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Abstract-The residual kaolin deposits near Lastarria, South-Central Chile, were formed by weathering 
of subvolcanic quartz porphyry stocks, which intruded the metamorphic basement of the Coastal Cordil
lera. The clay fractions «2 f,Lm) consist mainly of poorly-ordered, very fine-grained kaolinite and lath
shaped illite (17-38 wt. %) with minor amounts of quartz, sanidine, and goethite. A sample from the top 
of the deposit contains major quantities of gibbsite morphologically indistinguishable from kaolinite 
flakes. The gibbsite-free clays contain 35.5-36.6 wt. % AIP3' 0.4-2.6 wt. % Fe203' 1.3- 3.9 wt. % KP, 
and have low Ti02 concentrations «0.02 wt. %). The absence of quartz veining, the abundance of melt 
inclusions, and the scarcity of secondary fluid inclusions in quartz phenocrysts from altered rocks imply 
a lack of significant hydrothermal activity in the quartz porphyries. The &180 and &D values of the kaolins 
indicate formation in a weathering environment at significantly higher annual mean air temperatures 
(- 12°C) than present mean temperatures of -9.4°C. Uplift of the region alone probably cannot account 
for the change in climate. The stable isotope composition of gibbsite is consistent with an origin of 
desilication of kaolinite at superficial temperatures. Various criteria proposed to distinguish supergene 
from hypogene kaolins are discussed. 

Key Words-Chemistry, DTA, Fluid Inclusions, Gibbsite, Hydrogen Isotopes, Hydrothermal, Illite, Ka
olinite, Origin of Kaolin, Oxygen Isotopes, Weathering. 

INTRODUCTION 

Primary kaolin deposits may form in situ from al
umino-silicate rocks by weathering (supergene kao
lins), by hydrothermal activity (hypogene kaolins), or 
in some cases by a combination of the two processes 
(e.g., Murray, 1988; Murray and Keller, 1993). The 
origin of many kaolin deposits is, however, controver
sial. Several methods were proposed or discussed to 
distinguish between supergene and hypogene kaolins, 
including the general geological setting, structural set
ting, mineralogical composition and zoning (e.g., Kon
ta, 1969; Kitagawa and Koster, 1991; Dill et aI., 1997), 
microtextures of the clays (Keller, 1976a, 1976b, 
1978), chemical composition (Koster, 1969; Dill et at., 
1997), fluid inclusions (Konta, 1969; Manning, 1995), 
and stable isotope geochemistry (Sheppard et at., 
1969; Sheppard, 1977; Marumo et al., 1982; Sheppard 
and Gilg, 1996). 

This study presents the first mineralogical, geo
chemical, and stable isotope data on the Lastarria ka
olin deposit in South-Central Chile. This deposit is one 
of the southern-most kaolin deposits of the world, to
gether with those of the Chubut and Santa Cruz area, 
Argentina (Murray, 1988), All these deposits, includ
ing Lastarria, are hosted by volcanic or subvolcanic 
felsic rocks, The genesis of the Patagonian deposits is 
still a matter of debate; both hydrothermal (Hayase, 
1969; Ifiiguez Rodriguez, 1982) and weathering ori-

gins (Romero et al., 1974; Murray, 1988; Cravero et 
ai., 1991; Dominguez and Murray, 1995) were pro
posed. We will provide evidence herein for a super
gene origin of the Chilean Lastarria kaolin deposit and 
discuss the validity of the various criteria proposed to 
distinguish between supergene and hypogene kaolins. 
We also address possible paleoclimatic implications 
derived from our isotope data. 

GEOLOGICAL SETTING 

Lastarria, near Gorbea, is situated approximately 
730 krn south of Santiago de Chile on the old Pana
merican highway between Temuco and Valdivia in the 
Araucania region, south-central Chile (Figure 1). The 
kaolin deposits are located 8-9 krn west of Lastarria. 
They are presently exploited in two open pits, the very 
small pit I (39°14'30"SJ72°44'00"W; 440-450 m above 
sea level [a.s.l.]) with a diameter of < 100 m and the 
larger pit II, named Afquintue (39°14'40"SJ 
n044'30'W; 305-360 m a.s.L), with a diameter of 
~600 m (Figure 2). 

The residual kaolins formed on two mushroom
shaped, subvolcanic quartz porphyry stocks which 
crosscut the low-grade metamorphic basement of the 
Coastal Cordillera of the Chilean Andes. The crystal
line basement near Lastarria transects as a block the 
main N-S trending Central Valley containing Tertiary 
to Quaternary sediments including Miocene lirnno-flu-
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Figure l. Location map of the Lastarria kaolin deposit, 
South-Central Chile. 

viatil coal measures. Since Miocene times, this base
ment block was a morphological high as evidenced by 
wedging-out of clastic sediments in the surrounding 
basins towards that block. The basement rocks are pre
dominately graphite-bearing mica schists which rep
resent a flyschoid series in an accreted Paleozoic en
sialic marginal basin (Herve et aI., 1990; Schira, 1991; 
Hufmann et al., 1997a, 1997b). The quartz porphyries 
clearly postdate the Carboniferous low-grade meta
morphism of the host rocks (Schira, 1991). Absolute
age data for the igneous activity do not exist, but most 
probably the quartz porphyry stocks belong to the 
common Tertiary volcanism which was dated as Late 
Oligocene to Miocene by Munoz et al. (1997). 

Only strongly altered porphyries were observed. In 
contrast, the metamorphic host rocks, which are de
void of hydrothermal quartz veins, exhibit only very 
weak kaolinization. At the rims of the open pit II, vir
tually unaltered mica schists overlie completely ka
olinized quartz porphyries (Figure 2). Quartz veins are 
not present in the porphyries, and therefore are absent 
from the clay pits. 

The mines are owned by Fdbrica Nacional de Loza 
(FANALOZA), Penco, Chile. Mining activity occurs 
only sporadically, and production data are not avail-

Figure 2. Lastarria open pit II (Afquintue) showing a white 
kaolinized quartz porphyry stock overlain by unaltered graph
ite-bearing micaschists. 

able. However, the material is primarily being used for 
porcelain manufacture. 

MATERIALS AND METHODS 

Between December 1995 and March 1996, two rep
resentative kaolin samples (IA and IB) were collected 
from the smaller open pit I and six samples (IIA to 
IIF) from the larger open pit II. Sample lIE comes 
from the highest elevation in pit II (370 m a.s.l.), 
whereas sample IIF from the deepest part (305 m 
a.s.l.). The other samples come from intermediate po
sitions within pit II. For detail see Table 1. 

The <2 f1m fraction of each sample was obtained 
by settling in an aqueous sodium pyrophosphate sus
pension. The mineralogical composition of the sanl
pIes was determined using X-ray diffraction (XRD) 
analysis of oriented and partly glycolated clay mineral 
aggregate samples (Siemens D500, CuKa radiation), 
scanning electron microscopy (SEM) (JEOL 35C) 
with an energy-disperive X-ray analyzer, and differ
ential thermal analysis (DTA) (Netsch STA 409C; 
heating rate: 10aK min -1. In air, reference material: 
AI20 3). Major chemical constituents and trace ele
ments of five selected samples «2 f1m fractions of 
lB, IIA, IIC, lIE, IIF) were determined by X-ray fluo
rescence analysis (XRF) (Siemens SRS30). 

Isotope geochemical studies were conducted at 
Lehrstuhl fUr Angewandte Mineralogie und Geochem
ie, TV Miinchen and Laboratoire de Sciences de la 
Terre, ENS de Lyon. Adsorbed and loosely bound wa
ter was removed by heating the samples at 180aC for 
at least two hours in vacuum. Oxygen was extracted 
using bromine pentafluoride at ~560ac overnight and 
converted to carbon dioxide over hot graphite (Clayton 
and Mayeda, 1963). Hydrogen was extracted by de
hydration at > 1 500°C and by reduction over hot ura
nium according to Bigeleisen et al. (1952). Isotopic 
measurements were performed on a VG Prism mass 
spectrometer. All 0180 and oD values are reported in 
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Table 1. Sample location and mineral composition of Lastarria kaolins «2 /.LID fraction). 

Altitude 
Sample number (m above sea level) Position within the pit 

Mineral composition 
(wI. %) 

Open pit 1: 39°14'30"S; n044'00"W 

IA 455 
IB 455 

1 m below top of intrusion 
2.5 m below contact K(60) 1(40) Q( <5) 

open pit 2: 39°14'40"S; 72°44'30"W ("Afquintue") 

lIA 310 2 m below top of intrusion K(80) 1(15) Q«5) 
lIB 350 at contact to mica schist 
lIC 360 4 m below surface 
lID 360 1 m above base of intrusion 

K(75) 1(25) Goe( <5) Q( <5) 

K(20) 1(40) Gib(40) Q«5) 
K(70) 1(20) Sane <5) Q( <5) 

lIE 370 3 m below top of intrusion 
I1F 305 central part of intrusion 

K = kaolinite, I = illite, Q = quartz, Goe = goethite, Gib = gibbsite, San = sanidin. 

per mil relative to standard mean ocean water 
(SMOW). Analytical precision is estimated at <0.3 
per mil for oxygen and <2 per mil for hydrogen. 

Idiomorphic quartz phenocrysts, with an average di
ameter of 1 mm, were separated from the >63 fLm 
fraction of the kaolinized porphyry sample IB, embed
ded in resin and doubly polished for inspection for 
fluid and melt inclusions. 

MINERALOGICAL COMPOSITION 

The clay size fractions «2 fLm) of the analyzed 
samples consist mainly of kaolinite with minor 
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Figure 3. DTA curves of Lastarria kaolins «2 /.Lm frac
tion). Note prominent endothermic peak at -300°C of the 
gibbsite-bearing sample lIE. 

amounts of illite and quartz (Table 1). Additional con
stituents detected by XRD are gibbsite in sample lIE, 
goethite in sample lIC, and K-feldspar in sample lIP. 
Analyses by XRD, DTA and SEM reveal no evidence 
for the presence of halloysite in the clays. 

Lastarria kaolinite reveals high d(OOl) values of 
7.14-7.30 A and relatively low intensities for d(hkl) 
with k = 3n indicating poor crystallinity and abundant 
layer stacking imperfections. The latter are confirmed 
by low dehydroxylation temperatures 536-556°C (Fig
ure 3). Kaolinite forms irregular, usually very small 
(often <2 fLm) flakes (Figure 4a). Thick "booklets" 
or stacks of kaolinite were not found under SEM. 

A non-expandable dioctahedral aluminum-rich po
tassic 10 A clay mica mineral ("illite") is present in 
all investigated samples. Its morphology is character
ized by very thin «0.2 fLm), but long (up to 4 fLm) 
laths (Figure 4f). The clay mica form "beards" on 
strongly delaminated K-feldspar phenocrysts (Figures 
4c~). 

The presence of gibbsite in one sample (lIE) with 
the highest elevation in open pit II is confirmed by 
XRD and DTA. The characteristic endothermic DTA 
peak near 290°C (Figure 3) is slightly lower than the 
value of 320-330°C given by MacKenzie (1957). 
However, quite variable endothermic peak positions of 
gibbsite from lateritic horizons in Taiwan (280-340°C) 
were described by Chen et al. (1988). The lower val
ues were typical for the uppermost parts of the weath
ering profiles. The inspection by SEM shows that 
gibbsite in sample lIE is morphologically indistin
guishable from the small kaolinite flakes (Figure 4b). 

Residual minerals from the altered quartz porphy
ries, which are now present in the <2 fLm fractions, 
are quartz, goethite and, in sample IIp, very small 
amounts of K-feldspar. 

INCLUSIONS IN QUARTZ PHENOCRYSTS 

The inspection of doubly polished sections of quartz 
phenocrysts from the altered quartz porphyry reveals 
the presence of abundant primary silicate-melt inclu
sions in the cores and in planes of secondary origin 
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Figure 4, Scanning electron micrographs of kaolins from Lastarria, a) fine-grained anhedral kaolinite flakes (sample lIE), b) 
kaolinite and gibbsite flakes (sample lIE), c)-f) lath-shaped clay mica mineral ("illite") growing on delaminated K-feldspar 
(sample lIe), Scale bars in all micrographs = 2 fLm. 

(Figures 5a--c). These silicate-melt inclusions repre
sent crystallized inclusions of small melt droplets from 
the magma. 

Secondary aqueous liquid-vapor inclusions formed 
from healed fractures were observed in less than half 
of the quartz phenocrysts examined. Such inclusions 
are not abundant; some are related to large decrepitat
ed melt inclusions. Secondary inclusions are generally 
rich in aqueous liquid, i.e., they have a high degree of 
fill (VolLId(VoluQ + VolvAP), and often display neck
ing-down textures. Solid inclusions of kaolinite or il
lite were not found in the secondary fluid inclusions 
or in the healed fractures. Secondary trails of vapor
rich two-phase inclusions are also not present in the 
quartz phenocrysts. 

CHEMICAL COMPOSITION 

Chemical analyses of selected <2 [Lm fractions are 
shown in Table 2. The gibbsite-free kaolins contain 
35.5-36.6 wt. % Alz0 3, whereas the gibbsite-bearing 
sample has 45.8 we % A120 3• The Fe20 3 concentra
tions of the clays are variable between 0041 (IB) and 
2.56 wt. % (IIC). Iron-rich samples clearly show a 
faint orange tint. The Ti02 contents are very low 
«0.02 wt. %). The presence of illite in all samples 
results in K20 contents of 1.3-3.9 wt. %. Trace ele
ment concentrations of the Lastarria kaolins are within 
the range reported for other kaolins (Koster, 1969). 

Using the chemical data (major oxides) and XRD 
patterns of the clays, we serniquantitatively estimated 
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Figure 5. Micrographs of inclusion in quartz phenocrysts from kaolinized quartz porphyry (sample IB) from Lastarria. a) 
typical random distribution of primary melt inclusions. Note the absence of secondary fluid inclusion trails. Scale bar = 100 
fJ.m. b) trail of secondary, crystallized melt inclusions. Scale bar = 20 fJ.m. c) crystallized melt inclusion with halo of small 
fluid inclusions indicating natural decrepitation. Scale bar = 10 fJ.m. d) trail of secondary liquid-rich two phase fluid inclusions. 
Scale bar = 40 fJ.m. e) liquid-rich two phase fluid inclusion. Scale bar = 10 fJ.m. 

modal compositions. We used the ideal compositions 
of kaolinite (AI2[SizOs(OH).)) , quartz (Si02), gibbsite 
(AI(OH)3)' goethite (FeOOH), K-feldspar (KAISi30 g), 

and an "illite" (Ko7oAlz53Feo.lsMgo02Si3300Io(OH)2)' 
The results are reported in Table 1. 

STABLE HYDROGEN AND OXYGEN ISOTOPE 
DATA 

The stable hydrogen and oxygen isotope data of se
lected clay samples «2 /-Lm fractions) are presented 
in Table 3 and plotted in Figure 6. The 8180 values of 
gibbsite-free clays (IB, IIA, IIC, and IIF) vary between 
18.2-19.3%0, 3D values between -69 and -74%0. 
There is no systematic variation between oD values 

and illite content indicating very similar hydrogen iso
tope compositions of kaolinite and illite (~-72 ± 
3%0). The high goethite content of sample IIC explains 
its relatively low 8 180 value. Iron oxide hydroxides 
have much smaller oxygen fractionations between 
mineral and water than kaolinite or illite (Yapp, 1987; 
Sheppard and Gilg, 1996). For the other samples, illite 
contents and 8180 values of kaolins are strongly cor
related (r '" 0.9). This relationship allows an estimate 
of the oxygen isotopic compositions of the pure end
members, kaolinite (21 ± 1%0) and illite (14 ± 3%0). 
We estimated a much larger error for pure illite be
cause illite contents never exceed 35 wt. %. The <2 
/-Lm fractions, as well as the calculated pure kaolinite, 
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Table 2. Geochemical composition of Lastarria kaolins «2 Table 3. Oxygen and hydrogen isotope analyses from Las-
fJ.m fraction). tarria . 

Detection 
Sample IB llA He li E IIF limit 

Major constituents (wt. %) 

SiOz 48.60 48.10 46.90 30.10 48.90 0.03 
TiOz 0.02 0.02 0.03 0.01 0.01 0.003 
Al20 3 36.50 36.59 36.09 45.80 35.50 0.06 
Fe20 3 0.41 0.66 2.56 1.86 0.49 0.03 
MnO b.d.1. b.d.1. 0.02 0.04 b.d. 1. 0.002 
MgO 0.09 0.05 0.12 0.07 b.d.1. 0.03 
CaO 0.18 0.16 0.12 0.14 0.17 0.03 
Na20 0.14 0.08 0.08 0.00 b.d.1. 0.06 
K20 3.90 1.31 2.02 2.87 2.50 0.03 
P20 S b.d.1. 0.11 0.04 0.09 0.06 0.02 
LOr 11.0 13.3 12.9 19.0 12.5 

Sum 100.84 100.38 100.88 99.98 100.18 

Trace element concentrations (ppm) 

Ba 262 246 255 251 483 60 
Co 111 49 83 36 11 24 
Cr 132 156 207 146 257 18 
Ga 34 28 21 b.dJ. 12 12 
Nd 104 92 107 b.dJ. b.d.1. 90 
Ni 120 III 131 99 102 18 
Pb b.d.1. 46 b.d.1. b.d.!. b.d.1. 30 
Rb 114 51 78 102 76 12 
Sr 131 56 65 39 47 12 
Th 50 b.d.l. 54 b.d.l. b.d.l. 12 
V 26 b.d.l. b.d.l. 29 19 18 
Y 46 20 58 26 79 12 
Zn 58 35 67 65 48 18 
Zr 47 79 127 15 27 12 

LOr = loss on ignition; b.d.!. = below detection limit. 

plot very close to the kaolinite line (Figure 6) defining 
the isotopic variations of supergene kaolinites (Savin 
and Epstein, 1970; Sheppard and Gilg, 1996). Waters 
on the meteoric water line (oD = 8 0180 + 10) are in 
equilibrium with the pure Lastarria kaolinite at tem
peratures ~15°C (Gilg and Sheppard, 1996; Sheppard 
and Gilg, 1996). Their oD values are approximately 
- 39%0. The gibbsite-bearing sample lIE has a low 
0180 (15.1%0) and high oD value (-55%0). The stable 
isotope values for the pure gibbsite in this sample cal
culated by mass balance are 13 :!:: 2%0 (0 180) and -45 
:!:: 5%0 (oD). The Lastarria gibbsite plots in the 0180-
8D diagram (Figure 6) between the two gibbsite lines 
defining the isotopic variations of supergene gibbsite 
as proposed by Lawrence and Taylor (1971) and Bird 
et al. (1989). 

SUPERGENE VERSUS HYPOGENE 
KAOLINIZATION AT LASTARRIA 

Although the geological position of the Lastarria de
posit in subvolcanic quartz porphyry stocks would po
tentially be favorable for hydrothermal kaolinization, 
the observations and data presented above clearly sup
port a supergene (weathering) origin and additionally 

Sample 

Kaolins «2 fJ.m) 
IE 
IIA 
IIC 
lIE 
IIF 

&DSMOW (%0) 

-74.3 ::':: 1.6 (2) 
-74.6 
-74.3 
-54.7 ::':: 0.8 (2) 
-69.1 ::':: 2.0 (2) 

Pure calculated endmembers 

kaolinite -72 ::':: 3 
illite -72 ::':: 3 
gibbsite -40 ::':: 5 

&180 ... MOW 

18.2 
19.3 
18.4 
15.1 
19.1 

21 ::':: I 
14 ::':: 2 
13 ::':: 2 

document the absence of hydrothermal activity in the 
quartz porphyry stocks of Lastarria. Furthermore, our 
data allow a discussion and critical evaluation of the 
various criteria proposed to distinguish supergene 
from hypogene kaolin deposits elsewhere (e.g. , Shep
pard et ai. , 1969; Konta, 1969, 1970; Keller, 1970; 
Walker, 1970; Bristow, 1977; Bray and Spooner, 1983; 
Kitagawa and Koster, 1991; Sheppard and Gilg, 1996; 
Dill et ai., 1997). 

Mineralogical composition and zoning 

Hydrothermal kaolinites are often associated with 
high-temperature (>40°C) alteration minerals, such as 

0 . 
~ SMOW 

$ 
~ 

-20 I i Waters in equilibrium 
lOoe with Lastarria kaolinite __ + 200(; J00C 

-40 +-+-
~ 
0 
~ 
on 

0 -60 

t-O 

-80 

-100 
-10 -5 o 5 10 15 20 25 30 

Figure 6. 8D versus 8180 diagram of Lastarria kaolins (black 
squares), calculated pure minerals (black dots) and waters in 
equilibrium with kaolinite (crosses) at temperatures between 
1O-30°C. The kaolinite line modified by Sheppard and Gilg 
(1996) after Savin and Epstein (1970), the gibbsite lines after 
Lawrence and Taylor (1971) [LT] and Bird et al. (1989) [BJ 
and the line separating hypogene from supergene kaolinites 
[SIH] from Sheppard et ai. (1969) are given for reference. 
Isotopic compositions of supergene and hypogene clay min
erals from EI Salvador porphyry copper deposit , Chile (Shep
pard and Gustafson, 1976), Andacollo Pb-Zn deposit, Neu
quen, (Dominguez, 1990), Chubut river valley kaolin depos
its, Patagonia, (Cravero et ai. , 1991) both Argentina and pre
sent day meteoric waters from the nearby lAEA station at 
Temuco, Chile, are shown for comparison. 
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pyrophyllite, diaspor, dickite, nacrite, topaz, or zuny
ite, etc. (e.g., Keller, 1969; Lombardi and Sheppard, 
1977; Marumo, 1989; Reyes, 1991; Arribas et at., 
1995; Dill et at., 1997). Other common minerals found 
in hydrothermal kaolins are illite, illite-smectite 
mixed-layer minerals, cristobalite, alunite, and com
plex phosphate-sulfate minerals (e.g., crandallite, 
svanbergite, woodhouseite, goyazite, etc.). However, 
these latter minerals are also found in weathering en
vironments or superficial oxidation zones and thus are 
not considered here as diagnostic for a hydrothermal 
origin. Note, however, that high-temperature minerals 
from earlier hydrothermal activity, which mayor may 
not be related to kaolinization, can occur as residual 
minerals in a much later superimposed weathering or 
oxidation zone (e.g., Konta, 1969; Schoen et al., 1974; 
Sheppard, 1977). Gibbsite generally does not occur in 
hydrothermal kaolins and is typical for weathering ka
olins. 

Additionally, hydrothermal kaolins show a charac
teristic mineralogical zonation with a kaolinite :±: al
unite :±: pyrophyllite zone in the center and an outer 
illite-smectite-rich zone (Kitagawa and Koster, 1991; 
Reyes, 1991; Hedenquist et at., 1996). Such a zoning 
is generally not present in supergene kaolin deposits. 

The presence of gibbsite and the absence of high
temperature minerals such as pyrophyllite, diaspor, 
dickite, or nacrite at Lastarria clearly favor a super
gene origin of the kaolins. 

Textures of clays 

Studying scanning electron micrographs of various 
clays, Keller (1976a, 1976b, 1978) suggested that ka
olins of different origins have characteristic textures. 
For example, kaolins of hydrothermal origin are typi
cally very fine-grained, tightly packed, and thus have 
a low porosity. The kaolinite plates occur as singles, 
sheaves, or thin packets; large kaolinite booklets are 
not present. Although these features match the textures 
of Lastarria kaolins, Keller (1976a, 1976b, 1978) also 
noted that kaolins formed by in situ weathering can be 
very fine-textured if the igneous parent rocks are fine
textured, such as the matrix of quartz porphyries. 
Thus, clay textures are not an unambigous means to 
distinguish kaolins formed by hydrothermal processes 
from kaolins formed by weathering. 

Fluid inclusions 

The abundance of fluid inclusions in quartz from 
kaolinized granites was regarded by Nicolas (1958) as 
an indicator of hydrothermal kaolinization. However, 
Konta (1969) found identical fluid-inclusion assem
blages in fresh and kaolinized granites from the Kar
lovy Vary area, Czech Republic, and concluded that 
fluid inclusions existed in quartz prior to kaolinization. 
He further suggested that the presence of abundant flu-

id inclusions in quartz cannot be regarded as unequiv
ocal proof of hydrothermal kaolinization. 

Contrasting conclusions were drawn by Bray and 
Spooner (1983) and Alderton and Rankin (1983) in 
their studies of the Cornish deposits, SW England. 
Bray and Spooner (1983) found a positive correlation 
between the degree of kaolinization and the intensity 
of quartz veining, as well as the abundance of fluid 
inclusions in quartz at Goonbarrow china clay pit. 
They suggested that kaolinization involved a high
temperature vapor phase. Alderton and Rankin (1983) 
could show that the intensity of kaolinization in the 
St. Austell granite can be correlated with the abun
dance of low-salinity low-temperature « 170°C) liq
uid-rich fluid inclusions. It is noted, however, that 
zones of intensive hypogene kaolinization ("advanced 
argillic alteration") in active geothermal systems
modern analogs of ancient hypogene kaolin deposits
are generally related to areas of enhanced permeability 
where the interaction of ascending sulfur- and/or HCI
rich hot magmatic vapors with cold ground waters to 
produce steam-heated acid fluids (Meyer and Hemley, 
1967; Reyes, 1991; Hedenquist et at., 1996). These 
acid alteration zones are characterized by the abun
dance of vapor-rich fluid inclusions (Reyes, 1991). 

Konta (1969), Sheppard (1977) and Bristow (1977) 
suggested that hydrothermal alteration in some gran
ite-hosted kaolin deposits was not directly responsible 
for the main kaolinization, but caused sericitization 
and increased the permeability of the rocks for later 
deep weathering. 

The scarcity of secondary fluid inclusions in quartz 
phenocrysts of the kaolinized Lastarria porphyries and 
the lack of quartz veining in the deposit indicate that 
there was no strong hydrothermal activity at Lastarria. 

Chemical composition 

In a recent study, Dill et al. (1997) found that some 
trace elements, e.g., P, Ti, Cr, Nb, Ce, La, and Y, can 
be used to distinguish between hydrothermal and 
weathering kaolins from northwestern Peru. If their 
suggested criteria were applied to the Lastarria depos
it, the low-phosphorus and high-chromium plus nio
bium contents of the Lastarria kaolins would imply a 
supergene origin, whereas their low-cerium plus lan
thanium plus yttrium and low-titanium concentrations 
would favor a hypogene origin. The criteria of Dill et 
at. (1997) thus cannot be transfered to classify other 
deposits. For example, the kaolins from Schwertberg 
(Austria), Hirschau, Tirschenreuth, or Kemmlitz (Ger
many) of weathering origin have low Ti02 contents 
(Koster, 1969) and would thus fall into the field of 
hydrothermal kaolins of Dill et al. (1997). This indi
cates that trace element compositions of residual ka
olins do not only reflect their temperatures of forma
tion, but also strongly depend on the chemical com
position of the parent rocks. It is noted that Koster 
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(1969) did not find any significant differences in trace 
element concentrations between supergene and hypo
gene kaolins. 

Isotope geochemistry 

The use of stable oxygen and hydrogen isotopes to 
discriminate supergene from hypogene kaolins has 
been demonstrated by Sheppard et at. (1969) and by 
Marumo et at. (1982). In a 3D-8180-diagram, kaolin
ites of weathering origin scatter around the kaolinite 
line, whlch presents the isotopic compositions of ka
olinites in equilibrium with meteoric waters at 20°C, 
whereas hydrothermal kaolinites typically plot left to 
the SIH (supergene/hypogene) line of Sheppard et at. 
(1969). The validity of this approach was confirmed 
recently by a critical review of Sheppard and Gilg 
(1996). The kaolins from Lastarria (with the exeption 
of the gibbsite-rich sample lIE), as well as the calcu
lated pure kaolinite, plot very close to the kaolinite 
line indicating a weathering origin of the clays. 

Similarily, the calculated isotopic composition of 
pure gibbsite plots between the two proposed gibbsite 
lines of Lawrence and Taylor (1971) and Bird et at. 
(1989), closer to the former one. Bird et at. (1994) 
attributed the discrepancy between the two calibrations 
primarily to variations in oxygen isotope fractionation 
between gibbsite and water, which depends not only 
on temperature, but also on the mechanism of gibbsite 
formation. Gibbsites formed by desilication of kaolin
ite should plot near the Lawrence and Taylor line, 
whereas gibbsite crystallized from a gel or solution, 
as in most kaolinite-poor bauxite deposits, should plot 
near the gibbsite line of Bird et al. (1989). The stable 
isotope composition and morphology of gibbsite and 
its occurrence in a kaolin deposit favors the formation 
of Lastarria gibbsite by desilication. 

Hydrogen and oxygen isotope fractionation factors 
between illites and water at ambient temperatures are 
not well known, but extrapolations from higher tem
peratures suggest similar 3D values and 3180 values 
are a few per mil smaller compared to kaolinite (Shep
pard and Gilg, 1996). Thus, illites in equilibrium with 
meteoric waters at 20°C should plot close to the SIH
kaolinite of Sheppard et at. (1969). The isotopic com
position of pure illite from Lastarria is thus consistent 
with a weathering origin. Note that hydrothermal ka
olinites and sericites from the El Salvador porphyry 
copper deposit, Northern Chile, (Sheppard and Gus
tafson, 1976) and hypogene kaolinite from the Anda
collo Pb-Zn deposit, Neuquen, Argentina (Dominguez, 
1990),300 km to the NE of Lastarria, have much low
er 3180 values compared to kaolinites and illites from 
Lastarria (Figure 6). 

PALEOCLIMATIC IMPLICATIONS 

The H- and O-isotope compositions of meteoric wa
ters, and therefore supergene clays, are determined by 

climatic factors of whlch annual mean air temperature 
is by far the principal variable outside of tropical is
land and monsoon climates (Rozanski et at., 1993). 
We can therefore compare the climate during kaolini
zation with that of the present by determining changes 
in the isotopic composition of the meteoric waters. 

The H- and O-isotope compositions of meteoric wa
ters during kaolinization are calculated from the iso
topic compositions of the kaolinite using the point of 
intersection of the meteoric water line (3D = 8 3180 
+ 10) with the curve for waters in equilibrium with 
this kaolinite (Figure 6; Savin and Epstein, 1970; 
Sheppard and Gilg, 1996). This gives a meteoric water 
with 3D = --39%0 and a temperature of - 15°C. The 
latter is only semi-quantitative because of uncertainties 
in the precise calibration of the O-isotope fractionation 
at surface temperatures. Using the Global Network for 
Isotopes in Precipitation (GNIP) data base for the 
South Pacific Chilian coastal stations including Chil
lan, Concepci6n, La Serena, Puerto MonU, Punta Are
nas, Temuco and Valparaiso (IAEAJWMO, 1994), the 
0- (or H-) isotope composition of the local meteoric 
water is related to its annual mean air temperature by: 

3180 = 0.674 X teC) - 14.16 (1) 

This relation is very similar to that derived by Dans
gaard (1964) for North Atlantic coastal stations. This 
is important, demonstrating the universality of his ex
pression to coastal regions both in the northern and 
southern hemispheres. Equation (1) gives a calculated 
annual mean air temperature of 1O.9°C compared with 
a measured value of 1O.8°C for the IAEA station at 
Temuco (altitude 114 m; Figure 1), using the local 
meteoric water value of 3D = -48%0 (or 3180 = 
-6.8%0) from 1988-1991 (IAEAJWMO, 1994). For 
Lastarria, neither the present annual mean air temper
ature nor the isotopiC composition of local meteoric 
waters is directly available. Based on the Temuco data, 
they are estimated in two different ways for an altitude 
of 350 m. (1) Application of the classic meteorological 
temperature-altitude relation (-0.58K1100 m; Heyer, 
1993) gives a temperature of 9.4°C. Then, from equa
tion (1) meteoric waters have 3D = -53%0 and 3180 
= -7.8%0. (2) Most 3D values of meteoric waters 
change with altitude by -1.3 to -3 .2%0/100 m (Fon
tes, 1980). Lastarria meteoric waters are calculated to 
have 3D = -54 :t 3%0 at 350 m. These two indepen
dent estimates are similar. 

The major decrease in the 8D value of local mete
oric waters from - 39 to - 54%0 implies a significant 
evolution in the climate to the present temperate-hu
mid one with up to 2100 mm rainfall (Weischet, 1970). 
The climate during kaolinization was warmer and 
probably more humid (Parrish et al., 1982). If the dif
ference in 3D between the time of kaolinization and 
the present at Lastarria is principally due to a change 
in annual mean air temperature and equation (1) is at 
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least approximately applicable to coastal regions in 
past times, then the annual mean air temperature dur
ing kaolinization is estimated to be -12°C. As the 
basement block of the Coastal Cordillera, on which 
the Lastarria kaolin deposit is situated, was a morpho
logical high since Miocene times, the -2.5°C change 
in annual mean air temperature at Lastarria is probably 
not just related to a change in altitude at Lastarria from 
sea level to 350 m during uplift of the Andes since 
kaolinization. 

Weathering kaolins from the Chubut river valley, 
Argentina, which formed during the Upper Jurassic to 
Lower Cretaceous at higher latitude (-43°30'S) than 
Lastarria, have significantly heavier hydrogen isotopic 
compositions (oD = -57 to -65%0; Cravero et ai., 
1991; Dominguez and Murray, 1995) compared to 
Lastarria kaolins, indicating even higher annual mean 
air temperatures during that period. Southern South 
America experienced barely any change in paleolati
tude after the opening of the South Atlantic (cf. Parrish 
et al., 1982; Scotese et at. , 1988). Thus the docu
mented cooling of continental climate in that region, 
from Late Jurassic/Early Cretaceous (Chubut) via 
post-mid-Tertiary (Lastarria) to present day, as indi
cated by systematic changes of isotopic composition 
of kaolins or meteoric waters, is most probably related 
to global cooling (Crowley and North, 1991). 

CONCLUSIONS 

Mineralogical, stable oxygen and hydrogen isotope, 
and fluid inclusion data suggest that the residual kaolin 
deposits near Lastarria, South-Central Chile, formed 
by weathering of quartz porphyry stocks at slightly 
higher annual mean air temperatures (-12°C) than 
present day ones (-9.4°C). The change in climatic 
conditions is probably not just related to uplift of the 
Andes. There is no evidence of significant hydrother
mal activity in the subvo1canic rocks, which could be 
related to a pervasive sericitic alteration prior to ka
olinization. Clay mica ("illite"), which constitutes 
from 17 to 38 wt. % of the < 2 f.Lm fractions of the 
clays, formed by alteration of K-feldspar phenocrysts 
at superficial temperatures. Gibbsite, which occurs in 
the uppermost part of the deposit and is morphologi
cally indistinguishable from kaolinite flakes, probably 
formed by desilication of kaolinite . 

Geological setting, microtextures, and chemical 
compositions of kaolins are not considered as unam
biguous means to distinguish hydrothermal from 
weathering kaolins. The presence of some character
istic minerals, such as pyrophyllite, diaspor, or dickite 
in high temperature or gibbsite in low temperature en
vironments, may yield clues to the origin of a kaolin 
deposit. However, a combination of hydrothermal and 
superimposed supergene alteration may cause ambi
guity in some cases. The study of fluid inclusions in 
quartz from altered rocks is a very powerful means to 

detect circulation of hydrothermal fluids and to recon
struct the thermal regime of paleohydrothermal sys
tems. However, an unambiguous assignment of one or 
more fluid-inclusion populations to a hydrothermal-ka
olinization event should not only be made on the basis 
of fluid inclusions alone, but should also include iden
tification and study of paragenesis of accidentally 
trapped solid inclusions, especially clay minerals, and 
their correlation with fluid-inclusion assemblages. 
Combined stable oxygen and hydrogen-isotope studies 
of kaolinites and associated minerals are considered to 
date to be the most powerful method to constrain tem
peratures of kaolinization and thus the origin of kaolin. 
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