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CATION SUBSTITUTIONSGOVERNING THECHEMISTRY
OF AMPHIBOLE INTHE SILGARA FORMATION METABASITES
AT THE SOUTHWESTERN SANTANDER MASS F

Rios, cAl

ABSTRACT

Amphibole-bearing parageneses from the Silgar4 Formation metabasites at the southwestern Santander Massif record
evidence of prograding metamorphism. Optical and microprobe analyses, together with thermobarometric estimates on
these rocks, show that the main variation in Ca-amphibole is thve simultaneous substitution of Al into the T1 site (Al ')
and Na+K into the A-site of theamphibole'scrystal structure. Al isstrongly temperature dependant, and this dependancy
masks any pressure effect. Changesin the chemical composition of Ca-amphibole grains areinterpreted through coupled
substitutions, and reactions with co-existing minerals during an increase in metamorphic conditions from greenschist to
lower amphibolite facies, being favourable circumstances record not only the metamorphic facies reached by rocks but
aso the P-T conditions by which these were attained.
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SUSTITUCIONESCATIONICASQUE GOBIERNAN LA QUIMICA DEL ANFIBOL EN METABASITAS
DE LA FORMACION SILGARA EN LA REGION SUROCCIDENTAL DEL MACIZO DE SANTANDER

RESUMEN

Las paragénesis con presenciade anfibol delasrocas metabésicas delaFormacion Silgaraen laregidn suroccidental del
Macizo de Santander registran evidenciade metamorfismo prégrado. Andlisis 6pticosy de microsondaelectrénica, junto
con cél cul ostermobarométricos en estasrocas, muestran quelaprincipal variacion en anfiboles calci cos&slasustltuu on
simulténea de Al en e sitio T1 (AI ) y Nat+K en € sitio A de la estructura cristalina del anfibol. Al" es fuertemente
dependiente delatemperatura, y estadependenciaenmascara cual quier efecto delapresion. Loscambiosenlacomposicion
quimicadel anfibol célcico soninterpretados atraves de sustituciones acopladas, y reacciones con los minerales con los
cuales coexiste durante un aumento en las condiciones de metamorfismo desde la facies esquisto verde hasta la facies
anfibolitainferior, siendo circunstancias favorables que registran no solo lasfacies metamorficas al canzadas por lasrocas
sino tambien las condiciones de P-T por |as cuales estas fueron obtenidas.
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INTRODUCTION

Amphibole-bearing metabasitesare commoninthe Silgara
Formation (SF) metamorphic sequence at the
southwestern Santander Massif, and its chemistry
document changes in P-T conditions. In order to gain a
solid understanding of the metamorphism of these rocks
under widely varying P-T conditions, it is very important
to know the amphibole compositional variability, and the
potential exchange mechanisms operating under different
P-T regimes.

Metabasites of the SF in the greenschist and lower
amphibolite facies often contain plagioclase (An, ),
biotite, epidote, chlorite and quartz, along with amphibole,
and awater rich fluid phaseislikely to have accompanied
the solid phases during metamorphism. Rios (1999)
analyzed the amphibole occurringin theserocksand found
it to be calcic amphibole, which ranges in composition
from tschermakite to magnesio-hornblende.

The significance of Ca-amphibole occurrence in the SF
metabasites as indicator of changes in pressure and
temperature is being pointed in this study. Numerous
studies deal with Ca-amphiboles in metabasites (e.g.,
Leake, 1965; Raase 1974; Laird & Albee, 1981; Thompson
et al., 1982; Hawthorne 1983; Gilbert et al., 1981,
Robinson et al., 1982; Moody et al., 1983; Deer €t al.,
1983; Graham & Powell, 1984; Kawakatsu & Yamaguchi,
1987; Blundy & Holland, 1990; Holland & Blundy, 1994;
Anderson & Smith, 1995; Ernst & Liu, 1998), and make
it clear that with increasing metamorphic grade, Ca-
amphiboles exhibit increasesin Mg/(Mg+Fe), and Ti, Al,
Na, and K contents and decreases in Si content and total
FetMg+Mn+Ca.

These changes reflect increases in the tschermakitic,
pargasitic and edenitic substitutions as a consequence of
net-transfer reactions as well as exchange equilibria.
However, it is very complex to relate Ca-amphibole
chemistry to the conditions of metamorphism due to its
crystal structure includes several cation sites capable of
accommodating elements having a wide range of ionic
radii and valences.

In this paper, | described not only the occurrence of Ca-
amphibole and other associated mineral phasesin the SF
metabasites, but also show how aset of chemical reactions
may control the chemistry of Ca-amphibole and that the
variety of substitutions in this mineral can be favourable
to consider thismineral as petrologic indicator not only of
metamorphicfaciesbut also of P-T conditions. Metabasites
of the SF were studied in detail, using mineral chemistry,

14

phaserelationships and geothermaobarometry, becausethey
contain mineral assemblages appropriate for determining
the metamorphic P-T conditions, which can be compared
with those of metapelitic rocks.

GEOLOGICAL SETTING

The Lower Paleozoic SilgaraFormation, which forms part
of the pre-Devonian basement exposed at the southwestern
Santander Massif, is a metamorphic sequence of low to
middle grade that consists of metapelitic rocks with
interbedded metabasites intruded by granitoids (FIGURE
1). This metamorphic unit displays a well developed
schistosity, although locally showswell-preserved bedding
(cross lamination). The lithology of the pelitic sequence
changes in composition southwestward, from psammitic
schists more feldspathic at Pescadero through semipelitic
schists to pelitic schists more quartz-rich rocks at the
Mesa de San Pedro.

The regional geology of the study area has been
summarized based on earlier work by Ward et al. (1973).
The metamorphic sequence of the SF generaly strikes
NW-SE and dips to the southwest, but it is very folded.
On the southwest, the SF is very faulted (e.g., Los
Santos - Aratoca Fault) and is discordantly overlain by
Mesozoic sedimentary rocks. On the northeast, it
underlainsthe M esozoi ¢ vol cani ¢ and sedimentary rocks
at the Mesa de Los Santos. In the study area, the SF is
cut by intrusive bodies of Triassic-Jurassic age (1936
Ma; K-Ar age, Goldsmith et al., 1971), which forms
part of the Santander Plutonic Complex, and are
interpreted as cal c-alkaline crustal bodies emplaced after
peak-metamorphism. The age of this magmatism was
latter supported by Dorr et al. (1995) and Ordofiez
(2003). The igneous bodies of the Santander Plutonic
Complex intrude not only into the Middle Devonian and/
or younger sediments but also into the pre-Devonian
metamorphic rocks and they are overlain by Middle
Devonian sedimentary rocksindicating their pre-Devonian
age. The low-grade Floresta Formation, which overlain
discordantly the SF, containsfossil evidencethat indicates
Middle Devonian age (Forero, 1990). Therefore, this
metamorphic unit is clearly pre-Middle Devonian.
Regiona metamorphism, uplift and erosion may have
occurred between the accumulation of the protholith of
the SF and the accumulation of the Floresta Formation.
Different studies on metamorphism have been devel oped
at the southwestern Santander Massif (e.g., Castellanos,
1999; Garcia& Castellanos, 1998; Schéfer et al., 1998;
Rios, 1999, 2001; Rios & Takasu, 1999; Garcia& Rios,
1999; Rios, 2001; Rios & Garcia, 2001; Mantillaet al.,
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2001, 2002; Gélvez & Méarquez, 2002; Rioset al ., 2003;
Mantilla et al., 2003). Rios (1999) carried out a detail
study about the chemical composition of the constituent
minerals of the SF metamorphic rocks and the P-T
conditions of metamorphism. Schafer et al. (1998)
reported for the first time the occurrence of metabasites
within the pre-Devonian Silgara Formation, developing
a study of their metamorphism and geochemistry, and
establishing a magmatic origin for these rocks.

The rocks of interest in this study are referred as the
metabasites (e.g., amphibole-bearing schists,
orthoamphibolites, and garnet-bearing metabasites) of the
SF. They are too small to be distinguished separately at
the map scale, and they may represent dykes and sills
emplaced prior to deformation and metamorphism. This
study attemptsto el ucidate the metamorphic parageneses
of the SF metabasites, as well as establish the role of
chemical reactions may control the chemistry of Ca-
amphibole as a petrologic indicator of P-T conditions,
and therefore to make further constraints on the P-T
history of this metamorphic sequence at the southwestern
Santander Massif.

PETROGRAPHY OF METABASTES

In FIGURE 2 is illustrated the main petrographical
features from metabasites of the SF in the study area.
Detailed petrographic study of thin sections was carried
out on 9 specimens. Mineral abbreviationsare after Kretz
(1983). These rocks comprise well-foliated amphibole-
bearing schists, orthoamphibolites and garnet-bearing
metabasites, which contain medium-grained nematobl asts
of idioblastic hornblende, and most of the rocks have a
schistosity defined by a preferred orientation of
hornblende, biotite and epidote. The main fabric is
sometimes overgrown by post-tectonic amphibole
porphyroblasts (FIGURE 2c). Plagioclase and quartz
form a fine-grained, granoblastic matrix, with local
plagioclase porphyroblasts in augen structure (FIGURE
2d). These rocks are mainly compossed by amphibole,
biotite, plagioclase, quartz, epidote, with accesory
minerals such as sphene, apatite, zircon, Fe-Ti oxides
and calcite.

Ca-amphibole occurs as prismatic crystals, usually
elongate, which show an idioblastic to subidioblastic
character (from 0.15x0.05mm to 1x0.2mm in longitudinal
section, and from 0.25x0.08mm to 1x0.2mm in cross
section). It shows pleochroism x’: yellow-green and z':
green, and simple lamellar twinning. It has a preferred
orientation, developing the schistosity with coexisting
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biotite and epidote. Calcic amphibole overgrows the S,
fabric, developing cross foliations, and aso occurs as
randomly oriented, large, poikil oblastic and post-tectonic
porphyroblasts, which have overgrown the main
schistosity and contain inclusions of quartz, plagioclase
and ilmenite (FIGURE 2c). Pseudomorphs of chlorite
after calcic amphibole occur (FIGURE 2e), but it is
usualy partly replaced by chloriteor bictite, and in garnet-
bearing metabasites it is partially replaced by chlorite,
epidote and calcite.

Plagioclase shows a subidioblastic to xenoblastic
character (0.1x0.06mm, average, up to 0.25x0.08mm
in size), and occurs as a matrix phase associated with
quartz (FIGURE 2a, 2b, 2d, 2€) or as augen, developing
poikiloblasts (0.2x0.1mm, average, up to 1.75x1.5mm),
which includes quartz, biotite, amphibole, epidote, and
apatite (FIGURE 2d). It usually does not show twinning
in the matrix, but porphyroblasts aways show albite
multipletwinning. Plagioclaseisbreaking downto sericite.

Biotite is brown and strongly pleochroic (x: yellow, y:
brown, and z: brown), and shows a subidioblastic
character. It occurs as flaky crystals (0.15mmx0.02mm
in size, average) that displays straight and serrated
boundariesand devel opsadirectiona nematolepidoblastic
fabric along with amphibole and epidote (FIGURE 2c).
Biotiteisbreaking down to chlorite, and it also sometimes
occurs along the cracks of amphibole as a retrograde
phase.

Garnet-bearing metabasites show a variably developed
schistosity, S, (FIGURE 2a, 2b) and lineation related to
D, deformation. Garnet occurs as numerous fine- to
medium-grained crystals (0.1-3.3 mm diameter, average)
with an anhedral to subhedral and pseudohexagonal and
rounded shape. It contains abundant quartz inclusionsin
coreregions, and other inclusionsare epidote, plagioclase,
bictite, andilmenite, thelast of themlocally digned paralle
to the main foliation of the rock.

Epidote occurs in aggregates of elongate prismatic
crystals (subidioblastic to xenoblastic character) with
0.05mmx0.025mm, average, up to 0.3mmx0.05mm in
size, iscolourlessto paleyellownish green, showing dlight
pleochroism (x: colourless to pale yellownish green, y:
greenish and z: yellownish, moderate to high birefringence
and optical zoning (FIGURE 2f). It aso occurs after
amphibole as a retrograde phase.

Quartz shows axenoblastic character and rounded shape
(0.1x0.05mm, average, up to 0.25x0.15mm), commonly
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FIGURE 2. Petrographic features from metabasites of the Silgard Formation at the southwestern Santander Massif. (a) Small garnet neoblasts
associated to Ca-amphibole and opague minerals in a garnet-bearing metabasite (PCM-514). Ca-amphibole devel ops two schistosity surfaces.
Plane-polarized light. (b) Large and idioblastic garnet porphyroblast, which consists of inclusion-rich core and inclusion-freerim, is associated
to Ca-amphibole in a garnet-bearing metabasite (PCM-514). Plane-polarized light. (c) Ca-amphibole porphyroblasts overgrow the main
schistosity in abasic schist (PCM-497), and contain inclusions of quartz and ilmenitewhich develop aS | paralel to S, . Plane-polarized light.
(d) Ca-amphibole devel oping the main foliation along with biotite and epidote of abasic schist (PCM-356), which wraps augen plagioclase that
shows incipient ateration to sericite, but still displays multiple twinning. Cross-polarized light. (e) Chlorite pseudomorph after Ca-amphibole
porphyroblasts, which still retain its original shape, in a garnet-bearing metabasite (PCM-523). Plane-polarized light. (f) Epidote, displaying
optical zoning, associated to chlorite in a basic schist (PCM-408). Cross-polarized light.

devel oping granular aggregateswith plagioclase (FIGURE
2e), and around plagioclase porphyrablasts in augen
structure, which is wrapped by nematol epidoblastic
bands of hornblende, biotite and epidote. It showsawavy
extinction and rounded boundaries with plagioclase and
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straight boundaries when is bounded by bictite and/or
amphibole.

Sphene shows an idioblastic to subidioblastic character,
often occuring as small diamond-shaped crystals
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(0.05mmx0.025mm, average, up to 0.15mmx0.05mm),
and is pale brown or dark brown. Apatite occurs as
colourless, low-birefringent, near-isotropic, high relief, and
subidioblastic to xenoblastic crystas (0.08mmx0.04mm,
average, up to 0.25mmx0.1mm) in the groundmass or as
idioblastic inclusions in plagioclase. Zircon shows a
xenoblastic character (0.03mmx0.015mm, average, up to
0.1mmx0.025mm), high relief, high birefringence, and
occurs in the groundmass.

Chlorite shows a pale green color, pleochroism (x: pale
greento colourless, y: darker green, and z: darker green),
and anomalous interference colours (light gray and
anomalous brown). It occurs as a retrograde phase after

biotite or amphibol e along the cleavage of these minerals
or after amphibole as pseudomorh, which preserves the
original shape of the amphibole.

Calcite locally occurs developing lenses concordant to
the main schistosity of the rock inside of the
nematol epidoblastic fabric.

METAMORPHISM

The stability ranges of mineralsand mineral assemblages
of the SF metabasitesare shownin TABLE 1. Thetypical
mineral assemblages in these rocks are Mg-Hbl (or Ts)
+ Bt + A (+Qtz) and Ep + Bt + Mg-Hbl (or Ts) + H.

TABLE 1. Progressive mineral changes with metamorphism from metabasites of the Silgard Formation in
the southwestern Santander Massif. Black bars: constituent minerals, and grey bars: accesory phases

(sphene, ilmenite and rutile).

Metamorphicfacies ~ Greenschist

Epidote-Amphibolite

Amphibolite

Quartz

Plagiocdlase

Bictite
Chlorite

Ca-Amphibole
Garnet

Epidote

Fe-Ti phase ,

Garnet-bearing matabasites contain the assemblage Grt
+ Ts+ Qtz + Pl. Accessory minerals are apatite, zircon,
calcite, and Fe-Ti oxides.

Theminera assemblagesin theserocksindicatethat they
have been equilibrated under metamorphic conditions
from the greenschist facies to the lower amphibolite
facies. The SF reached the lower amphibolite facies as
the peak of metamorphism and then was affected by a
retrograde metamorphism may be into the epidote-
amphibolite facies (Rios, 1999). Retrogressive effects
arestronger in rocks near to the contact with theintrusive
bodies. Metabasites of the SF show evidence of
retrograde metamorphism, and many of the retrograde
mineral changesinvolve hydration processes. Retrograde
reactionsincludepartial replacement of biotiteby chlorite,
amphibole by biotite and/or chlorite and plagioclase by
sericite. Additional evidence of retrograde metamorphism
is observed in biotite that shows ilmenite exsolution.
Needle-shaped crystals of ilmenite occur in the three
directions within biotite. It is known that the quantity of
Ti component of biotite increases with increasing
metamorphic grade. Therefore, ilmenite may form out
of the excess quantity of Ti expelled from biotite during
retrograde metamorphism.

ANALYTICAL PROCEDURE

Electron microprobe analyses were performed on the
constituent minerals from 9 samples, using a JEOL JXA
8800M electron microprobe analyzer of the Department
of Geosciencesat Shimane University, under thefollowing
analytical conditions: accelerating voltage and specimen
current are 15 kV and 2.0x108 A, respectively. 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.
The Ca-amphibole formulae were calculated on an
anhydrous basisto atotal of 13 cations, excluding Ca, Na
and K, per 23 atoms of oxygen, using the charge-balance
method to assign ferrous and ferric iron, and the cations
assigned to each site according to IMA guidelines (Leake
et al., 1997).

Amphibole chemistry

According to Leake et d. (1997), the classification of the
amphiboles is based on the chemical contents of the
standard amphibole formula represented by
AB,C".T",0,,(OH),, and the components of thisformula
conventionally described as A, B, C, T and “OH”
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correspond to the following crystallographic sites: A (1
site per formula unit); B (2 M4 sites per formula unit); C
(a composite of 5 sites made up of 2M1, 2M2 and 1M3
sites per formula unit); T (8 sites, in two sets of 4, per
formulaunit, which need not be distinguished here); “ OH”
(2 sites per formula unit).

Asshown in TABLE 2, the ions considered normally to
occupy these sites are in the following categories:

Leake et a. (1997) suggest that the standard amphibole
formula should be calculated, taking into account the
following aspects:

TABLE 2. lons considered normally to occupy the A, B, C, T and “OH” sites of the

amphibole (after Leake et a., 1997).

lons Sites
O (empty site) and K A
Na AorB
Ca B
L typeions (Mg, Fe**, Mn?, Li,
and rareions of similar size such as Zn, Ni, Co) CorB
M typeions Al CorT
Fe** and more rarely Mn**, Cr®* C
Highvalenceions  Ti* CorT
zr* C
S T
Anions (OH, F, Cl, O) “OH”

(1) If H,O and halogen contents are well established, the
formula should be calculated to 24(0O,0H,F,Cl).

(2) If those are uncertain, on the basis of 23(0) with
2(OH,F,CI), appropriate change in the assumed
number of (OH+F+Cl) should be made.

(3) SumT = 8.00 using Si, then Al, then Ti. Fe** is not
alocated to T for simplicity.

(4) SumC = 5.00 using excess Al and Ti from (3) and
then successively Zr, Cr3*, Fe¥*, Mn®*, Mg, Fe*,
Mn?* and other L2* type ions, and then Li.

(5) SumB = 2.00 using excess Mg, Fe?*, Mn?* and Li
from (4), then Ca, and then Na.

(6) Excess Na from (5) is assigned to A, then al K.
SumA = 0.00-1.00.

Representative mineral compositions of amphibole from

metabasites of the SF aregivenin TABLE 3. Amphibole

corresponds to calcic amphibole defined as monoclinic
amphibole in which Ca;31.50, (Na+K),<0.50, and

Ca,<1.50, according to the terminology of Leake et al.

(1997), and ranges in composition from tschermakite to

magnesi o-hornblende (FIGURE 3). The number of Siin

tetrahedral sites (based on 23 oxygens) ranges from

6.099 to 7.487. The Mg/(Mg+Fe*) ratio ranges from

0.50t0 0.91. Al'Y and AIV' in Ca-amphibol e ranges from

0.513 to 1.901 and 0.120-0.958, respectively.

Holland & Blundy (1990) discussed amphibole chemistry
in terms of several endmember compositions related, by
simple coupled substitutions, to a compositionally simple
endmember such as tremolite. Coupled substitution
comprises the simultaneous introduction of cations (or

anions) into two or more amphibolesitesin the proportions
required maintaining charge balance. The most common
amphibole substitutionsare givenin TABLE 4.

Chemistry of associated phases

Microprobe analyses of phases coexisting with Ca-
amphibolein metabasites of the SF arelistedin TABLES.
In FIGURE 4 is shown a back-scattered electron image
of the Ca distribution within associated mineral phases
(Ca-amphibole, garnet and plagioclase) in agarnet-bearing
metabasite (PCM-514) from the staurolite-kyanite zone.
Garnet in this metabasite contains the highest proportion
of Ca0 of al anayzed garnet-bearing samples from the
SF metamorphic sequence studied by Rios (1999), who
reports strong irregularities and fluctuations in the
distribution of Cain garnet that displaysoscillatory zoning,
which can be likely related to reactions involving garnet
and other calcic phases in this rock (hornblende,
plagioclase, epidote). Plagioclase also showsan oscillatory
zoning in Ca content, with the lowest value near rim.
However, Ca-amphibole showsahomogenousdistribution
of Ca content.

Biotite. Al'"Y varies from 1.921 to 2.910, and AlV' varies
from 0.3321t0 1.666, indicating dight solid solutiontowards
the dioctahedral micas, and Al and Ti contents of biotite
are 2.253-4.576 and 0.005-0.272 per formula unit (pfu),
respectively. Biotite compositions are plotted on part of
the phlogopite-annite-eastonite-siderophyllite quadril ateral.
The Fe/(Fe+Mg) ratios of bictite range from 0.29 to 0.38.
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FIGURE 3. Ca-amphibole compositions (based on 23 oxygens per formula unit, pfu) from metabasites of the SF, according to Leake et al.
(1997). Diagram parameters: Cg, = 1.50; (Na+K), < 0.50; Ca, < 0.50.

The change in composition from biotite to phlogopite is
probably controlled by the bulk-rock chemistry.

Plagioclase. The anorthite content of plagioclase,
expressed as X, , in metabasic rocks ranges from 0.01
to 0.51, showing a peristerite gap between An_ and An, .
The maximum anorthite content in plagioclasereflectsthe
higher temperature condition during prograde
metamorphism. The zoning patterns often show that matrix
plagioclasetypically displaysreversal zoning according to
the X,  from core to rim. The increase in An content of
plagioclase rims is related to plagioclase rims in contact
with Ca-amphibole or near apatite. The orthocl ase content
in plagioclase is Or ,, - -
Garnet. It occurs in garnet-bearing metabasites (e.g.,
sample PCM-514), in which garnet is richer in grossular
content (X o 0.17-0.24) than that in those free in Ca
amphibole (X e 0.02-0.19), suggesting that the first of
them reflect more Ca-rich bulk compositions than do the
last of them. Thegrossular component displays oscillatory
zoning, fluctuating between 17 and 24 mol%. From core
to rim, spessartine decreases and Fe/(Fe+Mg) increases,
and there are two peaks in grossular concentrations. The
variable grossular content is likely related to reactions
involving other calcic phases in this rock (hornblende,
plagioclase, epidote).

Epidote mineral group. Epidote shows minor amounts
of Mn (0.000-0.166). The Fe?*/(Fe**+Al) ratio ranges
from 0.11 to 0.36. It shows commonly optical zoning,
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but its chemica zoning patterns often show inconsistent
relationships.

Fe-Ti oxides. Accesory titanite, ilmenite, and rutileare Ti-
rich phases coexisting with the silicates. Representative
mineral compositionsof Fe-Ti oxidesaregivenin TABLE
3. According to Neogi et al. (1997), rutile is stable at
higher P (P> 1.6Gpaat T3 800°C, and P> 1.4Gpaa T =
700°C), ilmeniteisstableat lower Pandhigh T (P< 1.6Gpa
at T2 800°C), and titanite is stable at relatively low P and
low T (P> 14Gpaat T = 700°C).

Chlorite. According to the classification proposed by Hey
(1954), chlorite mainly correspondsto ripidolite, partly to
pycnochlorite and, in lesser extent to brunsvingite. X,, .
of chlorite ranges from 0.27-0.75. All chlorites contain
small, but consistent, amounts of Mn, which ranges from
0.002 to 0.331 a.p.f.u. Samples are pycnochlorite-
brunsvigite-ripidolite solid solutionswith 4.963-6.229 Si,
and, ingenerdl, carry approximately equal amountsof Al'Y
and AIV',

GEOTHERMOBAROMETRY

Inwell-equilibrated minera assemblages, particularly those
cooled rapidly and not subject to retrogression, quantitative
P-T estimates may be obtai ned from geothermobarometry.
P-T conditions were estimated for metabasites of the SF,
using the rim composition of amphibole and plagioclase.
Garnet in garnet-bearing metabasites shows a moderate
to strong chemical zoning, and the rim composition of
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TABLE 4. Summary of amphibole end member compositions and their substitutions relative to tremolite site allocation details for amphiboles
based on Hawthorne (1983). General formula: A(M4),(M13),(M2),(T2),(T1)40,,(0,0H,F),. The symbol Zdenotes vacancy.

Tremolite Cay Mgs Mg Sia Sia
Edenite Na Cay Mgs Mgz Sia AlSi3
Hornblend Ca; Mgs MgAl Sig AlSi3
e

Pargasite Na Cay Mgs MgAl Sis AlSi,
Site allocations:

T2 Si

T1 Si, A"

M2 Al", Fe™, Ti, Cr, (Mg, Fe")

M13 Mg, Fe*", (Mn)

M4 Ca, Na, Mn, (Fe*", Mg)

A K,Na,? |

garnet was used to determine peak temperature and
pressure conditions of metamorphism.

The coexisting mineral assemblage amphibole-plagioclase
is an useful geothermometer. Spear (1980) considers that
plagioclase and amphibole are non-ideal dongtheNaSiCa
LAl | vector and partitioning is highly dependent upon
composition. Partitioning coefficients are moderately
dependent on T and weakly dependent on B, although
compositional effects tend to mask these dependencies.
Blundy & Holland (1990) proposed a pressure-dependent
geothermometer based on thetetrahedra auminum content
in calcic amphibole and the abite content in plagioclase,
which should only be used between 500-1100°C and for
assemblages with plagioclase less calcic than An, and
with amphiboleswith lessthan 7.8 Si atoms pfu. However,
the pressure dependence is poorly constrained and the
equilibria are not suitable for barometry. This
geothermometer has been discussed by different autors
(Hammarstrom & Zen, 1992; Rutherford & Johnson,
1992; Poli & Schmidt, 1992), who consider that the
geobarometer provided by the amphibole-plagioclase
assemblage can be extremately useful when applied to
quartz-saturated rocks. A recent calibration of the
amphibol e-plagioclase equilibriumis proposed by Holland
& Blundy (1994). They present two modern calibrations
of the previous version for edenite-tremolite and
hornblende-plagioclase exchange vectors, which takeinto
account non-ideal mixing in both amphibole and
plagioclaseand are calibrated against an extensive data set
of natural and synthetic amphiboles. On the other hand,
Graham & Powell (1984) provide a garnet-hornblende
thermometer, which is applicable below about 850°C to
rocks with Mn-poor garnet and common hornblende of
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widely varying chemistry metamorphosed at low g_,. The
amphibole-plagioclase thermometer of Spear (1980) was
also used.

M etamorphi ¢ temperaturesfrom amphibole-bearing rocks
of the SFwere estimated using edenite/richterite exchange
reactions between amphibol eand plagioclase (Spear, 1980;
Holland & Blundy, 1994) and garnet-amphibole (Graham
& Powell, 1984) geothermometers. The anlyzed samples
are distributed throughout the study area and yield
anomalous high temperatures of 753-996°C in metamafic

FIGURE 4. Back-scattered el ectron image showing the Cadistribution
within associated mineral phases (Ca-amphibole, garnet and
plagioclase) in a garnet-bearing metabasite (PCM-514) from the
staurolite-kyanite zone. The white areas correspond to the highest
Ca content and the black areas correspond to the lowest Ca content.
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rocks, and 823-890°C in garnet-bearing metabasites using
the geothermometer of Holland & Blundy (1994). Using
the garnet-hornblende thermometer of Graham & Powell
(1984) in garnet-bearing metabasites temperature ranges
between 507 and 551°C, while using the amphibole-
plagioclasethermometer of Spear (1980) temperaturesare
587-597°C and 376-527°C in garnet-bearing metabasites
and garnet-free metabasites, respectively. These results
corroborate the temperatures obtained by Rios (1999)
from metapelitic rocks.

Barometry isproblematic asdifferent barometersapplied
to the same sample give a wide range in pressures.
However, pressureswere estimated using the al uminium-
in-hornblende geobarometer of Johnson & Rutherford
(1989) in metamafic rocks (4.4-5.6 kbar), and the garnet-
amphibole-plagioclase-quartz geobarometer of Kohn &
Spear (1989) in garnet-bearing metabasites (4.9-5.2
kbar). On the other hand, as shown in the N g VS AlVY
diagram (FIGURE 5), analized Ca-amphiboleare plotted,
showing low Na,, vaues, with variable Al'Y contents.
Higher values o Nag, corresponding to higher Al'Y
contents, and bel ong to the shadow areaof SierraNevada
(USA), which characterize low pressure conditions
(approximately 2.0 kbar).

DISCUSSION ON Ca-AMPHIBOLE
ASA PETROGENETICINDICATOR

The compositions of amphiboles can be used to delineate
metamorphic grade and facies series, inamuch as the
analyzed metabasites contain the common assemblage,
Ca-amphibole + chlorite + epidote + plagioclase + quartz
+ Fe-Ti-phase.

FIGURE 6d shows how substitution of Al'Y for Si in
tetrahedral sitesis mainly coupled with the substitution of
A, Fe*, Ti and (Na+K),, in octahedral sites. According
to Kawakatsu & Yamaguchi (1987), A-site occupancy of
Na and K should be balanced mainly by the residual
tetrahedral charge and partly by substitution of Nafor Ca
inM4.

As shown in FIGURE 6a, Ca-amphibole from the
metabasites of the SF are plotted mainly within the bictite
and garnet zones, and in the boundary between the garnet
and staurolite-kyanite zones according to Laird & Albee
(1981). According to them, Ca-amphibole belongs to the
greenschist and lower amphibolite facies series. These
results are consistent with those found in metapelitic
rocks. The principal variation in Ca-amphibole is the
simultaneous substitution of Al into the T1 site (Al'Y) and
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Nat+K into the A-site, as shown in FIGURE 6b. Al is
strongly temperature dependant, and this dependancy,
which masks any pressure effect, and the evidence of
AlV-(Na+K), coupling indicates that the (Na+K) , Al'Y =
?,,3 exchangeismainly afunction of temperature (Blundy
& Holland, 1990). A gecthermal trend may be drawn in
the Al'V-(Na+K), diagram (FIGURE 6b), which has a
purely prograde part, which pass near the tremolite-
pargasitetieline. The Al'Y-Na, -rich Ca-amphibole of each
trend is characteristic of the peak of metamorphism. This
figure shows that the predominant variation in calcic
amphiboleisparalel, but intermediate, to the joins Ed-Tr
and Pg-Hbl, indicating that this mineral involves a
combination of two reactionsthat Blundy & Holland (1990)
consider occurring between amphibole, quartz and albite
in coexisting plagioclase:

(1) edenite + 4 quartz = tremolite + abite
(2) pargasite + 4 quartz = hornblende + abite

Al tends to replace Si in tetrahedral coordination in Ca
amphibole from metabasites of the SF with increasing
temperature, whereas Al substitutesfor Fe+tMginthe M2
octahedral site to progressively greater extents with
increasing pressure, which hasbeen also shownin different
studies (e.g., Raase, 1974; Hawthorne, 1983; Gilbert et
al., 1981; Robinson et al., 1982). Accordingly, it seems
likely that the AlO, content of Ca-amphiboleincreasesas
afunction of both Pand T (Moody et a., 1983).

Ti isaso increasingly accomodated in the Ca-amphibole
M2 octahedral site with increasing temperature (Raase,
1974), but this cation should be lessfavored by increasing
pressure because of the relatively larger ionic radius
compared with Al (e.g., Ernst & Liu, 1998). FIGURE 6¢
shows the Ti content of Ca-amphibole from the SF. Ti
content in Ca-amphibole ranges from 0.025 to 0.073,
which suggests that this metamorphic unit belongs to the
greenschist-amphibolite transition facies. According to
Ernst & Liu(1998), it seemsprobablethat Ti concentration
in Ca-amphibole will track positively with T, but perhaps
dightly negatively with P. In the metabasites of the SF
that contain a Ti-rich phase such as ilmenite, titanite, or
rutile, and aretherefore saturated in Ti, which, in addition,
carry appropriate, highly aluminous phases such as
plagioclase, epidote, or garnet, theisoplethsfor ALLO, and
TiO, in Ca-amphibole should display contrasting behavior.
Ideally, for the SF metabasites, the P-T conditions of
metamorphism should be obtainable, at |east approximately,
from analysis of Ca-amphibole, if Al and Ti changeswith
physical conditions are established.
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The linear relationship in FIGURE 6d of near unit slope
demostratesthat the reaction mechanismin Ca-amphibole
tetrahedral (and other) sites with increasing temperature
involves edenite, tschermak, and Ti-tschermak
substitutions as been reported in different studies (e.g.,
Kawakatsu & Yamaguchi, 1987; Blundy & Holland, 1990;
Ernst & Liu, 1998). The overal change in the analized
compositions of amphiboles can be represented by the
following substitutions:

(3) edenite (Na+K),,,AlYV =2 .S
(4) tschermak AIVLAIV = (Mg,Fe?*,Mn),Si
(5) Ti-tschermak Ti, ALY = (Mg,Fe?*,Mn),Si

In different studies (e.g., Leake, 1965; Raase, 1974;
Graham, 1974; Brown, 1977) have been shown that
amphibole composition, particularly Al and Na contents,
can be used as a pressure indicator. FIGURE 7 illustrates
formula proportion diagrams for Ca-amphibole from the
metabasites of the SF at the southwestern Santander Massif
compared with amphibole from important world-wide
occurrences of metabasic rocks as propossed by Laird &
Albee (1981). The Sambagawa and Franciscan terrranes
belong to the high-pressure facies series, the Abukuma
terrane to the low-pressure andalusite-sillimanite facies
series, and the Haast River group and Dalradiam terrane
to the medium-pressure kyanite-sillimanite facies series.

2.000

These diagrams are dependent of data normalization.
According to Laird & Albee (1981), the glaucophane
substitution Nag (ANM+Fe*+Ti+Cr) = Ca,(Fe*+Mg+Mn)
in amphibole dominates during high-pressure facies series
metamorphism, while the edenite (3) and tschermak (4)
sushtitutions dominate during low-pressure facies series
metamorphism. As shown in FIGURE 7a, chemical
compositions of amphibole above the line actinolite-
tschermakite require glaucophane substitution to maintain
charge balance and those below this line show edenite
substitution. Amphibol e analyses from the metabasites of
SF are plotted between high- and low-pressure facies
series. FIGURE 7b showsthat theamphiboleanaysesfrom
the metabasites considered in this study are plotted mainly
inthe Abukumaterrane and the Haast River group, although
they are overlaping into the Sambagawa & Franciscan and
Daradiamterranes, particularly at low N ) CONtents. From
this diagram can be established that increasing pressure
generaly reflectsanincreasein amphibole of the parameter
plotted along the vertical axis, and increasing temperature
generally reflectsan increasein the parameter plotted along
the horizonta axis. NaB in amphibole tends to increase
with increasing AlV'+ §++Ti, and should increase with
increasing metamorphic grade (presure and temperature
conditions).

san (USA)

1.500 -

1.000 -

0.500 -

1.500

1.000

AIlV

2.000

FIGURE 5. Chemical compositions of Ca-amphibole from metabasites of the Silgar4 Formation (indicated by white dots) in terms of Na(B)
vs AllV, after Brown (1977), showing the typical pressure conditions of important geological frameworks such as Shuksan and Sierra Nevada

in USA, Sambagawain Japan, and Otawo in New Zeland.
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CONCLUDING REMARKS

Theaim of the present investigation was adetailed study
of all constituents of metabasites of the SF to get a full
insight in the metamorphic paragenesis. However, there
isno doubt that the rock composition isclearly dominant
and obscures the systematic compositional changes
caused by pressure and temperature, and therefore bulk-
rock chemistry has a strong influence on chemistry of
constituent minerals such as amphibole.

Themineral assemblagesin metabasitesindicatethat these
rocks have been equilibrated under metamorphic
conditions from the greenschist facies to the lower
amphibolitefacies.

Changes in the chemical composition of Ca-amphibole
are interpreted through coupled substitutions, and
reactionswith co-existing mineralsduring anincreasein
metamorphic conditions from greenschist to lower
amphibolitefacies.

Plagioclase systematically changesitscompositioninthe
greenschist-amphibolite facies, and the transition from
albite to oligoclase or andesine occurs discontinuously
with no plagioclase of composition An_,, (Maruyamaet
al., 1983), asbeenreportedinthisstudy (An_ , ), showing
an asymmetrical solvus in the range of peristerite
plagioclase, which is suggested to explain this
discontinuity and to define the transition between the
greenschist facies and the lower amphibolite facies. The
Silgara Formation reached the lower amphibolite facies
as the peak of metamorphism and then was affected by
a retrograde metamorphism may be into the epidote-
amphibolite facies. Retrogressive effects are stronger in
rocks near to the contact with the Pescadero intrusive.

These results are consistent with those found in pelitic
rocks, in which mineral zones (biotite-, garnet-, and
staurolite-zones) devel oped defining the regional thermal
structure of the Silgara Formation.

There is not doubt that the bulk-rock chemistry is
dominant and obscures the systematic compositional
changes caused by pressure and temperature.
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