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The Madre de Dios Metamorphic Complex ( MDMC) in southern
Chile is a fossil frontal accretionary prism, which ts mainly composed
of metapsammopelitic rocks, intercalations of oceanic rocks ( green-
stone and metachert) and platform carbonate. We concentrated
on the metabasite to decipher the metamorphic evolution. Thus rock
lype contains assemblages of the pumpellyite—actinolite facies:
pumpellyite == actinolite—chlorite = grandite &= phengite £ eprdote—

albite—quartz—titanite = K-feldspar £ calcite.  The  metamorphic
phases mainly grew by prograde hydration reactions during various
episodes of restricted fluid influx. Fundamental phase relations of
the pumpellyite—actinolite facies and adjacent facies were reproduced
by pseudosections calculated for the system K,0—NayO—CaO—
FO-0,-MgO-Al,05-Ti0 5510 ,~H,0-CO, at 200-400°C
and 1-9 kbar. The calculated stability fields of the metamorphic
assemblages as realized in the MDMC metabasite indicate highest
metamorphic conditions restricted to 290-510°C, 4—6 kbar for the
MDMC, presumably as a result of the main fluid influx at these con-
ditions. Nevertheless, earlier local equilibria are still preserved as a
result of strongly kinetically controlled mineral reactions and a lack
of recrystallization and compositional homogenization at thin-section
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scale. Hence, thermodynamic calculations of local multivariant min-
eral equilibria using the entire compositional variation of minerals
in the MDMC show that the prograde PT path evolved from 4 £ 1
kbar, 200-220°C to 51 kbar, 290-330°C. The prograde PT
path reflects nearly horizontal particle paths after reaching the max-
imum depth typical for frontal accretionary prisms. Long residence
at maximum depth resulted in thermal re-equilibration. ** Ar/” Ar
spot ages were measured by in situ UV laser ablation of local phen-
gite concentrations in a deformed metapelite at 233-2 & 1-8 Ma and
in an undeformed metabasite at 200-8 £ 2-4 Ma. Whereas the first
age represents an age of accretion, the latter age can be attributed to
mineral growth either during a younger stage of accretion or during
a retrograde stage. "’ Ar/”° Ar isotopic analyses of two further metaba-
site samples reflect a prominent resetting of ages at 152-0 £ 2-2 Ma
and white mica growth during external fluid access triggered by
either a local intrusion or a late Furassic extensional episode.

KEY WORDS: pumpellyite—actinolite facies; kinetically controlled
mineral growth; frontal accretionary prism; prograde PT path; PT
pseudosection; 40Ar/39Ar UV laser ablation
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INTRODUCTION

The Patagonian Pacific margin between latitudes 42°S and
53°S is characterized by numerous Late Paleozoic—
Mesozoic metamorphic complexes, which are generally
referred to as fossil accretionary prisms (Hervé et al.,
2003, 2007b; Fig. 1). These complexes vary in metamorphic
grade, tectonic style, and age of metamorphism and accre-
tion. The different basement complexes are generally sepa-
rated from each other by the intrusion of the Late Jurassic
to Cenozoic Patagonian Batholith (Hervé et al., 20074,
2007b). Recent data have resulted in a better understand-
ing of the formation of different types of accretionary
prisms at the western margin of Gondwana. Two principal
modes of accretion have been recognized in central Chile
by Richter et al. (2007). Frontal accretion, involving subhor-
izontal convergence at shallow levels, changed in time to
basal accretion involving underplating and subvertical
flattening at deeper levels. In Patagonia such continuous
relations can also be observed in basement rocks of the

Chonos Archipelago (Davidson et al., 1987; Willner et al.,
2000). The different modes of accretion are also reflected
by specific metamorphic conditions in the Chilean fossil
accretionary systems. Basal accretion is clearly related to
high-pressure (HP) greenschist-facies and more rarely to
epidote—blueschist- and albite-amphibolite-facies condi-
tions (Willner ez al., 2000, 2004; Willner, 2005). However,
areas showing frontal accretion are mostly overprinted by
later high-temperature (HP), low-pressure (LP) metamor-
phism in central Chile (Willner, 2005). In Patagonia there
are three major basement complexes, which are character-
ized by very low grade metamorphism, intermediate pres-
sure conditions and an upper crustal deformation style
that resembles that of frontal accretion, involving subverti-
cal folds and brittle reverse faulting. These complexes com-
prise the Eastern Belt of the Chonos Archipelago (Willner
et al., 2000; Fig. 1), the Eastern Andean Metamorphic
Complex (Ramirez Sanchez et al., 2005) and the Madre
de Dios Metamorphic Complex (MDMC; Thomson &
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Fig. 1. Geological map and cross-section of the MDMC in the southern Madre de Dios Island and northern Duque de York Island of the Madre
de Dios Archipelago after Forsythe & Mpodozis (1983) and Sepulveda et al. (2008). Insert map shows the distribution of metamorphic complexes
in Chilean Patagonia.
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Hervé, 2002; Sepualveda et al., 2008). Such types of accre-
tionary prism are, in general, predominantly composed of
turbiditic the
MDMC considerable amounts of oceanic crust and plat-

monotonous successions. However, in
form carbonate are also incorporated.

Focusing on the well-exposed MDMC, our aim is (1) to
provide quantitative data for the thermal evolution of this
example of a frontal accretionary prism using mainly
metabasite as the lithology with the most variable assem-
blages, (2) to understand the nature of the low-temperature
metamorphic reaction processes, (3) to apply new methods
to study fundamental phase relations and metamorphic
processes at very low grade conditions and (4) to date the
very low grade metamorphic event so as to set an impor-
tant time horizon for the evolution of the coastal accretion-
ary systems of Chile as a whole.

GEOLOGICAL SETTING AND

FIELD RELATIONS

The MDMC is an isolated complex of metamorphic rocks
in the Ultima Esperanza District of Chilean Patagonia
between latitudes and longitudes of 50 and 53°S and 74
and 76°W, respectively, and is exposed on various remote
islands (Mornington, Madre de Dios, Duque de York,
Diego de Almagro, Ramirez, Contreras and Desolacién
Islands) along the Pacific margin. During their pioneering
work, Forsythe & Mpodozis (1979, 1983) defined three
units of the MDMOC that are composed of distinct rock
assemblages (Fig. 1): (1) the Denaro Unit (DU) is com-
posed of large fragments of ocean floor rocks and their sed-
imentary redeposited
calcareous sandstone, black shale and banded radiolarian

cover (metalliferous  chert,
chert with a Late Carboniferous—Early Permian biostrati-
graphic age; see Ling et al., 1985). The metabasite of the
DU shows geochemical affinities to enriched (E-) and
normal (N-) mid-ocean ridge basalt (MORB) (Septlveda
et al. 2008), whereas the metalliferous chert is comparable
with exhalative precipitates at active spreading centers.
Primary structures such as pillow and hyaloclastite relics
are preserved and, generally, no internal deformation of
the rocks is observed. (2) The Tarlton Limestone (TL)
represents
Pennsylvanian to Early Permian age (Cecioni, 1956;
Douglass & Nestell, 1976). (3) The Duque de York Unit
(DYU) i1s the predominant unit and comprises a volumi-
nous turbiditic metapsammopelitic succession of continen-
which polymict
conglomerates. The DYU was partly unconformably
deposited on top of the DU and TL units, but is mostly in
tectonic contact with its neighbouring units. A combina-

a marine carbonate platform of Middle

tal  provenance, also  includes

tion of the palynological record and geochronological data
for the DYU suggests an earliest Middle Permian deposi-
tional age (Sepulveda et al., 2009). Sensitive high-resolution
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ion microprobe (SHRIMP) U-Pb dating of detrital
zircon from DYU metagreywacke yielded a youngest age
population of ¢. 270 Ma that provides a maximum deposi-
tional age for the sequence (Hervé et al., 2003, 2006).
These data also provide an uppermost limit for the age of
metamorphism. Two fission-track (FT') ages were obtained
from the same detrital zircon populations: 209 14 and
209 £12 Ma (Thomson & Hervé, 2002). Considering
annealing of zircon FT ages at ~280°C for mean cooling
rates (Rahn et al., 2004) the latter ages provide a minimum
age of metamorphism. The DYU is regarded to have been
deposited at an active continental margin on the basis of
the composition of the detritus (Fatndez et al., 2002;
Hervé et al., 2003; Lacassie et al., 2006). A prominent
Early to Middle Permian (¢. 270 Ma) population of detri-
tal zircon in the DYU can be interpreted as the first input
of detritus from an igneous complex that developed
within the continental margin at this latitude (Hervé
et al., 2003, 2006). However, such source rocks are appar-
ently not exposed at the present margin of Southern
Patagonia at the respective latitude. Thus, Lacassie ef al.
(2006) suggested that the MDMC may have been dis-
placed and possibly originated at an extensive late
Paleozoic active continental margin along the Antarctic
sector of Gondwana. On the other hand, the late Permian
zircon population might correspond to the widespread
Permian(?)—Triassic Choiyoi acid magmatic province
(Mpodozis & Kay, 1990) that extends from 28°S to 42°S,
or to the Permian igneous rocks in the North Patagonian
Massif (Pankhurst ez al., 2006).

The MDMC was previously classified by Forsythe (1962)
and Forsythe & Mpodozis (1983) as a forearc accretionary
prism. Those workers described the predominant struc-
tures as follows: east-west-trending thrusts dipping north
(Dy) were produced during north-to-south-directed (rela-
tive to present coordinates) tectonic emplacement of slices
of the oceanic DU and TL within the continent-derived
DYU. At the same time similarly trending tight to isoclinal
folds formed as well as an early cleavage in the metapelitic
rocks. Primary structures are generally preserved and no
internal deformation occurs in the metagreywacke, meta-
basite and massive limestone. D; structures were strongly
overprinted during north—south-trending refolding with a
prominent 1-100m scale, slightly west-vergent chevron
folds and associated axial plane cleavage in pelitic rocks.
These Dy structures were thought to be related to a
system of strike-slip faults. The prominent bedding folds
and associated thrusts resemble structures formed during
frontal accretion in shallow levels of an accretionary
system as observed in analog experiments (Kukowski
et al., 2002; Glodny et al., 2005) and rock units such as the
Eastern Series of central Chile (Richter et al., 2007), which
are interpreted in a similar fashion to a frontal accretion-
ary prism.
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After emplacement and development of a structural
inventory, the units of the MDMC were intruded by the
late Jurassic to Cenozoic South Patagonian Batholith
(Hervé et al., 2007a). In the study area this intrusion
occurred at 133 £1 Ma (Hervé et al., 2007a). Late Jurassic
silicic volcanic rocks of the Tobifera series represent the
oldest cover sequence in the area, and unconformably over-
lie the metamorphic basement at Peninsula Staines
(51°38'S; Allen, 1982).

Rapalini et al. (2001) provided paleomagnetic data on
the TL and the DU, which suggest that both units rotated
~117° an Early
Cretaceous remagnetization caused by the thermal influ-
ence of the South Patagonian Batholith. Those workers
concluded that both rock units were probably accreted to
the Gondwana margin from the NW.

in an anti-clockwise sense after

ANALYTICAL METHODS

Focusing on the lithologically most diverse Denaro Unit
(DU), we selected representative rock types from different
parts of its accessible outcrop (Fig. 1) for petrological and
geochronological investigations. The mineralogy of the
rock samples and their locations are given inTable 1.
Mineral compositions were obtained using a CAMECA
SX 100 electron microprobe with five wavelength-
dispersive systems at Universitat Stuttgart, Germany.
Operating conditions were an acceleration voltage of 15
kV, a beam current of 15 nA, 20s counting time per

Table I:  Assemblages of rock samples and ther locations

element each on the peak and the background and a defo-
cused beam of 8 pm to avoid loss of alkalis in mica and
amphibole. We used natural minerals, glasses and pure
oxides as standards. The PAP correction procedure pro-
vided by Cameca was used for matrix correction.
Representative analyses and structural formulae of miner-
als used for PT calculations, together with the calculation
procedure of the structural formulae, are presented in
Table 2. The complete dataset is
Supplementary Data, which can be downloaded from
http://www.petrology.oxfordjournals.org. Abbreviations of
minerals and end-member components in this paper are:

available as

ab, albite; ac, Mg—Al-celadonite; am, amphibole; bt, bio-
tite; ca, calcic amphibole; cc, calcite; ch, chlorite; cl, clino-
chlore; cp, clinopyroxene; cz, clinozoisite; da, daphnite;
ep, epidote; fc, Fe—Al-celadonite; gl, glaucophane; gt,
grandite; kf, potassic feldspar; Im, laumontite; Iw, lawso-
nite; mp, Mg-pumpellyite; na, sodic amphibole; pu, pum-
pellyite; pr, prehnite; qz, quartz; sh, stilbite; st
stilpnomelane; tt, titanite; tr, tremolite; v, HoO vapor; wk,
wairakite; wm, potassic white mica.

Whole-rock major element analyses were obtained using
Philips X-ray fluorescence spectrometers on glass disks at
Ruhr-Universitit Bochum and Universidad de Chile in
Santiago. FeO was determined potentiometrically and
FeoO3;  was  calculated by difference  (FeyOstot
—FeO*1'1113). HyO was analysed by the coulometric Karl-
Fischer titration method. Data are presented in Table 3.

Metamorphic phases Amygdules Primary phases Latitude Longitude  Location Ar/Ar age Pseudo- Multivariant
(Ma) section reactions
Ac Gt Pu Ep Ch Wm Kf Ab Qz Ti Cc St Cpx Cr-sp Plag
Metabasite
04CH18c  x X X X X X X X Ch, Qz, Ep x 50°27'57-9” 75°12'19-8” Isla Denaro 207-136 x X
04CH17c X X X X X Ch X 50°28'10-6” 75°11'69:7" Isla Denaro 1562+2
MD98-03 X X X X X X X X X 50°18'48-2” 75°16'50-3" Seno Eleuterio
MD98-04 x x x Xx Xx X X X X X X X 50°18'48-2" 75°16'50-3" Seno Eleuterio X X
MDO06-5B x x X X X X X X X Qz, Ch, Cc x X 50°18'562-40” 75°16'60-57” Seno Eleuterio X
MD5 X X X X X X X X X Ch, Qz X 50°28'36-4" 75°11'33-5” Islotes Roncas X X
MDO06-6A  x X X X X Ch, Cc X 50°18'62:40" 75°16'50-57” Seno Eleuterio
MD26 X X X X X X X X X Ch, Cc X 50°22'42-1" 75°22'58-6” Seno Eleuterio X X
MDO05-18 X X X X X X X 50°23'31:7” 75°20'10-1” Isla Guarello
MDO05-11D X X X X X X X Qz, Ch, Cc x 50°22'31-0" 75°22'46-9” Seno Eleuterio 201+2
MDO06-3B X X X X X X X X 50°22'44-67" 75°23'05-63” Seno Eleuterio X
SLL853*  x X X X X X X X X X 45°20'56-1” 74°12'05:7" lIsla Italia X
Metapsammopelite
04CH15 X X X X X 50°25'43:2” 75°19'33:1” Isla Madre de Dios 233 +3 X
MDO06-8 X X X X X X 50°17'41-41” 75°20'25-03" Isla Madre de Dios X

*Metabasite from the Chonos Archipelago (Hervé et al. 1999).
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WILLNER et al.

Table 2: Continued

FRONTAL ACCRETIONARY PRISM EVOLUTION

Feldspar

MD26 MD9804 MD9804 04CH18c MD5 MD0518 MDO0518
Si0, 689 653 69-4 68-3 67-3 63-3 64-88
Al,O3 195 195 20-3 195 192 196 17-84
TiO, 0-38 0-01 0-01 0-01 b.d. b.d. b.d.
FeO 0-26 01 0-07 0-26 0-36 175 0-29
MgO 026 0-01 b.d. 0-03 n.d. 2:88 0-01
MnO 0-04 0-01 b.d. b.d. n.d. b.d. 0-01
Ca0 076 b.d. 0-04 0-27 0-39 0-31 b.d.
BaO n.d. n.d. n.d. n.d. b.d. b.d. 0-40
Na,0 10-8 0-06 109 13 115 10-8 0-07
K,0 0-14 1599 0-06 0-00 0-02 027 1621
Sum 1011 101-0 1008 99-7 99-0 989 99-7
Si 2:981 2977 2992 2993 2979 2:844 3015
AV 0-019 0023 0-008 0-007 0022 0-156 0-000
Sum 3000 3000 3-000 3000 3000 3000 3015
A 0-975 1-024 1:026 1000 0978 0-882 0-977
Fe 0-010 0-004 0-002 0-010 0-012 0-066 0-011
Mg 0017 0-002 0-193 0-001
Mn 0-002
Sum 1:016 1029 1:029 1012 0-990 1142 0-990
Ca 0-035 0-002 0-013 0-085 0-015
Ba 0-007
Na 0-909 0-005 0-912 0-957 0-984 0-945 0-007
K 0-008 0-930 0-003 0-000 0-001 0-015 0-961
Sum 0-952 0-935 0917 0-970 0-997 0975 0-975
o 8000 8000 8000 8000 8000 8000 8000
Albite 0-038 0-000 0-002 0-013 0-079 0-015 0-000
Anorthite 0-955 0-005 0-995 0-987 0919 0-969 0-007
Orthoclase 0-008 0-995 0-004 0-000 0-001 0-016 0-986
calc., calculated with PERPLE_X (at 300°C, 5-6 kbar); b.d., below detection limit; n.d., not determined. For arnet,

catlons are based on 48 negative charges including 10 catlons in the tetrahedral and octahedral site to calculate Fe "

. For

white mica, the proportion of cations is based on 42 negative charges neglectlng the interlayer cations; the sum of
octahedrally coordinated cations is set at 4-1 to allow for an estimation of Fe*". For chlorite, cations are based on 56
negative charges; H,0 is calculated on the basis of OH = 16. For amphibole, proportlon of cations is based on the sum of
cations= 13, except for Ca, Na and K for estimation of Fe**, and on 46 negative charges. For epidote, proportion of
cations is based on normalization of Si to three cations. For pumpellylte cations are based on 49 negative charges; H,0 is
calculated on the basis of OH=4; estimation of Fe’' by assumlng the X-position filled with divalent cations. For
clinopyroxene, normalization to four cations is used to calculate Fe>*. For feldspar, normalization is on the basis of 16

negative charges.
*Calculated with Feioig)-

Preparation and measurements for determination of the
Kiibler Index of white mica were carried out at the
Universidad de Chile in Santiago. The <2 pm fraction of
pelitic rocks was separated using a HERMLE centrifuge
and measured with a SIEMENS D5000 X-ray powder dif-
fractometer using quartz as a standard, Cu Ko radiation
and automatic primary as well as secondary divergence

slits. Operating conditions were 40 kV acceleration voltage
and 30 mA current. Each specimen was scanned from 2 to
2320 in steps of 0.02°20 and an integration time of 5s.
Peaks were analyzed using the EVA software provided by
SIEMENS.

*Ar/*?Ar dating was performed in the *Ar/*Ar geo-
chronology laboratory at the Universitat Potsdam after
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Table 3: Whole-rock analyses and simplified compositions ( also corrected for clinopyroxene content) used for the calculation

of pseudosections (Figs 6-9)

Whole-rock analyses

Simplified compositions

Sample: 04CH18A MD9804 MDO063B MD26 MD5 SLL853 MDO066 MDO0511D 04CH18A MD9804 MDO063B MD26 MD5 SLL853
SiO, 481 458 479 5056 472 490 435 434 SiO, 474 459 483 505 466 490
TiO, 101 053 0-64 1110 096 116 0-57 0-63 TiO, 117 0-63 0-65 114 112 123
Al,O3 136 145 16-1 134 144 142 156 16-7 AlLO; 163 145 16-2 139 19-2 157
FeO 7-91 656 4-60 648 680 956 848 852 FeOiwr 117 9-15 875 971 804 115
Fe,03 325 2:85 452 334 330 174 0-96 4-00 MgO 814 16-6 8:04 9-39 577 4-49
MgO 9-60 16-49 7-97 978 813 549 1516 7-39 Ca0 5563 329 5-95 7-51 990 101
MnO 016 0-14 0-09 n.d. 016 017 013 0-10 Na,0 327 0-91 2:21 191 373 3-64
Ca0 824 328 5-90 811 123 109 1-49 7-04 K20 0-36 0-68 2:26 0-18 012 0-06
Na,O 2:72 0-91 219 182 275 328 2:65 3-07 H,0 5-97 815 6-96 5-06 519 421
K,0 0-29 0-68 2:24 017 009 005 0-23 157 CO, 0-00 0-00 0-45 0-63*  0-14*  0-00
P,0s 0-06 0-09 0-22 n.d. 010 021 0-08 025 O, 0-15 0-15 0-15 0-15 015 0-15
H,0/LOI 474 813% 6-90% 530f 384; 377f 967 7-20% 100-0 100-0 100-0 1000 100-0 1000
CO, 0:00 n.d. 0-45 n.d. n.d. n.d. 0-39 n.d.

Sum 99-6 999 99-8 1000 963 996 986 997

FeOior 10-8 913 867 949 977 11 934 121

Cpx8 0-22 0-00 0-00 005 027 010 0-00 0-00

SLL853 is a metabasite from the Chonos Archipelago (Hervé et a/., 1999). n.d.,

*CO, estimated according to calcite content in the rock.
+Content of O, used for calculation.

iLoss on ignition.

8Content of clinopyroxene as a fraction of 1.

neutron activation of polished sections (1cm diameter) at
the Geesthacht Neutron Facility (GeNF) of the GKSS in
Geesthacht, Germany. The polished thick sections were
wrapped in commercial Al foils and set into a 99:999%
pure Al holder of 20 mm diameter and 88 mm height con-
sisting of 18 stacked Al disks. The package was Cd-shielded
and irradiated with fast neutrons with a flux of 1 x10"
n/em?s for 97 h. The Fish Canyon Tuff sanidine (age 27-5
Ma; Uto et al., 1997; Ishizuka et al., 2002) was used as a
flux monitor during irradiation to obtain the ] values,
which reflect the degree of neutron activation for the irra-
diated samples. KoSO,4 and CaFy crystals were also irra-
diated to correct interference of Ar isotopes produced by
the reactions on K or Ca in the samples. The Ar isotopic
analytical system at Universitidt Potsdam consists of (1) a
New Wave Gantry Dual Wave laser ablation system with a
50W COgy laser (wavelength 10-6 pm) and 6 m] UV
pulse laser (wavelength 266 nm, frequency-quadrupled)
for heating and extracting gas from the samples, (2) an
ultrahigh-vacuum purification line with SAES getters and
a cold trap and (3) a Micromass 5400 noble gas mass spec-
trometer with a high sensitivity and an ultralow

10

not determined.

background. The mass spectrometer has a pulse counting
system with an electron multiplier, which works effectively
for the analysis of very small amounts of gas. Fish Canyon
Tuff sanidine and the KySO, and CaF, crystals were
heated using a defocused continuous CO, laser beam with
a similar diameter to the grain size for I min. The samples
of unknown age were ablated by a UV pulse laser at the fol-
lowing conditions: 50 pm beam size, 2 min pulse duration
and 10 Hz repetition rate. The extracted gas was exposed
to SAS getters and a cold trap, in which the metal finger-
tube was cooled to the freezing temperature of ethanol for
10 min to purify the sample gas to pure Ar gas. Finally, the
purified Ar gas was introduced into the Micromass 5400
noble gas mass spectrometer to determine the Ar isotopic
ratios. The Ar isotopic ratios of the sample gas were finally
obtained after corrections of blank, mass discrimination
by the analytical results of atmospheric argon, interference
of the Ar isotopes derived from Ca and K by the irradia-
tion, and the decay of the radiogenic Ar isotopes (*’Ar
and *Ar) produced by the irradiation. The calculation of
the ages and errors was performed according to Uto et al.
(1997). The data are presented inTable 4.
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RESULTS

Petrographic and mineral chemical
characteristics

A conspicuous feature of most MDMOC rocks is the preser-
vation of primary fabrics even at microscopic scale as a
result of a general lack of penetrative internal deformation.
In most metabasite samples a former subophitic texture of
intergrown clinopyroxene and plagioclase crystals or a
porphyritic texture with clinopyroxene phenocrysts (0-5—
3 mm) in a feldspar-rich groundmass is variably preserved,
although generally partly to completely pseudomorphed
(Fig. 2). Amygdales with a mono- or bimineralic fill of
quartz, chlorite, calcite and/or epidote (0-5—4+0 mm diame-
ter; Fig. 2d) represent an additional common primary fea-
ture in the metabasites.

Clinopyroxene is augite with a widely variable composi-
(diopsidess_sg,  hedenbergite; s,
acmitep 7, Tschermak componenty ;) including traces of
Ti (0-004-0-019 a.p.fu) and Mn (0-003-0-0lla.p.fu).
According to Sepulveda et al. (2008) its composition is typ-
ical for non-alkaline basalts. Relict plagioclase composi-
tions range between 48 and 79 and 19 and 27 mol %
anorthite. Some samples contain chromite crystals in the
groundmass, which are typically reddish brown, anhedral
to euhedral grains (0-02-0-4mm), commonly with an
alteration halo. Internal deformation in the metabasites is
represented only by fissures, mostly with a monomineralic

tion enstatite;g 49,

fill of pumpellyite, chlorite, epidote, white mica or calcite.
The metamorphic assemblages in the metabasite are
('Table 1):

(1) actinolite—pumpellyite—epidote—chlorite-white mica—
albite-quartz—titanite =£ calcite;
pumpellyite—epidote—chlorite—albite-quartz—titanite
= calcite &£ white mica £ K feldspar;

garnet (grandite)—pumpellyite—epidote—chlorite—
albite-quartz—titanite &= white mica;
actinolite-garnet (grandite) epidote—chlorite—
white  mica—albite-quartz—titanite & pumpellyite
K-feldspar = calcite.

The metabasites of the MDMOC appear to lack stilpno-
melane, although this mineral was observed in the meta-
chert of the DU (Sepulveda, 2004). Metamorphic
minerals are heterogeneously distributed and can form
small monomineralic clusters of 0-2—1 mm size of chlorite,
pumpellyite, epidote, titanite—chlorite
garnet, actinolite or white mica (Fig. 2). The crystal size
within the clusters is generally between 10 and 30 pm, but
may be up to 100 um for chlorite or actinolite. Titanite—
chlorite intergrowths form pseudomorphs probably after

intergrowths,

primary ilmenite. Actinolite, chlorite and pumpellyite
mainly replace clinopyroxene, whereas white mica and to
a lesser degree also epidote form pseudomorphs after plagi-
oclase (Fig. 2).

11

FRONTAL ACCRETIONARY PRISM EVOLUTION

In the metapsammopelitic rocks of the DU and DYU
the relic clastic fabric is preserved without or with only a
very low degree of recrystallization of quartz in the
matrix. The size of the newly grown quartz grains in the
matrix is <0-02 mm. Whereas a cleavage is well developed
in the metapelites, the metapsammites show only an incip-
ient banding of phyllosilicate and quartz-rich domains of
millimetre spacing. Metamorphic white mica and chlorite
grew parallel to the incipient cleavage. Detrital phyllosili-
cates are mechanically rotated parallel to the cleavage
and bent. Some quartz clasts in contact with white mica
show incipient pressure solution effects causing a slight
shape-preferred orientation. The metapsammopelitic rocks
still exhibit relic clastic components, predominantly angu-
lar to subrounded clasts of quartz, albite, white mica, bio-
tite and minor K-feldspar. Lithic clasts are mainly shale,
siltstone, quartzite, mylonite, rare basalt and rhyolite.
Heavy minerals are mainly zircon and tourmaline as well
as minor titanite, garnet, apatite, pyrite and Fe—Ti oxides.

The composition of white mica in the metabasite sam-
ples varies considerably, but the range is similar between
samples (Fig. 3; Table 2): Si 3-07-3-54 a.p.f.u. with phengite
compositions  (S1 >3-2a.p.fu) predominating, very
low Ti (0-00-0-02a.p.fu) and intermediate Xy, [Mg/
(Fe”* 4+ Mg); 0:30-0-64]. Notably, a considerable margarite
component may occur in some white mica grains within
samples 04CHI18c, 04CHI17¢, MDO06-5B, MDO06-11D and
MDO06-8 (Ca 0-02-0-14 a.p.f.u), whereas most grains are
devoid of Ca. Similarly, the Na content varies considerably
between grains of a single sample and between the studied
samples (Na 0-:005—-0-150 a.p.f.u.). The erratic and occasion-
ally high Ca and Na contents are incompatible with the
low metamorphic grade as a result of the known solvus
relationships (e.g. Chatterjee & Iroese, 1975; Hock, 1974).
It is assumed that small domains of margarite and parago-
nite are intergrown with potassic white mica and that the
occasionally high Ca and Na contents actually represent
mixed analyses of such domains. In sample MD9804 two
generations of phengite with significant compositional dif-
ferences, particularly regarding the calculated Fe** con-
tents, were detected (Fig. 3, Table 2): white mica I (Si
3-68-3-73 a.p.Lu., Fe’* 0-97-11la.plfu, Xy, 074-0-81)
and white mica II (Si 3:45-3-59 a.p.Lu., Fe’T 0-00-0-36
a.pfu., Xy 055-0-78). White mica I appears to be
almost glauconite in composition according to the defini-
tion of Bailey (1980). In all metabasite samples occasional
high calculated Fe’* contents occur (0-06-0-14 a.p.fou).
Mixtures of chlorite and phengite can be excluded as an
explanation, because the white mica was analysed in clus-
ters devoid of chlorite.

White mica in the metapsammopelites always occurs in
two generations: detrital mica is characterized by larger
grain size (0-05-4 mm), lower Si content (3-:03-3-38 a.p.f.u.),
higher Ti content (0-005—-0-075 a.p.f.u.), higher Na content
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Fig. 2. Photomicrographs showing clustering phenomena. (a, b) Former subophitic texture of clinopyroxene (Cpx) and plagioclase replaced by
an assemblage of clusters of chlorite (Cll) growing at the expense of clinopyroxene, of titanite—chlorite intergrowths ('TtCl) replacing ilmenite
and of white mica (Wm) replacing plagioclase. On the left-hand side, chlorite (Cl12) fills a fissure that opened twice (see arrow); widths of
images are 175 mm (sample 04CHI7); (a) crossed polars’ (b) parallel polars. (c) White mica cluster (Wm) replacing a plagioclase phenocryst
cut by a late chlorite-filled fissure (arrows); in the upper part of the image white mica replaces smaller randomly oriented former plagioclase
with interstices filled by titanite—chlorite clusters (TtCl); width of image is 0:7mm (sample MD26); crossed polars. (d) Epidote clusters (Ep)
replacing former plagioclase in an assemblage with clusters of chlorite (Cl) and titanite—chlorite intergrowths (TtCl); an amygdule filled by
quartz and chlorite occurs in the upper left corner; width of image is 0-7 mm (sample MD9); crossed polars.

(0-02-0-16 a.p.fu) and more variable Xy, (0-34-0-66)
compared with metamorphic white mica (0-01-0-05 mm),
which is invariably phengite (Si 3:35-3-50 a.p.fu.; Ti
0-001-0-010 a.p.f.u.; Na 0-00-0-02 a.p.fu.; Xyge 0-52-0-62).
White mica compositions in all samples mostly plot close
to the ideal line of the Tschermak’s substitution except
for sample MD 9804 and partly MD 06-8 with consider-
able Fe’* substitution (Fig. 3a). Only a few samples con-
tain some metamorphic white mica grains (particularly
sample MD 9804) with a reduced interlayer occupancy
between 0-8 and 0-9a.p.fu., whereas most of the stud-
ied white mica have identical interlayer occupancies to
those formed during low-grade conditions (e.g. Willner,
2005).
occupancy may be due to some substitution of the pyro-
phyllite component towards illite as a result of the

The observed minor reduction of interlayer

12

KA (Si KR* AN O,
(R=Mg, Fe). According to an IMA recommendation the
term illite should only be used for interlayer-cation-
deficient micas with K 4+Na<0-85a.p.f.u. (Rieder et al.,
1998) and illite usually has an interlayer occupancy of c.
0-75 (Srodon & Eberl, 1984). Thus, at most, a small
amount of illite is actually present in our samples. This

substitutions and

concurs with similar observations made by the systematic
study of Abad et al. (2006) that true illite compositions are
rather rare with respect to muscovite—phengite composi-
tions at very low grade and low-grade conditions.
Similarly, muscovite and phengite has been reported from
pumpellyite—actinolite-facies schists in the Swiss Alps and
(e.g. Coombs et al., 1976, 1977).
Interestingly, there is a systematic major element correla-
tion in white micas: generally, a systematic variation of

in New Zealand
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Fig. 3. Sivs Al and Si vs X, variations of white mica in the metabasite and metapsammopelite samples of the MDMC.

increasing Xyp,, @ temperature-dependent parameter, with
increasing Si content, a pressure-dependent parameter,
can be observed (Fig. 3b).

Chlorite is ubiquitous in all samples. Chlorite generally
shows a wide range of Si contents compared with a
restricted Xyg, range within single samples (Table 2;
Fig. 4). Conversely, Xy, varies widely between samples
(0-3-0-85) because of the variation in whole-rock composi-
tion, but also the range of Si contents within the samples
varies considerably (5-4-6-8 a.p.f.u). Mn is the only trace
element with significant contents (0-02-0-06 a.p.f.u.; rarely
up to 0:08—0-14 a.p.f.u). No distinct chlorite generations as
a result of compositional differences were detectable.

Garnet occurs as clusters of crystals (1020 pm size) in
the samples MD98-03, MD98-04
MDO06-5B and is invariably grandite in composition

metabasite and

(andradites; 46, grossulars) g, spessartinep.o4, pyropeo -1

almandineg.g 9.4, uvarovitep.g o). Rare elevated Cr
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contents of 0-1-0-5a.p.f.u. were locally detected in some
grains in samples MD98-03 and MD98-04.

Epidote 67-98 mol % (mostly
80 mol %) pistacite component (Table 2). The distribution
of Fe within the grains is rather patchy. A different popula-
tion of epidote was detected in three samples with consider-
ably lower pistacite contents of 41-58 mol % (04CHI8,
MD26, MDO05-18) or 25-27 mol % (MD26). The only
notable minor element is Mn (0-005-0-018 a.p.f.u., occa-
sionally up to 0-05 a.p.f.u).

Amphibole is actinolite (Si 7-83-8-00 a.p.f.u) with some
calculated Fe’* (0-03-0-59 a.p.fu), some Na® contents
(0-03-0-20 a.p.fu) and a high Xyg (0-60-0-82). X2t
[Fe”T/(Fe®* + Fe®™); 0-38-0-96] varies considerably, possi-
bly as a result of variable oxidation fugacities.

Pumpellyite shows a positive correlation between
Xt [Fe’Y)(Fe’* + Al); 0-38-0-92] and Xy, (062
0-94) as well as some trace elements; for example,

contains above
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Fig. 4. Sivs Xy, variation of chlorite in metabasite and metapsammopelite samples of the MDMC.

Ti (0-001-0-147 a.p.fu), Mn (0-000-0-025 a.p.f.u) and Na
(0-:003-0-023 a.p.f.u). Metamorphic feldspar is pure albite
and/or K-feldspar. The latter mineral was observed in the
metabasite samples MD98-04, MDO05-18 and MD06-3B
(Table 2).

General phase relations and metamorphic
conditions

The prevalence of very low grade metamorphism in the
MDMC is evident from the following observations. The
general lack of quartz recrystallization in the matrix of
the metagreywackes and preservation of datable radiolar-
ians in the cherts (Ling et al., 1985) associated with the
DU metabasites suggest that maximum temperatures
would not have significantly exceeded 300°C. Quartz fab-
rics in the metagreywackes resemble those of type C of
Brix et al. (2002) that are shown to have prevailed at a tem-
perature of 300-320°C. In addition, a temperature of
about 280°C, at which fission tracks in zircon anneal at
mean cooling rates (Rahn et al,, 2004), must have been
reached or overstepped, because all detrital zircon in the
two metagreywacke samples studied has been entirely
reset (Thomson & Hervé, 2002).

The Kibler Index (KI; Kiibler, 1968) is a common semi-
quantitative temperature indicator at very low grade to
low-grade metamorphism that integrates over the strongly
variable compositions of potassic white mica present in
the rock. For the determination of the KI, four metapelite
samples from a transitional contact zone between the DU
and the DYU were analyzed. Samples MDO04-1A
and MDO04-1B were taken from the DYU and samples
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MDO04-8A and MDO04-8AB represent red siliceous argil-
lite from the DU intercalated within the chert. All samples
were composed of white mica, chlorite, quartz and hema-
tite. KI values vary as follows: 0-28 A°20 for MD04-8AB
and MDO048A; 0:30 A°20 for MDO04-1A; 0-32 A°20 for
MDO04-1B. These values correspond to anchizonal condi-
tions representing temperatures between 200° and 300°C.
No break of metamorphic conditions appears to exist
between the major units of the MDMC.

An obvious lack of very low grade minerals such as lau-
montite and prehnite precludes metamorphism at LP con-
ditions, including ocean-floor metamorphism. This agrees
with the ubiquitous occurrence of metamorphic indicators
of elevated pressure such as phengite. On the other hand,
typical HP phases, such as lawsonite and Na-amphibole,
are absent. The prevalent assemblages in the DU metaba-
sites define conditions of the pumpellyite—actinolite facies
at intermediate pressures. Figure 5 indicates the approxi-
mate limits of the actinolite-pumpellyite facies for the
MDMC. The multivariant boundary reactions were calcu-
lated with averaged activities of end members of solid solu-
tions in the system CMASH as realized in the rocks of the
DU (for the method see below). The extent of the stability
field of the actinolite-pumpellyite facies is largely defined
by the presence of pumpellyite + chlorite. At the transition
to the lawsonite—blueschist facies a subfacies field exists
where both minerals coexist with glaucophane. It is nota-
ble that the pumpellyite—actinolite facies occupies an inter-
mediate pressure field, corresponding to a geothermal
gradient of ~11-25°C/km (calculated using 2-8 g/em® as
the mean crustal density). This field also extends into the
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Fig. 5. Petrogenetic grid for the pumpellyite—actinolite facies with limiting multivariant reactions calculated with mean activities of the follow-
ing end-members in the system CNMASH as realized in the studied rocks (in parentheses): lw, lawsonite (1-0); gl, glaucophane (0-4); cl, chlino-
chlor (0-1); pu, Mg-pumpellyite (0-7); cz, clinozoisite (0-2); tr, tremolite (0-7); qz, quartz (10); ab, albite (10); v, HyO fluid (10); pr, prehnite
(10). Shaded area indicates the field of metamorphic gradients between 11 and 25°C/km.

field of HP greenschist facies (Fig. 5). It deviates strongly
from the metamorphic geotherm of 8-10°C/km typically
deduced from HP-LT rocks that were overprinted directly
above a subducting slab (e.g. Agard et al., 2009) and pre-
sumably represents a hotter region of the subduction
system.

Phase relations observed in PT
pseudosections

For an advanced assessment of phase relations, geothermo-
barometric constraints and equilibrium conditions at very
low to low grade we calculated P7 pseudosections in the
system  KyO-Nay,O—-CaO-TeO-0Oy-MgO-Aly,O5-TiOy—
SiOy—H,O—-CO, at 200-400°Ct and 1-9 kbar with the
PERPLEX software package (Connolly, 1990, 2005; ver-
sion of August 2006 downloaded from www.perplex
.ethz.ch). The thermodynamic dataset of Holland &
Powell (1998, updated 2002) for minerals and aqueous
fluid was used. This dataset was recently enlarged using
end-member data for Fe”™- and Fe’t-pumpellyite, Fe’*-
and Mg-stilpnomelane, actinolite and magnesioriebeckite
(Massonne & Willner, 2008). Calculations were performed
using the following solid-solution models: for white mica,
epidote, chlorite and biotite by Holland & Powell (2003)
and Powell & Holland (1999), grandite by Engi & Wersin
(1987) and amphibole, sodic clinopyroxene, pumpellyite
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and stilpnomelane by Massonne & Willner (2008). The
selected amphibole model provides a better adaptation to
very low grade and low-grade conditions, whereas the
selected clinopyroxene model is the Holland & Powell
(1996) model supplemented by the aegirine component,
which is often enhanced at very low grade conditions. The
solid-solution models of white mica, epidote, chlorite, bio-
tite and grandite were selected from the distributed version
of the PERPLEX solution model file. The solid-solution
models of amphibole, sodic clinopyroxene, pumpellyite
and stilpnomelane are added to this file as described by
Massonne & Willner (2008). Albite, K-feldspar, quartz,
titanite, HoO and paragonite were considered as pure
phases.

We selected five metabasite samples from the MDMC
(MD5, MD26, MD98-04, 04CH18 and MDO06-3) covering
the entire range of observed assemblages (Table 1), and an
additional metabasite sample (SLL853) from the very low
grade Eastern Belt of the Chonos Archipelago for compar-
ison. This sample contains a stilpnomelane-bearing assem-
blage that was not observed in the MDMC (Tables | and
3). In some samples a considerable amount of magmatic
clinopyroxene remains despite complete reaction of this
phase to form metamorphic phases in other samples. This
amount was subtracted from the original bulk-rock analy-
ses. Furthermore, for an optimal reproducibility of the
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assemblages realized in the MDMC we used a slightly
reduced oxygen content (uniformly 0-15 wt % O,, which
is related to Fe’* by the PERPLEX software) compared
with the determined FeoOs3 contents of the rock. These
FeoO4 contents were higher than that of the metamorphic
mineral assemblage because of the presence of hematite
along grain boundaries formed by weathering. On the
other hand, we kept the water content at the amount mea-
sured in the samples, because calculations with the
PERPLEX software shows that at water excess conditions
the entire rocks would have reacted to a higher quantity
of hydrous minerals than observed. Although we included
COy as a component to calculate calcite, we did not con-
sider it as a volatile component. Hence a pure H,O fluid
was used in the calculations for simplicity. However, corre-
sponding calculations with a HyO-COy mixture have
shown that the fluid is virtually entirely composed of H,O
at the selected P7 conditions.

The PT pseudosections obtained (Figs 6—-10; summary
in Fig. 6) for the selected six metabasite compositions
show a successful reproduction of the stability fields of the
actual mineral assemblages within the pumpellyite—acti-
nolite facies and also display the varying stability fields of
critical very low grade phases that are consistent with
phase relations as proposed and calculated by Katagas &
Panagos (1979), Evans (1990), Frey et al. (1991) and Banno
(1998) in the NC(F)MASH system (see also Massonne &
Willner, 2008). Furthermore, selected calculated composi-
tions of solid solutions (at approximate peak conditions of
56 kbar, 300°C)) concur well with analyzed compositions
that are probably representative for peak metamorphic
conditions (see Table 2).

Chlorite, amphibole and titanite are present at all calcu-
lated P7 conditions. Pumpellyite in the presence of chlorite
is stable within a very low grade field between 2 and 9
kbar and up to 300-350°C, whereas prehnite occurs
3 kbar 300-320°C. Xy [=Xwgf
(Xng + XFeworal)] in pumpellyite rises with pressure and
temperature with minimum values (0-40-0-46) below 3

below and

kbar and 250°C (Figs 7 and 9). Lawsonite appears above
4-5 kbar and below 300-350°C.. Laumontite occurs below
4-5 kbar and 300°C. Stilpnomelane can be stable in the
entire very low grade field up to 300°C; biotite appears
above 300-350°C. Epidote generally is a stable phase at
very low grade conditions already between 200 and
250°C. Calculated Fe®* contents are somewhat lower
(0-6-0-64 a.p.f.u) than those in the measured grains (0-8—
0-9 a.p.f.u). Grandite may be stable in the entire very low
grade to low-grade field up to 350°C (Fig. 8) and has iden-
tical grossular/fandradite compositions to those in the mea-
sured garnets (Table 2). K-feldspar and wairakite in
metabasite occur below 3 kbar and 300-350°C: and 2
kbar and 300-320°C, respectively. Amphibole is actinolite
with Na contents up to 0-2apfu at 5 kbar and
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Xnmg=0-6-0-8 as observed in all studied MDMC metaba-
site samples. At low-grade conditions and at 6-8 kbar
an intermediate Na—Ca-amphibole (0-2-0-5 Na p.fu;
Figs 7-9) is stable. This mineral occurs within all regions
of the Chilean basement that are interpreted to be accre-
tionary complexes (e.g. Willner et al., 2001; Willner, 2005).
Na-amphibole appears above 5-7 kbar at very low grade
conditions and above 8 kbar at low-grade conditions. At
very low grade conditions, two amphiboles may be present
in the LP part of the lawsonite—blueschist facies (Figs 7
and 9), but one amphibole for Fe-rich bulk-rock composi-
tions (Fig. 8). White mica is invariably phengite in the cal-
culated P7 field with Si contents increasing with pressure
and decreasing with temperature. There appears to be a
maximum of Si content of 3-4-3-5 a.p.f.u., particularly in
the field of the pumpellyite—actinolite facies (Figs 7 and
9), coinciding with the analyzed phengite. Whereas Xypq
values of calculated and measured white mica grains devi-
ate (e.g. 076 and 0-62, respectively, at 300°C and 56
kbar), those of chlorite are comparable (Table 2).

There is a remarkably good agreement of the metamor-
phic assemblages in the studied rocks with the six calcu-
lated assemblages at 290-310°C, 4—6 kbar (Fig 10a). The
appearance of stilpnomelane at these conditions was calcu-
lated and observed only for sample SLL853 from the
Eastern Belt of the Chonos Archipelago. On the other
hand, according to the pseudosections the former presence
of stilpnomelane during the prograde P7 path can be pre-
dicted for samples 04CHI8, MDO06-3 and MD5.
Stilpnomelane disappeared at maximum P7 conditions
outside its stability field or never nucleated as a result of
overstepping of reactions. Sample MD98-04 contains
some epidote, which, however, appears at the high-
temperature boundary of the field marked in Fig. 10a.

The conditions of the observed mineral assemblages
appear to be realized at the high-temperature end of the
pumpellyite—actinolite facies. Four samples show the
stable assemblage actinolite—pumpellyite. Three PT fields
concur with the approximate outline of the pumpellyite—
actinolite facies as shown in Fig. 5. It should be noted that
for two metabasite samples no realistic assemblages could
be calculated. The whole-rock compositions are ultrabasic
(MDO066 and MDO05-11D; Table 3) and the number of
phases in the rocks is restricted (Table 1). This shows that
considerable presumably caused by
enhanced fluid flow, affected these two rocks at some
stage, causing the low number of phases.

metasomatism,

Geothermobarometry using multivariant
equilibria

We also calculated P7 conditions for the peak of metamor-
phism and different prograde equilibration stages using
the entire range of variation of analyzed mineral composi-
tions. We calculated multivariant reactions using the Ge0-
Calc software of Brown et al. (1989) and derivations
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(TWQ) with the thermodynamic dataset of Berman (1988)
augmented by compatible thermodynamic data for the
end-members glaucophane and Mg-pumpellyite by Evans
(1990), clinochlore, Mg—Al-celadonite and Fe—Al-
celadonite by (19954) and daphnite and
muscovite by Massonne & Szpurka (1997). The activity for-

Massonne

mulations used for non-ideal solid solutions of garnet were
those of Berman (1990), for chlorite and amphibole those
of Massonne (19954, 19956), for white mica those of
Massonne (19954, 1997) and pumpellyite those of Evans
(1990), whereas an ideal solution model was chosen for epi-
dote (actinozoisite =1 — Xpistacite)- We preferred these data to
those of Holland & Powell (1998) used for the calculation
of pseudosections (see previous section) in order to obtain
independent information on the maximum P7 conditions
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recorded. We have widely and successfully applied this
approach to other low- and medium-grade rocks of the
Chilean accretionary systems (e.g. Willner et al., 2000,
2001, 2004; Willner, 2005). Hence, a better basis for com-
parison between the various Chilean accretionary com-
plexes is given.

Because the above-described phase relations demon-
strate adaptation to the conditions of the upper pumpel-
lyite—actinolite facies without homogenization of mineral
compositions, it is likely that transient prograde equilibria
are locally preserved. Although it is difficult to find coex-
isting phases in mutual contact because of clustering of
the phases, we tried to calculate local equilibria consider-
ing the wide compositional range of the relevant phases.
Calculation results are shown in Fig. 11. For three samples
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(04CHI8, MD26 and 04CHI5) we applied the water-
independent thermometer reaction

daphniteg, +5 Mg—Al-celadonitey,, (E1)
= 5 Fe—Al-celadoniteyw,,+clinochloregy,.

This indicated a temperature range of 200-330°C during

metamorphic mineral growth. Similarly, application of
the water-dependent thermometer reactions

25 Mg—Al-celadoniteyy, +13 clinochlorecy,

+12 grossularg,+44 quartz = 18 tremolite,,,  (E2)

+25 muscovite,,+34 water
and

2 clinochlorec,+25 Mg-pumpellyitep + 29 quartz
= 43 clinozoisiteg,+7 tremolites, +67 water
(E3)
to samples MD05-06B and MDJ, respectively, gave the

same range, supporting our assumption that the fluid con-
sists predominantly of HyO.
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A water-dependent barometer reaction

5 Mg—Al-celadonite ,  +muscovite,m,
= 2 quartz + 6 K-feldspar + clinochlore ;+2 water
(E4)

was applied only to two K-feldspar-bearing samples
(metapsammite MDO06-8 and metabasite MD9804). In
these samples calcite is absent and hence the water activity
can be assumed to be unity. Although the pressure
ranges for the two samples do not overlap, it is likely that
the full range of compositions was not observed. Hence, a
pressure range of 3-5 kbar at 200°C and 4-6 kbar at
300°C appears likely for the growth of minerals of the
MDMC rocks also according to the P7 calculation of min-
eral equilibria.

In sample MD9804 the PT intersection of 24 multivar-
iant equilibria was calculated in the KCMASH system
including K-feldspar and quartz and mineral end-members
Mg—Al-celadonite, Mg-pumpellyite,
chlore, clinozoisite and grossular. Eight of these 24
equilibria are water-independent. The corresponding

muscovite, clino-
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intersections calculated for three different local mineral
assemblages vary between 230°C, 4-5 kbar and 240°C,
3-5 kbar.

For metabasite samples 04CHI8 and MD26 the intersec-
tion of four multivariant reactions was calculated in the
system KCFMASH including the mineral end-members

muscovite, Mg—Al-celadonite, Fe—Al-celadonite, Mg-
pumpellyite, clinochlore, daphnite, clinozoisite and
quartz. Only one of the four equilibria is water-

independent. The resulting P7 intersections for each of
the samples fall in the range 245-330°C, 3-9-5-8 kbar.
Summarizing the results of different but logical combi-
nations of mineral equilibria to reconstruct transient local
PT domains based on thermodynamic calculations, it can
be shown that the observed variation in the chemical com-
position of the minerals reflects a range of temperatures
that by far exceeds the narrow range of 290-310°C
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the assemblage.
Temperatures calculated for the local P7T domains are up
to 100°C lower at a similar pressure range. Some local
PT domains, which are firmly constrained by the intersec-
tion of 24 multivariant equilibria, show temperatures that
are 60°C lower than the derived peak 7 conditions.
Considering an estimated error of <#£30°C for the
geothermometers relatively temperatures,
common assumption (e.g. Holland & Powell, 1998), this

estimated for peak metamorphic

at low a
temperature difference would be significant within error
Hence, we interpret the local PT domains as prograde
relics indicating that the late prograde P7 path evolved
from 4 %1 kbar, 200-220°C to 5 £1 kbar, 290-330°C and,
thus, in the medium-pressure part of the pumpellyite—acti-
nolite facies related to metamorphic geotherms between
13°C/km (at the beginning) and 25°C/km. Maximum P7

conditions are broadly identical to those derived from the
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calculation of the pseudosections. This result is, however,
based on the assumption that all rocks in the study area
evolved along similar PT paths, at least within the given
PTrange.

Ar[Ar geochronology
We analyzed the *"Ar/*Ar systematics of white mica in
three metabasite samples (MDO0511D, 04CHI17¢, 04CHIS8)
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and one metapelite sample (04CHI5) using the in situ UV
laser ablation technique to obtain the age of the very low
grade metamorphism. We selected this method because
peak metamorphic temperatures in the MDMC are con-
siderably below the commonly accepted value (~350—
420°C) of the white mica Ar closure temperature
(McDougall & Harrison, 1999, and references therein)
and, thus, the ages reflect white mica growth ages rather
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than cooling ages. The UV laser ablation technique of
Kelley et al. (1994) allows detection of age heterogeneities
at thin-section scale. Although the beam size of 50 um
exceeded the size of single crystals, clusters of only a few
adjacent white mica crystals were analyzed. The white
mica clusters
whereas the white mica in the metapelite is always inter-
grown with some chlorite. The presence of detrital mica
in the metapelite is unlikely, because the selected slate
04CHI5 represents a pelagic clay deposited on top of oce-
anic crust before metamorphism. The results are presented
in Fig. 12 and Table 4. An earlier attempt to date titanite—

in the metabasite are monomineralic,

chlorite clusters by U/Pb laser ablation failed because of
the low U concentrations.

Three samples show a distribution of single-spot ages at
thin-section scale with identical ages within the limits of
the 1o errors: a weighted mean age of 200-8 +2-4 Ma
results for metabasite MDO0511D, 233-2 £1-8 Ma for meta-
pelite 04CHI> and 152:0+2-2 Ma for
04CHLI7c. The rather homogeneous spot ages in metapelite
04CHI15 again demonstrate that no detrital white mica is
present in the sample. On the other hand, metabasite

metabasite

04CHI8c shows a rather wide scatter of ages at thin-section
scale ranging from 1275 £32-4 to 206-9 £16-0 Ma, includ-
ing substantial errors for the single-spot ages. Analyses of
the metabasite samples generally show relatively high
Y Ar/*Ar and ¥ Arc,/* Arg values. We suggest that this is
due to some contamination of the measured spots with tita-
nite. Because titanite belongs to the same metamorphic
assemblage as the dated white mica, no mixture of ages
should be expected.

The weighted mean age of 200-8 +=2-4 Ma for the meta-
basite MDO5I1D is identical to the normal and inverse iso-
ages (1964+8:0 Ma 199-3+75 Ma
respectively; Fig. 12) and its initial **Ar/*°Ar ratio of

chron and
302 £28 in the inverse isochron plot is close to that of
atmospheric Ar (295-5). The inverse isochron plot reveals
a simple mixture of radiogenic and 21-41% atmospheric
Ar. Also, the weighted mean age of 233-2 +1-8 Ma for the
metapelite 04CHI5 is identical to the normal and inverse
isochron ages (239-5 £8:6 Ma and 243-:0 £8-3 Ma respec-
tively) within the 1o error.

Both samples with considerably younger ages (04CHI17c
and 04CHI18c) also show rather high contents of atmo-
spheric Ar (52-93%) and their initial *’Ar/**Ar ratios of
291 43 and 305 £ 3 are close to that of atmospheric Ar. In
sample 04CHI7¢ the weighted mean age of 152:0 £2-2
Ma is nearly identical to the normal and inverse isochron
ages (both 156-8 £3-7). In sample 04CHI8 the weighted
mean age is calculated as 1516 +4-4 Ma, although single
age values vary significantly from 128 to 207 Ma.
Isochron ages of 128:6 £7-8 Ma (normal isochron) and
128-5£7-6 Ma (inverse isochron) were obtained with an
initial *°Ar/*®Ar ratio of 30543 for both isochrons. This
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means that the Ar/Ar ages are variable or dispersed
among spots against the initial atmospheric *’Ar/**Ar
ratio of 295-5, or the Ar/Ar ages are identical or homoge-
neous around 129 Ma against the higher initial *’Ar/**Ar
ratio of 305. Although the possibility of excess Ar cannot
be excluded, we prefer the former interpretation, because
the strong scatter of ages in sample 04CHI8c appears to
be due to a variable age resetting, with age values between
those similar to samples MDO0511 and 04CH15 and young
ages as in sample 04CHI7c that can be interpreted as a
consequence of complete resetting. The weighted mean
ages in samples 04CHI7¢ and 04CHI8c are identical, in
accordance with their neighbouring outcrops, and can
best be interpreted to date an age resetting event. During
the retrograde P7 path atmospheric Ar may have been
introduced, presumably by meteoric fluids, which caused
the resetting of the ages when a relatively shallow crustal
level was reached. Because of a lack of internal deforma-
tion in the metabasite samples, any effect of deformation
on age resetting can be excluded. Consequently, only the
two older ages obtained from samples MDO0511
(200:8 £2-4 Ma) and 04CHI5 (233-2£18 Ma) can be
related to the very low grade metamorphic event.

DISCUSSION

Kinetically controlled metamorphic
reactions

At present, much petrological work is focused on under-
standing the kinetic controls on mineral formation under
variable metamorphic conditions as a result of dynamic
disequilibrium processes (e.g. Carlson, 2002; Muller et al.,
2009). Apparent disequilibria are ubiquitous phenomena
at all metamorphic grades, but particularly during very
low grade metamorphism of metabasic rocks. Considering
a prograde PT path for basic rocks (which contain a signif-
icant proportion of unaltered magmatic minerals) hydrous
fluid influx is required to enhance the progress of reac-
tions, producing dominant hydrous phases such as amphi-
bole, chlorite, white mica, pumpellyite or stilpnomelane.
This is essentially due to fluid flux from adjacent dehydrat-
ing metapsammopelites. However, reactions proceeding
locally within the metabasite during prograde metamor-
phism can also release hydrous fluids as a result of dehy-
dration. A number of non-equilibrium effects are
associated with the hydration and dehydration reactions.
The incomplete, heterogeneous consumption of protolith
phases such as clinopyroxene or plagioclase (Fig. 2) within
and between samples could point to restricted availability
of water. It was because of this assumption that the whole-
rock compositions for the calculation of pseudosections
were corrected for the protolith phases and the amount of
water was limited. The very small grain size of the reaction
products the clusters reflects high

particularly in
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Fig. 12. Probability curves and weighted average ages for Ar/Ar spot ages of four samples. Dots indicate single i situ spot ages (with 1o error

bars).

nucleation and growth rates, with nucleation rates exceed-
ing growth rates because of a high reaction affinity, which
is a measure of the departure from equilibrium or the
degree of overstepping (Roselle et al., 1997).

Erratic compositional variations, such as margarite and
paragonite domains in white mica, occasional elevated Cr
contents in garnet or occasional elevated Mn contents in
epidote, may be due to local variations in the whole-rock
composition that were not homogenized during the meta-
morphic reactions. Intergranular diffusion rates are partic-
ularly low at very low temperature and those for elements
such as Ca, Mn and trivalent elements such as Cr are con-
siderably more sluggish than for common elements such as
Fe and Mg (Carlson, 2002).

Variable Fe’" contents in amphibole, white mica and
pumpellyite are expressions of variable local buffering of
fluids and/or diverse generation of external fluids. This
may also explain different filling of fissures. For instance,
Massonne & Willner (2008) noted that at 5 kbar, metap-
sammopelite and MORB mostly dehydrate at 230-250°C
and 270-300°C, respectively. This means that at very low
grade conditions the source and amount of the fluids may
be variable and the amount restricted to specific PT
conditions.

Mineral phases are not randomly distributed, but occur
in nearly monomineralic clusters. The size of these clusters
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is generally controlled by the size and distribution of the
protolith phases (Fig. 2). Clustering means that the dis-
tance between reaction partners varies strongly and hence
influences intergranular diffusion and reaction progress.

The composition of the fine-grained metamorphic
phases varies considerably, even within clusters. The Xyq
ratios of white mica, chlorite, amphibole and pumpellyite,
as well as the Si contents of white mica and chlorite, show
systematic variation within a restricted compositional
range (Figs 3 and 4). This points to a temporary and local
approach to equilibrium conditions.

It should be emphasized that the observed fine-grained
fabric and the compositional variation strongly contrast
with those of low-grade rocks in other Chilean accretion-
ary systems metamorphosed at ~350—400°C (e.g. Willner
et al., 2000, 2001; Willner, 2005). Here recrystallization and
compositional homogenization occurred throughout the
rocks. Similarly, Brix et al. (2002) pointed out that above
320°C the grain size of the quartz fabric rapidly rises by
an order of magnitude by complete recrystallization.

The described compositional variation and fabric effects
may be explained by channelized and episodic infiltration
of hydrous fluids that are heterogeneous in terms of com-
position including oxygen fugacity and amount, even at
thin-section scale, as well as by kinetic control of mineral
reactions. Of course, such processes appear to contradict
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and complicate the use of the applied geothermobaro-
metric methods, challenging any attempt to define their
precision. However, similar to mineral-zoning phenomena
higher metamorphic grade, the apparent
equilibrium conditions provide a chance to decipher the

at non-
PT conditions of prograde metamorphism. Hence, consid-
eration of some locally preserved transient equilibria
results in a reasonably consistent variation of conditions of
mineral growth within a restricted P7 range from about
441 kbar, 200-220°C to 5=%1 kbar, 290-330°C. The
strong scatter of mineral compositions must at least partly
be due to dynamic equilibration along the prograde PT
path leading to mineral growth over about 100°C within a
narrow pressure range. This reflects near-isobaric prograde
heating. There is little indication of retrograde mineral
growth as is common under low-grade conditions in
deeper (basally accreted) levels of other Chilean accre-
tionary systems (e.g. Willner, 2005). The existence of potas-
sic feldspar with a stability field at low pressure (Fig. 5)
and some indication of late replacement by white mica as
partly indicated by the Ar/Ar ages (see also below) may
be taken as evidence that fluid flow and hence mineral
growth did not entirely cease at peak metamorphic
conditions.

The observed metamorphic assemblages can be repro-
duced within a rather limited P7 range (290-310°C, 4-6
kbar) by calculation of PT pseudosections, although the
modal amount of the produced phases varies significantly.
The calculated compositions of minerals within this P7T°
space reasonably coincide with those in nature. This
demonstrates that adaptation of the metamorphic assem-
blage to the prevailing PTX conditions in fact took place
on a thin-section scale, at least in the higher temperature
part of the very low grade metamorphic range. This may
be partly due to the fact that fluid infiltration was rapid
and strongest around 300°C, in agreement with the find-
ings of Massonne & Willner (2008) that in metapsammo-
pelitic rocks of accretionary prism complexes a maximum
amount of dehydration must have occurred at 230-250°C
releasing hydrous fluids for reactions in the metabasic
rocks. Miller et al. (2009) showed that a fluid infiltration
controlled, carbonate thermometer reaction advanced rap-
idly to the recorded maximum temperatures, thus, preser-
ving ‘frozen in’ lower
Stilpnomelane that should occur at the intermediate tem-
peratures of the pumpellyite—actinolite facies according to

temperature compositions.

the calculated pseudosections probably did not nucleate,
as a result of overstepping of reactions or reduced avail-
ability of fluids at that stage. However, it grew at 300°C
in the rocks of the Eastern Belt of the neighbouring
Chonos Metamorphic Complex, where identical peak P7T
conditions to those in the MDMC were previously deduced
by Willner et al. (2000). For the same reason the pseudosec-
tions can successfully be used as a petrogenetic grid
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showing the growth of the actual assemblages in the meta-
basites of the MDMC within the pumpellyite—actinolite
facies, bounded by the stability fields of lawsonite, laumon-
tite, prehnite and biotite.

Significance of the prograde PT path

The proposed partial, nearly isobaric, prograde P7 path
points to a long-term adjustment to thermal conditions
outside the subduction zone during subhorizontal particle
paths at maximum depth (Fig. 13). Subhorizontal particle
paths in frontal accretionary prisms at maximum depths
are implied by the flow field concept of Ring et al. (1999)
and are also observed in analog modelling (Kukowski
et al., 2002; Glodny et al., 2005). They result from duplex
stacking during build-up of the frontal accretionary
prism. The subhorizontal particle flow paths cross the iso-
therms of the temperature field of the convergent margin
towards higher temperatures, resulting in a finally pre-
served relatively high metamorphic gradient that strongly
deviates from a geotherm realized along the top of the sub-
ducting slab. The peak conditions derived here approxi-
mate to an intermediate metamorphic geotherm of 17°C/
km. As subduction in the Phanerozoic has commonly
occurred with plate velocities >3 cm/a, causing rather low
geothermal gradients of <10°C/km, rising geotherms at
the deepest levels reached imply temporal residence and
thermal re-equilibration over a certain period of time,
before exhumation and cooling started (Fig 13). The
extraction of subhorizontal P7T paths from frontally
accreted parts of subduction systems produced by thermo-
mechanical modelling proves the deduced relationship
(Willner et al., 2008). However, it should be noted that the
described effect is not the only possibility leading to ele-
vated metamorphic geotherms. Such geotherms may also
result, for example, from very slow subduction or subduc-
tion of hot young oceanic crust, according to numerical
experiments by Peacock (1996). However, these alternative
heating effects are special cases that would mainly affect
the temperature field of the subduction channel, whereas
the proposed thermal re-equilibration at depth after accre-
tion appears to be a process characteristic of frontal accre-
tionary prisms. It appears unlikely that geotherms as high
as those observed in the studied metabasite will develop
in the subduction channel.

Significance of the Ar[Ar ages

Compositional heterogeneity at a thin-section scale could
also imply Ar/Ar age heterogeneity, because all derived
Ar/Ar ages should be interpreted as ages of mineral forma-
tion owing to mineral growth considerably below the clo-
sure temperature of the K/Ar system. Age heterogeneities
at thin-section scale, even in very low grade rocks, can be
much better resolved with the i situ Ar/Ar UV laser abla-
tion technique than by analyses of bulk concentrates. We
obtained ages related to low grade

two very
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Fig. 13. Simplified schematic visualization of the possible thermal
field around a growing frontal accretionary prism indicated by
thrusts and folds. Grey area, subducting oceanic slab; dotted grey
lines, isotherms; black arrows, active thrusts; grey arrows, inactive
thrusts. Subhorizontal mass flow paths (black dashed arrows) result
during the build-up of the prisms that cross the isotherms towards
higher temperatures.

metamorphism in the DU by demonstrating homogeneous
white mica age distributions at thin-section scale of
200-8 £2-4 Ma and 233-2 +1-8 Ma (Fig. 12). The measured
single-spot ages of white mica in each sample did not vary
within the 1o error. Mineral growth was evidently time-
restricted and this behaviour contrasts with results in low-
grade rocks of the metamorphic basement of the Coastal
Cordillera in central Chile, where an age scatter results
from continuing mineral growth along the retrograde P7T
paths (Willner ez al., 2005). The homogeneous age distribu-
tion in sample 04CHI5 (233-2+18 Ma) is presumably
caused by prograde growth of oriented white mica during
deformation of the rock. This deformation represents the
accretion process. The resultant age is compatible with the
maximum depositional age of the DYU of about 270 Ma
revealed by the youngest detrital zircon SHRIMP age
(Hervé et al., 2003) and two fission-track zircon ages of
209 £14/12 Ma (Thomson & Herve, 2002). The latter ages
reflect a time of cooling after the peak of metamorphism,
because the temperature of fission-track annealing in
zircon of around 280°C was just overstepped. The age of
200-8 £2-4 Ma of the unoriented white mica clusters repla-
cing plagioclase in sample MDO0511 is younger than the
FT zircon ages. This Ar/Ar white mica age may represent
growth at peak PT conditions during a later stage of
build-up of the accretionary prism, because sample
MDO0511 occurs about 4 km west of the samples used for
FT dating and the older sample 04CHIS. Alternatively, it
may represent a retrograde stage of mineral growth.
Thomson & Hervé (2002) detected a similar peak meta-
morphic age the Eastern Belt of the Chonos
Metamorphic Complex (Fig. 1), bracketed by a young det-
rital zircon SHRIMP age of 207 6 Ma and a fission-
track zircon age of 210+12 Ma. Here, very low grade
metamorphic conditions identical to those in the MDMC

in
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prevailed (Willner et al., 2000). Therefore in the two
Patagonian accretionary systems (MDMC and CMC)
metamorphism in the upper, frontally accreted, levels is
about 100 Myr younger than in central Chile, where the
equivalents (Eastern Series) were accreted before 300 Ma
(Willner et al., 2005). This also appears to apply to the
accretionary systems to the east of the Patagonian batho-
lith, the East Andean Metamorphic Complex, where at
least in its northern part maximum depositional ages of
311-353 Ma (Augustsson et al., 2006) and zircon fission-
track ages of 253-267 Ma (Thomson & Hervé, 2002)
point to similar ages of accretionary activity to those in
central Chile. Hence the younger ages of metamorphism
of the CMC and the MDMC point to a coherent Late
Triassic-Early Jurassic event and thus the youngest fossil
accretionary system exposed along the coast of Chilean
Patagonia. On the other hand, the age of the structurally
underlying and hence younger, basally accreted Western
Belt of the CMC is as yet unknown. The MDMC is at
least in tectonic contact with a rather small, basally
accreted complex, the Diego de Almagro Metamorphic
Complex (DAMC). The age of the peak of metamorphism
in the DAMC is considered to be around 117 £28 Ma (K/
Ar; Willner et al., 2004). Volcanic rocks formed at 157 £2
Ma were overprinted within the DAMC (Hervé et al.,
2003). The age relations between the MDMC and the
DAMC confirm that in this region frontal accretion also
occurred prior to basal accretion as has been recognized
in central Chile (Richter et al., 2007).

The basement rocks were partly overprinted at
152:5£2:2 Ma over a short distance (¢. 2km) from the
Patagonian batholith (04CHI7c and 04CHI8¢; Fig. 1). In
sample 04CHI8c relict ages as old as 207 Ma and a scatter
of younger ages prove an incomplete resetting of ages orig-
inally similar to those of the peak of HP metamorphism.
The overprinted metabasite samples also contain a little
muscovite in addition to phengite, which might indicate,
at least partly, new mineral growth during a partial LP
overprint. This overprint, however, appears to be incom-
patible with heating by the closest pluton of the
Patagonian batholith, which intruded later at 133 =1 Ma
(Hervé et al., 2007a). Also, contact metamorphic effects
are observed only at the immediate contact of the pluton
and there is no indication that the maximum temperature
of ~300°C  was sample 04CHI8c.
Additionally, deformation is not a factor, because internal

exceeded in
deformation is absent within the analyzed samples. It is
proposed that access of variable amounts of external
hydrous fluids at some stage after the peak of metamor-
phism caused the local resetting of ages. McDowell &
Elders (1980) reported ‘llitization’ of muscovite in the
Salton Sea System at temperatures <280°C, causing an
apparent younging of ages. This process would imply par-
tial or complete replacement of white mica. If the spacing
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of the replacement zones or lamellae is smaller than the
beam size of the UV laser, a mixed age between the intru-
sion age of the nearby pluton and that of the replacement
lamellac would be feasible. On the other hand, the
obtained late Jurassic overprint age, if replacement of
white mica is complete, could be related to the first bimo-
dal intrusive activity of the South Patagonian batholith at
157-145 Ma (Hervé et al., 2007a). This activity was due to
an extensional event causing crustal thinning, an increase
of the geothermal gradient and finally advection of hydro-
thermal fluids at shallow crustal levels.

CONCLUSIONS
In the Madre de Dios Metamorphic Complex mineral
assemblages of the intermediate-pressure and high-

temperature part of the actinolite-pumpellyite facies are
Different peak metamorphic assemblages
observed in six metabasite samples suggest equilibration
on a thin-section scale at 290-310°C and around 5 kbar.
Furthermore, it has been shown that local equilibria are
preserved despite strong compositional heterogeneity of
the metamorphic phases, because of restricted availability
of hydrous fluids, with presumably variable compositions
and a lack of later compositional homogenization owing
to the low temperatures attained. Calculated P7 data indi-
cate metamorphism along a nearly isobaric, prograde PT

formed.

path, which in turn reflects a subhorizontal particle path
in the frontal accretionary prism and a long-term thermal
re-equilibration at maximum depths. This is in agreement
with current concepts about the formation of frontal accre-
tionary prisms. The prograde information preserved in
the very low grade rocks strongly contrasts with that from
the low-grade rocks of other Chilean accretionary systems,
where recrystallization and compositional homogenization
is complete and retrograde P7 information is recorded.
The Ar/Ar spot ages do not vary at thin-section scale in
three samples, but reflect ages of rapid growth of white
mica at very different stages of the evolution of the accre-
tionary prism. Only the age of 233-2£1-8 Ma can unam-
biguously be to accretion, indicating that
accretion in the MDMC started shortly before or around
that time. Growth of white mica at 200-8 £2-4 Ma may
be due to an advanced stage of accretion or a retrograde
resetting effect. Much younger growth of white mica at
152022 Ma is clearly a later local resetting effect
caused by access of external fluids, which were generated
either during a postaccretionary extensional event or by a

related

nearby igneous intrusion.

The Late Triassic age of accretion in the MDMC is iden-
tical to that of the upper part of the Chonos Metamorphic
Complex in the north but in contrast to the Carboniferous
frontal accretion in central Chile and to the east of the
Patagonian batholith. This could be in line with migration
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of accretion mass flow processes with time from east to
west as well as from north to south.

ACKNOWLEDGEMENTS

This work was financially supported by a grant of
Deutsche Forschungsgemeinschaft (Mall60/24) to H.J.M.
and A.PW., TFondecyt grant 1050431 to F.H., by the
German—Chilean BMBF-CONICYT co-operation project
Chl 0IA 6A ‘High pressure metamorphic rocks in Chile’ as
well as by CONICYT (AT) and Universidad de Chile
(DPP) doctoral grants to F.A.S. The perfect logistic sup-
port by Captain C. Alvarez with his yacht Penguin enabled
us to reach the remote shores safely. F.A.S. also thanks D.
Quiroz, A. Vidal, S. Martini, Compaiia de Aceros del
Pacifico (Mina Guarello) and Expedicion Ultima
Patagonia (2006) for fieldwork support. D. Dettmar pro-
duced excellent polished sections for microprobe and geo-
chronological work. T. Theye supported the electron
microprobe work and M. Calderon conducted mineral
analyses of two samples. Critical reviews by J. Glodny, T.
Mialler, J. Schumacher and an anonymous reviewer as
well as careful editorial handling by R. Gieré improved
the manuscript substantially. Our thanks go to all of them.

SUPPLEMENTARY DATA

Supplementary data for this paper are available at fournal
of Petrology online.

REFERENCES

Abad, I., Nieto, I, Gutiérrez-Alonso, G., Do Campo, M., Lopez-
Munguira, A. & Velilla, N. (2006). Illite substitution in micas of
very low-grade metamorphic clastic rocks. European fJournal of
Mineralogy 18, 59-70.

Agard, P., Yamato, P., Jolivet, L. & Burov, E. (2009). Exhumation of
oceanic blueschists and eclogites in subduction zones: timing and
mechanisms. Earth-Science Reviews 92, 53—79.

Allen, R. B. (1982). Geologia de la Cordillera Sarmiento, Andes Patagonicos
entre los 51° y 52°15° Lal. S, Magallanes, Chile. Servicio Nacional de
Geologia y Mineria Boletini 38, 46 pp.

Augustsson, C., Miinker, C., Bahlburg, H. & Fanning, C.M. (2006).
Provenance of late Paleozoic metasediments of the SW South
American Gondwana margin: a combined U-Pb and Hf-isotope
study of single detrital zircons. Journal of the Geological Society,
London 163, 983-995.

Bailey, S. W. (1980). Summary of recommendations of AIPEA nomen-
clature commitee on clay minerals. American Mineralogist 63, 1-7.
Banno, S. (1998). Pumpellyite—actinolite facies of the Sanbagawa

metamorphism. Journal of Metamorphic Geology 16, 117-128.

Berman, R. G. (1988). Internally-consistent thermodynamic data for
minerals in the system Nay,O-K,O-CaO-MgO-FeO-Fe, 05—
Al,O3-Si05-TiOy~HoO—-COy. Journal of Petrology 29, 445—522.

Berman, R. G. (1990). Mixing properties of Ca—Mg—Fe—Mn garnets.
American Mineralogist 75, 328—-344.

Brix, M. R., Stéckhert, B., Seidel, E., Theye, T., Thomson, S. N. &
Kaster, M. (2002). Thermobarometric data from a fossil zircon par-
tial annealing zone in high pressure—low temperature rocks of east-
ern and central Crete, Greece. Tectonophysics 349, 309-326.



JOURNAL OF PETROLOGY VOLUME 00 NUMBER 0 MONTH 2009

Brown, T. H., Berman, R. G. & Perkins, E. H. (1989). Geo-Calc:
Software package for calculation and display of pressure—tempera-
ture—composition phase diagrams using an IBM or compatible
Personal Computer. Computers and Geosciences 14, 279-289.

Carlson, W. D. (2002). Scales of disequilibrium and rates of equili-
brium during metamorphism. American Mineralogist 87, 185-204.
Cecioni, G. (1956). Primeras noticias sobre la existencia del Paleozoico
Superior en el Archipiélago Patagonico entre los paralelos 50° y
52° S. Universidad de Chile, Facultad de Ciencias Fisicas y Matemdticas,

Anales 13, 183-202.

Chatterjee, N. D. & Froese, E. (1975). A thermodynamic study of the
pseudobinary join muscovite—paragonite in the system KAISi3Og—
NaAlSi;05-AlyO5-Si05—HyO. American Mineralogist 60, 985-993.

Connolly, J. A. D. (1990). Multivariable phase diagrams; an algorithm
based on generalized thermodynamics. American jJournal of Science
290, 666—718.

Connolly, J. A. D. (2005). Computation of phase equilibria by linear
programming: A tool for geodynamic modeling and its application
to subduction zone decarbonation. Earth and Planetary Science Letters
236, 524541

Coombs, D. S., Nakamura, Y. & Vugnat, M. (1976). Pumpellyite—acti-
nolite facies schists of the Taveyanne formation near Loche Valais,
Switzerland. Journal of Petrology 17, 440—471.

Coombs, D. S., Kawachi, Y., Houghton, B. F., Hyden, G., Pringle, 1. J.
& Williams, J. G. (1977). Andradite and andradite—grossular solid
solutions in very low-grade regionally metamorphosed rocks in
southern New Zealand. Contributions to Mineralogy and Petrology 63,
229-246.

Davidson, J., Mpodozis, C., Godoy, E., Hervé, F., Pankhurst, R. J. &
Brook, M. (1987). Late accretionary complexes on the Gondwana
margin of southern Chile: evidence from the Chonos Archipelago.
In: McKenzie, G. D. (ed) Gondwana Six: Structure, Tectonics and
Geophysics. Geophysical Monographs, American Geophysical Union 40,
221-227.

Douglass, R. C. & Nestell, M. K. (1976). Late Paleozoic Foraminifera
Jrom southern Chile. US Geological Survey, Professional Papers 858, 1-47.
Engi, M. & Wersin, X. (1987). Derivation and application of a solution
model of calcic garnet. Schweizerische und

Petrographische Miiteilungen 67, 53—73.

Evans, B. W. (1990). Phase relations of epidote-blueschists. Lithos 24,
3-23.

Fatndez, V., Hervé, F. & Lacassie, J.P. (2002). Provenance and deposi-
tional setting of pre-Late Jurassic turbidite complexes in
Patagonia, Chile. New Zealand Journal of Geology and Geophysics 45,
411-425.

Forsythe, R. D. (1962). The late Palacozoic to early Mesozoic evolution

Mineralogische

of southern South America: a plate tectonic interpretation. journal
of the Geological Society, London 139, 671—682.

Forsythe, R. D. & Mpodozis, C. (1979). El Archipi¢lago Madre de
Dios, Patagonia occidental, Magallanes. Aspectos generales de la
estratigrafia y estructura del basamento pre-Jurasico Superior.
Revista Geoldgica de Chile 7,13-29.

Forsythe, R. D. & Mpodozis, C. (1983). Geologia del Basamento pre-
FJurdsico Superior en el Archipiélago Madre de Dios, Magallanes, Chile.
Servicio Nacional de Geologia y Mineria, Boletin 39, 63 pp.

Frey, M., De Capitani, C. & Liou, J. G. (1991). A new petrogenetic
grid for low-grade metabasites. Journal of Metamorphic Geology 9,
497-509.

Glodny, J., Lohrmann, J., Echtler, H., Grife, K., Seifert, W., Collao,
S. & Figueroa, O. (2005). Internal dynamics of a paleoaccretionary
wedge: insights from combined isotope tectonochronology and
sandbox modelling of the south—central Chilean forearc. Earth and

Planetary Science Letters 231, 23—39.

28

Hervé, FE, Aguirre, L., Sepulveda, V. & Morata, D. (1999).
Contrasting geochemistry and metamorphism of pillow basalts in
metamorphic complexes from Aysen, S. Chile. Journal of South
American Earth Sciences 12, 379-388.

Hervé, F., Fanning, C. M. & Pankhurst, R. J. (2003). Detrital
zircon age patterns and provenance of the metamorphic
complexes of southern Chile. Journal of South American Earth
Sciences 16, 107—123.

Hervé, F., Miller, H. & Pimpirev, C. (2006). Patagonia—Antarctica
connections before Gondwana break-up. In: Fitterer, D. K.,
Damaske, D., Kleinschmidt, G., Miller, H. & Tessensohn, I. (eds)
Antarctica: Contributions to Global Earth Sciences. Berlin: Springer,
pp- 217-228.

Hervé, F., Pankhurst, R. J., Fanning, C. M., Calderén, M. &
Yaxley, G. M. (2007a). The South Patagonian batholith: 150 my of
granite magmatism on a plate margin. Lithos 97, 373-394.

Hervé, F., Faindez, V., Calderon, M., Massonne, H.-J. & Willner, A.
P. (2007b). Metamorphic and plutonic basement complexes. In:
Moreno, T. & Gibbons, W. (eds) The Geology of Chile. London:
Geological Society, pp. 5-19.

Hock, V. (1974). Coexisting phengite, paragonite and margarite in
metasediments of the Mittlere Hohe Tauern, Austria. Contributions
to Mineralogy and Petrology 43, 261-273.

Holland, T. J. B. & Powell, R. (1996). Thermodynamics of order—disor-
der in minerals. 2. Symmetric formalism appied to solid solutions.
American Mineralogist 81, 1425—1437.

Holland, T. J. B. & Powell, R. (1998). An internally consistent thermo-
dynamic data set for phases of petrological interest. Journal of
Metamorphic Geology 16, 309—343.

Holland, T. J. B. & Powell, R. (2003). Activity-composition relations
for phases in petrological calculations: an asymmetric multicompo-
nent formulation. Contributions to Mineralogy and Petrology 145,
492-501.

Ishizuka, O., Yuasa, M. & Uto, K. (2002). Evidence of porphyry
copper-type hydrothermal activity from a submerged remnant
back-arc volcano of the Izu—Bonin arc: Implication for the volca-
notectonic history of back-arc seamounts. Farth and Planetary
Science Letters 198, 381-399.

Katagas, C. & Panagos, A. G. (1979). Pumpellyite—actinolite and
greenschist facies metamorphism in Lesvos Island (Greece).
Tschermaks Muneralogische und Petrographische Mitteilungen 26, 235-254.

Kelley, S. P., Arnaud, N. O. & Turner, S. P. (1994). High spatial resolu-
tion "Ar-*’Ar investigations using an ultra-violet laser probe
extraction technique. Geochimica et Cosmochimica Acta 58, 3519-3525.

Kibler, B. (1968). Evaluation quantitative du métamorphisme par la
cristallinité de Dillite. Bulletin du Centre de Recherches du Pau 2,
385-397.

Kukowski, N., Lallemand, S. E., Malavieille, J., Gutscher, M.-A. &
Reston, T. J. (2002). Mechanical decoupling and basal duplex for-
mation observed in sandbox experiments with application to the
Western Mediterranean Ridge accretionary complex. Marine
Geology 186, 29-42.

Lacassie, J. P, Roser, B. & Hervé, F. (2006). Sedimentary provenance
study of the post-Early Permian to pre-Early Cretaceous Duque
de York Complex, Chile. Revista Geoldgica de Chile 33, 199-219.

Ling, H. Y., Forsythe, R. D. & Douglass, C. R. (1985). Late Paleozoic
microfaunas from Southernmost Chile and their relation to
Gondwanaland forearc development. Geology 13, 357-360.

Massonne, H.-J. (19954). Experimental and petrogenetic study of
UHPM. In: Coleman, R. G. & Wang, X. (eds) Ultrahigh Pressure
Metamorphism. Cambridge: Cambridge University Press, pp. 33-95.

Massonne, H.-J. (19956). P—T evolution of metavolcanics from the
southern Taunus mountains. In: Dallmeyer, R. D., Franke, W. &



WILLNER ez al.

Weber, K. (eds) Pre-Permian Geology of Central and Eastern Europe.
Berlin: Springer, pp. 132—137.

Massonne, H.-J. (1997). An improved thermodynamic solid solution
model for natural white-micas and its application to the geother-
mobarometry of metamorphic rocks. In: Geological Survey of Finland,
Guide 46, Mineral Equilibria and Databases, Abstracts 49.

Massonne, H. J. & Szpurka, Z. (1997). Thermodynamic properties of
white-mica on the basis of high-pressure experiments in the systems
KyO-MgO-Al,O3-5i,0-HyO  and  KyO-TFeO-Al,O3-SipO—
H,0. Lithos 41, 229-250.

Massonne, H. J. & Willner, A. P. (2008). Phase relations and dehydra-
tion behaviour of psammopelite and mid-ocean ridge basalt at
very-low to low-grade metamorphic conditions. European Journal of
Mineralogy 20, 867-879.

McDougall, I & Harrison, T. M. (1999). Geochronology and
Thermochronology by the ™ Ar/” Ar-Method. Oxford: Oxford University
Press, 269 pp.

McDowell, D. S. & Elders, W. A. (1980). Authigenic layer silicate
minerals in borehole Elmore 1, Salton Sea Geothermal Field,
California, USA. Contributions to Mineralogy and Petrology 74, 293-310.

Mpodozis, C. & Kay, S. M. (1990). Provincias magmaticas acidas y
evoluciéon tectonica de Gondwana: Andes chilenos (28°-31°S).
Revista Geoldgica de Chile 17, 153-180.

Miiller, T., Baumgartner, L. P., Foster, C. T. & Bowman, J.R. (2009).
Crystal size distribution of periclase in contact metamorphic dolo-
mite marbles from the Southern Adamello Massif, Italy. Journal of
Petrology 50, 451—465.

Pankhurst, R. J., Rapela, C. W., Fanning, C. M. & Marquez, M.
(2006). Gondwanide continental collision and the origin of
Patagonia. Earth-Science Reviews 76, 235-257.

Peacock, S. M. (1996). Thermal and petrologic structure of subduction
zones. In: Behout, G. E., Scholl, D. W,, Kirby, S. H. & Platt, J.
(eds) Subduction—"Top to Bottom. Geophysical Monographs, American
Geophysical Union 96, 119—131.

Powell, R. & Holland, T. (1999). Relating formulations of the thermo-
dynamics of mineral solid solutions: Activity modeling of pyrox-
enes, amphiboles, and micas. American Mineralogist 84, 1-14.

Rahn, M. K., Brandon, M. T., Batt, G. E. & Garver, J. I. (2004). A
zero-damage model for fission-track annealing in zircon. American
Mineralogist 89, 473-484.

Ramirez Sanchez, E., Hervé, F., Kelm, U. & Sassi, R. (2005). P—T
conditions of metapelites from metamorphic complexes in Aysen,
Chile. Journal of South American Earth Sciences 19, 373—386.

Rapalini, A. E., Hervé, F., Ramos, V. A. & Singer, S. E. (2001).
Paleomagnetic evidence for a very large counterclockwise rotation
of the Madre de Dios Archipelago, southern Chile. Earth and
Planetary Science Letters 184, 471-487.

Richter, P. P, Ring, U., Willner, A. P. & Leiss, B. (2007). Structural
contacts in subduction complexes and their tectonic significance
the Late Palaecozoic coastal accretionary wedge of central Chile.
Journal of the Geological Society, London 164, 203—214.

Rieder, M., Cavazzini, G., D’Yakonov, Y. S., Kamanetskii, V. A. F,
Gottardi, G., Guggenheim, S., Koval, P. K., Miiller, G., Neiva, A.
M. R., Radoslovich, E. W.; Robert, J. L., Sassi, F. P, Takeda, H.,

29

FRONTAL ACCRETIONARY PRISM EVOLUTION

Weiss, Z. & Wones, D. R. (1998). Nomenclature of the micas.
Canadian Mineralogist 36, 905-912.

Ring, U.,, Brandon, M. T., Willett, S. & Lister, G. S. (1999).
Exhumation processes. In: Ring, U., Brandon, M. T., Lister, G. S.
& Willett, S. (eds) Exhumation Processes: Normal Faulting, Ductile
Flow and Erosion. Geological Society, London, Special Publications 154,
1-27.

Roselle, G. T., Baumgartner, L. P. & Chapman, J. A. (1997).
Nucleation-dominated crystallisation of forsterite in the Ubehebe
conact aurcole, California. Geology 25, 823-826.

Sepulveda, F. A. (2004). Metamorfismo de bajo grado en rocas del Complejo
Denaro, archipiélago Madre de Dios, XII region. Graduation thesis,
Universidad de Chile, Santiago, 83 pp.

Septlveda, . A., Hervé, F., Calderon, M. & Lacassie, J. P. (2008).
Petrological and geochemical characteristics of metamorphic and
igneous units from the allochthonous Madre de Dios lerrane,
Southern Chile. Gondwana Research 13, 238—249.

Sepulveda, F. A., Palma-Heldt, S., Hervé, F. & Fanning, C. M. (2009).
Constraints for the depositional age of the Duque de York
Complex, southern Chile: combining U-Pb SHRIMP dating and
palynology. Andean Geology (in press).

Srodon, J. & Eberl, D. D. (1984). Illite. In: Bailey, S. W. (ed.) Micas.
Mineralogical Soctety of America, Reviews in Mineralogy 13, 495-544.
Thomson, S. N. & Herve, F. (2002). New time constraints for the age
of metamorphism at the ancestral Pacific Gondwana margin of

southern Chile (42-52° S). Revista Geoldgica de Chile 29, 255—271.

Uto, K., Ishizuka, O., Matsumoto, A., Kamioka, H. & Togashi, S.
(1997). Laser-heating *"Ar/*’Ar dating system of the Geological
Survey of Japan: system outlines and preliminary results. Bulletin
of the Geological Survey of Japan 48, 23—46.

Willner, A. P. (2005). Pressure—temperature evolution of an Upper
Paleozoic paired metamorphic belt in Central Chile (34°
35°30'S). Journal of Petrology 46, 1805—1833.

Willner, A. P, Hervé, F. & Massonne, H.-J. (2000). Mineral chemistry
and pressure—temperature evolution of two contrasting levels
within an accretionary complex in the the Chonos Metamorphic
Complex, Southern Chile. Journal of Petrology 41, 309-330.

Willner, A. P, Pawlig, S., Massonne, H.-J. & Herve, F. (2001).
Metamorphic evolution of spessartine quartzites (coticules) in the
high pressure/low temperature complex at Bahia Mansa (Coastal
Cordillera of Southern Central Chile). Canadian Mineralogist 39,
1547-1569.

Willner, A. P, Thomson, S. N., Hervé, F. & Massonne, H.-J. (2004).
Converging PT paths of different HP-LT metamorphic units
within a Mesozoic accretionary belt (Diego de Almagro Island/
Chile): Evidence for juxtaposition during late shortening of an
active continental margin. Mineralogy and Petrology 80, 283—310.

Willner, A. P., Thomson, S. N., Kroner, A., Wartho, J. A., Wijbrans, J.
& Hervé, F. (2005). Time markers for the evolution and exhumation
history of a late Palacozoic paired metamorphic belt in central
Chile (34°-35°30'S). Journal of Petrology 46, 1835—1858.

Willner, A. P, Massonne, H. J., Gerya, T. V., Gorczyk, W. & Herve, F.
(2008). Thermal equilibration in high pressure/low temperature
rocks of fossil coastal accretionary prisms in Chile. In: International
Geological Congress Oslo 2008, Abstract STT-03.



