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ABSTRACT

The metamorphic rocks of the Lower Palcozoic Silgara Formation of the Santander Massif, Fastern Cordillera
(Colombia), were affected by a Barrovian-type metamorphism under low to high temperature and medium pressure
conditions. These rocks contain garnet porphyroblasts, which show several kinds of chemical zoning patterns. The garnet
grains behave as closed systems with respect to the rock matrix. Most of the observed zoning patterns arc due to gradual
changcs in physicochcmical conditions during growth. However, some garnet grains show complcx zoning patterns

during multiplc deformation and mcta.morphic events.

RESUMEN

Las rocas metamorficas de la Formacion Silgard del Paleozoico Inferior del Macizo de Santander, Cordillera Oriental
(Colombia), fucron afectadas por un metamor ?smo tipo Barroviano bajo condiciones de temperatura bajaaaltay presion
intermedia. Estas rocas contienen porfidob]astos de granate, los cuales muestran varios tipos de patrones de zonacion
quimica. Los granos de granate sc Comportan como sistemas cerrados con respectoa lamatriz delaroca. La mayoria delos
patrones de zonacion observados son debidos a cambios graduaics en las condiciones i’isicoqui’micas durante el

crecimiento. Sin cmhargo, algunos granos de granate muestran patrones dezonacién complcjos durante mL’iltiplcs eventos
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Introduction

Chemical zoning in mctztmorphic rocks has been widcly studied since i
preserves a chemical record of its growth history in rocks of very different
chemical compositions and over a wide spectrum of metamorphic conditions.
Garnet often shows a distinct chemical zoning and a broad range ofvariability in
terms of significative end-members of the solid solution, providing data to
constrain the P-T-t evolution of metamorphism in orogenic beles (Florence and
Spear, 1993). Previous studies reveal that the growth zoning of garnet is
controlled by several processes: (1) diftusion-controlled growth (Chernoft and
Carlson, 1997; Spear and Danicl, 2001; Meth and Carlson, 2005), (2) differences
in the degrcc of achievement of cquilibrium for different elements (ie., partial
equilibrium) and hctcrogcncitics in rock composition (i, local cquilibrium)
(Meth and Carlson, 2003), and (3) effect of multiple nuclei (Danicl and Spear,
1998; Spiess ct al,2001). All these processes occur during crystal growth.

Diftusional rccquilibration is the only post—growth process thar leads
to zoning in mincrals (Schwande e al.,, 1996; Fraser etal., 2000; Rios ctal.,
2008). Garnet zoning may also be affected by fluid-infileration (open
systems) and deformation (Erambert and Austrheim, 1993; Skelton etal.,
2002), and these processes may be coupled for deformation changes grain
size and reorganizes grain boundaries, affccting rates and pathways for
fluid-mediated diffusion (Kim, 2006). Williams (1994) suggested a
metamorphic/deformation-controlled  porphyroblast  growth  model
where the growth-rate changes are controlled by microstructure
dcvclopmcnt that is manifested by compositional and textural zoning,
Garnet zoning patterns can be symmctrical or asymmctrical (Hickmortt
and Spear, 1992). Ducbendorfer and Frost (1988) suggested that an
original zoning pattern can be modified and truncated by dcvclopmcnt of
schistosity due to selective dissolution during shcaring, and Kim (2006)
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indicated that zoning in garnet porphyroblasts can be modified by the
development of surrounding foliations and by associated preferential
dissolution and precipitation cffects. Therefore, truncated/overgrown
zoning patterns may provide crucial information to elucidate the
growth—deforma(ion history ofgarnet and the mechanism by which they
develop in (poiy)metamorphic rocks.

Garnets of metapelitic rocks from the Silgara Formation of the Santander
Massif providc anopportunity to study the nature of crystal growth, taking into
account that thcy are chcmieally hctcrogcncous and retain a record of their
growth history, and chcmically hctcrogcncous and retain a record of their
growth history, and contain microfabrics that aid in rclating pcriods of garnet
growth/dissolution to periods of deformation. Several types of garnet chemical
zoning have been rcportcd in these rocks, which, in addition to microfabrics,
were used for reconstruction of P-T-deformation paths during orogencsis
(Rios, 1999; Rios and Takasu, 1999; Castellanos, 2001; Rios et al., 2003,
2003b, 2008; Garcia ct al., 2005; Castellanos et al., 2004, 2008). This paper
focuses on the rclationship between microfabrics and chemical zoning patterns
ofgarncts of the mctamorphic rocks of the Silgaré Formation.

Geological setting

The Santander Massif (Eastern Cordillera of Colombia) comprises an carly
Palcozoic metamorphic comp]ex composed of the following geological units:
Bucaramanga Gneiss Complex, Silgaré Formation and Orthogneiss, which are
intruded by several igneous bodies, most of them of Triassic—]urassic age
(Goldsmith et al,, 1971; Boinet et al., 1985; Dérr et al,, 1995). Figure 1 shows a
generalized geological map of the Santander Massif. The metamorphic history of

this massif is important for interpretation of the geologic and tectonic evolution
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of the northwestern continental margin of South America (Rios eal., 2008). The
rocks of interest in this study are garnct—bcaring pclitcs of the Lower Paleozoic
Silgard Formation, which has been studied in detail by Rios and co-workers (Rios,
1999; Rios and Takasu, 1999; Castellanos, 2001; Rios et al., 2003a, 2003b, 2008;
Garcia ct al,, 2005; Castellanos ct al,, 2004, 2008). The Silgara Formation was
affected by Caledonian regional metamorphism under low- to high—temperature
and medium-pressure conditions (400-700 °C and 4.0-7.5 kbar), with the
distinction of the biorite, garnet, stauroiite—kyanite and sillimanite zones (Rios et
al, 2003a, Castellanos ct al., 2008). Well-exposed sections of this metamorphic
unit crop out at the Santander Massif (Figure 1), which is long established as
classic area for the study of rock mctamorphism and deformation caused by

continental collision during the Caledonian orogeny (Rios ctal,, 2008).

Analytical procedures

X-ray maps were collected using the JEOL 8800 clectron probe
microanalyzer of the Geoscience Department at the Shimane University
J apan). The anaiytical conditions were as follows: 15 kV accelerating voltage,
25-75 nA beam current, 40-80 msec/ pixel dwell time. Full details on garnet
analyses and continuous traverses for elemental distribution were presented in
previous studies (Rios, 1999; Castellanos, 2001; Rios et al.,, 2003a; Garcia etal,,
2005; Castellanos etal., 2008).

Chemical zoning maps

In this study, we reveal a number ofiimportant observations regarding the

major clement zoning and its correlation with microfabrics in garnet—bearing
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Figure 1. Generalized geological map of the Santander Massif modi?ed after Ward ecal. (1973), showing the rcgional distribution of mctamorphic rocks of the Silgar;’l Formation,

showing locations of the investigated garnet—bearing peiites (white stars).
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pelices of the Silgara Formation at the Santander Massif. Representative
analyses of garnct arc given by Rios (1999) and Castellanos (2001). Garnet is
almandine rich with minor pyrope, grossular and spessartine. Most garnet
grains exhibit typical growth zoning patterns, except for the sillimanite zone
samplc, which shows a diffusion dominated zoning profile. Garnet in
amphibolc—bcaring asscmblages is richer in grossular than that in
amphibole-frec assemblages. X-ray color maps reveal thatMn and Mg zoning is
likcly related with to smooth changcs in P-T conditions during progradc and
retrogradc mctamorphism and, hence, the distribution of these elements are
controlled by local Cquilibrium. However, zoningin Ca exhibits variable trends.
In some cases, Ca and Mn-Mg zoning patterns are spatially related, suggesting
that the main process that controlled the distribution of Ca is cquilibrium. In
most cases, however, it is gcnerally unrelated to zoning patterns in Mn and Mg,
in agreement with observations by Spear and Danicl (1998), suggesting
additional processes. In these cases, we interpret the distribution of Ca as a
result of the complex interplay of equilibrium and the diffusive transport of Ca
from the rock matrix to the growing grains ofgarnct. A discussion ofexamplcs
of chemical zoning in garnet, which are illustrated in Figurcs 2-13,is prcscmcd
below.

Garnet zone
Asshown in Figure 2 (sample PCM-441), the most striking characteristic

of garnetis the high Mn concentration, which from core to rim varies from 52,2
to 24.9 mol% spessartine. Mg increases from core to rim (3,9 to 9,7 mol%).

Garnet has a low-Ca core (7.2 mol%) with an inflection midway (13,9 mol%),
dcvcloping a pseud ohcxagonal band, between core and rim, dccrcasing towards
the rim (7.8 mol%). According to Spear (1993), a change in chemical zoning
character from growth zoning  to diffusion zoning by progressive
homogenization is attributed to diffusion with increasing mctamorphic gradc.

Garnet-Staurolite zone

As shown in Figures 3-4, Ca and Mn-Mg zoning patterns are spatially
related. Garnet from sample PCM-361 (Figure 3) is strongly zoned in Mn,
which decreases from 20,1 mol% in the core to 1,6 mol% in the rim. Mg
increases from core to rim (6,4 to 10,8 mol%). Ca decreases from core (5,0
mol%) towards a low-Ca annulus (1,8 mol%) with a sharp pentagonal outline,
dcvcloping a slight discontinuity in the zoning midway between core and rim;
then increases towards the rim (5,5 mol%). At the lower end of the garnetgrain,
the low-Ca annulus is truncated against the marrix (biotite), suggesting
dissolution during foliation dcvclopmcnt, although this feature is not observed
in the opposite upper end of the garnet grain. The qualitativc line scan through
the interior of the grain suggests that zoning in Ca is smooth whatever the
process that formed this zoning pattern, the consequences for garnet zoning
were mild. The high Ca / low Mn rim zone contains apatite, monazite and
ilmenite aligned parallel to the margins of the garnet, whereas the cuhedral
low-Ca annulus within the garnet corrcsponds toa changc in mineral inclusion
abundance, but does not corrcspond to a changc in the mineral inclusion
asscmblagc itself. The low-Caannuli should be assumed as a reaction boundary,

Figure 2. X-ray maps of Mg, M, and Ca showing compositional zoning of the smallest garnet porphyroblast in sample PCM-441, which is a pelitic schist from the garnet zone

characterized by a mineral assemblage of muscovite + quartz + plagioclase + garnet £ biotite, with minor K-feldspar, tourmaline, apatite, zircon, epidote, calcite and Fe-Ti oxides.

Figure 3. X-ray maps of Mg, Mn, and Ca showing compositional zoning of the garnet porphyroblast in sample PCM-361, which is a pelitic schist from the garnet-staurolite zone

characterized by the peak metamorphic assemblage of quartz + plagioclase + muscovite + biotite + garnet + staurolite, with minor phases such as ilmenite, apatite, monazite, xenotime,

zircon and rutile. Numerous inclusions of ilmenite define difterent patterns of distribution. Garnet diameter = 325 mm. Warm colors corrcspond to highcr concentrations.
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which isa function of P-T-X. If the variation in Cais related to episodicreaction
(consumption) of Ca—bcaring minerals the nature of inclusion may changc.
Garnet from sample PCM-516 (Figure 4) shows a decrease in Mn from core
(22,5 mol%) to rim (15,3 mol%). Note a small reversal in zoning near the rim.
Mg increase from core to rim (12,0 to 16,1 mol%). Mg and Mn distributions
show strongly negative correlation each other, whereas Ca distribution is not.
Ca decreases outwards (5,3 to 3,6 mol%) and reaches a low-Ca annulus with
sharp pcntagonal outline at mid—rcgion (3,6 mole %); then increases towards
the rim (6,3 mol%).

It is well known that changcs in the reactant and product asscmblagcs
occur at different times and ar different sites during the reaction history of
garnet crystals of different size and, therefore, their effects thcy cannot only be
the result of events allccting the entire rock, such as a changc in pressure,
temperature or fluid composition. These effects reflect kinetic factors that
cause elements (notably Ca) to fail achicving full chemical cquilibrium during
garnet growth (i.c., partial equilibrirum, Rios ct al., 2008). We consider that
inclusion-free rims and inclusion-rich cores, supportcd by the occurrence of
low-Ca annuli lacking inclusions in garnet (e.g, PCM-361, Figure 3, and
PCM-516, Figure 4), cannot be assumed as representing variable growth rates.
The problcm is diffusion of a given element (Ca),and garnet can grow (high or
low growth rates) with or without Ca (i.c., even if diffusion of ca is hampered,
Fe-Mn-Mggarnct can grown fast/slow). Texturally, although garnct outlinesin
these samplcs are slightly rounded, it is possiblc to observe that their rims were
basically parallcl to the euhedral low-Ca annuli and thar the majority of garnet

consumption occurred at the corners or intersections of growth crystal faces of
garnet. The abrupt variations in Ca distribution from core to rim are probably
due to the consumption of Ca-enriched mineral phascs in garnct—producing
reactions, dcvcloping zoning patterns with euhedral low-Ca annuli parallcl to
the garnetoutlines. According to Chernoffand Carlson (1997), this is typical of
growth zoning and suggests that very little volume diffusion took place after
growth,which isnotasurprise, taking into account that the diffusion coefficient
of Cain garnetis smaller than that of Mg-Mn-Fe.

Oscillatory zoned grains display a concentric rhythmic laycring with
distinct composition. Ie s frcqucntly recorded from metasomatic
?uid-dominated environments and mineralized hydrothermal systems such as
skarn dcposits (Smith et al,, 2004). Oscillatory zoning has been rcportcd in
calessilicate rocks (g, PCM-514, Figure 5). In these rocks, garnet shows a
complcx oscillatory zoning in Ca, lluctuating between 17,0 and 23,2 mol%,
opposite to the trend displayed by Mg (8.9 to 11,2 mol%) and Mn (19,410 22,6
mol%) zoning, Mg and Mn show a negative correlation. Note at least two
high—Ca annuli with sharp hexagonal outlines. The variable grossular content
may be related to reactions involving other calcic phases. A changc in mineral
asscmblagc may account for some of the oscillatory zoning trends observed,
but, to cxplain this type of complcx zoning, appcarancc/ disappcarancc of
Ca-rich phascs is needed. Altcrnativcly, other process (variation in fluid
composition and/or infiltration of fluid) controlling the fluctuations in the
availability of elements must be involved. The Ca-rich bands in garnct may
correlate with the breakdown ol‘cpidotc, plagioclasc and/or calcic amphibolc

Figure 4. X-ray maps of Mg, Mn, and Ca showing compositional zoning of the garnet porphyroblast in sample PCM-516, which is a pelitic schist from the garnet-staurolite zone

characterized l)y amineral asscmblagc ()fquglrtz + plagioclasc + K»lbldspar +muscovite + biotite + garncet, with minor ilmenite and calcite. Garnet diameter = 1.20 mm. Warm

COlOI’S corrcspond to highcr concentrations.

Figure 5. X-ray maps of Mg, Mn, and Ca showing compositional zoning of the garnct porphyroblast in sample PCM-514, which is a calc-silicate rock from the garnct—staurolitc

zone characterized by amineral asscmblagc of quartz + plagioclasc + K—fcldspar +garnet + Ca«amphibolc, with minor cpidotc, calcite, biotite, ilmenite, rutile and magnetite. Garnet

diamctcr = 065 mm. Warm COlOl’S cori‘cspond to highcr concentrations.
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or with the presence of a Ca-rich fluid; garnct growth continued with
dccrcasing grossular content after each of these events, with Ca fractionating
into garnet, plagioclasc and/or calcic amphibolc (Rios etal., 2008). A complcx
oscillatory zoningas described here hasa controversial origin and itisdifficult to
explain it by a cyclic addition and loss of mincral phasc(s) from the chemical
system. Abrupt compositional shifts are intcrprctcd to re?ect sudden changcs
in the parameters controlling garnct growth asaresult ol‘cpisodic in?ections in
the P-T path (Garcia-Casco ctal,, 2002) or changes in the garnet-producing
reactions (Jamtveitand Anderson, 1992).

Garnet usually shows a normal zoning with Mn content dccrcasing from
core to rim, although aminimum Mn content near rim sometimes is observed,
rcvcaling a reversal zoning, which in many cases reflects post—pcak resorption
and rccquilibration duriug cooling by clemental diffusion during retrograde
metamorphism. As shown in Figure 6 (c.g., sample PCM-420), garnet exhibits
growth zoning: from core to near rim, there is an increase in Mg (from 3,1 to
12,0 mol%) and a decrease in Mn (from 43,2 to 5,6 mol%) and in Ca (from 18,0
to 7,6 mol%). Note the Mn distribution showing asmall reversal zoningatrim.
Reversalin Mn (from 5,6 t0 9.7 mol%) is accompanied by reversal in Mg (from
12,0 to 10,6 mol%). Concentrations of Mg and Mn in the core of the smaller
garnct (uppcr left side) corrcspond with near-rim compositions in the largcr
crystal, although Ca composition is not similarly systematic. However, even if
Cain the core of the grain does not reach similar concentration as in the core of
the largcr grain, it should be systematic because Ca increases in the core. This
canbe cxplaincd due to the fact that the garnet was not cut through the core or
that the core of the smaller grain started groxwh after the core of the largcr grain.

A more complex chemical zoning is observed in sample PCM-618
(Figurcs 7 and 8), which reveals amoeba-like and sector zoning in garnet.
Amoeba-like zoned garnct (Figurc 7) shows a similar chemical zoning as that
reported by Daniel and Spear (1998) for Mn, which reveals multiple nuclei
formed simultancously in the core region, with nuclei cxpanding by growth in
amocba—shapc forms along preexisting mineral grain boundaries. However, it is
not clear that there are distinct nuclei taking into account the Ca distributionin
garnct. Therefore, the zoning pattern of the core suggests dissolution, diffusion
modification and overgrowth of a singlc grain at intermediate stages of
mctamorphism (i.c., before the outer Mg—rich rim was formed). To idcntify
various nuclei, district concentric zoning about them should have dcvclopcd
until the crystals merge into a singlc grain with continuous overgrown bands.
The distribution of Mn, with a localized maximum, suggests a singlc nucleus.
Note the strong negative correlation between Mg and Ca, with Mg-poor and
Ca-rich regions in the core comparcd to adjaccnt regions. Garnet shows
normal zoning up to mantle, with a reversal chemical zoning from mantle to

rim, rcvcaling a rctrogradc mctamorphism. Sector-zoned garnet occurs in
graphite-bearing pelites (c.g, PCM-618, Figure 8) and involves the preferential
inclusion of graphitc and quartz witha crystallographic control. Garnet displays
variable pacterns of zoning, It reveals that distribution of elements follows a
radial (sector) trend, but in other cases discribution follows patchy and
concentric trends. Note the strongly correlated distributions ol‘Mg and Ca,
with Mg—poor and Ca-rich regions comparcd to adjaccnt garnet. Mg from core
(9.9 mol%) to rim (11,4 mol%), accompanicd by a decrease of Mn (from 1.8 to
0,7 mol%) and Ca (from 8,2 to 7,94 mol%). As mentioned above, a localized
maximum in Mn suggestsa singlc nucleous for the garnetgrain. The formation
of sector-zoned garnets gcncrally is related to rapid increase of temperature
during mctamorphism, which that may be due to enhanced heat flow related to
an extensional event associated with coeval magmatism and thermal
mctamorphism and/or maybc due to strong strain in high temperature shear
zones as suggested by Kleinschmidr et al. (2008). Castellanos et al. (2004)
discuss in detail the occurrence and growth history ol‘chcmically sector-zoned
garnets. Garnet zoning patterns can changc due to dissolution, solution
transfer, and diffusional modification (Spear, 1993). However, garnet zoning
may have been influenced not only by mctamorphic processes but also by
deformation.

Additional examples of resorption are illustrated in Figures 9 and 10.
Meth and Carlson (2005) suggest that Mn reversal zoning may have resulted
from partial discquilibrium at millimeter scale. The core, rcprcscntcd hy a high
Mn concentration, is not situated in the gcomctrical center of the grain, which
according to Rios ct al. (2008) suggests cither asymmetrical growth or thata
significant amount of resorption has taken placc. Mn is not concentric about
individual parts of the garnct, but rather is zoned in irrcgular, amocba-like
shapcs, a pattern that reflects fast growth along grain boundaiy surfaces and
slower dissolution and rcplaccmcnt of quartz inclusions (Spcar and Daniel,
1999). Garnetin sample PCM-47 (Figure 9) shows normal zoning through the
core to the inner rim, but in the outer rim the chemical zoning is reversed,
rcvcaling a rctrogradc mctamorphism. From core to outer rim, there is an
increase in Mg (from 1,8 to 3,1 mol%) and a decrease in Mn (from 4,5 to 1,5
mol%) and in Ca (from 3,4 to 2.7 mol%). Garnet in sample PCM-523 (Figure
10) shows normal zoning from core to rim. It displays an increase in Mg (from
9,0 to 13,1 mol%) and a decrease in Mn (from 32,2 t0 20,9 mol%). Ca shows an
irregular distribution (from 12,6 to 17,7 mol%). Garnetis interpreted as broken
hy dissolution. An alternative cxplanation is that the grain was atfected by a
process of rcplaccmcnt hy chlorite, as indicated by the high Mg areas acljaccnt
to the lower garnetrim. The chlorite grains seem to be largcr than those in the
matrixand not l-ully oriented along the main foliation, suggestinga rcplaccmcnt

Figure 6. X-ray maps of Mg, Mn, and Ca showing compositional zoning ofthe garnct porphyrol)last in samplc PCM-420, which is a quartz-feldespatic pelitic rock from the

garnct«staurolitc zone characterized by amineral asscmblagc ol‘quartz + plagioclasc + K-fcldspar + biotite + garnet, with minor ilmenite and magnetite. Garnet diameter = 1.75 mm.

Warm colors correspond to higher concentrations.
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Figure 7. X-ray maps of Mg, Mn, and Ca showing compositional zoning of amocba-like zoned garnetin samplc PCM-618, whichisa pciitic schist from the garnct»stauroiitc

zone. Garnet shows patch and amoeba-like shapcs ofthe Ca zoning, Garnet diameter = 2.50 mm. Warm colors corrcspond to highcr concentrations.

of garnct by retrogression(+luid infileration). The (apparent) lack of
orientation of chlorite suggests that the process took placc with liccle, if any,
deformation.

Zoning patterns of garnet reflectalteration due to dissolution/ resorption
induced by deformation. A truncation of chemical zoning is not only an
evidence of tectonic dissolution in progressive shear zones butalso an excellent
indication of subscqucnt garnet resorption. Truncation has to do with
dissolution, but tectonic dissolution is not demonstrated in this study‘ Static
rcp]acemcnt (asindicated by biotite or quartz) seems to have been importantin
the dcvclopmcnt of the truncation. Anomalies in the chemical zoning have
occurred adjaccnt to boundaries of the textural zones and within the zone as
suggested by Vollbrecht et al. (2006). Dara reported by Rios (1999) and
Castellanos (2001) revealed that the compositions of the garnet at the textural
boundaries are different for different traverses, which can be attributed to
dissolution. According to Vollbrecht etal. (2006), this supports the suggestion

that zoning reversals within garnet porphyroblast and asymmctrical zoning
patterns can be cxpiaincd by (1) prcfcrcntial dissolution and precipitation
under pai‘tiai/ local chemical discquilibrium and (2) changcs ofbulk shortcning

direction.

Sillimanite zone

As shown in Figure 11 (sample PCM-953), garnct shows normal zoning,
whichisbroken by dissolution. Garnet shows normal zoning up to mantle, with
a reversal chemical zoning from mantle to rim, rcvcaiing a diffusion
modification during retrogression. There is an increase in Mg (from 2,0 to 3,1
mol?%) and in Ca (from 3,0 to 3,1 mol%) from core to mantle, with Mgand Ca
dccrcasing t02,6and 1,7 mol%, rcspcctivciy, from mantle to rim. Mn decreases
from core (6,3 mol%) to mantle (2,1 mol%), increasing from mantle (2,1 mol%)
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Figure 8. X-ray maps of Mg, M, and Ca showing compositional zoning of sector-zoned garnet in sample PCM-618, which is a pelitic schist from the garnet-staurolite zone.
Garnet diameter = 2.25 mm. Warm colors correspond to higher concentrations.

Figure 9. X-ray maps of Mg, Mn, and Ca showing compositional zoning of the garnet porphyroblast in sample PCM-47, which is a pelitic schist from the garnet-staurolite zone.

Garnet diameter = 1.40 mm. Zoning is mild. It seems that diffusion at near pcak conditions relaxed the original growth pattern. Warm colors corrcspond to highcr concentrations.
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to rim (7,0 mol%). Chlorite clcarly rcplaccs garnct. Hence, it scems that the
dissolution (rcplaccmcnt) process took placc during rcti‘ogrcssiori(+fltiid
infiltration). The (apparcnt) lack of orientation of chlorite suggests that the
process took place with litcle, if any, deformation. This textural evidence also
suggests that it was related to cooling as demonstrated by the high Mn rim
(produced cither by diffusion modification). On the other hand, it is clear that
Ca behaves indcpcndently and does not mimic Mg and Mn zoning bur it
should be taken into account that the variation in Ca in the core-mantle region
is smooth.

Garnet resorption would be cxpcctcd to produce an irrcgular, cmbayed
garnet margin andan ovcrgrowth onsuch irrcgular boundaiy should producc a
subhedral to anhedral low-Ca annulus, as observed in the studied garnets (c.g.,
PCM-473, Figure 12). Garnet exhibits reverse zoning, with a decrease in Mg
(from 11,0 t0 6,0 mol%) and increase in Mn (from 6,9 t0 9,3 mol%) from core to
rim. Composition is more homogcnous in the interior of the crystal and Ca
contentincreases sliglitly within the outer core (4,6-7,0 mol%), where it reaches
amaximum, then decreases to 4,5 mol% at rim, devcloping alow-Caannulus. A
sharp decrease of grossular content from core to the mid—rcgion has been
intcrprctcd by Menard and Spear (1993) as produccd by resorption of garnet
during production of staurolite, which is unlikcly because the garnct core is
euhedral. Chemical zoning does not follow the shapc of the marked
Cmbaymcnts (filled by quartz, biotite and ilmenite), indicating thatit is broken
by dissolution. The garnet grain was probably dissolved (and rcplaccd), but
tectonic-drive dissolution is not demonstrated. The classical thcory of
prcssurc—drivcn dissolution prcdicts dissolution at the interfaces (mechanical

discontinuities) orthogonal to the larger main principal stressand precipitation
at the interfaces parallcl to the smaller main principal stress. This is not clcarly
seen in the above images. An alternative is that it breaks apartin different picces
during non-coaxial deformation. In this case, the growth zoning is broken, but
dissolution does not ncccssarily take placc. After brcaking apart, the pieces may
experience turther growth or thcy may experience retrogression (dissolution).
Iralso suggests resorption or partial breakdown of the garnet (Spear ceal., 1995)
during the P-T dccrcasing probably linked to the exhumation of the rock.
However, cmbaymcnts along the garnet grain originally intcrprctcd asaresult
ofa resorption process, can be also intcrprctcd as growth features, rcsulting
from pinning of garnet grain boundaries adjaccnt to quartz (Pylc and Spcar,
1999). We suggests, however, that garnet affected by progressive shear displays
tectonic dissolution features, as revealed by the chemical zoning of garncet,
which is abruptly truncated against the main mctamorphic foliation of the rock.
As prcviously stated, it seems that dissolution of garnct is related with
rcplaccmcnt under (apparcntly) static conditions during retrogression rather
than with tectonic dissolution.

Figure 13 (sample PCM-971) shows a pattern of quartz inclusions in
garnct that tends to form a sigmoidal arrangement or snowball structure,
which is known as synkinematic growth structure (e.g. Schoneveld, 1977).
Microstructure of garnet shows different features between inner and outer
parts of the grain. The inner part contains a sigmoidal arrangement of
inclusions whereas the outer part has not inclusions. Garnet exhibits normal
zoning, with Mn dccrcasing from 5,8 to 0,4 mol%and Mg increasing from 1,0
t0 2,9 mol% from core to rim. Ca also decreases from core (4,8 mol%) to rim

Figure 10. X-ray maps of Mg, Mn, and Ca showing compositional zoning of the garnet porphyroblast in samplc PCM-523, whichisa pcliric schist from the garnct—staurolitc

zone sillimanitc zone. Garnet diamctcr =2.00 mm. Warm colors corrcspond to lligl’lCl‘ concentrations.

Figure 11. X-ray maps of Mg, Mn, and Ca showing compositional zoning of the garnet porphyroblast in sample PCM-953, which is a pelitic schist from the sillimanite zone.

Garnet diameter = 2.00 mm. Warm colors corrcspond to highcr concentrations.
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Figurc 12. X«ray maps of Mg, Mn,and Ca silowing compositional zoning ofthe garnet porpiiyrobiast in samplc PCM-473, whichisa pciitic schist from the stauroiitc-kyanitc

zone characterized by a mineral assemblage of quartz + plagioclase + muscovite + biotite + garnet + staurolite, with minor sillimanite, ilmenite and magnetite. Garnet diameter =

2.50 mm. Warm colors corrcspond to highcr concentrations.

(1,8 mol%). Therefore, it is characterized by a gradual decrease of Mn and Ca
from core to rim, counterbalanced by a simultancous increase of Mg. The
strong correlation in the zoning of Mn, Ca and Mg suggests that these
clements achieved local cquilibrium during garnet gmwth. However, some
authors (c.g. Ikeda ctal. 2002) suggest to study in derail the microstructure,
cr)r'staliographic orientation, chemical composition and three-dimensional
slmpe ofsigmoidai garnet in order to establish evidences that can be used to
discuss its origin, and in particular to distinguish between rotational versus
non-rotational models.

Chemical zoning of garnet from metapelitic rocks of the Siigar;i
Formation can be summarized as follows: (1) garnet is almost pure almandine
end member, with very low content ofMg, Mnand Ca.In addition, Oniy a siight
increase of Mn was observed art the core; (2) garnets exhibits normal zoning
with increasing Mg components from core to rim and dccrcasing Mn and Ca
components from core to rim, suggesting progradc mcmmorphism; (3) garnet
exhibits normal zoning through to the inner rim, but in the outer rim the
chemical zoning is reversed, reflecting the effects of retrogression, (4)
sector-zoned garnct, with very different models of zoning; (5) amocba-like
zoned garnet; (6) anomalies in the chemical zoning at the textural boundaries
reveals not oniy a modification by mctamorpliic processes but also
deformation. Patterns can deviate from normal growth zoning in garnet (c.g,.
cuhedral bands concentric about the garnet core, patchcs or spirai to curving
pattcms). Aithougii the zoning in all elements is br()adiy concentric, detailed
examination of the X-ray maps reveals a more compicx pattern as occurring in
sector zoned garnet, wherea strong negative correlation between Mg and Cais
observed. Chemical zoning of garnct is gencrally asymmetric and core
compositions do not always coincide with the geometric center of the garnct.
Zoning patterns of garnct reflect alteration due to disso]ution/resorption

induced by deformation. A truncation of chemical zoning is not only an

evidence of tectonic dissolution in progressive shear zones but also an excellent

indication ofsubscqucnt garnet resorption.

Conclusions

X-ray color maps oi'.garnct in pciitic rocks of the Siigar;i Formation reveal
complcx patterns of nucleation and growth that probably were strongly
affected by processes of dissolution, solution transfer (non dcmonstratcd) and
diffusion modification (during rctrogradc mctamorphism). However, even if
dissolution occurred, simultancous precipitation is not clear.

Mg and M is interpreted to reflect equilibrium with the rock matrix,
whereas Ca appears to be controlled by diftusive transport between garnct and
rock matrix, which however cannot be demonstrated here largely because
Ca»bcaringmincmis have notbeen described in detail and cheir reaction iiistory
(ﬂuxcs) not analyzcd.

Mn reversal zoning is the resule ()fpartiai rccquiiii)rati()n atthe millimeter
scale (iuring retrogression, and osciilatmy zoning of Ca appears to have been
gencratcd from slow intcrgmnular diffusioninlocal chemical hctcrogcncitics in
the distribution of nutrients (Ca—bcaring phases).

Inclusion-free rims and inclusion-rich cores likcly resulted from variable
growth rates, which is supportcd by the occurrence of‘garnct showing> low-Ca
annuli iacking inclusions and iiigh»Mn inclusion-rich cores, which is not
demonstrated here. Therefore, low- and high»Ca concentrations can be
cxplaincd by Ca—bcaring reacting plmscs rather than by growth rate, even if
Ca—bcaring phascs do not react, taking into account that growth rate has to do
with overstepping of-equiiibrium reaction boundaries.

The low- and/or liigh«Ca annuli should be assumed as reaction boundaries

(afunction of P-T-X) during garnct growth history, and truncation of the annuliis
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Figure 13. X-ray maps of Mg, Mn, and Ca showing compositional zoning of the largest garnet porphyroblast in sample PCM-971, which is a pelitic schist from the sillimanite

zone. Garnet diameter = 8.00 mm. Warm colors correspond to higher concentrations.

not only an evidence of tectonic dissolution in progressive shearzones butalso an
excellent indication of subscqucnt garnct dissolution/ resorption.

Anomalies in the chemical zoning at the textural boundaries are different
for different traverses, rcvcaling not only a modification by a diffusion process
but also the influence of microfabrics (non demonstrated) that promoted a

dissolution/ resorption process.
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