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A B S T R A C T

The Poci bauxite deposits in western Henan, China, are hosted in the lower member of Upper Carboniferous
Benxi Formation, unconformably overlying upon the paleokarst surface of the Ordovician Majiagou Formation.
The orebodies comprise a high-grade bauxite horizon (characterized by the association of diaspore-illite-anatase)
and a basal iron-rich horizon (diaspore-goethite-hematite-illite-anatase), sandwiched between the overlying
clayey layer (illite-diaspore-goethite-anatase) and the underlying clayey layer (illite-diaspore-microcline-goe-
thite). Geochemical investigations reveal that Rb, Cs, Ba, Cu, Zn are depleted, while B, Ga, Bi, V, Sc, Zr, Hf, Nb,
Ta, W, U and Th are enriched in bauxite horizons. B is highly enriched in bauxite ores and clays (contents
176–1061 ppm) and positively associated with SiO2, indicating B is mainly hosted in clay components, e.g.
dominantly illite, which are considered a mixture of authigenic minerals transformed from kaolinites during
diagenesis and unaltered detrital minerals. Mass change calculations reveal that Hf, Zr, Nb, Ta, U, Th, Sc, Cr, and
Ga are stable relative to TiO2 during the bauxitization process, indicating these elements are mainly associated
with anatase and diaspore. The bauxite horizons and the underlying clays are more enriched in total REE
contents (ΣREEs) and display more intense LREE/HREE fractionation than the overlying clays. Provenance
analysis shows that parental materials of Poci bauxites were mainly derived from felsic-dominated igneous rocks
along the southern margins of the North China Craton, with minor contribution from siliciclastic sedimentary
rocks and argillaceous components of underlying carbonates. A conceptual model is proposed for the formation
and evolution of Poci bauxites. Uplift caused by the North Qinling orogenesis along the southwestern margin of
NCC led to the formation of karstic topography, allowing aluminum-rich source materials to be transported to
the low karst plain and transformed into incipient bauxites under hot and humid tropical conditions. When the
platform was submerged, Fe2+ ions were released from Fe/Al oxides/hydroxides under the reducing conditions
associated with bacteria activity in an organic-rich environment, and redeposited as pyrites and siderites,
generating a high-grade bauxite horizon and an iron-rich bauxite horizon. This marine modification resulted in
further aluminum enrichment of bauxite ores.

1. Introduction

Bauxites are residual deposits that formed from intense continental
subaerial weathering and alteration, generally under humid tropical to
subtropical climates (Bárdossy, 1982). Three main genetic types were
proposed: 1) Lateritic bauxites, predominantly gibbsitic and derived by
in situ lateritization of underlying aluminosilicate rocks; 2) Tikhvin-
type bauxites, overlying the eroded surface of aluminosilicate rocks,
and being the erosional products of pre-existing lateritic bauxites; 3)
Karst bauxites, containing boehmite and/or diaspore as the main Al
minerals, developed on exhumed carbonate platforms (Bárdossy, 1982;
Bárdossy and Combes, 1999; Ahmadnejad et al., 2017). Over 1 billion
tons of bauxite ores have been exploited in western Henan, which are

developed at the base of the Upper Carboniferous Benxi Formation.
These bauxites occur on the paleokarst surface of the Cambrian to Or-
dovician carbonates, and are thus considered as karst type. Their for-
mation is related to a hiatus enhanced by the long-term regional uplift
and local tectonism since Middle Ordovician in the North China Craton
(NCC). Although numerous studies of mineralogy, geochemistry and
provenance analysis have been carried out on Henan bauxites (Wang
et al., 2012; Liu et al., 2013; Wang et al., 2016 and references herein),
many questions still remain controversial, e.g. the nature of precursor
rocks, the elemental behaviors and the controlling factors of the
bauxitization process. Provenance analysis shows that detrital zircons
of the bauxite deposits in NCC were mostly derived from ∼450Ma
igneous rocks of the North Qinling arc terrane along the southern
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margin of the NCC and from the ∼330Ma intermediate-felsic plutons
along its northern margin (Wang et al., 2016), indicating major con-
tribution of aluminum-rich materials for the Henan bauxites. The re-
gional Precambrian rocks in the paleo-uplands and the underlying Pa-
leozoic carbonates and shales could also have provided materials for the
bauxites. In this paper, we report new mineralogical and geochemical
data from Poci bauxite deposits in western Henan and use these evi-
dences to identify parental affinity, calculate mass change, reevaluate
the elemental behaviors during weathering and bauxitization processes,
and determine post-depositional alterations.

2. Geological setting

2.1. Regional geology

Western Henan is located in the southern North China Craton, to the
north of North Qinling orogenic belt (Wang et al., 2012; Liu et al.,
2013). The Archean to Paleoproterozoic crystalline basement is over-
lain by the Meso-Late Proterozoic meta-sedimentary strata, which in
turn are covered by dominantly carbonates and clastic rocks of Cam-
brian to Middle Ordovician age. NCC experienced a long sedimentary
hiatus of 150Ma since the Middle Ordovician and was subjected to
denudation and subaerial weathering until the deposition of the Upper
Carboniferous Benxi Formation (Fig. 1). The basal Member of Benxi
Formation is composed of clay and iron-aluminum-rich sediments,
overlain by clastic-carbonate sequences of the upper Bangou Member of
Benxi Formation. These formations are followed by coal-bearing clastic-
carbonate deposits of the Upper Carboniferous Taiyuan Formation and
by thick Permian-Triassic terrestrial clastic deposits (Liu et al., 2013;
Wang et al., 2016). The basement and the above strata were widely
deformed, and exposed mainly in the southwest mountain areas and
central hills of Henan Province. The regional geology has been elabo-
rated by Liu et al. (2013) and Wang et al. (2016).

2.2. Geology of the Poci bauxite deposits

The Poci bauxite deposits occur in karst depressions or dolines, vary
in thickness from several meters to tens of meters, and are usually
controlled by the paleokarst topography (Figs. 2 and 3). The high-grade
bauxite horizon passes into an iron-rich bauxite horizon and then to a
clayey layer both downward and laterally of the deposits. These hor-
izons are overlain by a clayey layer and then by stratiform carbonates: a
situation that is identical to the Guangou and Jiagou bauxites (Liu et al.,
2013; Wang et al., 2016). The bauxite ores are dominated by clastic,
pisolitic-oolitic, nodular, and spongy textures in a pelitomorphic and
cryptocrystalline matrix (Fig. 4).

3. Sampling and analysis methods

Six bauxite ore samples, 6 clay samples from both underlying and
overlying clayey layers, as well as carbonate samples from the rock
units below and above the deposits, were collected from two profiles
(Figs. 2 and 3).

Mineralogical and textural studies were carried out using optical
microscopy and X-ray diffraction (XRD) at China University of
Geosciences (Beijing) and in the Laboratory of Petroleum Geology
Research Center (Beijing), respectively. XRD analyses were conducted
on a graphite monochromator using a Japanese Rigaku D/Mac-RC
model with Cu Kα1 radiation at voltage of 40 kV, a beam current of
80mA, scanning speed of 8°/min, slit DS= SS=1°. The semi-
quantitative mineralogical analysis of analyzed samples (in mass %)
were measured using an internal corundum reference, according to the
basic principles and procedure of quantitative analysis described in
detail by Snyder and Bish (1989).

SEM-EDX microanalysis was also carried out to analyze the mineral
phases at China University of Geosciences (Beijing), on a Hitachi S-
3400 N scanning electron microscope equipped with a Link Analytical
Oxford IE 350 ED X-ray spectrometer.

All samples were pulverized to 200-mesh using an agate mill for

Fig. 1. Geological map of Poci bauxites in western Henan.
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whole-rock chemical analysis at the Analytical Laboratory of the
Geological Survey of China in Langfang, Hebei Province. Major ele-
ments in whole rocks (except FeO and total loss ignition) were de-
termined by standard X-ray fluorescence (XRF) on a spectrometer with
Philips Model 1480 and a Rh tube. The FeO contents were analyzed by
using the volumetric method; the total loss in ignition was determined
by weight difference and the potentiometry method. Trace element
contents (S, B, F, Li, Rb, Cs, Be, Sr, Ba, Cu, Zn, Ga, Bi, Ni, Cr, V, Sc, Zr,
Hf, Nb, Ta, W, Th, and U) were analyzed on inductively coupled
plasma-mass spectrometry (ICP-MS), emission spectrography (ES), and
XRF. Detection limits for major elements were ≤0.1 wt%, for most
trace elements ≤2 ppm, for Cr, Rb, Sr, and V ∼5 ppm, for F and S 100
and 50 ppm, and for REEs< 0.3 ppm.

4. Results

4.1. Mineralogy

The XRD and semi-quantitative mineralogical analysis revealed that
the bauxite ores are mainly composed of diaspore (42–74.5 wt%) and

illite (15.8–52.9 wt%), with subordinate anatase, occasionally traces of
hematite, goethite, kaolinite, and zircon (Table 1, Fig. 5). Large quan-
tities of hematite (18.2–34.2 wt%) and small amounts of goethite
(4.9 wt%) are restricted to the basal iron-rich bauxite horizon. Back-
scattered electron images of bauxite ores show that diaspore and illite
occur widely in the matrix, pisolites and concentric ooids (Fig. 6). Both
underlying and overlying clays comprise mainly illite (69.3–100 wt%),
which interleaves with small quantities of diaspore and minor iron
minerals. Microcline was only detected in the deepest clay sample of
the underlying clayey layer, with a weight percentage of 30%.

4.2. Geochemistry

The chemical compositions of the analyzed samples are shown in
Table 2. The bauxite ores are mainly composed of Al2O3

(51.11–71.04 wt%), SiO2 (6.30–23.22 wt%), and TiO2 (2.33–3.46 wt%),
with variable Fe2O3 contents (0.42–1.55 wt% in the high-grade bauxite
horizon and 25.55–33.74 wt% in the iron-rich bauxite horizon), small
amounts of K2O (1.85–5.81 wt%) and P2O5 (0.08–0.18 wt%) and neg-
ligible amounts of MgO, CaO, Na2O and MnO. By contrast, the clay
samples contain much higher SiO2 (38.91–51.43 wt%) and K2O
(9.44–11.13 wt%), lower Al2O3 (30.03–39.84 wt%). Binary diagrams of
major oxides show a strongly positive correlation between Al2O3 and
TiO2 (with a correlation coefficient of R2= 0.89), and the correlation
lines pass through the underlying and overlying carbonates, whereas
negative correlations are found between Al2O3 and SiO2 (R2= 0.78)
(Fig. 7).

Correlation analysis reveals that high field strength elements (Hf,
Zr, Nb and Ta) are positively associated with TiO2 contents (Fig. 8). The
upper continental crust (UCC) and post-Archean Australian shale
(PAAS)-normalized patterns of trace elements (Fig. 9a) reveal that the
bauxite and clay samples are slightly different and both are more en-
riched in trace elements than carbonates, except for Sr, Cu, and Zn
(Fig. 9b). Boron is highly enriched in bauxite ores and clay samples
with contents ranging from 176 to 1061 ppm.

The carbonates and the overlying clay are characterized by low
ΣREE contents (13–57 ppm), while the bauxite horizons and underlying
clays contain much higher ΣREE contents (185–755 ppm) (Table 2).
The UCC-normalized REE patterns are flat and identical to the PAAS-
normalized results, both showing that the overlying clayey layer is
depleted in LREEs relative to the bauxite horizons and the underlying
clayey layer (Fig. 10a and b). The chondrite-normalized REE patterns
also reveal that LREEs are more fractionated within the three layers of
the bauxite profiles than HREEs (Fig. 10c): all samples are highly en-
riched in LREEs relative to HREEs with (La/Yb)N ratios ranging from
3.65 to 18.10, except the overlying clay sample with an extremely low
(La/Yb)N ratio of 1.83 (Table 2). All samples are characterized by ne-
gative Eu anomaly, with Eu/Eu* ranging from 0.64 to 0.71 in carbo-
nates and the overlying clays, 0.54–0.63 in the underlying clays and
0.49–0.58 in bauxites ores (Table 2). The iron-rich bauxite horizon has

Fig. 2. Field photographs of two Poci bauxite profiles occuring in a paleokarst sinkhole (a) and a paleokarst valley (b) showing samplings.

Fig. 3. Stratigraphic column of the Poci bauxite profiles.
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strongly positive Ce anomalies (Ce/Ce*=2.56–3.85), relative to
slightly positive values in the high-grade bauxite horizon (Ce/
Ce*=1.11–1.80) (Table 2). Correlation analysis displays a strongly
positive correlation between Ce contents and La/Y ratios (Fig. 11a),
ΣREEs and P2O5 contents (Fig. 11b), respectively.

Mass change calculations have been carried out for the bauxites and
underlying clays, with respect to potential parent rocks (i.e. felsic vol-
canics and PAAS) in order to constrain the geochemical processes in-
volved in the development of Poci bauxites. The mass changes were
calculated with Ti as the immobile element by using the equations
presented by Calagari and Abedini (2007). Both bauxite horizons and
the underlying clays show a depletion in nearly all major, minor and
trace elements relative to Ti, except Cr and V, which show a slight
enrichment, when compared with felsic volcanics (Condie, 1993)

(Fig. 12), while REEs show strong fractionation between the bauxites
and underlying clays when compared to PAAS (Fig. 13).

Clustering analysis was also adopted to evaluate the element asso-
ciations and behaviors. Seven major clusters with correlation coeffi-
cients greater than 0.7 are revealed: (1) REEs-P2O5, (2) B-Rb-F-Ba-SiO2,
(3) Li-Cs, (4) S-Cu-Be-Zn-Ni, (5) Zr-Hf-U-Cr-Ga-Th-Nb-Ta-TiO2-Al2O3,
(6) Bi-V, and (7) Fe2O3-Ce/Ce*-Sc (Fig. 14).

5. Discussion

5.1. Parental affinity

Sm/Nd ratios and Eu anomalies have been applied to identify the
provenance of bauxites, for these elements show minor fractionation

Fig. 4. Photomicrographs of the bauxite ores and clay sample: (a) pisolite in the pelitomorphic and cryptocrystalline matrix; (b) clastic texture showing nodules with
complex internal ooids; (c) and (d) iron-minerals in the illitic matrix.

Table 1
Semiquantitative mineralogical analysis of bauxite and clay samples (in mass wt%).

Sample Lithology K-feldspar Calcite Anatase Diaspore Hematite Goethite Illite Kaolinite

PC-3 Clay – – 6.30 – – 93.70 –
PC-2-2 Clay – – – 9.90 – – 90.10 –
PC-2-3 Clay – – – 3.00 – – 97.00 –
PC-2-4 Clay – – – 2.00 – – 98.00 –
PC-2-5 Clay – – – – – – 100.00 –
PC-2-6 Clay 30.70 – – – – – 69.30 –
PC-2-1 Iron-rich Bauxite – – – 57.40 18.20 4.90 17.20 2.30
PC-2-7 Iron-rich Bauxite – – 4.00 46.00 34.20 – 15.80 –
PC-2-8 Bauxite – – 5.30 62.30 – – 32.40 –
PC-2-9 Bauxite – – 5.10 42.00 – – 52.90 –
PC-2-10 Bauxite – – 5.30 54.80 – – 37.50 2.40
PC-2-11 Bauxite – 1.80 1.20 74.50 – – 22.50 –

S. Yang et al. Ore Geology Reviews 105 (2019) 295–309

298



during the intense chemical weathering (Mongelli et al., 2006; Mameli
et al., 2007; Ahmadnejad et al., 2017). Guangou bauxite deposit is lo-
cated 110 Km northwest of the Poci area and has been developed in
geological settings similar to that of Poci bauxite profiles. For this
reason, the REE data were cited from Liu et al. (2013) and used for Sm/
Nd-Eu/Eu* plotting, to make sedimentary correlation and provenance
analysis.

The carbonate bedrocks of the Guangou deposit display variable
Sm/Nd ratios and distinctive features in the Sm/Nd-Eu/Eu* binary
diagram, denying their parental affinities with the bauxites (Fig. 15).
However, a minor contribution from argillaceous components of the
underlying limestones is still possible. Both the Guangou and Poci
bauxites and clays plot close to felsic volcanic rocks, PAAS, cratonic
sandstones and greywackes, indicating that the parental materials were
mainly derived from felsic-dominated igneous rocks and siliciclastic
sedimentary rocks. This inference is also supported by the diagram of Cr

against Ni (Fig. 16) and consistent with the multiple U-Pb age peaks of
the Late Carboniferous karst bauxites from NCC in Wang et al. (2016).
These evidences confirm multiple origins: the detrital zircons with ages
at ∼450Ma were mostly derived from igneous rocks of the North
Qinling arc terrane along the southern margin of the NCC, those with
∼330Ma ages from intermediate-felsic plutons along the northern
margin, while the older detrital zircon components might be likely in-
herited from reworked old crustal materials.

Mass change calculations relative to TiO2 values revealed similar
element behaviors between the bauxites and underlying clays with re-
spect to felsic volcanics. However, a different pattern was found for the
results with reference to PAAS values: LREEs show strong fraction be-
tween the bauxites and the underlying clays, with La and Nd being lost
in the bauxite horizons but highly enriched in the underlying clays.
Although some researchers suggest that REEs are variably mobile and
fractionate during pedogenesis (Braun et al., 1990, 1993; Laveuf and

Fig. 5. XRD patterns of the analyzed samples. (A-anatase, D-diaspore, Go-goethite, H-Hematite, I-illite, Mi-microcline).
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Cornu, 2009; Babechuk et al., 2014), the reverse behavior of REEs
between the bauxites and the underlying clays is unreasonable. This
implies that the parent materials of Poci bauxites are more of felsic
nature than clastic sedimentary rocks.

Karst bauxite deposits are widely distributed in North China, and
uniformly formed during the Late Mississippian–Middle Pennsylvanian,
reflecting prolonged uplift and exposure of the North China Craton.
During the Middle Ordovician-Late Carboniferous hiatus, the NCC ex-
perienced extensive geographic and geological changes: it was sepa-
rated from the northern margin of Gondwana during the Devonian,
drifted across the equator and northward to the tropics of the eastern
Paleo-Tethys ocean with paleolatitudes of ca. 5–9°N by the Late
Carboniferous (Yu et al., 2018), and then was accreted with North
Qinling and Bainaimiao arc systems along the west-southern and
northern margins by the Late Paleozoic (Wang et al., 2016). The ac-
cretion caused the topographic uplift along the convergent margins,
which led to the formation of karstic topography, allowing aluminum-
rich source materials to be transported to the low karst plain, weathered
and accumulated as Al/Fe oxides/hydroxides-rich incipient bauxite

materials along the coast under hot and humid tropical conditions. The
formation of the Late Carboniferous bauxite deposits within the NCC is
the result of the integrated tectonic, paleogeographic, and paleoclimatic
changes exerting on the large karst basin.

5.2. Elemental behaviors and controlling factors

For determination of the elemental behaviors and potential host
minerals for trace elements and REEs in the Poci bauxites, mass change
calculations and clustering analysis based on correlation coefficients
have been carried out for major, minor, trace and rare earth elements.
Certain element groups can be used to track the pathways of trans-
portation, migration, transformation and fixation during the intense
weathering processes.

5.2.1. Trace elements
Alkali and alkaline earth elements are the most often released to

solution during chemical weathering, and are usually or almost ex-
clusively adsorbed on clay minerals such as smectite and illite, yielding

Fig. 6. Backscattered electron images of the underlying clays (a and b), the overlying clays (c and d) and bauxite ores (e and f): (a) goethite coexisting with diaspore
and illite; (b) cubic goethite pseudomorphs after pyrite in the illitic matrix; (c) diaspore coexisting with illite and anatase; (d) goethite veins penetrating bauxite ores;
(e) diaspore coexisting with goethite and illite; (f) alternating diaspore and illite layers in an ooid.
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significant compositional variations relative to the unaltered parent
rocks. Mass change calculations reveal that Rb, Sr and Ba are depleted
elements in the bauxites and underlying clays relative to TiO2 when
derived from felsic volcanics (as the accepted precursor). Both bauxites
and clays have elevated boron contents (176–1061 ppm), much higher
than average contents in soils (9–88 ppm, Kabata-Pendias and Pendias,

2001). Boron values are highly positively correlated with SiO2

(R2= 0.81), suggesting that boron is mainly hosted in the clay com-
ponents (e.g. dominantly illite in this study). Illite is an initial primary
host for large ion lithophile elements such as cesium, barium, rubidium
(Williams et al., 2001), which can readily substitute potassium in illite.
Boron is significantly enriched in the bauxites of western Henan (Wang

Table 2
Geochemical composition of the analyzed samples.

Sample Overlying
carbonate
Pc-7

Overlying
clays
Pc-3

High-grade bauxite horizon Fe-rich bauxite horizon Underlying clays Underlying
carbonate
Pc-1Pc-2-11 Pc-2-10 Pc-2-9 Pc-2-8 Pc-2-7 Pc-2-1 Pc-2-2 Pc-2-3 Pc-2-4 Pc-2-5 Pc-2-6

SiO2 (%) 0.13 38.91 7.61 15.69 23.22 13.48 6.3 8.72 41.65 41.96 43.2 43.18 51.43 0.78
Al2O3 0.24 39.84 71.04 63.59 61.98 68.37 51.11 56.2 39.27 38.14 38.12 35.19 30.03 0.79
Fe2O3 0.22 2.4 0.49 1.55 0.91 0.42 33.74 25.55 0.27 0.51 0.36 3.37 1.77 0.97
FeO 0.11 0.24 0.15 0.19 0.08 0.22 0.21 0.16 0.17 0.11 0.08 0.15 0.15 0.17
MgO 0.4 0 0 0 0 0 0 0 0 0 0 0.06 0.16 21.9
CaO 55.62 0.1 1.03 0.01 0.02 0.01 0.04 0.02 0.06 0.1 0.1 0.1 0.07 33.39
Na2O 0.01 0.02 0.01 0.08 0.11 0.01 0.05 0.03 0.02 0.04 0.02 0.04 0.04 0.01
K2O 0.05 9.44 1.93 3.65 5.81 3.31 1.37 1.85 10.38 10.3 10.54 10.56 11.13 0.19
MnO 0.17 0 0.01 0.03 0.01 0.03 0.01 0.12 0 0 0 0.03 0.04 0.03
P2O5 0.04 0.06 0.08 0.18 0.09 0.19 0.1 0.09 0.09 0.1 0.15 0.12 0.24 0.01
TiO2 0.02 2.79 3.46 2.98 2.91 2.93 2.69 2.33 1.6 2.03 1.82 1.28 0.79 0.08
H2O+ 0.79 6.21 13.09 11.51 4.09 10.97 3.85 3.83 5.55 5.83 5.57 5.36 2.93 0.06
CO2 41.6 0.33 1.36 0.31 0.31 0.19 0.38 0.45 0.31 0.22 0.19 0.22 0.3 42.31
L0I 42.39 6.55 14.45 11.82 4.39 11.16 4.23 4.29 5.86 6.05 5.76 5.57 3.23 42.37
S (ppm) 477 246 263 745 258 523 479 206 191 154 165 145 2416 109
B 1 613 353 476 431 316 265 176 743 704 1061 916 622 16
F 84 776 520 541 563 480 688 443 840 875 746 840 1026 118
Li 1.9 28.5 4.9 14.8 19.9 17.7 7.7 20.8 68.7 65 31 32.8 11.1 5
Rb 2 216 36 87 130 64 23 32 262 224 292 277 228 6
Cs 0.4 6.6 0.5 2.3 3.6 2.0 0.6 0.8 10.7 11.9 12.1 7.9 0.8 0.4
Be 1 2 1 2 3 3 1 1 5 5 5 5 23 1
Sr 402 64 293 798 390 850 435 344 346 355 784 580 357 84
Ba 10 51.6 19.7 80.1 63.6 74.2 12 68 76 95.5 95.5 94.5 146.1 33.4
Cu 10 47 35 58 7 14 27 22 8 22 5 5 137 7
Zn 12 24 13 30 28 21 37 42 10 26 10 33 111 12
Ga 6.3 61.4 60.5 67.1 48.1 60.6 66.5 65.1 29.4 20.9 30.8 33.1 23.2 5.4
Bi 0.1 1.9 1.0 3.3 0.7 0.7 0.8 1.0 0.9 1.0 0.5 0.4 1.0 0.1
Ni 10 7 14 69 34 41 15 40 10 34 17 59 143 5
Cr 18 150 200 296 182 229 181 148 133 152 116 123 94 19
V 11 151 142 862 337 421 391 223 152 282 328 203 64 24
Sc 1.5 17.3 35.2 42.9 24.4 24.3 84.9 43.3 20.5 27.3 20.3 24.4 17.1 2.9
Zr 6.0 697.2 910.2 702.3 699.3 571.4 473 434.7 456.7 495.9 419.7 361.2 136.4 11.9
Hf 0.2 19.0 22.7 18.0 17.7 14.2 11.9 12.5 13.0 13.0 11.1 10.9 3.8 0.4
Nb 1.6 63.7 32.3 55.2 55.1 59 35.7 32.6 47.8 55.5 55.5 35.2 18.6 1.5
Ta 0.1 5.1 2.5 4.3 4.1 4.5 2.8 2.8 3.6 4.3 4.0 2.7 1.5 0.1
W 0.2 3.2 4.5 8.1 16.8 12.0 2.6 2.7 6.4 3.8 35.0 30.5 14.2 0.3
Th 4.8 55.2 83.4 93.8 67.9 82.6 20.9 41.2 44 46.2 63.6 45 38.5 6.3
U 2.14 13.95 16.61 15.94 13.26 15.74 14.58 12.2 13.04 17.24 9.17 4.67 3.95 0.71
La 2.95 8.58 39.02 146.18 58.68 154 31.5 16.6 66.02 104.35 125.53 100.88 113.91 7.43
Ce 5.45 24.58 117.73 496.22 144.26 367.83 161.29 131.72 154.33 233.03 282.19 254.17 220.51 8.12
Pr 0.54 1.86 9.02 26.17 14.06 39.54 6.68 3.8 17.08 29.8 29.79 24.92 28.33 0.98
Nd 1.88 6.08 33.46 74.11 54.55 135.87 22.68 13.93 57.39 113.4 104.2 92.02 102.59 2.93
Sm 0.39 1.45 5.61 7.98 10.51 16.76 4.04 3.08 9.91 20.43 16.88 19.19 16.74 0.61
Eu 0.09 0.37 0.89 1.32 1.78 2.31 0.69 0.61 1.78 3.75 2.84 3.58 2.68 0.13
Gd 0.38 1.74 4.04 8.34 7.74 10.13 3.83 3.31 6.91 15.27 11.89 14.55 12.75 0.62
Tb 0.07 0.51 0.89 1.49 1.4 1.69 0.67 0.66 1.08 2.6 1.6 2.24 2.48 0.12
Dy 0.39 3.73 5.71 9.33 7.73 8.98 4.07 4.12 5.06 13.08 6.81 10.36 14.68 0.72
Ho 0.08 0.83 1.29 2.09 1.61 1.87 0.87 0.88 0.87 2.23 1.26 1.84 2.99 0.15
Er 0.23 2.56 4.04 6.64 4.96 6.11 2.69 2.67 2.43 5.63 3.85 4.97 8.41 0.41
Tm 0.03 0.46 0.72 1.21 0.89 1.09 0.48 0.46 0.39 0.86 0.66 0.77 1.24 0.07
Yb 0.2 3.24 5.07 8.57 6.11 7.75 3.31 3.15 2.7 5.75 4.8 5.02 7.22 0.43
Lu 0.03 0.52 0.81 1.35 0.97 1.27 0.53 0.5 0.43 0.87 0.78 0.78 1.05 0.08
Y 3.99 22.21 33.65 47.11 37.53 44.52 24.06 24.98 19.76 42.74 29.77 43.53 93.87 4.73
∑REE 12.7 56.51 228.3 791 315.25 755.2 243.34 185.49 326.39 551.05 593.08 535.29 535.58 22.79
∑LREE 11.29 42.92 205.73 751.98 283.84 716.31 226.88 169.74 306.52 504.76 561.43 494.77 484.76 20.2
∑HREE 1.41 13.59 22.57 39.02 31.41 38.88 16.46 15.75 19.87 46.28 31.65 40.53 50.82 2.59
∑LREE(La-Eu)/ 8.02 3.16 9.11 19.27 9.04 18.42 13.79 10.78 15.43 10.91 17.74 12.21 9.54 7.79
∑HREE(Gd-Lu)
Ce/Ce* 0.97 1.42 1.46 1.8 1.17 1.11 2.56 3.85 1.08 0.99 1.08 1.19 0.91 0.63
Eu/Eu* 0.7 0.71 0.54 0.49 0.57 0.5 0.52 0.58 0.62 0.62 0.58 0.63 0.54 0.64
(La/Yb)N 10.21 1.83 5.33 11.81 6.65 13.76 6.59 3.65 16.93 12.56 18.11 13.91 10.92 11.97
(La/Sm)N 4.76 3.71 4.36 11.48 3.5 5.76 4.88 3.38 4.17 3.2 4.66 3.29 4.27 7.65
(Gd/Lu)N 1.64 0.41 0.62 0.76 0.98 0.99 0.89 0.83 1.99 2.18 1.88 2.3 1.5 1.01
La/Y 0.74 0.39 1.16 3.1 1.56 3.46 1.31 0.66 3.34 2.44 4.22 2.32 1.21 1.57
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et al., 2012; Liu et al., 2013), compared to other karst bauxite deposits
of the world. It is known that all the major clay minerals may contain
boron, and illite usually contains the most boron and kaolinite the least
(Harder, 1970; Couch, 1971). Boron is a highly mobile element, pre-
ferring aqueous phases to that of most minerals, and can be adsorbed
onto the surfaces or incorporated into tetrahedral sites of authigenic
illite to substitute for silicon (Williams et al., 2001). Although some of
the variation in the boron contents of sediments from apparently
homogeneous depositional environments may be due to different boron
contents in weathered materials (Lerman, 1966), the extremely high
contents of boron can serve as a critical geochemical indicator of
marine environment (Harder, 1970). Besides, adsorption of boron on
clay minerals is a function of boron content in solution and pH, and the
maximum occurs only under alkaline conditions at approximately pH
9.0–9.7 (Keren and Mezuman, 1981; Goldberg et al., 1993), suggesting
that the acidic condition of meteoric water flow is not favorable for the
adsorption of boron on clay minerals while a marine depositional en-
vironment is to the benefit of boron adsorption. Therefore, the high
abundance of boron in the bauxites of western Henan could result from
extraction by illite minerals from seawater in addition to inheritance
from the underlying boron-rich potential protoliths as proposed by
Wang et al. (2012).

The high field strength elements (HFSEs: Hf, Zr, Nb and Ta), as well
as U, Th, Sc, Cr, and Ga are enriched relative to the UCC and PAAS
(Fig. 9). Mass change calculations from both felsic volcanics and PAAS
reveal these elements are very stable relative to TiO2 components
(Figs. 12 and 13). These geochemical signatures suggest that Hf, Zr, Nb,

Fig. 7. Correlation analysis between TiO2 and Al2O3 (a) and SiO2 and Al2O3 (b).

Fig. 8. Correlation analysis between Zr and TiO2 (a), Ta and TiO2 (b), Zr and Hf (c), and Ta and Nb (d).

Fig. 9. Upper continental crust and PAAS-normalized trace element spider-
grams.
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Ta, U, Th, Sc, Cr, and Ga have similar geochemical behavior and are
relatively immobile during the bauxitization process and the HFSEs are
mainly hosted in anatase and diaspore, and, to a lesser extent, in un-
altered detrital minerals such as zircon and rutile (Mordberg et al.,
2001; Zarasvandi et al., 2012; Liu et al., 2013).

Previous studies (Bárdossy and Aleva, 1990; Ahmadnejad et al.,
2017) indicate that Ga is usually concentrated in karst bauxites and
considered to be mainly hosted in boehmite and diaspore, which is also
supported by the clustering analysis in this study. Cr has its maximum
contents in the bauxite horizons (148–296 ppm), followed by the
overlying clays and underlying clays (94–152 ppm), much higher than
those of the carbonates (18–19 ppm) (Table 2), indicating geochemical
concentration instead of anthropogenic contamination. Cr is often
found highly enriched in bauxites, and considered as one of the
“bauxitophile” elements (Mongelli et al., 2017; Putzolu et al., 2018).
Although elevated Cr values are usually indicative of mafic or ultra-
mafic origin, the provenance analysis precludes a significant contribu-
tion of materials from mafic or ultramafic rocks. The clustering of Cr
and Al2O3 with coefficient of correlation greater than 0.9 indicates that
enrichment of Cr is associated with secondary oxides and clays during
weathering thanks to the similar behavior of Cr3+ to that of Al3+ and
Fe3+ (Gamaletsos et al., 2017).

The transition metal elements are generally associated with Fe and
Mn oxides, which can be usually found in soil as local concentrations of
nodules. However, the accumulation of Fe and Mn oxides is not ne-
cessarily simultaneous in the chemical weathering processes. Elements
fixed on active sites of oxyhydroxide surfaces are exchangeable and
liable to removal by changing solution contents and pH conditions
(Bauer and Velde, 2014), and the element contents are usually related
to iron-manganese oxide fractionations. Consequently, the affinity of
transition metal elements with Fe and Mn compounds was not found in
the clustering analysis. Whereas, a close relationship with sulfur ele-
ment was revealed by the element assemblage of S-Cu-Be-Zn-Ni, al-
though those occur in sulfides tend to be readily released and trans-
formed.

5.2.2. Rees
Although REEs display very similar chemical properties, the chon-

drite-normalized REE patterns reveal variable inter-elemental fractio-
nation during different stages of weathering, pedogenesis and baux-
itization (Braun et al., 1990; Laveuf and Cornu, 2009; Sanematsu et al.,
2013; Babechuk et al., 2014; Ahmadnejad et al., 2017). Weathered
materials are relatively enriched in LREEs over HREEs, compared to the
parent rocks (Nesbitt, 1979; Ma et al., 2002). The mass change calcu-
lations from felsic volcanics show LREEs are more depleted than HREEs
relative to TiO2, also indicating LREEs are more susceptible to fractio-
nation than HREEs. The secondary minerals such as Fe and Mn-oxides
and hydroxides, phosphate minerals, clay minerals, along with some
heavy detrital minerals (e.g. zircon and anatase) serve as the most
important scavengers for REEs and play a critical role in concentrating
of the REEs (Aubert et al., 2001; Yusoff et al., 2013; Hanilçi, 2013;
Ahmadnejad et al., 2017). The overlying clayey layer contains much
lower ΣREE contents than bauxite horizons and the underlying clayey
layer, and shows a distinct chondrite-normalized pattern (Table 2,
Fig. 10c), indicating a different protolith for the overlying clay or in-
tensive fractionation during the downward leaching of REEs.

The chondrite-normalized REE patterns reveal that cerium behaves
variously between bauxite horizons and clayey layers, and differently
from other LREEs. The bauxites ores and the overlying clay sample
display positive Ce anomalies, while carbonates and the underlying
clays present no to negative values. Ce anomalies are highly positively
related with Fe2O3 contents (R2= 0.71), and the clustering analysis
displays an assemblage of Sc-Ce/Ce*-Fe2O3 (Fig. 14), indicating Ce
concentrates mainly coupled with Fe-oxides notably due to high Eh (Ma
et al., 2002; Laveuf and Cornu, 2009). Previous studies demonstrated
that positive Ce-anomalies, over the other REEs in lateritic profiles, are
mineralogically related to the precipitation of cerianite (CeO2) in Fe
and Mn-oxides under oxidative conditions (Braun et al., 1990;
Mongelli, 1997; Laveuf and Cornu, 2009). The contents of cerium are
also strongly and positively correlated with La/Y ratios (Fig. 11a),
which generally increase with depth and have been used to determine
change in pH during weathering (Maksimovic and Panto, 1991;
Zarasvandi et al., 2012; Ellahi et al., 2016), suggesting that precipita-
tion of cerium is also controlled by pH. Scandium is usually hosted in
hematite, where Sc3+ probably substitutes Fe3+, which interprets its

Fig. 10. UCC (a), PAAS (b) and chondrite (c)-normalized REE patterns.

Fig. 11. Correlation analysis between Ce and La/Y ratios (a) and total REEs and P2O5 (b).
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clustering with Fe2O3 (Vind et al., 2018).
The assemblage of REEs-P2O5 reveals a potentially high affinity of

REEs for phosphate, and even small amounts of phosphate may largely
influence the REE signatures (Ma et al., 2002; Picard et al., 2002; Tyler,
2004). REEs can be released from primary minerals (phosphate, apatite,
silicate and carbonate) as REE3+ ions into soil solution during weath-
ering, which can be adsorbed by secondary phosphate minerals (as well
as clay minerals, Fe and Mn-oxides, and carbonates) such as

rhabdophane and crandallite group, which commonly occur during
pedogenesis and bauxitization due to the dissolution of apatite in the
parent rocks and have an important role in controlling REE contents
and fractionations (Köhler et al., 2005; Stille et al., 2009; Berger et al.,
2014; Sanematsu et al., 2015). The mobile REEs and phosphorus can
also end up in oceans and be coupled as francolite and incorporated
into sediments over time (Picard et al., 2002; Laveuf and Cornu, 2009;
Emsbo et al., 2015).

Fig. 12. Mass changes for major, trace, and rare earth elements with Ti as the immobile element during the weathering process from the felsic volcanics to the Poci
bauxites: (a) the underlying clays; (b) bauxite ores.
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Elemental behaviors reflect the complicated results of inheritance
from parent rocks, intense weathering, the change of redox and acid
state, redeposition, burial and secondary alteration, diagenetic re-
working, as well as epigenetic transformation (Bárdossy and Combes,
1999; Ahmadnejad et al., 2017). Therefore, the variation in elemental
clustering revealed by Liu et al. (2013) and this study might be related
to source rock heterogeneity, geochemical affinities of the given ele-
ments, and burial and secondary processes.

5.3. Mineral genesis during the bauxitization process

Mineral phases also reveal the protoliths and the ore-forming pro-
cesses, such as transportation, chemical weathering, depositional en-
vironments, and post-depositional alteration. The Poci bauxite ores in
western Henan mainly comprise diaspore and illite, which occur widely
in the matrix, pisolites and concentric ooids. By contrast, the dominant
clay minerals of the vast majority of karst bauxites of the world are
kaolinite, with variable amounts of chlorite and minor amounts of illite
minerals (Bárdossy and Combes, 1999; Zarasvandi et al., 2012; Yuste
et al., 2017; Liu et al., 2016; Ahmadnejad et al., 2017 and references

Fig. 13. Mass changes for major, trace, and rare earth elements with Ti as the immobile element during the weathering process from the PAAS to the Poci bauxites:
(a) the underlying clays; (b) bauxite ores.
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herein).
Illite minerals in soils and weathered rocks are usually formed in

three ways: 1) as secondary clays derived from the transformation of
primary rock-forming minerals with similar properties (e.g. muscovite)

(Meunier and Velde, 2004; Bétard et al., 2009), 2) as direct products of
hydrothermal alteration after feldspar (Lonker and Fitz Gerald, 1990;
Schleicher et al., 2006), or 3) as formation by meteoric processes in K-
feldspar crystals due to partial dissolution ( Pédro, 1997; Meunier and
Velde, 2004; Bétard et al., 2009; Huggett et al., 2016). However, illite is
also a common authigenic mineral in many siliciclastic sedimentary
rocks (Ehrenberg and Nadeau, 1989; Huggett, 1995; Bjørlykke, 1998).

Although illite neoformation from K-feldspar (KAlSi3O8) could
occur during the early stages of weathering in semi-arid environment
(Bétard et al., 2009), illite is usually a transition phase during the
bauxitization processes and will be transformed into kaolinite
(Al2Si2O5(OH)4), which in turn, will be partially decomposed to form
insoluble gibbsite (Al(OH)3) and soluble hydrated silica as a result of
weathering or early diagenetic processes during meteoric water flow at
subsurface environment. More often, feldspars can be transformed into
kaolinite and then gibbsite, and alternatively, be converted directly into
gibbsite under humid tropical conditions (Gardner, 1972). Muscovite
(KAl3Si3O10(OH)2) is a mica, which can be a primary mineral or sec-
ondary mineral transformed from K-feldspar. Illite minerals are che-
mically and structurally very similar to muscovite, but are typically
deficient in alkalies, with less Al substitution for Si, and the general

Fig. 14. Clustering analysis of major, trace and rare earth elements.

Fig. 15. Eu/Eu* vs Sm/Nd binary plot. PAAS data are from Taylor and
Mclennan (1985); felsic volcanics, cratonic sandstones, andesite, basalt and
greywackes data are from Condie (1993); Guangou data are from Liu et al.
(2013).

Fig. 16. Binary diagrams of Cr/V vs Y/Ni (a) and Cr vs Ni log contents (b) for potential precursor rocks (after Schroll and Sauer, 1968). All bauxites from western
Henan, including the Poci bauxites, Guangou bauxites (Liu et al., 2013) and Jiagou bauxites (Wang et al., 2012) plot mainly between karst bauxite and high-iron
lateritic bauxite.
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formula for illite minerals can be written as K0.88Al2(Si3.12Al0.88)
O10(OH)2 (Rosenberg, 2002). Thus, these chemical reactions are shown
as followings:

+ + ⇔

+ +

+

+

3KAlSi O 2H 12H O KAl Si O (OH)

4H SiO 2K

3 8(Kspar) 2 3 3 10 2(musco)

4 4(aq) (1)

+ + ⇔ +
+ +2KAl Si O (OH) 2H 3H O 3Al Si O (OH) 2K3 3 10 2(musco) 2 2 2 5 3(kaol)

(2)

+ + ⇔ +

+

+ +KAl Si O (OH) H 9H O 3Al(OH) K

3H SiO

3 3 10 2(musco) 2 3(gibb)

4 4(aq) (3)

+ + ⇔ +

+

+

+

2KAl Si O 2H 9H O Al Si O (OH) 4H SiO

2K

3 3 8(Kspar) 2 2 2 5 4(kaol) 4 4(aq)

(4)

+ ⇔ +Al Si O (OH) 5H O 2Al(OH) 2H SiO2 2 5 4(kaol) 2 3(gibb) 4 4(aq) (5)

As such, during these chemical weathering processes, Si is released
to solution as dissolved silica or silicic acid, written as aqueous H4SiO4.
However, kaolinite and gibbsite become unstable at greater burial
depth and higher temperatures, and gibbsite is usually transformed into
boehmite and diaspore (Bárdossy, 1982; Denigres Filho et al., 2016),
while the kaolinite tends to be reversed to illite (Ehrenberg et al., 1993;
Beaufort et al., 1998; Bjørlykke, 1998; Lanson et al., 2002). According
to the stratigraphic framework and depositional sequences in western
Henan (Wang et al., 2012), the maximum burial depth of Poci bauxites
is estimated to have reached below 3 km, allowing significant illitiza-
tion to have occurred as a result of diagenesis (Ehrenberg and Nadeau,
1989; Bjørlykke, 1998). Compared to Poci bauxites, more kaolinite and
less illite are present in the Guangou bauxites where plagioclase instead
of K-feldspar is detected in the underlying clayey layer (Liu et al.,
2013). Significant amounts of K-feldspar (microcline) was detected at
the base of the underlying clayey layer (Table 1), indicating the supply
of potassium in Poci bauxites is favorable for the formation of illite
(Bjørlykke, 1998). The occurrence of kaolinite surrounded by illite re-
vealed by Liu et al. (2013) gracefully suggests that illite clays are par-
tially transformed from kaolinite when buried at great depth, rather
than the direct weathering products or detrital minerals.

Goethite can be produced by chemical weathering from primary

iron-bearing minerals or by the excretion processes by nitrate-reducing
Fe2+-oxidizing bacteria in a subaerial environment (Cornell and
Schwertmann, 1996; Straub et al., 2004; Larese-Casanova et al., 2010).
However, goethite is more usually considered to be pseudomorphs after
siderite (FeCO3), pyrite (FeS2), and other Fe2+-bearing minerals, which
can be transformed into goethite when brought to the oxidizing zone
(Bárdossy, 1982; Merinero et al., 2008; Liu et al., 2013). Pyrite, with
variable amounts of siderite, often occur in karst bauxite profiles and
were probably derived from alteration of Fe oxides/hydroxides that
accumulated with the bauxites (Öztürk et al., 2002; Ellahi et al., 2017;
Putzolu et al., 2018).

Based on the regional stratigraphy, ore deposit geology and mi-
neralogy, especially iron mineral phases, we propose a formation model
for the Poci bauxites, which is applicable to most of the world’s karst
bauxites (Fig. 17). The coal-bearing overlying sediments in the regional
stratigraphic column (Yu et al., 2018) indicate reducing conditions
during marine transgression, attributed to bacteria activities that oxi-
dize organic matters and reduce sulfate (SO4

2−) to hydrogen sulfide
(Fig. 17b). All bauxites from western Henan and most of the world’s
karst bauxites are characteristic of the three-layer deposit structure,
corresponding to the Quaternary terrestrial deposition of gibbsite no-
dules found in the carbonate platform of Yongjiang Basin (Yang et al.,
2018), indicating that karst bauxites were mainly derived from terres-
trial deposition of iron-rich bauxite materials. Mongelli and
Acquafredda (1999) also proposed that the Fe-Al ooids in karst bauxites
are usually formed in a pedogenic environment. Nevertheless, a sub-
sequent modification in a submerged environment is to the benefit of
further enrichment of aluminum. Fe2+ ions would be released from the
Fe/Al oxides/hydroxides, combined with hydrogen sulfide and/or car-
bonate, and reprecipitated at a lower depth under the reducing condi-
tions, generating an iron-rich bauxite horizon (Ellahi et al., 2017). This
is well supported not only by the cubic shape of goethite found in the
underlying clays (sample PC-2-4) which obviously are pseudomorphs
after euhedral pyrite (Fig. 6b), but also by the goethite veins pene-
trating the ores indicative of the flow of Fe2+-bearing solutions
(Fig. 6d). Lammers et al. (2011) revealed that Fe oxyhydroxides can be
partially transformed into sulfide phases and siderite when exposed to
aqueous sulfide in contact with supercritical CO2 at ∼70–100 °C, and
the relative yield of siderite to sulfide phases depends on the initial

Fig. 17. Conceptual model for the formation and
evolution of karst bauxites: a) terrestrial de-
position of incipient bauxite materials with three
layers (modified from Yang et al., 2018); b)
marine modification showing Fe2+ is released
from Fe oxides/hydroxides under the reducing
conditions, migrates downward and re-
precipitates at a lower depth (see text for more
details).
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sulfide concentration. However, Al is less soluble than Fe at low Eh and
high pH conditions of marine sediments (Robb, 2005), and conse-
quently, this marine modification would produce the high-grade
bauxite horizon.

6. Conclusion

Poci bauxites are characterized by the association of diaspore-illite-
anatase and high boron contents (176–1061 ppm). Geochemical in-
vestigations indicate boron is mainly hosted in illite, which are likely
authigenic minerals transformed from kaolinite during diagenesis ra-
ther than unaltered detrital minerals. Mass change calculations reveal
that Hf, Zr, Nb, Ta, U, Th, Sc, Cr, and Ga are stable relative to TiO2

during the bauxitization process, indicating these elements are mainly
associated with the anatase and diaspore. The bauxite horizons and the
underlying clays are more enriched in ΣREEs and display more intense
LREE/HREE fractionation than the overlying clays.

A conceptual model is proposed for the formation and evolution of
karst bauxites. Collisions with adjoining arcs or terrains caused the
uplift along the margins of NCC, and led to the formation of karstic
topography, allowing felsic-dominated igneous rocks and siliciclastic
materials to be transported to the low karst plain, and transformed into
Fe/Al oxides/hydroxides-rich incipient bauxites under hot and humid
tropical conditions. When the platform was submerged, Fe2+ ions were
released from the iron-rich incipient bauxites under the reducing con-
ditions, and reprecipitated at a lower depth, generating a high-grade
bauxite horizon and an iron-rich bauxite horizon.
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