
Mineralogy and Petrology (2004) 81: 43–84
DOI 10.1007/s00710-004-0033-9

Converging P-T paths of Mesozoic HP-LT
metamorphic units (Diego de Almagro
Island, Southern Chile): evidence
for juxtaposition during late shortening
of an active continental margin
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Summary

On Diego de Almagro Island in Chilean Patagonia (51�300 S), a convergent strike slip
zone, the Seno Arcabuz shear zone, separates the Diego de Almagro Metamorphic
Complex from very low grade metagreywackes in the east, which were intruded by
Jurassic granitoids. The Diego de Almagro Metamorphic Complex is composed of a
metapsammopelitic sequence containing blueschist intercalations in the west and
(garnet) amphibolite lenses in the east. Peak metamorphic conditions (stage I) at
9.5–13.5 kbar, 380–450 �C in the blueschist and at 11.2–13.2, 460–565 �C in the
amphibolite indicate subduction and accretion at different positions within the deepest
part of the accretionary wedge. A K–Ar age of 117 � 28 Ma of amphibole
approximately dates the peak of metamorphism in the amphibolite. The early
retrograde stage of metamorphism occurred under static conditions and resulted in
localized equilibration (stage II) at 6.3–9.6 kbar, 320–385 �C in the blueschist and 6.1–
8.4 kbar, 310–504 �C in the amphibolite. Both P-T paths converge within a midcrustal
level.

In contrast, an orthogneiss of trondhjemitic composition occurring within the
Seno Arcabuz shear zone is associated with a garnet mica-schist containing a high
temperature=intermediate pressure assemblage formed at 4.9–6.5 kbar, 580–690 �C.



A muscovite K–Ar age of 122.2 � 4.6 Ma dates cooling after this event which is related
to a concomitant magmatic arc. These rocks were overprinted by a mylonitic deforma-
tion, which is caused by convergent strike slip shearing and ends during formation
of a retrograde phengite-chlorite-stilpnomelane assemblage at a minimum pressure of
approximately 5.7 kbar (at 300 �C).

Zircon fission track ages from rocks of the Seno Arcabuz shear zone are
64.9� 2.7 and 64.9 � 2.7 Ma; they record the end of shearing in the Seno Arcabuz
shear zone that juxtaposed all rocks in the middle crust. Zircon fission track ages
ranging from 78 to 105 Ma in the South Patagonian batholith to the east indicate earlier
cooling through 280 �C. The rocks of the Diego de Almagro Metamorphic Complex
were initially slowly exhumed and resided at a midcrustal level before being emplaced
via shearing in the Seno Arcabuz shear zone. Apatite fission track ages (54 � 8 Ma)
from the Seno Arcabuz shear zone show that exhumation and cooling rates increased
after this event. The incorporation of continental crust within the subduction system
was a late process, which modified the Cretaceous accretionary wedge, resulting in
considerable shortening of the convergent margin.

Introduction

Diego de Almagro Island (lat. 51�300 S; Fig. 1) is a remote island in the southern
Chilean archipelago W of the Cordillera Sarmiento. The first account of the geol-
ogy of this island by Cecioni (1955) indicated the presence of Paleozoic rocks, but
Forsythe et al. (1981) was the first to report blueschists in the southwestern portion
of the island. However, no detailed information on these rocks was ever published.
The second author had the opportunity to study these rocks again in 1997 and 1998
observing transitions to amphibolite facies rocks and an orthogneiss with a high
pressure imprint. The latter seems to be a rare case of continental crust incorpo-
rated into a subduction setting at the South American convergent margin.

Diego de Almagro Island belongs to a semi-continuous belt of low grade
metamorphic rocks, which constitute large parts of the present Chilean Coastal
Cordillera between 26� S and 54� S (Fig. 1A) and originally continued into the
South Shetland Islands of western Antarctica. This basement is considered to rep-
resent an extended system of fossil accretionary complexes developed at the south-
western margin of Gondwana during the Late Paleozoic and Mesozoic (Herv�ee,
1988), which are otherwise rare along the active continental margin of South
America. The low grade metamorphic rock suite contains some very rare local
occurrences of blueschist, but its overall high pressure-low temperature HP-LT
nature is evidenced by abundant phengite within widespread metapsammopelitic
rocks and intercalated metabasites, which are also rich in Na–Ca-amphibole
(Massonne et al., 1996; Willner et al., 1999). The PT-evolution of several selected
areas occurred under conditions of the overlapping fields of actinolite-pumpellyite,
greenschist, epidote blueschist and albite amphibolite facies under metamorphic
gradients between 10� and 15 �C=km (Willner et al., 2000, 2001, 2004). The ages
of HP-LT metamorphism vary strongly along the chain of accretionary prisms:
accretion processes occurred during Late Carboniferous to Mid-Triassic times in
central Chile (Herv�ee et al., 1982; Martin et al., 1999) and during Mid-Triassic to
Jurassic times in southern Chile (Davidson et al., 1989; Thomson and Herv�ee, 2003).
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Our general aim was to study this rare situation, where HP-LT rocks revealing
different geological evolutions are exposed over short distances. In particular, we
wanted (1) to detect relationships between blueschist, amphibolite and nearby
sedimentary rocks and continental crust incorporated into the subduction system,
(2) to understand phase relationships at the boundary between epidote-blueschist
facies and albite-epidote-amphibolite facies, (3) to establish partial PT-paths and
provide time constraints for the evolution and exhumation history of this conver-
gent margin, and (4) to compare these results with those from other related local-
ities in southern Chile and the South Shetland Islands. The final goal is to gain a
better understanding of the structure of HP belts and of processes related to the
destruction of fossil accretionary systems.

Geological setting and field relationships

In the area studied (Fig. 1) three major complexes are distinguished: The Diego de
Almagro Metamorphic Complex (DAMC) is composed of mica-schist, blueschist,
amphibolite and ultramafic rocks and is separated toward the east from a block
composed of the Tarlton limestone (TL), the Denaro (DC) and Duque de York
(DYC) complexes by the Seno Arcabuz shear zone (SASZ).

The DAMC can be interpreted as a relic fossil accretionary prism. It was
studied at Puerto Diego de Almagro bay (Fig. 1B), where (garnet) amphibolite
and blueschist are intercalated in psammopelitic mica-schist on the centimetre to
several hundreds of meters scale. Forsythe et al. (1981) also mentioned the
presence of serpentinite, which was not sampled in this study. The two known
blueschist localities are at Cabo Jorge and at the western shore of Puerto Diego
de Almagro bay. The amphibolite is exposed at the eastern shore of the bay and
along the coast further to the east (Fig. 1B). The blueschist is a fine-grained and
well foliated rock type, with a pronounced alignment of amphibole and occasional
occurrence of albite porphyroblasts. The amphibolite is slightly coarser grained,
usually banded parallel to the main foliation and contains conspicuous albite
porphyroblasts. The dominant subhorizontal foliation with NW-trending stretching
lineations is folded on the meter to tens of meters scale into open to tight folds
with roughly NS-trending fold axes. A thin layer of a greyish and fine-banded
garnet-amphibole quartzite with conspicuous white mica occurs at the boundary
between the blueschist and amphibolite areas at the northwestern end of the Puerto
Diego de Almagro bay (Fig. 1B).

At the western shore of Seno Arcabuz a pronounced 2–3 km wide, NNW-trend-
ing ductile shear zone (SASZ) is exposed. The rocks within this shear zone document
at least two ductile deformation events (Olivares et al., 2003): an early mylonitic
foliation and lineation, and a late low strain foliation and lineation originated by
folding of the early fabric. Rock strain and metamorphic grade increase progres-
sively toward the south. Kinematic indicators are mainly sinistral-reverse, although
dextral-normal indicators were also observed (Olivares et al., 2003).

At Caleta Redonda at the southern end of the SASZ a coarse-grained ortho-
gneiss with a protomylonitic overprint is exposed (sample Al12). The extension of
this orthogneiss body is unknown. Light coloured veins, 5–10 cm thick, composed
of a central quartz-rich band and coarse-grained quartz-albite-muscovite rims, are
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isoclinally folded and may represent former pegmatitc veins. In addition amphib-
olite bands of similar size are found enclosed in the orthogneiss; presumably these
were basic dykes. The contact between the orthogneiss and the DAMC to the west
was not observed. Further north along the shear zone, garnet-bearing mica-schist
predominates, with subordinate 0.1 to 0.4 m thick bands of (garnet) amphibolite
showing a pervasive crenulation foliation and lineation. At the northernmost end of
Seno Arcabuz, metasandstones and slates prevail. They show the same structural
inventory as the rocks further south.

The three complexes to the east of the SASZ were defined by Forsythe and
Mpodozis (1983) on the Madre de Dios Island (Fig. 1A). The Tarlton limestone
consists of massive pelagic limestone with Late Carboniferous to Early Permian
fusulinides (Douglas and Nestell, 1976), which overlies and is in part coeval with a
sequence of pillow basalts, metalliferous and radiolarian cherts and argillite, which
comprise the oceanic Denaro Complex. The dominating Duque de York Complex
is composed of very low grade and weakly deformed metagreywackes and shales
with well preserved sedimentary structures and unconformably overlies the Tarlton
limestone and the Denaro complex. These two complexes were interpreted by
Forsythe (1982) as exotic blocks formed in an oceanic environment that were later
transported and obducted onto the continental margin, where they were covered
by the sediments of the Duque de York Complex. All eastern complexes were
intruded by the Late Jurassic to Early Cretaceous calc-alkaline plutons of the South
Patagonian Batholith at a very shallow crustal level. They remained at shallow
crustal depth and constitute the frame to which the DAMC was finally juxtaposed;
they are not considered in further detail in this study.

Analytical methods

Mineral analyses were obtained with a Cameca SX 50 microprobe at Ruhr-
Universit€aat Bochum, Germany. Operating conditions were an acceleration voltage
of 15 kV, a beam current of 15 nA, 20s counting time per element and a defocused
beam of 8 mm in order to avoid loss of alkalies in mica and amphibole. The
following standards were used: synthetic pyrope [Si, Al, Mg], rutile [Ti], glass
of andradite composition [Fe, Ca], jadeite [Na], K-bearing glass [K], NaCl [Cl],
topaz [F], Cr2O3 [Cr], Ba-silicate glass [Ba (L�)]. The PAP procedure was applied
for matrix correction. Representative analyses and structural formulae of minerals
used for PT-calculations are listed in the appendix together with the calculation
procedure of the structural formulae. Abbreviations for minerals and mineral com-
ponents used throughout the text follow Kretz (1983). Abbreviations not included
in Kretz (1983) are: Kwm – K-white mica; Nam – Na-amphibole; Cam – Ca-
amphibole; WM – white mica; V – vapour. All amphibole nomenclature is after
Leake et al. (1997). Further analyses may be provided by the first author upon
request.

For fission-track (FT) analysis, mounting, polishing and etching of zircon and
apatite heavy mineral fractions were carried out at Ruhr-Universit€aat Bochum using
the methods outlined by Hurford et al. (1991). The samples were analysed applying
the external detector method and irradiated with Corning dosimeter glasses (CN2
for zircon and CN5 for apatite) at the Oregon State University Triga Reactor,
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Corvallis, USA. Central ages (Galbraith and Laslett, 1993), quoted with 1� errors,
were calculated using the IUGS approved zeta-calibration approach of Hurford
and Green (1983). Zeta calibration factors of 130.7� 2.8 for CN2 (zircon) and
358.8� 12.7 for CN5 (apatite) were obtained by repeated calibration against a
number of internationally agreed age standards according to the recommendations
of Hurford (1990).

K–Ar analyses were performed in 1985 at the Centre of Geochronological
Research of the University of Sao Paulo, Brazil following laboratory routine pro-
cedures and using an AEI MS10 mass spectrometer. Procedures were described in
detail by Amaral et al. (1966). The precision in the obtained ages is about 5%.

Petrography and mineral chemistry

We now describe rocks of the two entirely different metamorphic complexes, the
DAMC and the SASZ, separately.

Diego de Almagro Metamorphic Complex

Amphibolite

The amphibolite samples (Al 15, 25, 26, 27) are strongly foliated rocks with the
general assemblage: Ca-amphibole – epidote – chlorite – albite – quartz – white
mica – titanite�garnet� calcite� ilmenite� pyrite� apatite.

Strongly oriented and partly sheared crystals of Ca-amphibole are up to 2 mm
long and makes up to 10–60% of the rocks. Amphibole shows a notable optical
zoning with dark green cores and light bluish-green rims. Chemically the dark
coloured cores of the amphibole (generation I) are classified as tschermakitic horn-
blende to magnesio-hornblende (Si¼ 6.2–6.8 p.f.u.; XMg¼Mg=(Mgþ Fe)¼ 0.47–
0.81; XFe3þ¼ Fe3þ=(Fe3þ þAl)¼ 0.16–0.58; Fig. 2) with a notable content of NaA

(0.23–0.76 p.f.u.; compositions of some grains extend into the fields of pargasitic
hornblende to edenite) and of NaB (0.15–0.65 p.f.u). The rims (generation II) are
actinolitic hornblende to actinolite (Si¼ 6.95–7.86 p.f.u.; XMg¼ 0.48–0.65) with
less NaB (0.06–0.36 p.f.u.) and higher XFe3þ (0.37–0.42) than the first generation.
In one sample (Al 25) compositions extend into the field of winchite/barroisite
(NaB¼ 0.7–0.8 p.f.u.; Si¼ 7.2–7.8 p.f.u.). Amphibole inclusions in garnet of sam-
ple Al 27 correspond to generation I.

Chlorite, epidote and titanite are either interstitial to the amphibole crystals
or form monomineralic aggregates and lenses. Chlorite shows little intrasample
variation (XMg¼ 0.6–0.39; Si¼ 5.35–5.85 p.f.u.) and generally no clear zoning,
although XMg may tend to increase towards the rims. Chlorite inclusions in garnet
and amphibole in sample Al 27 have a distinctly higher XMg (0.57–0.59) compared
to matrix chlorite (0.39–0.47). Chlorite also replaces garnet and amphibole. Fe3þ

contents in epidote vary between 0.46 and 0.86 p.f.u. and increase towards the rims.
Titanite forms strings and pods parallel to the foliation. It yields a low abundance
of Al and Fe3þ (0.05–0.10 p.f.u.) and is of rather homogeneous composition.
Albite either forms interstitial crystals or occurs as up to 1 mm large porphyro-
blasts; the latter partly contain S-shaped inclusion trails indicating synkinematic
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growth of albite. Quartz is present in ribbons and commonly shows undulose
extinction.

White mica forms scattered flakes and is phengite with Si-contents in the range
of 3.32–3.46 Si p.f.u. and a trend of decreasing Si-contents toward the rims.
Sample Al 27 contains abundant subhedral garnet (�30%) with inclusions of
albite, quartz, chlorite, ilmenite, titanite and Ca-amphibole. Garnet is partially
altered to chlorite and shows little compositional variation (almandine0.53–0.61,
pyrope0.20–0.22, grossular0.20–0.22, spessartine0.01–0.02).

Blueschist

The blueschist (samples Al 17, 21, 22) is a well foliated rock type with the as-
semblage blue amphibole – epidote – albite – quartz – white mica – chlorite –
titanite� calcite�magnetite� apatite.

The main foliation is defined by alternating bands enriched in amphibole or
chlorite-epidote-titanite or white mica or quartz and by the alignment of amphi-
bole. It is crenulated by a second foliation. Amphibole is strongly zoned showing
blue cores and green rims. Similar to the amphibolite, two generations can be
distinguished. Generation I is represented by glaucophane (NaB¼ 1.5–1.97 p.f.u.,
XMg¼ 0.48–0.72 p.f.u., XFe3þ¼ 0.13–0.53; Fig. 3) and generation II consists
of Na-rich actinolite ranging into the field of Fe-rich winchite or barroisite
(NaB¼ 0.24–1.3 p.f.u., (NaþK)A¼ 0.1–0.54 p.f.u., XMg¼ 0.46–0.72, XFe3þ¼
0.11–0.84; Si¼ 6.98–7.80 p.f.u.; Fig. 3a). The Fe3þ-contents of epidote vary in
the range 0.77–0.94 p.f.u. increasing or decreasing towards the rims. Titanite forms

Fig. 2. XMg-Si variation of Ca-amphibole in amphibolite samples
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pods or strings and has low Alþ Fe3þ contents (0.04–0.08 p.f.u.). Albite forms
porphyroblasts with inclusion trails of different orientation within the grains.
Chlorite is interstitial and shows little compositional variation (XMg¼ 0.44–0.52;
Si¼ 5.4–5.65 p.f.u.). Strongly oriented white mica is phengitic (3.2–3.5 Si p.f.u.;
Fig. 4). Si-contents can increase or decrease towards the rims. The Ca–Mn-rich

Fig. 3. Variation of amphibole compositions in blueschist samples a NaB versus R3þ

b system of endmember components glaucophane-actinolite-riebeckite: Xglau¼ (2-Ca)=
2�VIAl=(VIAlþ Fe3þ ); Xact¼Ca=2; Xrieb¼ 1� (XglauþXact)
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sample Al 21 contains bands with occasional small garnet grains (around 50 mm).
Garnet shows little compositional variation (almandine0.43–0.55, grossular0.30–0.33,
spessartine0.10–0.22, pyrope0.03–0.04).

Spessartine-Mg-riebeckite quartzite

Sample Al 16 is a conspicuous greyish, finely banded and quartz-rich protomylo-
nite from the western end of Puerto Diego de Almagro occurring between the
blueschist and the amphibolite areas. Its primary metamorphic assemblage is
quartz – albite – white mica – biotite – blue amphibole – garnet – magnetite�
tourmaline. Predominant quartz forms bands of strongly elongated original grains
with abundant subgrain boundaries, sutured grain boundaries and beginning
subgrain formation. Occasional albite shows larger crystal size, white mica inclu-
sions and brittle deformation. Blue amphibole, white mica, biotite and stilpnome-
lane form aggregates of variable size with unoriented grains. White mica displays
light green colour and notable pleochroism and exists in two different generations:
big crystals with Si contents of 3.07–3.13 p.f.u. (WM I) and smaller crystals,
some peripheral to biotite grains, and rims of larger crystals with Si-contents of
3.45–3.61 p.f.u. (WM II) respectively (Fig. 4). Both generations have distinctly
different contents of Ba (WM I: 0.035–0.05 p.f.u.; WM II<0.03 p.f.u.), Ti
(WM I: 0.01–0.08 p.f.u.; WM II<0.01 p.f.u.), Mn (WM I: <0.01 p.f.u.; WM II:
0.015–0.04 p.f.u.) and Na (WM I 0.035–0.05 p.f.u.; WM II 0.005–0.01 p.f.u.). Both
generations have high Fe-contents (XFe¼ 0.48–0.70; Fe3þ 0.12–0.39 p.f.u.).
Greenish brown biotite is enriched in Fe (XFe¼ 5.4–6.1), Mn (0.05–0.07 p.f.u.)
and Ba (0.02–0.04 p.f.u.). Two generations of biotite are present: a possible high

Fig. 4. Plot showing Si versus Al for white mica compositions. The line of the ideal
Tschermak substitution is indicated
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temperature generation (XMg¼ 0.38–0.46; Ti¼ 0.26–0.33 p.f.u.) and a second
generation (XMg¼ 0.50–0.52; Ti¼ 0.05–0.11 p.f.u.). Biotite is replaced by stilpno-
melane (Mn 0.45–0.84 p.f.u., Ba 0.05–0.49 p.f.u.) and the generation II of white
mica.

Spessartine-rich garnet occurs as scattered small subhedral crystals with compo-
sitional variation of spessartine0.35–0.55, almandine0.30–0.44, pyrope0.05–0.12 and gros-
sular0.08–0.10. Zoning is weakly developed with slightly increasing Mn and Ca and
decreasing Fe and Mg toward the rims. The blue amphibole is Mg-riebeckite
(NaB¼ 1.6–1.8 p.f.u., XFe3þ¼ 0.79–0.89, XMg¼ 0.53–0.62) without Ca-amphibole
rims (Fig. 3).

The magmatic zircons obtained from this sample have a rather uniform age,
which suggests that the rock may have originated as a tuff (Herve and Fanning,
2003). On the other hand, the spessartine-Mg-riebeckite quartzite shows strong
enrichment of Mn, Ba and Fe with respect to a normal igneous rock and resembles
coticules (spessartine quartzite) which are frequently observed in the metamorphic
basement of Central Chile (e.g. Bahia Mansa, Willner et al., 2001). These authors
interpret the unusual chemical composition of such rocks as due to a pre-meta-
morphic hydrothermal overprint of the protolith.

Seno Arcabuz shear zone

Orthogneiss

The orthogneiss of Caleta Redonda (samples Al 11 and Al 12) shows two super-
imposed mineral assemblages and associated fabrics. The original assemblage of
the gneissose protolith was quartz – plagioclase – muscovite – biotite – apatite
pointing to a trondhjemitic compositon. Feldspar and mica crystals are coarse-
grained and have similar grain size (0.5–4 mm). Both micas are intergrown parallel
(001) and reveal a mimetic orientation parallel to an original gneissose foliation.
Small quartz veins developed parallel to this relic foliation. Plagioclase (�30%)
occurs as porphyroclasts and is completely transformed to either epidote and albite
or more frequently to a very fine-grained kelyphitic aggregate, which appears
almost opaque in thin sections. Qualitative analyses show that the aggregate
consists of epidote-albite intergrowths. Ghost-like albite twinning is always
detectable in these pseudomorphs. The porphyroclasts are partly oriented parallel
to the stretching lineation. The large white mica (�20%) is muscovite (Si¼
3.03–3.15 p.f.u.; Na¼ 0.04–0.05 p.f.u.; XMg¼ 0.50–0.56; Ti¼ 0.04–0.11 p.f.u.),
while the reddish brown biotite crystals (�10%) are also relatively Ti-rich
(0.15–0.17 p.f.u.) with XMg¼ 0.35–0.39. Both micas are partly kinked or form
mica fishes. Quartz (0.05–2.5 mm; 30%) generally exhibits strong undulose
extinction and deformation bands with subgrain formation within elongated sig-
moidal aggregates. Apatite of up to 2 mm size, zircon and ilmenite are accessory
minerals.

The original gneissose fabric is overprinted by a protomylonitic foliation with
quartz showing ductile deformation and feldspar showing brittle deformation. A
second low temperature assemblage crystallized during and after this second defor-
mation: quartz – phengite – stilpnomelane – chlorite – epidote – albite. The second
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generation of white mica, being of smaller size (0.05–0.1 mm) than the first one,
is phengite of variable composition (Si¼ 3.32–3.46 p.f.u.; Na¼ 0.015–0.2 p.f.u.;
XMg¼ 0.55–0.80; Ti¼ 0.001–0.012 p.f.u; Fig. 4). It grew in anastomosed C
domains together with quartz or at the rims of the large muscovite crystals. Stilpno-
melane aggregates occasionally grew in pressure shadows. Chlorite formed from
biotite, whereas epidote and albite formed by alteration of plagioclase.

Amphibolite

The amphibolite (sample Al 14), which is associated with the orthogneiss at Caleta
Redonda contains a strongly oriented coarse-grained (0.5–3 mm) assemblage with
hornblende – quartz – plagioclase – epidote – titanite. The amphibole (�60%) is
tschermakitic hornblende or magnesiohornblende in the core with actinolitic over-
growths at the rim (Fig. 2). Notably the amphibole does not contain any Na in the
M4-position, but both generations differ considerably by the contents of the A
position (hornblende 0.53–0.69 p.f.u., actinolite 0.16–0.39 p.f.u.) and XMg (horn-
blende 0.42–0.46, actinolite 0.49–0.57). Pseudomorphs after plagioclase (�10%)
consisting of fine-grained kelyphitic intergrowths and albite, similar to those
observed in the orthogneiss, occur between the oriented amphibole as does titanite
(�5%) and epidote (�15%). The latter contains 40–46 mole % of pistacite com-
ponent. Quartz (�10%) forms tiny pods or lenses parallel to the main foliation.
The rock is overprinted by discrete shear bands with occasionally newly grown
phengite (Si¼ 3.45 p.f.u.) and chlorite.

Garnet mica-schist

Sample THC97 is a garnet mica-schist overprinted by a retrograde deformation
giving rise to a S-C fabric with discrete shear bands and quartz aggregates. These
show orientation of formerly coarse quartz grains by lattice gliding and recrys-
tallization of small neoblasts. Plagioclase has undergone brittle deformation.

The original fabric is defined by oriented intergrowths of white mica and biotite
(0.5–2 mm) that grew mimetically after a second foliation, which still contains
some crenulation relics. The white mica is muscovite (Si¼ 3.04–3.12 p.f.u.; Ti¼
0.01–0.06 p.f.u.; Na¼ 0.1–0.2 p.f.u.; XMg¼ 0.52–0.54), while the reddish brown
biotite is of intermediate composition (XMg¼ 0.44–0.52; Ti¼ 0.07–0.14 p.f.u.).
Hypidioblastic garnet contains helicitic trails of graphite, biotite and white mica
inclusions. Unoriented quartz inclusions near the garnet rims represent an
original coarse-grained polygonal fabric. Garnet composition is almandine0.73–0.79,
pyrope0.11–0.20, grossular0.043–0.051, spessartine0.094–0.053 and andradite0.006–0.014.

Garnet zonation is characterized by relatively unzoned cores and an inverse zona-
tion toward the rims with increasing Mn and Fe and decreasing Mg, whereas Ca
does not reveal a clear trend. Large oriented tourmaline grains grew parallel to the
main foliation and host helicitic graphite inclusion trails. Plagioclase is of inter-
mediate composition (An23), often forming large porphyroblasts that overgrew
garnet, micas and quartz. Apart from recrystallised quartz, only a few newly grown
grains of sericitic white mica were observed. This second white mica generation is
phengitic (Si¼ 3.22 p.f.u..; XMg¼ 0.61; Na¼ 0.08 p.f.u.).
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Phase relationships and geothermobarometry

From the above petrographic relationships it is concluded that the relative timing of
growth especially of phengite is entirely different in the following two sets of
rocks: (1) the high pressure rocks of the DAMC, with a growth of phengite at peak
metamorphic conditions and (2) rocks of the SASZ, with a retrograde growth of
phengite. Due to similarities in their metamorphic evolution we will consider the
spessartine-Mg-riebeckite quartzite (Al 16) together with the latter.

Metabasites of the Diego de Almagro Metamorphic Complex

Two adjacent areas were detected in the DAMC with metabasites characterized by
assemblages of the epidote-blueschist facies and of the albite-epidote-amphibolite
facies. In order to assess the PT-stability fields for these assemblages we calculated
pseudosections from representative whole rock bulk compositions of these two sets
of rocks (samples Al 17 and Al 26) in the system K2O–Na2O–CaO–TiO2–Fe2O3–
FeO–MgO–Al2O3–SiO2–H2O (Fig. 5). The Gibbs free energy minimization pro-
cedure was applied with the DEKAP code developed by Gerya et al. (2001). The
calculation of the petrogenetic grid was performed with a resolution of 5 K and 100
bar for T and P, respectively. Thermodynamic data for minerals and aqueous fluid
were taken from Holland and Powell (1998a). References to the mixing models
applied, which are consistent with this database, are listed in Table 1. Figure 5
shows the stability fields of high-variance mineral assemblages at defined P-T
conditions for the selected blueschist and amphibolite compositions. The peak
metamorphic assemblage (stage I) of the blueschist occupies a field A at P>9 kbar
kbar and T<440 �C with Na-amphibole (calculated glaucophane) as the only
amphibole present together with chlorite, phengite and epidote, whereas the stage
I assemblage of the amphibolite occupies a field C at P>7 kbar and T>450 �C
with Ca-amphibole (calculated Na-rich hornblende) as the only amphibole present
together with phengite, albite and epidote above the stability field of biotite. Both
assemblages occupy P-T stability fields at similar pressure ranges, but significantly
different temperature ranges. Both fields are separated by calculated stability fields
with two coexisting amphiboles similar to the transition between blueschist and
greenschist assemblages. The two coexisting amphiboles would predict a misci-
bility gap. However, rocks, which were metamorphosed to the P-T range of these
transitional fields, appear not to be exposed in the study area. In both calculated
assemblages rutile would be a stable phase coexisting with titanite, but it was not
observed in the samples. Nevertheless, it might have disappeared during retrograde
reactions. On the other hand the retrograde mineral assemblages (stage II) of both
rock types occupy similar stability fields (B and D at P<8 kbar and T<450 �C)
with a Ca-amphibole (calculated Na-rich actinolite) present together with phengite,
albite, chlorite and epidote and still above the stability field of biotite. Fields B and
D thus represent the high pressure and high temperature part of the greenschist
facies field. Retrograde rims developed during continuous reactions rather point to
a continous compositional transition of the amphiboles of both contrasting peak
assemblages to typical greenschist facies amphiboles without the existence of
miscibility gaps.
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In order to test equilibrium conditions and to quantify P-T conditions for equil-
ibration stages along the P-T path, we calculated local equilibria with multivariant
reactions using mineral compositions of phases in close contact. Multivariant equi-
libria calculations were undertaken mainly using the Geocalc-software of Brown
et al. (1989) and derivations (TWQ) with the thermodynamic data set of Berman
(1988) with compatible additional data and activity models as summarized in Table
1. A list of the calculated reactions is given in Table 2. Results are summarized in
Fig. 6 and listed in Table 3.

The two generations of amphibole in the two different metabasite rock types
reflect two stages of equilibration along a partial P-T path, a peak metamorphic
stage I and a retrograde stage II. For both stages calculations were performed
utilizing coexisting minerals in close contact containing the relatively highest
and lowest respective components to comprise the entire P-T ranges for both
equilibration stages.

Calculations of invariant points for equilibria E1–4 using mineral core compo-
sitions result in a scatter of P-T data in the range of 9.5–13.5 kbar, 380–450 �C
reflecting the stage I conditions in the blueschist and at 11.2–13.2 kbar, 460–
565 �C for the amphibolite (Fig. 6; Table 3). The scatter presumably represents
continuous equilibration in local domains around peak P-T conditions during the
late prograde and early retrograde P-T path that could not be resolved in detail in
the present case. For two samples conventional Fe–Mg exchange thermometry
with garnet-amphibole pairs (Graham and Powell, 1984) was applied for compar-
ison. Calculated temperatures range between 407 and 451 �C for the blueschist and
between 459 and 517 �C for the amphibolite. Core compositions of mineral pairs
yielded lower temperatures, rim compositions higher temperatures (Table 3). Evi-
dently garnet grew during the late prograde P-T path in both metabasites.

Calculations of the stage II conditions with the same set of multivariant
reactions but using rim compositions of phases in mutual contact yielded a
scatter of P-T data in the range of 6.3–9.6 kbar, 320–385 �C for the blueschist

Table 2. List of calculated multivariant reactions

(E1) 6 clinozoisiteepþ 7 quartzþ 11 glaucophaneampþ 10 Fe–Al-celadonitewm

¼ 22 albiteþ 3 Mg–Al-celadonitewmþ 2 daphnitechlþ 7 muscovitewmþ 6 tremoliteamp

(E2) 6 clinozoisiteepþ 7 quartzþ 11 glaucophaneampþ 7 Mg–Al-celadonitewm

¼ 22 albiteþ 2 clinochlorechlþ 7 muscovitewmþ 6 tremoliteamp

(E3) daphnitechlþ 5 Mg–Al-celadonitewm¼ 5 Fe–Al-celadonitewmþ clinochlorechl

(E4) 30 clinozoisiteepþ 35 quartzþ 55 glaucophaneampþ 35 Fe–Al-celadonitewm

¼ 110 albiteþ 7 daphnitechlþ 3 clinochlorechlþ 35 muscovitewmþ 30 tremoliteamp

(E5) almandinegrtþ 3 Mg–Al-celadonitewm¼ 6 quartzþ phlogopitebtþmuscovitewmþ annitebt

(E6) almandinegrtþ 3 Mg–Al-celadonitewm¼ 6 quartzþ pyropegrtþmuscovitewmþ 2 annitebt

(E7) almandinegrtþ phlogopitebt¼ pyropegrtþ annitebt

(E8) pyropegrtþ 3 Mg–Al-celadonitewm¼muscovitewmþ 2 phlogopitebtþ 6 quartz
(E9) 3 Mg–Al-celadonitewm¼ 3 quartzþ 2 K-feldsparþ phlogopitebtþ 2 H2O
(E10) 5 Mg–Al-celadonitewmþmuscovitewm¼ 2 quartzþ 6 K-feldsparþ clinochlorechlþ 2 H2O
(E11) 2 glaucophaneampþ 3 Mg–Al-celadonitewm¼ 4 albiteþ 3 phlogopitebtþ 7 quartzþ 2 H2O
(E12) 3 Mg–Al-celadonitewmþ 2 albite¼ glaucophaneamþ 3 K-feldsparþ quartzþH2O
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and 6.1–8.4 kbar, 310–505 �C for the amphibolite. Thus equilibration during con-
tinuous mineral growth and recrystallization in localized domains resulted during
continuous reaction proceeding during pressure release. Both ranges overlap at
the lower P-T conditions. Clockwise P-T paths result for both the blueschist and
the amphibolite. However, retrograde cooling during early decompression was
more pronounced in the amphibolite than in the blueschist.

Fig. 6. Converging P-T paths of the rock units studied derived by calculating multivariant
reactions. The albite breakdown reaction is taken from Holland (1980), the stilpþ phe –
breakdown reaction is from Massonne and Szpurka (1997). Boxes comprising calculated
PT-values of two equilibration stages (I and II) are given for each rock type. Hatched
curves for the orthogneiss and the spessartine-Mg-riebeckite rock indicate calculated mini-
mum pressures (reactions E9, E10, E12 in Table 2)
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Seno Arcabuz shear zone

The garnet-mica schist (sample THC97) is a typical rock of the SASZ. A combina-
tion of its primary assemblage of quartz-oligoclase-muscovite-biotite-garnet, its
coarse-grained primary fabric, the inverse zonation of garnet (increasing Mn,
decreasing XMg from an unzoned core towards the rim) and the presence of mus-
covite suggests that the rock formed at high temperature, but relatively low pres-
sure. P-T data derived by calculating multivariant equilibria E5–E8 (Tables 2 and 3)
involving rim compositions of garnet and biotite range between 4.9–6.5 kbar, 578–
690 �C. Due to the inverse (retrograde) zonation at the garnet rims these data do not
represent P-T data at the temperature maximum, but rather suggest a stage during
slow cooling after an equilibration at peak conditions at higher temperature.
Furthermore calculations involving biotite and garnet core compositions yielded
unreasonably high temperatures (>800 �C) showing that biotite already reequili-
brated completely by intracrystalline diffusion during cooling relative to the garnet
cores. The garnet mica-schist, as well as amphibolite lenses enclosed in it, was
strongly deformed at low temperature resulting in ductile deformation of quartz
and brittle deformation of feldspar. Newly grown sericitic phengite in both rock
types suggest elevated pressure during the retrograde P-T path.

The orthogneiss of trondhjemitic composition (sample Al 12), associated with
the garnet amphibolite, has a primary predominant assemblage of quartz-plagio-
clase-muscovite-biotite. Its coarse grain size suggests that crystallization of the
gneissose fabric occurred at elevated temperatures, which were presumably equiva-
lent to those derived from the garnet mica-schist. The presence of muscovite points
to relatively low pressures, but the temperatures were still in the stability field
of muscoviteþ quartz. Calculation of a multivariant reaction with biotite and a
theoretical potassic feldspar (E9; Table 2) results in a minimum pressure around
5.1 kbar (at 500 �C) at the upper pressure limit of the conditions derived from the
garnet mica-schist (Fig. 6; Table 3).

The second fine-grained assemblage quartz-phengite-stilpnomelane-chlorite-
epidote-albite grew late during the mylonitic deformation of the rock. The position
of the reaction stilpnomelaneþ phengite¼ biotiteþ chloriteþ quartzþH2O, cal-
culated by Massonne and Szpurka (1997), sets an upper temperature limit of
approximately 350 �C (at 6.5 kbar; Fig. 6) for the low temperature assemblage,
whereas the lower limit of quartz recrystallization at 270 �C gives a lower tem-
perature limit. Calculation of a multivariant equilibrium with chlorite and a theo-
retical potassic feldspar (E10; Table 2) gives a minimum pressure at 5.7 kbar (at
300 �C). The derived conditions are close to those prevailing during the retrograde
shear activity within the SASZ (Fig. 6).

The spessartine-Mg-riebeckite quartzite, which occurs at the boundary between
the blueschist and amphibolite areas shows a similar low grade deformational
overprint as the rocks of the Seno Arcabuz shear zone and also a similar sequence
of assemblages, i.e. a LP=HT assemblage followed by a retrograde HP=LT assem-
blage. Peak temperatures for this rock are intermediate between those of the blue-
schist and the amphibolite (464–505 �C; Table 3). Similar to the orthogneiss only
minimum pressures (7.8–8.6 kbar at 460 �C) could be calculated with a theoretical
potassic feldspar (equilibrium E11; Table 2). Reactions involving garnet and biotite
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did not yield reasonable results due to significant incorporation of Mn-compo-
nents in these minerals. Current activity models are not sufficiently adjusted for
these additional components. The second assemblage of stilpnomelane-phengite-
quartz formed at a lower temperature, which is also evident from the composi-
tion of its fine-grained white mica relative to that of the coarse muscovite of the
first generation, in particular because of the depletion of Na, Ba and Ti and the
greater abundance of Mn in WM II (see above). Minimum pressures of approxi-
mately 5.5 kbar (at 300 �C) can be derived for the formation of the second
assemblage, when calculated with a theoretical potassic feldspar (equilibrium
E12; Table 4).

The rocks of the SASZ were strongly deformed by a retrograde mylonitic
deformation reflecting the inverse sinistral strike-slip activity of the shear zone
(Olivares et al., 2003) and represent continental crust that was originally metamor-
phosed under elevated temperatures, but relatively low pressures. Low temperature
assemblages formed at a midcrustal level due to incorporation of these rocks in low
temperature ductile shear zones resulting in recrystallisation and new mineral
growth in equilibrium with changed P-T conditions.

Geochronological results

Fission track ages

Two zircon and two apatite fission track (FT) ages obtained from HP-LT rocks
along the Seno Arcabuz shear zone, and two apatite and six zircon FT ages from
granitoid rocks of the south Patagonian batholith, east of the Seno Arcabuz shear
zone, are presented in Table 4 according to IUGS recommendations (Hurford,
1990). The geographical distribution of all ages is shown in Fig. 1. Fission tracks
in both apatite and zircon shorten or anneal with increased temperature and dura-
tion of heating. For apatite, experimental and borehole data (e.g. Green et al., 1989;
Ketcham et al., 1999) show that over geological time tracks begin to anneal at a
sufficient rate to be measurable above ca. 60 �C, with complete annealing and total
resetting of the apatite fission-track age occurring at between 100 �C and 120 �C.
This range of temperatures is usually labelled the apatite fission-track partial
annealing zone (APAZ). For samples that have undergone moderate to fast cooling,
a value of 100� 20 �C can reasonably be assumed for the closure temperature of
fission tracks in apatite. Annealing of fission tracks in pristine zircon over geolog-
ical time begins at about 250� 20 �C, with total resetting occurring above about
310� 20 �C (Tagami et al., 1998). These temperatures may be lower in zircons
with high accumulated radiation damage (Brandon et al., 1998). This translates
into a closure temperature at moderate to fast cooling rates of 280� 30 �C for
fission tracks in zircon (St€oockhert et al., 1999).

Individual sample FT ages are determined by calculating the ‘central age’
(Galbraith and Laslett, 1993) of up to 20 individual grain ages from each sample.
The central age is the population geometric mean age, while the quoted age dis-
persion in Table 4 (in %) is a measure of the spread in individual grain ages such
that 95% of the sample grain ages will be in the range: exp(log 100)� 2�(age
dispersion), with the age dispersion expressed as a proportion of 1 (i.e. an age
dispersion of 15%¼ 0.15): the higher the age dispersion, the greater the variation
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between individual grain ages. The individual grain age data for some of the zircon
FT analyses are represented in histograms and probability density curves in Fig. 7.
Those samples with less than 8 grain ages were not plotted.

Fig. 7. Individual zircon fission-track grain age data. Data from samples THC96 and
THC128 are not shown due to their low number of individual grain ages (4 grains and 7
grains respectively). Note that the individual uncertainty on each individual grain age is not
shown in the histogram bars
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The first four samples (Fig. 7a–d) represent samples from the South Patago-
nian batholith. Two of these samples (THC126 and THC160) show a mixture of
individual grain ages. For sample THC126 two distinct age populations were able
to be decomposed using the mixture modelling approach described by Sambridge
and Compston (1994). Such a spread in ages in a single source plutonic rock can
best be explained by the partial resetting of older zircon FT cooling ages – repre-
senting the Early Cretaceous intrusion and crystallization age of the sample – by
reheating to temperatures of partial zircon FT annealing (250� 20 �C to
310� � 20 �C) caused by nearby Late Cretaceous magmatism. Why the fission
tracks in some zircon grains are more easily annealed than in others is not ad-
dressed here. There are several possible explanations including variable chemical
composition and differences in accumulated radiation damage. What is important
with regard to this study is that the rocks of the Patagonian batholith must have
been at upper crustal temperatures below 250� 20 �C at least since ca. 78� 2 Ma
(sample THC126) or even earlier for other samples, e.g. sample THC129 with its
apparent zircon FT cooling age of 105� 5 Ma.

Zircon FT ages were also obtained from two samples within the SASZ (ortho-
gneiss sample AL12 and mica-schist sample THC97). Both ages (61� 3 and
65� 3 Ma, respectively; Fig. 7e, f) show single grain age populations with low
age dispersion indicative of cooling ages, implying that the orthogneiss within the
Seno Arcabuz shear zone cooled through 280� 30 �C at least 20 Ma, and in some
cases 40 Ma, after the rocks of the neighbouring South Patagonian batholith.

The individual grain age data for some of the apatite FT analyses are repre-
sented in Fig. 8. Of most relevance to the cooling of the DAMC are the data from
the garnet mica-schist within the SASZ (THC97). This sample clearly contains
two individual grain age populations: a dominant population with an age of
12.4� 1.5 Ma and three older grains that combine to give a central age of
54.7� 8.2 Ma. In a similar manner to the mixed zircon FT ages, this age pattern
is most easily explained by re-heating to temperatures close to the upper limit of
track stability in apatite over geological time (ca. 110� 10 �C) that was sufficient
to completely reset the FT age in some grains, while others remained largely
unaffected. The reheating must have occurred some time before the ca. 12 Ma
cooling ages represented by the younger apatite age population. Green et al.
(1986) indicated that fission tracks in Cl-rich apatites can be more resistant to
annealing than tracks in fluorapatites with low Cl. Although the crystal chemistry
of the apatites in this study was not analysed, the older ages from sample THC97
are most probably Cl-rich apatites, with the ages of these grains representing an
earlier phase of rapid cooling from much higher temperatures. If the errors on the
closure temperatures of the apatite and zircon fission-track system are considered,
then the zircon FT age of the same sample (64.9� 2.7 Ma) and the older apatite
FT age component imply a minimum cooling rate of 6.2 �C=Ma between �68 Ma
and 47 Ma. The reheating seen in sample THC97 was clearly sufficient to totally
reset the apatite FT age in all the grains of sample AL16, a protomylonite
(spessartine-Mg-riebeckite quartzite) further to the west within the DAMC. Two
apatite FT ages from batholithic rocks directly to the east of the SASZ (THC96
and THC129) are possible to interpret in two ways. Both show older statistically
single grain age populations (18� 3 and 25� 3 Ma, respectively) and relatively
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long, negatively skewed confined track length distributions apparently indicative
of slow cooling through the APAZ. However, partial resetting could also produce
such data. The large uncertainties on the single grain ages (>50%) caused by their
low track count (low uranium concentration) disguise a wide grain age variation
between ca. 40 and 8 Ma typical of samples that have undergone partial resetting.
Determination of the true thermal history of the batholithic rocks from which
these two samples were taken (i.e. to reduce the uncertainty on the individual
grain ages) would require apatite samples with higher track densities. Finally,
batholith sample THC160 gives an apatite single population grain FT age of
47� 3 Ma. The corresponding long mean track length of this sample (14.21 mm),
demonstrates that this sample cooled quickly to temperatures below ca. 60 �C at
the time represented by the apatite FT age. Interestingly, this is similar to the older
apatite age component in the orthogneiss sample THC97, and suggests that these
two samples, despite their different geology, shared a common sub-ca. 120 �C
cooling history, and were hence juxtaposed at a similar crustal level by the middle
Eocene.

Fig. 8. Individual apatite fission-track grain age data
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K=Ar ages

We further present four K–Ar ages of samples (Table 5; Fig. 1) collected during the
first expedition to Diego de Almagro Island in 1979 by Mpodozis. Although
already dated in 1985, these results were never published. Two granitoid samples
from exposures of the South Patagonian batholith (DA2, DA17) on Isla Contreras
slightly south of the study area yield K–Ar amphibole ages of 132.6� 6 Ma and
133.8� 7.2 Ma respectively. We interpret these ages as an approximation to the age
of intrusion. The K–Ar age of an amphibole of an amphibolite sample (DA37) in
the DAMC is 117.5� 28.4 Ma. Considering the peak metamorphic temperatures of
459–565 �C reached by the amphibolite and the mean closure temperature of
500 �C for the K–Ar system in amphibole, the age can be regarded as a formation
age and can approximate the age of the peak of HP-metamorphism. Finally, a mica-
schist sample (DA 51), located in the SASZ, yields a K–Ar age of muscovite of
122.2� 4.6 Ma. Considering the peak temperature of 578–690 �C reached by this
rock and the mean closure temperature of the K–Ar system in white mica, this age
is interpreted as a cooling age after the peak of the HT-metamorphism that over-
printed the rocks of the SASZ prior to the shear event.

Discussion and geodynamic constraints

Combining the geochronological data with the derived set of interrelated and con-
verging P-T paths and the structural data by Olivares et al. (2003) allows to recon-
struct the evolution of the DAMC and its emplacement against very low grade
retrowedge complexes towards the east along the SASZ during Mesozoic times
(Fig. 1B, 9).

The collage of metamorphic complexes and their protoliths

So far we have no information on the age or nature of the protoliths of the DAMC,
which represent the fossil accretionary prism due to the HP=LT metamorphism of
its rocks. In analogy to other accretionary systems in the basement of the Chilean
Cordillera (e.g. Herv�ee, 1988) it could be composed of a mixture of continent-
derived greywackes and slices of oceanic crust. However, the spessartine-Mg-
riebeckite quartzite at the boundary between the blueschist and amphibolite areas

Table 5. Results of K–Ar geochronology

Sample Rock type Locality Analysed K Error Ar40* ArAtm Age Error
mineral % 10�6 % Ma Ma

ccSTP=g

DA2 granodiorite Isla Contreras amphibole 1,050 5,61 16,80 132,60 6,00
DA17 granodiorite Isla Contreras amphibole 0,519 1,893 2,80 28,55 133,79 7,22
DA51 garnet mica-schist Puerto Errázuriz muscovite 7,364 1,332 36,14 14,67 122,19 4,61
DA37 amphibolite Caleta Lázaro amphibole 0,284 0,500 1,34 89,99 117,50 28,43
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yielded uniform U=Pb single grain zircon ages of 157� 2 Ma (SHRIMP; Herv�ee
and Fanning, 2003) suggesting a rhyolite or rhyolitic tuff as protolith. It was
presumably coeval with the widespread Middle to Late Jurassic ‘‘Tobifera’’ acid
igneous event in Patagonia further to the east (Pankhurst and Rapela, 1995). A
similar continental crustal origin can be attributed to the HT metamorphic rocks of
the SASZ. SHRIMP U-Pb dating of zircon in the orthogneiss of the SASZ reveals
that its magmatic rims formed at �170 Ma, whereas its cores show a great diversity
of older inherited ages (Herv�ee and Fanning, 2003). Rocks, whose LP=HT evolution
is comparable with the rocks of the SASZ, occur further S in the Cordillera Darwin
(54�300 S) and were exhumed around 70–80 Ma (Kohn et al., 1993). These few
known protolith ages are distinctly younger than the sedimentation age of the very
low grade Duque de York Complex in the east, which does not yield igneous
zircons younger than late Early Permian in the source area (Herv�ee et al., 2003).
The Duque de York Complex in turn is overlying obducted oceanic crust with
Upper Carboniferous-Lower Permian sediments (Forsythe and Mpodozis, 1983)
and constitute a very low grade retrowedge area, which was intruded by the South
Patagonian batholith.

A Jurassic paired metamorphic belt

Our amphibole K–Ar age of 117.5� 28.4 Ma may approximate the local age of
peak metamorphic conditions in the amphibolite in the eastern part of the DAMC.
Metamorphism evidently occurred within an accretionary prism approximately
coeval with the intrusion of the South Patagonian batholith, which formed the
magmatic arc: An age range of 69–149 Ma for the emplacement of plutonites of
the South Patagonian Batholith to the N and S of Diego de Almagro Island was
derived by Weaver et al. (1990) and Bruce et al. (1991). Our K–Ar ages of
132.6� 6 Ma and 133.8� 7.2 Ma of amphibole in granodiorite fall within this
age range. The metamorphic rocks of the SASZ reveal a LP=HT-metamorphism
around 4.9 kbar, 580–630 �C presumably related to heat advection within the mag-
matic arc. Our muscovite K–Ar age of 122.2� 4.6 Ma obtained from the garnet
mica-schist of the SASZ presumably relates to cooling after this HT-metamorphic
event. This cooling age is corroborated by 40Ar–39Ar ages in a white mica fish
within the orthogneiss of the SASZ ranging between 136� 8 to 120� 8 Ma
(Olivares et al., 2003). Hence the existence of a true contemporaneous, paired
metamorphic belt during Jurassic times is suggested.

Two contrasting HP=LT areas in the DAMC

Peak metamorphic conditions (stage I) in the blueschist intercalations are
recorded at 9.5–13.5 kbar, 380–450�, whereas in the amphibolite lenses the same
stage was reached at 11.2–13.2 kbar, 460–565 �C. This indicates that the two
contrasting HP areas were subducted to similar depth, but submitted to distinctly
different peak temperatures recording different metamorphic gradients in the
accretionary wedge, i.e. approximately within the range of 8–13 �C=km for the
blueschist and 10–14 �C=km for the amphibolite (on the basis of an average
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density of 2.8 g=cm3). Gradients >10 �C=km appear relatively high for an accre-
tionary prism, but seem to be typical for the entire basement of the Chilean
Coastal Cordillera in general (Willner et al., 2000, 2001, 2004). Such high gra-
dients may indicate relatively slow subduction and=or a moderately inclined slab
according to numerical modeling (Peacock, 1996). Hence variation of the slab
geometry might have caused the difference of the recorded gradients. On the
other hand, the amphibolite area could have had a different position within the
accretionary wedge and should have been metamorphosed nearer to the hot man-
tle wedge under the adjacent continent (Fig. 9). As a result it was exhumed very
close to the non-subducted retrowedge area. A similar setting was also observed
by Trouw et al. (1998) in the Cretaceous accretionary wedge of Elephant Island
(South Shetland Islands, Antarctica), which could be a close time-equivalent of
the DAMC along a once common convergent margin (Willner et al., 1999). The

Fig. 9. Conceptual model for the development of the convergent marging of southernmost
Chile during the Mesozoic
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position of the highest grade rocks of the accretionary prism near to the very low
grade rocks of the retrowedge in transition to the backstop system is also common
for the basement of the Chilean Coastal Cordillera (Willner et al., 2000, 2004;
Kato, 1985). Hence this setting reveals a clear polarity of the direction of sub-
duction (Trouw et al., 1998). The observed difference in metamorphic gradient in
the study area may also be explained by isobaric heating at maximum depth. This
would require a mechanism, which allows horizontal particle movement after
accretion and before vertical exhumation, crossing isotherms towards higher
temperatures. Recent analogue modeling of accretionary wedges with sandbox
experiments (Kukowski et al., 2002) has shown that basal accretion may involve
formation of weakly inclined basal duplexes resulting in an early subhorizontal
particle path after accretion.

Exhumation and emplacement of the DAMC

During the early retrograde P-T path in both metabasites recrystallization and new
mineral growth under static conditions and partly fluid infiltration caused local
equilibria (stage II) at 6.3–9.6 kbar, 320–385 �C in the blueschist and 6.1–8.4 kbar,
310–505 �C in the amphibolite. Both recorded partial P-T paths are clockwise and
end at similar P-T conditions at �6–7 kbar, 300–350 �C in the stability field of
stilpnomelaneþ phengite, i.e. they converge within a midcrustal level. These
conditions were also approximated for the retrograde assemblages of the LP=HT
rocks (orthogneiss, garnet mica-schist, amphibolite) in the SASZ and of rocks at
the boundary between the blueschist and amphibolite areas (spessartine-Mg-
riebeckite quartzite). These retrograde assemblages recrystallized during and at
the end of ductile shearing with convergent sinistral strike slip kinematics (Olivares
et al., 2003). This suggests that the observed juxtaposition at a midcrustal level,
which involved HP=LT rocks of the accretionary prism represented by the DAMC
and rocks of continental crust with a LP=HT imprint within the SASZ, was related
to the convergent strike slip activity along SASZ. The metamorphic gradient during
this process (�10–14 �C=km) was comparable to the one reflected by the peak
metamorphic conditions in the metabasite of the DAMC. The high pressure rocks
of the DAMC had probably already reached midcrustal levels via an independent
exhumation process.

Fission track ages of zircon in the orthogneiss and the garnet-mica schist of
61� 3 and 65� 3 Ma respectively indicate cooling through 280� 30 �C and hence
date the end of the shearing activity in the SASZ, but also the age of convergence
of the rocks of the DAMC and the SASZ at a midcrustal level. A prolonged earlier
history of the shear zone is indicated by 40Ar=39Ar ages of masses of smaller,
recrystallized white mica aggregates in deformed domains at 89� 8 Ma (Olivares
et al., 2003).

Considering the age of the peak of the high pressure metamorphism in the
amphibolite and the age of the convergence at the midcrustal level as time markers,
an approximate minimum average exhumation rate of �0.30–0.45 mm=a and a
cooling rate of �2–4 �C=Ma may be estimated for the partial retrograde P-T path
recorded by the amphibolite of the DAMC. Such rates would be compatible with
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average erosion rates. Erosion can be the principal unroofing process controlling
exhumation in accretionary prisms, as demonstrated by Ring and Brandon (1999)
for the Franciscan. However, the HP rocks might have resided for a considerable
amount of time at midcrustal levels before the shear event. The retrowedge area to
the east of the SASZ, which includes the South Patagonian batholith, cooled much
earlier through the 280� 30 �C isotherm at 105–78 Ma, according to zircon FT
ages from the granitoids. The very low grade complexes of the retrowedge area and
the shallow intrusion level of the South Patagonian batholith indicate little crustal
thickening within the magmatic arc.

The fission track age of 54.7� 8.2 Ma in a sub-population of apatites in the
orthogneiss of the SASZ can be interpreted as representing cooling of these rocks
to below 110� 10 �C. This further cooling of about 150 �C and exhumation to a
near-surface level after the end of the shear activity implies an increase of mean
exhumation to about 2 mm=a and cooling rates to at least 6.2 �C=Ma (see above)
and likely much higher during this second exhumation period. Such increased rates
are probably related to a local increase in crustal thickness following the conver-
gent shear event, resulting in significant relief. These rates are also compatible with
erosion rates and could have been enhanced by a humid climate. Nevertheless,
normal fault kinematics were also reported in the SASZ by Olivares et al.
(2003). A similar maximum apatite FT age in one granitoid of 47� 3 Ma is further
indication that the rocks of the SASZ and the DAMC reached a near-surface level
during the Eocene and their position relative to the very low grade complexes of
the retrowedge area and the presently exposed level of the South Patagonian bath-
olith. The whole area was partially reheated up to 110� 10 �C some time before
about 12 Ma.

Summarizing, the fossil accretionary prism was modified by convergent strike
slip shearing at a midcrustal level under a low geothermal gradient during exhu-
mation of high pressure rocks of the DAMC. This event caused (1) substantial
late shortening of the continental margin, (2) telescoping and amalgamation of
different portions of the accretionary system and the adjacent continental margin
and (3) subduction of continental crust. The latter is a rather rare process at a
convergent continental margin. The same event is probably related to ‘‘subduc-
tion erosion’’ of lost outer parts of the accretionary prism (e.g. the very low
grade frontal accretion zone) that originally extended beyond the Pacific coast.
The destruction of the accretionary prisms also marks the end of subduction
mass flow and accretion at this latitude of the South American convergent
margin.
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