14]. Aluminous claystone with a layered
structure occurs at the bottom. The reason for this is that clay rock, a strong weathering
surface of the source area, is preferentially transported and deposited at the bottom. As a
result, the Al2O3 content of this layer is lower than that of the upper bauxite layer.

The distribution of Li, P, Sr, Y, HFSE, and REEs exhibits significant zoning, and the
differentiation of these elements reflects changes in the weathering degree, sedimentary
environment, or source [16,52–54]. Therefore, the aluminous rock series can be further
divided into upper-layer bauxite (including the bauxite layer and bauxite clay layer, Xy1-3),
the lower-layer bauxite (including the bauxite layer and bauxite clay layer, Xy4-8), and the
iron rock at the bottom (Xy9-11). The P and Sr contents are low in the upper-layer bauxite,
high in the lower-layer bauxite, and very high in the iron rock at the bottom. The Y content
is lower in the upper-layer bauxite than in the lower-layer bauxite and lower in the bauxite
layer than in the iron rock. The Li content shows that the upper and lower bauxite layers
have undergone a process that reduced the Li content from high to low. The HFSE content
in the bauxite ore is significantly enriched compared to the bauxite and iron clay layers.
Zr and Hf are enriched in zircon, and Nb, Ta, and Ti are enriched in anatase and other
titanium-bearing minerals [55]. The increases in the contents of these elements from top
to bottom reflect the enrichment characteristics of these weathering-resistant minerals at
the bottom.

The distribution pattern of REEs is often inherited from the weathered parent rock
because the migration ability of REEs is limited during the weathering process [56]. The
REEs in the bauxite mainly occur in REE-bearing phosphate minerals (monazite and phos-
phorite), hematite, and anatase [5]. Numerous studies have shown that REEs migrate
and fractionate during epigenetic weathering, soil formation, and depositional diagene-
sis [53,57–62]. The LREE and HREE contents in the bauxite layer show an increasing trend
from top to bottom (Figure 9). They are primarily enriched in the lower bauxite layer,
indicating that the REEs (especially LREEs) in the upper bauxite layer were leached during
bauxite mineralization due to strong chemical weathering and migrated downward with
the leaching solution [53,63]. In addition, the bauxite layer exhibits a weakening of the Ce
positive anomaly from top to bottom, suggesting that the layer was once in an acidic and
oxidizing environment and suffered from strong leaching [30,53,62,64].

The negative Eu anomaly observed in the study area is indicative of intense weathering and
is commonly used in bauxite studies to infer the provenance of the deposits [3,33,53,61,62,65].
The presence of a negative Eu outlier (0.43–0.76) in the study area falls within the range
typically associated with felsic igneous rocks and upper continental crust materials. This
result suggests that the provenance of the bauxite in the study area is a mixture of igneous
rocks and upper continental crust materials [3,33,65]. Further evidence comes from U-Pb
isotope dating of detrital zircons from the Maochang bauxite deposit in the Qingzhen area.
This dating indicates that the primary source of the early Carboniferous bauxite in the
Qingzhen area can be traced back to Mesoproterozoic felsic volcanic rocks and intrusive
rocks that crystallized around 800 million years ago in the Panxi Hannan arc on the
western edge of the Yangtze Plateau [40]. The felsic volcanic and intrusive rocks underwent
multiple cycles of sedimentation, eventually forming Cambrian-Silurian sedimentary strata
in the central and western Yangtze Plate. These sedimentary strata served as the ultimate
material source for the development of early Carboniferous bauxite deposits in central
Guizhou [40,66].

The correlation analysis showed that elements with moderate to strong correlations
with Al2O3 are B, Ba, Th, LREEs, and HFSE, and the element with a strong correlation
with SiO2 is Li (Figure 10). B, Ba, Th, and LREE are HFSEs or elements that are positively
correlated with Ti. Elements with positive correlations to P include Sr and HREEs, and Sr
has a stronger correlation with P than the HREEs (Figure 9). The elements with positive
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correlations with Al2O3, Ti, and HFSEs are similar, indicating that the transfer of these
elements during bauxite formation was caused by the same processes [52,62], likely weath-
ering and leaching. The retention and formation of diaspore, zircon, and anatase caused the
downward enrichment of these elements [16,55]. The strong positive correlation with SiO2
indicates that these elements were easily removed during the mineralization of bauxite.
B, which is strongly mobile in bauxite, is mostly adsorbed by the diaspore and clay in
an ionic state [67,68]. The correlation analysis conducted on B, Al2O3, and SiO2 indicates
a significant positive correlation between B and Al2O3(Figure 10). Conversely, a weak
negative correlation was observed between B and SiO2. These findings suggest that B may
have been preferentially adsorbed by diaspore. The adsorption of B depends on the pH;
with pH < 7, some B may be released from the clay and absorbed by the aqueous aluminum
oxide, since the latter has a strong adsorption capacity in slightly acidic conditions [69].
Franceschelli et al. (1998) reported a boron-rich bauxite deposit in Italy and attributed the
boron enrichment to hydrothermal superposition [67]. Wang et al. (2012) reported B-rich
bauxite in the Songqi area, southwest of Henan Province, and stated that B enrichment
in bauxite often indicates that the bauxite is close to the B-rich source area [68]. The B
content in the two B-rich areas exceeded 1000 ppm. However, no hot water transformation
was observed in the Jiujialu formation, and the element test results showed that the B
content in the dolomite basement was only 12 ppm, indicating that the provenance area
did not have a high B content. Therefore, B likely has an external origin; it occurs in large
quantities in seawater [70]. Therefore, the B in the bauxite in the study area may have come
from seawater.

Since we did not obtain a complete set of samples for Zk5123, the results are only used
as a reference for comparison with the low-iron bauxite. High-iron bauxite does not exhibit
layers in the vertical direction, and its distribution characteristics of As, Cr, Cu, Ga, Ni,
Pb, Sc, V, Y, Zr, and HFSE are similar to those of the low-iron bauxite. The distribution
characteristics of P, Sr, and Th are similar to those of the low-iron bauxite in the lower
layer. The REE distribution and Eu outliers are also similar to those of low-iron bauxite in
the lower layer, indicating that their provenance may be the same. The Ba content in the
three samples at different layers is much lower than that of the low-iron bauxite. Some
studies have used the Sr/Ba ratio to assess the sedimentary environment because Ba and
Sr are more likely to originate from seawater [52,71], and Sr has greater fluidity and is
more prone to precipitation. However, bauxite generally suffers from strong chemical
weathering and multi-stage leaching during its formation [72], causing changes in the
contents of sensitive elements used to trace the sedimentary environment in bauxite. Thus,
multiple or incorrect conclusions can be drawn using these sensitive elements to deduce
the ore-forming environment of bauxite. The correlation analysis results indicate that the
differences in the Sr and Ba contents may have been the results of different geological
processes. Thus, it is not possible to assess the sedimentary environment based solely on
the Sr and Ba ratio. As a strong mobile element, Sr is easily moved during weathering
and leaching. Therefore, it should not be used to evaluate the sedimentary environment
in areas with strong weathering and leaching. However, the Sr content is lower than that
inherited from proto-rocks or seawater during the sedimentary period, and the correlation
analysis shows that the Sr occurrence may be controlled by phosphate [73]. Ba is also a
sensitive element in sedimentary environments and was possibly sourced from weathered
parent rocks and seawater depositions [74]. However, regardless of the source, the high
enrichment of Ba indicates that the area may have undergone strong seawater modifications
and that weathering and leaching preserved it. The high Sr content of high-iron bauxite
may have been inherited from weathered parent rocks and phosphate, whereas the low
Ba content may indicate a lack of seawater participation in the transformation of the area,
suggesting that it was formed by terrestrial sedimentation.
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Figure 9. Chondrite-normalized REE patterns of samples from the Xiaoyuan bauxite deposit and the
underlying Qingxudong Formation bedrocks (normalized values from [75]).
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5.3. Ore-Forming Process of Bauxite

Different genetic models of karst high-iron bauxite and low-iron bauxite are proposed
based on the geological model, geochemical data, and mineral facies analysis conducted
in this study, as well as previous studies on the metallogenic model of bauxite [1,2,16]
(Figure 11).
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In the late Ordovician, the central Guizhou region underwent Duyun movement
and uplift to form the central Guizhou ancient land. After weathering and erosion, a
set of marine carbonate rocks deposited since the late Cambrian formed a quasi-karst
(or quasi-plain) ancient landform at the end of the Devonian [1]. Due to the drift of the
South China Plate away from the equator near the end of the Devonian, the erosion level
decreased, and the climate became hot and humid. The dissolution and erosion of the
paleoenvironment intensified, forming karst landforms of various sizes and shapes [1]. Due
to intense laterization, large amounts of crust material developed due to lateritic weathering
and accumulated on the highlands surrounding these karst landforms. These materials
were formed by laterization of the underlying Cambrian carbonate rock interbedded with
silty rocks [1,43].

During the early stage of the Viséan, the rising sea level in southern China caused
the karst depressions in the study area to be invaded by seawater, forming lagoons of
various sizes. High rainfall caused by marine transgression formed shallow lakes in the
karst depressions at higher elevations. Leaching occurred due to atmospheric precipitation
and surface runoff. The fine clay minerals and complex amorphous gels of Al, Si, and Fe in
the ancient lateritic weathering crust materials accumulated on the highlands surrounding
the karst depressions were transported to nearby shallow lagoons under the protection of
humic acid [76], forming the ironstone layer in the iron-stone–bauxite–claystone structure
of the Jiujialu Formation.

As a result of further transgression from south to north in the South China Sea, the
ancient weathered crust laterite materials accumulated on the highlands around the karst
depression were submerged by sea water and moved to the adjacent karst depression,
forming sediments that were transported by tides during the transgression and by seasonal
floods generated by rainstorm [77]. Crystallization of diaspore, anatase, and chlorite
occurred during this period owing to the weak alkaline and weak reducing environment
provided by the carbonate basement and seawater intrusion. During the ebbing of the
tide, the bauxite deposit was exposed to oxidation and seepage, causing a phase change
from aluminosilicate mineral→ clay mineral→ aluminous mineral and the separation
and removal of Fe due to leaching [36,43]. At this point, the karst depression situated in
the west of the study area remained unaffected by the transgression because of its high
elevation. Thus, continental lake deposits formed due to surface runoff from rainstorms and
floods, ultimately forming continental bauxite. Surface runoff transported the weathering
crust material of ancient laterite into the depression, forming the initial bauxite deposit.
After rapid accumulation, the lower-layer bauxite was in a reducing environment, forming
siderite, diaspore, pyrite, and anatase.

The Jiujialu Formation bauxite was deposited in a closed lagoon basin until a large-
scale regression occurred in the middle stage of the Viséan, transforming the lagoon
into saline, alkali land with high salinity due to evaporation. Subsequently, the salinity
levels decreased due to precipitation and surface runoff, and the area evolved into a
swamp covered by early Carboniferous flora [4,31]. As the plants grew, humic acid was
generated and deposited in the upper part of the Jiujialu Formation due to atmospheric
precipitation and surface runoff, resulting in a weakly acidic environment. These conditions
slowed or stopped the bauxite mineralization in the upper part of the Jiujialu Formation.
Desilicification also occurred, forming numerous clay minerals, such as kaolinite and
illite, and the bauxite clay layer in the upper part of the aluminous rock series of the
Jiujialu Formation.

The central area of Guizhou experienced the largest-scale marine transgression in
the Carboniferous until the Serpukhovian, and the Baizuo Formation carbonate rocks
were deposited on the aluminous rocks in the Jiujialu Formation. After the deposition
of the Jiujialu Formation was completed, the gibbsite in the aluminous rock series was
transformed into diaspore due to the pressure of the overlying rock, metamorphism, and
the combination of the subsequent tectonic stress and hydrothermal action [1,2,11,72].
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6. Conclusions

(1) Controlled-source audio-frequency magnetotellurics was employed to infer the to-
pography of the study area and convert it into coordinate data. The coordinates
were adjusted using stratigraphic information obtained from drilling data. Geological
modeling was conducted to reconstruct the paleokarst landform characteristics of the
bauxite deposits in the Xiaoyuan area.

(2) The distribution of bauxite was influenced by ancient landforms. Horizontally, the
bauxite grade was higher at the core of the karst depressions and lower in the sur-
rounding area. The TiO2 and SiO2 contents had strong positive and negative corre-
lations with the Al2O3 content, respectively. The Fe2O3 content was higher near the
source area and lower farther away. Vertically, the bauxite in high-elevation regions
showed a high iron content and low aluminum content, with a mineral assemblage
comprising diaspore, siderite, anatase, and chlorite. Bauxite in low-elevation areas
exhibited a lower iron content and a higher aluminum content, accompanied by a
mineral assemblage consisting of diaspore, pyrite, illite, and anatase.

(3) Karst bauxite mineralization models for high-iron, low-aluminum contents and low-
iron, high-aluminum contents were established. The former occurred in continental
environments where the bauxite material rapidly accumulated in karst depressions at
higher elevations. The latter was formed through modifications caused by seawater
after the initial bauxite materials underwent sedimentation; this process typically
occurred at lower elevations.
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