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ABSTRACT

A petrological and geochemical study of Lower Ordovician epidote-bearing granitoids of the Sierra de Chepas
{Famatinian Crogen, Sierras Pampeanas, Argentina)indicates low-pressure emplacement of these extensive metaluminous
suiles, Texlural relationships combined with major oxide and REE dala support a magmatic ongin for the ubiguitous
apidote in hoemblende-biotite granodiorite and tonalite plutons. Geothermobarometry using minaral assemblages n
ignaous recks indicates a tempearatire intarval from 780 to 850°C, and low emplacemant prassuras in the range of 2.2
to 4.1 kbar, consistent with those estimated from the metasedimentary envelope of the plutans. The widaspraad
oeocurrence of primary epidote is a distinctive characteristic of the Lower Ordowician gramitods as opposead 1o he Andearn
Carboniferous granitoids emplaced atmiddle pressures (2., Santo Domingo Complex. 7 kbar), where magmalic epidote-
granitoids are scarce and secondary epidote is commaonly present. On the olher hand, the pistacite value (Ps-(Fe'/
(Fe ALY x 100, in %) in magmatic epidote of the Qrdovician granitoids {average Ps=28) sharply contrasts with than af
magmatic epidote in the Carboniterous Andean gramitoids (average Ps=24), This strengly suggests that the occurrence
of magmatic epidote-hearing granitoids might be related to different sources, the Famatiman Orogen granitoids oeing
mainly darived by melting of ald continental lithosphere with probable partial contribution from subcontinental lithospheric
mantle, and the Carbomferows Andean granmiods mamly resulting from mixing of crostal- and mantie- denved magmas
if the relationship of epidote-bearing granitoids to the charactenstics of the source 15 confirmed i Tuture studies, this wili
constrain the gentectonic enviranment in which the epidote-bearing magmas ocour.

Ky wiords: Magmaric Epidote, Meraluminous grameoids, Lowear Oraovician, Lowemplacement pressure, Geolhrermabararmelry, Famatiriarn
g

RESUMERN

Granitoides metaluminosos con epidota emplazados a baja presidon en la Sierra de Chepes
{Ordgeno Famatiniano, Sierras Pampeanas, Argentina) y su relacion con la fuente magmalica. Un
estugio pelrolégico v geoguimice de los graniloides mataluminosos con cpidota, de la Sierra de Chepes (Orogenia
Famatimana, Siarras Pampeanas, Argantina), de edad ordovicica inferior, indica baja presion de emplazamento de esla
autensa sene metaluminosa. La combinacion de relaciones texturales, elementos mayoritarios y de Tiarras Raras,
apoyan un ongen magmalico para los epdotos gue se presentan en plutongs granodionticos y tonaliticos, con hamblenda
v biotita. Calculos geotermobaromatricos ulilizando asociaciones minerales en rocas igneas, ndican intervalos de
lampearaturas de 780 a A50°C, ¥ bajas presiones de emplazamianto en el rango de 2, 2 a 4.1 Kbar, que 5on consistenies
con aquelias estimadas a partr de los metasedimentos donde se emplazaron os plutonas. La abundancia de epidota
magmatica es una caracteristica distintiva de los graniloides del Ordovicico Infenign, en oposicion a los granitoides
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andinos del Carbonifero {e.g.. el Complejo Santo Dominga, 7 kbar), donde la epidota magmatica es escasa yla presencia
de epidota secundaria as coman. Por otro lado, el valor de pistacita (Ps=[Fe®/(Fe*«Al)] x 100, en %) en la epidota
magmatica de los granitoides ordovicicos (promedio Ps=28) conlrasla marcadamente con los valores de pislacila
observados en los epidolas magmaticas de los granitoides andinos carboniteros (promedic Ps-24). Esto sugiere, que
la preseancia de epidota magmatica en granitoides puede ser relacionado con diferencias en la fuente, ya que los
granitoides del Ordgena Famatiniana fueron esencialmente derivados por fusion de una litdsfera continental antigua con
probable contribucion parcial del manto litosfénco subcontinental, y los granitoides andinos carboniferes son, esencial-
mente, el resultado de una mezcla de magmas denvados de la corteza v el manto. Si la relacion entre la presencia de
apidota magmdtica en granitoides y la fuanta as confirmada en estudios posteroras, se podrd entandear de major manara
al ambignts geatectdnico en el cual los magmas alojan epidota.

Palabras claves: Epidota magmalica, Graniloides mataluminasos, Ordovicice infaror, Baja prasidn deemplazamiento, Geolermobarometria,
Ovdgeno Famatinang,

INTRODUCTION

After experiments by Naney (1983), which dem-
anstrated that the epidote (Ep, mineral abbreviation
from Kretz, 1983} in granodiorites and monzogranites
could be stable above the solidus (- 875-710°C) at
prassures of 2 to B kbar, this minaral became a
matter of petrologic interest. Criginally, Zen and
Hammarstrom (1984), based on Mancy's experi-
mental work and their own pressure estimates from
contact aureales, estimated that epidote-bearing
granitic plutons crystallised at high pressures (about
8 kbar), indicating deep emplacement for the granitic
magmas. Tullach (1986) questionad the idea that
magmatic Ep stability in granitic plutons required
high pressure. Moench {1986) described primary
Eptrom granitic plutons emplaced at pressures of 2-
4 kbar. Johnson and Rutherford (1989) pointed out
thal intermediate pressures, between 2 and 8 kbar,
had not been investigated, and thus the minimum
pressure required for igneous Ep stability was
unknown. Later, Viwnal el al. (1991), observed that
Ep exhibiting textural and compositional charac-
teristics suggestive of magmatic ongin occurrad in
plulons emplaced al intermediate-low pressures (3-
5+0.5 kbar).

Schmidt and Thompson {1986} demonstrated
from experiments, performed with fo, buifered by
hemalite-magnetite{HM), that Ep could be stable in
calc-alkaline magmas (tonalitic compositions) al
pressures of less than 3 kbar. Based on experimen-
lal measures of Ep dissolution, Brandon et al. (1996)
proposed that the transport of magma from the deep
crust was fast enough to prevent complete Ep
resorplion. These authors also concluded that the
pragance of magmatic Ep in granitoids is not sufficient

in itzelf to establish high-pressure conditions of
granite solidification. All this illustrates the existing
controversy over the origin and petralogical meaning
of magmatic Ep.

This paper is tocused on the study of magmatic
epidote-bearing metaluminous granitoids, located
inthe Sierra de Chepes, whichis part of an extensive
magmatic pravince in the central Argentina, east of
the main Andean cordillera (Fig. 1a). These gran-
itoids were formed in the Lower Ordovician during
the Famatinian orogeny, which took place alongthe
proto-Andean margin of Gondwana. The combi-
nation of textural and chemical (major oxides and
Rare Earth Elements, REE) evidence, leads to the
conclusion thal the Ep has a magmatic origin, even
though the gramitoids where Ep is lodged were
intruded at low pressure conditions, indicated by
pressures inthe range 2.7-3.6 = 0.5 kbar calculated
using the Al-in-Hbl gecbarometer of Johnsen and
Rutherford (1989), or 3.0 = 0.6 kbar abtained using
the calibration of Anderson and Smith (1995) for
mineral assemblages in equilibrium at less than
800°C. These results are consistent with the pressure
values obtained from the metamorphic rocks as-
sociated with the magmatism (2.5:0.5 kbar,
Dahlquist and Baldo, 1996; Pankhurst el al., 1998).

It is important to emphasise that the magmatic
rocks formed during the Famatinian Orogen show
different isotopic signatures from those of the Car-
boniferous Andean batholiths (Pankhurst ef al.,
1998; Parada ef al.,, 1999). The Ordovician granitoids
were derived from melting of an old continental
lithosphere (- 1700 Ma) perhaps with partial con-
tribution of subcontinental mantle {Pankhurst of all,
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1994, 2000; Rapela, 2000), while the Carbomifarous
Andean metaluminaus granitoids resulted from differ-
entdegrees of mixing of crustal- and mantle- derived
magmas (Parada et al., 1994),

The widespread occurrance of primary Ep in
granitoids emplaced at low-middle pressure (2,5
7.5 kbar) conditions 15 & remarkable characteristic
of the Ordovician orogen (Saavedra el al,, 1987,
Sial eral, 1999; Dahiquist, 2000) that is not oheerved
in the Carboniferous Andean granitoids. The latter

have ralatively scarce magmatic Ep with dilferent
pistacite values (Sial ef al, 1999) and migdie
emplacement pressures (7 kbar, Parada of al,
1999). The granitoids of these lwo suiles have
similar major and frace slement abundances, but
different isotopic signatures. Thus, the character-
istics of the Ordovician granitoids can help 1o bette:
define the geotectomic environment in which these
high-level magmas with magmatic Ep crystallised

GEOLOGICAL SETTING

The Sierra de Chepes (Fig. 1a, b) is set within
the Famatnian orogenic belt, developed during the
Lower Palagzoic in the proto-Andean margin of
Gondwana (Pankhurst el al, 1998, Rapela ef al.,
1833} It 12 mainly composed of Lower Ordovician,
metaluminous doeminant, calc-alkaline granitoid
suites, Petrological, geochemical and isotopic
sludies indicate thal the observed compositional
range of 60 to 75% 5i0, of the granitic rocks was
produced by fractionation of primary magmas gen-
arated in turn from partial melting of an old lower
crust (Pankhurst ot al, 1998; Dahlguist, 2000).

There is an isotopic homogeneity in initial ¥Sp*Sr
and "*Sm"Nd ratios, which has been interpreted
as the result of a closed crystallisation system
without an important contamination of the magma
durningils evolution (Pankhurst ef all, 1998; Dahlguist,
2000), being fractional crystallisation the main dif-
ferentiation process (Dahlquist and Rapela, 1997,
Pankhurst et al., 1998, Dahlguist, 2000).

The Sierrade Chepesis dominated by alithalogy
of granodiorites and tonalites, with less abundani
manzegranites and laucogranites (Pankhurst ef a/
1958; Dahlquist, 2000). Two main magmatic units
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are recognised in the Sierra de Chepes: the Chepes
granodiorite (ChG) and the Chepes Porphyritic
granodiarite {ChPG).

The ChG unit is the most abundant, it is
equigranular, and medium grained (1.5 cm), with
the typical presence of microgranular mafic encla-
ves. The magmatic paragenesis is: microcline (Mc),
plagioclase (Pl), biotite (Bl) and hormblende (Hbl),
and the accessory minerals are: epidote (Ep)s
allanite (Aln], titanite {Ttn), apatite (Ap) and zircon
(Zrn). The ChPG unit is coarse-grained (2-2.5 cm)
characterised by the presence of alkali teldspar
megacrysts (4 cm) and scarce or absent mafic
micregranular enclaves. The mineral paragenesis

is similar to that of the ChG except for an increase
of some felsic minaral phases such as Mo and Otz
and Aln minerals. Major element geochemistry
indicates that both units are metalurminous (Alumin-
um Saturation Index=0.92- 1.1), displaying K O
content between 1.5 and 3.5%, and a Peacock
index of 63.5, indicating a calcic association, The
ChiG unil shows a silica range between 60 and 67%
(average = G5%) while the ChPG unit shows a silica
range between 66 and 70% (average= 68%). De-
tailed petrological and gecchemical information
about Sierra de Chepes is reported in Pankhurst af
al. (1998) and Dahlquist (2000).

TEXTURES AND ROCK FORMING MINERALS

The average model of the magmatic assemblage
for the unit ChG is 7% Mc (Or,~Or,, ) 35% PI
{An_,h,lm_! —An_ ), 33% Qtz, 16 % Bt [Fe™/(Fe"' +Mg)
=0.48 in average] and 3% magnesian Hbl; Ap, Ttn,
Ep. Aln. Mag (Ti-maximum = 0.05) and Zm (6% ).

The magmatic association for the ChPG consisls
of 14% Mc(Or, .}, 34% Qtz, 34% PI{An,__-An_},
12% Bt [ Fe®/ { Fe*+Mg) = 0.50 in average)] and 1%
magnesian Hbl; Ap, Ttn, Ep, Aln, Mag (Ti-maximum
=0.04) and Zrn (5%), although with a higher guantity
of Aln than the Ch( unit. Both units show myrmekites
and albitic exsalutions associated to Pland M. The
assemblage and abundance of the accessory min-
erals (e.g., Aln, Ep, Ttn, Ap, Zrn and Mag) in Chiz
and ChPG units are a distinctive characteristic of the
metaluminous magmatism in the Sierra de Chepes
(Dahlguist, 20007.

The alkali feldspar is Me with cross-hatched
twinning, perthitic crystals of this mineral with simi-
lar textural characteristics being common. The Mc
appears as poiquilitic phenocrysts (Mc)) and fine-
grained Mc (Mc ). The Mc_ exhibils approximately
square sections in thin section, 18 anhedral with
mineral inclusions of Pl, Bt, Otz and Hbl. Similar
characteristics are shown by the Me in the ChPG
unil, despite lhe Mc_being here biggar (3 mm x 10
mm} with scarce inclusions. The Mc s fine-grained
(0.7 mm x 0.4 mm), generally anhedral and without

inclusions. The Plis abundant and crystals of three
sizes are identified: a- coarse grained P1{2.5 mm x
1.2 mm, PL); b- medium gramed Pl (1.2 mm x 0.5
mm, Pl } and ¢~ fine grained P1{0.25 mm x 0.5 mm,
PL). The PI_ has rectangular sections, with rim
overgrowths, polysynthetic twinning, normal and/or
‘patchy’ zonation. These larger plagoclase grans
may have small Hbl inciusions (0.5 mmy), located in
the core of the mineral. The Pl and Pl _are subhedral,
presenting rectangular sections in thin section, with
polysynthetic twinning and/or normal zonation. The
Pl_isnotabundant and is homogeneously distributed
in the rock. The Pl and P, dominant vaneties, are
homageneausly spread in the crystalline frama anad
constitute several inclusions in the Mc .

The Otz shows two vanelies, a coarse grained
one (3-2 mm diamater Otz ) and a fine-grained {0.4-
0.8 mm diameter Qtz ). (Hz_arises as an individual
mineral phase, whilst Qtz, appears essentially as an
inclusion in the Mc . The malic minerals (Bt and
Hbl}. have two grain sizes: a- coarse grained (2-3
mm x 0.8-1mm, Bt and Hbl ) and b- medium/fine
grained (1-0.5 mm x 0.7-0.4mm, Bt _and Hbl ). The
Bt and Hbl {a) variety are dispersed uniformly in the
cryslalline frame, while Bt and Hbl variety (b) 1s
included in the Mc . Both variaties of Hbl and Bt are
characteristically subhedral. Chiorite replancing Bt
and'or Hbl as a secondary mineral has been observed.
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ANALYTICAL METHODOLOGY

The principal mineral phases were analysed
with a JEOL-JXA-B900M electron microprobe inthe
Luis Brd Electron Microscopy Centre, Universidad
Complutense, Madrid, Spain. Accelerating voltage
was 20 kV and beam current 15 nA, while beam
diameter was 5 p. The counling time was ap-
proximately 10 s, Two accessory minerals, Aln and
Ep, also have been analysed with the same electron
microprobe, In this case accelerating vollage was
20 kV and beam curreni was betweean 15 and 50 na&

while beam diameter was between 2 and 5 micran,
The counting ranged from 10to 100 s, depending on
the element to measure. The standards selected
ara those of the Smithsoman Institute, Washington,
thathave been described by Jarosewich and Boatner
{(1991). Interelemental interferences were sup-
prassed by peak-overlap comections (Roeder, 1985).
More details referring the measuremeant conditions
can be checked in Gonzdlez del Tanago (1997).

EPIDOTE: EVIDENCES OF MAGMATIC ORIGIN

Detailed textural and compaositional information
are reported in Dahlquist (1888, 2000). A brief
description of the textural relationships of Ep and
Aln follows. The latter is a mineral which always
ncours in association with Ep.

ALLANITE

It can be found in both ChG and ChPG units,
although it is more common in the latter. [ts madal
occurrence is very variable (0-0.5%). If two thin
sections of the same rock are considered, it can be
presentinone and absentin the other. Consequantly,
itz very difficull to gquantify the Aln modal presence
inany plutonic unit of the Sierra de Chepes. Allhough
it is feasibie to estimate the approximate maodal
content of an accessory mineral in a single thin
saction, itis not usually possible to infer its accurate
whole-rock abundance due to the very inhomao-
geneous distribution.

The Alnis euhedral to subhedral; they generally
show zonation and are rimmed by Ep and maore
externally by Bt (Fig. 2a). It also may be associated
with large size of Tin minerals (Fig. 2b). A general
characteristic of the Alnis a clear oscillatory zonation
as can be seen in Figs. 2a, b, and ¢.

The Aln analysed in this paper (Fig. 2a), shows
almost rectangular sections in thin section (1 mm x
0.5 mm), with subhedral irregular contacts with Pl
and Ep. The Ep surrounds the Aln, having possibly
been grown from the Aln. Optically, the Aln displays
an oscillatory zonation, with a small crystal of

euhedral Bt that, in turn, has a very small innermost
core of Aln (Fig. 2a).

Figure 2a shows the place where the mineral
was analysed and the associated textural context,
while the data obtained are on table 1. Figure 3a
indicatas that the Alnis enriched in REE, in particular
the light REE (La, Pr and Nd). The REE patlern is
similar to that determined by Gromet and Silver
{1983) and Sawka (1988), though the Aln analysed
is comparatively more enriched in medium and
heavy REE (with a quite remarkable peak al Gd).
The contents of ¥ and Zr are low while that of This
high, the latter being the most abundant element
together with light REE {Fig. 3a).

EPIDOTE

This mineral eccurs in both granodiaritic units,
showing variable modal proportions between 0.1
and 3.3% (Dahlguist, 2000). The textural evidence
allows discrimination of two main Ep groups: Group
I; magmatic epidote (Gl-Ep) and Group Il; secondary
epidote (GlI-Ep).

GI-Ep exhibits the following textural charac-
leristics (Figs. 2a, d, e, f, g):

{i) euhedral nms in the contact with Bt and/or Hbl,
{ii} euhedral Aln with marked zonation, surrounded
by Ep;

{iii) inclusions of Hbl-Bt in the Ep;

(iv) Ap included in Ep.

Figures 2a, d, e, fillustrate the textural context of
the analysed Ep. Figure 2e shows the analysed
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area rasulls detailed in lable 1. Two representative
analyses have baan chosan in ordar ta illustrate the
general Ep composition. Figures 2d, e, f, show a
somewhat rectangular section of Ep with euhedral
to subhedral rims in contact with Bt, Hil and Tin. It
shows a relatively large size (1 mmx1.3 mm) with
inclusions of Hbl and occasionally, Ap (Fig. 2g).
The Ep has high contents of some light REE,
such as La and Ce and relatively high contents of
heavy REE such as Erand ¥b (Fig. 3b and Table 1).
In the Sierra de Chepes, the Ep shows lower Y and
Zr contents (Fig. 3b). The REE contents are similar
to those reported by Dawes and Evans (1991) and

2. Plane-polarized light phatormcrograghs of Ihe analysed minerals. Scale bar

répresents 1 mm in pholomicrographs a, b, ¢ and 4. In phatomicragraphs &, 1
ard g scabe lar represents 0.5 mm. FIG. 2 shows e ebecinon microgrobe spol
lacanans where (he minaral was analysed and 1he assaciated 18xmural conten
(s mrineerand sunan byl in Tanbde 1); a- eubwedral allanite il with oscillatory zoneng
sumandd by apidete and nmméed by Biotite.; B- twd duhedral allanite crystals
wilh remmarkabhe growth associated with tlanite, biotite and homblende. Bolh
allande display oscillatory 2oning: ¢ oscillatary Zening in alanite; d- tedural
oonbext ofthe amalysed epidate and titanite. Small inclusions of koenbisnde in
apideie, and auhadral-subhedral contact batwaean Didlite and apideie can be
soan in dedail in e, f and g. this fiqure is dedailod from black framo in e, Small

nchussons ol apalite (hexagonal) i biclite and in the epidabe-biclile contacl
[sea black framas). Inclusions of apatite in aploote cannot e ahservas for vary
small size

Keane and Morrison (1997) for primary Ep, though
with higher heavy REE values (Fig. 3b).

The content of pistacite (in %) [Ps=Fe™/(Fa'/
Al)) % 100] for the analysed Ep varies from 26 to 21,
with an average value of 28 (Fig. 4). The Ps content
of magmatic Ep is very similar to those obtained in
experimental warks (as Ep crystallisation from inter-
mediale composition melt, such as granodiorite,
&g, Liou, 1973; Maney, 1983), and Ep that has
been considered magmatic in petrological studies
by different authors (2en and Hammarstrom, 1984,
Tulloch, 1986; Brandon &f &£, 1996; Vhynal &/ &/,
1991; Keane and Maorrison, 1887).
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EMPLACEMENT CONDITIONS OF THE IGNEOUS ROCKS

Anderson and Smith (1995) concluded that tem-
perature and in particular fo, are paramatars that
should be carefully evaluated before the application
of a given gecbarometer. The following consider-
ations were carried out in the analysed rocks prior to
the application of the Al-in-Hbl gecbarometer. In the

Minerals'Chondrites
LI B S B B B B S B B B B B B B B B B

A Allanite CAS-59 o (core)

Epidate AMBI-28
045 (rim)
10’ W43 (core)

LG N S GH Dy B VB ¥ WM
La Pr Pm Fo Th Ha Tm Lu ™ #r

BHO Analysed minarals. this paper.
Anakysexd mirnwals in prosious works and n bost rocks
) PAL-22, Grancdiorile Si0 =68.9%, Sawka [1388).
# Granodioite, Si0,=65%, Gromet and Silver (1983}
Tr Voleanic rock, Si0,=69,4%, Dawes and Cvans (1991).

¢ Homblande-rich QUANE monzonie, Keans and Morison
[HT)

FIG. 3. Chondrite normalised trace element pattemns of minerals
anahysod im his and in previoos works, Nommalised values
tar REE after Nakamura (1974) and ¥, Th, Hf and Zr after
Thompson (1982), The lower shaded fields are repre-
santative of the whole-rock (granodionites, monzogranites
and aplites) trace element chondrite normalised patterns
foar thex granilond rocks of the Sierra de Chepes. The upper
shaded fields are representative of the mineral trace
element chondrite normalised patterns for allanite and
epidate. The number over shaded figbds s indicative of
the analysis numbaer.

lirst place, selected hornblende-plagioclase as-
semhblages used in the pressure and temperature
calculations are described,

CRITICAL MINERAL ASSEMBLAGE

The typical magmalic assemblage for the igneous
units composed of Me+Pl+Citz+ Bt+Hbl+ Ttn+Mag+
Ep + Ap + Zm allows the application of the different
Al-in Hbl geobarometers reported in the literalure.
Details of the textural relationships have bean das-
cribed by Dahlquist (1998, 2000), concluding that
the sequence of the crystallisation history is: 1-Pl,
Hbl , Bt and late Qiz ; 2- PI , Mc , Hbl, Bt ; late Pl
Qtz, and 3- Mc,. Based on this textural study. the
composition of selected Pl - Hbl pairs and Hbl grains
were chosen for temperature and pressure astima-
tions.

The Hbl-Fl pairs analysed in the ChPG unit
(sample CHE-35) and in the malic microgranular
enclave (sampla CHEL-5A) have a similar fabric
arrangement. The core of the larger Pl grains (Pl )
and small inclusions of Hbl located near the core of
the same Pl grain were selected (data and cal-
culations are shown in tables 2 and 3). These small
Hbl inclusions do not exhibit zonation, suggesting a
simple ongin by growth in a magmatic environment.
A Pl and Hbl, pair that share a grain boundary was
sclected (similar fabric arrangement used by Blundy
andHolland, 1990, p. 219), since the lextural studies
suggest simultaneous crystallisation of both minerals
{sample AMB-35, ChG unit, Dahlquist 1998, 2000).
The Hbl analyses (that share grain boundary with Pl
or (iz) exhibit a small compositional difference
between core and rim, the former enriched in AIY
andimpoverished in A1, This compositional variation
can be ascribed to a decreasing temparatura during
the magma cooling (the Al entrance in the tetrahedral
site decreases with decreasing temperature).
Crystallisation pressure and temperature wera
calculated from selected Hbl rim compositions
(Tables 2 and 3).

TEMPERATURE

Schmidt (1992) concluded that the Al-in-harn-
blende geobarometer of Johnsen and Rutherford
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Notes:

TABLE 1. REPREEENTATIVE MINERAL ANALYSES DETERMINED WITH ELECTRON

MICROFROBE.

| Ignecus Unil ChPG cnG Chi

| Sample CAS-59 AMBI-28 AMBI-28 |

| Mineral . Allanite-82 Cone Epidole-43 cone Epidobe-45 rim |

L — | EE—— - " e — e |

| |

500, | 0,35 5.7 3536
Tict, [ 1.33 008 a3
ALD | 14.9 Z3.77 2y

| Fedr ! 78 '

| Feg, | 5.3 13.08 14
Mnd | 0.42 0.44 015
T i 238 o003 002

| Cad "7 23.42 2409

| PO, 0.08 004 0.03

| REE! 244 o 020

! Taw a8 .03 a6 31 56 82

| Ps 26 20 |
ppm |
La | 54320 170 bl {
Ce [ 90683 | 3% a54 i
P ! 8T i bl bal |
Nd | 205083 | bl bl |
Zm | 1378 Lufl bl |

! Ga | B30 b bl i

L ol bl il |

| oy 657 bl bat |

| Ha pal! bl bl |

| Er E13 438 350

| T e i bal | bl

| o 4ap i 251 176

| b i bal oal

| Tn LL | B! od

|y b i 157 di

|7 il 238 bdi

| b bl bdl

Wi, 0, K, 0. Eu and Mb not determined. " Tolal inon meaguned as Fe, Alliron assumed to he farric for epidote, axcept lor allanite

whara the fallowing formulas wara used: Fe’ = Zrn+Ti+ 2. Th+ YREE+Y-Mg-Mn, and YFe-Fa' - Fe™, All Mn assumed to be divalent lor
allanite and trivalent for epidote. Normalisation based on 8 cations. HO calculated by Sloichiometry. * plus Th, ¥, Zrand HE odl = bakow
detecton limits, Chid = Chepes granodionte; ChPG = Chepes Porphyritic granodeorita. The number against the mineral is indicative of
the electron microprobe spot analyses illustrated in figure 2.

bt Wl B oun

Humber of samples

o -

FIG. 4.

average pislacite = 28

—  epidote. alleration

: epidate. alteration
of plagioclase

of biotite

fele
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magmatic epidotes
| I N R I N NN AN (NN AN (N (N [ N N I I S —|
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Pistacite (%)

Mole percent (mol%s) pistacite in magmatic epidotes fromigneous rocks of the Sierra de Chepes [Chepeas Granodionle and Choepes
Porohynbe Granodionte unils). The observed values of pistacite mdicate magmate ongn for epidotes, The composihional rangas
o subsolidus apidotas from alleration of plagicclase and biotites ara from Tulloch (1986). The compositienal ranges for magmatic
epidoies, stripe dotled field, are from Tulloch | 1986). The compositional ranges lor magmalic epidoles, shadawed Tueld, From Tolloch
(1486) and Zen (19688, whio relaled tha composiion of magmats epidote o fo, Epidote breakdown curves (Lioe 1873) indicate that
within probable fo. limits formagmas (e, batwaen ihe HM and NiNIO buffars) epidote should range only from pistacite 25-33 Data
trorm Daniguist (20000, and Dahlguist (unpublished data), Represenialive samole in fable
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(1989) is valid only for Hbl that crystallised at high
temparaturas (-~ 7T60°C). Using the geothermometer
of Holland and Blundy (1994} for Hbl-Pl pairs,
temperatures ranging between 7BO and 850°C
(Table 2} wera obtained for granitoids {including
mafic microgranular enclaves lodged in the grani-
toids) of the Sierra de Chepes, and batwean 700
and 750°C for the adjacent co-magmatic rocks of
the Sierra de Ulapes (Murra and Baldo, 2000).
These resuils are supporied by the observation that
the analysed Hbl are richer in alkalis in site-A, as a
consequence of high Ca content filling site-B (Table
3). Schmidt (1992) found that Hbl that crystallize in
highlemperature experimantal calibrations (Johnson
and Rutherford, 1989) are richer in alkalis in site-A
when compared to Hbl calibrated at low temperalure.
Schmidt (1992) also concluded that his calibration
was consistent with that of Johnson and Rutherford
(1989) at higher temperatures, stabilising the

TABLE 2. REPRESENTATIVE HORNBLENDE' GED-
CHEMISTRY AND GEOBAROMETRY FROM 1G-
NEOQUS ROCKS OF SIERRA DE CHEPES.

Al 5i . F P T

|Sample

| {kbar)* (kbar)® ('C)

éAME-EE (ChiG) 145 667 048 2.7 BEO |
/CHE-35 (ChPG) 1.67 G55 Q.49 a6 B4

/CHEL-5A (MME) 162 682 (.55 3.4 ] T8O

Nates: A" and 5i from table 3 X, = mole fraction af albite in
plagioclase. MME = malic microgranular enclave,

¥ Hfr]'l'lhh‘.‘l‘lflﬂ-]‘llﬂ_f]ll"!lﬂm ﬂs&mﬂblﬁg&.& mnmlmg simullansaus
crystallisation were chosen from detailed textural suedies (ex-
planation i the lext), wsing their respective chemical compositions
in the calculations.

*Pressure based onthe Johnson and Rutherford { 1983) calibration,
' Prassura basad an lha Anderson and Smith (19895) axprasson,
Temperature calculated from the equations of Holland and Blundy
{1884}

requirad butfer assemblage by using a CO_-H_O-
fluid mix. From these, itis inferred that the pressure
caleulated from hornblende composition is indirectly
a function of the fluid composition in the magma
(Schmidt, 1992).

The temperature values cbtained in the analysed
rocks (Table 2) seemto agree with the considerations
of Anderson and Smith (1995, Fig. 5), who, based
on pressure and temperature values (pressure from
Al-in-Hbl geobarometer Anderson and Smith, 1995

and temperature from geothermometer Blundy and
Holland, 1990), observed thal plutons are able to
crystallise within a wide range of temperatures, far
framthe salidus of a water-saturated granite (850" C).

On the other hand, high temperatures in granitic
rocks emplaced at intermediate and low prassures
have been obtained for granodiorites with mineral
assemblages similar to those observed in the rocks
from Sierra de Chepes. Vhynal et al. (1991) analysed
Fiedmaont plutans with magmatic Ep and determined
pressure and temperature values ranging between
3-5kbarand 730-788°C. Cotkin and Medans (1993,
Table 5, p. 557) obtained a crystallisation interval
from -800 to -700°C for the granodiorites of the
Russian Peak Complex, and an average temperature
value of B70°C (average without one value of 830°C,
near the solidus).

mi

The [Fe™¥/(Fe"+Mqg)=0.44-0.48] and [Fe™/
(Fe*+Mg) =0.20-0.33]ratios for Hblin granodiorites
of the ChG and ChPG units (Figs. S5a and 5b) are in
the same range as those for Hbl used in most
experimental calibrations (Anderson and Smith,
1995). These ralios suggesl crystallisation at high
fo, (Figs. 5a and 5b}, which is consistent with the
occurrence of magmatic Ep at low pressure, ac-
cording 1o the expenmental work of Schmidl and
Thompson {(1996), that demonstrated that Ep could
be stable in calc-alkaline magmas (tonalitic com-
positions) in pressures of less than 3 kbar.

PRESSURE

Because lhe Hbl had crystallised at high tem-
parature (temperature obtained from geothemo-
meter of Holland and Blundy 1994), the calibration
of Johnson and Rutherford (1989) was used for
prassure calculations. Also the Anderson and Smith
(1985) geobarometer was used in order to have
more control on the pressure estimations, as their
calibration combines the experimental data from
Johnson and Rutherford { 1989) and Schmidt (1892},
into one expression. Inconsistent, very low pressuns
values, were oblained from Hbl that crystallised at
temperatures considerably higher than 800°C. In
this sense, Anderson and Smith {1995) had indicated
that the new expression probably should not be
applied to plutons that crystallised at temperatures
largely in excess of B00°C.
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TABLE 3. REPRESENTATIVE ELECTRON MICROPROBE ANALISES OF HORNBLENDE USED IN THE GEOBAROMETRY AND

GEOTHERMOMETRY.
rlnmnus Units Matfic Micragranular Enclave (MME) ChG ChiRG
| Sample CHEL-5A AMB-55 CHE-35
i Minaral Homblenda' Hornblende® {rim) Hornblende' :
| wils
U 44.07 4512 44,03
[ ALD, 8.15 8.30 9.51
I ol 17.81 15.81 18,14
! Mno 0.7 [ Bfi 0.7
Mg 10.21 11.84 11.47 !
Cal 11.88 172 BA 12,72 ;
Ma 0 1.10 0,99 1.03
K0 0.8 nys 08z
Tic, 1.18 090 1.20
| Mo o 0 o
Cr0, o 0.0z 1]
Total az.az 28,13 ar.es |
FORMULA PER 13 CATIONS
Tetrahedral site i
i G.62 6.67 6.55
Al 118 1.33 1.45
Sum 8 a ]
M1, M2, M3 sites
Al 0.24 012 0,22
| Cr 0 0.00 +]
| Eo» 0.5 0.55 0.44
T 014 01 013 ]
| Mg 2.20 2.61 2.54
| Fa™ 1,70 1.52 1588
| Mn (RL] .08 0.0%
| Sum 5 5 5
‘ M4 site
Ca 1.91 2 ? !
| Na 0.09 o 0
f Sum ] 2 2
A site
i Ca 0 .01 0.03 _
| Ma 0.23 0,28 0.30 i
K 0.19 014 015 |
'i Sum .42 0.43 0.48 |
| FptsfFeies s M) 049 0,44 0.44
| FeriFereFes) 0.24 0.27 paz
- 4

“Total Fe measured as FeQ, The mineral analyses wene recalculated into mineral iormula and catonic propontions using the computer
programs MINPET for Windows (Richard, 1995). Note that the A-site is richer in alkalies as a consequence of high content of Ca filling
I -salie

*amall hornblende inclusions in larger Hagicclases grains: "hornblende-plagicclase pair which share grain boundary (lor morne details
see lext).

For Hbl that crystallised at 780°C, the pressure pressure range 2.520.5 kbar obtained in the
value is consistent with the pressures obtained from metamorphic rocks coevally developed with the
Jehnson and Rutherford' s geobarometer. The re- granite emplacement, with paragenesis that include
sulis show that the emplacemant pressures lor the And, Crd, Kfs and are devoid of garnet at the highest
granitoids are low, with maximum values of 3.6 0.5 temperature zone (Dahlguist and Baldo, 1998,
kbar {Table 2). This conclusion is consistent with the Pankhurst et al., 1998).
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FIG, Ba. Homblendas from igneous rocks of thi Sierra de Chepes (Chepes Granodiorite and Chepes Porphyritic Granodiorite units) have

Fe/(Fe + Mg) ratios and values of Al™ typical of rocks crystallised in high-fo, conditions, Figure modified tromAnderson and Smith

{1945).
5 —
= = Limit by Anderson and i : hornblende - high-fo,
S Smith {1485) X :
2 C . 5 ;
{E. ol «+ Limit by Schmidt (1992) : average FE.‘.*'J"{FE}"*FE'“} =029
g 4 ' :
L — b
= s hornblende - low-fo, : :
z F | :
[' [ [ | i i I 1 1 I = 1 l L L 1 1
0.1 0.2 03 0.4 0.5
Fe”/(Fe"+Fe™)

FIG. b, The calculaled Fed {Fo® +Fe ) ratios for the hamblendes in the Chepes Porphyritic Granodiconile units indicate that it crystalized
under high-f, conditions. This figure confirms the rasults observed in figure 5a. Data from Dahlguist (2000) and Dahlquist
{Unpublished). Represeniative samples in fable 3. Figure modilied lrom Andergon and Somitih {1985%5)

DISCUSSION AND CONCLUSIONS

From the combined textural and both major and
REE data presented in this paper, there is a con-
current evidence to support a magmatic origin for
the widespread Epthat occurs inthe ChG and ChPG

units. Textural evidences are: (i) euhedral nims in
the contact with Bt and/or Hbl; (i) euhadral Aln with
marked zonation, surrounded by Ep; (iil) inclusions
of Hbl-Bt in the Ep, which suggest parhal resorphion
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of Hbl by the magma and subsequent precipitation
of Ep around Hbl (Maney s experiment, 1983; Zen
and Hammarstrom, 1984); (iv) Ap included in Ep,
(ci. Dawes and Evans, 1981 that reported Ap
intergrowth with magmatic Ep in volcanic rocks).

The chemical analyses indicate Ps contents
similar to those obtained in diverse experimantal
works (Liou, 1973; Maney, 1983) and observed in
different petrological studies of magmatic Ep (Zen
and Hammarstrom, 1984; Tulloch, 1986: Brandon
etal, 1996; Vhynal etal, 1991; Keane and Morrison,
1997). Moreover, the REE patterns obtained for the
Ep hare are similar to those of Ep that has heen
considerad magmatic by other authors (Dawes
and Evans, 1991; Keane and Morrison, 1997).

The values from the geobarometers of Johnson
and Hutherford {1888) and Anderson and Smith
{19495} indicate low emplacement pressures (2.7-
3.6= 0.5 kbar and 3.0 £ 0.6 kbar respectively), with
nightempearaturas (TE0-B50°C, Blundy and Halland
geothermometer, 1994), and these data are
consistent with the high temperature and low
pressure metamorphism (Dahlquist and Baldo,
1996: Pankhurst et all, 1998) which occurred during
Famatinian magmalism in the Sierra de Chepes
(Pankhurst &t al., 1998).

During the Lower Ordovician Famatinian
Orogeny, extensive metaluminous plutonism oc-
curred along the proto-Andean margin of Gondwana
(Pankhurst et al., 1958), characterised by abundant
Ep-bearing granitoids (Saavedra ef all. 1987; Sial
el al, 1999). The study of the metaluminous
granitoids trom Sierra de Chepes indicates that
they are magmatic Ep-bearing granitoids emplaced
al low pressures.

The remarkable widespread occurrence of Ep-
bearing facies in the Famatinian metaluminous
senes contrasts with the relatively scarce occur-
rence of magmatic Ep-granitoids and the commaon
presence of secondary Epin Carboniferous Andean

134

batholiths (e.g., Santo Domingo Complex, Sial et al.,
1999; Parada & al, 1999). On the other hand,
middle emplacemeant pressures have been deduced
torthese Carboniferous Andean metaluminous grani-
toids (7 kbar;, Parada et al, 1999), whereas the
Famatinian metaluminous granitoids of the Sierra de
Chepes had low emplacement pressures (2.7-3.6
kbar). It is also impontant lo emphasise that the
pistacite value of the magmatic Ep found in the
Ordovician granitoids (average Ps=28) sharply
contrasts with the pistacite value of the magmalic Ep
exhibited by the Carboniferous Andean batholiths
{average Ps=24).

According to these observations, the occurrence
of magmatic epidole might be related to different
sources of the Orodvician Famatinian granitoids and
the Carboniferous Andean batholiths. The Famatinian
granitoids were derived mainly from melting of a
high-fo, old continental lithosphare (1700 Ma)
(Pankhurst et al., 1998, 2000; Rapela, 2000), while
the Carboniferous Andean metaluminous granitoids
resulted mainly from different degrees of mixing
between crustal- and mantle- derived magmas (Pa-
rada et al., 1999),

This may mean that the presence of magmatic
epidote in calc-alkaling rocks does not always require
high pressures, but is source-dependent. This
imprints a typical signature of fo,, a_ ., F, /P, on
the pnmordial magma. ‘ ‘

The presence/absence of these suites charac-
terised also by the abundant accessory minerals
Le.g., Aln, Ttn, Ap, Zm, Mag; Dahlguist, 2000}, can
help to better define the magma sources and to
understand the geotectonic environment in which
the Ep magmas cceur. [fthe relationship of magmatic
Ep-bearing granitoids to the characteristics of the
source is confirmed in fulure studies can help to
better define the magma sources and to undaerstand
the geotectonic environment in which the Epmagmas
oCeur,
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