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ABSTRACT

The Central Santander Massif exposes its metamorphic basement, which mainly consists of medium- to high-grade
pelitic schists, paragnei sses, migmatites and orthognei sses. For delineating its metamorphic evolution, we have examinated
mineral assemblages, metamorphic reactionsand P-T conditions of metamorphic rocks of thisregion. Metamorphism has
occurred under conditions of high-temperature and medium-pressure (Barrovian type metamorphism), and three
metamorphic zones were developed: staurolite-kyanite, sillimanite and migmatite zones. Pressure and temperature
conditions, estimated by TWQ program, arein therange of 5.0-9.5 kbar and 630-727 C. The P-T path of the metamorphic
unitsis clockwise suggesting a collision model for thisregion of the Colombian Andes.
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METAMORFISMO DE PRESION INTERMEDIA EN LA REGION CENTRAL DEL MACIZO DE
SANTANDER, CORDILLERA ORIENTAL, ANDESCOLOMBIANOS

RESUMEN

Laregion central del Macizo de Santander expone su basamento metamorfico, €l cual consiste de esquistos peliticos,
paraneises, migmatitasy ortoneises de medio aalto grado. Paradelinear su evolucion metamarfica, hemos examinado las
paragénesis minerales, reacciones metamérficas y condiciones de P-T de las rocas metamoérficas de esta region. El
metamorfismo ocurrié bajo condiciones de altatemperaturay presién intermedia (metamorfismo tipo Barroviano), con
el desarrollo de tres zonas metamorficas: estaurolita-cianita, silimanita y migmatita. Las condiciones de presion y
temperatura, estimadas mediante el programa TWQ, estan en el rango de 5.0-9.5 kbar y 630-727°C. Latrayectoriade P-
T de las unidades metamorficas es en sentido horario sugiriendo un modelo de colision para esta region de los Andes
Colombianos.

Palabr as claves: Metamorfismo; Macizo de Santander; tipo Barroviano; trayectoriade P-T; colision.
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INTRODUCTION

The Santander Massif is located into the northern part of
Eastern Cordilleraof the Colombian Andes. The basement
of thismassif is composed by igneous and metamorphic
rocks, which reflect acomplex geological history. During
the last years, the Santander Massif metamorphic rocks
have been studied to know their mineral compositions,
textural and microstructural features, mineral chemistry
and thermobarometric estimates. Some of these studies
have been focused to determine the tectono-metamorphic
evolution of the southwestern Santander Massif region,
which has constitued a valuable contribution for
interpretation of geologic and tectonic evolution of the
northwestern continental margin of South America.

The purpose of this paper, which is concerned with the
description of ahigh-T and medium-P facies series of the
central Santander Massif, is to determine the P-T path
followed by the metamorphic basement. The
reconstruction of the tectono-metamorphic evolution of
these metamorphic rocks is based on the detailed
petrographical study, reaction history, chemistry of the
constituent minerals, and geothermobarometry, and the
results of this are very important to understand the
evolution of orogenic processes of the Andes.

GEOLOGICAL SETTING

The Santander Massif is situated in the northeastern part
of Colombia (FIGURE 1). The basement complex of the
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FIGURE 1. Generalized geological map of the Santander Massif (left side), showing the distribution of the metamorphic (grey colour), igneous
(black colour) and sedimentary (white colour) rocks modified after Goldsmith et a. (1971), aswell asthe study area, and geological map of the
central Santander Massif (right side) modified after Ward et a. (1973).
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Santander Massif comprises metamorphic rocks of pre-
Devonian age, whicharecut by intrusive bodiesof Triassic
to Cretaceous ages (e.g. Goldsmith, 1971; Boinet et al.
1985), although age of severa igneousbodiesisstill under
debate, due to scarce isotopic data. The metamorphic
rocks of this basement have been divided into three units
from bottom to top Bucaramanga Gneiss (BG), Silgara
Formation (SF), and Orthogneiss (O). The basement of
the Santander Massif is unconformably overlain by
unmetamorphosed rocks of the Floresta Formation.
Carboniferousand Permian clastic to cal careous sediments
unconformably overlain this unit. However, due to pre-
Cretaceous erosional events, the occurrence of these
sequencesiis restricted. Triassic sedimentary rocks of the
Tiburon Formation overlay these sequences. Post-
Paleozoic sediments, which overlay the Upper Paleozoic
marine sediments, include the Bocas and Jordan
formations. The latter consists of fine-grained red beds
withinterlayered volcanic rocksand intrusive clasts, which
is discordantly overlain by the red bed sequence of the
Girén Formation of Jurassic age. Cretaceous sedimentary
rocks occur around the Santander Massif and are
preserved as erosiond relicts.

The first study on the geology of the Santander Massif
was done by Julivert (1958, 1959, 1961a, 1961b, and
1963, 1970), and later described in detail by Ward et al.
(1973). Most of the previous studies have used mainly
geological, structural, paleontological or isotopic data to
decipher the evolution of the Santander Massif. Structural
studiesinthe Santander Massif havebeen generally related
to stratigraphic work. Julivert (1970) discusses mainly
therelationships between basement and sedimentary cover,
since these determine the main structural features of the
Eastern Cordillera

The Santander Massif isastructurally uplifted block, limited
to the west by the Bucaramanga - Santa Marta Fault and
to the east by the fault system Pamplona - Cubogon -
Mercedes. According to Ward et al. (1973), in the
Santander Massif the foliation and fold orientations are
approximately similar in the BG, SF and O metamorphic
rocks. Regionally, these orientations are N-S, and tend to
be parallel to the axis of the orogenic belt (Eastern
Cordillera), showing local variations and discontinuity
because of the presence of intrusive bodies of the Santander
Plutonic Complex and covering of sedimentary rocks.
Restrepo-Pace (1995) proposes for the Santander Massif
fault system a shear-couple model. The model requires
left lateral sense of shear along bounding faults i.e. the
Bucaramanga Fault on the west and the Pamplona thrust-
front on the east, the development of northwesterly
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trending antithetic faults, counterclockwiserotation of rigid
internal blocks and inversion of Mesozoic NS trending
extensional structures.

The first study on the metamorphism of the Santander
Massif was done by Ward et a (1973). Studies based on
acollecting of information about the distribution of facies
of metamorphism in Colombia are presented by Maya,
1997. More recent works (e.g., Restrepo-Pace, 1995;
Schafer et al. 1998; Garcia y Rios, 1997; Garcia y
Castellanos, 1998; Rios, 1999; Rios and Takasu, 1999;
Garciay Rios, 1999; Garciay Campos, 2000; Castellanos,
2001; Ordofiez; 2003; Rios et al. 2003; Cardona, 2003)
have placed considerable reliance in the results of
mineralogical, petrographical, geochemical,
thermobarometric, and geochronological studies of the
metamorphic rocks in different regions of the Santander
Massif.

The metamorphic sequence exposed in the study area,
which is extended from California to Mutiscua,
correspondsto the CSM. A generalized geol ogical map of
thestudy areaisshownin FIGURE 1. Theoldest lithologic
unit in the CSM corresponds to the BG that crops out
between Cdlifornia and Vetas towns and is a sequence
consisting of pelitic and mafic gneisses, with subordinate
amounts of amphibolites, migmatites which was
metamorphosed to high grade. The SF, a younger and
overlying unit, is a middle- to high-grade metamorphic
sequence, which consists of metapelitic rocks with
intercalations of metamafic, quartzfeldspar and
metacarbonate rocks. It partially envelops the BG and O
units and crops out from southern part of Berlin towards
the north, aswell asto the west of the Mutiscua Fault. Its
lithology changesin composition to the west, from top to
bottom, from marble through different varieties of mica
schist to quartzite. The O unit occurs to the southwest,
north and northeast of Berlin, and is highly distributed in
themiddle- and high-grade metamorphic rocks. It consists
on quartz-feldspar and biotite gneiss and generally shows
concordant foliation and lineation with those of neighboring
of the BG and SF metamorphic rocks. The contact
between the Silgard Formation and the Orthogneiss is
intrusive, which evidence the emplacement of orthogneiss
masses. The contact relationship between the BG and SF
metamorphic rocks is unclear but is probably an
unconformity (Werd et al., 1973).

Themostimportant structural featureinthe CSM (Paramo
de Santurban) is represented by a broken gneiss dome.
The SF dips separating from this dome on the eastern
part and surrounds the BG and O units in the southern
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part. The foliation in the BG strikes from NE to NW,
changing suddenly. For example, near to Vetasit isdefined
a general pattern of direction NE, dipping 60-85°SE. It
dips to the west on the western part and dips to the east
on the central part of the study area, and it is possible that
this reflects a folding structure. On the other hand, the
foliation is also defined by a preferred orientation NE in
the SF and O metamorphic rocks, because in the SF it
strikes N15-20°E, dipping 30-35°SE, whereasin the O it
strikesN15-18°E, dipping 30-40°SE, whichisin agreement
between these metamorphic units and could reflect a
common metamorphic event for them.

PETROGRAPHY

A detailed petrographic study of thin sections was carried
out on specimens collected in the CSM to ascertain both
mineral assemblages and textural and microstructural
features in the metamorphic rocks. The petrography study
was developed in the Geology Research Laboratory of the
Universidad Industrial de Santander, Guatiguara Research
Center (Colombia). The studied metamorphic rocks of the
study area are described below. FIGURE 2 illustrates the
main petrographical aspects of the metamorphic rocks in
the CSM. Mineral abbreviations are after Kretz (1983).

Bucaramanga Gneiss (BG)

The BG comprises pelitic (biotite gneisses), mafic
(hornblende gneisses, biotite-hornblende gneisses and
amphibolites), and quartzfeldespathic (quartzfel dspar
gneisses and quartzites) rocks, which show a banded
aspect. The pelitic and mafic rocks predominate in this
metamorphic unit. Gneisses are the more common rocks
inthisunit and their main mineralsare quartz, plagioclase,
potasium feldspar, aswel| as sometimesbictite, hornblende
or sillimanite. Garnet and sometimes biotite, hornblende
or sillimanite constitute minor minerals. Common accesory
minerals are sphene, rutile, Fe-Ti oxides, garnet, zircon
and apatite. Quartzfeldespathic rocks areinterlayered into
the pdlitic rocks; they are quartzfeldspar-rich rocks with
subordinate amounts of garnet, sillimanite, biotite and
muscovite, and accesory minerals such as zircon and
apatite. A granoblastic texture is mainly dominant, and a
lepidogranoblastic texture sometimes occurs. The mafic
rocks show abanded to massive structure and correspond
to gneisses with major minerals such as hornblende and
biotite, which predominate on quartz and feldspar.
Muscovite is a minor mineral. Accesory mineras are
sphene, zircon and apatite. Amphibolites contain
hornblende and plagioclase, while quartz, bictite, sphene
and apatite are minor or accesory minerals. The dominant
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texture in these rocks is granoblastic or
nematogranoblastic. The compositional and textural
varieties of gneisses are not cartografiables, and they are
interlayered into the metamorphic sequence.

Metapelites from the migmatite zone show a banded,
microfolding or nebulitic structure characterized by a
gneissic layering defined by millimetre-scale alternating
micaceous and quartzfeldespathic domains. They
sometimes vary in composition from biotite-bearing
migmatite to hornblende-bearing migmatiteand are mainly
compossed by quartz, plagioclase, potasium feldspar,
biotite, and hornblende, with minor epidote and opague
minerals. The quartzfeldespathic domains have a coarse-
grained granitic mineralogy and form continuous layers
or small boudinaged pods, and the graniticleucosome could
represent the in situ segregation of the melt, whereas the
micaceous domains are compossed by biotite or
hornblende, fibroalitic sillimanite and sometimes minor
muscovite. Fibrolitic sillimanite sometimesformse ongated
whitish nodulesupto 1.5cminsizeparalldl tothestretching
lineation, which can be interpreted as being due to partia
melting.

Silgara Formation (SF)

The SF is composed of a metamorphic sequence, which
is characterized by interlayered pdlitic schists and mafic
rocks, and displaysawell-devel oped schistosity. The most
obvious structure in these rocks is a dominant schistosity
or daty cleavage, which may be developed at the same
time with the first-generation of folds and thrusts or
superimposed upon older structures. In general, later
structures such as flat-lying crenulations, small chevron
folds and kink bands overprint the main foliation. The SF
in the study area comprises four petrochemical types of
metamorphic rocks: pelitic, semipelitic, mafic and
carbonate rocks, which are described bel ow.

Pdlitic rocks (feldspar-micaschists and micaschists) are
the major constituents of the Silgara Formation in this
area, showing a schistose or sometimes daty cleavage
structure. They contain muscovite, biotite, quartz and
plagioclase as major minerals. The modal contents of
gtauroliteand sillimanite changes highly and thesemineras
becometo be accesory or major phases. Garnet and opague
minerals are minor minerals, and tourmaline, kyanite,
graphite, sphene; zircon and apatite are accesory minerals.
Andalusite or kyanite sometimes occurs as aminor phase
and plagioclase occurs as a minor or accesory phase,
athoughthismineral could be absent. Theserocksdisplay
a granolepidoblastic to porphyroblastic (in a
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FIGURE 2. Main petrographic features in metamorphic rocks of the central Santander Massif. (a) Garnet porphydoblast displaying sector
zoning due to the concentration of inclusions in interfacial borders. Observe the assymetrical pressure shadow around garnet. (b) Relict of
garnet asinclusion in staurolite porphydoblast, which shows numerous quartz inclusionsthat define aninternal schistosity (S, ) discordant with
the main fabric of therock (S ). (c) Kyanite crystals showing high relief, well-developed and marked cleavaje and partition parallel to (001)
approximately to straight ang?és with the lenght of the crystals. (d) Fibrolitic sillimanite growing after kyanite crystals. (€) Microcrenulated
structure in biotite-sillimanite gneiss, in which sillimanite appears to be devel oped after biotite reeplacement. (f) Prismatic sillimanite, in which
some crystals are cut perpendicular to their lenght and show diamond-shape cross sections with cleavaje after (010).

granolepidoblastic matrix) texture. They often show
macroscopically recognizable garnet and staurolite
porphyroblasts, which contain abundant inclusion trails
forming aninternd foliation, although andalusite or kyanite
porphyroblasts sometimes occur in these rocks. Internal
foliation in staurolite and/or garnet is marked by quartz

47

and ilmeniteinclusions and iscontinuouswith the external
foliation of the rock, which is defined by biotite and
muscovite. Rotation of the interna foliation in staurolite
and/or garnet porphyroblastsindicatesadextral or sinistral
sense of shearing.
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Semipelitic rocks comprise quartz-feldspar schists, mica-
quartz schists, feldspar quartzites, mica-feldspar quartzites,
muscovite quartzites and feldspar quartzites and show a
schistose, banded or massive structure. Quartz, muscovite
and sometimesplagioclase, anda usiteand kyanitearemajor
phases. Minor minerals are garnet, muscovite, andalusite
or kyanite, and ocasionally bictite and opague minerals.
The accesory minerals are tourmaline, sphene, zircon,
gpatite, epidoteand/or clinozoisite, and biotite. Theserocks
show a porphyroblastic (in a lepidogranoblastic matrix)
texture, although it is locally lepidogranoblastic or
granoblastic. Plagioclase, staurolite, garnet and andalusite
or kyanite porphyroblasts commonly occur, although in
variable modal contents, sometimes with quartz and
muscovite inclusions, producing a poikiloblastic texture.

Mafic rocks (amphibole schists and biotite-amphibole
schists) occur asthin layersin the contact between marble
and semipdlitic rocks. The major minerals in these rocks
are hornblende and quartz, whereas epidote and garnet
can be minor or accesory phases. They may represent
dykes and sills emplaced prior to deformation and
metamorphism. Schéfer et al. (1998) carried out a study
on petrology and geochemistry of the mafic rocks of the
SF in the southwestern Santander Massif, according to
these authors, the content of magjor and trace elements
indicate a magmatic origin for these rocks.

Carbonate rocks are represented by marble, which shows
a massive structure and they are mainly composed by
calcite, whichisamajor mineral, with subordinate amounts
of quartz, epidote and zoisite that, in general, do not reach
the 2 % modal content of these rocks.

Orthogneiss (O)

This metamorphic unit comprises mafic (biotite-
hornblende gneisses) and felsic (quartz-fel dspar gnei sses)
rocks. The mafic rocks show a massive structure or a
poorly developedfoliation. They are hornblende-richrocks
with plagioclase and biotite asmagjor minera phases. Quartz
isaminor mineral, and epidote and apatite are accessory
minerals. The felsic rocks show a gneissose and,
sometimes, augen structure. Quartz and feldspar are the

main minera phases, reaching more than the 95 % modal
content of these rocks. Microcline and plagioclase are the
dominant feldspar and their modal content is variable.
Minor mineralsare hornblende and biotite, although these
minerals can be absent. Accesory minerals are zircon,
apatite, epidote, clinozoisite and sphene. These rocks
commonly display alepidogranobl astic texturewith bictite
showing apreferred orientation following themainfoliation
of the rock. However, they sometimes display a
granoblastic texture. Pertitic microcline usually occursin
these rocks.

MINERAL ASSEMBLAGES

TABLE 1 shows the different mineral assemblagesin the
metamorphic rocks at CSM, being the metapelitic rocks
the most important lithology in the study area.

According to the mineral assemblages in pelitic and
semipelitic rocks of the CSM, these rocks belong to the
staurolite-kyanite and sillimanite zones of the Barrovian
zona scheme, which have defined the regional thermal
structure of the metamorphic rocks in the study area,
although a migmatite zone is locally observed (FIGURE
1). Barrovian metamorphism is a common, widespread,
large scale metamorphism typically associated with mgjor
orogenic (mountain building) events. The metamorphic
zones are related to regional dynamothermal
metamorphism. The boundary of the metamorphic zones
are defined by the first appearance of the index minerals
in pelitic rocks, athough the term reaction-isograd is
preferred better than isograd, because a reaction-isograd
will provide abetter petrogenetic information, taking into
account that it is bracketed by reactants and products,
and may produce information about conditions of
metamorphism. Textural observationsshow that andalusite
is the earliest AILSIO, polymorph, kyanite is present at
peak metamorphic pressure, whereassillimaniteis present
at peak metamorphic temperature, theandal usite - kyanite
and kyanite- sillimanite transformations occur;
staurolitetkyanite coexist inthe peak pressureassemblage
in pelitic rocks of the Silgar4 Formation.

TABLE 1. Typical mineral assemblages in the metamorphic rocks at CSM.

Pelitic rocks Semipelitic rocks

M afic rocks

Grt+ Bt + Ms+ St + Qtz £ Ky
Bt+Ms+Qtz+ Grt + St
Bt + Ms+ Ky + Pl + Qtz

Ms+ Ky + Qtz
Grt + Bt + Ms+ Sil + Qtz
Grt + Bt + Sil + Kfs+ Pl + Qtz

Pl + Bt + Ms+ Qtz

Pl + Ms+ Grt+Qtz+ St
Pl + Mic + Qtz + Ms + Bt

Carbonaterocks
Ca + Qtz

Hbl + Pl + Qtz
Grt + Hbl + Qtz
Grt + Hbl + Pl + Bt + Qtz
Hbl + Pl + Qtz
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In the CSM it appears that one regional metamorphism
with distinct phases occurred. The metamorphic grade
increasesfrom lower amphibolitefaciesin the eastern part
of the CSM to upper amphibolitefacieswith Sillimanite +
K-feldspar + bictite - bearing assembl ages (migmatization)
in the western part of the CSM.

RELATIONSHIPBETWEENMETAMORPHISM AND
DEFORMATION

Combined field, petrological and structural dataindicate
that the CSM is a structurally complex metamorphic
terrain, where structural geometry is generally the result
of complex polyphase deformation. The microstructural
analysis has been developed on metapelitic rocks of the
Silgara Formation, which is an excellent example of a
Barrovian metamorphic sequencethat provided important
information to analyze the deformation history because
diagnostic mineral assemblages from different tectonic
events are preserved.

Microstructural evidence shows that the Silgara
Formation metamorphic rocks at the CSM underwent
prograde metamorphism during at |east three deformation
phases (D, D,, and D,), and extensive retrograde
metamorphism during the last stage, and many of the
retrograde mineral changes involve hydration. A
polymetamorphism is suggested by the presence of
multiple foliations and by garnet or staurolite
porphyroblasts, which have complex time relations are
post-tectonic to one foliation but pre-tectonic to another,
or by amineral phase, which has different forms or time
relations in different crystals. The presence of these
porphyroblasts let to examine earlier stages in the
deformation history than that preserved in the matrix
foliation. Numerous porphyroblasts of garnet, staurolite,
biotite and/or muscovite are present in most outcrops,
and can be shown to have grown post-tectonically to D,
or D,

The first deformation phase D is the oldest that can be
observed in the study area, although there is not a clear
relationship between deformation and undeformed rock.
During this phase, as a result of crustal shortening and
thickening, the CSM metamorphic rocks were affected
by a prograde metamorphism, developing S, which is
recorded by the mineral assemblage quartz + ilmenite +
graphite + muscovite both asinclusion trails in garnet or
staurolite porphryroblasts, and asadifferentiated layering
in D, hinge zones, defined by alternating layers of sheet-
silicate and quartz-feldspathic minerals.
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Deformation D, due to heating and thrusting developed
progressively two foliations (S, and S,) through medium
pressure conditions. The S, schistosity, which is
represented by the mineral assemblage quartz + muscovite
+ biotite + ilmenite + garnet + staurolite + kyanite +
anddusite+ plagioclase, isparald toaxia planesof isoclind
foldsinintercalated quartz-feldspar-rich and phyllosilicate-
rich layers, and represents the main regional foliation can
be recognized through all metamorphic zones. The S,
schistosity, whichisrepresented by themineral assemblage
quartz + muscovite + biotite + staurolite, is younger than
the S, schistosity (visible as a crenul ated surface between
layers of S,). From pre-kynematic crystals of biotite,
muscovite and quartz, and the Sin-S, pressure shadows
that they develop, which do not show any internal
schistosity, it is possible to consider that these mineras
formed part of the S, schistosity. The presence of sigmoidal
and pre-kynematic crystals and the development of
asymmetrical pressure shadows and strain cap around
these crystals, areinterpreted as a process of deformation
by rotation by which pressure shadows have been
enriched in soluble minerals such as quartz, while the
schistosity S, has been enriched in minerales such as
muscovite and biotite. The morphology of this schistosity
is spaced and the schistosity domains are represented by
tabular and oriented crystalsof biotite and themicrolithons
are mainly composed by quartz and plagioclase, which
suggests that this schistosity has been developed by
dynamic recrystallization, where pre-kynematic crystals
can accumulate enough deformation energy to improve
the recrystallization towards the grain boundaries.

Slow uplift, presumably with erosiona or tectonic thinning,
caused a decrease in pressure with an increase in
temperature, which is considered as part of the main
episode of the metamorphic evolution, represented by the
third deformation (D,), which produces a series of
microfoldsinthe S,and S, schistosities, developing atill
younger schistosity, S,. It is represented by the minera
assemblage quartz + sillimanite + biotite + garnet. The
microfoldsareclearly marked by tabular crystals of bictite.
However, folding can be observed in both outcrop and
thin section, and small similar and asymmetrical folds,
which have been classified as kink folds, define it. S, is
arranged to aproximately an angle of 30° respect to the
mainfoliation (S,), developing parallel to the axial axis of
kink folds. The strain concentration during the
development of this folds produced in some cases a
microcracking parallel to the axia and in other cases as
kink bands, which let to establish that the undeformed
material wasanysotropic, withacizalestrain acting paralle
to the main plane of anysotropy defined by the S,.
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A cooling accompanied by an extensive retrograde
metamorphism occurred during a late retrograde event.

The relative growth and stability of the minerals during
the metamorphic and deformational evolution are
recapitulated in TABLE 2.

We have observed no clear transition between the fabrics
in the high-grade schists and that in the gneiss, so that the
ageof thegneissicfaliation in relation to the deformational
history of theschistisuncertain. Onthebasisof thetextura
relationships, we consider that it may haveformedinitially
at about the same time as D, in the high-grade rocks, but
was subsequently modified by compaction or further
deformation during partial melting.

Garnet porphyroblasts up to about one centimeter, but
moretypically about oneto three millimetres, in diameter,
occurs both the staurolite-kyanite and sillimanite zones
and contain inclusions of quartz + ilmenite (£ rutile +
muscovite), which commonly defineaninternal schistosity
indicative of early garnet post-kinematic growth. A few
micas of S, wrap around crystals of garnet (with presure
shadows) which are thus pre-tectonic to D,. Xenoblastic
garnet is syntectonic to D, and idioblastic garnet is post-
tectonic to D, or D,. Pressure shadows are mainly
composed of quartz, plagioclase, muscovite and biatite.
Garnet porphyroblasts preserve inclusion trails that are
discordant to the S, external fabric, which are interpreted
to record an S, fabric deformed during D,, and suggest
deformation by rotation of garnet early during D, folding.
These garnets may have an inclusion-free rim that
separates the core from the discordant external fabric,

and represent the post-D, growth. The fabric outside of
garnet porphyroblasts generally displays evidence of
recrystallization and grain-size coarsening, respect to the
inclusion trailsin porphyroblasts that occurred during the
D, phase. The microstructural relationship of small
idioblastic matrix garnets that occur in pelitic schists is
difficult tointerpret, but it isprobably that they grew either
before or early during D,. Small inclusion-free garnet
grains appear to post-date biotite and muscovite fabric
development. According to Castellanos et al. (2004),
textural sector-zoned garnets from the staurolite-kyanite
zone grew in the latest stage of the Silgara Formation
metamorphism, during the emplacement of orthogneiss
masses.

Porphyroblasts of kyanite and staurolite are concentrated
in thin layers of foliated muscovite. Staurolite occurs as
nearly euhedral porphyroblasts and commonly has
abundant quartz inclusions, but may be, as most grains
here, inclusion-free. Staurolite is present in two different
textural occurrences that can coexist in the same rock
sample. Small staurolite crystalsare preserved ascorroded
relictsin muscovite, so that some muscovite growth clearly
post-dated staurolite growth, although muscovite is
replaced by fibrolitic sillimanite in the assemblage before
find dimination of staurolite. Late staurolite porphyroblasts
overgrow the S, and/or S, fabrics and contain inclusion
trailsof quartz andilmenitethat defineaninternal schistosity
(S,,) continuous with and parallel to the external
schistosity (S of the rock, which suggests a late episode
of heating with an indeterminable change of pressure.
However, in some samples, it occurs as unaltered large

TABLE 2. Metamorphic mineral growth from the CSM metamorphic rocks with respect to the deformation
history, as well as to the retrograde event. The thicker bars represent more important mineral crystallization.

MINERAL

Tectonic event

Retrograde

PHASES D, D,

D, event

Chlorite
lImenita

Quartz
M uscovite
Biotite
Garnet
Saurolite
Andausite
Kyanite
Sllimanite
Plagoclase
K-feldspar
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porphyroblastswith aninternd foliation defined by straight
and, sometimes sigmoidal, inclusion pattern of quartz and
ilmenite, which is perpendicular to S, . Both textural
occurrences suggest that staurolite grew inter-
kinematically between D, and D.,. It appearsthat staurolite
grew some time after garnet in these rocks when they
had reached a higher temperature. The kyanite occurs as
subidioblastic crystals, although it is commonly observed
developing corroded relicts into muscovite. This mineral
showsagood cleavagein onedirection, aswell aspartition
almost to right angles. It is associated to quartz and,
sometimes, staurolitein quartz-rich bands, inwhich kyanite
surrounds stauralite. In micaceous bands kyanite occurs
along with muscovite and biotite as large euhedral grains
weakly aligned within the mica foliation, whereas it is
commonly randomly oriented in quartz-rich domains.
Elongate kyanite does not form aminerd lineation but is
randomly oriented withinfoliation planes, suggesting post-
kinematic growth. Some reaction rims of muscovite have
been devel oped around kyanite. These reaction rims have
nucleate between kyanite and quartz. Thekyanitein some
casesisreplaced by sillimanite, and in other casesisfound
as relicts in muscovite. On the other hand, the andalusite
occursaseuhedral porphyroblasts, with rectangular shape,
elongated in the sense of the main foliation and, many of
them poikiloblastic, with numerous inclusions of quartz
and opague minerals. Small crystals of kyanite surround
some andalusite porphyroblasts.

Sillimanite occurs only in samples from the lower part of
the metamorphic sequence. It occurs as fibrolitic bundles
generaly aligned in the main foliation, although in some
rocks it appears randomly oriented. Riosy Garcia (2001)
reported coexisting kyanite and sillimanitein somesamples
from the transition between the staurolite-kyanite and
sillimanite zones. Muscovite occurs in most samples, but
ismainly abundant in the upper part of the CSM section,
where it defines the regiona foliation. In the sillimanite
zone a second generation of muscovite appears to
overgrow both fibrolite and the regional foliation. Biotite
iscommon to al samplesand definestheregional foliation.
Staurolite occurs as anhedral grainsin the matrix together
with kyanite, garnet, biotite, and muscovite. Inger & Harris
(1992) dso reported staurolite inclusions in garnet from
one sampleinthesillimanite zone.

Different stagesof recrystdlization of sllimanitehave been
recognized, from a fine and felted fibrolite appears to be
the sillimanite of earliest formation, to coarse growth of
prismatic crystals commonly as stellate aggregates
enclosedin bictite. Thetextureinwhich coarsesillimanite
occurs within biotite may reflect its growth either
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contemporaneously or subsequent to the recrystallization
of thedllimanite. The prismatic sillimanite, in some cases,
showing diamond-shape cross sections and good cleavage,
develops a strong orientation. A fine fibrolitic sillimanite
commonly shows a meandriform aspect through the
micaceous bands of the rock, and occurs as intergrowths
with, and apparently replacing, biotite. It develops a
progressive replacement along the trace of cleavage in
biotite, and relictsof biotitewithin sillimanite are common.
Theassociation sillimanite-muscovitea so occurs, although
thereisno regularity of the orientation, because numerous
small needle-like crystals of sillimanite traversing
muscovite at different angles to the cleavage. Chinner
(1961) supposes that if a sillimanite-muscovite texture
originally existed, extensive recrystalization and growth
of muscovite have destroyed it during the later phases of
metamorphism. An acicular variety of sillimanite occurs
as minute and isolated crystal across quartz, plagioclase
and, less frequently, garnet, as well as aong the contact
between quartz grains or between quartz and plagioclase
grains. Thesillimanite also devel ops pseudomorphsalong
with biotite and, maybe with leucoxene, replacing garnet,
although is possible to think that a previous replacement
biotite+rmuscovite after garnet may occur.

Kyanite is absent in such rocks in which sillimanite is
abundant and occurs as coarse-grained prismatic crystals.
Sometexturesinvolving staurolite, kyanite and muscovite
indicate growth of these minerals after the main period of
sillimanite development, which shows that the
recrystallization of coarse sillimanite has been followed
by a retrograde process to staurolite-kyanite zone
conditions(Chinner 1961). However, wehaveno evidences
of the occurrence of euhedral kyanite or staurolite within
sillimanite, apparently replacing or including it.

In some cases staurolite porphyroblasts, which present
numerous quartz inclusions, include relicts of garnet. The
recrystallization of muscovite after staurolite or kyanite
commonly occurs, and typical textures of this
recrystallization are corroded relicts of kyaniteor staurolite,
and remants of sillimanite, found within muscovite. This
growth of muscovite appearsto berelated to ahigh activity
of water and potassium in the fluid phase at the staurolite-
kyanite zone (Chinner 1961).

Muscovite grew during D, and D,,, and occurs as strain-
free, recrystallized grains around folds. It sometimes
occurs as randomly oriented crystals. Muscovite occurs
also as a retrograde phase after feldspar, kyanite, garnet
and staurolite. Dark brown up to brown redish biotite occur
in very different textura positions. It is locally oriented
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pardlel to S, developed during D, , althoughitiscommonly
well oriented parallel to S,, particularly in the hinge areas
of D, folds, and grew during D, It also occursasrandomly
oriented crystals, as inclusions in plagioclase and garnet
porphyroblastsor asreaction products of garnet, staurolite
and amphibole. Biotite crystals defining S, are commonly
closely associated or intergrown with sillimanite. All of
thesetextural relationshipsindicate that biotite was stable
during almost the entire metamorphic evolution of these
rocks. Alteration of biotite to chlorite has occurred at a
very late stage. Chlorite grew during D,, athough this
mineral usually occurs as a retrograde phase that partly
replaceshictite, garnet and staurolite, devel oping sometimes
pseudomorphs after garnet.

Plagioclase sometimes appearsinthematrix aslarge ovoid
porphyroblasts, which show cores densely crowded with
inclusions, defining a straight internal foliation or forms
inclusion-free rims, as well as new clear porphyroblasts
associated with K-feldspar and bictite and/or muscovite.

Ilmenite is the most abundant Fe-Ti oxide in al of the
different types of metamorphic rocks. It is present as a
matrix component parallel to S or S,, or asinclusionsin
garnet and staurolite porphyroblasts. Needle-shaped
crystals of ilmenite occur in the three directions within
bictite. Rutile is sometimes preserved in large ilmenite
crystals, suggesting a texture involving rutile
pseudomorphs after ilmenite.

MINERAL CHEMISTRY OF COEXISTING PHASES

Chemical analyseswere carried out by an automated JEOL
JXA 8800M electron microprobe analyzers from the
Geosciences Department at Shimane University, Japan,
and the Center of Electron Microscopy at Universidad
Complutense de Madrid, Spain, using an accelerating
voltage of 15 kV and a beam current of 2.5x102 A. Data
acquisition and reduction were performed using the
correction method of Bence & Albee (1968). Natural and
synthetic minerals were used as standards. Mineral
compositions were determined by multiple spot analyses.
Garnet chemical zoning was documented with radial
traverses of analytical points (spacing of analytical points
decreasing near the rim). The chemical composition of
themetamorphic rocksof the BucaramangaGneiss, Silgara
Formation and Orthognei ssinthe CSM show very complex
relationships, which reflects a strong control of the
chemical compositionsof the constituent mineralsof these
rocks by the bulk-rock chemistry. Representative minera
analyses of the metamorphic rocksarelistedin TABLE 3.
Minera abbreviations are after Kretz (1983).
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Garnet

Garnet porphyroblasts commonly occur in pelitic and
semipelitic rocks of the Silgara Formation and sometimes
appear in pelitic rocks of the Bucaramanga Gneiss, but
are absent in the Orthogneiss. Representative analyses of
garnet are given in TABLE 4. All of the analyzed garnet
grainsare chemically zoned and rich in almandinein both
the Silgara (X, = 0.60-0.89) and Bucaramanga Gneiss
(X, = 0.60-0.65) formations. The pyrope, grossularie
and spessartine contents vary as follows: X p = 018
0.65 (SF) and 0.24-0.37 (BG), X, = 0.02-0.21 (SF) and
0.05-0.17 (BG), and X _ = 0.00-0.17 (SF) and 0.00-0.17
(BG). Representative profileswere selected from thethree
different metamorphic zones (FIGURE 3). Chemical
zoning can be divided from these zones as follow:

Saurolite-Kyanite Zone, thistype of garnetsexhibit normal
zoning with increasing Mg and Fe components from core
to rim and decreasing Mn and Ca component from core
to rim, suggesting a prograde stage of metamorphism
(sample PCM-971 FIGURE 3).

Lower Sllimanite Zone, thistype of garnetsexhibit normal
zoning through to the inner rim, but in the outer rim the
chemical zoning is reverse, reflecting the effects of a
retrograde stage of metamorphism. According to the
chemica profiles for FeO and MgO, these components
increase from core to inner rim, and decrease from inner
rim to outer rim, and chemical profile for MnO shows
decrease from core to inner rim and increase from inner
rim to outer rim (sample PCM-953).

Upper Sllimanite Zone, thistype of garnet exhibit normal
zoning with a dight increase of FeO, MgO and Ca0 and
decrease of MnO from coreto rim, suggesting a prograde
stage of high grade of metamorphism evidencing chemical
homogenization of components (sample PCM-855).

Staurolite

Stauroliteis Fe-rich (X_,= 0.68-0.89), but does not show
any zonation in Fe and Mg. Representative analyses of
staurolite aregivenin TABLE 5. Sample PCM-49 hasthe
ZnO highest content (3.70 weight %) and homogeneous
Zndistribution.

Muscovite
Representative muscovite analyses in pelitic rocks of the

SlgardFormation aregivenin TABLE 6. Thecompositions
of muscovite are shown in FIGURE 4, in terms of the
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TABLE 3. Representative mineral analyses of the metamorphic rocks in the central Santander Massif. The structural formulae were calculated for
garnet, staurolite, muscovite, biotite, plagioclase and amphibole using 8, 23, 22, 22, 8 and 23 oxygens, respectively.
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*Total Fe as FeO+Fe,O,. Fe3* from stoichiometry according to Leake et al. (1997).

X = Fe?I(Fe? +Mg), Xam = Fe? +/(Fe® +Mn+Mg+Ca), X = Mn/(Fe> +Mn+Mg+Ca), X0 = Mg/(FE* +Mn+Mg+Ca).
Xgrs = Cal(Fez++M n+Mg+Ca). X, = Cal/(Na+Ca+K).

BG = Bucaramanga Gneiss, SF = Silgara Formation, O = Orthogneiss. Mineral abreviations after Kretz (1983).
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TABLE 4. Representative chemical compositions of garnet from metapelitic rocks of the Silgara Formation in the central Santander Massif. PS: Pelitic
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TABLE 5. Representative chemical compositions of staurolite from metapelitic rocks of the Silgara Formation in the
central Santander Massif. PS: Pelitic Schists.
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FIGURE 4. Chemical composition of the muscovite for pelitic schists from the Silgara Formation in the Mutiscua area, central Santander
Massif. Open circles indicate muscovite from the lower sillimanite zone; black rombs indicate muscovite from the staurolite-kyanite zone.

celadonite content, X =(Si/2)-3, and the paragonite/
muscovite ratio. It is possible to difference two groups
represented by open circles and black rombs, which could
be related to muscovites with different sizes of grain.

For the Staurolite-Kyanite zone Si content ranges from
6.025 to 6.400 and the Na/(Na+K) ratio varies from 0.01
t00.425. For the Lower Sillimanite Zone, Si content ranges
from 5.940 to 6.310 and the Na/(Na+K) ratio variesfrom
0.045 to 0.092.

Themolefraction of paragonite decreaseswith increasing
celadonite component, and increases with increasing
metamorphic grade (temperature) for a fixed celadonite
component.

Biotite

Representative biotite analyses are given in TABLE 7.
TiO, content in biotite ranges from 0.93 to 3.31, which
shows a positive correlation with metamorphic grade.
X,q= 0.21-0.76. Al" varies from 2.273 to 2.833, and
AV varies from 0.552 to 0.913, indicating slight solid

solution towards dioctahedral micas (FIGURE 5).
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Plagioclase

The anorthite content of plagioclase (X, ) varies from
0.03 to 0.61, which increases with the grade of
metamorphism. Representative analysesof plagioclaseare
given in TABLE 8. A ternary diagram illustrates the
chemical compoasition of plagioclase (FIGURE 6).

METAMORPHICEVOLUTION OF CSM

Wehaveinterpreted the conditions of metamorphism using
metamorphic pressure and temperature estimates and
reaction history to evaluate the P-T path along which the
metamorphic rocks in the CSM have been tectonically
transported.

Quantitative P-T determinations

P-T conditions of metamorphism have been estimated from
metamorphic rocks of the CSM by Berman's TWQ
program and range from 5.0 to 9.5 kbar and from 630 to
727°C. Theresultsof P-T calculations are summarized in
TABLEO.

Metamorphic temperatures were estimated using Fe-Mg
partitioning between coexisting garnet and biotite by
different calibrations as shown in TABLE 9. The higher
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TABLE 7. Representative chemical compositions of biotite from metapelitic rocks of the Silgara Formation in the central Santander Massif. PS: Pelitic
Schists. M: matrix.
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FIGURE 5. Chemical composition of the biotite for pelitic schists from the Silgara Formation in the Mutiscua area, central Santander Massif.
Open triangles and circles indicate biotite from the upper and lower sillimanite zones, respectively; black rombs indicate biotite from the

staurolite-kyanite zone.

temperatures were calculated in the Bucaramanga Gneiss
unit near amigmatite zone (between Cdiforniaand Vetas
towns). The temperature conditions range from 630 to
704°C in the staurolite-kyanite zone, and from 690 to
727°Cinthesillimanitezone.

According to the geobarometry results, the metamorphic
pressure conditions range from 5.0 to 9.5 kbar in the
staurolite-kyanite zone, and from 6.6 to 7.5 kbar in the
sillimanitezone.

Reaction history

To reconstruct the reaction history of the metamorphic
rocksinthe CSM, specid attention wasfocussed on minerd
assemblages, their relationships with respect to the
deformation history, reactiontexturesand mineral chemistry,
using the chemical system K,0-FeO-MgO-Al,O,-SO,-
H,O, which is referred here to as the KFMASH system
(seeFIGURE 7). The petrogenetic grid of Spear and Cheney
(1989) will be used for discussion because provides an
internally consistent framework and incorporates the effect
of Fe-Mg solid solution behavior in al phases, and agrees
well with the sequence of minera reactions found in the
metamorphic rocks of the Santander Massif, under
intermediate pressure conditions, which aredescribed bel ow.
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In the staurolite-kyanite zone there is textural evidenceto
support the first appearance of kyanite “kyanite-in
isograd” in low-Al pelitic rocks such as the Silgara
Formation, by the polymorphic reaction

(1) And =Ky

Stauroliteisfound in pelitic and/or semipelitic rocks with
unsuitable composition to form chloritoid. Therefore, the
following discontinuous reaction may be very important
in the production of staurolite:

(2 Grt + Ms+ Chl = St + Bt + Qtz + H,O,

which is a mgjor reaction because marks the first
appearance of the staurolite + biotite assemblage and
therefore the first appearance of staurolite “staurolite-in
isograd”’. On the other hand, garnet has been partially
resorbed by thisreaction and asignificant amount of chlorite
will be removed along with the production of abundant
staurolite and new biotite. Garnet sometimes occur as
inclusionsin staurolite porphyrobl asts, which show apost-
tectonic character respect to garnet, although pre-tectonic
respect to the main foliation of the rock, indicating the
occurrence of this reaction. Chlorite is relatively rare in
the staurolite zone, except as a retrograde phase.
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TABLE 8. Representative chemical compositions of plagioclase from metapelitic rocks of
the Silgard Formation in the central Santander Massif. PS: Pelitic Schists. inc.Grt: inclusion

in garnet.
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According to Spear (1993), it is very probable that al
chlorite and partialy staurolite were consumed in these
type of rocks, producing a new generation of biotite and
the first appearance of kyanite by the reaction:

(3) St + Chl + Ms=Ky + Bt + H,O
In the transition from the staurolite-kyanite zone to the

sillimanite zone as staurolite becomes less abundant,
preserved as inclusions or corroded relicts in muscovite,
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afirst generation of sillimanite appears within muscovite
inmediately adjacent to garnet and occurs as aggregates
of fibrolite, which may be together or penetrate biotite or
quartz grains. Fibrolite is probably the result of atie-line
switching reaction that al so produces biotite. In rocksthat
contain both kyaniteand sillimanite, direct textural evidence
for the polymorphic inversion from kyanite to sillimanite
is rare. Instead, it occurs as clusters of minute, needle-
shaped crystals embedded in biotite or quartz.
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In the sillimanite zone, according to Yardley (1977),
sillimanite could appear asresult of the univariant reaction:

(4) St+Ms+Qtz=38l +Grt + Bt + H,O,

which marks the first appearance of sillimanite (fibrolite)
and is very important in the disappearance of staurolite
and is the terminal stability reaction for staurolite on the
petrogenetic grid.

In the case of garnet was not involved in the consumption
of stauralite, thismineral reacts by the following reaction:
St + Ms + Qtz = ALLSIO+ Bt + H,O. Garnet Chemical
zoning and sillimanite inclusionsin muscovite and quartz
may indicate decrease in pressure after the formation of
sillimanite by thisreaction and during staurolite-consuming
reactions (increasing temperature).

We may deduce from a series of textural relationshipsin
metamorphosed pelitic rocks that kyanite reacted to form
sillimanite by the polymorphic reaction:

(5) Ky = Sil
In the CSM has been possible to establish a higher

metamorphism than that reported in the typical Barrovian
zonal scheme, becausethe thermal-peak of metamorphism
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FIGURE 6. Chemical composition of the plagioclase for pelitic rocks from the Silgara Formation in the Mutiscua area, central Santander
Massif. Open circles indicate plagioclase from the lower sillimanite zone; black rombs indicate plagioclase from the staurolite-kyanite zone.
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inthemigmatite zone (e.g. sample PCM- 156, Bucaramanga
Gneiss unit) could be aproximately of 727°C at apressure
of 7.4 kbar, which are appropiate conditions to melt a
metapelitic rock. Some authors (e.g., Le Breton &
Thompson, 1988; Vidzeuf & Holloway, 1988) discuss
about the pelite melting and it has been experimentally
shown that liquids produced by the melting of metapelitic
rocks are probably not saturated with respect to H,O
(vapor absent melting). In these rocks mineras such as
muscovite and biotite are the best candidates for vapor
absent melting, because the H,O released by the
dehydration of these minerals can react with quartz and
feldspar to produce melts of granitic composition.
According to Spear (1993), the elimination of muscovite
can beattributed to either dehydration or melting reactions.
At pressures between =3 and 14 kbar melting is favoured
over dehydration and, therefore, muscovite should
dehydrate first, producing an initial quantity of melt, by
the following vapor absent melting reaction:

(6) Ms+ Pl + Qtz = Bt + Kfs+ ALLSO, + melt

Retrogradereactionsare mainly observed in the staurolite-
kyanite zone, which include partia replacement of garnet
by chlorite and/or bictite along cracks; heavily corroded
core of aluminium-rich silicates such as staurolite are
enclosed by sericite and chlorite; biotite and amphibole
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arereplaced by chlorite, although amphiboleis sometimes
replaced by bictite, and feldspar ispartly replaced by sericite
or caolinite. Additional evidence of retrograde
metamorphism is observed in bictite that shows ilmenite
exsolution. Needle-shaped crystals of ilmenite occur in
the three directions within biotite. It is known that the
guantity of Ti component of biotite increases with
increasing metamorphic grade. Therefore, ilmenite may
form out of the excess quantity of Ti expelled from bictite
during retrograde metamorphism.

P-T path

We have delineated the tectono-metamorphic evolution
of the CSM metamorphic rocks along a P-T path
(FIGURE 7) as a function of relative time during a
continent-continent collision model, which has been
constrained by mineral reaction history and
thermobarometric calcul ations. It may represent acrustal
sequence that has been considerably heated, along with
increasing pressure conditions, although it is not clear
that addition of magmas is contributing to this heating.

The tectonic transport of the metamorphic rocks in the
CSM occurred along a clockwise pressure-temperature
path, which is characteristic for the metamorphic
evolution of rocksfrom most orogenic belts. Theinferred
P-T path suggeststhat during the tectonic transport these
rocks may have undergone burial during theinitial stages
of collision. They were buried to its maximum depth at
P ek’ reflecting a crustal shortening and thickening, and
an increasing depth is accompanied by an increasing
pressure, which is accompanied by a first stage of
deformation (D,) and development of S, leading to asyn-
collisional prograde metamorphic event (D,). A second
stage of deformation (D,) produces a S, schistosity
associated to thrusting, before reaching the maximum
pressure conditions. The tectonic transport between t,
and t, does not increase the thickness of the crust, and
pressure does not remain constant, based on the chemical

zoning of garnet (from grossular distribution). The
thickened crust is uplifted owly and erosion tends to
restore the original crust, which is characterized by
decompression, new mineral growth and movement along
S, (strain dlip cleavages) during D, fromt, tot,. Asinitial
uplift rates are low compared with heat transport rates,
these metamorphic rocks will be affected by a continued
increasing temperature during uplift until to reach the
position at L (maximum temperature), fromwhich these
rockswill experience cooling, accompanied by retrograde
metamorphism that is suggested from rehydration
reactions very often do not terminate, and assemblages
from least hydrated state have been preserved as relicts
(t.). During the retrograde stage occurred the empl acement
of orthogneiss masses of the Orthogneiss. Theinfiltration
of water for retrograde metamorphism is intruded to the
rocksby late deformation events. Anyway, at thismoment
the volume element has not returned to its original depth
position and therefore the stable steady state geotherm
has not been re-established. Note that the maximum
temperatureis not reached at the maximum pressure, and,
therefore, the temperature-peak conditions occurs after
maximum burial, which hasbeen suggested by Rios (1999)
from the chemical zoning of grossular in garnet, because
grossular component shows a maximum content in the
mantle, which is interpreted as reflecting the pressure-
peak conditions during garnet growth before reaching the
temperature-peak conditions.

DISCUSSION

Metamorphism in the CSM has occurred under
conditions of high-temperature and medium-pressure
(Barrovian type metamorphism). The CSM metamorphic
rocks have followed a clockwise pressure-temperature
path, which is characteristic for the metamorphic
evolution of rocks from most orogenic belts, and could
reflectsatypical region that have been undergone crustal
thickening by continental collision.

TABLE 9. P-T conditions of the central Santander Massif metamorphic rocks.

Study Area Central region
M ete;rg:;phlc Staurolite-Kyanite | Staurolite-Kyanite | Staurolite-Kyanite Sillimanite Sillimanite
Sample N° PCM-28 PCM-16 PCM-618 PCM-855 PCM-156
Temperature,
C) 630 697 704 690 727
Pressure,
(Kilobars) 9.5 5.0 8.3 75 6.6

63




M edium-pressure metamor phism in the Central Santander Massif, Eastern Cordillera, Colombian Andes

10

8 sillimanite
—~ Prismatic siljmanite
@
o]
X
o 6
a

4

2 |

450 500 550 600 650 700 750 800
Temperature (°C)

FIGURE 7. P-T path followed by the metamorphic rocksin the central Santander Massif. The Al,SIO, triple point after Holdaway (1971), and
the stability field of staurolite after Bucher & Frey (1994). The shadow area shows the coexistence of St+Qtz. Reactions for the vapor absent

melting and H20-saturated pelite solidus after Spear (1993).

Recent interpretations of the metamorphic history of the
Santander Massif in different regions have been proposed
by Rios (1999), Rios and Takasu (1999), Montenegro y
Barragan (1998), Garciay Rios(1999), Rioset al. (2003)
based on fabric relationships. Restrepo-Pace (1995) and
Cardona (2003) report ages in the metamorphic rocks
of the Santander Massif, which along with the
thermobarometric estimates, thetextural relationshipsand
the P-T path obtained in this study let to discuss the
different models that explain the regional tectonics in
order to propose a model of the tectono-metamorphic
evolution of the CSM.

The tectonic evolution of the nortern Andes has been
explained during the last years from terrane accretions
(Toussaint, 1993), continental collisions (Restrepo-Pace,
1995) or accretion of small blocks that joined to another
southamerican blocks formed the Rodinia superconti nent
(Cordani, et a, 2003).

Radiometric ages determinations indicate that the ol dest
rocks of the Santander Massif correspond to the BG of
Precambrian age. Goldsmith et al. (1971) reported a K-

64

Ar hornblende age of 945+140 Ma. Restrepo-Pace (1995)
defines a cooling age aproximately of 800 Ma, whichis
established from complex spectra of Ar/Ar. Recently,
Cardona (2003) reports U/Pb ages (SHRIMP in zircons)
of 1450-1550 Ma that will correspond to the age of the
protolith of the BG, and 1140-1190 Ma that will reflect
the age of the first metamorphic event of thisunit. These
data are very well correlated with the Sm/Nd whole-
rock age of 1160 Ma, which have been obtained by the
same author for the metamorphism of the BG.

These Precambrian ages are very well correlated with
those obtained in the Garzon Massif, Sierra Nevada de
Santa Marta and Guagjira Peninsula in the colombian
territory, aswell asinthe Canadian Shield and the Oaxacan
Complex in México.

The Precambrian ages vary between 945 and 1100 Ma,
when agranulitic belt was devel oped during the Greenville
orogeny inthe Canadian Shield and during the Nickeriense-
Orinoquiense orogeny in South América. According to
Priem (1989), the Nickeriense-Orinoquiense orogeny
reflectsacontinental collision between thewestern margin
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of the Guyana Shield and the eastern margin of the Canadian
Shield. However, Restrepo-Pace (1995) and Aleman and
Ramos (2000) also mention a close relationship between
the Guyana Shield and the Oaxacan Complex in the
southeast of México.

Cordani (2003) and Cardona (2003) propose a collision
between continental blocks, which were accreted to
constitute Rodinia, taking into account the geochemistry
and geochronology data similarity found between the
Santander Massif rocks and the Proterozoic basement of
the Amazon Craton, and the Canadian Shield (Greenville
orogeny).

The ages (1140-1190 Maand 1100-900 Ma) obtained for
the BG will indicate a collision between local terrenes
(continental blocks, arcs) and a continental collision
between western margin of Gondwana and the eastern
margin of Laurentia, respectively.

Respect to the SF, scarce isotopic data do not let to
precise the age of its metamorphism, however, welet to
make an aproximation of this age from some isotopic
data, the field relationships between the SF and the
Bucaramanga Gneiss and Orthogneiss units and from
deformation and metamorphic events that have affected
to this metamorphic unit (SF).

Restrepo-Pace (1995) report a U/Pb zircon age of 480
Ma for the emplacement of syntectonic intrusives
(orthogneiss), whichisvery smilar to the K-Ar hornblende
age of 413+30 Ma (metadiorite), K-Ar muscovite age of
457+13 Ma (pegmétite in the BG), and Rb-Sr whole-
rock age of 450+80 Ma (gneissic granite), reported by
Goldsmith et al. (1971), suggesting amagmatic event in
the late Ordovician or early Silurian, and the Santander
Massif, and the metamorphism of the SFy O may have
occurred at this time (Goldsmith et al., 1971; Restrepo-
Pace, 1995).

Sedimentation and metamorphism of the SF may occur
in the range 750-470 Ma, which isreported by Restrepo-
Pace (1995) as a continental breaking stage with
development of a carbonate-clastic sequence aong the
continental margin. A tectono-thermal event around 470
Ma has been recognized in different regions of South
América(Puna, Argentina, southeastern Bolivian Andes),
which is known as Famatinian orogeny, during which a
high temperature and middle pressure and an
emplacement of numerous syntectonic intrusions
occurred. The Famatinian orogeny can be correlated with
the Caparonensisorogeny inthe MéridaAndesthat occurs
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in 470-480 Ma. We consider that the age of 450-480 Ma
corresponds to the syntectonic emplacement and
metamorphism of the O unit, which occurred during the
retrograde metamorphism stage of the SF, during its
exhumation. Metamorphism of the Silgard Formation may
be correlated with collision between continental blocks,
according to the clockwise P-T path and the transition
kyanite-sillimanite determined for the CSM inthis study.

The Ar/Ar ages of cooling in muscovite and biotite next
to 200 Ma are reported by Restrepo-Pace (1995) for the
SF in the southwestern Santander Massif, and coincide
with those obtained by Cardona (2003) using the same
method for biotite and amphibolein rocks of the BG. On
the other hand, Goldsmith et al. (1971) also reported K-
Ar whole-rock ages of 221+8 Ma and 198+8 Ma from
phyllites of the SF. These ages are similar to those
obtained by Doérr et al. (1995); Boinet et al. (1985);
Goldsmith et al. (1971) in different intrusive bodies that
cut the metamorphic units. For this reason, ages around
200 Ma reported for the metamorphic rocks correspond
to athermal perturbation event due to the emplacement
of calcalkaline plutons.

Therefore, according to the isotopic data mentioned
above, we can preliminarly conclude that the
metamorphism in the CSM reflects important events
related to the Gondwana-Laurentia collision (BG), a
posible continental breaking (SF), and a orogenic event
corresponding to the Famatinian (Southern Andes) and
Caparonensis (Mérida Andes) orogenies. However, these
preliminar considerations should be stated clearly and
accurately and complemented with more isotopic data
specially respect to the SF and O metamorphic rocks.
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