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Abstract—Large kaolin deposits developed by weathering on Precambrian granitic rocks have been discovered in the Caluquembe area,
Huila province, Angola. To determine accuracy of analysis and to evaluate the kaolinite grade, a full-profile Rietveld refinement by X-ray
Powder Diffraction (XRPD) and Thermal Gravimetric Analysis (TGA) was used. Caluquembe kaolin is composed mainly of kaolinite
(44-93 wt.%), quartz (023 wt.%), and feldspar (4—14 wt.%). The Aparicio-Galan-Ferrell index (AGFI), calculated by XRPD profile
refinement, indicates low- and medium-defect kaolinite. Kaolinite particles show a platy habit and they stack together forming ‘booklets’
or radial aggregates; they also occur as small anhedral particles in a finer-grained mass. Muscovite-kaolinite intergrowths have also been
found. Whole-rock chemical analysis included major, trace, and Rare Earth Elements (REE). Chondrite-normalized REE patterns show
the same tendency for all samples, with a significant enrichment in Light Rare Earth Elements (LREE). Mineralogical and compositional
features of the Caluquembe kaolin indicate that it is a suitable material for the manufacture of structural products, such as bricks, paving
stones, and roofing tiles. In addition, the significant REE contents of the Caluquembe kaolin can be considered as a potential future target

of mining exploration.
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INTRODUCTION

Kaolinite, Al,Si,05(OH)y, is a clay mineral, structurally
classified as 1:1 layer type, with a crystalline structure
comprising tetrahedral and octahedral sheets (Young and
Hewat 1988; Moore & Reynolds 1997; Bish 1993). It be-
longs to the spatial group CT with @ = 5.154 A, b =8.942 A,
c=7402 A, o = 91.69°, B = 104.61°, and y = 89.92° (Bish
1993).

Kaolinite is classified within the kaolin subgroup,
which also includes other minerals such as dickite,
nacrite, and a hydrated form of halloysite (Guggenheim
et al. 2006). Structural differences between these mineral
phases are based on their interlayer shift and the loca-
tion of the octahedral vacancy in successive layers
(Bailey 1980).

Kaolinite is a valuable and versatile industrial mineral with
classical applications in the production of bricks, ceramics,
paint coatings, paper, and plastic. It also has relatively new
applications in catalysis and organic reactivity as well as in the
pharmaceutical industry, where it is used in the design of clay-
polymer nanocomposites and films (Heckroodt 1991; Murray
1999; Murray 2000; Detellier & Schoonheydt 2014; Phipps
2014; Pruett 2016; Dedzo & Detellier 2016; Nguie et al. 2016;
Mansa et al. 2017).

In 2015, world kaolinite production was around 34
million tons (Mt), led mainly by the United States,

* E-mail address of corresponding author: jingyao.xu@hotmail.com
DOI: 10.1007/s42860-019-00021-4

https://doi.org/10.1007/s42860-019-00021-4 Published online by Cambridge University Press

Germany, Czech Republic, and China, among other coun-
tries (Flanagan 2016).

Kaolin deposits are classified as primary, secondary, or
tertiary depending on their parent lithology and corresponding
alteration processes (Dill 2016). In primary deposits, the parent
lithology is a feldspar-rich magmatic rock — mainly granitic or
acid volcanic — and the formation of kaolinite is related to
feldspar alteration due to hydrothermal fluid circulation and/or
the development of weathering processes (Schroeder and
Erickson 2014). On the other hand, sedimentary processes
generate secondary deposits, composed mainly of detrital clays
(Schroeder & Erickson 2014). Tertiary deposits are generated
by very low-grade regional metamorphism of argillaceous
sediments or sands (Dill 2016).

Angola has significant and large mineral resources. How-
ever, for >40 years Angolan independence and civil wars
(1961-2002) prevented systematic mining exploration in the
country. Nowadays, known mineral resources in Angola in-
clude: beryllium, clays, copper, gold, gypsum, iron, lead, lig-
nite, manganese, mica, nickel, phosphates, silver, tungsten,
uranium, vanadium, and zinc, among others (Bermudez-Lugo
2014). However, diamonds are the most economically relevant
mineral resource in the country and account for ~5% of world-
wide production.

In the case of kaolin, significant deposits have been docu-
mented in several regions in Angola (Ekosse 2010). Most are
related to weathering of anorthosites from the Kunene anor-
thositic complex, but systematic studies of these kaolin de-
posits are still very scarce. The only significant studies were
carried out by Gomes et al. (1994) and Savianno et al. (2005)
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on the Mevaiela kaolin deposit, located near the village of
Quihita in SE Angola.

In the Caluquembe area (Huila province, Angola)
(Figure la), extensive kaolin outcrops associated with
weathering of Eburnean granitic rocks were discovered recent-
ly. The current study presents the most relevant mineralogical
and compositional features of Caluquembe kaolinite. The
grade of the kaolinite in the deposit was determined by pro-
cessing XRPD spectra using full-profile Rietveld refinement
and testing the accuracy of the results by TGA. This study also
includes major- and trace-elements compositions of the kaolin,
with especial interest in the distribution of rare earth elements
(REE), in view of the fact that a significant number of REE
deposits worldwide are related to weathering of granitic rocks
(Nyakairu & Koeberl 2001; Nyakairu et al. 2001; Njoya et al.
2006; Bao & Zhao 2008; Galan et al. 2016; Sanematsu and
Watanabe 2016) or from sedimentary rocks (Kadir and Kart
2009; Elliot et al. 2018). The results obtained may be consid-
ered as preliminary evaluation guidelines for future mining
exploration of kaolin and accessory REEs in the Caluquembe
area.

Geological Setting

The Caluquembe area is located in Huila province (SW
Angola), ~180 km NE of Lubango and 570 km SE of Luanda,
Angola’s capital (Fig. 1a).

Angola’s structural framework is generally represented by
the Kasai and Congo cratons, which correspond to continental
blocks stabilized during the Mesoproterozoic orogeny
(Hanson 2003; Jelsma et al. 2011).

The southwestern part of the Congo Craton comprises the
Angolan Shield where the presence of widespread
Paleoproterozoic crust — dominated by granitoids — has been
identified together with a limited amount of Archean crust
(De Carvalho et al. 2000; McCourt et al. 2013) (Figure 1a).
This basement terrane is intruded by the anorthositic Kunene
Complex (Ashwal & Twist 1994; Mayer et al. 2004), a set of
Mesoproterozoic red granites, and it is also unconformably
overlain by supracrustal sequences.

The Caluquembe region is located in one of the four broad
tectonic domains that form the Angolan Shield, known as the
Central Eburnean Zone (De Carvalho et al. 2000; Jelsma et al.
2011; McCourt et al. 2013). In this domain, Paleoproterozoic
granitoids are the dominant lithologies. However, more recent
lithologies such as Eburnean granitoids linked to the Namib
thermotectonic event are also found outcropping in this area
(De Carvalho et al. 2000). The predominant lithology in the
Caluquembe area is the Eburnean Yuabre granites cropping out
in association with porphyritic granites (Figure 1b). Hypabyssal
rocks such as dolerites, norites, and olivine basalts also occur
across the region — related to anorogenic magmatism that
occurred in the middle and late Proterozoic and also toward the
end of the Cretaceous, during the Wealdenian reactivation of the
Angolan platform (~130-100 Ma, Silva and Simdes 1980/1981).

Strong erosional processes were developed during the
Cenozoic, accompanied by intense weathering under semi-
tropical climatic conditions (Marques 1977). The alteration of
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granitic rocks was related directly to the formation of kaolinite
weathering profiles.

SAMPLING AND METHODS

In the present work, 34 samples were studied (Fig. 1b) from
extensive weathering profiles developed on granitic rocks in
the Caluquembe region (Figure 2). The area studied is ~20 km?
and sampling was focused mainly on the available outcrops
located along river margins.

The morphology and microtextural features of the kaolin
samples were examined in polished thin sections using a Nikon
Eclipse LV100 POL microscope and an ESEM Quanta 200
FEI, XTE 325/D8395 scanning electron microscope with en-
ergy dispersive X-ray spectroscopy (SEM-EDS) at the Scien-
tific and Technological Centers of the University of Barcelona
(CCiTUB) (Barcelona, Catalonia, Spain).

Particle size was measured using a Beckman Coulter LS
Particle Size Analyzer. To avoid sample flocculation and con-
sequent erroneous measurement of grain-size distribution,
~0.5 g of dry sample was diluted in a dispersing solution of
sodium polyphosphate for 15 min in an ultrasonic bath. Before
analysis, the resulting solution was agitated for 24 h. This
preparation was carried out in the Department of Earth and
Ocean Dynamics from the Earth Sciences Faculty of the Uni-
versity of Barcelona (Barcelona, Catalonia, Spain).

Microprobe analyses (EMPA) were performed over select-
ed areas of representative polished thin sections. Analyses
were carried out using a JEOL JXA-8230 at the CCiTUB.
Analytical conditions were a low voltage of 20 kV (in order
to avoid exciting the weaker K and L lines of certain heavy
elements which can present spectral interferences), 10 nA
beam current, 2 um beam diameter, and counting time of
10 s per element.

After drying, kaolin samples were crushed, using an agate
mortar, for X-ray powder diffraction (XRPD) and thermal
analyses (DTA-TGA).

XRPD data were collected using a Panalytical X’Pert PRO
MPD X-ray diffractometer (located at the CCiTUB) with
monochromatized incident CuK,; radiation at 45 kV and
40 mA, equipped with a PS detector with amplitude of
2.113°. Patterns were obtained by scanning randomly oriented
powders from 4 to 80°20 of samples crushed in an agate mortar
to a particle size of <40 um or on oriented mounts. The
oriented clay mineral aggregates were prepared by the glass
slide method before separating clay minerals from clasts
(Moore & Reynolds 1997). Datasets were obtained using a
scan time of 50 s at a step size of 0.017°20 and variable
automatic divergence slit. Quantitative mineral phase analyses
were obtained by full refinement profile using XRPD. The
software used was TOPAS V4.2 ( 2009).

Thermal analyses were carried out by simultaneous
DTA-TGA, using a Netzsch instrument (STA 409C mod-
el) located at the Department of Mineralogy, Petrology
and Applied Geology of the Earth Sciences Faculty of
the University of Barcelona (Barcelona, Catalonia, Spain).
Analyses were carried out over a temperature range of 25
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Fig. 1 (a) Simplified geological map of Angola and geographic location of the Caluquembe studied area (yellow star) (modified from Silva 1973);

(b) Geological map of the Caluquembe region and location of the studied samples

to 950°C, atmospheric pressure, constant flow rate of

80 mL/min, an
Al,O3 crucible.

d at a heating rate of 10°C/min in an
The sample amount used was ~80 mg.

Major, minor, and trace elements were determined at
ACTLABS Activation Laboratories Ltd., (Ancaster, On-

tario, Canada) using the analytical package 4Litho, using

and (d) kaolinite outcrops in rivers and creeks of the Caluquembe area

Fig. 2 Views of kaolin outcrops from the Caluquembe area: (a) Plain areas with typical surface alteration due to significant iron contents; (b), (c),
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Fig. 3 Backscattered electron images (SEM-BSE) of sample Q-2: (a) quartz (Qtz) and feldspars (Fsp) settled in a finer-grained mass consisting of
kaolinite (KIn) and muscovite; (b) Intergrowths of kaolinite (Kln) and muscovite (Ms) scattered in a groundmass comprised of kaolinite; (c)
Muscovite (Ms) layers separated along cleavage surfaces; (d) REE phosphate and K-feldspars (Fsp) in a groundmass made up of kaolinite (KIn)

forming booklets that are often radial

fusion inductively coupled plasma emission (FUS-ICP)
and inductively coupled plasma emission mass spectrom-
etry (ICP-MS) (for details see http://www.actlabs.com).
The REE results were normalized with respect to
Chondrite (C1, from McDonough & Sun 1995) and Up-
per Continental Crust (UCC, Rudnick & Gao 2003).

RESULTS

Kaolin Petrography

Kaolin samples are made up of soft powder with white to
gray, pale yellow, and pale brown colors, containing some
consolidated fragments.

Particle-size distribution of Caluquembe kaolin shows that
that silt fraction is predominant whereas clay and sand frac-
tions are less abundant. Therefore, 4.9-8.8 vol.% of kaolin
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particles are <2 pm in size; 54.1-75.1 vol.% are between 2 and
63 um; 12.6-17.9 vol.% are between 63 and 125 pm; and 3.3—
12 vol.% are between 125 and 250 pum.

Quartz, microcline, and plagioclase (albite) are set in a
finer-grained mass (groundmass) composed of muscovite and
kaolinite (Fig. 3a). Quartz occurs as irregular fragments
500 um in size with typical angular borders. Anhedral grains
of microcline are up to 200 pm in diameter and are altered
commonly to cryptocrystalline kaolinite. Plagioclase has a
grain size of <100 um and is also altered to sericite. SEM-
BSE images show that in the finer-grained mass, muscovite
occurs as tabular crystals (50 um long) while particles of
kaolinite often show a platy habit and are stacked together
forming “booklets’ or radial aggregates, both phases can also
be found as very fine anhedral particles (Fig. 3b). Some parti-
cles of muscovite are separated by cleavage (Fig. 3¢c). Kaolinite
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Table 1 Mineral content (wt.%) calculated by XRPD profile refinement with Topas V4.2

Sample  Full profile refinement XRPD (wt. %) TGA
Kaolinite Muscovite Quartz Plagioclase Microcline Hematite Tm (°C) Mass loss (wWt.%) Kaolinite (wt. %)

KA 87 8.6 0.3 2 2.1 0.02 550.3 12.0 85.9
K6E 67.2 10.7 13.1 59 3 0.06 531.0 8.6 61.1
K10 64.3 17 10.1 5.3 32 0.05 529.3 8.6 61.1
KP1 70.8 8.5 2.8 1.97 11.9 1.6 539.1 9.7 68.9
KC12 50.4 21.3 23.5 3.8 0.9 0.07 518.7 6.7 479
KC5C 51.2 27.3 11.5 7.4 2.6 0.04 530.4 79 56.2
KU3 79.2 1.1 14.8 29 1.4 0.58 526.6 10.9 77.6
KU6B 71.5 39 7.7 1.8 15.1 0 531.4 10.9 78.0
KU6D 58.9 5.5 10.5 3.6 21.5 0.04 520.0 6.2 443
KU8B 54.6 24.6 8.8 2.1 9.8 0.07 530.1 7.5 534
KRC3B 633 21.4 29 0.3 12.1 0.03 542.4 9.9 70.4
KRC5B  62.8 239 35 3.9 5.9 0.04 540.8 9.4 67.2
KRC5B1 64.1 20.8 4 4.6 6.5 0.03 541.0 9.0 64.3
KRY23  76.7 9.9 7.7 0.9 4.8 0.03 5323 9.2 65.5
KRCA 77.3 8.4 5.7 45 4.1 0.04 546.0 11.2 80.0
KK14C  60.6 29.2 43 0.3 5.1 0.5 528.3 7.9 56.2
KKL13B 71.3 17.2 5.3 1.7 44 0.06 5342 94 67.4
KKL17B 76.2 11.5 42 4 4.1 0.04 541.8 10.4 74.4
KL9 62.4 12.4 15.1 43 5.7 0.11 525.4 72 51.5
KLI11 67.6 14.9 10.2 1.7 5.5 0.06 537.6 8.3 59.2
KLI12A  76.2 11.2 4.8 4.7 3 0.06 536.0 10.0 71.0
KL13-2 84.2 29 0 5.7 6.7 0.5 540.3 10.5 74.8
KL14B  60.6 26 5.1 12 7.1 0.02 541.6 7.8 56.0
KL16B 724 154 5.3 2.6 4.1 0.2 537.2 9.0 64.0
L-1 86.6 39 1.9 6.3 12 0.1 527.9 13.0 929
L2 79 7.3 6.9 32 3.6 0.01 5184 10.1 72.4

Temperature of dehydration (Tm) of kaolinite, mass loss and kaolinite content (wt.%) calculated by TGA.

is also found as muscovite-kaolinite intergrowths (up to 50 um
long), which was distinguished using EDS microanalysis
(Fig. 3b). Phosphate enriched in LREE, probably
monazite-(Ce), is also found as an accessory mineral phase
(Fig. 3d).

X-ray Powder Diffraction (XRPD)

The quantitative analysis of 26 whole-rock random pow-
ders (XRPD) shows that samples are composed mainly of
kaolinite (50.4-87.0 wt.%), quartz (0-23.5 wt.%), albite
(0.3-7.4 wt.%), microcline (1.2-21.5 wt.%), and muscovite
(1.1-29.2 wt.%) (Table 1). Scarce hematite (<1 wt.%) is also
found in some samples; sample KP1, which contains a signif-
icant amount of accessory minerals, contains 1.6 wt.% of
hematite and 2.4 wt.% of calcite. The shallower samples
(KA, KU3, KU6B, KKL17B, KL13-2, L-1, and L-2) are
richer in kaolinite than samples obtained from the base of
the profiles. For instance, samples KU6B (shallow) and
KU6D (deep) from the same outcrop contain 71.5 wt.% and
58.9 wt.% of kaolinite, respectively (Table 1).
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XRPD profile refinement of sample KL.13-2 revealed a
significant percentage of kaolinite (84.2 wt.%), <1 wt.% of
quartz, and a very small muscovite content (2.9 wt.%)
(Figure 4a). Sample KC12 has more quartz (23.5 wt.%) and
muscovite (21.3 wt.%), and less kaolinite (50.4 wt.%). A
negative correlation (R? = 0.67) between the contents of kao-
linite and muscovite plus K-feldspar is evident in the samples
analyzed (Figure 5).

The average crystallite size for kaolinite is 15-35 nm,
calculated from the profile refinement by XRPD.

Five samples containing illite and three samples containing
smectite were identified (Table 2). The three smectite-bearing
samples (KL6E, KL8E*, and KLB10) are located in the
deepest part of the outcrop, containing a low kaolinite grade
(Table 2). Illite-bearing samples KK13 and KK11A also con-
tain goethite: 12.9 wt.% and 22.9 wt.%, respectively.

The XRPD patterns of three samples show the dy of illite,
muscovite, smectite, and kaolinite in the region of 4-15°260
(Fig. 6). The dyy, band for illite at 10.03 A was broader
and less intense than that for muscovite at dyg, = 9.97 A. A
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Fig. 4 (a) XRPD profile refinement (by Topas V4.2 software) of sample KL13-2 with the spacing of the more intense reflections. The calculated
Bragg positions of mineral phases are shown at the bottom, Rwp = 8.7 (agreement with weighted profile factor in the Rietveld method); (b) XRPD
profile refinement of sample KA in the region 17-30°26. The black line corresponds to the experimental XRD profile of this sample. The blue line
corresponds to the calculated XRD profile of kaolinite. The red and green lines correspond to calculated XRD profiles of quartz and muscovite,
respectively, Rwp = 11.3; (c) XRPD profile refinement of sample KC-12 in the region 16-29°26. The black line corresponds to the experimental
XRD profile of this sample. The blue line corresponds to the calculated XRD profile of kaolinite. The red and green lines correspond to calculated
XRD profiles of quartz and muscovite, respectively, Rwp=14.1.
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Fig. 5 Relation between muscovite+K-feldspar vs. kaolinite (wt. %) calculated by XRPD profile refinement with Topas V4.2

broad and low-intensity maximum for smectite was noted at
doo; = 14.9 A. The dyy, of kaolinite at 7.14 A shows no
appreciable differences in the XRPD profile of these sam-
ples and is narrow and intense.

Kaolinite was distinguished in the XRD patterns of orient-
ed mounts; the the dyg, reflections disappeared after heating to
550°C. No variations were detected after ethylene glycol treat-
ment. In contrast, the XRD patterns of oriented mounts of
samples with smectite had significant changes. The peak at
doo; = 14.9 A changed to 17 A when solvated in ethylene
glycol, and changed to 10 A when the sample was heated to
550°C. Samples with illite showed only a slight expansion of
the broad reflection at dyp, = 10.03 A when solvated in
ethylene glycol, indicating a small proportion of expanded
clay (Thorez 1975; Moore & Reynolds 1997).

The physical properties of kaolin, such as whiteness,
abrasiveness, particle size, shape and distribution, viscos-
ity, and rheology vary depending on the genetic conditions
of the deposits. The kaolinite crystallinity index (KCI)
may be significant for the calculation of the degree of
crystal perfection in kaolinite, which is an essential pa-
rameter when evaluating kaolinite quality for industrial

applications, in addition to the plasticity correlation. In
the XRPD pattern, reflections 020, 110 and 11T were
detected in the 20-23°20 region. These reflections are
sensitive to random and interlayer displacements and en-
able the various KCI to be calculated (HI from Hinckley
1963; IK from Stoch 1974; AGFI from Aparicio et al.
2006). The Hinckley crystallinity index (HI, Hinckley
1963) is one of the most widely used indices. Normal
values range from <0.5 (disordered) to 1.5 (ordered).
The calculated HI index in the 20-23°20 region was
1.06 in sample KA, 1.05 in sample KC12, and 1.09 in
sample KL12A. The HI of Caluquembe kaolin is generally
higher than reported in other kaolin deposits worldwide
such as the sedimentary kaolin from Georgia (USA) with
0.56 HI or the kaolin from Montecastelo (Spain) with an
HI of 1.00 (Aparicio et al. 2006). The IK index or Stoch
index (Stoch 1974) is measured in the same zone as for
HI, and the normal values range from >1.0 (disordered) to
<0.7 (ordered). The calculated IK index in the 20-23°260
region is 1.04 (disordered) in sample KL12A.

According to Aparicio and Galan (1999), the KCI can
be determined only as an approximate value. Kaolinite

Table 2 Mineral content (wt.%) calculated by XRPD profile refinement with Topas V4.2 in samples with smectite and illite

Sample Full profile refinement XRPD (wt.%) TGA
Kaolinite Muscovite Illite Smectite Quartz Plagioclase Microcline Hematite Tm Mass loss  Kaolinite
(°C) (Wt.%) (Wt.%)

KK8 54 12 15 9 4 6 0 520.1 7.7 54.8
KKI11A 57.6 8.1 5.7 2.1 3.6 0.0 5316 7.1 50.9
KK13 593 7.4 9.6 2.8 8.0 0.2 5283 7.0 50.0
KL6E 294 30.6 16.7 5.5 11.5 6.3 0.0 5259 58 412
KL7B  56.5 9.9 18.4 3.8 4.8 6.5 0.0 5350 88 63.1
KL8E* 34.8 23.8 15.8 4.8 6.0 14.5 0.4 5377 1.6 54.6
KLB10 474 24.0 10.1 5.5 4.0 9.0 0.1 530.8 83 59.5
L-3 68.6 2.7 22.1 39 2.0 0.6 0.0 5219 79 56.2

Temperature of dehydration (Tm) of kaolinite, mass loss and kaolinite content (wt.%) calculated by TGA.
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Fig. 6 XRPD of samples in the region from 4° to 15° 20: (a) KL13-2,
muscovite and kaolinite; (b) KL6E muscovite, kaolinite, and smectite;
(c) KK8, muscovite, kaolinite, and illite

maxima by XRPD are close to the muscovite and quartz
maxima in the 20-23°20 region. Aparicio et al. (2006)
presented the new AGFI (Aparicio-Galan-Ferrell Index)
based on additional processing to decompose overlapping
peaks detected in the region of interest with the MacDiff
software (Petschick 2004).

Peak intensities of 020, 170 and 11T in kaolinite have
been determined through full-profile refinement by XRPD
using the software ZTopas V4.2 in samples from
Caluquembe. Sample KA has <1 wt.% of quartz and
9 wt.% of muscovite, and an AGFI of 1.06 (Fig. 4b).
Sample KC12 has quartz (24 wt.%) and muscovite

235

(21 wt.%), with an AGFI of 1.35 (Fig. 4c). Sample
KL12A has 5 wt.% of quartz and 20 wt.% of muscovite
and an AGFI of 1.19. According to Aparicio et al. (2006),
these samples can be classified as low- and medium-defect
kaolinite. Similar data were obtained by Aparicio et al.
(2006) in kaolinite from Mevaiela (Angola). In this case,
the AGFI is 1.35 in kaolinite containing 20 wt.% quartz,
which suggests that AGFI is more accurate at determining
the crystallinity of the sample and is also related to the
kaolinite content.

Differential Thermal and Thermogravimetric Analysis
(DTA-TGA)

The DTA curve (Figure 7) shows only an endothermic peak
only in dry-air conditions at 540.3°C in sample KL132,
confirming the dehydration of kaolinite (MacKenzie 1957;
Liu et al. 2015). Samples had a mass loss of between 6.2 and
13.0 wt.% up to 650°C in the TGA curve. Samples with greater
kaolinite contents showed a more significant mass loss. The
amount of kaolinite calculated by mass loss was between 44.3
and 92.9 wt.% (Table 1).

Correlation Between TGA and XRPD

Thermal analyses were carried out to check the quan-
titative results of mineral phases calculated by XRPD
using the correlation between the calculated wt.% of
kaolinite in the profile refinement by XRPD and the
calculated wt.% of kaolinite in TGA (Fig. 8). Samples
containing more kaolinite also have greater mass loss
indicating a positive correlation (R* = 0.75). The pro-
posed model demonstrates an adequate accuracy for the
quantification of kaolinite and shows that material sam-
pled closer to the surface is richer in kaolinite than
samples from the deeper part of the profile. The quan-
titative results of samples containing illite and smectite
give less accurate values because the thermal

TGA (%) DTA (uV/mg)
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Fig. 7 DTA-TGA curves of kaolin from Calumquembe of sample KL13-2. DTA (black line) - TGA (gray line)
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Fig. 8 Kaolinite content (wt.%) calculated by XRPD with Topas V4.2 vs. kaolinite content (wt. %) calculated by mass loss in TGA

characteristics of kaolinite are influenced by the pres-
ence of smectite and illite.

Kaolin Geochemistry

The average chemical composition of kaolinite determined
by EMPA is: 46.28 SiO,, 36.31 Al,05, 0.58 MgO, 0.03 Na,O,
0.10 TiO,, 0.85 Fe,03, 0.03 MnO, 0.04 BaO, 0.07 CaO, 0.05
K50 wt.%. The average structural formula based on 14 oxy-
gens is as follows (AL 77Fe> ") sMgo 06)3.9514.0010(OH)s.

Major- and trace-element, REE concentrations were obtain-
ed from six representative samples from the Caluquembe area
(Tables 3, 4, and 5). Two kaolin samples from Uganda
(Nyakairu & Koeberl 2001), one from Cameroon (Njoya
et al. 2006) and one from the Sa Bandeira granite in Huambo
(Angola) are also shown for comparison in Tables 3 and 4. Sa
Bandeira granite has a very similar composition to the granites
which crop out in the Caluquembe area (Montenegro de
Andrade 1954).

Major elements generally show a different trend in the
altered sample compared to the parent rock (Table 3). The
SiO, trend of Caluquembe kaolin is decreasing and the
Al,O3 trend is increasing compared to the granite from
Sa Bandeira. SiO, is high for all samples ranging be-
tween 45.35 and 63.24 wt.%. Al,05 contents lie between
21.89 and 32.24 wt.%. Fe,O5 is between 1.36 and 4.25
wt.%. K,O is between 1.16 and 4.03 wt.%. TiO, is
between 0.49 and 0.86 wt.%. Other remaining oxides
(Mn, Mg, Ca, Na) are present only as traces (<0.2
wt.%). Loss on ignition (LOI) values are between 7.80
and 13.69 wt.%.

The most abundant trace elements are: Zr from 162 (sample
L1) to 430 (sample K6E) ppm; Ba from 222 (sample K6E) to

https://doi.org/10.1007/s42860-019-00021-4 Published online by Cambridge University Press

1090 (sample KL13-2) ppm; Rb from 54 (sample KL13-2) to
206 (sample KLB 10) ppm. Other trace elements such as Sc, V,
Cr, Co, Ni, Cu, Zn, Ga, Sr, Y, Nb, Hf, Pb, Th, and U are usually
<100 ppm. As, Nb, Ag, In, Sn, Sb, Cs, Ta, W, and Bi are
<5 ppm (Table 4).

The REE contents in kaolin samples (Table 5) vary
from 130 ppm (sample L1) to 564 (sample KL13-2)
ppm. REY (REE+Y) range between 142 ppm and 624
ppm. LREE (La, Ce, Pr, Nd, Sm, Eu) range from 524 to
122 ppm while HREE (Heavy Rare Earth Elements)
(Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) range from 40 to
8 ppm (Table 4). The C1 chondrite-normalized REE
plots (Figure 9a) (McDonough & Sun 1995) are roughly
parallel and characterized by negative slopes as a result
of enrichment in the LREE relative to HREE. The
normalization via upper Continental Crust (UCC,
Rudnick & Gao 2003) is presented in Figure 9b. In
general, Caluquembe samples present flat REE patterns.
They also have a negative Sc anomaly as reported in
heavy and grit mineral fractions from Georgia kaolin.
Only sample L-1 from Caluquembe has a different be-
havior with a Sc enrichment of the light fraction from
the Jeffersonville and Buffalo Creek Members in Geor-
gia, USA (Elliot et al. 2018).

DISCUSSION

Classification of the Caluquembe Deposit

Considering the small amount of geological information
available about this area, it is necessary to establish a formal
classification of the Caluquembe kaolin deposit using the
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Table 4 Trace elements (ppm) of samples from Caluquembe, Angola; sample BW-1 from Buwambo and MG-1 from Migade, Uganda
(Nyakairu et al. 2001); sample MY03 from Mayouom, Cameroon (Njoya et al. 2006)

Caluquembe Caluquembe Caluquembe Caluquembe Caluquembe Caluquembe Buwambo Migade Mayouom

Angola Angola Angola Angola Angola Angola Uganda Uganda Cameroon
ppm KUG6B KU6D KL13-2 K 6E KLB 10 L1 BW-1 MG-1 sand-p MY03
Be 4 3 3 3 3 4 n.d. n.d. <dl
\% 101 69 51 54 77 74 <15 <15 718
Cr <20 <20 <20 30 <20 20 447 10.9 294
Co 6 5 10 8 7 7 1.3 1.75 1.8
Ni <20 <20 <20 <20 <20 <20 19 24 54
Cu 10 <10 50 20 50 10 52 105 n.d.
Zn 60 50 50 50 90 60 16 24 432
Ga 36 29 42 31 34 26 n.d. n.d. 38
Ge 2 2 2 2 2 2 n.d. n.d. 1.77
As <5 <5 5 <5 <5 <5 0.12 0.23 n.d.
Rb 167 155 54 113 206 130 58.3 58 17.3
Sr 40 41 65 20 44 22 39.1 65.9 383
Zr 368 281 337 430 278 162 142 139 489
Nb 18 15 22 24 14 17 6 6 57.9
Mo <2 <2 2 <2 <2 <2 n.d. n.d. 4.08
Ag 13 1 1.3 1.5 1 <05 n.d. n.d. n.d.
In <0.2 <0.2 <0.2 <0.2 <02 <02 n.d. n.d. 0.18
Sn 3 2 4 4 5 3 n.d. n.d. 3.51
Sb <05 <05 <0.5 <05 <05 <05 n.d. n.d. n.d.
Cs 33 3 <0.5 5.9 2.4 39 227 3.61 1.01
Ba 595 683 1090 222 871 307 63.2 114 644
Bi <04 <04 1.5 <04 <04 0.6 n.d. n.d. n.d.
Hf 938 7.5 8.7 10.7 6.9 49 0.66 0.86 11.2
Ta 1.8 1.7 2.3 3.1 1.7 1.6 0.34 0.38 4.44
W 5 3 13 6 6 4 n.d. n.d. 0.8
T 08 0.7 0.5 0.6 0.9 0.5 n.d. n.d. n.d.
Pb 36 36 40 38 22 26 n.d. n.d. 9.62
Th 25.1 20.1 48.6 31.7 16.9 17.9 1.66 1.25 6.86
U 7.1 6 5.6 17.2 16.1 59 0.84 1 1.75

n.d. = not detected, <dl = below detection limit.

mineralogical and compositional data obtained in the present
work.

Kaolinite from Caluquembe is generally found as a finer-
grained mass of particles, though muscovite-kaolinite inter-
growths are also reported. Considering the results of the
granulometric curve, particle-size distribution of the
Caluquembe kaolin shows small amounts of the <4 pm frac-
tion (8.7 to 13.8 vol.%), which correspond to the kaolinite that
originated by alteration of potassium feldspar, while
muscovite-kaolinite intergrowths may correspond to the
<63 pum fraction (74.0 to 83.9 vol.%).

The Chemical Index of Alteration (CIA) is also a very
suitable parameter to determine the weathering level of feld-
spars and the corresponding formation of kaolin by this pro-
cess (Nesbitt & Young 1984). CIA is expressed from 0 to 100
and it is calculated using the molar proportions of oxides of the

https://doi.org/10.1007/s42860-019-00021-4 Published online by Cambridge University Press

main compositional elements of kaolin: Al, Na, K, and Ca
[CIA = AL,05/(Al,03+Na,0+K,0+Ca0)-100]. The CIA pa-
rameters of the Caluquembe kaolin have indexes from 82 to 95
(Table 3), which are significant and indicate an elevated level
of feldspar alteration. In addition, it is possible to distinguish
changes in the CIA parameter between kaolin samples obtain-
ed from different levels of the same outcrop. For instance, in
sample KU6B (upper level) and sample KU6D (lower level),
the CIA parameter is 87 and 82, respectively, indicating a
significant increase in weathering in the upper levels which is
also directly related to the kaolinite content: 71.5 and 58.9
wt.%, respectively.

During intense weathering, potassium feldspar and plagio-
clase were destabilized and transformed to kaolinite, while
sericite and muscovite were also transformed to kaolinite es-
pecially in the upper levels of the profile (Galan 2006). This
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Table 5 REE (ppm) of samples from Caluquembe, Angola; sample BW-1 from Buwambo and MG-1 from Migade, Uganda
(Nyakairu et al. 2001); sample MY03 from Mayouom, Cameroon (Njoya et al. 2006); C1 chondrite (McDonough & Sun 1995) and

UCC (Rudnick & Gao 2003) used for the normalization

Angola Angola Angola Angola Angola Angola Uganda Uganda Cameroon
ppm KU6B KU6D KLI13-2 K6E KLB 10 LI BW-1 MG-1 sand-p MY03 UCC CICh.
La 57.5 53.1 138 91.3 44.6 274 101 215 120 31 0.237
Ce 922 114 232 156 67 67 37.5 143 243 63 0.613
Pr 14 12.9 29.5 19.4 9.59 5.23 n.d. n.d. 273 7.1 0.0928
Nd 50.8 46.2 103 67.5 32.6 18.4 51.5 159 96.5 27 0457
Sm 8.9 8.5 17.5 12.1 5.3 3 9.69 15.8 20.3 4.7 0.148
Eu 1.74 1.69 3.8 2.37 1.1 0.65 2.16 225 5 1 0.0563
Gd 6 5.6 11.8 8.4 35 2.1 5.51 4.61 17.4 4 0.199
Tb 0.8 0.8 1.7 1.3 0.5 0.4 0.9 0.71 2.34 0.7 0.0361
Dy 4.7 4.1 10.4 7.4 2.8 2 n.d. n.d. 12.7 3.9 0.246
Ho 0.9 0.7 2 1.4 0.5 0.4 n.d. n.d. 2.09 0.83  0.0546
Er 2.6 22 6 3.9 1.7 1.2 n.d. n.d. 4.86 23 0.16
Tm 0.41 0.32 0.9 0.59 0.29 0.19 0.26 0.29 0.7 0.3 0.0247
Yb 2.8 22 6 4.1 22 1.4 1.21 1.03 4.1 2 0.161
Lu 0.45 0.35 0.9 0.64 0.36 0.21 0.14 0.1 0.6 031  0.0246
Sc 14 11 14 15 12 14 1.2 1.89 0 14 5.92
Y 26 20 60 39 16 12 10 8 48.3 21 0.026
>REE 243.8  252.66 563.5 376.4 17204 12958 209.87 541.79  556.89
YLREE 225.14 23639 5238 348.67 160.19  121.68 201.85 53505 512.1
YHREE 18.66 16.27 397 27.73 11.85 7.9 8.02 6.74 44.79
LREE/HREE 12.07 14.53 13.19 12.57 13.52 1540 2517 79.38 11.43
La/Th 2.29 2.64 2.84 2.88 2.64 1.53 60.84 17200 17.49
Y/HREE 1.39 1.23 1.51 1.41 1.35 1.52 1.25 1.19 1.08

n.d. = not detected.

explains why the kaolinite content decreases towards the
deeper parts of the weathering profile as reported in the sam-
ples from the Caluquembe area.

The ratios of La/Th and Y/HREE may also be useful
parameters to determine kaolin provenance. In the case of
Caluquembe kaolin, the La/Th ratio is 2.7, which is similar to
values reported in upper continental crust (2.8 + 0.2), indicat-
ing a felsic source for kaolin (Taylor & McLennan 1995).
Likewise, Y/HREE ranges from 1.2 to 1.5, indicating a similar
process during kaolinization.

Eu anomalies associated with more evolved continental
crust are found, for instance, in clay-rich sediments from
central Uganda (Nyakairu & Koeberl 2001), in samples from
weathered granitic rocks of south China (Bao & Zhao 2008), in
samples from Sogiit in northwestern Turkey (Kadir & Kart
2009) and in samples from residual kaolin derived from gra-
nitic rock in SE Germany (Dill 2016). This Eu anomaly is not
found in samples from Caluquembe (Figure 9a, Table 5).

The compositional and mineralogical features of the kaolin
deposits from the Caluquembe area offer strong evidence indi-
cating that they originated from the weathering of precursor
granitic rocks. Therefore, kaolin deposits from Caluquembe
should be classified as primary kaolin deposits (Dill 2016).

https://doi.org/10.1007/s42860-019-00021-4 Published online by Cambridge University Press

Economic Interest

The potential extent of kaolin outcrops in Caluquembe is
estimated to be ~20 km?, with a significant thickness ranging
from 5 to 10 m (Figure 2). At present, a further evaluation is
being carried out in the area to obtain a more accurate assess-
ment of the extent and thickness of the kaolin deposits. How-
ever, the preliminary estimate is that the potential inferred
reserves of kaolin in the Caluquembe area are estimated at
~500,000,000 m®. Although this calculation is approximate
and more accurate studies are necessary, this preliminary vol-
ume suggests that Caluquembe is a medium-sized kaolin de-
posit, bigger than other deposits from western Africa such as
that at Makoro, Botswana (Ekosse 2000).

The Al,O; contents of kaolin are directly related to the
kaolinite percentage and are therefore considered to be a sig-
nificant parameter for determining kaolin quality. Caluquembe
Al,O5 contents (21.9 to 32.2 wt.%) and SiO,/Al,O5 ratio
(1.28) are similar to those reported for kaolin from the
Zhanjiang, Longyan, and Dazhou deposits (Guangdong
Province, China; Wilson et al. 1997), and slightly higher than
the theoretical value for kaolinite (1.16). However, the Fe,O5
contents of Caluquembe kaolin are quite significant (1.4 to
4.3 wt.%) and likely to affect the marketing potential of the
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Fig. 9 The enrichment/depletions of REE of Caluquembe kaolin samples: (a) Results normalized to C1 chondrite (McDonough and Sun 1995);

(b) Results normalized to UCC (Rudnick and Gao 2003)

Caluquembe kaolin (Saikia et al. 2003; Lopez-Galindo et al.
2007).

The mineralogical and chemical compositions of kaolin
from Caluquembe are similar to other African kaolins
(Table 6). In addition, the kaolinite grade is slightly lower or
similar to those found in Koutaba and Mayouom in Cameroon
(Njoya et al. 2006; Nkalih Mefire et al. 2015), central Uganda
(Nyakairu et al. 2001), Makoro in Botswana (Ekosse 2000),
and Grahamstown in South Africa (Heckroodt 1991). The
mineralogical composition of three classical kaolin deposits
developed from precursor granites is presented for comparison
in Table 6: Guandong (China), Otovice (Czech Republic), and
Cornwall (UK). All have greater kaolinite contents than the
Caluquembe deposit.

Given the main features of Caluquembe kaolin, its main
uses should be in the fabrication of bricks, paving slabs,
roofing tiles, and the ceramics industry (Heckroodt 1991;
Gomes et al. 1994; Ekosse 2000; Nyakairu et al. 2001;
Savianno et al. 2005; Njoya et al. 2006; Ekosse 2010; Nkalih
Mefire et al. 2015).

In addition, kaolin deposits have recently been considered
non-conventional sources of critical metals such as REE
(Aagaard 1974; Laufer et al. 1984; Xiao et al. 2016;
Sanematsu and Watanabe 2016; Elliot et al. 2018). Values of
>REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,

https://doi.org/10.1007/s42860-019-00021-4 Published online by Cambridge University Press

Lu) in Caluquembe are highly erratic, 129.58 ppm to
563.5 ppm (Table 4), and do not correlate with SiO,, Fe,Os,
Ca0, P,0s, or MnO. Samples are more enriched in LREE
(Table 5) and the ratio LREE/HREE is homogeneous at ~14. A
good positive correlation exists between Y and REE (R? =
0.98) and between Y and HREE (R” = 0.99). The correlation
between REY and kaolinite wt.% is positive (R = 0.75) except
for sample L-1. A positive correlation is shown between Y and
kaolinite wt.% (R*> = 0.78) except for sample L-1. In some
samples from the Caluquembe area, the REY content is
>600 ppm (Table 5), which is higher than that reported in other
deposits, e.g. in Uganda and Cameroon (Table 5). The size of
the Caluquembe kaolin deposit (Sanematsu and Watanabe
2016) means that it can be considered as a potential non-
conventional source of REY. More detailed studies are needed
to determine which mineral phases are enriched in REE and the
relationship between the kaolinite contents and the correspond-
ing potential extraction of REY as a by-product during kaolin-
ite exploitation.

CONCLUSIONS

The present work is the first study of the recently discov-
ered kaolin deposit from the Caluquembe area (Angola).
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The kaolin samples studied do not have significant com-
positional or mineralogical variations. Kaolinite contents cal-
culated from full-profile refinement by XRPD ranged between
50.4 and 87.0 wt.% and between 44.3 and 92.9 wt %, calcu-
lated using TGA (Fig. 8). The samples that crop out in
shallower areas are richer in kaolinite than deeper samples.
A relevant conclusion of the present work is that full-profile
fitting by XRPD and TGA results have a good correlation, and
the combination of both techniques is suitable for determining
kaolinite contents in this type of clay deposit.

The mineralogy and compositional features of the kaolin
samples indicate that Caluquembe deposits were generated by
weathering of granitic rocks and the corresponding alteration
of feldspars. They should, therefore, be classified as primary
kaolin deposits.

The economic importance of these deposits is considered
to be vital in what is an underdeveloped region. The mineral-
ogical and compositional features of the Caluquembe kaolin
and its low to medium crystallinity indicate that the most
suitable application for this clay is the manufacture of struc-
tural products. Caluquembe kaolin would need to be refined
and processed for use in other applications, such as in the
pharmaceutical industry or in the production of paper and
cosmetics.

The chondrite-normalized REE patterns show enrichment
in the light REEs, the absence of a Eu anomaly, and a positive
correlation has been found between kaolinite wt.% and REY
content. Further studies are needed to characterize REY con-
tents and REY carrier mineral phases. Their evaluation as a by-
product in a possible future kaolinite exploitation is
recommended.
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