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Abstract

In the Santa Cruz and Chubut provinces, Patagonia, Argentina, kaolin deposits were formed by “in situ” alteration of volcaniclastic
rocks, such as the Bajo Grande, Chon Aike or Marifil Formations, or by erosion, transportation, and deposition of residual clays in small
basins. This paper describes the genesis; geology; mineralogy; major, minor, and trace element geochemistry; grain size distribution; and
specific surface area of natural and washed kaolins in an attempt to understand their behavior in the ceramic process. The sedimentary
clays of the Baqueré Fm Lower Member, related to the Bajo Grande basement, are kaolinitic—smectitic, very fine-grained, and with a
very high specific surface area. The clays related to the Chon Aike or Marifil Fms are kaolinitic, showing intermediate values of specific
surface area and a coarser particle size distribution, associated with quite a fine-grained texture. The Baqueré Fm Upper Member received
a considerable pyroclastic supply, fostering the development of a fine-grained clay in which kaolinite (+halloysite) with higher values of
kaolinite crystal order prevailed. Primary kaolins — derived from weathering of pyroclastic sequences of Chon Aike and Marifil Fms —
are coarse-grained, composed of kaolinite+quartzthalloysite and exhibit a very low specific surface area. Alteration of mostly
crystalline pyroclastics yielded ordered kaolinite and illite (+halloysite) with a fine particle size distribution and intermediate values of
specific surface area. Alteration of mainly vitreous pyroclastics produced halloysite (+kaolinite) with a fine-grained texture and
moderately high values of specific surface area. A supergene origin of primary kaolins is inferred on the basis of palacoclimatic and
geochemical evidence that corroborates stable isotopic data. The mineralogy, grain size, and textural characteristics of clays are
controlled by parent rock composition (primary kaolins) or by provenance and proximity to source areas (sedimentary kaolins).
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction clastic rocks (primary or residual kaolins) or erosion,
transportation, and deposition of residual clays in small

In the Santa Cruz and Chubut provinces, Patagonia, continental basins (secondary, sedimentary or ball clays).
Argentina, kaolin deposits have been formed by two Residual kaolin deposits are found in several Jurassic
different processes, either “in situ” alteration of volcani- volcanic rocks, ranging from rhyolites to ignimbrites and

tuffs, that were argillized to kaolinite in most cases (Chon

Aike, La Matilde or Marifil Formations) or to smectite in

* Corresponding author. Fax: +39 0546 46381. others (Bajo Grande Fm) (Cravero and Dominguez, 1992;
E-mail address: dondi@istec.cnr.it (M. Dondj). Dominguez and Murray, 1995). Sedimentary deposits are
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found in the Cretaceous Baquer6 Fm in Santa Cruz and in
the Paleocene Salamanca Fm in Chubut.

The Patagonian kaolin deposits have been exploited
since 1940 and, at present, ~250,000 t are extracted each
year, with the ceramic industry the major end-user. Despite
this intensive exploitation, references to the ceramic
properties of Patagonia raw materials are scarce. The
lithological differences among parent rocks of primary
kaolins as well as the distinct influences of erosion areas
and the sedimentary clay stratigraphic position imply
differences in mineralogy and grain size distribution that
should have direct consequences on the ceramic properties
of clay raw materials (Worrall, 1975; Powell, 1996).

The objective of this and the associated paper (Dondi
et al., 2008) is therefore to seek the interconnections
between clay deposit geological features and kaolin
ceramic behavior. Even though kaolinite is the major
mineral in most deposits, there are significantly different
mineralogical assemblages and kaolinite characteristics
in the different mines. These features need to be clearly
understood in order to manage daily changes during
extraction and to fulfil the strict clay type requirements
for the ceramic industry (Eichlin, 2001).

The first part of this study herein describes geology,
mineralogy, major and trace elements — including one
new stable isotopic datum — grain size distribution, and
surface area of natural and washed primary and secondary
kaolins. The second part of this work (Dondi et al., 2008)
deals with technological properties of clays and their
behavior in the ceramic process.

A direct relation between primary kaolinite blankets
and hydrothermal activity has been assumed, since,
in recent years, epithermal Au—Ag mineralizations have
been found in Chon Aike and Marifil Fms (Schalamuk
et al., 1997). Paleoclimatic evidence and the distribution
of trace elements in primary and sedimentary clays —
including oxygen and hydrogen isotopes — are considered
evidence that favors an origin by weathering.

2. Regional geology
2.1. Santa Cruz Province

In the Santa Cruz province, residual kaolin deposits are
found in the Lote 18 area (Fig. 1); similar deposits appear
in neighboring areas, such as Lote 8, Lote 19, and Cerro
Rubio (Panza et al., 1994; Dominguez and Murray, 1997;
Cravero et al., 2001) and other minor locations. These
deposits occur in the Jurassic Bahia Laura Group,
composed by ignimbrites and rhyolites from Chon Aike
Fm and tuffs from La Matilde Fm (Lesta and Ferello,
1972). The Bahia Laura Group unconformably lays over

sporadic outcrops of Proterozoic to Eocambric phyllites
and schists (Di Persia, 1962), Siluric granites (Palma,
1989), and Permotriassic sediments of La Golondrina and
El Tranquilo Fms (Stipanicic and Reig, 1956; Arch-
angelsky, 1959; Arrondo, 1972).

Over the Bahia Laura Group, sedimentary and
pyroclastic rocks were deposited in small basins from
Upper Jurassic to Lower Cretaceous. These rocks have
been mapped as the Bajo Grande Fm (Di Persia, 1957;
Lesta, 1969). However, this interpretation is under
debate, since for some authors these rocks belong to the
Bahia Laura Group (Henchern and Homovic, 1998).
The upper part of this sequence is formed by a very fine-
grained, vitro-crystalline tuff that has been altered into a
smectitic clay.

During Cretaceous, a thick continental sequence —
the Baquer6 Fm — was sedimented in a fluvial and
lacustrine environment over the Chon Aike Group and
the Bajo Grande Fm (Archangelsky, 1963). This unit is
subdivided into a Lower Member, containing sedimen-
tary clay bodies (Cravero and Dominguez, 1992) and an
Upper Member exclusively formed by cinerites and
tuffs. The clays are richly fossiliferous.

Several Atlantic Paleocene, Eocene, Oligocene, and
Miocene transgressions complete the stratigraphic column.

2.2. Chubut province

In this province, kaolin deposits are found in the lower
part of the Rio Chubut valley (Fig. 2). Residual deposits
are found within the Jurassic Marifil Fm, consisting of
rhyolitic vulcanites (Malvicini and Llambias, 1974), that
are correlated to the Bahia Laura Group. This unit lays
over a Proterozoic Basement composed of gneisses and
micaschists intruded by syntectonic granites (Stipanicic
and Methol, 1972). In addition, some continental
Cretaceous deposits have been described near the Andes
far away from kaolin deposits (Chubut Group).

The Paleocene Salamanca Fm, made up of clays,
sandstones, and limestones (coquinas) deposited in a
coastal and shallow marine environment (Lesta and
Ferello, 1972) overlies the Marifil Fm. Sedimentary clay
bodies are located close to the erosive contact of the two
formations. As in the Santa Cruz province, the strati-
graphic sequence ends up with marine deposits from
Neogene transgressions.

3. Materials and methods

Fifteen samples were collected in nine active quarries and
in two residual argillized areas according to the following
criteria: their primary or secondary origin, their relation with
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Fig. 1. Geological map of the Lote 18 Santa Cruz kaolin district (modified after Cravero and Dominguez, 1992).

the eroded basement, their position in the sedimentary
sequence overlying basement rocks, and the economic
significance of the deposits. Moreover, six primary kaolins
from the most representative deposits were processed to
recover the fine-grained, kaolinite-rich fraction.

In the Santa Cruz province, two distinct depositional
sequences of the Baquerdé Fm were studied, lying on the Chon
Aike Group and the Bajo Grande Fm respectively (Fig. 3 and
Table 1). In the Chubut province, three important quarries,
operating in the altered volcanic basement of the Marifil Fm,
were sampled together with a sedimentary clay of the
Salamanca Fm (Fig. 2 and Table 1).

In each quarry, a 60 kg clay sample was taken, crushed, and
divided into four equivalent batches. In the case of primary
deposits, one batch underwent the industrial processing cycle,
consisting in washing, coarser fraction settling, clay-rich
suspension separation, filter-pressing and drying.

Clay samples were characterized from mineralogical,
geochemical, microstructural, and granulometric viewpoints.
Mineralogy was investigated by X-ray powder diffraction
performed on randomly oriented specimens — whole rock —
and on specimens of the <2um fraction - extracted by
sedimentation according to Stokes’ law — using a Rigaku—
Denki Geigerflex Max III C diffractometer — 2°20 min™ ',
graphite-monochromated Cu K , radiation. Kaolinite structural
order was measured according to Hinckley’s (1963) and
Stoch’s (1974) methods, following the recommendations of
Aparicio and Galan (1999) and Guggenheim et al. (2002) on
the <2 um fraction.

The X-ray diffraction patterns were performed on the whole
air-dried clay samples as used in the ceramic industry. The illite
and interstratified illite/smectite (I/S) were defined on the basis
of 10 A basal reflections. The mineral with sharper 10 A and 5 A
reflections was considered illite, while that with a wider basal



E. Dominguez et al. / Applied Clay Science 40 (2008) 124—142 127

66926 11"

CHUBUT

66°1342"

%
i
)
.
o)
o
™~
[ap]
Be
o
<t
Q'
?’S . Studied Kaolin Deposits
9 - C€60- Cantera 60
o Sediments Quaternary
2 A Viars
L E Salamanca Formation Lower Tertiary SR- Surdel Rio
e A,ME,GHlN Marifil Formation Jurassic CH- Chenque
v vSRj @® Quarry
v vV v
AV \ o 1 2 =23}= Route
B, v PV Ly =KF —— Roads

Fig. 2. Geological map of Chubut kaolin district (modified after Dominguez and Murray, 1997).

reflection and a peak located around 11 A in diffraction patterns
from air-dried random <2 pm samples was considered I/S. Both
were characterized as illitic materials, since a detailed identifi-
cation (Srodon and Eberl, 1987) was not performed. The

identification method for the<2 um fraction is shown in Fig. 4
for three selected samples.

Whole rock quantitative mineralogical composition was
achieved by both normative calculations and X-ray pattern
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Table 1

Genetic and stratigraphic features of the Patagonian kaolins and clays

Deposit Code Type Prov. Sequence Formation Age

Bajo Grande BG P Santa Cruz Bajo Grande Bajo Grande Late Jurassic—Early Cretaceous
FPS FP S Baquer6é LM Lower Cretaceous
Puma PU S Baquer6é LM Lower Cretaceous
Cola de Zorro cz S Baquer6é LM Lower Cretaceous
Lote 18 PR P Santa Cruz Chon Aike Chon Aike Jurassic

Tincar Super TS S Baquer6 LM Lower Cretaceous
Tincar Zeta TZ S Baquer6é LM Lower Cretaceous
Frente A FA S Baquer6é LM Lower Cretaceous
Calafate CA S Baquer6 UM Lower Cretaceous
C60-1LG IL P Chubut Marifil Jurassic
C60—-RPB RP P Marifil Jurassic

C60—-RF RF P Marifil Jurassic

Sur del Rio SR P Marifil Jurassic

Marta MA P Marifil Jurassic

Chenque CH S Salamanca Paleocene

P = primary or residual; S = secondary or sedimentary. LM = Lower Member; UM = Upper Member.

interpretation, applying the generalized reference intensity ratio
(RIR) and assuming a theoretical composition for kaolinite,
quartz, and feldspars as well as a mean composition for illite and
smectite. DTA and TGA were simultaneously performed using a
Rigaku—Denki analyzer with a heating rate of 10 °C min~ ' in the
20-1000 °C range.

Whole rock chemical analyses of major, minor, and trace
elements (including REE) were performed by Instrumental
Neutron Activation Analysis (INAA), Inductively-Coupled
Plasma Optical Emission Spectrometry (ICP-OES), and X-ray
Fluorescence Spectrometry (XRF). Carbon and sulphur con-
centrations were determined by IR absorption (Leco CS225,
ASTM E 1019).

Microstructure was observed by both scanning electron
microscopy (JEOL 35 CF) and transmission electron microsco-
py (JEOL 100 CX). Small fragments mounted on Cu holders and
coated with an Au—Pd alloy were used for SEM, while for TEM
water suspensions sprayed on Cu 200 mesh holders and bright
field techniques were used. Particle size distribution was
measured by X-ray monitoring of gravity sedimentation
(Micromeritics Sedigraph 5100, ASTM C 958) and wet sieving
of the >100 um fraction (ASTM C 325). Specific surface area
(SSA) was determined by nitrogen absorption using the BET
method (Micromeritics FlowSorb II, ASTM C 1069).

4. Geology and mineralogy of kaolin deposits

4.1. Bajo Grande and related basins (Santa Cruz
Province)

The residual Bajo Grande (BG) deposit is located in
the North—East of the Meseta de Baquer6 (Fig. 1) where
small outcrops of green tuffs are altered into a smectitic
clay. Nearly horizontal layers are present in a
~20,000 m? quarry, where the alteration depth does
not exceed 4 m. BG clay is basically composed of

smectite, kaolinite, and quartz, with small amounts of
opal CT, feldspar, and iron oxides, thus accounting for
its high Fe,03, MgO, and Na,O content (Tables 2 and 3,
Figs. 4 and 5). TGA-DTA results confirm smectite
abundance of BG, as it presents the largest weight loss in
the 100—150 °C temperature range. SEM images show a
typical smectite fine-grained structure — below 0.3 pm —
with only a few kaolinite platelets, that are observable
under TEM (Fig. 6) together with cuspate shapes at-
tributed to original glass shards. Particle size distribu-
tion is the finest among the samples under investigation,
while the SSA is unexpectedly low (Table 5).

The FPS (FP) quarry, in the Baquer6é Fm, is close to
BG primary clay outcrops. In this area, the sedimentary
formation is composed only of dark gray clays with small
sandstone lenses. Just over the erosive contact, rounded
agglomerates of BG-type smectite, about 2—3 cm in size,
are spread into FP clay. This 6 m-thick body mainly
consists of poorly ordered kaolinite, smectite, and quartz
(Tables 2 and 3, Fig. 5). The presence of K-feldspar and
iron oxy-hydroxides explains the relatively high amounts
of K,0 and Fe,0O;. Crystallite sizes are analoguous to
those observed under SEM and TEM for BG, though in
this case kaolinite crystals are more abundant than
smectite with some cuspate remnants (Fig. 6). FP shows
the widest SSA and a very fine particle size distribution,
almost entirely below 4 um (Fig. 7a).

The Puma (PU) quarry is located in the northern part
of the kaolin district, not far from the contact with the
Bajo Grande Fm. The Baquer6 Fm is represented by 4 m
of conglomerates and sandstones covered by 8 m of dark
gray clay with abundant organic carbon, composed of
kaolinite, quartz, and an expandable clay mineral, I/S or
smectite (Fig. 5). Kaolinite is disordered as indicated by
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both the Stoch and Hinckley indices as well as by the
fast dehydroxylation rate. These characteristics are
common to the whole Bajo Grande sequence (Tables 2
and 4). Moreover, kaolinite crystals exhibit an edge-
to-face arrangement with irregular outlines and grain
size below 1 pm, similar to FP, except for the very
fine-grained smectite being absent at PU (Fig. 6).
Grain size distribution is very fine and SSA is high
(Fig. 7a).

The Cola de Zorro (CZ) sedimentary deposit is located
at the SE border of the Baquerd Meseta on a ~ 7000 m?
area. In this quarry, developed in the Baqueré Fm, clay
layers are horizontal and about 5 m thick. The clay is
composed of kaolinite, quartz, and traces of illite-I/S
(Tables 2 and 3, Fig. 5) with a rather high value of SSA
and a particle size distribution similar to PU (Fig. 7a):

small kaolinite platelets with edge-to-face arrangement
and rounded morphology (Fig. 6).

4.2. Chon Aike and related basins (Santa Cruz Province)

The primary deposit of Lote 18 (PR) is about 3 km
NE of Conico Truncado hill, where the Baqueré Fm lays
over residual kaolinized volcanic breccias. It is
composed of quartz and kaolinite with illite traces
(Tables 2 and 4, Fig. 8) resulting in a silica-rich
composition, almost completely depleted of other
components. This sample is dominated by the sandy—
silty fraction and has a very low clay fraction and SSA.
The alteration extent is unknown, although in Lote 8 it
reaches a 6 m depth on average (Dominguez and
Murray, 1997). From the microstructural viewpoint, the
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Table 2
Mineralogical composition (wt.%) of primary kaolins (P), sedimentary
clays (S) and beneficiated products (B)

Deposit Type Ka Hy I/S Sm Qz Fd Ac HI  SI

BG P 15 59 15 3 8 2.12
Fp S 37 28 23 4 8 033 1.60
PU S 49 12 33 2 4 018 131
CczZ S 48 3 39 2 8 045 123
PR P 29 2 68 1 1.75 0.46
TS S 52 9 34 2 3 037 228
TZ S 43 8 46 3040 1.18
FA S 50 9 37 1 3 064 1.11
CA S 65 * tr. 27 g 092 081
IL P 28 % 15 531 3 061 1.09
RP P 31 ** 44 21 4 0.64 093
RF P 35 ek 52 7 6 046 1.09
SR P 32 ** 5 58 5 050 097
MA P 35 % 17 4 2 2 079 1.05
CH S 49 ™ 9 33 5 4 051 1.13
PRL B 28 2 69 1 1.70  0.50
RPL B 68 ** 15 14 1 2 069 095
ILL B 63 * 3 31 ' 1 2 070 081
RFL B 70 3 23 1 3 051 1.02
SRL B 63 ** 17 18 1 1 0.45 0.95
MAL B 57 % 12 29 2 073 1.11

Ka: kaolinite, Hy: halloysite, I/S: illite and illite-smectite interstrati-
fied, Sm: smectite, Fd: feldspars, Ac: accessories (mainly iron oxi-
hydroxides). Kaolinite ‘crystallinity’: Hinckley’s (HI) and Stoch’s (SI)
indices.

Asterisks indicate the relative abundance of halloysite as estimated by
SEM and TEM analyses.

main feature is the occurrence of kaolinite platelets
larger than 5 pm arranged as worm-like booklets larger
than 7 um; this texture occupies open spaces (Fig. 9).

The Tincar Super (TS) quarry operates over a 7 m
clay layer on a ~ 60,000 m? surface in the Baquerd Fm.
The clay is white and massive with some quartz grains
and frequently contains plant fossils without carbon.
The composition is dominated by poorly ordered
kaolinite with quartz and some illite (I/S). The kaolinite
crystals have irregular boundaries and a face-to-face
arrangement, with a crystallite size of 1-2 pm (Tables 2
and 4, Fig. 9). Such a crystallite size is in agreement
with the predominance of the <2um fraction; however
an abundant silty fraction is also present (Fig. 7b) thus
justifying the low SSA values.

The Tincar Zeta (TZ) and Frente A (FA) quarries are
operating over a ~ 80,000 m” area located 3 km south of
TS, at the top of the Lower Member of the Baquerd Fm.
These two deposits are interfingered and the 8 m thick
clay layer is massive, interbedded between conglomerates
and sands, with poorly defined strata and a whitish (FA) or
grayish color (TZ). Organic matter content, due to fossil
plant remains, varies considerably at different exploitation

levels, being on the whole around 0.1% (Table 3). These
clays are composed of kaolinite and quartz, with trace
amounts of illite (I/S) shown in Table 2 and Fig. 8.
Kaolinite has a degree of structural order higher than in
the Bajo Grande sequence, as confirmed by both Hinckley
and Stoch indices and also the slower dehydroxylation
rates (Table 4). The kaolinite platelets are 2-3 pm with a
face-to-face arrangement (TZ) or smaller than 2 pm with
mostly face-to-face arrangements (FA), though some
edge-to-face textures are observable (Fig. 9). Particle size
curves and SSA can be compared to those at TS (Fig. 7b
and Table 5).

The Calafate (CA) quarry is exploiting a 3 m thick
horizontal layer of massive gray clay with rounded
altered lapilli clasts, located 7 km Southwest of TZ. This
deposit probably belongs to the Upper Member of the
Baquerd Fm due to the abundance of pyroclastic supply.
The clay is composed of well-ordered kaolinite prevail-
ing over quartz and traces of illite (I/S) and iron oxy-
hydroxides (Tables 2 and 3, Fig. 4). SEM shows an open
texture of very fine grains (<1 um) and TEM shows
hexagonal kaolinite crystals associated with some fibers,
attributable to illite (Fig. 9). These observations
satisfactorily match a clay fraction predominance and
a relatively large SSA (Fig. 7b, Table 5).

4.3. Chubut Province deposits

Cantera 60 is a quarry operating over a ~ 20,000 m?
area in which a widespread alteration of volcaniclastic
rocks has taken place in the Marifil Fm. Three argillized
lithological units have been identified: a coarse lithic
ignimbrite (IL), a porphyric biotitic ignimbrite (RP), and
a vitreous, fluidal, deeply kaolinized rhyolite (RF). The
color of these primary rocks is a uniform violet-to-
reddish white. Alteration is progressively reduced
downward and vanishes between 8 and 12 m from the
surface. The deepest alteration seems to be related to a
fault zone that puts the three volcanic units into contact.
IL is composed of quartz, kaolinite, and illite, arranged
in open textures with short kaolinite stacks made up of
coarse platelets (3—4 pum) with well defined borders and
some rare fibers, attributed to halloysite (Tables 2 and 3,
Fig. 11). RP has a different degree of alteration, with
abundant residual feldspars, but biotite is totally altered.
It has an open texture with short, poorly developed
kaolinite stacks, associated with short halloysite fibers
and corroded feldspars (SEM images, Fig. 11); TEM
examination reveals well defined, 3—4 um-long kaolin-
ite platelets and halloysite fibers (Fig. 11). RF shows
deeper kaolinization with a small amount of feldspars.
Its open texture is characterized by abundant Sum-long



Table 3
Chemical composition of the Patagonian kaolins and clays

Sample BG FP PU cz PR TS TZ FA CA 1L RP RF SR MA CH
SiO, wt.% 5527 58.22 62.97 65.69 83.48 64.55 70.06 65.53 57.64 74.71 7231 73.56 77.48 71.21 64.72
TiO, wt.% 0.35 0.61 0.66 0.47 0.09 0.48 0.42 0.50 0.48 0.23 0.22 0.22 0.16 0.36 0.32
ALO; wt.% 19.02 21.50 22.19 21.14 11.70 22.94 19.20 22.41 2593 15.51 16.22 15.92 15.08 18.69 22.94
Fe,05 wt.% 3.62 3.34 1.26 1.44 023 0.83 0.84 0.87 331 1.34 1.51 1.46 0.59 127 0.99
MnO wt.% 0.336 0.096 0.008 0.016 0.001 0.004 0.004 0.005 0.005 0.038 0.033 0.024 0.011 0.042 0.030
MgO wt.% 1.32 0.54 0.26 0.31 0.02 0.23 0.20 0.23 0.12 0.17 0.04 0.06 0.09 0.20 0.26
CaO wt.% 0.83 0.56 0.31 0.25 0.05 0.25 0.20 0.19 0.18 0.12 0.05 0.14 0.10 0.14 0.07
Na,O wt.% 1.14 0.35 0.09 <0.01 <0.01 <0.01 <0.01 <0.01 0.06 0.13 0.73 0.58 <0.01 <0.01 0.59
K,0 wt.% 0.54 124 0.56 0.57 0.12 0.63 0.60 0.88 0.21 1.09 2.54 0.29 0.61 1.32 0.70
P,0s wt.% 0.04 0.03 0.02 0.03 0.03 0.03 0.03 0.04 0.06 0.02 0.03 0.02 0.03 0.03 0.03
C wt.% 0.06 0.14 0.27 0.03 <0.01 0.06 0.09 0.11 0.06 0.04 0.02 0.05 0.03 0.03 0.04
Lol wt.% 16.81 13.50 10.89 10.28 4.54 9.87 8.52 9.58 11.91 598 5.89 7.40 5.93 6.92 9.48
Ag ppm <0.3 0.8 0.7 1.0 0.4 1.1 1.4 0.9 0.8 1.0 <03 0.5 <0.3 0.4 0.4
As ppm 16 20 21 25 35 30 19 27 42 3 9 10 4 8 4
Au ppb 1 2 5 5 3 16 3 3 <1 <2 <2 <2 2 <1 <2
Ba ppm 742 210 126 138 60 93 152 95 194 70 168 23 40 13 74
Be ppm 3 3 3 3 2 3 3 3 3 4 3 2 2 3 2
Bi ppm <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
Br ppm 8 4 19 7 <0.5 17 16 2 9 <0.5 <0.5 1 1 <0.5 2
Cd ppm 0.5 0.8 0.5 0.7 <0.3 0.7 1.0 <03 0.6 0.7 0.4 0.6 0.3 0.4 03
Co ppm 27 11 4 8 2 6 7 3 8 1 1 1 1 1 2
Cr ppm 12 16 16 14 50 23 23 25 13 6 3 3 19 14 9
Cs ppm 34 54 36 31 10 35 28 28 7 6 2 2 15 4 18
Cu ppm 3 17 16 11 10 23 8 16 14 5 6 4 2 2 7
Hf ppm 6 7 7 7 4 6 6 7 12 7 5 6 7 12 7
Hg ppm <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Ir ppb <1 <1 <1 <1 <1 <1 <1 <1 <1 <2 <2 <2 <1 <1 <2
Mo ppm 12 <2 4 <2 8 <2 <2 5 4 3 2 4 <2 <2 <2
Nb ppm 15 8 18 17 <1 16 3 15 8 n.d. n.d. n.d. 10 13 n.d.
Ni ppm 4 7 7 8 39 11 11 7 4 4 3 3 3 3 4
Pb ppm 39 57 62 59 25 70 60 63 34 20 23 33 12 11 39
Rb ppm 50 100 60 63 15 74 70 75 19 133 94 18 64 90 88

S ppm 590 70 90 100 170 40 40 70 110 180 430 440 150 110 430
Sb ppm 2 6 13 14 41 12 10 13 7 1 1 1 1 <0.1 1
Sc ppm 12 15 13 13 4 16 10 16 20 5 4 5 5 8 8
Se ppm <0.8 <0.6 <0.7 3 <0.7 <0.7 <0.6 <0.8 1 <0.5 <0.5 <0.5 <0.6 <0.7 <0.5
Sr ppm 140 58 35 35 14 25 28 23 23 1 9 11 10 10 18
Ta ppm <03 1.7 1.8 15 1.4 12 1.3 13 1.7 1.8 1.7 1.8 24 22 1.7
Th ppm 24 23 21 23 14 25 19 22 31 31 24 30 41 34 33
18} ppm 5 8 6 6 3 8 15 6 7 4 4 4 3 4 15

v ppm 31 61 59 42 <5 65 38 60 35 11 34 46 22 70 21
w ppm 27 19 14 9 7 15 13 14 13 1 4 3 2 2 1

Y ppm 38 40 33 42 11 41 26 54 86 25 20 24 19 24 36
Zn ppm 92 87 79 124 12 115 119 52 29 50 32 23 21 49 53
Zr ppm 197 190 195 179 96 144 158 186 371 262 160 170 160 327 171
La ppm 143.7 325 24.7 37.7 257 42.0 20.6 65.7 41.2 46.4 66.7 73.4 60.0 55.0 554
Ce ppm 261.9 69.3 459 74.7 288 85.5 36.9 1314 80.1 78.0 96.0 123.0 106.2 84.0 140.0
Nd ppm 103.0 320 24.0 38.0 6.0 40.0 18.0 70.0 39.0 350 47.0 55.0 39.0 37.0 50.0
Sm ppm 16.1 59 52 73 0.6 73 3.7 13.0 8.4 52 78 8.4 5.1 5.0 9.8
Eu ppm 27 12 1.0 13 <0.1 13 0.8 2.4 1.8 0.6 1.0 0.9 0.7 0.7 1.5
Tb ppm 1.8 14 0.8 1.4 <0.1 1.4 0.8 22 2.1 0.8 0.9 1.3 0.6 1.0 1.6
Yb ppm 32 4.4 38 4.9 20 4.4 4.5 5.9 9.2 39 3.1 3.6 3.0 4.6 5.6
Lu ppm 0.5 0.6 0.6 0.7 0.3 0.7 0.6 0.9 1.4 0.6 0.5 0.5 0.5 0.7 0.8
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Fig. 5. X-ray diffraction patterns of randomly oriented whole rock clays in Bajo Grande sequence, Santa Cruz Province. Q: Quartz, F: Feldspar,

K: Kaolinite, Sm: Smectite, I-I/S: Illitic materials.

halloysite fibers (>70%) scattered over scarce and
well-formed 3—4 pum kaolinite platelets (Fig. 11). In
these primary deposits, the degree of order of kaolinite is
higher than in the sedimentary clays of the Santa Cruz
province, except for the CA sample. The sand and silt
fractions are abundant, especially in RF and RP (Fig. 7c).
Specific surface area is accordingly low, however, the
occurrence of illite or halloysite, in IL and RF res-
pectively, increases SSA.

The Sur del Rio (SR) quarry is developed in an
ovoid area of ~500,000 m? located on the right bank
of Chubut river. Kaolinization reaches a depth of 10 m
in a coarse-grained volcanic breccia of the Marifil Fm.
In the lowermost levels the deposit is richer in illite (I/
S) and iron oxy-hydroxides. Coloration is white in
surface samples, becoming more reddish in depth.

This kaolin consists of quartz which predominates
over kaolinite, plus some illite (I/S) showed in Fig. 10.
An open texture, featured by poorly defined kaolinite
stacks surrounded by halloysite fibers (>30%), is
observed under SEM, while under TEM the kaolinite
platelets have well defined hexagonal outlines (3—
4 pum) and halloysite has tubular shapes (Fig. 11).
Particle size distribution and SSA are close to those of
RP (Table 5, Fig. 7c¢).

In the Marta (MA) deposit, located 3 km North of
C60 and occurring in a circular area of about 10,000 m?,
almost horizontal yellowish white tuff layers of the
Marifil Fm have been kaolinized to a depth of 6 m from
the surface. The deposit consists basically of quartz,
kaolinite, and illite (Tables 2, Fig. 10). MA shows an
open texture characterized by fine-grained kaolinite
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Fig. 6. SEM and TEM micrographs of clays from Bajo Grande sequence (Santa Cruz). K: Kaolinite, Sm: Smectite, I: Illitic materials, C: Smectite

pseudomorph of cuspate glass shard shapes.

associated to some fibers (SEM). Under TEM, kaolinite
platelets are seen (Fig. 11), whereas the <2 um fibers
may be attributed to halloysite (tubular forms) and illite
(wider planar shapes). These features match both the
degree of order of kaolinite and particle size distribution,
clearly finer than that of the other primary kaolins
(Fig. 7¢).

In the Chenque (CH) sedimentary deposit, pertain-
ing to the Salamanca Fm, a 600 m long front is
exploited. The 8 m thick clay body, filling an eroded
palaeovalley in Marifil Fm volcanics, has a massive
texture and a light gray color with some yellow-reddish
layers. The clay consists of quartz, kaolinite, and minor
illite (I/S) and feldspars (Table 2, Fig. 10). Kaolinite
crystals have a face-to-face arrangement and locally

form open booklets. In certain places, some fibers are
visible. Under TEM, kaolinite platelets do not have
well-defined outlines, while fibers can be ascribed,
according to their morphology, to illite and/or halloysite
(Fig. 11). Particle size distribution, SSA, and degree of
order of kaolinite are similar to those of other sedi-
mentary clays, especially those from the Chon Aike
Sequence (Fig. 7c¢).

5. Discussion
5.1. Genesis of primary kaolins

Primary deposits developed in the Chon Aike Fm
and Marifil Fm do not show any strong structural
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control. In contrast, the kaolinized areas have a wide
horizontal extension (>1500 m), limited thickness (at
most 8—12 m) and a downward decreasing degree of
alteration. All deposits occur in the uppermost part of
the volcanic sequence and appear to be linked to the
unconformity with the overlaying sedimentary units.
The mineralogical composition (kaolinite+quartz+
feldspars+ Fe-oxyhydroxides+ halloysite £illite) is in-
conclusive about a weathering versus hydrothermal
genesis.

In the La Matilde Fm (Lesta and Ferello, 1972), the
abundant fossil content indicates a warm humid
climate in a continental palustrine—fluvial environment
(De Barrio et al., 1999). In the case of the Bajo Grande
Fm, the smectitization of vitroclastic tuffs may be
interpreted as a consequence of a fast alteration process
in a subaqueous environment. In the Baquerd Fm,
clays are richly fossiliferous, especially containing
gymnosperms and angiosperms, indicating a temper-
ate-warm climate (Archangelsky, 1967; Romero and
Archangelsky, 1986; Caranza, 1988). The Salamanca
Fm was deposited under a warm and humid climate,
because the sandstones contain abundant silicified
fossil trunks and fossil leaves (Sacomanni and Panza,
1998).

Significantly, both isotopic results (Murray and Janssen,
1984; Cravero et al., 1991; Cravero and Dominguez, 1992;
Dominguez and Murray, 1995) and palaeoclimatic condi-
tions point towards a weathering origin for primary
kaolinization. A new stable isotopic determination on
kaolinite (IL sample) gave 8'%0 13.4 (%o) and 8D — 85 (%o)
compatible with a supergenic-weathering origin (Iglesias,
2005).

Trace element composition was used for the dis-
tinction between hypogene and supergene kaoliniza-
tion mechanisms; in particular, Dill et al. (1997, 2000)
applied both the P,O5 versus SO5 and the (Ce+Y +La)
versus (Ba+Sr) plots successfully. The Ba+Sr and

Table 4
Thermal behaviour of the Patagonian kaolins and sedimentary clays

Endothermal Reaction rate  Exothermal Weight loss (%)

peaks peak
°C % min~ ' °C 200— 1000
300 °C °C

BG 150%, 555, 1.50 950 10.0 (250) 15.6

700
FP  145% 570*%* 0.50%* 0.75%* 975 6.5(300) 13.2
PU 130, 568* 0.76 960 3.1 (300) 11.3
czZ 120, 565* 0.75 960 3.5(300) 11.4
PR 555-572 0.20 990 0.8 (300) 44
TS 120, 570%* 0.53 980 2.5(300) 10.1
TZ 120, 570% 0.50 970 2.1 (300) 8.6
FA 120, 575% 0.80 980 2.1 (300) 9.6
CA 120, 320, 1.00 970 2.8 (300) 12.0

580*
IL 105, 562* 0.45 980 1.7 (300) 6.9
RP 110, 565%* 0.43 980 1.5(300) 7.0
RF  560%* 0.50 990 2.1 (300) 8.8
SR 290, 558%* 990 1.9.(300) 7.3
MA 105, 570* 0.60 980 1.4 (300) 7.3
CH 130, 570* 0.73 970 2.8(300) 11.0

The reaction rate is referred to the endothermal peak with asterisk.
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Fig. 8. X-ray diffraction patterns of randomly oriented whole rock clays in the Chon Aike sequence (Santa Cruz). Q: Quartz, K: Kaolinite, F: Feldspar,
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SO; contents are useful indicators of hydrothermal Hg, Mo, Pb, S, Sb, Sr, Ta, and Zn can be taken as
activity in Patagonia since the most frequent gangue geochemical indicators of gold-silver mineralizations.
minerals in epithermal lodes are pyrite and barite. In kaolin deposits, these trace elements are not signif-
These diagrams would indicate a supergene origin icantly high in both primary and sedimentary clays

(Fig. 12). Moreover, the contents of Ag, As, Au, Ba, (Table 3 and Fig. 13).
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Fig. 9. SEM and TEM micrographs of kaolins and clays from the Chon Aike sequence (Santa Cruz). K: Kaolinite, I: Illitic materials.

5.2. Influence of provenance and sedimentation
processes

In the Santa Cruz province, two interlinked basins
inside the Baqueré Fm can be distinguished, according
to their relation with the eroded basement (Chon Aike or
Bajo Grande Fms) and the stratigraphic position of
sedimentary clays. In the former basin, where sedimen-

tary deposits FP, PU and CZ are found, the main source
is the Bajo Grande basement, whose smectitic contri-
bution is evident in the lower clay layers, whereas the
influence from the Chon Aike basement is of lesser
importance. The sediment composition changes up-
wards, so that the upper stratigraphic levels do not
contain smectite and have low concentrations of trace
elements (e.g. Co, W) compared to Bajo Grande Fm.
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Table 5
Particle size distribution and specific surface area (SSA) of kaolins, clays and beneficiated products. @s,: median particle diameter

[ Particle fraction (wt.%) SSA

pm >63 pm 4-63 um <4 um >20 pm 2-20 pm <2 um <0.3 um mz/g
BG <0.30 7.5 4.1 88.4 8.4 5.9 85.7 80.9 31.7
FP 0.37 0.8 9.6 89.6 2.0 224 75.6 46.9 44.5
PU 0.67 1.7 24.1 74.2 4.7 34.7 60.6 38.7 28.0
Ccz 0.68 1.2 28.4 70.4 8.2 32.5 59.3 39.0 24.3
PR >63 55.2 224 224 59.1 33.0 7.9 2.5 3.1
TS 0.88 0.1 31.7 68.2 4.5 39.1 56.4 35.6 22.7
TZ 1.47 7.6 31.0 614 14.0 35.8 50.2 342 21.2
FA 0.88 3.7 28.3 68.0 21.9 21.0 57.1 35.0 21.7
CA 0.33 15.6 11.5 72.9 19.6 12.3 68.1 47.8 25.6
IL 4.29 30.2 23.2 46.6 38.7 19.6 41.7 26.6 13.3
RP >63 59.2 17.2 23.6 67.0 14.5 18.5 7.9 7.4
RF 63.5 49.8 17.5 32.7 58.1 11.9 30.0 4.0 13.1
SR >63 54.0 18.8 27.2 61.3 17.2 21.5 9.5 8.8
MA 1.00 13.7 28.8 57.5 23.9 232 52.9 32.6 14.2
CH 1.11 2.0 28.4 69.6 6.2 38.9 54.9 30.6 21.3
PRL 2.39 0.1 22.8 77.1 1.3 58.8 39.9 5.8 5.8
ILL 0.45 0.1 21.9 78.0 1.6 29.4 69.0 41.7 224
RPL 1.26 0.3 23.9 75.8 2.5 38.2 59.3 22.6 25.6
RFL 0.58 0.2 23.1 76.7 2.3 332 64.5 34.6 27.7
SRL 1.09 0.4 21.7 77.9 3.0 33.9 63.1 25.0 18.7
MAL 0.40 0.1 23.7 76.2 39 26.7 69.4 423 21.2

Thus the smectite supply decreases progressively from
BG to PU and CZ (Table 2).

In the second basin, there is a single source: kaolinized
Chon Aike rocks. No smectite contribution is observed
and both the kaolinite-to-quartz ratio and microstructure
remain quite constant within the Lower Member of the
Baqueré Fm. In these deposits, the kaolinite size is finer
and crystals do not have well defined borders with a face-
to-face arrangement differing from primary kaolins. This
picture changes towards the Upper Member, since the CA
deposit has a completely different texture, with a higher
kaolinite-to-quartz ratio and well-formed, though fine-
grained, kaolinite crystals. This change has been
attributed to a different provenance of sediments in the
Upper Member of Baquerd Fm, particularly to a large
pyroclastic supply.

Only one sedimentary deposit was studied in the
Chubut district (CH), so no consideration on sedi-
mentary tendencies is possible. However, mineralog-
ical and textural features of CH are clearly similar to
those found in primary kaolins, except for an in-
creased kaolinite-to-quartz ratio. The occurrence of
degraded kaolinite stacks with some halloysite fibers
is ubiquitous, in contrast with the sedimentary clays of
the Santa Cruz province.

These geological and mineralogical characteristics
suggest that the genesis of Patagonia sedimentary de-

posits had a strong influence from the proximity of
source areas.

5.3. Influence of parent rock composition

In the Chubut province, primary kaolinization in-
volved the pyroclastic Marifil Fm and, in this case, the
mineralogy is strongly affected by parent rock compo-
sition and texture. Thus in the C60 quarry, IL has a
coarse-grained texture with kaolinite stacks and traces of
halloysite, RF is deeply altered into halloysite with minor
kaolinite and RP seems to be transitional between the IL
and RF lithotypes. These compositional and textural
differences of alteration products should be attributed to
original, distinct characteristics of porosity and mineral-
ogy of pyroclastics. Moreover, in this quarry, small spots
of silicification and very fine quartz stockwork structures
were found in the fluidal rhyolite (RF) together with
some fluid inclusions (temperature of 180 °C) into tiny
quartz veins; all these features are attributed to steam-
heated water (Hedenquist and Henley, 1985) and some
“primary supergene” process in which the temperature
and acidity due to hydrothermal steam (Bethke, 1984)
could have been superimposed on weathering.

Former isotopic determinations in primary kaolin
deposits (Murray and Janssen, 1984) and especially in
the C60 quarry (Dominguez and Murray, 1995) together
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Fig. 10. X-ray diffraction patterns of randomly oriented whole rock
clays in the Chubut Province. Q: Quartz, K: Kaolinite, F: Feldespar, I-
I/S: Tllitic materials.

with new data (Iglesias, 2005) point to a supergene
origin linked to meteoric waters. The abundance of
halloysite could be somehow connected to this process;
an alternative explanation could be the occurrence of
different parent phases, since Nagasagua (1969) found
that glass had altered to halloysite and biotite to
kaolinite. Among the C60 kaolins, RF is the rock with
the largest glass content (Iglesias, 2005). This explana-
tion could be also invoked for the SR deposit, which is
rich in halloysite, as well as for MA, whose kaolinitic
composition could be derived from the alteration of a
very fine-grained crystalline tuff. However, the occur-

rence of illite in MA could be related to a different
alteration degree. Interestingly, both grain size and
textural characteristics of kaolin MA are similar to those
of clay CA in the Santa Cruz province, both thought to
have originated in fine-grained crystalline tuffs.

6. Conclusions

Kaolin deposits outcropping in the Chubut and Santa
Cruz provinces include primary deposits formed by
weathering of Jurassic volcanics (i.e. Bajo Grande,
Chon Aike or Marifil Fms) and secondary deposits
formed by sedimentation in Cretaceous-Paleocene
fluvial—palustrine environments (Baquerd and Sala-
manca Fms). The origin of primary kaolins is ascribed
to weathering in a wet and warm climate based on
geological, palacoclimatic, and geochemical evidence
(oxygen and hydrogen isotopes in kaolinite and trace
elements). In particular, the elements geochemically
linked to gold epithermal mineralizations do not show
any concentration increase in primary kaolin blankets.
This is also true for the Cantera 60, where some
influence of a steam-heated-type hydrothermal alter-
ation may be recognized.

Genesis and compositional features of kaolins are to
a large extent comparable in the two districts, the main
difference being the prevalence of sedimentary deposits
in the Santa Cruz province and of residual kaolins in
Chubut. The mineralogical, grain size, and textural
characteristics of clays are controlled by parent rock
composition (primary kaolins) or by provenance and
proximity to source areas (sedimentary clays). The
mineralogy of secondary clay deposits reflects both
provenance and stratigraphic position. As a conse-
quence, the clays overlying the Bajo Grande Fm consist
of smectite and kaolinite in variable proportions, mostly
depending on the proximity of the basement. In contrast,
where the basin received sediments only from the Chon
Aike basement, kaolinite becomes gradually finer
upwards, with crystals having more irregular borders
reflecting some destruction during erosion and trans-
portation. The deposit pertaining to the Upper Member
of the Baquerd Fm does not follow this trend, due to a
prevailing pyroclastic supply that fostered the formation
of a larger amount of fine-grained but well ordered
kaolinite plus some halloysite.

The influence of parent rock composition and texture
is observed in the mineralogy and microstructure of
primary kaolins: mostly crystalline pyroclastic rocks
(e.g. IL and RP) yielded ordered kaolinite arranged in
booklets, while lithotypes rich in volcanic glass (e.g. RF
and SR) weathered predominantly into halloysite.
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Fig. 11. SEM and TEM micrographs of kaolins from the Chubut Province. K: Kaolinite, Hy: Halloysite, Fd: Feldspar, I-I/S: Illitic materials.
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