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Abstract: This research deals with mineralogical and geochemical studies of 4 kaolins from paleolake of
Ngaoundere m order to mvestigate their composition (mineralogical composition, distribution of major, trace
and rare earth elements) and to assess their source area composition. Methodologies based on the description
of outcrops and boreholes, using X-Ray Diffraction (XRD), Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS), Transmission Electron Microscopy equipped with an Energy Dispersive X-ray
Spectrum (TEM -EDS) and chemical analyses allowed for the defimition of 2 mam groups of sedimentary kaolins
within the paleolake. The first group occurs at the upper part of the paleolake and is characterized by relative
high Si0, and Al,Q,, High (La/Yb),, (Gd/yb)y, ratios, high LILE, High La and low Ti0Q,, Zr/Th, TTE and HFSE.
These data indicate that the above mentioned kaolins were generated from an mtense weathering of a gramte
source and transported and deposited in the actual paleolake. The second group occurs at the lower part of the
paleolake and is characterized by relative high TiO,, TTE, HFSE, Zr/Th and relative low Si0, and Al,O,, low
(La/Yb)y, (Gdiyb), ratios, low LILE and low La. These kaolins were generated by an intensive weathering of a
mix granite/basalt composition source and also transported and deposited in the actual paleolake. Kaolnite 1s
the predominant phyllosilicate, associated to minor amounts of quartz, goethite, anatase, illite, gibbsite and
organic matter. Kaolins of the first group, due to their relative low iron mineral content (< 2.5) could be used in
the ceramic industries, paper coating and pain. Industrial use of the kaolins of the second group requires a

beneficiation step to remove iron mineral and orgamc matter.
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INTRODUCTION

Kaolms occur widely in many part of Cameroon.
Three types can be distinguish in respect with their
formation: Primary kaolin formed by meteoric weathering
of different rocks (Watong et al., 1996, Ossah, 1975),
kaolin formed by hydrothermal weathering (Njoya et al.,
2005) and sedimentary laolin (Thibault and T.a Bere, 1985;
Nguetnkam et al., 2001).

Economic mmportance of kaolin 1s well known
(Murray, 2000, Harbern, 2002), sedimentary kaolns
generally having higher economic values than primary
kaolins. Until present, the industrial usage of kaolin in
Cameroon has been restricted to the manufacturing of
bricks, pottery and little on ceramic ware, although works

have been carried out in view of their use in pharmacy and
plastic industries (Njopwouo, 1984; Njopwouo ef af.,
1998).

Because, kaolin genesis has a direct impact on its
industrial applications, knowledge on the process of the
kaolin genesis and the mineral quality 1s an important
step, prior to technological tests and
developments.

The kaolin deposit of the paleclake of Mardock was
recently discovered (Nguetnkam ef al., 2001) and 1t 1s not
yet exploited. Further, no detailed study has been carrying
out. Tn this study, analyses on the mineralogy and
geochemistry of the kaolin were performed in order to
elucidate its origin. Its possible applications m mdustry
are also suggested.

industrial
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Fig. 1: Map of Cameroon showing the neighbouring country and the main cities. Note the position of Ngaoundere at
the centre of the country. CRA: Central Republic of Africa 1b: Geological map of Ngaoundere area. 1: trachyte
and phonolite domes; 2: basalts; 3: granites; 4: Gneiss; 5: Fault, 6: Rivers; 7: Roads

Geological setting and natural environment: The
Adamawa plateau 13 made up of Pluto-metamorphic
basement, crosscut or covers by volcamc formations
(Fig. 1).

Metamorphic rocks are constituted of 2.1 Ga gneisses
and amphibolites which have been remobilised during
Panafrican orogeny (Toteu et al., 2001).

Granitic rocks belong to a large batholith known as
Adamawa-Yade massif. They were dated at Ordovician by
Regnoult (1986). Petrographically, they are constituted of
amphibole-biotite granite, biotite-muscovite granite and
biotite granite (Tchameni et al., 2006). At the level of
Ngaoundere area, the granite was emplaced during late
Neoproterozoic (Tchamem ef al., 2006); it 18 crosscut by
lower Paleozoic doleritic dyke to the west of the
Ngaoundere city (Vicat et al., 2001).

The basement (granites and dolerite) are partially
covered by miopliocene volcanic rocks which are
constituted of basaltic, phonolitic and trachytic flows
(Temdjim, 1986, Ngounouno, 1998)

The Adamawa area is affected by faults, which
reactivation during Mesozoic and Cainozoic lead to the
formation of the Mbéré and Njerem trenches (Eno Bélinga,

1986; Guiraud and Maurin, 1992). Tt is an E-W stretching
structure at the centre of Cameroon with an average
altitude of 1200m. Segalen (1967) and Fritsch (1978)
describe the arrangement of plateaus and planes in
Cameroon as due to the erosion of Jurassic or cretaceous
surfaces. The velocity of this regressive erosion which,
from Eocene to Oligocene created the Meiganga surface
(1000-1300m, South Adamawa) and Mimim-Martap plateau
(1400-1700m, West Adamawa), was estimated at 1 0m/Ma
by Tardi and Roquin (1998). Eno Belinga (1986) defines
5 tectono-geomorphologic blocks m Adamawa area
with respect to the altitude. The Ngaoundere plateau
belongs to the block with altitude of 1000-1200 m. Tt is
dommated by few granitic crowns. The morphology n
Cameroon was attributed not only to the erosion, but also
to the tectonic with the reactivation of Precambrian faults
(Morin, 1989). Therefore, many localities situated today at
high altitude are due to the combine action of erosion and
tectonic. It 1s the case m the Ngaoundere city where a
paleolake was recently discovered at the top of a plateau
at altitude 1110 m (Nguetnkam et al., 2001). This plateau
15 bordered by rivers (Fig. 2a) and swrounding by
plateaux of altitude > 1110m. Located 80 lkan to the NW of
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Fig. 2: Map of Ngaoundere showing the plateau (1) to the North of the city, 2b: Map of the Mardock plateau showing
the location of the explored Boreholes. 1: main borehole; 2: secondary borehole, 2¢: Lithostratigraphy of paleclake
of Ngaoundere. (1): brown soft clayey layer; (2): purple massive kaolin (AVMARD); (3): firm brown clay sandy
layer; (4): brown yellowish sand clayey layer; (5) white massive kaolin (ABMARDY; (6): brown yellowish layer;
(7). yellow massive kaolin (AIMARD); (8): grey to dark massive kaolin; (9): unexplored zone; (10) granites, 2d:

Fossils impress in the grey to dark kaolin

the Ngaoundere city, the Anloa basin 13 made up of
grey-blue sand, grey to black clay with post mio-pliocene
impress fossil of leaf (Salaard-Cheboldaeft er al,
1992).

The actual climate of Ngaoundere is the wet and dry
type classified as Tropical rainy climate by Suchel (1987).
Tt is characterized by a mean annual rainfall of 1400 mm,
peaking between July and August and a mean annual
temperature of 22°C. The study area 1s covered by the
northern Guinea Savanna vegetation zone; but, the native
vegetation has been comsiderably altered by human
activities.

Lithostratgraphy and age of sediments of the paleolake of
mardock: The paleolake of Mardock is located at the
north of Ngaoundere, at an altitude of 1110m, on a
plateau bordered by valleys and rivers and surrounding
by plateaux of altitude > 1110m (Fig. 2a,b). Exploration of
outcrops and boreholes reveals the lithostraty of this
paleo milieu, which shows from the top to the base
(Fig. 2e):

* A brown soft clayey layer, 0.85 m;

* A purple massive kaolin (AVMARD): 4, 5-5 m;

¢ A firm brown clay sandy layer, 0.7 m;

*» A brown yellowish sand clayey layer, 0.6 m

* A white massive kaolin (ABMARD): 4m;

* A brown yellowish layer, 0.8 m

» A vellow massive kaoln (ATMARD): 1,6 m;

s A grey to dark massive kaolin (AGMARD), finely
stratified, with well preserved fossil impress of leaves
(Fig. 2d): > 3,5 m. Those fossil impress have been
identified as leaves belonging to Combretum
collinum (Combretaceae), Leptadenia arborea
(Ascepiadaceae), Sarcocephalus latifolius and
Terminalia laxiflora.

The boundary between the eight identified layers is
sharp, suggesting that they are genetically discontinuous
and are result of different phases of erosion, transport and
deposits. The fine lamination observed on the grey to
dark lkaolin indicates that it was deposited in a quiet
aquatic environment. The presence of well preserved
fossil impress is also indicative of an undisturbed
environment of deposition.
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In comparison with sediments of the Anloa basin,
located at 80 km to the NW of the Ngaoundere city and on
the basis of the regional historical geology, a Pliocene age
had been proposed for the sediments of the Ngaoundere
paleolake (Nguetnkam et al., 2001).

Ecological exigencies of plants, whose leaves
imprints are observed on clays, allow deducing that their
paleoenvironment is closed to that of the actual Sudan-
guinea climate of the Adamawa.

In this study, the 4 facies of kaolin identified within
the paleolake are analysed.

MATERIALS AND METHODS

For laboratory investigations, samples of the 4 facies
of kaolin were obtained from the main borehole. They are
labelled AVMARD for purple massive kaolin, ABMARD
for white massive kaolin, AIMARD for yellow massive
kaolin and AGMARD for Gray to dark massive kaolin with
fossil impress of leaf.

XRD and DRIFTS were performed at ‘‘Laboratoire
Environnement et Minéralurgie, ENSG’” (Nancy, France).
X-Ray Diffraction (XRD) analysis was performed on
randomly oriented powder preparation from bulk and on
oriented samples from clay fraction, using a D8 Bruker
diffractometer with Co ko, radiation (A=1.7891). The clay
fraction was extracted by the pipette international method.

Infrared spectra were recorded using an IFS 55 Bruker
Fourier Transform IR spectrophotometer equipped with a
MCT detector (4000-600 ¢cm™) cooled at 77K and in
diffuse reflectance mode (Harrick attachment). Seventy
milligram of clay sample were mixed with 370 mg of KBr.
The spectra were recorded by accumulating 200 scan with
a 4.0 cm’ resolution.

Cation Exchange Capacities (CEC) were measured at
neutral pH using cobaltihexammonium ions [Co(NH;),*]
as exchangeable probe. The equilibrium pHs of bulk soils
suspensions were measured with a standard LPH 330 T
electrode.

Chemical analyses were performed on both bulk soil
samples at the CRPG (Nancy, France). The major elements
were determined by Inductively Coupled Plasma - Atomic
Emission Spectroscopy (ICP-AES) while trace elements
and rare earths elements were determined by Inductively
Coupled Plasma - Mass Spectroscopy (ICP-MS). Relative
analytical uncertainties are estimated at 1-2% for major
elements. They reach 5% for mist of the trace element
concentrations except for Cu and Ni (10%). Uncertainty is
high (> 10%) for any trace element displaying low
concentration (< 0.1%).

TEM observations were carried out with a Philips
CM20 microscope equipped with an EDS detector. SEM
observations were carried out with a Hitachi 2500 LB
Scanning Electron Microscope equipped with a Kevex
Delta EDS spectrometer.

RESULTS

X-ray diffraction: Figure 3 presents the XRD patterns of
the randomly oriented powder of the 4 kaolins. According
to the relative patterns, they all contained kaolinite as the
principal mineral (characteristics peaks at 7.2 A and 3.58
A) associated to weak amounts of quartz, goethite,
anatase, gibbsite and mica. Feldspars are revealed by the
presence of the peak at 4.4 A. The presence of these
accessory minerals varies between samples. Gibbsite and
illite are only present in the purple kaolin and in the yellow
kaolin, respectively.

A comparison of the intensity of the diffraction lines
showed that yellow kaolin is the most richer in kaolinite
and that white kaolin is the most richer in quartz,
meanwhile purple kaolin contains weak amounts of quartz.
Further, the (060) spacing are less than 1.50 A (~ 1.49 &)
(Table 1) and are typical of dioctahedral phyllosilicates
including kaolinite.

The XRD patterns of the oriented deposits reveal the
presence of quartz only in the white kaolin and in the
yellow kaolin (Fig. 4). An analysis of the d 001 reflection
gives information on the degree of cristallinity of the
samples, especially on the stacking defaults along the c-
axis. The basal spacing (001) reflections for pure kaolin 1s
7.15 A (Trunz, 1976; Tchoubar et al., 1982) and increases
with decreasing crystallinity. The obtained values for the
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Fig. 3: X-ray diffraction patterns of randomly oriented
samples. The vertical scale 1s shifted by 200, 400
and 600 for samples AJMARD, ABMARD and
AVMARD, respectively
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Table 1: Basal spacing (A), crystallites sizes (Lgy; and Lyg), pH and CEC of the studied kaolins

060 line
001 line 002 line
060 line pH CEC
Samples d(A) Loy (A) d(A) Lo (A) d(A) (cmolc kg
AVMARD 7.178 215 3.578 230 1.492 6.6 7.89
ABMARD 7.126 252 3.566 310 1.489 6.5 5.49
AIJMARD 7.212 187 3.588 192 1.492 6.6 8.71
AGMARD 7.202 208 ? 3.588 214 ? 1.491 72 12.23
10004
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Fig. 4: X-ray diffraction patterns obtained on oriented
samples. The vertical scale is shifted by 200, 400
and 600 for samples AIMARD, ABMARD and
AVMARD, respectively

four studied kaolins are given in Table 1 and indicates
that the white kaolin has the highest degree of cristallinity
with a basal spacing of 7.126 A and the others have a
relative lowest degree of cristallinity, although they are
relatively well crystallised. The dimensions of coherent
scattering thickness of kaolinite in both facies, which give
an assessment of crystallinity, were deduced from the
Full-width at Half Maximum (FWHM) by applying
Scherrer’s equation. Measurements were focused on
basal reflections (d,, and d,,). The values obtained
(Table 1) are consistent with the above conclusions
concerning the cristallinity of the studied kaolinite. They
also show that ABMARD is the most crystalline and
AJMARD the less crystalline.

IR spectroscopy: The infrared spectra of the studied
samples are given in Fig. 5. Globally, all the four kaolins
samples display similar spectra feature; they show in the
OH-stretching vibrations region (3800-3400 cm™) the four
OH stretching bands (3697, 3668, 3653, 3621 c¢cm™)
characteristics of kaolinites (Farmer, 1974); and in the 600 -
1200 cm™ FTIR region, peaks at 1113, 1020, 920, 794 and
693 cm™', characteristics of kaolinites. The simultaneous
presence of bands at 3668 and 3653 cm™ suggest the

Wavenumber (cm™ ")

Fig. 5: Infrared spectra obtained on kaolins from paleolake
of Mardock. The vertical scale is shifted by 0.3, 0.6
and 0.9, for samples AIMARD, ABMARD and
AVMARD, respectively

studied kaolintes have a good cristallinity (Cases et al.,
1982; Petit, 1994); this is also confirms by the AI20H
bending at 915 and at 937 cm™' (shoulder).

In the yellow kaolin, the fact that the band at 794
cm™' is more intense than that at 752 cm™" confirms the
presence of goethite in this sample.

A band at 3529 ¢m™' is due to the presence of
gibbsite in the purple kaolin and is consistent with XRD
results.

Bands at 1825 and 1425 cm™' suggest the presence of
carbonate bearing minerals in all the samples, notably
calcite and dolomite.

A band at 3232 cm™ indicates presence of illite or
vermiculite as observed by XRD.

A band at 3435 may be assigned to the OH vibration
no well crystallised hydroxyl alumina or to silico alumina
gels coating the surface of kaolinite (Delineau, 1994).

The two bands around 2900 indicate the presence of
organic matter in the grey kaolin.

The overall results of FTIR are consistent with XRD
analyses and further reveal the presence of carbonates
bearing mineral and silico alumina gels in all the studied
kaolins and the exclusive presence of organic matter in the
grey kaolin.
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Table 2: Majors elements and trace compositions of kaoling from paleolake of Ngaoundere and of the upper continental crust (Taylor and Mclennan, 1985).

LOT: Loss on ignition; < 1.D.: < to detection limits

AVMARD ABMARD AIMARD MARD AG uce
Major elements (gkg!)
Sity 43.66 44.84 36.31 37.49 65.67
ALO; 37.44 35.69 27.72 29.56 15.12
Fe, O, 245 1.56 15.31 1.68 4.98
MnO <L.D. <L.D. <L.D. <L.D. 0.08
MgO <L.D. <L.D. 0.11 0.1 2.19
Ca0 <L.D. <L.D. <L.D. <L.D. 4.18
Na,O <L.D. <L.D. <L.D. <L.D. 3.88
K0 0.08 0.15 0.12 0.07 3.38
TiO, 1.1 1.25 2.67 279 0.5
P,0; 0.1 0.11 0.33 0.15 -
LOI 15.56 16.15 17.58 28 -
Total 100.39 99.75 100.15 99.84
Trace elements (mg kg™
v 43.16 72.47 188.8 222 60
Cr 89.73 80.23 309.4 111 35
Co 2.957 2.737 3.044 41.94 10
Cu 10.37 6.803 36.58 36.27 -
Ni 28.84 19.56 22.87 88.6 20
Rb 10.02 17.08 13.9 12.63 112
Cs 0.69 0.878 0.689 0.792 37
Ba 140.1 235.6 96.19 137.8 550
Sr 77 107.3 47.23 59.77 350
Th 58.99 76.63 61.98 54.03 10.7
u 10.29 5.348 14.02 9.024 2.8
Y 14.65 25.02 204 87.96 222
Zr 217.8 294.3 561.8 469.5 190
Nb 4818 4817 88.61 84.5 25
Hf 6.712 8.75 16.7 11.28 5.8
Rare earth elements (ppm)
La 131.6 147.7 97.18 114.5 30
Ce 166 2006.8 107.2 255.7 64
Pr 23.5 2841 16.17 323 71
Nd 73.22 92.04 47.23 131.8 26
Sm 9.91 13.57 6.55 26.56 4.5
Eu 1.772 2.573 1.182 6.168 0.88
Gd 5.296 8.6012 4.655 21.1 3.8
Th 0.748 1.202 0.778 3.109 0.64
Dy 3.701 5.925 4.545 17.16 35
Ho 0.575 0.977 0.927 3.124 0.8
Er 1.59¢ 2.519 2,922 842 23
Tm 0.206 0.347 0.454 1.218 0.33
Th 1.273 2.183 3.256 8.02 2.22
Lu 0.2 0.31 0.505 1.174 0.32
LREE 406.002 491.093 275512 567.028 13248
HREE 13.595 22.075 18.042 63.325 13.91
ZREE 419.597 513.168 293.554 630.353 146.39

pH and CEC: The pH values (Table 1) of the studied
kaolins are slightly acidic to neutral (6.5 - 7.2); they reflect
the presence of dissolved carbonates as observed with
DRIFTS. High pH values (> 6.5 for kaolimte) are indicative
of the presence of soluble salts, which may cause
problems in many applications (Murray, 1988, 1991).
The CEC values obtamed are between 5 and 15

cmol, kg™ (Table 1); the grey and the yellow kaolins

having the highest values, meanwhile the well crystallised
white kaolin has the lowest CEC. This may be due to the
presence of organic matter and goethite m the grey and
vellow kaolns, respectively.

Geochemistry: Geochemical composition of the studied
materials is listed in Table 2 and compared to that of the
Upper Continental Crust (UCC) (Taylor and McLennan,
1985).

Major elements: The chemical data correlate with the
mineralogical composition and the silica and alumina
contents agree with the quartz and kaolinite contents.
Si0), in the studied samples varies from 36- 44% and AL, O,
from 27-37%, reflecting their high kaolinite content and
their low quartz content. Globally, the mamn oxides are
S10;, ALO,, Fe,O, and T10,, whereas MgO, K,O and P,0;
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Fig. 6: Compositions of studied kaoling normalized to
Upper Continental Crust (UCC, Taylor and
McLennan, 1985) and to Chondrite (McDonough
and Sur, 1995), 6a: Major and large lithophile
elements, 6b: Transition trace and high field
strength elements, ©Oc: rare earth elements
normalized to UCC, 6d: rare earth elements
normalized to Chondrite

are present only in small amounts. MnQO, CaO, Na,O and
P,0O, are under the detection limit (Table 2). The white
kaolin and the purple kaolin have higher amounts of S10,
and AlQ, than the two others kaoling (AIMARD and
AGMARD). The concentrations of Fe,O, vary between
1.55 and 15.33%, with the yellow kaolin having the
highest amount.

Yellow clay and grey clay contained a rather large
amount of titanium (2.5 < TiO2 < 3) due probably to the
presence of anatase detected by X-ray diffraction. There
could also be some structural titanium following
substitution of aluminium in kaolinite (Tepson and Rowse,
1975; Sei et al., 2006)

The Loss on Ignition (LOI) varies between 15.56 and
28 and 1s relatively ligher for ATMARD and ABMARD
(=17%) than for AVMARD and ABMARD. The highest
value obtained in the grey kaolin (28) is probably due to
the presence of organic matter.

The Si0,/AL O, ratio of all the kaolin is ~ 2 and the SiO,/
(Fe, 0, + AlL,O,) varies between 1.6 and 2: Large lithophile
elements (LILE): RB, Cs, Ba, Sr, Th and U In comparison
with UCC (Fig. 6a), all studied kaolins are depleted in Rb,
Cs, Ba, Sr and enriched in Th and U. Thus, Th and U are
positively correlate to Al,0, and Ti, indicating a similar
geochemical behaviour; Rb, Cs, Ba, Sr are positively
correlate to others majors elements wlich display
depletion. These observations suggest that Th and U may
be controlled by Ti bearing phases associated to kaolinite.

ABMARD and AVMARD are the most enriched in
LILE in comparisen with the two others studied kaolins
(ATMARD and AGMARD).

High field strength elements (HFSE): Y, Zr, Nb and Hf:
AIMARD and AGMARD are more enriched i HFSE than
ABMARD and AVMARD. Nevertheless, the UCC
normalized data show that all studied kaolins are enriched
1 HESE (Fig. 6b). Thus HFSE show a positive correlation
with Th and U and with AlLQ, and Ti0, Moreover,
Zr/ALO, and HFSE/ALQ, ratio are lower in AVMARD and
AIMARD (< 10) and higher in ATMARD and AGMARD
(> 15), suggesting that other phases, m addition to
kaolinite, are probably hosting HFSE (e.g. wron oxides, Ti-
bearing oxide and organic matter).

Transition trace elements (I'TE): V, Cr, Co, Cu and Ni:
Here agam, AIMARD and AGMARD are the most
enriched in TTE in comparison with ABMARD and
AVMARD. However, it should be noted that all kaolins
are enriched in TTE relative to UCC. Thus there is a
positive correlation between TTE and Al, Ti, Th and U.
This observation also suggests that TTE are controlled
by kaolinite associate to Ti-bearing mineral (anatase).

Rare Earth Elements (REE): To quantify the degree of
HREE/LREE fractionation, normalized La/Ybratio labelled
(La/Yb), have been calculated. The (La/Yb), ratios for the
four kaolins are between 8.6 and 62.8 (Table 2). AVMARD
and ABMARD show (La/Yb), ratios of 62.8 and 41,1,
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Fig. 7. TEM photograph showing morphology of the studied kaolins and their EDS composition. {a):
VMARD, (b): ABMARD, {c): AIMARD, (d): AGMARD
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respectively and consequently a strong depletion in
HREE and an LREE enrichment. For ATMARD and
AGMARD, the (La/Yb), ratios are 18.1 and 8.6, indicating
that these samples are richer in HREE. The low (La/Yb),
values for these two kaoling make the differentiation
between them and the two other kaolins (AVMARD and
ABMARD); this let to distinguish two groups: a group
with high (La/Yb), values (AVMARD and ABMARD) and
a group with low (La/Yb), values (ATMARD and
AGMARD).

Further, the (Gd/Yb), ratios are relatively higher (>>2)
m AVMARD and ABMARD than in AIMARD and
AGMARD (= 2). Conversely, the Zr/Th ratios are
relatively lower in AVMARD and ABMARD (3.6 - 3.8),
than in ATMARD and ABMARD (8.6 - 9.0), reflecting
strong geochemical similarity between AIMARD and
AGMARD and between ABMARD and AVMARD.

Moreover, when comparing the REE patterns
normalized to UCC of the four kaolins (Fig. 6¢), a great
similarity 1s also noted between AVMARD and ABMARD
and between AIMARD and AGMARD, although they
display globally the same patterns. Likewise, the REE
distribution graph normalized to chondrite show the same
trend (Fig. 6d).

Crystal morphology and microchemistry: TEM
observations reveal that the morphology of particles
consist in general on wregular platelets well developed
and booklets of kaolinite. Pseudo hexagonal structure
with angular edges is observed in ABMARD and
ATMARD and less 1 the AVMARD (Fig. 7). Meanwhle,
i the AGMARD, platelets with rounded semi hexagonal
to irregular edges are observed In the ATMARD and
AVMARD, kaclinite particles are associated to iron oxides
particles (goethite), as observed with XRD results.

Elemental composition detected by EDX reveals the
presence of O, Al, Si. Tn addition, EDX spectra of the four
samples indicate the presence of Fe which may exist as
structural 1ron or as thin coating on the kaolimte crystals.
As one can observe, the EDX analysis indicates Al and S1
in an almost equal intensity and O one and a third high
than the intensity of the former elements (Fig. 7). The fact
that the EDX analysis does not reveal the presence of Ti,
suggests that TiO, may occur as separate phase, not
associated to kaolinite.

DISCUSSION

Area source composition: Geochemical data could
potentially be a source of information to determine
provenance. For example, REE are useful indicators for
provenance characterization, because they are among the

least soluble elements and are usually transported almost
exclusively m the terrigenous component of sediment and
therefore reflect the chemistry of the source (McLennan
etal., 1980; Rollinson, 1993; Lopezet al., 2005). Lais more
abundant in silicic rocks than in basic rocks and the
oppostte 18 true for Co, Cr. Therefore, La/Co, La/Cr ratios
may be useful for provenance determinations (Taylor and
McLemman, 1985), so that relative enrichment of
incompatible over compatible elements (e.g. LREE, High
La/Co) mdicate an average silicic provenance (McLennan
et al., 1993; Cullers and Berendsen, 1998). In addition,
basic rocks show less fractionated chondrite-normalized
patterns with low LREE/HREE ratio; whereas acidic rocks
usually show kigh fractioned chondrite-normalized
patterns (Cullers and Graf, 1983; Taylor and McLennan,
1985) and these patterns have generally been preserved in
the sedimentary environment (Taylor and McLennan,
1985; Cullers and Podkovyrov, 2002; Slack and Stevens,
1994).

Geochemical data of the analysed samples reveal that
the four kaolins can be classified in 2 groups (Table 3):

A group 1 constituted by AVMARD and ABMARD.
These two kaoling are characterized by relative high
310, and ALO,, High (La/Yb),, (Gd/yb), ratios, lugh LILE,
High La and low TiO,, Co, Cr, Zr/Th, TTE and HFSE
(Table 2 and 3). These geochemical trends suggest that
the original source area was predominantly silicic in
COMmpositon.

A group 2 constituted by AIMARD and AGMARD
which display an opposite trend, in comparison with
kaolins of group 1: low Si0, and ALQ,, low (La/Yb),,
(Gd/yb), ratios, low LILE and low La and high T10,, Co,
Cr, Zr/Th, TTE and HFSE (Table 2 and 3).

Therefore, the above geochemical trend suggests
that their original source was predominantly basic in
composition or at least has some basic characters. Since,
1n the studied area, rocks consist mainly of granite and
basalt, one can conclude that kaolins of group 1 have
been generated from intense weathering of gramte,
meanwhile those of group 2 derived from weathering of
basalt.

In TiO,/ALO, diagram (Fig. 8), AVMARD and
ABMARD are plotted in the field comrespondng to
Ryolite/Granite composition, whereas AVMARD and
AGMARD are plotted in the field comresponding to
Ryolite/Gramite + Basalte mix composition. This
observation corroborates the above conclusions. The
basic character of the source area for AIMARD and
AIMARD 18 confirm in the T10,/ALO, diagram, as also
observed with REE and trace elements compositions.

Paleoweathering conditions: To determine the degree of
source area weathering, the Chemical Index of Alteration
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Table 3: Difference between the geochemical characters of the two groups of sedimentary kaoling

Group 1 Group 2

AVMARD ABMARD AIMARD AGMARD
Si0; (g kg™ 43.66 44.84 36.31 37.49
AL, (gkg™) 37.44 35.69 27.72 29.56
Tio, (gkg™h) 1.1 1.25 2.67 2.79
La{mgkg™) 131.6 147.7 97.18 114.5
Cr(mgkg™) 89.73 80.23 300.4 111
Co (mgke™ 2.95 2.73 3.4 41.94
V(mg kg™ 43.16 7247 188.8 222
(La/Yb)N 62.86 41.14 18.15 8.68
(Gd/'Yb)N 2.52 2.39 0.87 1.60
Zi'Th 3.69 3.84 9.06 8.68
Zrf ALO; 5.82 8.25 20.27 15.88
HFSE/ Al,O 7.67 10.54 25.27 15.88
La/Co 44.50 53.96 31.92 2.7
La/Cr 1.46 1.84 0.31 1.03

L]
0 10 20 30 40 50 60
ALO, (w1.%)

¢ Amad o Abmard A

Ajmard o Agmard
Fig. 8: Ti0,/ALO, binary plot of kaolins from the
paleclake of mardock

(CIA, Neshitt and Young, 1982) and the Mineralogical
Index of Alteration (MIA, Voicu and Bardoux, 2002) have
been calculated, using the following equations:

CIA = [ALOAALO, + Ca0 + Na,0 +K,0)] X 100
(1)

Where oxides are in molecular proportions
and MIA =2 X (CTA - 50) (2

The CIA represents the degree of alteration of
feldspars to clay mineral in the course of meteoric
weathering. Values from unweathered igneous rocks are
about 50, whereas intensively weathered residual rocks
forming kaolinite and gibbsite can approach 100.

The MIA value ndicates meipient (0-20%), weak
(20-40%), moderate (40-60%) and intense to extreme
(60-100) weathering. The value of 100% means complete
transformation of a primary mineral mto its equivalent
weathered product and, by extrapolation, complete
weathering of the parent rock.

CIA and MIA values of the analysed samples are
higher than value of UCC and approach 100% (> 90%).
Therefore high CIA and MIA values suggest that these
kaolins were generated from an mtensively weathered
source area. If the chemical weathering was very mtense
it would imply specific conditions in the source area
analogous to that prevailing nowadays in humid tropical
regions. In these regions, intense weathering resulted in
development of 1:1 phyllosilicates which show a low
cation exchange capacity, including kaolmite.

This deduction 1s supported by the mineralogical
data. In fact from XRD analysis and TEM observations,
the major component of the studied samples was kaolinite
associated to minor amounts of quartz, gibbsite, iron-
oxides mineral (goethite) and anatase. These
compositions are typical of clays from humid tropical
reglons.

The high REE content in all the samples in
comparison to UCC also suggests a great degree of
chemical weathering, in the source area. In fact it 13 well
known that REE are relatively immobile during the
sedimentary process and that they are transferred almost
quantitatively to sedumentary basin on the particulate
matter (McLennan ez al., 1980, Taylor and McLennan,
19%85; Wronkiewiez and Condie, 1987; Rollinson, 1993).

Possible applications: Kaolm have many different
applications as reviewed i the literature (Murray, 2000,
Harbern, 2002), e.g. in the study, pamt, rubber, ceramic,
plastic, pharmaceutics and cosmetic industries. Further,
brick and pottery industries as well as chinaware and
porcelain are very promising application of any mined
deposit (Ekosse, 2000).

AVMARD and ABMARD, kaolins of group 1,
display low iron content (< 2.5). Therefore, they are
suitable raw materials for white burning industrial clays
(Murray, 2000).

AGMARD, kaolin of group 2, shows also low
wron content and could be used also for white burning
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industrial clays. But the presence of organic matter it a
disadvantage and a beneficiation process would be
required to remove it.

The high won content of AIMARD (15 %), kaolin of
group 2, makes this material unsuitable for the paper
industry and others fields where whiteness is required.
However it may be used for numerous others applications.
Technology tests for mdustrial suitabilities are still
necessary and will be further carried out.

CONCLUSION

The principal aim of this study was to characterize the
kaolin deposit of the paleclake of Mardock inrelation with
its genesis and possible applications. It comprises four
facies of kaolin which display purple, white, yellow and
dark grey colour, with a total thickness of more than 15
meters. Kaolinite is the predominant phyllosilicate
occurring on both facies. Others minerals associated with
the deposit are quartz, feldspar, gibbsite and goethite.

Results of trace elements geochemistry suggest that
these kaolins were mainly eroded from a highly weathered
area developed from granite or granite/basalt mix
composition, transported and deposited in lake, they are
sedimentary kaolins.

From mineralogical and chemical composition, the
white facies can be considered for white burming
mndustrial clays. Others facies could be exploited in the
ceramic sector if well treated, especially considering the
high iron content and the organic content.
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