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Abstract

Within the metamorphic basement of the Coastal Cordillera of central Chile, the Western Series constitutes the high-pressure
(HP)/low-temperature (LT) part (accretionary prism) of a fossil-paired metamorphic belt dominated by metagreywackes. In its
eastern part, blocks derived from small lenses of garnet amphibolite with a blueschist facies overprint are locally intercalated
and associated with serpentinite and garnet mica-schist. Continuously developed local equilibria were evaluated applying
various independent geothermobarometric approaches. An overall anticlockwise PT path results. The prograde path evolved
along a geothermal gradient of ~ 15 °C/km, passing the high-pressure end of greenschist facies until a transient assemblage
developed within albite-epidote amphibolite facies transitional to eclogite facies at peak metamorphic conditions (600—760 °C,
11-16.5 kbar; stage I). This peak assemblage was overprinted during an external fluid infiltration by an epidote blueschist
facies assemblage at 350—500 °C, 10— 14 kbar (stage II) indicating nearly isobaric cooling. The retrograde equilibration stage
was dated with a Rb—Sr mineral isochron at 305.3 £ 3.2 Ma, somewhat younger (296.6 £ 4.7 Ma) in an adjacent garnet mica-
schist. Localized retrograde equilibration continued during decompression down to ~ 300 °C, 5 kbar. The retrograde evolution
is identical in the garnet amphibolite and the garnet mica-schist.

The counterclockwise PT path contrasts the usual clockwise PT paths derived from rocks of the Western Series. In addition,
their ages related to stage Il are the oldest recorded within the fossil wedge at the given latitude. Its “exotic” occurrence is
interpreted by the path of the earliest and deepest subducted material that was heated in contact with a still hot mantle. Later
accreted and dehydrated material caused hydration and cooling of the earliest accreted material and the neighbouring mantle.
After this change also related to rheological conditions, effective exhumation of the early subducted material followed at the
base of the hydrated mantle wedge within a cooler environment (geothermal gradient around 10—15 °C/km) than during its
burial. The exotic blocks thus provide important time markers for the onset of subduction mass circulation in the Coastal
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Cordillera accretionary prism during the Late Carboniferous. Continuous subduction mass flow lasted for nearly 100 Ma until

the Late Triassic.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Critical for the understanding of the evolution of
subduction zones is the study of sets of interrelated PT
paths from exhumed high-pressure (HP) metamorphic
complexes that can also directly be compared with
numerical modelling results (e.g. Peacock, 1990;
Guinchi and Ricard, 1999; Gerya et al., 2002). Al-
though in HP—low-temperature (LT) rocks of fossil
accretionary prisms generally clockwise partial PT
paths are recorded (e.g. Maruyama and Liou, 1988;
Massonne, 1995a,b), increasing evidence of counter-
clockwise PT paths in locally restricted occurrences
became available within this type of geotectonic
regime during the past decade (Wakabayashi, 1990;
Oh and Liou, 1990; Krogh et al., 1994; Perchuk et al.,
1999; Smith et al., 1999; Krebs et al., 2001). Such
examples were recorded from relatively small-scale
tectonic blocks (e.g. in the Franciscan: Wakabayashi,
1990; Oh and Liou, 1990), which also differ from the
regional surrounding HP—-LT rocks by generally
showing higher peak PT conditions and older ages
of metamorphism. The presence of such isolated
“exotic” blocks with their systematic characteristics
seems to be a typical feature for deeply eroded
accretionary prisms that must be explained by more
refined geodynamic models.

In this paper, we report on glaucophane-bearing
garnet amphibolite of Los Pabilos, a so far unique
example of a tectonic body with a counterclockwise
PT path from the metamorphic basement in the
Chilean Coastal Cordillera (Fig. 1). This basement
constitutes a very long trending chain of fossil accre-
tionary prisms, between about 30 and 54°S (Forsythe,
1982; Hervé, 1988; Fig. 1). For the main volume of
rocks of these accretionary prisms, the widespread
occurrence of phengite in metapsammopelites and
metabasites (e.g. Massonne et al., 1996) and quanti-
tative geothermobarometric studies (Willner et al.,

2000, 2001) point to preserved peak metamorphic
conditions of a low PT gradient, with metamorphic
conditions transitional from greenschist to blueschist
facies, typical for subduction regimes. Traditionally,
the HP—LT nature of the rocks was inferred only by
reports of local glaucophane-bearing rocks at Pichi-
lemu (34°30'S) by Aguirre et al. (1972) and at Los
Pabilos (40°57'S) by Kato (1985). Thus, HP-LT
rocks were believed to be rare along the convergent
continental margin of South America a decade ago.

The glaucophane-bearing garnet amphibolite of
Los Pabilos was first described by Kato (1985) and
the field relationships were presented in detail by Kato
and Godoy (1995), who also mentioned rare relics of
omphacite. The scope of our study is to derive a
quantitative PT—time (¢) path for this rock type, in
order to provide an important constraint for refined
conceptual models of mass transport in deep-rooted
accretionary wedges.

2. Geological setting

The Chilean Coastal Cordillera accretionary com-
plexes generally consist of two major units (Aguirre
et al., 1972; Hervé, 1988; Willner et al., 2000; Fig.
1): The low-grade (transitional greenschist- to blue-
schist facies) Western Series contains rocks of con-
tinental provenance (metagreywacke and metapelite;
~ 80—-85%) and oceanic origin (metabasite; serpen-
tinite; metachert; meta-exhalites; ~ 15-20%) and is
characterized by a penetrative flat transposition foli-
ation. The very low-grade and less-deformed Eastern
Series contains metagreywackes with well-preserved
sedimentary structures, corresponding to a turbiditic
environment, and with stratigraphic continuity at
outcrop scale. Between 34 and 40°S, the Eastern
Series was intruded by a late Paleozoic calc-alkaline
batholith and locally overprinted by a low-pressure
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Fig. 1. Geological map of the basement of the Chilean Coastal Cordillera between 34° and 42°S.

(LP)—high-temperature (HT) metamorphism. This
setting was interpreted by Aguirre et al. (1972) as
a paired metamorphic belt. Further south in the
Chonos Archipelago (44—47°S), Willner et al.
(2000) showed that rocks, previously assigned to
those series, but with partly Triassic protolith ages,

were metamorphosed (at peak conditions) under a
common metamorphic gradient of 12—13 °C/km.
These authors suggested that the Eastern Series
represents a higher level of the accretionary wedge
preserved in the retrowedge zone transitional to the
back stop system.
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In the Coastal Cordillera of south-central Chile,
between 39°30' and 42°00'S, exposures of the West-
ern Series prevail. They represent the framework of
our study locality (Fig. 1). Metapsammopelites pre-
dominate with about 20% of metabasic intercalations.
A clockwise PT path, probably typical for this region,
was derived by Willner et al. (2001) with peak PT
conditions of 300-370 °C and 6-—8 kbar and a
retrograde path characterized by decompression to 2
kbar and cooling to temperatures somewhat below
300 °C, external fluid influx, and strain-free crystal-
lisation of retrograde phases. The widespread occur-
rence of stilpnomelane + potassic white mica (for PT
stability, see Massonne and Szpurka, 1997) in this
basement segment (Gonzalez-Bonorino, 1970; Kato,
1985) suggests similar PT conditions below 350—400
°C. Nevertheless, local occurrences of metapelites
with the assemblage biotite + potassic white mica
and of garnet-bearing metabasites (Kato, 1985) point
to local higher maximum temperatures (and presum-
ably pressures). From maps showing corresponding
mineral assemblages, no clear regional zonation trend
is discernible. However, the regional structural trend
is consistently NW—SE with a predominant, mostly
flat lying, s, foliation transposing earlier structures
such as sedimentary features and relict s; planes. The
s, foliation is parallel to the axial plane of recumbent
cm- to m-scale F, folds. Fold axes and stretching
lineations are parallel to the general NW—SE trend.
The s, foliation, which was refolded by large-scale
open F3 folds, is here considered a basal accretion
feature formed during the early retrograde PT path by
ductile thinning (Willner et al., 2000, 2001).

The glaucophane-bearing garnet amphibolite of Los
Pabilos occurs within a poorly exposed region of the
Western Series characterized by an intensively weath-
ered surface covered by dense forests. Although a
thorough account of the local geological situation
was presented in Kato and Godoy (1995), the geolog-
ical relationships of these exceptional rocks still remain
unclear. The garnet amphibolite is present at two
localities of several 100-m extent as loose boulders of
mostly dm-size locally concentrated on top of an
erosional plateau. The rocks of the immediately sur-
rounding areas are interfoliated greenschist, serpentin-
ite and quartz mica-schist typical for the Western
Series. The occurrence of some serpentinite boulders
together with those of the garnet amphibolite at one

(Cuesta Brava; 73°46.75W/40°57,91'S) of the two
localities suggested to Kato and Godoy (1995) a close
relationship with a nearby occurrence of a serpentinite
lens striking parallel to the regional WNW —ESE trend-
ing penetrative foliation. Thus, the garnet amphibolite
boulders might represent autochthonous weathering
relics of a lens associated to the serpentinite body. We
collected several samples from the Cuesta Brava local-
ity including a boulder of garnet mica-schist.
Chemical analyses of the Los Pabilos garnet am-
phibolite by Kato and Godoy (1995) revealed mid-
oceanic-ridge basalt signatures with a tendency to
primitive island arc composition, similar to other
metabasites of the surrounding Western Series. For
the garnet amphibolite of Los Pabilos, a K—Ar age of
white mica of 304 +9 Ma (Kato and Godoy, 1995)
and an Ar—Ar age of white mica of 323 + 2 Ma (Kato
et al., 1997) are mentioned. These values differ from
other age data so far measured for the Western Series
between 39.5 and 42°S. Glodny et al. (2002a)
reported Rb—Sr mineral isochron age data for the
main penetrative deformation of the country rocks, in
the range between ~ 250 and ~ 230 Ma, with a
trend of younging towards the south. Duhart et al.
(2001) summarize Ar—Ar and K—Ar ages of potassic
white mica in this area, regarded as cooling ages,
which cover a wide range clustering between ~ 270
and ~ 215 Ma. Martin et al. (1999) suggested that
peak (high P/T) metamorphism within the Western
Series occurred between 328 and 304 Ma, and was
followed by a nearly complete retrogression at <275
Ma. In this paper, we oppose this view. Instead, we
intend to show that the garnet amphibolite of Los
Pabilos is far more “exotic” than previously thought,
being part of a tectonic body with a PTt evolution
completely different from the main volume of the
Western Series rocks in the area. While a Late
Carboniferous metamorphic age was suggested for
the Los Pabilos garnet amphibolites, the main volume
of material was not even subducted at that time:
Dubhart et al. (2001) presented spectra of U—Pb single
grain ages for detrital zircon from metapsammopelitic
schists of the Western Series rocks sampled between
39.5 and 42°S. Several concordant detritus ages
younger than 300 Ma (down to 275 Ma) are a priori
in conflict with the above inferred Late Carboniferous
HP metamorphic stage. Duhart et al. (2001) invoked
“at least two episodes of deposition and a similar
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number of deformation and metamorphic events” to
explain this discrepancy. Instead, we propose that
continuous subduction mass flow circulation over a
certain time seems to be more conceivable.

Granites that intruded the Eastern Series at the
same latitudes yielded U—Pb ages of 282—-306 Ma
(Martin et al., 1999). The oldest sediments, which
unconformably overlie the basement rocks, are conti-
nental siliciclastic rocks of Late Triassic age (Martin
et al.,, 1999). The major sinistral NW—-SE trending
Puren fault zone (37°40/—39°20'S) juxtaposed the
Western Series and the continuation of the Permo-
Carboniferous magmatic arc to the north and may
have controlled Triassic sedimentation (Echtler et al.,
2003; Fig. 1). Exhumation of the Western Series,
related to basal accretionary processes, continued to
the Late Triassic (Glodny et al., 2002a). If this view is
correct, the entire accretionary mass flow, with partly
concomitant magmatic arc activity, was active be-
tween Late Carboniferous and Late Triassic times
for the section of the Chilean Coastal Cordillera
considered here.

3. Analytical methods

Mineral analyses were achieved with a Cameca
SX 50 microprobe at Ruhr-Universitdt Bochum,
Germany. Operating conditions were an acceleration
voltage of 15 kV, a beam current of 15 nA, 20 s
counting time per element on the peak and on the
background and a defocussed beam of § pm diam-
eter in order to avoid loss of alkalies in micas,
feldspars and amphiboles. Standards used were syn-
thetic pyrope (Si, Al, Mg), rutile (Ti), glass of
andradite composition (Ca, Fe), jadeite (Na), K-
bearing glass (K), topaz (F), Ba-silicate glass (Ba;
La). The PAP procedure was used for matrix cor-
rection. Representative analyses and structural for-
mulae of minerals used for PT calculations, together
with the calculation procedure of the structural
formulae, are presented in Table 1. Further analyses
may be provided upon request to the first author.
Element distribution maps were simultaneously pro-
duced for three elements by stepwise scanning over
rectangular areas using a Camebax microprobe in
Bochum. Abbreviations for minerals and mineral
components used throughout the text are in line with

Kretz (1983). Abbreviations not included in Kretz
(1983) are: Kwm—K-white mica, Nam—Na-amphi-
bole, Cam—Ca-amphibole and V—vapour.

Mineral concentrates of two samples, a garnet
amphibolite and a garnet mica-schist, were analyzed
for their Rb—Sr mineral systematics by isotope dilu-
tion methods. Mass spectrometric analysis was done
at the GFZ Potsdam. Analytical procedures are pre-
sented in detail by Glodny et al. (2002b).

4. Petrographical characteristics and mineral
chemistry

4.1. Garnet amphibolite

The principal rock type of the exotic blocks of Los
Pabilos is a garnet amphibolite (samples 96CH-143,
-144, -145, -161) dominated by coarse amphibole
(0.4-2.0 mm), garnet (1-3 mm), epidote (0.3—1.0
mm) with interstitial chlorite (0.1-0.5 mm), white
mica (0.1-0.5 mm), rutile, titanite and/or ilmenite. In
some cases, amphibole and epidote reveal a certain
orientation. The amphibolite boulders may lack gar-
net, sharing, however, similar features with the
garnet-bearing ones. The principal fabric shows clear
evidence of two distinctly different superimposed
metamorphic assemblages (Fig. 2). The mineral
characteristics presented in the following correspond
well with features already observed by Kato and
Godoy (1995).

Amphibole reveals most diversity of composition
and fabric. A first amphibole generation (Am 1; Table
1) is represented by rare relics with high Na-contents
enclosed in garnet. These amphiboles are winchite
(Na® on the octahedral site ~ 0.8 per formula unit,
pfu) or actinolite (Na® ~ 0.48 pfu; Am la) and
actinolitic hornblende within hornblende (Am 1b;
Na® ~ 0.8 pfu with elevated Na® on the A-site
~ 0.2 pfu). Most prominently, the predominant am-
phibole crystals of the matrix have dark green cores
and 0.1-0.5 mm wide blue rims with clear discon-
tinuous boundaries. All degrees of reaction, between
incipient formation of blue amphibole and a nearly
complete replacement of green by blue amphibole,
can be observed in different samples. The green cores
(Am 2) are partly intergrown with potassic white mica
and chlorite along rational grain boundaries or they
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Table 1
Representative analyses of minerals
Amphibole 96CH143 96CH144 96CH145

Amla AmIb Am2core Am2rim Am3 Am 4 Am 2 Am 3 Am 4 Amla Am?2 Am 3
SiO, 54.64 50.91 41.29 42.03 55.78 53.65 43.90 56.37 53.52 52.61 41.34 55.97
TiO, 0.05 0.27 1.19 1.04 0.08 0.03 0.96 0.04 0.00 0.03 1.28 0.02
Al,O3 4.73 6.50 14.11 13.79 9.95 1.98 13.29 11.47 1.32 3.14 14.04 9.87
Fe,05" 3.01 1.30 291 2.46 2.99 4.59 1.89 2.55 1.57 4.93 2.64 2.79
FeO 10.12 13.07 15.30 15.98 10.42 9.85 11.56 8.60 14.22 13.06 15.40 13.25
MnO 0.22 0.24 0.19 0.29 0.16 0.35 0.08 0.05 0.45 0.10 0.10 0.08
MgO 13.32 12.44 7.97 7.65 9.36 15.20 11.13 9.80 13.45 12.35 8.08 7.12
CaO 7.66 10.30 9.59 9.26 1.74 10.92 10.36 1.30 11.75 9.81 9.60 0.81
Na,O 3.28 2.11 3.46 3.61 6.74 1.45 3.37 0.11 0.65 1.95 3.75 6.87
K,0 0.06 0.44 1.25 1.27 0.03 0.09 0.29 6.71 0.05 0.10 0.84 0.03
H,0?% 2.10 2.06 1.98 1.98 2.14 2.09 2.03 2.16 2.04 2.06 1.98 2.10
Sum 99.19 99.64 99.24 99.36 99.39 100.20 98.86 99.16 99.02 100.14 99.05 98.91
Si 7.805 7.401 6.253 6.360 7.831 7.694 6.483 7.823 7.854 7.645 6.261 7.953
AlY 0.195 0.599 1.747 1.640 0.169 0.306 1.517 0.177 0.146 0.355 1.739 0.047
Ti 0.005 0.029 0.135 0.118 0.008 0.003 0.107 0.004  0.000 0.004 0.146 0.002
AV 0.601 0.514 0.772 0.819 1.477 0.029 0.795 1.700 0.827 0.184 0.767 1.605
Fe** 0.324 0.142 0.332 0.280 0.316 0.496 0.210 0.266 0.174 0.539 0.301 0.299
Fe?* 1.209 1.589 1.937 2.021 1.223 1.181 1.428 0.998 1.746 1.587 1.950 1.575
Mn 0.027 0.030 0.024 0.037 0.019 0.042 0.010 0.006 0.056 0.013 0.012 0.010
Mg 2.835 2.696 1.799 1.725 1.958 3249 2450 2.027 2.942 2.674 1.823 1.509
Ca 1.172 1.604 1.556 1.502 0.261 1.678 1.640 0.193 1.847 1.528 1.558 0.123
Na 0.907 0.594 1.017 1.058 1.833 0.403 0.964 1.806 0.185 0.550 1.101 1.893
K 0.011 0.082 0.242 0.245 0.005 0.017 0.055 0.005 0.009 0.019 0.162 0.000
OH 2.000 2.000 2.000 2.000 2.000 2.000  2.000 2.000 2.000 2.000  2.000  2.000
Xnig 0.696 0.625 0.478 0.456 0.612 0.726 0.630 0.669 0.620 0.626 0.432 0.438
Kes + 0.350 0.216 0.300 0.255 0.176 0.945 0.209 0.135 0.678 0.746 0.282 0.157

Cations based on 46 valencies and sum of cations =13 except for Ca, Na and K for estimation of Fe® .

White mica Garnet amphibolite Garnet mica-schist
96CH143 96CH144 96CH145 96CHI156
Inclusion Matrix Inclusion Matrix Inclusion Matrix
SiO, 47.51 50.07 48.72 49.98 48.52 49.15 50.13
TiO, 0.27 0.15 0.07 0.20 0.08 0.21 0.16
AlLO; 23.21 24.16 26.66 26.85 26.62 26.03 27.68
FeO 7.70 4.57 345 2.17 5.01 4.68 3.73
MnO 0.17 0.05 0.00 0.07 0.02 0.04 0.02
MgO 3.19 3.49 2.86 3.16 2.51 2.69 2.28
CaO 0.06 0.02 0.02 0.00 0.00 0.00 0.00
BaO 0.12 n.d. 0.35 0.14 0.27 0.46 n.d.
Na,O 0.07 0.11 0.15 0.51 0.30 0.29 0.39
K,O 10.57 11.19 10.74 10.70 10.91 10.77 10.20
H,0° 4.28 4.50 4.34 4.40 4.36 4.36 4.44
Sum 97.15 98.31 97.36 98.18 98.60 98.68 99.03
Si 6.654 6.906 6.739 6.801 6.680 6.765 6.749
AlY 1.347 1.094 1.261 1.199 1.320 1.236 1.251
AlY! 2.484 2.834 3.085 3.107 2.998 2.987 3.140
Ti 0.029 0.016 0.007 0.002 0.008 0.021 0.016
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Table 1 (continued)

White mica Garnet amphibolite Garnet mica-schist
96CH143 96CH144 96CH 145 96CH156
Inclusion Matrix Inclusion Matrix Inclusion Matrix
Fe** 0.311 0.501 0.399 0.247 0.486 0.538 0.420
Fe** 0.590 0.026 0.000 0.000 0.091 0.000 0.000
Mn 0.020 0.006 0.000 0.007 0.003 0.005 0.002
Mg 0.666 0.718 0.591 0.641 0.514 0.552 0.457
Ca 0.009 0.003 0.003 0.000 0.000 0.000 0.000
Ba 0.006 n.d. 0.019 0.007 0.014 0.025 n.d.
Na 0.019 0.029 0.040 0.135 0.079 0.077 0.102
K 1.888 1.969 1.895 1.857 1.916 1.890 1.752
OH 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Xms 0.435 0.465 0.544 0.501 0.530 0.492 0.529
XMac 0.228 0.268 0.227 0.292 0.179 0.200 0.199
Xrac 0.107 0.187 0.153 0.113 0.169 0.195 0.183
X 0.681 0.588 0.596 0.721 0.514 0.506 0.521

The amounts of cations are based on 42 valencies neglecting the interlayer cations. The sum of octahedrally coordinated cations is set to 4.1 to
allow for an estimation of Fe®> *. The amounts of Cr, Cl and F are near or below detection limit. Symbols: Ms=muscovite, MAC =Mg-Al-
celadonite and FAC = Fe-Al-celadonite.

Garnet Garnet amphibolite Garnet mica-schist
96CH143 96CH144 96CH145 96CH156
Core Rim Core Rim Core Rim Core Rim

SiO, 37.86 37.78 37.69 38.05 37.48 37.84 36.50 36.32
TiO, 0.04 0.04 0.04 0.06 0.17 0.06 0.12 0.09
Al,O4 20.67 20.84 21.13 21.45 20.56 20.98 20.70 20.44
FeO 21.79 23.42 23.71 23.67 22.84 23.66 19.93 23.43
Fe,05° 1.08 1.41 0.68 0.41 1.16 0.64 1.13 1.41
MnO 7.67 3.42 3.24 2.51 2.95 2.37 10.62 6.81
MgO 3.05 3.601 2.72 3.16 322 3.22 0.23 0.32
CaO 7.84 9.64 10.58 10.86 10.49 10.51 10.65 10.65
Sum 100.00 100.16 99.79 100.17 98.87 99.28 99.88 99.47
Si 6.010 5.957 5971 5.975 5.977 5.997 5.897 5.895
AlY 0.000 0.043 0.029 0.025 0.023 0.003 0.103 0.105
AlY! 3.866 3.829 3915 3.946 3.841 3.916 3.844 3.804
Fe** 0.130 0.167 0.081 0.048 0.139 0.077 0.140 0.185
Ti 0.004 0.005 0.004 0.007 0.020 0.007 0.016 0.011
Mg 0.721 0.847 0.642 0.740 0.767 0.760 0.054 0.079
Fe?* 2.893 3.088 3.141 3.109 3.046 3.135 2.693 3.181
Mn 1.031 0.457 0.434 0.334 0.398 0.318 1.454 0.886
Ca 1.334 1.628 1.796 1.827 1.792 1.784 1.843 1.796
Xand 0.007 0.011 0.006 0.004 0.010 0.006 0.011 0.014
Xsps 0.172 0.076 0.072 0.056 0.066 0.053 0.241 0.155
Xars 0.216 0.259 0.292 0.300 0.287 0.291 0.293 0.291
Xpyr 0.121 0.141 0.107 0.123 0.128 0.127 0.009 0.013
XAlm 0.484 0.513 0.522 0.517 0.508 0.523 0.446 0.527
X 0.200 0.215 0.170 0.192 0.201 0.195 0.020 0.024

The amounts of cations are based on 48 valencies, including 10 cations in the tetrahedral and octahedral site, to calculate the proportion of Fe* .

(continued on next page)
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Table 1 (continued)
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Chlorite Garnet amphibolite Garnet mica-schist
96CH143 96CH144 96CH145 96CHI156

SiO, 26.49 26.65 24.55 23.73

TiO, 0.03 0.01 0.07 0.02

AlLO; 18.78 20.18 19.15 20.99

FeO 26.56 21.32 32.22 33.23

MnO 0.74 0.15 0.39 0.66

MgO 14.33 18.22 11.29 8.94

CaO 0.04 0.03 0.04 0.02

Na,O 0.01 0.00 0.00 0.03

K,0 0.05 0.02 0.03 0.06

H,0! 11.18 11.51 10.90 10.83

Sum 98.21 98.09 98.64 98.51

Si 2.843 2.777 2.701 2.627

A" 1.157 1.223 1.299 1.373

AM! 1.217 1.255 1.184 1.366

Ti 0.002 0.001 0.006 0.001

Fe 2.383 1.858 2.965 3.076

Mn 0.068 0.014 0.037 0.062

Mg 2.292 2.830 1.852 1.475

Ca 0.004 0.004 0.005 0.002

K 0.006 0.002 0.005 0.008

Na 0.002 0.001 0.000 0.006

OH 8.000 8.000 8.000 8.000

Xcent 0.360 0.435 0314 0.179

Xbaph 0.375 0.285 0.503 0.372

Kvtam 0.235 0.264 0.184 0.449

Xnmg 0.490 0.694 0.384 0.324

The amounts of cations are based on 56 valencies.

Epidote 96CH143 96CH144 96CH145 96Ch156
Inclusion Symplectite Inclusion Symplectite Inclusion Symplectite

SiO, 37.22 36.97 37.43 37.16 36.94 36.96 37.19

TiO, 0.18 0.13 0.25 0.08 0.27 0.00 0.12

Al,O3 24.88 24.50 26.76 26.69 24.95 24.19 26.22

Fe,03 11.68 12.68 8.06 9.32 11.40 12.72 8.93

MnO 0.19 0.30 0.09 0.03 0.12 0.15 0.16

CaO 23.55 23.35 23.32 23.90 23.61 23.52 22.75

H,0° 3.77 3.77 3.76 3.78 3.76 3.75 3.72

Sum 101.47 101.73 99.67 100.96 101.05 101.29 99.09

Si 2.959 2.943 2.982 2.944 2.948 2.955 2.964

AlY 0.041 0.057 0.018 0.056 0.052 0.045 0.036

AV 2.290 2.242 2.496 2.436 2.294 2.234 2.493

Fe3* 0.699 0.760 0.483 0.556 0.684 0.765 0.542

Ti 0.011 0.008 0.015 0.005 0.016 0.000 0.007

Mn 0.013 0.021 0.006 0.002 0.008 0.010 0.010

Ca 2.006 1.991 1.991 2.029 2.018 2.015 1.970

OH 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Amounts of cations are based on 25 valencies.
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Table 1 (continued)
Tlmenite 96CH145
TiO, 52.27
FeO 44.04
MnO 1.89
MgO 0.09
CaO 0.13
Fe 0.939
Mn 0.041
Mg 0.003
Ca 0.004
Ti 1.002
Amounts of cations are based on six valencies.
Titanite 96CH143 96CH144 96CH145 96CH156

inclusion inclusion
SiO, 29.96 29.88 33.33 30.47 29.96 29.96
TiO, 36.88 38.59 36.63 39.00 38.10 37.92
Al,O4 1.49 1.17 2.37 1.06 1.27 2.19
Fe, O3 0.96 0.78 0.40 0.25 0.71 0.41
MnO 0.11 0.15 0.10 0.01 0.05 0.01
CaO‘ 28.94 28.77 27.00 28.40 28.91 28.75
H,0' 0.37 0.29 0.46 0.18 0.30 0.14
F nd nd 0.00 0.07 nd 0.61
Sum 98.71 99.63 100.29 99.67% 99.30 99.85%
Si 0.985 0.976 1.070 0.997 0.981 0.975
Ti 0911 0.948 0.889 0.960 0.938 0.928
Al 0.058 0.045 0.090 0.041 0.049 0.084
Fe3* 0.024 0.019 0.010 0.006 0.018 0.010
Ca 1.019 1.007 0.933 0.996 1.014 1.002
Mn 0.003 0.004 0.030 0.000 0.001 0.000
F nd nd 0.000 0.007 nd 0.055
OH 0.082 0.064 0.100 0.040 0.067 0.031
o* 4.896 4.925 4.964 4.957 4918 4.905
Xpes + 0.082 0.064 0.100 0.047 0.067 0.094

Sum of cations =3; OH=(Al+Fe3+) — F. O*=[(X positive valencies) — OH — F]/2. nd=not determined. Cl was below detection limit.

? Value calculated; F, CI, Cr, Ba are at or below detection limit numbers of generations are explained in the text.

> Amount calculated.

¢ Value calculated; symbols of garnet components after Kretz (1983).

4 Value calculated; F, CI at detection limit. Symbols: Cchl—clinochlor, Daph—daphnite and Mam—Mg-amesite.
¢ Value calculated; F, Cl at detection limit.

"Value calculated.

€ Sum corrected for amount of F.

are replaced by chlorite along irregular grain bound-
aries. The cores contain inclusions of potassic white
mica, rutile, titanite and epidote. The compositions of
the dark cores correspond to tschermakitic horn-
blende, magnesio-hornblende or pargasitic horn-
blende [Si=6.18-6.72 pfu; (Na+K)*=0.37-0.87

pfu] with widely variable Xy, (0.36-0.76) in differ-
ent samples and generally elevated Na®-contents
(0.33—0.66 pfu). Ti contents (0.06—0.24 pfu) are also
enhanced compared to Am 1, suggesting elevated
temperatures of formation in line with the increased
(Na+K)* and Tschermak’s substitution. Scans across
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Fig. 2. The assemblage with garnet (Grt), hornblende (Hbl) and rutile (Rt) is replaced by the matrix assemblage glaucophane (Gln), phengite
(Phe), chlorite (Chl), epidote symplectite (Ep) and titanite (Ttn). Sample 96CH143; plane-polarized light; width of photo is 1.6 mm.
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Fig. 3. Variation of Xy, and Na® with Si in hornblende (Am 2).
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hornblende reveal a slight increase in Na and AlY" and within both Ca- and Na-amphiboles is generally
a decrease of Ca, Al" and Xwmg from core to rim. irregular and patchy. Occasional actinolite crystals
Inclusions of hornblende within or intergrown with (Am 4) with low Na® (0.15 pfu) are observed at the
garnet fall within this range. In all samples, the Si boundary between both amphiboles.

contents in hornblende are positively correlated with Hypidioblastic garnet crystals are strongly inter-
Na® and negatively with Xwmg (Fig. 3). The blue grown with quartz and rich in quartz inclusions. Fur-
amphibole rims (Am 3) are invariably glaucophane thermore, green amphibole, epidote, potassic white
(Na®=1.45-1.90; Xmg=0.48-0.67; Xpes+=0.09— mica, rutile and titanite were observed as inclusions
0.35). Scans and element distribution maps show or as intergrowth with the garnet rims. Alteration to
increasing Xy, and Na as well as decreasing Ca chlorite at the rim and along cracks is ubiquitous.
towards the outermost rim. The discontinuous bound- Irregular grain boundaries with replacement of garnet
ary between both amphiboles is apparent, but zoning by both amphiboles and potassic white mica were also
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0.101 .
l. " .
o SEU
‘z“ Ag 4 oo d o
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Fig. 4. Variation of Na, Xy, and Al with Si of white mica. Open symbols are inclusions in garnet or hornblende, and filled symbols represent
matrix white mica.
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observed. Compositional variation of garnet is alman-
dineg 47_0.57, PYTOP€o.11—0.20, grossulargo_q.34, Spes-
Sartine().()z_().lg and andraditeo_004_0_024. Scans and
element distribution mapping reveal a preserved pro-
grade zoning pattern with a decrease of Mn and a slight
increase of both Ca and Xy, from core to rim. How-
ever, zoning is rather diffuse without sharp boundaries
between the growth zones. In addition, differences
between core and rim are not pronounced. Ti content
in garnet shows a bimodal distribution: An enhanced
TiO, content of 0.11-0.35 wt.% was observed near
titanite inclusions and in the cores, whereas the pre-
dominant content of 0.01-0.09 wt.% occurs near the
rim and near rutile inclusions.

Idioblastic epidote crystals are overgrown by a
broad rim of epidote-quartz symplectites. The blue
amphibole is intergrown with such symplectites. The
Fe’ " content varies widely in different samples
(0.45-0.79 pfu) with the highest values occurring in
the symplectites, whereas epidote inclusions in garnet
and hornblende generally show lower contents.

Potassic white mica is a frequent matrix phase
intergrown with chlorite and hornblende, but rarely
occurs as inclusion in garnet and hornblende as well. It
is invariably phengite (Si=3.25-3.47 pfu) with vari-

able Xy, (0.51-0.72) and Na (0.01-0.15 pfu), as well
as some Ti (0.003—0.025 pfu), Ba (0.005-0.02 pfu)
and Fe* * (<0.06 pfu). The latter is apparent in Fig. 4,
where compositions plot below the line of Tschermak’s
substitution. In general, Na decreases with rising Si
(Fig. 4). Within the white mica grains, no uniform
zonation pattern exists. Inclusion white micas tend to
have lower Si contents (3.28-3.34 pfu) and Na con-
tents (0.02—0.06 pfu; Fig. 4; Table 1), but show higher
calculated Fe® * contents up to 0.29 pfu on the basis of
2.05 octahedral cations pfu.

Chlorite is either intergrown with matrix white mica
and glaucophane or replaces garnet and hornblende. In
both cases, chlorite compositions vary in a similar
range (Si=2.72-2.85 pfu; Xy =0.38-0.63) being
mainly a clinochlore daphnite solid solution with a
small amesite component (10—-30 mol%). Among
minor elements only Mn has a notable abundance
(0.01-0.10 pfu).

Albite forms patches of polygonal fabric and con-
tains a very low anorthite component (< Any,). It was
observed together with quartz. Ti phases are promi-
nent minor constituents. Rutile occurs as inclusion in
garnet and hornblende as well as in the matrix. It is
often rimmed by titanite, which is present as large

R -
'zsff;"’;“" Ty Ay

Fig. 5. Phengite (Phe) replaces garnet (Grt) grown within the s, schistosity that is defined by mimetically oriented white mica and chlorite.

Sample 96CH156; plane-polarized light; width of photo is 1.6 mm.
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idioblastic crystals (0.1-0.6 mm) or pods of small
crystals. Titanite was also found as inclusion in garnet
and hornblende showing higher Al and Fe contents
and Xg.s + than matrix titanite (Table 1). In one sample
(96CH145), ilmenite is present as a third Ti phase.
Apatite occurs as an accessory phase.

4.2. Garnet mica-schist

The garnet mica-schist sample (96CH-156) from
the rim of an exotic block of Los Pabilos is charac-
terized by bands of oriented white mica and chlorite
with some garnet, titanite and graphite as well as
accessory epidote, apatite and tourmaline. The bands
are separated by polygonal quartz-albite aggregates
and are overgrown by 1-3 mm sized albite porphyr-
oblasts. The main foliation is a crenulation and
transposition cleavage, as shown by recrystallised
sheet silicates in hinges of microfold relics. Orienta-
tion is chiefly mimetic as evidenced by cross micas.

White mica is phengite (Si=3.15-3.39 pfu;
Na=0.04-0.06 pfu; Ti=0.01-0.03 pfu; Fe’ "<0.1
pfu; Xy =0.49-0.56). Chlorite (Si=2.58—-2.78 pfu)
has a higher amesite component (31-49 mol%) and a
less variable Xy, (0.31-0.34) than in the metabasites.
Among minor elements, only Mn is notable (0.04—0.07
pfu). A second type of chlorite, an olive-coloured phase
with higher birefringence similar to biotite, but analyt-
ically unambiguously chlorite, displays K contents of
0.04—0.4 pfu. Backscattered electron images show that
these chlorite grains are actually submicroscopically
interlayered by a K-rich phase (vermiculite?). This
could point to a former existence of biotite or alterna-
tively to an alteration effect due to weathering.

Small garnet crystals (average diameter=0.2
mm) contain tiny inclusions of quartz and rutile
needles and are typically characterized by irregular
concave boundaries due to replacement by (most
prominently) white mica, chlorite and epidote,
which often concentrically surround the garnet (Fig.
5). Compositional variation of garnet is alman-
dineg.40-0.55, PYTOP€o.010-0.015, grossularg»7_¢.32,
spessartine 14_o.3> and andraditeg gos_0.014 With a
slight bell-shaped Mn zonation pattern and a de-
crease of Ca and Xy, from core to rim.

Minor constituents of the garnet mica-schist are
albite (An<0.01), titanite (84—92 mol% end mem-
ber component) and epidote (Fe** ~ 0.54 pfu).

5. Phase relationships and geothermobarometry

The most prominent feature in the garnet amphib-
olite is the overprint relationship of the assemblage
hornblende-garnet-epidote-phengite-quartz-albite-ru-
tile typical for the albite-epidote-amphibolite facies by
the epidote blueschist facies assemblage glaucophane-
phengite-chlorite-epidote-quartz-albite-titanite. First
hints for an elevated pressure for the albite-epidote-
amphibolite stage are unusually high contents of Na®
in hornblende and relics of omphacitic pyroxene, as
reported by Kato and Godoy (1995), suggesting
transition to eclogite facies conditions. The strong
scatter of mineral compositions, however, suggests
formation and modification of numerous local equi-
libria over a considerable PT range during the meta-
morphic evolution.

In order to unravel the reaction sequence in detail, to
test equilibrium conditions and to quantify the con-
ditions for stages along the PT path, we used two
different approaches, namely (1) calculation of a net
of equilibrium assemblages with varying mineral com-
positions from the whole rock composition and (2)
calculation of PT conditions of local equilibria with
multivariant reactions. References to the relevant ther-
modynamic data and calculation procedures are listed
in Table 2.

5.1. PT pseudosection

The first approach involves calculation of a pseu-
dosection in the system K,0-Na,0-CaO-TiO,-Fe,O5-
FeO-MgO-Al,05-Si0,-H,0 from the whole rock
composition of sample 96CH143 (Fig. 6). The chem-
ical analysis is given in the caption of Fig. 6. For
calculating the equilibrium assemblages and respective
mineral compositions, the Gibbs free energy minimi-
zation procedure was applied using the DEKAP code
developed and provided by Gerya et al. (2001). This
approach is based on an algorithm suggested by De
Capitani and Brown (1987). The calculation of the
petrogenetic grid was performed with a resolution of 5
K and 100 bar for T'and P, respectively. Calculations
involved the entire thermodynamic data set for miner-
als and aqueous fluids of Holland and Powell
(1998a,b). References to applied mixing models that
are consistent with this database are listed in Table 2
(method 1). Fig. 6 visualizes the stability fields of
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Table 2
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Thermodynamic data used for geothermobarometry

Mineral Components End member data Activity formulation
Method 1
Clinopyroxene jadeite, diopside, Holland and Powell (1998a) Vinograd (2002a,b)

Na-amphibole
Ca-amphibole

Paragonite
K-white mica

Biotite

Chlorite

Plagioclase

Epidote

Garnet

Rutile, titanite, quartz

magnetite, ilmenite

Method 2
Amphibole

Chlorite

Epidote
Garnet

K-white mica

Plagioclase
Quartz

Method 3
Chlorite

K-white mica

hedenbergite omphacite
glaucophane, tremolite,
tschermakite Fe-glaucophane
glaucophane, tremolite,

tschermakite Fe-actinolite, pargasite

paragonite, margarite

muscovite, Mg-Al-celadonite,
Fe-Al-celadonite, paragonite
annite, phlogopite, eastonite,
ordered biotite

clinochlore, daphnite, Mg-amesite
Al-free chlorite

anorthite, albite

clinozoisite, epidote, Fe-epidote
pyrope, almandine, grossular

glaucophane

tremolite

clinochlore

daphnite

clinozoisite

grossular

pyrope

almandine

Ti-pyrope (Mg;ALTi3012)
Fe-Al-celadonite

Mg-Al-celadonite
muscovite
Ti-muscovite
albite

clinochlore
daphnite
Mg-amesite
muscovite
Mg-Al-celadonite
Fe-Al-celadonite

Holland and Powell (1998a)
Holland and Powell (1998a)

Holland and Powell (1998a)
Holland and Powell (1998a)

Holland and Powell (1998a)
Holland and Powell (1998a)

Holland and Powell (1998a)
Holland and Powell (1998a)
Holland and Powell (1998a)
Holland and Powell (1998a)

Evans (1990)

Berman (1988)

Massonne (1995b)

Massonne and Szpurka (1997)
Berman (1988)

Berman (1990)

Massonne (1995a,b)

Berman (1990)

Brandelik and Massonne (2001)
Massonne and Szpurka (1997)
Massonne (1997)

Massonne (1995b)

Massonne (1995b)

Massonne et al. (1993)
Berman (1988)

Berman (1988)

Vidal et al. (2001)
Vidal et al. (2001)
Vidal et al. (2001)
Parra et al. (2002a,b)
Parra et al. (2002a,b)
Parra et al. (2002a,b)

Will et al. (1998)
Dale et al. (2000)

Will et al. (1998)
Powell and Holland (1999)

Powell and Holland (1999)
Holland and Powell (1998b)
Will et al. (1998)

Dale et al. (2000)
a=1

Massonne (1995a,b)

Massonne (1995a,b)

Massonne (1995a)

as Massonne (1995a)
AClinozoisite — - XPistazite
Massonne (1995b)

Massonne (1995b)

Massonne (1995b)

Brandelik and Massonne (2001)
Massonne (1997)

Massonne (1995b, 1997)
Massonne (1995b, 1997)
Massonne et al. (1993)
Aatbite = Xalbite

high-variance mineral assemblages at defined PT con-
ditions for the selected garnet amphibolite composi-
tion. The aim of this approach is to unravel an overall
trend of the PT path and particularly to yield informa-
tion on the relative position of the prograde PT path

that cannot be obtained otherwise.

In six stability fields that will be shown to be
passed by the proposed PT path, we selected repre-
sentative points A—F and extracted calculated min-
eral assemblages and compositions (Table 3) for
comparison with the measured compositions of min-
erals grown during successive stages of equilibration
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Fig. 6. P—T pseudosection for garnet amphibolite sample 96CH143 calculated with the following components (wt.% in whole rock given in
brackets): SiO; (47.87)-TiO, (1.93)-A1,05 (14.27)-Fe,05 (3.49)-FeO (9.93)-MgO (5.50)-CaO (9.90)-Na,O (2.66)-K,0 (0.73)-H,0 (2.59). All
calculated assemblages contain additional quartz. For thermodynamic data and activity models, see Table 2. A possible PT path discussed in the
text is given by the sequence of points A to F (for mineral compositions, see Table 3). Abbreviations not included in Kretz (1983) are: Kwm—
K-white mica; Nam—Na-amphibole; Cam—Ca-amphibole; V—vapour. Analyses were done at Ruhr-Universitit Bochum by XRF except Fe? ©

and H,O (standard wet chemical methods).

(Table 1). The relative changes in calculated mineral
assemblages provide a possible reaction sequence
that can be compared with the petrological data.
However, this approach is not only dependent on
the thermodynamic data set and the activity models
used, but also on the assumption that the whole rock
was the reaction space for equilibrium conditions at
any transitional stage of the PT path. In addition, Mn

was disregarded and Fe’ " not assigned to garnet,
micas and amphiboles. As a result, there are system-
atic differences between calculated and recorded
mineral compositions. Nevertheless, the predicted
reaction sequence corresponding to changes in min-
eral assemblages along the P—T path is proved by
observed mineral relationships and some composi-
tional trends along the inferred P—7 path in the
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Calculated mineral compositions at defined points in pseudosection of Fig. 6

(A) 6 kbar/360 °C, CamKwmChlEpPITtnllmMagQtz

Cam  Nay.;6(Cay 62Nag 38)(Fe1 86Mg2.76Al0.38)(Alo.16517.84)022(OH),
Kwm  (Ko.0sNag.05)(Feo.30Mgo.0sAl156)(Alo.56513.44)O010(OH)2

Chl (Fez.8aMgy 15A1101)(Al}00S13.00)010(OH)g

Ep Cay Aly(Alg 33Feq 62)Siz3(OH)

Pl (Nay.95Cag 05)(Al 05512.95)Og

(C) 12 kbar/650 °C, CamKwmEpPIGrtRtMagQtz

Cam  Nag.9(Cay 55Nag 45)(Fe1.77Mgz 70Alo.53)(Alg.38517.62)022(OH),
Kwm  (Ko.04Nag,06)(Feo.25Mgo.00Al166)(Alo.66513.34)O010(OH)2

Grt  (Fej.9:Mgo28Cag.30)ALSi3012

Ep CayAly(Alg 30Fe0.70)Siz(OH)

Pl (Nag g3Cag.17)(Al1.178i2.83)Og

(E) 12 kbar/550 °C, CamKwmPIPgEpRtMagQtzV

Cam  Nayg.3(Cay 30Nag61)(Fea.11Mg2.27Al0.62)(Al.31517.60)O022(OH),
Kwm  (Ko.86Nag.14)(Feo.36Mgo.07A11.57)(Alg 58513.42)O010(OH)

Pg (Nag o8 Ca 02)(Al3,02512.98)010(OH)

Ep Cay Aly(Alg 30Fe0.70)Siz(OH)

Pl (Nag.94Cag,06)(Al1.06512.94)Og

(B) 8 kbar/460 °C, CamKwmChlEpPIRtMagQtz

Cam  Nag.4(Cay 55Nag.45)(Fe2.07Mg2.48Al0.45)(Alg 22517.78) O22(OH),
Kwm  (Kg.02Nag.08)(Feo.30Mgo.06Al1.55)(Alo.55513.45)O010(OH)»

Chl (Fez.84Mgs 14Al102)(Al)01512.99)010(OH),

Ep Cay Aly(Alg20Feq 71)Si3(OH)

Pl (Nag.04Cag.06)(Al}.06512.94)Og

(D) 12 kbar/580 °C, CamKwmPgEpPIGrtRtMagQtzV
Cam  Nag.34(Ca; 41Nag 50)(Fe1.97Mg2.44Al0.50)(Al.31S17.60)022(OH),
Kwm  (Kg.83Na.12)(Feo.30Mgo.07Al1.63)(Alg.63513.37)O010(OH)

Pg (Nag.97 Cag03)(Al3.03512.97)019(OH),
Grt (Fez.07Mgo.10Ca0.74)ALS13015
Ep Cay Aly(Alg 34Feq 66)Siz(OH)

Pl (Nag.91Cag.09)(Al}.00S12.91)Og

(F) 12 kbar/440 °C, NamCamKwmChlEpRtTtnQtz

Nam  (Na, g3Caq17)(Fe; 4oMgy 75Al) 83)Si5.00022(0H),

Cam  Nag.13(Caj 46Nag 54)(Fer.13Mg2 33Al0.52)(Alp.20S17.80)022(OH),
Kwm  (Ko.03Nag 07)(Feo.52Mgo.07A1141)(Alg.41813.50)010(OH),

Chl (Fes.15Mgj 84Al) 01)(Al}01512.99)010(OH)s

Ep CayAly(Aly 30F e 65)Si3(OH)

pseudosection are comparable with observed compo-
sitional trends.

Recorded transitional prograde compositions are
only given by some Ca-amphibole inclusions (Am la,
Am 1b) in garnet and hornblende. These amphibole
inclusions contain elevated Na® similar to the calcu-
lated amphibole compositions at A and B that points
to already elevated metamorphic pressure. The se-
quence of recorded amphibole compositions Am la—
Am 1b—Am 2 show increasing Na® and A" due to
prograde temperature increase as the sequence of
calculated compositions A—B—C does. This prograde
sequence toward the stability field of garnet (>550
°C) must have occurred above the stability field of
biotite that does not occur as a relic phase (upper limit
at 350 °C/5 kbar to 550 °C/8 kbar) and below the
appearance of Na-amphibole (lower limit 350 °C/7
kbar to 550 °C/14 kbar). The Ca-amphibole relics
presumably coexisted partly with prograde titanite that
also occurs as inclusion in garnet. Compositions of
amphiboles Am la and Am 1b of sample 96CH143
are roughly comparable with calculated compositions
at points A (with coexisting titanite) and B (after
titanite breakdown) defining two possible, but non-
unique prograde stages of the PT path. Calculated Fe
contents of epidote and elevated Si contents of white
mica at points A and B are in line with those recorded

as inclusions in garnet. According to the above hints,
the prograde PT path most likely passed through the
high-pressure part of the greenschist facies roughly
parallel to a geothermal gradient of ~ 15 °C/km.
Conditions for the peak of metamorphism (stage I)
are defined by stability fields covering assemblages
with garnet-hornblende at 7>560 °C and P=9.5-16
kbar bounded towards lower and higher pressures by
assemblages with biotite and omphacite, respectively
(Fig. 6). Chlorite, titanite and ilmenite were not stable
at these conditions. Similar to representative calculated
mineral compositions (C and D in Table 3; Fig. 6) also
the measured composition of the peak metamorphic
hornblende (Am 2; Table 1) shows highest Na®, Na®,
Al"Y and Xy, in the prograde reaction sequence.
However, the Na® and Si contents are too low and
too high, respectively, when compared with the mea-
sured compositions. This can be observed at most
conditions of the pseudosection. This inconsistency
might also be due to metasomatic changes of the whole
rock composition during the retrograde PT path (see
below; Section 6). Calculated plagioclase compositions
show an increasing anorthite component, up to oligo-
clase composition at C. However, the recorded plagio-
clase composition is pure albite only. Epidote
composition varies little in line with the analysed
compositions. Towards point E with decreasing tem-
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perature at constant elevated pressure, garnet becomes
unstable: Calculated hornblende compositions C—E
show slight increase of Si and Na® and a decrease in
Xwmg- This is reflected by a similar trend observed in the
zonation pattern of the hornblende from core to rim (see
Section 4.1) and the variation of its recorded compo-
sitions (Fig. 3). It must be noted that these trends
contrast a possible prograde path. Appearance of para-
gonite on the early retrograde path at points D and E
cannot be corroborated for the studied samples. This is
in line with evidence provided in the following Section
5.2 that no peak metamorphic white mica compositions
are preserved at all.

The retrograde epidote-blueschist facies stage II
caused breakdown of garnet and hornblende with
concomitant growth of glaucophane and chlorite as
new phases not stable at 7>500 °C as well as growth
of titanite around rutile. Stage II is confined to a
stability field of assemblages with Na-amphibole, but
without omphacite, at 350—-460 °C and 7—12 kbar.
Assemblages with lawsonite occurred at pressures
>18 kbar at 300 °C outside the chosen PT field for
the pseudosection. The calculated composition of the
Na-amphibole at F (Table 3; Fig. 6) is compatible with
the analyzed one (Am 3). The same is valid for the
calculated composition of the coexisting Ca-amphi-
bole and the rarely observed retrograde actinolite (Am
4). Hence, both amphiboles might have coexisted at
this stage. Alternatively, it might represent a later
retrograde stage. The calculated Si content of the
white mica at F is the highest within the reaction
sequence C—F, in line with the highest values
recorded in matrix micas. In the same isobaric se-
quence, C—F Na decreases with increasing Si. This is
in line with the recorded trend in Fig. 4. It must be
noted that the negative Na—Si correlation would
contrast a prograde trend of rising P and 7. Inclusion
white micas have lower Si and Na contents. Calculat-
ed and recorded chlorite compositions for stage II are
also compatible.

The pseudosection approach also allows to assess
amounts of free hydrous fluids that must be available
to produce the retrograde assemblage during isobaric
cooling at high pressures. In the calculated sequence
of assemblages C—F, a continuous systematic de-
crease of the ratio free H,O/total H,O from 0.47 to
0.00 can be observed. The consumption of ~ 1.22
wt.% of free H,O (with 2.59 wt.% H,O in the system)

provides a minimum amount of water added during
cooling assuming that only the analysed water content
of the rock was available in the system and that
reactions were instantaneous and complete. If excess
H,O is available, a maximum amount of 2.49 wt.%
can be consumed for the complete growth of the
blueschist assemblage. Under the common assump-
tion that free water leaves the system at peak meta-
morphic conditions, a considerable amount of water
must have been added again by external fluid infil-
tration on the retrograde path.

Summarizing the overall compositional evolution
of the amphiboles along the PT path can qualitatively
be compared in Fig. 7 for calculated and recorded
contents of AI'Y and AIY'. As Al" is particularly
temperature-sensitive and AlY' rather pressure-sensi-
tive (e.g. Triboulet, 1992), the recorded trend resem-
bles the overall counterclockwise trend of the PT path.
It must be noted that above interpretation of the
pseudosection is a semiquantitative approach mainly
constraining the tendency of the PT trajectory by
comparing relative compositional trends. This still
leaves room for the exact position of the PT path.

5.2. Multivariant equilibria

In addition to the PT pseudosection, we calculated
multivariant reactions with the actual compositions of
minerals in close contact, because the whole rock can
certainly not be regarded as a closed reaction space
particularly after peak metamorphic conditions were
reached. This second approach can also be used as a
test, whether local equilibrium was attained or not.
Recently, Vidal and Parra (2000) and Parra et al.
(2002a,b) were able to show that a series of local
equilibria on thin section scale may exist in HP—LT
metapelites which constrain particularly the shape of
the early retrograde PT path during recrystallisation
and crystallisation of new grains.

Multivariant equilibria calculations were undertak-
en mainly using the Ge0-Calc software of Brown et al.
(1989) and derivations (TWQ) with the thermodynam-
ic data set of Berman (1988) with different additions
and activity models as summarized in Table 3 (methods
2 and 3). Results are plotted into Fig. 8 which contains a
reference frame of multivariant boundary reactions
around the albite-epidote-amphibolite facies as pro-
posed by Evans (1990) including formation of garnet
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Fig. 7. Comparison of the compositional evolution of the calculated (method 1) Ca-amphibole generations (A—F; see Fig. 6; Table 3) and the
recorded Ca-amphibole generations (Am 1—4; Table 1) for Al"Y versus AIY" in sample 96CH143.

represented by its pyrope component. These were
calculated (method 2) for mean idealized compositions
observed in the studied rocks and a hypothetical
intermediate plagioclase composition typically ob-
served in low pressure amphibolites. Because compo-
sitions do not vary along these boundaries as in the
pseudosection approach due to the applied method, this
frame is set only for the purpose of visualization.

5.2.1. Stage 1

With the relics of the prograde PT path, we are not
able to calculate transient prograde PT conditions due
to the lack of coexisting phases. By attempting
equilibria calculation for the peak metamorphic con-
ditions (stage I) involving hornblende and garnet, we
found that reactions with white mica resulted in
unrealistically high P and T values, for instance,
according to the equilibrium:

(E1) almandinegy + 3 Mg-Al-celadonitey,

= 3 Fe-Al-celadoniteym + pyropeyy.

This suggests disequilibria, i.e. that the white mica
in contact or included in garnet represents lower

temperature compositions attained at lower temper-
atures either of the prograde PT path or of the
retrograde path with modified Fe/Mg ratios. The
same observation can also be made for the garnet
mica-schist. This is in line with the finding that white
mica replaces garnet at its rims. Furthermore, it was
shown in Section 5.1 that chlorite was not a stable
phase with garnet. This considerably reduces the
number of phases that can be used for PT estimates
of stage I. Therefore, we calculated the following
water-independent barometer equilibrium E2 (using
method 2, Table 3) for 17 local coexisting pairs of
garnet and hornblende (inclusions or intergrowth near
the garnet rims):

(E2) 9 glaucophane,,, + 8 grossulary, + pyrope,
+ 21 quartz = 6 clinozoisitee, 4 6 tremolite,my
+ 18 albitepjag.

Although it is unsecured, if nearly pure albite
existed at peak metamorphic conditions (see Section
5.1), a slight reduction of its activity has minor
influence on the position of this equilibrium. The
spectrum of variation is plotted as line 7 in Fig. 8.
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Fig. 8. PT path derived by calculating multivariant reactions. Facies fields: GS = greenschist; EBS = epidote blueschist; AEA = albite-epidote-
amphibolite; A=amphibolite. Multivariant facies boundary reactions (1) Ab+ Chl+ Tr=GIn+Czo+ Qtz+V, (2) Chl+Czo+ Qtz=Prp+Tr+V,
(3) Chl+Czo+Qtz=An+Tr+V, (4) Prp+Czo+H20=An+Tr+V, (5) Gln+Czo+Qtz=Ab+Prp+Tr+V are calculated with intermediate
idealized compositions for the garnet amphibolite: Na-amphibole (ag;, =0.645; a1, =0.430); Ca-amphibole (ag;, =0.284; ar,=0.719); chlorite
(acn=0.099); garnet (ap,, = 0.005); epidote (ac,,=0.3); plagioclase (ax,=0.4). The albite breakdown reaction is taken from Holland (1980).
Stage I: (6) temperature limits for Fe—Mg exchange between hornblende and garnet. (7) Range of reaction Gln+ Grs + Prp + Qtz=Czo + Tr + Ab
for coexisting Grt-Hbl-Ep-Qtz-Ab. (8) Temperature limits by the Ti-in-garnet thermometer. For stage II, see box for signatures and methods
used. For further explanation, see text.

For the same garnet-hornblende pairs, temperatures 1984; line 6 in Fig. 8). The resulting high-temperature
were calculated using conventional garnet-amphibole range is also corroborated by the high-Ti contents in
Fe—Mg exchange thermometry (Graham and Powell, hornblende which are typical for amphiboles of the
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upper amphibolite facies (Raase, 1974). Coinciding
temperature results were also obtained by calculation
of the equilibrium

pyrope + 3 rutile = quartz + 11— pyrope
E3 ot + 3 rutile =3 Ti -
(: Mg3A12Ti3012)

calibrated by Brandelik and Massonne (2001). For
the low-Ti contents in garnet near rutile inclusions,
the calculated temperature range is indicated by line
8 in Fig. 8. Summarizing for stage I, a wide PT
range of 600-764 °C, 11.0—16.5 kbar results. This
range is consistent with the prediction from the
pseudosection (Fig. 6).

It remains surprising that white mica compositions
are not preserved for these conditions. Otherwise, a
potential independent proof of maximum pressures
reached could be obtained by the Ti-in-phengite geo-
barometer (Massonne et al., 1993) which is related to
the equilibrium

(E4) muscovitey,, + 2 rutile = 2 quartz
+ Ti-muscoviteym (= KA SiTi,0;9(OH),).

Rutile + quartz were present during a considerable
part of the PT path. However, calculating white micas
with the highest Ti contents resulted in pressures of
19.8 (550 °C)—22.3 (640 °C), when coexistence with
rutile is assumed. However, such conditions would
mean that during the prograde PT path and around
peak PT conditions albite should have broken down to
omphacite in all studied samples, and barroisitic
amphibole typical for HT eclogites should be present.
This negative result is a further evidence that no peak
metamorphic white mica compositions coexisting
with rutile have been detected in our garnet amphib-
olite samples.

5.2.2. Stage 11

To determine conditions of glaucophane formation
(stage II), equilibria involving coexisting chlorite-
glaucophane-phengite-albite-quartz were calculated
using a set of data which also accounts for estimated
Fe? "/Fe’ " ratios in amphibole and white mica
(method 2; Table 3). This method was successfully
tested by Willner et al. (2000, 2001) for metabasites
of the Chilean Coastal Cordillera. The following set

of water-independent multivariant equilibria were
calculated:

(E5) 6 clinozoisite, + 7 quartz + 11 glaucophane
+ 10 Fe-Al-celadonitey,,, = 22 albite
+ 3 Mg-Al-celadonitey, + 2 daphnite,

-+ 7 muscoviteyy + 6 tremoliteamy

amp

(E6) 6 clinozoisite, + 7 quartz + 11 glaucophane
+ 7 Mg-Al-celadonitey,, = 22 albite

+ 2 clinochloreyy, + 7 muscoviteyy,

amp

+ 6 tremoliteymp

(E7) daphnitey,, + 5 Mg-Al-celadonite,

= 5 Fe-Al-celadonitey,, + clinochloregy

(E8) 30 clinozoisitee, + 35 quartz

+ 55 glaucophane,, + 35 Fe-Al-celadonitey,,

amp
= 110 albite + 7 daphnite,, + 3 clinochlore.y

-+ 35 muscoviteym + 30 tremolite,m,

Calculated P—T data from (E5) to (E8), covering
the entire compositional spectrum of phases coexist-
ing at stage I, lie in the range 10—14 kbar, 350—500
°C (see box in Fig. 8) reflecting the conditions of
glaucophane formation. However, during further de-
compression into the greenschist field no amphibole
was newly formed as it can be observed in virtually
all metabasites of the Western Series (Willner et al.,
2000, 2001). This is probably due to decreasing
availability of a fluid phase at the latest stage of
metamorphism.

For coexisting chlorite and white mica in the
matrix of the garnet amphibolite and the garnet
mica-schist samples, we calculated the following set
of water-independent multivariant equilibria using the
reference data of an independent method developed
and tested by Vidal and Parra (2000) and Parra et al.
(2002a,b) especially for metapelites in similar HP—-LT
terranes (method 3; Table 2):

(E9) 4 Mg-Al-celadonitey,, + daphnite,
+ muscovitey, = Mg-amesite.
+ 5 Fe-Al-celadonitey,,
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(E10) 5 Fe-Al-celadonitey,, + 5 Mg-amesitecy
= 5 muscoviteyy, + 4 clinochlorey + daphnite,

(E11) Mg-Al-celadonitey,, + Mg-amesitecp
= muscovitey, + clinochloregy,

and equilibrium (E7).

All analysed iron was assumed to be ferrous in this
approach. Other possible end members with contents
in chlorite and mica of less than 5% (e.g. sudoite,
pyrophyllite) could not be considered because of the
high uncertainty of their activity in these phases.
Method 3 yielded a systematic scatter of PT data in
the range 300—500 °C and 4.5—14.5 kbar and a slope
following the retrograde PT path (Fig. 8) as observed
in other blueschist terranes (Vidal and Parra, 2000).
The PT data and their scatter for the three metabasite
samples analysed and the adjacent garnet mica-schist
(sample 96CH156) are identical suggesting that both
rock types had at least a common retrograde history.
There is a good coincidence of the upper part of this
range of equilibria with a similar slope of decreasing
P and T for the formation of glaucophane derived by
method 2. However, only white mica and chlorite
appear to have equilibrated further down to ~ 5 kbar
and 300 °C, i.e. outside the stability of the blueschist
assemblage.

As crystallisation of minerals was strain-free dur-
ing the entire PT path within the metabasites, results
show that local fluid access during the retrograde PT
path controlled the chemical variations of recrystal-
lised or newly formed chlorite and white mica at thin
section scale. Equilibrium is achieved only locally and
during given PT conditions there is little reequilibra-
tion of coexisting white mica and chlorite. It is likely
that either the fluid was continuously buffered by the
given mineral assemblage, or that during prolonged
periods the rock was devoid of hydrous fluids. How-
ever, a long-term fluid influx during stage II and
during the retrograde path evidently led to an entire
recrystallisation and neocrystallisation of matrix white
mica such that it was no longer in equilibrium with
garnet of stage 1.

Comparing the results of the principal geothermo-
barometric approaches (methods 1-3) near isobaric
cooling by about 300 °C at around 12—14 kbar is
likely for the early retrograde metamorphic evolution.

The calculation of multivariant equilibria also shows
that the dominant matrix phases white mica and
chlorite partially re-equilibrated during decompres-
sion down to 5 kbar and 300 °C. It is notable that
the retrograde decompression path of the garnet mica-
schist is identical to that of the garnet amphibolite.
The pseudosection approach shows that the prograde
PT path passed through the high-pressure part of the
greenschist facies field. Hence, for the garnet amphib-
olite a complete counterclockwise PT trajectory can
be derived.

6. Geochronological results

We analysed the Rb—Sr isotopic system for dif-
ferent matrix minerals and mineral size fractions from
the garnet amphibolite 96CH161 (Fig. 9a; Table 4)
and the garnet mica-schist 96CH156 (Fig. 9b; Table
4). For the garnet amphibolite, apatite, titanite and
epidote as well as two white mica grain size fractions
(i.e. the blueschist facies, stage II equilibrium assem-
blage) define an isochrone with an age of 305.3 + 3.2
Ma (n=5, MSWD =0.46). For the garnet mica-schist,
apatite, quartz+ feldspar, and three white mica grain
size fractions yield an age of 296.6 = 4.7 Ma (n=35,
MSWD =59). Both isochron ages can be interpreted
as crystallisation ages for the respective metamorphic
assemblages. They do not reflect cooling ages. This
is because temperature-controlled isotopic closure
during (slow) cooling would produce two critical
phenomena, which are both not observed in our data
set (see also Glodny et al., 2002b, 2003). First, the
classical theory of isotopic closure predicts higher
apparent ages for larger white mica grains and
younger ages for small grains, i.e. a grain size
dependence of apparent ages. In both samples, the
white mica grains were split into different sieve
fractions, which all show identical apparent ages
within limits of error. Second, if at or above the
white mica closure temperature Sr would have been
mobile in the rock, it would have been incorporated
in an irregular way into the other phases. This
process would have led to destruction of the isochron
correlation, at least in sample 96CH161. Here, how-
ever, the isochron correlation is perfect. The 304 + 9-
Ma K-Ar age of white mica in the Los Pabilos
amphibolite mentioned by Kato and Godoy (1995),
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Fig. 9. (a) Rb—Sr mineral isochron for garnet amphibolite sample 96CH161. (b) Rb—Sr mineral isochron for garnet mica-schist sample
96CH156.



A.P. Willner et al. / Lithos 75 (2004) 283-310 305
Table 4
Rb/Sr analytical data
Sample no., Material Rb [ppm] Sr [ppm] 8TRb/Sr RIVAN 87Sr/%sr,
analysis no. 20, [%]
96CHI161 (305.3 + 3.2 Ma (excl. hbl), MSWD = 0.46, Sr;=0.704162 % 0.000020; incl. hbl: 304.4 £ 4.3 Ma, MSWD= 2.4)
PS739 wm 1>125 um 247 6.30 119.4 1.222454 0.0016
PS746 wm 2 80—125 pm 262 5.73 140.4 1.315169 0.0034
PS745 zoisite/epidote 0.14 766 0.0006 0.704181 0.0014
PS721 apatite>125 um 0.08 327 0.0007 0.704157 0.0016
PS757 titanite 0.34 252 0.0397 0.704326 0.0014
PS810 hornblende 5.31 21.5 0.713 0.707161 0.0014
96CHI156 (296.6 £ 4.7 Ma, MSWD= 59, Sr;= 0.71264 + 0.00071)
PS855 apatite 3.66 705 0.0150 0.712352 0.0012
PS856 wm 315-250 pm 455 41.8 31.91 0.846991 0.0018
PS857 wm>315 pm 443 49.0 26.43 0.824062 0.0014
PS858 wm 250—160 um 452 40.3 32.89 0.851797 0.0016
PS873 quartz + feldspar 8.49 19.2 1.281 0.718427 0.0012

Errors are reported at the 20 level. An uncertainty of + 1% has to be assigned to Rb/Sr ratios. wm: white mica; hbl: hornblende.

virtually identical to our result for the same rock,
similarly indicates that the age value of ~ 305 Ma is
(or is very close to) an assemblage crystallisation age.
Otherwise, it would be difficult to explain the coin-
cidence of Rb—Sr mineral and K/Ar white mica ages
since the K—Ar system is classically believed (see
Villa, 1998) to have a much lower closure tempera-
ture than the Rb—Sr system.

The well-defined isochrons date the retrograde
equilibration during stage II and the early decom-
pression stage, during which influx of external
fluids occurred. Nevertheless, stage I minerals
may be significantly older than the stage II assemb-
lages, but we were not able to date the stage I
equilibration with our methods. For stage 1 miner-
als, we only obtained isotope data for hornblende
of sample 96CH161. These show that hornblende
indeed slightly differs isotopically from stage II
minerals. Its Rb—Sr system plots slightly below
the stage II isochron, indicating that there was no
complete isotopic rehomogenization of Sr during
the retrograde stage at high-temperature cooling
stages. Rather metasomatism during the blueschist
stage must have been effective. The penetrating
external fluids at this stage probably had higher
87S1/*°Sr ratios than the original metabasic whole
rock. This is reasonable bearing in mind that most
fluids must have been generated by dehydration of
the dominating continent-derived metapsammope-
lites of the accretionary system. As a result, the

stage Il assemblage equilibrated at a higher initial
87Sr/*°Sr ratio than that present in hornblende of
stage | at the same time. The metasomatic effect
would be an independent proof of external fluid
influx during stage II.

In view of our finding that both the garnet am-
phibolite and the garnet mica-schist equilibrated
within exactly the same retrograde PT range, the
evident difference of the resulting ages of 8.7 Ma
would mean that the two rocks passed through this
stage at slightly different times. This is easily
explained when considering that continuous subduc-
tion mass flow circulation will lead to continuous
tectonic reorganization of the accretionary complex
and therefore to possible tectonic juxtaposition of
rocks which passed through certain PT conditions at
slightly different times.

7. Discussion and geodynamic significance

The described rocks are unique in regard of a large
area of accretionary prism rocks of the Western Series
in the Chilean Coastal Cordillera. In particular, this
concerns their unusual P7 path, the high peak PT
conditions, and the higher age of metamorphism and
PT conditions. The age of the early retrograde stage of
our rocks exceeds maximum ages of 250—268 Ma so
far recorded for metamorphic processes in rocks of the
Western Series at about the same latitude (Duhart et
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al.,, 2001; Glodny et al., 2002a). Because the PT
conditions of the Los Pabilos rocks are also the
highest recorded so far in the Western Series, there
should be a systematic relation between the highest
metamorphic age, highest P7 conditions and the
counterclockwise P7 path that demands a specific
tectonic situation within the accretionary system. On
the other hand, the rocks show advanced reequilibra-
tion during retrograde hydration by external fluid
influx under static conditions.

Wakabayashi (1990) already provided a concise
conceptional model for similar rocks in the Franciscan

of California. A similar model resulted from numerical
experiments presented by Gerya et al. (2002) involv-
ing the presentation of synthetic PT paths. These
observations are consistent with the PT evolution in
central Chile, which is summarized as a conceptual
model in three steps in Fig. 10. At the initial stage of
accretion, rocks are accreted to the hanging wall of the
subduction channel in the deepest part of the accre-
tionary system. Due to the proximity of the hot
hanging wall, such rocks can be metamorphosed at
albite-epidote-amphibolite facies conditions. They re-
main at depth, while the isotherms are continuously

Slow subduction of a flat slab along
a hot hanging wall heating the top of
the downgoing plate

iy .
“11% u
>

Stationary cooling and hydration at depth
after underplating of cool material and
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displaced to greater depth and the hanging wall
becomes progressively cooler, hydrated and weak-
ened. The earliest accreted rocks cool at depth con-
temporaneously being hydrated by infiltration of
external fluids from dehydrating later subducted and
accreted material. This influx is recorded by hydration
of early formed assemblages and caused near-perva-
sive re-equilibration within these rocks, which, at a
later stage, return to the surface within a cooler
environment. This contrasts the behaviour of the bulk
of the accreted material of the system, which rather
show a continuous circulation pattern with intensive
return flow from different depths and exhumation at
higher temperatures compared to burial, as soon as a
steady state thermal structure is built up. Such material
records a normal clockwise PT path as is usually
observed for rocks of the Western Series. Numerical
modelling (Gerya et al., 2002) predicts that near-
isobaric cooling during the counterclockwise PT evo-
lution is dependent on the subduction rate, but in every
case rather rapid (>30 °C/Ma at a subduction rate of 3
cm/year), which was in fact proved in nature by
Perchuk et al. (1999). Our study did not allow a
quantitative estimation of this rate, but does not
exclude similar rapid cooling. However, the preserved
growth zonation in garnet at the high-peak temperature
reached precludes any slow cooling. The close spatial
association of the garnet amphibolite of Los Pabilos
with a serpentinite lens of at least 1 km length (Kato
and Godoy, 1995) suggests that the serpentinite might
represent a slice of the hydrated mantle in the hanging
wall. Hydration and concomitant density reduction of
mantle peridotites in the hanging wall of the subduc-
tion channel apparently is a rheological prerequisite for
the exhumation of the early subducted material.

The garnet amphibolite of Los Pabilos is evidently
not a relic of an earlier HP stage of the Western Series
that has been overprinted and wiped out in most other
rocks, but rather a document of the earliest stage of the
subduction mass flow system in its deepest part.
Considering that the isobaric cooling during this earli-
est stage was rapid, the derived age of 305.3 = 3.2 Ma
for the blueschist facies overprint is likely to be close to
the onset of the build-up of an accretion system at the
latitude considered in this study. This is in line with the
age data for the onset and the main pulse of subduction-
related calc-alkaline magmatism in the region (e.g. for
Late Paleozoic intrusions east of Valdivia; Fig. 1):

Upper Carboniferous ages of <316 + 7 Ma, with most
data clustering at 300—310 Ma (see Beck et al., 1991;
Martin et al., 1999). Evidently, a considerable volume
of metagreywackes was deeply subducted with the
garnet amphibolite below the upper mantle wedge
providing substantial hydrous fluids after dehydration
to trigger the main volume of magmas in the arc at the
earliest stage in the evolution of the paired metamor-
phic belt. On the other hand, Late Triassic sediments
are the earliest rocks that unconformably overly this
system. Hence, a continuous accretion mass flow from
the Late Carboniferous until the Late Triassic seems to
be plausible.

8. Conclusions

Successive overprint in garnet amphibolites sug-
gest an anticlockwise PT path for a locally restricted
occurrence within a fossil accretionary system. Meta-
morphism starts with burial in a geothermal gradient
of around 15 °C/km, straddling the high-pressure part
of the greenschist facies field until a transient albite-
epidote amphibolite facies assemblage with coarse
garnet, hornblende and epidote is reached at peak
metamorphic conditions (600-760 °C, 11.0-16.5
kbar), transitional to eclogite facies (stage I) and
approximately along the same gradient. This assem-
blage is strongly overprinted by an epidote blueschist
facies assemblage at 10—14 kbar, 350—500 °C (stage
1) with overgrowth of glaucophane on hornblende,
titanite on rutile and partial replacement of garnet by
chlorite and phengite, suggesting nearly isobaric cool-
ing. This retrograde equilibration stage is dated with a
Rb—Sr mineral isochron at 305.3 + 3.2 Ma, somewhat
younger (296.6 +4.7 Ma) in adjacent garnet mica-
schists. Growth of the blueschist assemblage involved
influx of external hydrous fluids. As all matrix white
mica grew during this stage, K-metasomatism might
have been involved with the fluid infiltration. External
fluid influx caused successive local re-equilibration
and particularly local growth of chlorite and white
mica continued during retrograde decompression
down to ~ 300 °C and 5 kbar. The counterclockwise
PT path contrasts the usual clockwise PT paths of
most rocks in the accretionary system considered. The
age derived for its early retrograde branch is the oldest
recorded for the accretionary complex rocks at the
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given latitude, whereas the peak metamorphic pres-
sures are the highest recorded in the accretionary
complex. The combination of these three character-
istics appears to be a systematic feature for a tectonic
scenario at the beginning of subduction mass flow in
accretionary prisms worldwide, when compared with
analogue examples in the literature.

Hence, we interpret our studied rocks as the earliest
and deepest subducted material that was heated in
contact with a still hot mantle in the hanging wall of
the subduction channel. With the arrival of further
accreted and subducted material that becomes pro-
gressively dehydrated, both the earliest accreted ma-
terial and the mantle in the hanging wall became
hydrated by external fluid influx and cooled at depth.
This event is not only responsible for retrograde re-
equilibration, but also for a change of rheological
conditions that provide effective exhumation of the
early subducted material (and slices of the mantle in
the hanging wall?) within a cooler environment (geo-
thermal gradient around 10—15 °C/km) than during
its burial. Summarizing, the exotic blocks of Los
Pabilos provide important time markers and informa-
tion about mechanisms, how subduction mass circu-
lation was initiated in the Coastal Cordillera
accretionary prism of south-central Chile. It may have
started during the Late Carboniferous and lasted for
nearly 100 Ma until the Late Triassic.
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