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Diagenesis, low-grade and contact metamorphism in the
Triassic-Jurassic of the Vichuquén-Tilicura and Hualané-

Gualleco Basins, Coastal Range of Chile

by Mauricio Belmar', Susanne Th. Schmidt2, Rafael Ferreiro Mählmann3, Josef Mullis3,
Willem B. Stern3 and Martin Frey3(deceased)

Abstract

Diagenetic and low-grade metamorphic conditions have been determined (pressure and temperature) for Late
Triassic to Early Jurassic sedimentary rocks from the Vichuquén-Tilicura and the Hualané-Gualleco basins in Central

Chile using Kiibler index (KI), coal rank data, K-white mica b cell dimension, characteristic mineral assemblages
and fluid inclusion data. A burial-related diagenetic to low-grade metamorphic event, which is recorded in both
basins, is partly overprinted in the Hualané-Gualleco basin by contact metamorphism around Jurassic dioritic to
granodioritic intrusions. Diagenetic conditions prevailed in the northern Vichuquén-Tilicura basin, whereas in the

southern Hualané-Gualleco basin low-grade metamorphism is observed with an increase in metamorphic grade
from north to south. Epizonal conditions are locally reached in the very south of the Hualané-Gualleco basin. Low-

pressure conditions were determined using the K-white mica b cell dimension. A numerical maturity model corroborates

with the regional low-grade metamorphism. Evidence of contact metamorphism in the immediate proximity of
some Jurassic intrusions includes: (1) hornfels facies assemblages such as ferrosilite (XFe0 6)-magnesiohornblende-
ferroactinolite-biotite together with chlorite, plagioclase, stilpnomelane and (2) natural coke and pyrolitic bituminite
in some sedimentary samples. Epizonal KI and high coal rank values are probably a result of this locally occurring
contact metamorphism.

Keywords: diagenesis, low-grade metamorphism, contact metamorphism, illite crystallinity, K-white mica, coal
rank.

Introduction

Low-grade metamorphism of mafic rocks in the
Central Andes of Chile is probably one of the best
documented examples of a depth-related increase
of metamorphic grade from upper zeolite to
greenschist facies (Levi, 1969; Aguirre et al.,
1978,1997,1999; Levi et al., 1982; VERGARAet al.,
1993). Mesozoic sedimentary rocks and intrusive
igneous plutons are widespread in the coastal
region south of Santiago but neither the
metamorphic evolution nor the possible influence of
contact metamorphism due to the presence of
intrusive bodies have been studied. This study
therefore aims to determine the P-T conditions

and the influence of contact metamorphism in the
Mesozoic sedimentary sequence in the Tilicura-
Vichuquén and the Hualané-Gualleco basins
(between 34° 45' S and 35° 20' S or 100 km east of
Curico and ca. 300 km south of Santiago de Chile)
by applying several techniques: Kühler index (KI),
coal rank, fluid inclusion microthermometry,
identification of index minerals, critical mineral
assemblages and thermal maturity modeling.
Studies of low-grade metamorphism and related
contact metamorphism in sedimentary rocks are
relatively rare. Nadeau and Reynolds (1981)
used the regional pattern of coal rank and the
distribution of ordered versus random interstratification

in illite/smectite in the Cretaceous Mancos
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Shale of the southern Rocky Mountains and the
Colorado Plateau to define the thermal regime of
burial and contact metamorphism. Héroux and
Tassé (1990) report that organic matter near
alkaline intrusions in the St. Lawrence Lowlands in
Quebec is characterized by mosaic textures and
has higher reflectances than the background levels

of organic matter in the dolostones of the
Lower Ordovician Beckmantown Group. Based
on Kübler index data, Warr et al. (1991) observed
in the external Variscides of southwest England a
coincidene between the areas of regional epizonal
grade and the extent of a geophysically defined
subsurface limit of a granite batholith. Sachsen-
hofer et al. (1998) examined the southwestern
basin of the Neogene Styrian basin, Slovenia, and
the possible influence of Tertiary magmatic
events on the maturation of organic matter. The
present study reveals vitrinite anomalies which
are related to the thermal overprinting by shallow
plutons.

Geological setting

Late Triassic to Early Jurassic sedimentary rocks
are exposed in the Vichuquén-Tilicura and the
Hualané-Gualleco basins (Fig. l).They form part
of an almost continuous belt of Mesozoic
sedimentary rocks which is approximately 60 km in
length and unconformably overlies the Paleozoic
crystalline basement (Fig. 1). Tectonic development

during the Triassic was controlled by continuous

movements and differential uplift of the
Paleozoic basement and lasted until at least the
Jurassic (Thiele and Morel, 1981). The western
Paleozoic areas were exhumed at a faster rate
than those to the east which preserve Mesozoic
basin sedimentary rocks. The regional paleogeo-
graphic and tectono-sedimentary evolution during

the Triassic-Jurassic resulted in a simple
morphology characterized by basins and high structures

(Figs. 1-2). Uplift of the western Paleozoic
basement during the Triassic-Jurassic boundary
resulted in the development of two sedimentary
basins, known as the Vichuquén-Tilicura basin in
the north and the Huaiané-Gualleco basin further
to the southeast (Fig. 1). Corvalän (1976,1994)
mapped these two basins and established the general

stratigraphy. He concluded that the rocks

(—Fig. 1 Simplified geological map for the Lago Vichu-
quén-Hualané-Gualleco areas, modified after
Corvalän (1996) with the data of Kübler index (KI), coal
rank (Rmax), fluid inclusion (FI) and chlorite "geother-
mometry".

have only experienced diagenesis with the exception

of local regions which have been contact
metamorphosed by Jurassic granodiorites and
diorites. The principal structures in the sedimentary

strata are north-south fold axes and normal
faults which are generally attributed to the
rejuvenation of deep-seated structures in the Paleozoic

basement. East-west faulting in the northern
part of the Hualané-Gualleco basin predates the
prevailing NW-SE faulting (Thiele and Morel,
1981; Corvalän, 1982). No cleavage is visible in
the north, whereas an incipient cleavage has
developed in the central and southern part of the
Hualané-Gualleco basin, indicating an increase in
deformation towards the south.

The northern Vichuquén-Tilicura basin is 13

km long by 6 km wide and hosts the Lago de Vi-
chuquén (Fig. 1). Late Triassic sedimentary rocks
(Corvalän, 1976) are characterized by a marine
sequence of lutites, shales and sandstones as well
as volcanic and volcaniclastic sedimentary rocks
(Fig. 3). Early Jurassic sedimentary rocks are in
faulted contact with the Triassic rocks (Fig. 3) in
the Lago de Vichuquén profile, and reach a mean
thickness of 1250 m. They are predominantly
composed of black fissile shales with minor
sandstones and conglomerates (Corvalän, 1976,
1982). The western border of the Vichuquén-Tilicura

basin (Figs. 1-2) is composed of a Paleozoic
metamorphic basement sequence (Gonzales-
Bonorino, 1970; Munizaga et al., 1973; Hervé et
al., 1982). In the northeastern part, the basin is
limited by Late Paleozoic granitoid rocks. The
Late Triassic to Early Jurassic sequence of mainly
sedimentary rocks reaches a maximum thickness
of up to 2600 m in the Hualané-Gualleco basin
and east of the village of Curepto (Figs. 1-3). In
the eastern most part of the study area andesitic
lava flows, volcanic breccias and sedimentary
intercalations of Middle and Upper Jurassic are
exposed (Morel, 1981). The Jurassic intrusions are
principally granodiorites, although they have dio-
ritic borders (Fig. 1). Gana and Hervé (1983)
published K/Ar ages of 165 ± 5 Ma (biotite) and
175 ± 5 Ma (hornblende) for these plutons.

Analytical methods

SAMPLE PREPARATION

Shales and slates were cleaned and their weathering

rims were removed. They were subsequently
ground in a disc mill for <40 s. Carbonate was
removed using 5% acetic acid and the remaining
material was washed with deionized water.The <2
pm fraction was obtained using settling tubes and
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Fig. 2 Cross sections of the Hualané-Gualleco basin. Cross section AA' shows increased Rmas values as compared to
Kl values in the vicinity of Late Jurassic diorites. Cross section BB' shows KI and Rmax values related to burial
metamorphism.

Millipore® filters with a 0.1 pm pore size. The clay
fraction was Ca-saturated with 2N CaCl2. Oriented

slides were prepared by pipetting the suspension

onto glass slides (-5 mg cur2) and allowing it
to air-dry. Glycolated mounts were prepared for
smectite determination in a glycol steam bath at
60 °C overnight.

dimension was calculated from the (060, 331)
spacing using the (211) quartz reflection as an
internal standard. Randomly oriented powders with
sizes <2 pm powders were used to eliminate the
influence of detrital mica in larger size fractions.
The samples were analyzed by step scanning from
59 to 63 °28 to determine the (060, 331) interference.

POWDER X-RAY DIFFRACTION

X-ray diffraction measurements were performed
with a Siemens D-5000 diffractometer using the

following instrumental settings: Cu Ka radiation,
40 kV, 30 mA; automatic primary and secondary
divergence slits; secondary graphite monochro-
mator.The goniometer settings for air-dried slides
were: (i) 2-21 °20 with a step increment of 0.05 °20
and an integration time of 30 s, (ii) 21-42 °20 with
a step increment of 0.02 °20 and an integration
time of 1 s, (iii) 42-64 °20 with a step increment of
0.02 °20 and an integration time of 8 s. The goniometer

settings for glycolated préparâtes were: 2-
23 °20 with a step increment of 0.03 °20 and an

integration time of 6 s. The scan speeds were: 0.1

°20 min-1 for air-dried préparâtes with a total
measuring time of 5.5 h and 0.33 °20 mnr1 for
glycolated préparâtes with a total measuring time of
1.5 h.The d-spacing was calibrated against quartz
occurring in the samples. The K-white mica b cell

KÜBLERINDEX

The Ktibler index was determined as the angular
peak width at half height of the first illite basal
reflection (Ktibler index, KI; Kübler 1967, 1984;

Guggenheim et al., 2002) on the 0.1-2.0 pm fraction,

following the recommendations given by
Kisch (1991). Measurements were performed on
49 samples of air-dried and glycolated préparâtes
and calibrated following an interlaboratory
standardization by Dalla Torre and Frey
(1997). Ktibler index was not determined in samples

yielding interferences of the first illite basal
reflection with other phases, for example, parago-
nite or pyrophyllite. The limiting KI values for the

low-grade and high-grade boundary of the an-
chizone are 0.42 and 0.25 A°20 Cu Ka, respectively

(Frey, 1987). The A°20 standard deviation
of KI values is ±0.02.
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EXPANDABILITY AND ORDERING OF
ILLITE/SMECTITE

The ordering and the percentage of illite in
mixed-layer illite/smectite (I/S) were
determined using the method of Moore and
Reynolds (1997) and the computer program NEW-
MOD (Reynolds, 1985).The alternation and
the d-spacing position of I/S basal reflections
after glycolation were used to determine the
different ordering types and the percentage of illite
in I/S (Moore and Reynolds, 1997). A reflection

near 5 °20 indicates random interstratifica-
tion (Reichweite R 0), one near 6.5 °20
indicates R1 ordering and one between 7 and 8 °20

long-range ordering (R > 1, Moore and
Reynolds, 1997).

VITRINITE REFLECTANCE

Coal rank was determined on 28 samples by
measuring the reflectivity of vitrodetrinite (coali-
fication expressed as vitrinite reflectance % Rmax).
Coal rank and Ktibler index were measured on
the same specimen. For vitrinite reflectance
measurements, shales were cut perpendicular to
sedimentary bedding or, if recognizable, to the cleavage

and then embedded in resin. After polishing,
the coal rank was determined by reflectivity

Granitoids

Fig. 3 Stratigraphie columns and estimated thickness of the Triassic-Jurassic in the Lago Vichuquén-Tilicura and
Hualané-Gualleco basins (after Corvalân, 1996).
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Fig. 4 Kühler index values plotted vs. UTM coordinates in N-S direction showing a decrease of KI from north to
south.
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measurements in oil immersion using a MPV-
Leitz Orthoplan-photometer microscope with an
125X objective and an ocular with a magnification

of 10X, monochromatic polarized light (546
nm) and a photomultiplier with a measurement
area aperture of 2.5 pm2. The arithmetic % Rmax,

% Rmin and % Rr (mean maximum, mean minimum

and random vitrinite reflectance; Mack-
OWSKY, 1982) were determined. Whenever possible,

a minimum of 20 measurements from vitrode-
trinite clasts was obtained for each sample.
Synthetic garnet, zirconia and diamond, with reflectances

of 1.72, 3.11 and 5.24%, were used as standards.

The rank is based on the classification of co-
alification stages in Stach et al. (1982). The
vitrinite reflectance is sensitive to changes in meta-
morphic grade mainly in the range from 0.25 to
8.0 % Rmax or up to high epizonal conditions
(Stach et al., 1982; Ferreiro Mählmann, 1995;

Koch, 1997). Further details of data discrimination

are given in Ferreiro Mählmann (2001).

FLUID INCLUSION MEASUREMENTS

Fluid inclusions in fissure quartz were analyzed
by microthermometry using a Leitz Laborlux 12

Pol microscope equipped with a Chaixmeca
freezing-heating stage that is designed to work within
the temperature range of -180 °C to +600 °C
(Poty et al., 1976). Calibration was performed
using the triple points of n-hexane (-94.3 °C), car¬

bon dioxide (-56.6 °C), distilled water (0.0 °C),
and the melting temperatures of appropriate
chemical compounds supplied by the Merck
Corporation. The uncertainty of measurements is on
the order of ±0.1 °C within the range of -60 to +40
°C and ±1 °C outside this range. The detailed
methodology for determining fluid inclusion bulk
density, composition and temperature and pressure

of fluid inclusion determination is described
in Mullis (1987).

Solid phases in quartz as well as within aqueous

fluid inclusions were identified with the Scanning

Electron Microscope (SEM) and chemical
compositions were qualitatively determined using
energy dispersive spectrometry (EDS).

MICROPROBE ANALYSES

Chemical analyses and scanning electron microscope

(SEM) images of minerals were obtained
using the JEOL JXA-8600 superprobe at the
University of Basel. Olivine (Mg, Fe, Si), orthoclase
(K.A1), synthetic graftonite (Mn), albite (Na) and
wollastonite (Ca) were used as standards. All
elements were measured using wavelength dispersive

spectrometry, an accelerating voltage of 15

kV and a beam current of 10 nA. The detection
limit was determined by measuring the
just-detectable peak, corresponding to 3cr of the
background count. In general, counting times for major

and minor elements was 10 s and 20 s, respec-
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Fig. 5 Vitrinite reflection data plotted vs. UTM coordinates in N-S direction showing the probable influence of
contact metamorphism and of burial metamorphism.

tivly and the background counting time was set to
4 s. The beam was focused to a spot size of 2 pm.
Data were reduced using the PROZA correction
program for all silicates, data of pumpellyite and
epidote using the programm ZAF due to the
high Fe-content. Microprobe analyses of chlorite
were normalized to 28 oxygens and fulfill the
criterion (Na+Ca+K) < 0.20 as a constraint for
microprobe analyses uncontaminated by other
phases (Schmidt et al., 1997).

Results

A total of 71 samples were analyzed including
shales and slates, but also some sandstones and a
few volcanic rocks. Incipient metamorphism in
the study area is documented by the occurrence
of several index minerals, various properties of il-
lite and mixed-layer illite/smectite, vitrinite
reflectance and fluid inclusion data. Results from
Ktibler index are presented first because they
serve as a reference frame for other indicators of
incipient metamorphism and are conventionally
used to differentiate diagenesis, anchizone and
epizone (Kisch, 1987).

KÜBLERINDEX

Kühler index was determined on 49 samples. KI
values range from 0.18 to 0.65 A°20 (Table 1) and
their regional distribution is depicted in Figs. 1, 2

and 4. In the Vichuquén-Tilicura basin, KI values
of the high diagenetic zone (Jurassic sediments)
are more frequent than KI values of the low
anchizone (Triassic sediments). In the Hualané-
Gualleco basin, most KI values indicate anchi-
and epizone, but no systematic difference in KI
values between the Late Triassic and Early
Jurassic sediments is observed. In general, KI values

decrease southward but there is considerable
scatter in the values (Fig. 4). In the south, NE of
Curepto, the KI values belong to the low and high
anchizone, whereas near Gualleco, most KI values

are indicative of the high anchizone and
epizone, respectively.

VITRINITE REFLECTANCE

Dispersed organic matter shows a broad range of
coalification from 2.8 to 7.5% Rmax (Table 1). The
regional distribution of Rmax data is depicted in
Figs. 1-2 and plotted in a north-to-south section in
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Table 1 Minerai assemblages, Kühler index and coal rank data. RF—Rock Formation. Vichuquén-Tilicura basin:
1—El Cisne Fm, 2 —Laguna Tilicura Fm. Hualané-Gualleco basin: 3 —Estera de la Higuera Fm, 4 — Rincôn de
Nunez Fm. UT —Upper Triassic; LJ —Lower Jurassic. Abundance of minerals: X—abundant, O —low abundance,
?—presence questionable, b cell K-white mica b cell dimension. Il/Sm—illite/smectite; Chl/Sm—chorite/smectite;
Pg —paragonite and/or K-mica; Prl —pyrophyllite; Qtz —quartz; OM—organic material.

Sample RF Age II Il/Sm Chi Chl/Sm Prl Pg Qtz OM Kühler
index
A°20

FWHM
glycol
A°20

b cell Rmax
(À) (%)

cr(Rmax) Rmin
(%)

H 3-09 1 UT O o O o O 0.43 0.42

H3-10 1 UT O X 0 X X 0.36 0.32 8.999 3.8 0.23 2.4
H3-07 1 UT X X o 0.48 0.39
H3-08 1 UT O o o o X 0.33 0.29 8.996 4.1 0.21 2.5

Hl-12 2 U X X O o X 0.46 0.42 2.8 0.22 2.0
Hl-01 3 UT X o o o o 0.59 0.56
H1-02 3 UT X X o o X 0.33 0.84 3.9 0.24 2.2
H1-03 3 UT X X o o o 0.46 0.56
H1-04 3 UT o X o 0.49 0.39 6.7 0.21 4.3
H2-08 3 UT o o O o o 0.32 0.77
H2-07 3 UT X o o 0.52 0.43
H4-04 3 UT X X o 0.25 0.25 9.001 6.5 0.62 2.7
H4-06 3 UT X X 0.27 0.24 9.002
H4-07 3 UT X 7 o X o 0.33 0.3 9.000 4.9 0.27 1.9

H5-04 3 UT X o o X 0.28 0.25 9.007 5.5 0.47 1.4
H6-19 3 UT X O 0 X o 0.41 0.37 3 0.25 1.4

H7-01 3 UT o o X 0.35 0.33 9.002
H7-02 4 LJ X 7 o X X 0.31 0.27 9.000 3.3 0.31 2.1

H7-04 4 U X X X 0.36 0.33 9.002 5.7 0.3 3

H7-05 4 U o O 7 X X 0.29 0.24 9.000 6.8 0.44 3.1

H2-02 4 U X X 0.31 0.30 8.991
H2-03 4 U X O 0 0 X X 0.50 0.47 6.8 0.46 3.6

H1-07 4 LJ X X X 0.44 0.38 8.986 6.6 0.38 3.5

H1-08 4 U X o 0 o 0.34 0.27 9.003
H1-06 4 U X 7 o X 0.47 0.40 6.5 0.30 3.6
H2-05 4 LJ X X 0.32 0.33 9.001 7.5 0.48 4.0
H2-06 4 LJ X o o 0.48 0.44
H3-01 4 U X X X 0.40 0.36 8.997 5.5 0.35 3.2
H 3-02 4 LJ X X o 0.31 0.30 8.998
H3-03 4 U X X X 0.29 0.30 8.992 6.1 0.25 4.0
H3-04 4 LJ X X 0.29 0.28 9.001
H3-06 4 U o X o X 0.40 0.38 9.005 6.3 0.40 3.4
H4-05 4 U X X 0.29 0.27 8.997
H4-08 4 U o X 0.27 0.23 9.004
H1-05 4 U o O X X 0.34 0.29 9.008 5.9 0.32 3.4
H7-03 4 LJ X o o X 0.65 0.49
H7-04 4 U X X X 0.36 0.33 9.002 5.7 0.30 3.0
H7-02 4 U X 7 o X X 0.31 0.27 9.000 3.3 0.31 2.1

H6-18 4 LJ X o X 0.39 0.32 9.000 2.9 0.15 1.6

H6-17 4 LJ 0 o X o 0.39 0.37 8.999 3.2 0.29 2.3
H6-14 4 LJ X X o X 5.1 0.29 2.5
H6-15 4 U o O X X 0.27 0.27 9.005
H6-13 4 LJ X X X 0.40 0.33 8.995 5.8 0.25 3.2
H4-08 4 U o X 0.27 0.23 9.004
H4-05 4 U X X 0.29 0.27 8.997
H4-01 4 U X 7 0 0.20 0.18 8.995
H4-02 4 LJ X X o X 0.23 0.23 5.6 0.73 1.9

Fig. 5. The Rmax values vary in a similar manner to
the KI data and generally increase southward
with considerable scatter in the data. The highest
coal rank of the meta-anthracite stage is found in

the vicinity of granodioritic-dioritic intrusions
(Figs. 1-2).

In the northern part of the Vichuquén-Tilicura
basin, the coal rank ranges from 2.8 to 3.1 % Rmax
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Fig. 6 (a) Texture of pyrolitic carbon in organic matter of sample H2-5. (b)Texture of natural coke in organic matter
of sample H4-4.

(low anthracite stage or equivalent to the high
diagenetic zone as determined by KI values),
while in the southern part of this basin two values
of 3.8 and 4.1 % Rmax are found (transition of the
anthracite to meta-anthracite stage or equivalent
to the lower anchizone). In the northwestern part
of the Hualané-Gualleco basin, values vary
between 2.9 and 3.3 % Rmax (low anchizone) but
north of the Rio Mataquito, coal rank values
increase from west to east. Samples with values >6 %
Rmax show textures of natural coke and pyrolitic
carbon (Fig. 6) formed after chemical cracking of

volatiles. The pyrolitic carbon forms spherical
fibrolitic bodies (<50 pm) with helicitic extinction
(anisotropic fibroblastic structure showing Brewster

cross) and shows other typical optical features
of a short and fast thermal overprint, as described
by Ferreiro Mählmann (2001). East of Curepto,
the coal rank ranges from 4.9 to 6.5% Rmax (meta-
anthracite to semi-graphite stage or the low anchizone

to epizone). As in the northwestern part of
the Hualané-Gualleco basin, the sample with the
highest coal rank (Rmax 6.5%) also shows
textures of pyrolitic carbon.
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Table 2 Microthermometric results. (1) Host mineral. PQ—prismatic quartz, VQ —vein quartz. (2) Fluid inclusion

population. (3) Inclusion type, psll—pseudosecondary fluid inclusion, II—secondary fluid inclusions. (4) Number of
studied fluid inclusions. (5) VoT—volatile type. (6) V% —volume-% of the volatile part at room temperature. (7)
Tmict—melting temperature of ice (°C). First number: mean value, second and third number: extreme values. (8)
Tdcl—dissociation temperature of clathrate. (9) ThVol—homogenization temperature of the volatile part (°C), L—
homogenization temperature to the liquid phase. 10) TH2Ovol — homogenization temperature of the aqueous part
with the volatile part (gas bubble), L—homogenization to the liquid phase. (11)-(13) — approximate mol% of H20,
NaCl-equiv and CH4-equiv. HHC— more than 1 mol% of hydrocarbons heavier than CH4, A—anisotropic
minerals—calcite, phyllosilicates, quartz.

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14

VoT V% Tmic. Tdcl ThVol TH20-vol
H2 PQ 1 psll 19 CH4 6 —6.1/—7.0; —5.2 12 no 187/167; 195 L >95.5 3.1 <1 A
H2 PQ 2 II 26 CH4 8 -4.5M.8; 4.2 12 no 223/213; 235 L >96.7 2.3 <1 A
H6-18b VQ 1 II 20 H20 5-6 n.m. no 170-240 L H20 NaCl vol? A
H6-18b VQ 2 II 6 HHC 90 n.m. -60/-63;-54L no HHC
H6-18b VQ 3 II 5 CH4 5 -3.6/-3.Ô;-3.5 13 no 179/175; 181L >97.1 1.9 <1 A
H6-18b VQ 4 II 36 CH4 6 -3.2/-3.3;-3.0 13 no 190/180; 199 L >97.3 1.7 <1 A

DISTRIBUTION OF INDEX MINERALS

The main minerals identified by XRD are white
mica (illite-muscovite) and quartz. Only a few
samples contain chlorite, paragonite, K-mica,
pyrophyllite, mixed-layer clay minerals (illite/
smectite and chlorite/smectite) and albite. Mineral

assemblages are listed in Table 1.

Pyrophyllite occurs in three closely spaced
outcrops of Late Triassic grey shales (Estero de la

Higuera Fm, Fig. 3) northwest of Hualané (Fig. 1,

Table 1 Kiibler index values for two samples
indicate low anchizone (KI A°20 0.32 and 0.33)
and two samples (KI 0.46 and 0.59) may be

slightly affected by weathering.
Paragonite was identified in three samples

with KI values of 0.50,0.43 and 0.23 which are
diagnostic of the high diagenetic zone and epizone,
respectively. The first value is probably also
influenced by weathering.

Biotite occurs in one sample (sample H5-03)
located close to a diorite body in the southern
part of the study area. The mineral assemblage is

ferrosilite (XFe,l6)-grunerite-actinolite/ magnesio-
hornblende-biotite-allanite (epidote) with plagio-
clase, stilpnomelane, ilmenite, titanite and apatite.

EXPANDABILITY AND ORDERING OF
ILLITE/SMECTITE

Mixed-layer illite/smectite (I/S) is present in all
samples from the Vichuquén-Tilicura basin and is

characteristic of the high diagenetic and the low
anchizone, but occurs only sporadically in an-
chizonal and epizonal samples from the southern
Hualané-Gualleco basin. Three types of mixed
layering were observed: Type 1 is defined by the

presence of the I/S ordering type R 1 with 65 to
80% illite in I/S. Type 1 is present in the northern
part of the Vichuquén-Tilicura basin (samples
Hl-10 to Hl-12, H3-12 & H3-13) where KI values
indicate high diagenetic conditions and Rmax

reaches approximately 3%. Type 2 is defined by
the presence of the I/S ordering type, R 3, with
>90% illite in I/S. This type is present in the southern

part of the Vichuquén-Tilicura Basin (samples
H3-7 to H3-10) and in one sample (H3-6) from
near Hualané where KI values indicate high
diagenetic to low anchizonal conditions and Rmax

reaches about 4%. Type 3 contains 85-90% illite
in I/S and is designated as ordering type R > 1. It
was found only in one sample in the Hualané-
Gualleco basin, east of Curepto.

THE K-WHITE MICA b CELL DIMENSION

The K-white mica b cell dimension ranges
between 8.991-9.008 Â for 15 illites from the low
anchizone, for 10 high anchizonal illites from
8.992-9.007 À, and for a single epizonal illite a

value of 8.995 Â was obtained. This leads to a

mean K-white mica b cell dimension of 9.000 A
(<j=0.004; n=26). The cumulative frequency plot
indicates that low pressure conditions prevailed
(Fig. 7). A comparison of this data with that of
Guidotti and Sassi (1986) indicate a baric type
similar to that of New Hampshire (x=9.003 À;
cr=0.004; n=40) implying low-pressure conditions.

FLUID INCLUSION MEASUREMENTS

Fluid inclusion populations were examined in two
samples of fissure quartz taken from an Early
Jurassic sedimentary formation in the Hualané-
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Fig. 7 Cumulative frequency data of values of the K-white mica b cell dimension for 25 anchizonal and one epizonal
samples for Vichuquén. Reference curves are from Sassi and Scolari (1974) and Sassi (personal comm., 1999).

Gualleco basin (for location see Fig. 1). One sample

is from the immediate proximity of a Middle
Jurassic dioritic intrusion in the eastern Hualané-
Gualleco basin (sample H2-1) and the other sample

originates from the bottom of the Early
Jurassic sedimentary sequence, located near the
contact with the Triassic sedimentary rocks (sample

H6-18).
Two fluid inclusion populations were found in

the northeastern locality: the older population
consists of pseudosecondary inclusions, whereas
the younger populaton is composed of secondary
inclusions. Both inclusion populations contain an

aqueous solution (Table 2) with a small amount of
dissolved methane (<1 mol%) whose presence is
evidenced by the occurrence of methane clathrate
which dissociates (Tdcl) at 12 °C. The melting
temperature of ice (Tmlce) was converted to 3.1

mol% NaCleqfor population 1 and 2.3 mol% Na-
Cleqfor population 2 based on experimental data
of Potter et al. (1978). These values are slightly
too high, as the presence of clathrates lowers the
salinity. The measured homogenization tempera¬

tures (ThH20-voi) of 187 ± 20 °C for fluid population
1 and 223 ± 12 °C for fluid population 2 are, in

the presence of some dissolved methane,
interpreted as the minimum to approximate trapping
temperatures. A minimum to approximate pressure

of >1.3 kbar was calculated for population 1,

based on the F^O-CFlj-NaCl system of Duan et
al. (1992). No pressure estimate is possible for
population 2 due to the limitations of the fluid
system concerned (Duan et al., 1992).

Four fluid inclusion populations are observed
from the bottom of the Early Jurassic sedimentary

sequence. Fluid inclusion population 1

formed during or immediately following the
precipitation of quartz. Fluid inclusions are obscured
by a lot of comtemporaneously included solids
such as phyllosilicates and calcite (Fig. 8). This
fluid inclusion population is interpreted to have
formed from a fluid containing substantial
amounts of Si, AI, Ca, Na, K and C02 during dia-
genetic conditions.

Fluid inclusions of population 2 were detected
within a quartz rim overgrowing early quartz.
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Fig. 8 SEM photograph showing phyllosilicate inclusions in cavities of a quartz crystal.

They are up to >90 vol% a mixture of hydrocarbons

and homogenize at -60 ±4 °C. No solid C02
was observed at low temperatures indicating a

fluid composition of 80 to 90 mol% methane and
10-20 mol% higher hydrocarbons (Mullis, 1979).

Inclusion populations 3 and 4 frequently occur
within the overgrown quartz rim and postdate
population 2. These inclusions contain a methane
bearing aqueous solution (<1 ntol% CH4) derived
from clathrate that dissociates (Tdcl) at 13 °C.
Salinities of 1.9 mol% NaCleq were determined for
population 3 and 1.7 mol% NaCleq for population
4, using the freezing point depression of aqueous
sodium solutions (Tmlce) of Potter et al. (1978).
Due to the presence of clathrates salinities are
slightly overestimated. Bulk homogenization
temperature (ThH20-voi) f°r population 3 and 4 are
179 ± 4 °C and 190 ± 10 °C, respectively (Table 2).
The aqueous solutions were enriched with methane

during inclusion formation and hence these

temperatures are interpreted as minimum to
approximate trapping temperatures. Referring to
the P-V-T data of the H20-CH4-NaCl system
(Duan et al., 1992), minimum to approximate
formation pressures of fluid inclusion population 3

and 4 are 1.4 and 1.3 kbar respectively.

METAMORPHIC MINERALS AND MINERAL
CHEMISTRY IN VOLCANIC ROCKS

In addition to shales and slates, a few lavas and
volcaniclastic rocks were studied. In the upper
part of the Early Jurassic formation southeast of
the Rio Mataquito the sedimentary rocks are
increasingly interbedded with lavas and andesitic
breccias (Morel, 1981). Lava flows of Late
Jurassic age are exposed in the most northeastern
part of the Hualané-Gualleco basin. They contain
euhedral phenocrysts of plagioclase, K-feldspar
and augite. Chlorite and calcite are the main alteration

products. Plagioclase is partly to completely
albitized. Newly formed albite shows a compositional

range between An04 and An21 although a

majority lies in the range of An04 and An8.
Epidote occurs frequently in the lava flows

together with chlorite, titanite, magnetite, calcite
and locally pumpellyite and grandite. It replaces
plagioclase and clinopyroxene phenocrysts along
fissures, is observed in minor amounts in small
crystals in the groundmass and preferentially fills
the cores of vugs and interstices. Two types of
epidote are distinguished in the southern part: (1) a

dusty, brownish variety with a pistacite component

of 14.9 to 27.6 and (2) a light-yellow variety
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that always occurs inside the brownish one and
has a pistacite component between 30.6-42.7. In
the eastern central part three types can be
distinguished. Type 1 has a brownish color and shows a

pistacite component between 28 and 33. Type 2 is

of yellow color and is characterized by a pistacite
component of 39 to 43. The presence of Ce, Nd
and La suggests allanitic compositions in the center

of type 3 grains.
Titanite occurs as dusty granules or small

spherical aggregates at the rim of vugs and
interstices associated with chlorite, epidote and as
dispersed spots in the groundmass. Titanite in the
study area has A1203 contents between 2.7—4.8

wt% and Fe203 contents between 1.4-5.9 wt%,
similar to prehnite-pumpellyite facies terranes in
central Sweden (Nyström, 1983) and the
metaandesites of the Celica Formation in
southwestern Ecuador (Aguirre, 1992).There is no
increase in titanium content with metamorphic
grade as seen in the Taveyanne formation of western

Switzerland (Schmidt et al., 1997)
Chlorite is the most common metamorphic

mineral in the Middle to Late Jurassic volcanic
and volcanoclastic rocks. It frequently occurs as

replacement patches inside plagioclase and
clinopyroxene phenocrysts, as inclusions in vugs
and also as interstitial material in the groundmass.
Most occurrences are pale-green, although yel¬

lowish-green pleochroitic types appear with
anomalously deep blue to brownish grey interference

colours. The low E(Na+K+Ca) contents
(>0.2), based on a calculated sum of 28 oxygen
atoms indicate very low contents of interlayered
smectite.

A rock specimen containing pumpellyite from
the most northeastern part of the Hualané-Gual-
leco basin, with the assemblage grandite-epidote-
chlorite-titanite-calcite-magnetite-allanite, is
reported for the first time from this area. Although
optically homogenous, two intergrown pumpellyite

types can be distinguished chemically.
Pumpellyite of type 1 has FeO* contents between
9.25 and 11.75 wt% and A1203 contents between
19.69 and 21.64 wt%. Pumpellyite of type 2 has
lower FeO* values ranging between 5.56-8.8
wt%, although the ALO, values are greater than
type 1 and range between 21.24 to 23.03 wt%.

Grandite was observed in the same thin
section as pumpellyite and allanite and ocurs as
framboidal grains with a diameter of up to 20 pm
within chlorite patches of the groundmass and
also in chlorite-epidote vugs. XFe3+ values range
from 53.3 to 62.7% and small amounts of Mg are
present (max. 0.36 wt%). Grandite analyses have
low totals (between 95 and 99 wt%), a feature
shared by framboidal grandites elsewhere and
attributed by Coombs et al. (1977) to fluid-filled
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microcavities. The grandite-pumpellyite-chlorite-
epidote assemblage may form during the burial
induced metamorphism of basic volcanic rocks, as

described by Coombs et al. (1977) from southern
New Zealand, metamorphosed to prehnite-
pumpellyite facies, or from upper zeolite facies
rocks as reported by Aguirre (1992) in SW
Ecuador. Coombs et al. (1977) state that grandite-
chlorite assemblages are common in metabasites
of very low metamorphic grade, but are eliminated
before the onset of greenschist facies conditions
because grandite is incompatible with chlorite in
the presence of quartz under such conditions.

MINERAL CHEMISTRY IN PELITIC ROCKS

Contact metamorphic field relationships between
Jurassic intrusions and Jurassic sedimentary rocks
are only visible in fresh roadcuts. A hornfels (H5-
03) with quartz, plagioclase, flakes of biotite with
inclusions ofTi-Fe-phases and anhedral ferrosilite
(XFe06) was taken a few meters away from an
intrusion near the Gualleco valley. A vein in the
specimen contains euhedral ferrosilite (XFe06)
and actinolite-magnesiohornblende which are
partly replaced along rims by ferroactinolite, as

well as biotite, chlorite and stilpnomelane which
represent the mineral assemblage of the retrograde

part of the contact metamorphic event. The
vein also contains euhedral allanite and apatite.
The chemical compositions of actinolite-magnesiohornblende

and ferroactinolite of the matrix
and the vein are shown in Fig. 9 (after Leake,
1997). Ferroactinolite occurs also in the rock matrix

adjacent to the vein. The matrix ferroactinolite
has a higher Si content than the ferroactinolite

in the vein, although the Mg/(Mg+Fe2+) ratios are
similar for both matrix and vein ferroactinolite.

Discussion

COMPARISON BETWEEN COAL RANK. KI
AND MINERAL ASSEMBLAGES

Data from a large number of regional metamorphic

terrains show that a general relationship
exists between Kübler index and coal rank: as the
Kühler index decreases, the vitrinite reflectivity
increases (for a review see Kisch, 1987). The
maturation of organic matter is known to be an
irreversible process and coal rank in the diagenetic
and the anchizone has been shown to be more
sensitive than KI to an increase in temperature
(Wolf, 1975). Kübler index and coalification
increase simultaneously up to anchizonal condi¬

tions in the study area (Fig. 10). The black line in
Fig. 10 represents the vitrinite reflectance-Kübler
index correlation found as a mean for different tec-
tono-metamorphic histories (Ferreiro Mähl-
MANN, 1995) and for orogenic low-temperature-
low-pressure events under long-time heating
conditions close to peak temperatures (Ferreiro
Mählmann, 2001). The high diagenetic to
anchizonal values of the Vichuquén-Tilicura basin
are close to that trend. This group of samples is

therefore interpreted to represent the low-grade
metamorphic burial event that reached up to
anchizonal conditions. Certain samples violate this
general trend, showing KI values of the anchizone
but coal rank data of the epizone (Fig. 10). In
addition, these samples show the textures with
natural coke and pyrolitic carbon. These
increased vitrinite reflectance values are interpreted

as the result of a high temperature heating
event of short duration caused by the emplacement

of intrusions nearby. Further to the south,
near Gualleco, KI values generally indicate epi-
zonal conditions and corroborate with the coal
rank data (Figs. 1 and 10). It is not clear whether
this is the result of the proximate dioritic-
granodioritic intrusions or if the KI values are a

consequence of an increase in stratigraphie thickness,

resulting also in a higher burial induced
metamorphic grade.

Thermal maturity models, calibrated by
vitrinite reflectance data, are very useful in
determining the thermal histories during very low-
grade metamorphism in sedimentary basins (e.g.
England and Bustin, 1985; Langenberg and
Kalkreuth, 1991; Gallagher and Sambridge,
1992; Sachsenhofer et al., 2000; Ferreiro
Mählmann, 2001 It is possible to model the burial

metamorphic conditions of the Hualané-Gual-
leco basin by using "Seditools" (Petschick, 1996,
based on Lopatin, 1971 and Waples, 1980). The
lowest vitrinite reflectance values (R 2.9-3.2), a

total thickness of 4600 m of Jurassic rocks (including
2100 m of eroded rocks, Escobar, 1976; Cor-

valän, 1976) and a geothermal gradient of 35 °C
as inferred from fluid inclusion data were
assumed in the model. However, it was not possible
to model high coal rank data (>5.0 Rmaic) with
such a burial metamorphic model and the above
parameters. Other parameters, such as locally
occurring higher heat flow during contact metamorphism,

could be responsible for this increase in
coal rank data.

The KI and coal rank values are compared
with phases identified using XRD that are characteristic

for each metamorphic zone. Sedimentary
rocks with illite/smectite are located in the high
diagenetic zone. Paragonite is present from the
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beginning of the anchizone to the lower epizone,
and pyrophyllite appears in the lower anchizone.
The mineral assemblage grandite-pumpellyite-
chlorite-epidote of a Jurassic volcanic rock
indicates higher zeolite to subgreenschist facies
conditions which correlate with the observed KI and
coal rank data.

TEMPERATURE AND PRESSURE
DETERMINATION

"Chlorite thermometry" in very low-grade meta-
morphic rocks (Cathelineau, 1988) was recently
reviewed by Merriman and Peacor (1999).
Although its usefulness has been questioned (Es-
sene and Peacor, 1995; Shau et al., 1990; Jiang
et al., 1994; Schmidt et al., 1999). the "chlorite
geothermometer" has been applied to four samples

of this study. The andésite H7-6, located east
of Hualané, containing the assemblage chlorite-
grandite-epidote-pumpellyite, yields a temperature

of 237 ± 20 °C (n 67). For two other volcanic
rocks, located ESE of Curepto, containing no

diagnostic assemblages, the chlorite temperatures
are 253 ± 23 °C (n 45) and 296 ± 25 °C (n 60).

The metapelite sample H4-2, located south of
Gualleco and containing the assemblage chlorite-
muscovite-paragonite-quartz, has a coal rank of
5.6 % Rmax and a Kl value of 0.23 A°20. It yields a

temperature of 281 + 16 °C (n 8). The absolute

temperature values are to be questioned but lie
within the temperature range inferred from KI
and coal rank. Chlorite formation within these

samples is therefore considered to be part of the
burial metamorphic history.

The measured minimum trapping temperatures

of the various fluid inclusion populations in
the two studied quartz veins show a similar
temperature range. The KI values range between late
diagenetic and low anchizonal values in nearby
situated rocks, whereas all coal rank values indicate

epizonal conditions and show evidence of
contact metamorphism. Fluid inclusion populations

are interpreted to have formed during the
burial induced heating event. If aT> 190 °C and p
> 1.3 kbar are assumed as well as Pnuid Plolai. an
overburden of ca. 4.8 km can be deduced (rock
density 2.7).The corresponding geothermal
gradient is calculated to be >35 °C/km.

The KI, mineral paragenesis in pelitic and
volcanic rocks, K-white mica b cell dimension and
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"chlorite geothermometry" suggest a low-grade
burial metamorphic history for the sediments of
the Hualané-Gualleco and the Vichuquén-Tilicu-
ra basins. The transformation of R1 to R3
observed in the southern part of the Vichuquén-Tili-
cura basin probably occured at a temperature of
170-180 °C (Pollastro, 1993). Smectite contents
of 1-10% in the anchizone imply a burial depth of
around 5 km at temperatures between 150 and
230 °C (see Merriman and Frey, 1999).

The formation temperatures of the contact
metamorphism in the immediate proximity of a
hornfels with the assemblage ferrosilite (XFe06)-
ferroactinolite/magnesiohornblende-biotite were
calculated based on coexisting plagioclase with
An57 and magnesiohornblende with Al(VI)
0.12, NaA 0.94 and Si 7.3 pfu using the amphi-
bole-plagioclase thermometer of Holland and
Blundy (1994). Calculated temperatures of the
edenite-tremolite solid solution lie within a range
of 655 °C to 691 °C and a pressure of <4 kbar. Due
to this increased temperatures, the sedimentary
rocks near this sample show a strong increase in
coal rank and KI values. Héroux and Tassé
(1990) made similar observations in the Lower
Ordovician Beckmantown Group in the St.
Lawrence Lowlands in Quebec. Reflectance anomalies

of organic matter are not only related to intrusions

not exceeding a distance of 5 km, but also to
major faults which they consider to be the pathways

for hydrothermal fluids which transported
the heat required to increase the reflectance of
the organic matter.

The different methods used record different
steps of the thermal evolution of the basin. KI,
mineral assemblages, "chlorite geothermometry"
and fluid inclusion thermometry reflect the various

stages of the burial history, whereas the locally
increased vitrinite reflectance and KI, as well as

the hornfels paragenesis are the result of the thermal

conditions either induced during intrusion of a

magmatic body or by heat transfer from a hydro-
thermal fluid. All data point to a general thermal
evolution under high heat flow condition and a

low temperature-low pressure to high temperature-low

pressure metamorphic history.
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