
Chapter V

Fluid Transport and Metamorphism in the lower crust:

Evidence from Channelized Reaction Zones

INTRODUCTION

Fluid plays a important role in the genesis of magmas and evolution of metamorphism.

Fluid compositions of the lower crust has been inferred from thermodynamic calculations

from fluid-buffered reactions and direct observations of fluid inclusions. It has been well

documented that CO2-rich fluid inclusions are present in many granulite terranes (Touret

1971). These fluid inclusions are the trapped samples of fluids related to granulite

metamorphism. These investigations are mainly concentrated on amphibolite-granulite or

charnokite transitions (e.g., Jackson et aI., 1989a,b; Edwards & Essene, 1988; Lamb &

Valley, 1988) and calcsillicate rocks (e.g., Glassley, 1983; Harley & Santosh, 1995).

However, most rocks of granulite terranes do not represent typical compositions of the

lower crust, because intermediate compositions of exposed granulite terranes are distinctly

different from mafic composition of xenolith derived from the lowermost crust (Rudnick

et al., 1988; Bohlen & Mezger, 1989). It is required to study granulite terranes mostly

composed of mafic composition to realize the fluid composition of the lower crust.

Examples reported are commonly characterized by CO2-rich fluid inclusions similar to

more felsic granulites, e. g. in the Furua complex, Tanzania (Coolen, 1982) and in the

Fiordland, New Zealand (Bradshaw, 1989). However, Lamb et al. (1987) pointed out

that CO2 in the Adirondack granulite terrane was trapped during a post-metamorphic

event.

To clarify the fluid composition in the lower crust, the abundant vein-related

metasomatic reaction zones developed within the metamorphosed gabbronorites are

remarked. Furthermore, spatial distribution of these veins provides a significant
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information about transport mechanism of fluid in the lower crust. Within the pyroxene

granulite, reaction zones that symmetrically develops both side of the vein predicts the

infiltration of external fluid phase derived from the base of crust or mantJe. The vein

related metasomatic reaction zones can be classified into five types; I) no-reaction zone,

2) garnet reaction zone, 3) garnet granulite, 4) scapolite-amphibole reaction zone, and 5)

amphibole reaction zone. Gamet granulites in the Jijal complex can be considered as one

of these reaction zones developed in the Kohistan mafic granulite, because the large garnet

granulite body in the Jijal complex was presumably formed as a result of fluid infiltration.

The author will summarize several types of the fluid-rock interaction, and discuss the

metasomatic process caused by fluid inftltration in mafic granulite bodies in deep crustal

conditions of the Kohistan island arc system.

FIELD OCCURRENCE OF REACTION ZONES

Field investigations of these metasomatic reaction zones were carried out about pyroxene

and garnet granulites along the Indus Valley. Pyroxene granulites can be observed as

pods in the amphibolite, and gamet granulites are restricted in the Jijal complex adjacent to

the KAB. These complexes were suffered from granulite facies metamorphism during

early to middle Cretaceous (Jan & Howie, 1980; Bard, 1983). Protoliths of metamorphic

rocks are gabbroic intrusives of early Cretaceous age, because preservation of relict

igneous textures in pyroxene granulites suggests that two-pyroxene-plagioclase

assemblage is the same as that in magmatic stage. The southern Kohistan complex shows

'0 ArP9Ar hornblende ages of 80 Ma which represent a younger metamorphism (Treloar et

al., 1989; Wartho et al., 1996). In Chapter IV, it was interpreted that the deepest part was

partially transformed to gamet granulites of the Jijal complex due to magmatic

underplating in the crust, then regional hydration occurred. There is IittJe evidence that

Kohistan pyroxene granulites resulted from dehydration process of amphibolites. In the

southern area of the Kohistan arc, pyroxene granulites are commonly intruded by quartzo-
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feldspathic veins between a fraction of a millimeter and several centimeter thick,

consisting of plagioclase and quartz with or without garnet or hornblende. Based on

mineral assemblages and textures, and for convenience of funher description, the

occurrences of the reaction zones are divided into five types described below. The

reaction zone developed along the vein in amphibolites has not been investigated in this

study. Figure 5-1 ilJustrates the pole to planar structure of variable types of vein.

No-reaction Zone

No-reaction zone type is defined by garnet-bearing pegmatitic vein without reaction zone

between the vein and host rocks. The pegmatitic vein is almost always filled with large

prismatic plagioclase and quartz and occasionally contains large garnet poikiJoblasts. This

type of the vein is minor throughout the investigated section. Northern limit of

distribution is the northern part of the NKA along the Indus Valley (Fig. 2-1). Similar

texture of garnets is preserved in garnet-free areas near Kiru in the SKA. Thickness of the

vein ranges from a centimeter to a few tens of centimeters. In most case, garnet grains are

concentrated in the centre of vein. Grain size of garnet poikiloblast is rarely up to 5 cm in

diameter.

Garnet Reaction Zone

The garnet reaction zone developed in pyroxene granulites can be classified into three

types. Type I is defined as garnet reaction zone with gradual boundary to the host rocks

developed along quartzo-feldspathic vein. Type II is defined as patchy idiomorphic garnet

developed at the margin of quartzo-feldspathic vein. Type ill is defined as garnet reaction

zone in the host rocks unrelated to quartzo-feldspathic vein. Type I can be observed as a

light red-coloured zone with relatively large portions of gray coloured-quartz and white

coloured plagioclase aggregate. It is difficult to clearly distinguish between the host rock

and the garnet reaction zone due to the gradual decrease in gamet (Fig. 5-2a). Most of
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garnet grain in the reaction zone is not idiomorphic and grain size is less than a few mm in

diameter. Thickness of garnet reaction zone is maximum 5 mm and reaction front is

generally parallel to fractured plane of quartzo-feldspathic vein. In the type ll,

idiomorphic garnet occurs along the plagioclase dominant vein and its grain size (I mm

I cm) is much larger than the former type (Fig. 5-2b). Type III can be recognized as red

coloured zone with irregular edge in no association with quartzo-feldspathic vein (Fig. 5

2c). General tendency that volume fraction of garnet decreases toward the host pyroxene

granulite is quite similar to type I garnet reaction zone with gradual boundary developed

parallel to the quartzo-feldspathic vein.

[n the NKA, the garnet reaction zone develops in the host rocks at the margin of

quartzo-feldspathic vein, that is type I and IT. Northern limit of the garnet reaction zone is

near Barasin, at middle part of the NKA along the Indus Valley (Fig. 2-1). The quartzo

feldspathic vein with the type I reaction zone is less than 5 mm thick and generally

narrower than the vein with the type IT reaction zone (several millimeters to 10 cm thick).

In the SKA, type ill garnet reaction zone is dominant and occurrence of type I or n is rare.

Thickness of the reaction zone widely ranges from a few millimeter to several meters. In

the southernmost SKA adjacent to the garnet granuHte in the Jijal complex, the width of

the reaction zone becomes very thicker. Type III reaction zone gradually change into the

garnet granulite mass in the Jijal complex. Garnet in the reaction zone generally shows

interstitial between pyroxene and plagioclase. In this study, garnet reaction zones with the

gradual boundary are described later in detail.

Garnet granulite

In the Jijal complex, garnet granuHtes homogeneously develops in comparison with the

garnet reaction zone in pyroxene granuHtes of the S KA. At the boundary between garnet

and pyroxene granulites, igneous banding which is early structure, in pyroxene granulites

is continuously preserved in garnet granuHtes. The primary compositional layering is
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occasionally preserved in the garnet granulite (Fig. 5-2d). It seems that the garnet-bearing

assemblage overprinted the early pyroxene granulite unrelated to the vein formation.

However, large garnet poikiJoblasLS (up to I cm) occur as a planar alignment in garnet

granulites containing scattered small garnet porphyroblasLS. Occurrence of garnet

granulites at the boundary between the pyroxene granulite and the garnet granulite looks

like a vein (Fig. 3-lc), which extremely resembles nature of the garnet reaction zone

classified into the percolating type. Thus, a development of garnet granulites was

fundamentally caused by fluid infiltration.

Scapolite-Amphibole Reaction Zone Type

Scapolite-arnphibole reaction zone develops in the host pyroxene granulite along garnet

bearing quartzo-feldspathic vein. The scapolite-amphibole reaction zone is mesoscopically

defined by the light green to gray coloured altered zone (Fig. 5-2e). This type of the

reaction zone is very rare in the KAB. The garnet-bearing quartzo-feldspathic vein with

scapolite-amphibole reaction zone cut the vein with the garnet reaction zone and the

foliation defined by alignment of pyroxene. Then pre-existing garnet reaction zone is

completely overprinted by the scapolite-amphibole reaction zone. This reaction zone

selectively develops when the surrounding rock contains relatively large amount of

garnet.

Amphibole Reaction Zone Type

Amphibole reaction zone can be recognized as deep green coloured altered zone clearly

defined by amphibole including pyroxene and develops symmetrically both side of the

hornblende-bearing plagioclase-rich veins in the ChiJas complex (Fig. 5-2f). Width of the

vein varies from 2 millimeter to over I meter. The amphibole reaction zone developed

along the vein also have variable thickness and its width is proportional to the thickness of

the vein (Fig. 5-3). Width of the vein increases with increasing that of the reaction zone.
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However, there is little correlation between the width of the amphibole reaction zone and

the hornblende-bearing pegmatite. In weakly hydrated area within pyroxene granulites,

the network of subplanar amphibole-bearing zone about 1-3 mm wide develops in no

association with distinctive plagioclase-rich vein. Hornblende is generally idiomorphic

and large grain size (up to 2 mm) in the plagioclase-rich vein. Plagioclase-rich pegmatite

contains coarse-grained hornblende poikiloblast (up to I cm in diameter). The pcgmatitic

vein occasionally cuts the vein with the garnet reaction zone in the KAB. Garnet

granulites in the ] ijal complex are also cut by plagioclase-rich vein with amphibole

reaction zone (Fig. 3-lc). These occurrences indicate that hydration event occurred after

gamet formation.

WHOLE-ROCK CHEMICAL ANALYSES

Compositional changes between the gamet reaction zone or the scapolite-amphibole

reaction zone and host pyroxene granulites were evaluated by whole-rock analysis of

selected rock specimens. For no-reaction zone type, slabs of host rock and vein were

separately obtained from the single specimen. For type I garnet reaction zone, the quartzo

feldspathic veins are so narrow that the gamet reaction zone cannot cut as separate section.

For type III garnet reaction zone, plates of the garnet reaction zone and host rocks were

obtained for each sample sequence from <S mm thick slab cut vertical to the elongated

direction of reaction zone. For the scapolite-amphibole reaction zone type, segments of

garnet-bearing vein, reaction zone and host rock was obtained, respectively. The contact

between the garnet-bearing vein and scapolite-amphibole reaction zone is excluded,

because the interface is impossible to determine precisely due to diffusive boundary. For

same reason, the contact between host rocks and the gamet reaction zone or the scapolite

amphibole reaction zone is excluded. In the case of the scapolite-amphibole reaction zone

type, thickness of the garnet-bearing vein is over S mm. Selected slabs were crushed into

cm-sized pieces by hammer. Then the pieces were crushed into coarse powder (<1 mm,
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about 100 g) in a WC mortar and ground into fine powder in a chalcedony ball mill. For

the major element analyses, dried rock powder of 0.4 g was used. The mixture of sample

and anhydrous lithium tetraborate (Li2B.07) was made into glass bead. The sample-flux

ratio was 1:10. 15-20 mg LiEr was added for easy removal from the crucible. The

mixture was fused in aPt-Au (95:5) crucible with a microwave furnace specially made for

heating the crucible for the XRF glass beads. By melting and agitating for about 6

minutes, a disk which is about 3.5 cm in diameter and 0.15 cm thickness was made and

was used for measurement. For the trace element analyses, about 4 g of powdered sample

in a disk shape which was enveloped with boric acid at side and bottom was pressed with

a hydraulic press and was processed to a pellet of about 4 cm diameter, which was used

for measurement. Major and trace elements were determined by XRF analysis, using the

Phillips PW-1480 instrument in the Geological Institute, University of Tokyo. JB-I (rock

reference samples from Geological Survey of Japan) were repeatedly analyzed with

unknown samples in order to confirm the analyses.

Slices of the host pyroxene granulite and adjacent reaction zone including the vein

are analyzed. Compositional changes in various types of the reaction zone are shown in

Figure 5-4. In the case of no-reaction zone type, chemical compositions of host rock and

gamet-bearing vein are clearly different with each other. FeO, MnO and Ti02 are rich in

the vein and AJ20 3 and N~O are poor in the vein compared with the host rock. Sr and Y

of the garnet-bearing vein are more than those of the host rock, whereas Ni, Cr, Zr and

Nb are less than those in the host rock. In the garnet reaction zone, compositional changes

of major oxides are characterized by clear depletion in N~O content. This systematic

change is obtained from contact pairs of the pyroxene granulite and garnet granulite at

Pattan. Other major and trace elements show no systematic change in the host and reaction

zone. For the scapolite-amphibole reaction zone, chemical compositions of the garnet

bearing quartzo-feldspathic vein is also presented. Except for Ti02 and Sr, MnO and Y

increase and ~03' ~O and Zr decrease toward the vein in the reaction zone. The
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scapolite-amphibole reaction zone tends to have higher concentrations of K20, Ni, Pb and

Rb rather than the vein and the host rock. In the case of amphibole reaction zone type, the

amphibole reaction zone is poor in a,O. Other elements do not show any significant

compositional change. In summary, mass transfer between the reaction zone and host

rocks is not significant except for Na,O.

PETROGRAPHY

Modal analyses using the point counting method for selected samples are presented in

Figure 5-5. Characteristics of each reaction zone are summarized in Table 5-1.

Petrographical consequence of the reaction zone and the vein can be classified into three

components in common: (I) host pyroxene granulites; (2) variable reaction zones and (3)

a central plagioclase-rich vein. These components are described foUowing section,

respectively.

(1) Host rock

The pyroxene granulite is commonly cut by plagioclase-rich veins and replaced by

reaction zones. Host pyroxene granulites show generally common features in spite of

variable types of the reaction zone. The mineral assemblage of the host pyroxene granuhte

consists of mainly pink pleochroic hypersthene, AI-rich augite and plagioclase (An'O-6o)

with minor tschermakitic hornblende, quartz, opaque minerals and apatite. Most of rocks

have no mineralogical banding such as pyroxene-rich and plagioclase-rich layers.

Exsolution lameUae in large pyroxene grain at the core suggesting crystallization at high

temperature (up to 1000 0c) are preserved in rocks with cumulate texture. Fe-Ti oxide

platelets develop at the core of chnopyroxene, when pyroxene granuhtes contain poorer

ilmenite. Although isolated brown hornblende is presumably primary phase with

magmatic origin, occurrence of pyroxene partially replaced by amphiboles suggests that

the host rock may be variably hydrated. 0 dehydration or decarbonization reactions have
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been recognized. The opaque oxides consist of ilmenite and Ti-rich magnetite which have

exsolved. Deformation was heterogeneous at high temperature and during hydration with

increasing water activity or decreasing temperatures. Pyroxene granulite do not contain

garnet, scapolite, K-feldspar and biotite. Host rock around the scapolite-amphibole

reaction zone is fundamentally same as that around other type of veins. The major

difference is existence of garnet and pyrhotite. Occurrence of gamet is scattered in the

host rock, because most of early garnet-bearing veins without scapolite-amphibole

reaction zone are folded subparallel to the foliation. Pyrrhotite commonly appears near

this type of vein.

(2) Reaction zones

Garnet reaction zones

The garnet reaction zone is composed of plagioclase, clinopyroxene, quartz, garnet,

biotite, K-feldspar, rutile, ilmenite, magnetite and apatite with residual orthopyroxene and

hornblende. Within the garnet reaction zone, because volume fraction of clinopyroxene,

orthopyroxene and hornblende decreases instead of garnet, it is suggested that the garnet

forming reaction is related to the breakdown of these minerals. Garnet accompanied with

quartz and small amount of rutile occurs as corona around ortho- and clinopyroxene and

hornblende where these minerals were originally in contact with plagioclase. Idiomorphic

garnet cannot be observed in the reaction zone. Width of garnet corona increases from

several Ilm to 500 Ilm toward the vein. Disappearance of hornblende occurs at further

side from the vein or centre of the reaction zone in comparison with total consumption of

orthopyroxene. In contrast, clinopyroxene is stable phase throughout the reaction zone

and its modal composition in the reaction zone occasionally is larger than that in the host

rock. The garnet corona around orthopyroxene contains fme-grained clinopyroxene and

vermicular inclusions of quartz (Fig. 5-6c). The breakdown of pyroxene is controlled by

series of mineral reactions (3-5) described in Chapter IV. In plagioclase matrix of the
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gamet reaction zone, isolated hornblende grains showing interstitial texture commonly

occur at the triple junction of plagioclase grain boundary (Fig. 5-6a). These reactions have

been used as relatively accurate geobarometry because of large volume changes (e.g.

Newton & Perkins, 1982). However, garnet-forming reactions in the pyroxene granulite

are locally developed or channelized. Large pyroxene grain with exsolution lamellae

situated berween the garnet reaction zone and the host rock is replaced by gamet-quartz

symplectite only at the garnet reaction zone side (Fig. 5-6d). It indicates that garnet

forming reactions are not due to increasing pressure or isobaric cooling but they are

resulted from change of fO, and fluid composition.

Magnetite, ilmenite and rutile are present in both of the gamet reaction zone and the

host rock. Ilmenite is abundant rather than magnetite. Toward the vein, modal

composition of rutile increase with increasing garnet and quartz, and with decreasing

plagioclase. This type of rutile is formed by the following reaction of end components

written as

gamet + rutile = ilmenite + plagioclase + quartz (7)

Ca,AI,Si,012 + 2Fe,AI,Si,012 + 6TiO, =6FeTiO, + 3CaAJ,Si,Os + 3SiO,

(BoWen & Liotta, 1986). As well as rutile-forming reaction, exsolution textures in

magnetite and ilmenite blebs suggesting the breakdown of ulvospinel component in

magnetite may be formed by following reaction (Essene & Bohlen, 1985; BoWen & Liotta,

1986);

gamet + ilmenite = uJvospinel + plagioclase + quartz (8)

Ca,AI,Si,Ol' + 2Fe,AI,Si,01' + 6FeTiO, =6Fe,Ti04 + 3CaAJ,Si,Os + 3SiO,.
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These reactions observed in the garnet reaction zone strongly depend on increasing

pressure.

Scapolite-amphibole reaction zone type

The scapolite-amphibole reaction zone consists of scapolite, calcic-amphibole,

orthopyroxene, plagioclase, biotite, K-feldspar, quartz, ilmenite, magnetite and apatite.

Spatial distribution of reaction zones shows finger-like penetrating into the garnet-bearing

vein towards host rocks. Spatial distribution of AI and Mg show the two dimensional

mineral distribution of scapolite, clinopyroxene, orthopyroxene and amphibole (Fig. 5-7).

At the margin of the garnet-bearing vein, scapolite and calcic-amphibole have a direct

contact with each other (Fig. 5-6f), whereas scapolite and calcic-amphibole in the reaction

zone form clusters, respectively.

Scapolite formation requires CO,-buffered reactions, because calcite is never

involved throughout the host rock to the vein. The scapolite reaction zone develops with

quartz near idiomorphic garnet in the vein. This type of scapolite seems to be formed by

following reaction of end components written as

grossular + 5anorthite + 2CO, =2meionite + quartz (7)

CaJAI,Si30 12 + 5CaAl,Si,O, + 2CO, = 2Ca.AJ6Si60,.COJ + SiO,

(Moecher & Essene, 1990; 1991). Although orthopyroxene is stable phase in the scapolite

reaction zone, clinopyroxene is never coexistent with scapolite (Fig.5-6e). It suggests that

clinopyroxene is not reaction product but reactant phase due to the scapolite forming

reaction together with expense of pre-existing garnet as follow:

5enstatite + 2meionite = 4diopside + 2pyrope + 4anorthite + 2CO, (8)

5Mg,Si,06 + 2 Ca.AJ6Si60,.C03
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=4CaMgSi20 6+ 2Mg3Al2Si,o,2 + 4CaA12Si20. + 2C02·

If calcic scapolite is formed by reaction without gamet, then the scapolite-forming reaction

is

6anorthite + 2diopside + 2C02 = 2meionite + enstatite + 2quartz (9)

6CaA12Si20. + 2CaMgSi20 6+ 2C02= 2Ca4Al6Si6024C03 + Mg2Si20 6+ 2Si02·

However, distribution of scapolite is restricted in adjacent zone of gamet clusters in the

vein. The scapolite-forming reaction may derived from breakdown of the grossular

component in gamet, suggesting reaction (7). Reaction (7) is thought to be the most

important reaction, because of occurrence of scapolite coexisting with interstitial quartz

and of decrease of orthopyroxene in the scapolite reaction zone.

Calcic-amphibole occurs interstitial between plagioclase grains, and it is continuous

to the garnet-bearing vein. In domains of calcic-amphibole, pyroxene surrounded by

plagioclase disappears. The fact that quartz in the domain is more than that in host rock is

consistent with reaction products of quartz. The calcic-amphibole-forming reaction is

controlled by the breakdown of pyroxenes as follow;

2tremolite = 4diopside + 3enstatite + 2quartz + 2H20 (10)

2C""Mg,Sis0 22(OH)2 = 4CaMgSi20 6+ 3Mg2Si20 6+ 2Si02+ 2H20.

The amphibole-reaction zone surrounded by randomly oriented Ti-rich biotite and very

small amount of K-feldspar seem to represent front of fluid infiltration. It is consistent

with concentration of K based on whole-rock chemical analysis.

Iron-titanium oxides commonly occur in host rocks and reaction zone. Ilmenite

Shows extensive, broad, unaltered, exsolution lamellae of hematite (Fig. S-6h). They are
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characterized by weU developed hematite exsolution lameUae in ilmenite. Moreover, orne

magnetite grains have exsolution lameUae of ilmenite. This texture has been interpreted as

subsolidus oxidation of the ulviispinel component in magnetite to form ilmenite by the

reaction:

6ulviispinel + 0, =2magnetite + 6ilmenite (J I)

6Fe,Ti04+ 0, = 2Fe,04 + 6FeTiO,.

Many authors used this reaction to determine the temperature and oxygen fugacity of

magnetite-ilmenite pairs (e.g. Buddington & Lindsley, 1964; Bohlen & Essene, 1976).

Host pyroxene granulites adjacent to the reaction zone contains phyrrhotite and

pyrite with chalcopyrite lameUae and blebs, whereas reaction zone never involves

sulphides. Pyrite and pyrrhotite are commonly rimmed by thin (5-10 !1m) magnetite films

along plagioclase grain boundaries (Fig. 5-6h). The textural associations of pyrrhotite,

pyrite and magnetite suggest arrested oxidation corresponding to the reaction:

6pyrrhotite + 202 =3pyrite + magnetite (12)

6FeS + 20, =3FeS2 + Fe30 4.

This texture is common in pyroxene granulites including Mg-rich pyroxene with high

MglFe whole rock chemistry.

Amphibole reaction zone type

Pyroxene is partiaUy replaced by hornblende and quartz aggregates. Clinopyroxene is

commonly altered to fine colourless actinolite laths with quartz blebs clouded with

magnetite dust changing to the brownish-greenish hornblende. Whereas orthopyroxene is

replaced by aggregates of colourless cummingtonite laths with quartz blebs changing to
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the hornblende toward plagioclase grains. While actinolite-hornblende transition is

optically gradational, cummingtonite-hornblende contacts are sharp. Brown hornblende

seems to form near interstitial Fe-Ti oxide. The textures represent that hornblende

associated with quartz are produced by hydration reaction of pyroxenes and plagioclase.

Garnet granulite

The plagioclase-bearing garnet granulite in the Jijal complex is composed of high Al20,

clinopyroxene, garnet, plagioclase, amphibole, ilmenite, rutile, magnetite, ilmenite and

apatite. Equidimensional 1-2 mm sized grains of plagioclase show a good granoblastic

texture. Clinopyroxene has rounded with long axes of about I mm. Quartz forms

irregular polycrystalline aggregates which consist of polygonal grains. Rutile often occurs

as solid inclusion in garnet poik.iloblasts. Garnet also occurs as xenoblastic aggregates (up

to 5 mm) or small polygonal grains (c. 500 llm) in the plagioclase matrix. Scapolite

occurs with quartz and garnet, and most of scapolite grains are considered to be

secondary phase along the grain boundary between garnet and plagioclase. However, a

rounded scapolite inclusion in garnet can be rarely observed, suggesting the formation

before garnet.

(3) Vein

The dominant constituent in veins is plagioclase (50-60 vol%) and quartz (25-30 vol%).

Compositions of plagioclase range from andesine to labradorite. Garnet occurs as cluster

at the margin of veins. Modal composition of garnet is about 10 vol%. Garnet is

idiomorphic shape and inclusion-free. Plagioclase and quartz are coarse-grained (up to I

mm) with abundant tiny fluid inclusions «5l!m). Other minor phases (less than 2 vol%)

are fluorine-rich apatite, hornblende, biotite, clinopyroxene and ilmenite. In the case of

the type I garnet reaction zone, garnet-bearing vein includes less commonly tabular

hornblende with platelets of Fe-Ti oxides (Fig. 5-2a). Relict brown hornblende, partly
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changed to symplectites of clinopyroxene and garnet provides evidence that hornblende is

primary phase. In the case of the scapolite-amphibole reaction zone type, garnet-bearing

vein involves garnet, scapolite, brown hornblende, plagioclase (An.5.,,), quartz and

ilmenite. Garnet and scapolite occur as euhedral grains in contact with plagioclase and

quartz. In the case of the amphibole reaction zone, quartzo-feldspathic vein is composed

of mainly plagioclase (oligoclase to andesine), quartz and large green hornblende with

low Ti- and K-contents in comparison with other types of the vein.

MINERAL CHEMISTRY

Compositional variations from host rocks throughout the reaction zone to the vein are

described in this section. Mineral compositions were determined using JEOL 733 MKll

and JXA 8900L electron microprobes at the University of Tokyo. Standard analytical

conditions were 15 kY acceleration voltage, 12 nA beam current, tight beam diameter and

10 s counting times. F and CI in scapolite, apatite, amphibole and biotite were measured

under same condition except for broad beam (5~m) using LiF and sodalite standard. Fe'+

contents in pyroxene and oxide minerals were calculated by stoichiometry. Fe'+-contents

in hornblende were estimated by scheme of Robinson elo1. (1982). Apatite formulae were

constructed, assuming that (OH, F, CI) occupy one of 13 anion sites. SO;- and cr in

scapolite formulae were calculated assuming 250. As for exsolved grains such as

pyroxenes and Fe-Ti oxides, parts of single phases were carefuUy measured.

Representative mineral compositions are shown in Tables 5-2 to 5-8, and compositional

variations of minerals vertical to elongation of the vein are shown in Figures 5-9 to 5-14.

No-Reaction Type

There are no compositional variations of host rocks toward the vein. Plagioclase and

quartz clusters in the quartzofeldspathic vein are directly conl<"lct with host pyroxene

granulite. Idiomorpruc garnet is characterized by no compositional zoning as shown in
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Figure 5-8a and inclusion-free. The no-reaction zone type generally occurs in the NKA

and garnet composition is characterized by higher mole fraction of pyrope component (up

to 30 mol%) and lower mole fraction of grossular component (less than 20 mol%)

compared with the SKA and Jijal complex.

Garnet Reaction Zone Type

Gamel occurs along the grain boundary between pyroxene or hornblende and plagioclase

(Fig. 5-6c). X sp, is very low and decrease toward centre of the vein. In the case of the

type II, Mg/(Mg+Fe2+) ratio increases from 0.25 to 0.37 toward the vein, and XAlm and

Xpy, show reverse patterns toward centre of the vein, respectively. However,

[Mg/(Mg+Fe2+)] in the type I reaction zone is little variation.

Orthopyroxene is hyperthene. Mg/(Mg+Fe2+) in the reaction zone slightly increases from

0.53 to 0.65 toward the vein. Ferric/ferrous ratio slightly decreases from 0.08 to nearly

zero in the reaction zone toward the vein. CaO and MnO in orthopyroxene are uniformly

low and typically decrease from 0.7 to 0.5 wt% and from 0.78 to 0.25 wt% toward the

vein, respectively. AJ,03-contents of orthopyroxene tend to decrease toward the vein from

2.7 wt % in the host rock to 2.0 wt% in the reaction zone. Compositional zoning of AI20 3

in orthopyroxene shows normal zoning suggesting AJ20 3-decrease toward the margin of

grain as well as granoblastic grains of orthopyroxene in surrounding pyroxene granulites

oftheNKA.

Clinopyroxene coexisting with orthopyroxene is from salite to augite with XMg = 0.23

0.35 and Fe3+ =0-0.2. In the reaction zone, XMg generally decreases and Fe3+-contents

increase toward the vein as well as orthopyroxene. Ferric/ferrous ratio slightly decreases

from 0.08 to nearly zero in the reaction zone toward the vein. MnO-contents in

clinopyroxene are uniformly low but distinctly decreases from 0.38 to 0.06 wt% toward
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the vein. Ti- and Na-contents does not vary toward the vein. For the type 1 reaction zone,

Al,03-contents of clinopyroxene tends to decrease toward the vein from 4. I wt % in the

host rock to 3.0 wt% in the reaction zone. Compositional zoning of AI,03-contents in

clinopyroxene shows nonnal zoning suggesting Al20 3 in decrease toward the margin of

grains. For the type II reaction zone, AI-contents in clinopyroxene mantled by garnet and

quartz symplectite do not vary toward the vein. Whereas AI-contents in small

clinopyroxene with gamet and quartz surrounding orthopyroxene are lower than those in

large clinopyroxene. AI-poor clinopyroxene can be considered as a new phase.

Plagioclase is the most abundant mineral in the reaction zone. In the case of type I, An

contents in plagioclase show compositional variations in the reaction zone from the host

pyroxene granulite to the veins. An-contents in the vein are higher than those in the

reaction zone and the host rocks. On the other hand, in the case of the type II, An-

contents show no variation.

Amphibole is magnesio-tschermakitic hornblende in the sense of Leake (1978).

Hornblende disappears in the reaction zone apart from the vein or centre of the reaction

zone except for relict brown hornblende. In the reaction zone, XMg systematicaUy

decreases from 0.52 to 0.63 toward the vein. To the vein, Fe3+-contents in hornblende

decrease from 0.68 to 0.21. Ferric/ferrous ratio also decrease from 0.28 to O. II toward

the vein. AI-contents generally decrease to the vein. Na- and Mn-contents slightly

decrease to the vein. In the type II, contents of K+ ion abruptly increase from 0.27 to 0.47

to the centre of the reaction zone. Contents of Ti4+ ion show a modest increase from O. 14

to 0.36 to the vein. F- and CI-contents in anion site show no systematicaJ variation.
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Fe-Ti oxides are mostly ibnenite and small amount of rutile only in the reaction zone.

Magnetite is rare in the reaction zone. Ti-contents in ilmenite generally increase toward the

vein (Fig. 5-11).

Scapolite-Amphibole Reaction Zone Type

Plagioclase is dominant and slightly decrease in An-contents from 0.50-0.47 to 0.48-0.45

in the transition from the host pyroxene granulite to the vein.

Scapolite in the garnet-bearing vein is unzoned and consistent in composition between

the reaction zone and the vein. EqAn (equivalent to anorthite) values (Evans et aI., 1969)

calculated on the basis of Si:AI ratios after normalization of AI+S ito 12 cations are in the

range 60-63. Scapolite compositions calculated from a, Ca and K cation proportions are

higher in apparent EqAn (EqAn*(Ca/Ca+Na+K) =73-75). K-contents are very low (less

than 0.2 wt%). Anion site of scapolite is sulfate-rich typical of mafic granulite with

SOAS04+CO,+CI) = 0.42-0.50 (e.g. Lovering & White, 1969; Edwards et ai., 1979;

Jones et ai., 1983; Stolz, 1987; Moecher & Essene, 1991). CI content is very low below

the level of detection limit « 0.1 wt%) in aJJ samples.

Orthopyroxene in the reaction zone and host rock is hyperthene. Orthopyroxene does not

contact with hornblende in the reaction zone. XMg slightly increases from 0.57 to 0.59

toward the vein. Ferric/total iron ratio slightly decreases in the reaction zone toward the

vein. Fe2
• -contents of orthopyroxene in contact with scapolite are slightly higher. Minor

components such as CaD- and MnO-contents in orthopyroxene are uniformly low,

typicaJJy 0.7 and 0.5 wt%, respectively and show no systematic change toward the vein.

Al20,-contents of orthopyroxene core decrease toward the vein from 2.7 wt % in the host

rock to 2.4 wt% in the reaction zone. Compositional zoning of AI-contents in
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orthopyroxene shows normal zoning as well as that in the surrounding pyroxene

granulites of the NKA.

Clinopyroxene coexisting with orthopyroxene ranges from salite to augite with XMg =

0.65-0.75 and Fe'+ = 0.13-0.3. Clinopyroxene never coexists with scapolite and

hornblende in the reaction zone. XMg and Fe3+-contents are not significant change to the

vein, but these values vary for each individual grains. Compositional zoning of AJ

contents in clinopyroxene shows normal zoning suggesting AJ in decrease toward the

margin of grain in similar to that in the surrounding pyroxene granulites with granoblastic

texture of the KA. AI-contents of clinopyroxene show no variation toward the vein.

Amphibole shows cluster and interstitial shape between plagioclase grain boundary. XMg

systematically does not change toward the vein, although XMg widely ranges from 0.36

0.46. To the vein, Fe3+-contents in hornblende within the amphibole reaction zone tend to

decrease from 0.6 to 0.2 in cations calculated by Robinson et aI. (1982). Ferric/ferrous

ratio also decreases toward the vein. Ca-, a- and K-contents show no significant

variations; and Ti-contents shows a slight increase from 0.18 to 0.26 toward the vein.

Iron-titanium oxides are mostly ilmenite and secondary magnetite in pyroxene. Ilmenite

shows extensive, broad, unaltered, exsolution lamellae of hematite (Fig. 5-6h). The

hematite lamellae consitute nearly 60 volume per cent in all grains and show both primary

and secondary hematite exsolution which may be interpreted from phase relations on the

FeTi03-Fe,03 join (Haggerty, 1991). Hematite and ilmenite form a continuous solid

solution above 700°C. Hematite-ilmenite solvus at lower temperatures lead to two sets of

exsolution lamellae, when the grain pass through the solvus during cooling. However,

because both sets of hematite and ilmenite exsolution lamellae in all of the grains are

observed, these grains must be unaffected by retrograde alteration during cooling.
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Especial care was taken to obtain consistent bulk compositions of exsolved hemo-ilmenite

grains. Individual hemo-ilmenite grains analyses were averaged to obtain a composite

whole. Averaged composition of ilmenite is 20 mol% hematite component.

Biotite occurs as anhedral patch around the amphibole aggregate. Differences in

composition of biotite in the reaction zone was not detected. Mg/(Mg+Fe2+) ratio shows

constant value of 0.54-0.56 with high Ti contents (>5 wt%).

ApaJile is F-rich and very small amount «0. I vol%) in the reaction zone. Anion site is

mainly occupied by F as weU as the apatite in the surrounding pyroxene granulite. Sulfate

contents in this type of the reaction zone are very small around 0.3 wt%, but sulfate

contents are much larger than those of other reaction zones and host pyroxene granulites.

Garnet granulite

Gamel is typical of almandine-pyrope-grossular series in composition. Grossular

component is clearly higher than pyroxene granulites in the KAB. Chemical

compositional profJ.Ies across gamet porphyroblasts are shown in Fig. 5-8b. Gamet

porphyroblasts are strongly zoned from the core to the margin. The grossular component

increases from the core to the margin. The increase of grossular component toward the

rim indicates whether pressure increase, or cooling for the assemblage of garnet

clinopyroxene-plagioclase-quartz (e.g. Newton & Perkins, 1982).

Clinopyroxene is characterized by high total AI-contents (>0.25 p. f. u). Increase in AI

contents toward the rim suggests that CaTs and Jd components significantly increase

toward the rim as weU as those in clinopyroxene from the pyroxene granulites in the KAB.

Na-contents in clinopyroxene increase southward in garnet granulites in the Jijal complex.

Jadeite content in clinopyroxene from the southernmost Jijal gamet granulite is over O. [5.
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Plagioci£Jse generally shows lower An content (An'O-4o) than pyroxene granulites.

Compositional zoning shows higher anorthite content in the core.

Scapolire locally occurs in garnet granulites. EqAn values are in the range 57-60. These

values is slightly smaller than those in scapolite of pyroxene granulites in the KAB. K

contents are very low (less than 0.2 wt%). Scapolite is sulfate-rich with

S0.tCSO,+CO,+CI) = 0.28-0.52. In the scapolite dominant rocks, scapolite contains

higher sulfate-contents (up to 0.5). Cl-contents are very low under the detection limit «

0.1 wt%) in all samples.

Amphibole reaction zone

Amphibole partly replaces orthopyroxene and clinopyroxene and forms a corona texture.

Figure 5-17 shows compositional change of amphiboles through actinolite grain to

plagioclase grain. With increasing with Al,O,- and Fe0-contents, Mg0- and Si02

contents decrease in hornblende away from actinolite grain. Cummingtonite surrounding

orthopyroxene contains very small Ca0-contents less than 0.3 wt% and total Al20 3

contents less than 0.2 wt%. Al- and Na-contents in cummingtonite suddenly increase near

the plagioclase grain. In both actinolite to hornblende and cummingtonite to hornblende,

Mg/(Mg+Fe2+) ratio gradually increases toward the plagioclase grain.

Plagioci£Jse is generally labradorite in host pyroxene granulites. Core compositions of

plagioclase in the reaction zone are in good agreement with those in unaltered pyroxene

granulites. Plagioclase which contacts with hornblende is more affected by the alteration,

and are continuously zoned from the core (An60) to the rim (An'O_50).

FLUID I CLUSIO S
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The fluid inclusions was investigated in the quartzo-feldspathic vein and the garnet

reaction zone. Plagioclase, quartz and garnet contain small fluid inclusions «2 ~m). Both

carbonic and aqueous varieties are recognized. Within veins, CO2-dominant fluid

inclusions are most abundant in quartz, but also occur in garnet and plagioclase. They

range from <I ~m to -10 ~m in diameter, with most <5 ~m. They are single phase and

show characteristic high relief and high internal reflectance. Tn quartz, they show locally

well developed negative shapes and occur commonly along sharply-defined healed

fractures. Some clusters show an obvious planar arrangement, and others are isolated. In

garnet, they form tubular, wormy inclusions locally of dendritic aspect, concentrated

along healed fractures. In plagioclase, a lesser amount of fluid inclusions can be observed.

Aqueous fluid inclusions show comparatively low relief, low internal reflectance and have

generally rounded or vermicular shapes, with a bubble usually visible at room temperature.

They are typically less than 5 ~m in diameter, and form distinct trails, often with an

orientation perpendicular to the elongation direction of quartz. Mixing with carbonic

inclusions has not been observed, although both types occur in single quartz grains. The

abundant aqueous fluid inclusions in partially retrograde assemblages are consistent with

later influx of aqueous fluids accompanying retrograde metamorphism.

In most of fluid inclusions, no phase transitions could be observed on cooling stage

experiments to -180 'c by microthermometry using Linkham gas-flow heating/cooling

stage at the Osaka City University. The apparent lack of phase change is probably caused

by a combination of small inclusion size, irregular cavity walls and the dark colour of the

inclusions, which prevent observation of small CO2 crystals and/or minor amounts of

liquid nitrogen and hydrocarbon forming on cooling. Raman spectroscopy and FT-IR

analysis were carried out to deterrrtine chemical composition of fluid inclusions. Laser

Raman microspectroscopy is non-destructive method that has the potential to obtain direct

molecular strucnlral information of materials. Tn principle, it can be used to analyze solid,

liquid and gaseous inclusions in situ. Fluid inclusions have been analyzed with a
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multichannel laser-Raman microprobe in the laboratory of Earth and Planetary Sciences.

Tokyo Institute of Technology. An objective with a 100 x magnification was used. The

laser wavelength was 514.53 nm of green line of At+ laser. The power of radiation at the

laser source was 800 mW. The integration time was 3 seconds and the number of

integrated spectra 2. Furthermore fluid composition was also measured by FT-IR at the

Department of Geosciences, Osaka City University.

Raman microprobe analyses of selected fluid inclusions in the quartzo-feldspathic

veins are given in Figure 5-18. Processing of the Raman data was carried out using

foUowing peak positions and relative Raman cross-sections (0") for the volatile

components at I bar; CO, /';.v = 1388 cm-', 0" =1.5, N, /';.v = 2311 cm-', 0" = 1.0 and CH 4

/';.v = 2917 cm-', 0" = 7.57, (Dubessy et ai., 1989). The accuracy of quantitative Raman

spectroscopy of high-pressure gas mixtures is still a matter of discussion as physical

properties on the laser Raman photometry are not all exactly known (Pasteris et ai., 1988;

1990). Therefore, analytical results represent qualitative amount of gas species in the fluid

inclusions.

Raman spectra of scattered fluid inclusions in quartz in garnet-bearing quartz

feldspathic veins show intensively sharp peak at 1390 cm" suggesting presence of carbon

dioxide, whereas fluid inclusion in skeletal shaped garnet in the garnet reaction zone have

broad peak around 3620 cm-' of Raman shift suggesting presence of H,O. Some carbonic

fluid inclusions also have small sharp peak at 2333 cm-' corresponding to the peak

position of nitrogen, and in rare cases, they have broad peak around 2920-2930 cm-'

presumably corresponding to the peak position of hydrocarbon. Nitrogen and methane are

the most common species in carbonic fluid inclusions (e.g. Touret, 1981; Hall & Bodnar,

1990; Andersen et ai., 1995). In most of cases, Raman spectra of carbonic fluid inclusion

have no evidence of the broad peak around 3620 cm-'. Fluid inclusions in garnet generally

are aqueous rather than carbonic compared with those in quartz. The presence of carbonic
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inclusions in quartz is also confirmed by FT-IR analysis using 50 11m beam diameter (Fig.

5-19). Consequently, carbonic fluid inclusions with small an10unts of nitrogen and

hydrocarbon always exist in quartz and gamet. These scattered isolated fluid inclusion in

quartz may represent early generation of fluid which was trapped during early stage of

vein formation, and which is unrelated to me later aqueous fluid inclusions.

Fluid composition cannot estimate using me micromermometric analysis because of

extensive small size of fluid inclusions including nitrogen and hydrocarbon which have

lower melting temperature. Furmermore, Raman data is not quantitative due to absence of

the accurate standard of gas species. Thus presence or absence of each kind of volatile

phase can be discussed.

DISCUSSIO

The distribution of fluid in me lower crust of the Kohistan arc can be considered based on

distribution of the reaction zones. Furtl1ermore me gamet granulite is also product related

to fluid infiltration. The garnet reaction zone in pyroxene granulites develops along only

the quartzo-feldspathic vein. In contrast, garnet granulite in me Jijal complex is relatively

homogeneous segment as the garnet-bearing phase. These reaction textures are very

similar wim each omer to mose in me garnet reaction zone developed in pyroxene

granulites. If garnet granulites are formed by infiltration mechanism of me same fluid,

different styles of garnet distribution between gamet granulite and pyroxene granulite do

not only suggest me difference of P-T condition but also mey are controlled by me

difference of omer factors. On me omer hand, me distribution of scapolite is characterized

by channelized or localized patterns mroughout me granulite facies rocks. Figure 5-20

shows schematic fluid distribution of me lower crustal section in me Kohistan arc during

me metamorphism. In following section, origin of several types of me reaction zone will

be considered based on phase petrology and causes of variable nature of metasomatic

reaction zone will be discussed.
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Origin of garnet in the mafic lower crust

The garnet reaction zone along the vein in the mafic granulite terrane has been reported by

a few previous workers. Bradshaw (I989b) reported garnet-bearing quartzo-feldspathic

veins in pyroxene granulites in the Early Cretaceous Fiordland terrane of New Zealand.

He attributed the formation of these veins to dehydration of the host rock triggered by

infiltration of carbonic fluids. Metasomatism accompanied dehydration, as shown by

increases in K, Na, Si, Ba and Sr and decreases in Ca, Fe, Mg, Ti and Y in the garnet

reaction zone relative to the two-pyroxene granulite. On the other hand, Pattison (1991)

reported garnet-bearing veins and patches including tonalitic leucosome in the Grenville

Province, Canada. He pointed out that the formation of the veins is caused by channelized

dehydration, while the tonalitic leucosome suggests local internally-derived anatexis. In

the Kohistan vein, the occurrence is similar to that of Fiordland complex. The depletion of

Nap in the garnet reaction zone is attributed to direct loss of Na+ to the infiltrating fluid

during hornblende breakdown. It is unlikely to result from removal of partial melts from

the garnet reaction zone, because K+ has remained constant; K+ is more incompatible than

Na and thus would be expected to be more readily partitioned into a melt phase. a+ may

have been dissolved as NaCI in an expelled aqueous fluid, with Cl and H20 also derived

from hornblende breakdown. The absence of systematic variation in plagioclase

composition between the host rock and the garnet reaction zone suggests that hornblende

is the main source of Na.

Phase relations

Predicted phase relations provide important insights into the nature and controls of garnet

forming reaction in the reaction zone. A closed system can be modeled by the end

member reaction in the garnet reaction zone, and then garnet and cl inopyroxene can be

considered as product assemblages. Assuming that aH,o is constant, garnet-forming
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reaction can be triggered by decrease in temperature at constant pressure (arrow I in Fig.

5-2Ia). Hornblende within the reaction zone firstly disappears toward rim of tlle vein or

centre of the reaction zone with increasing the modal composition of garnet. Water is

mobile components controlling the appearance of hornblende. Predicted reaction

sequences in T- QH,O space for the two-stage development of the garnet reaction zone are

illustrated as an arrow 2 in Figure 5-21 a. Quartz is treated as an excess component in tlle

system. The topology of the system requires that hydration reactions lie on opposite sides

of the [tr] reaction: enstatite + anorthite = pyrope + diopside. The positive dP/dT of this

univariant reaction, with enstatite + anorthite lying on the high-T low-P side, indicates

that dehydration must have occurred at the time of decrease in T and/or increase in P (Fig.

5-21 b). With increasing QH,O' hydration of the host pyroxene granuLite would first occur

via [py], then [di] reaction occurs. The formation of pyrope + tremolite via [di] reaction is

largely precluded by earlier disappearance of orthopyroxene via [py]: enstatite + diopside

+ anorthite + H20 = tremolite. With increasing QH,O' replacement of tremolite by gamet

would first occur via [en]. Thus decrease of modal composition of hornblende toward the

centre of the reaction zone or the vein should correspond decrease of QH,O'

In the reaction system, location of these reactions in P-T space can be considered

using diagram of Bradshaw (l989b) (Fig. 5-2Ib). As required by the topology of the

system, [hbl] lies on the low P and high T side of inferred conditions of garnet and

clinopyroxene-bearing assemblages in the reaction zone. In most pyroxene granulites, the

garnet-forming reaction [en] did not occur, as indicated by widespread occurrence of

hornblende-bearing and garnet-free assemblages in the host rock. The restricted

development of the garnet reaction zone can be explained by local conditions of reduced

QH,O' which caused invariant point and all dehydration reactions to shift lower T and P

along the low T extension of [hbl]; this extension corresponds to the reaction in no

98



association with H20. Lowered aH,o could facilitate the dehydration of hornblende to

form the gamet granulite at low T and P conditions.

Garnet granulites in the Jijal complex homogeneously develop instead of garnet

reaction zones in the KAB. In the estimated peak metamorphic conditions of garnet

granulites, garnet + clinopyroxene assemblage is enough stable even if aH,o is nearly

equal unity. Garnet granulites in the Kohistan arc therefore can be widely developed

under high T conditions (up to 800 "C). Thus the formation of garnet granulites in the

Jijal complex does not need the low aH,o. The fact that garnet granulite reaction zones in

the Fiordland complex are restricted only along quartzo-feldspathic veins indicates that the

garnet-forming reaction could not regionally occur under lower temperature (c. 700 "C)

rather than the Jijal garnet granulite. Origin of channelized gamet reaction zone may be

triggered by infiltration of carbonic fluids. In fact, carbonic fluid inclusion occurring in

the vein adjacent to the garnet reaction zone is characteristic.

Physical conditions inferredfrom compositional variation

For the type III reaction zone, compositional variations of ferro-magnesian minerals in the

reaction zone from the host rock to the vein can be apparently observed, as for especially

Fe/Mg exchange. Figure 5-22 shows distribution coefficient (Ko) of iron to magnesium

among each mafic minerals. The Ko (Fe/Mg) values are unrelated to the distance from the

centre of the reaction zone. Constant Ko value presumably represents local re-equilibrium

after the garnet formation, because Fe/Mg interdiffusion is relatively faster than other

chemical species under high T granulite facies condition. The Ko directly shows degree of

the progressive garnet-forming reaction. On the other hand, absence of compositional

change of plagioclase across the reaction zone leads to a change of equilibrium coefficient

of reactions (5). Difference of estimated pressure condition between the edge and centre

of the reaction zone based on variable methods of gamet-clinopyroxene-plagioclase-quartz

geobarometer is 200-300 MPa at almost the same temperature condition (Table 5-9). If the
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estimated pressure conditions are correct, dP/dx, where x is distance, is 30-50 MPa/mm

in the reaction zone from the vein to host rock. At constant temperature, one possible

explanation is that the chemical compositions at the edge of the reaction zone adjacent to

the host rock recorded lithostatic pressure, whereas those at centre of the reaction zone

recorded fluid pressure. Thus equilibrium in high pressure was caused by overpressure

due to locally large amounts of fluid influx. An alternative possibility is that plagioclase

does not accomplish local re-equilibrium after garnet formation, since the plagioclase

substitution (CaAlNa_ISi_l) is very slow because of charge-coupled cross site exchange.

Although XMg in garnet increases from pyroxene to plagioclase, estimated pressure from

centre of garnet corona undoubtedly increases toward centre of the reaction zone.

Assuming that Darcy's law is valid, permiability can be estimated by pressure gradient,

dP/dx:

qr=-(f}(~) (13)

where Ilr is the fluid viscosity, (dP/dz) is the fluid pressure gradient, and K is the

permiability of rocks. For the conditions of interest, both viscosity and fluid pressure

gradient are constant (IlF I. 5· 10-3 g·cm-l·s· l, and (dP/dz)=300-500 MPa·cm-I
). Thus, any

valiability of the fluid fluxes from eqn. (13) is due to permiability. Permiability is

proportional to a power of porosity:

K=W¢' (14)

where (0 and n are material-dependent constants that are approximately independent for

low values of porosity « I %). The exponent n, varies between 3 and 6, and increases

with increasing content of nonequidimensional grains in a rock. The constant (0, may vary
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over orders of magnitude and is dependent grain size, shape distribution, and welting

properties. For a fluid flux rate (q,) of 10'" to 10.12 m·s·' (Walther & Orville, 1982), then

permiability of rock around the type ill garnet reaction zone is 10.24 to 10.25 m2

Laboratory experiments and in-situ well tests (Brace, 1980) suggested that rock

permiabilities range from 10.17 m2 to 10.21 m2 However, these values were generally

detennined at room temperature and low confIning pressure. Etheridge et aI. (1984)

estimated higher permiability ranging from 10·\5 m2 to 10.18 m2 at hydraulic fracturing

condition. Thompson & Connoly (1990) estimated that lower crustal permiabilities are

4.6xlO·20 m2 for driving pressure gradient with fluids at lithostatic pressure when Darcian

fluid flow occurs throughout porous lower crust. These previous estimations of rock

permiabilty shows clearly higher value than that from this study. Because fluid flux rate

derive from an average metamorphic fluid released by devolatilisation reactions in the

metamorphic pile, which contains 5 wt% volatiles, the value (qn) of 10'" to 10.12 m's" is

unknown wherher is valid or not. If permiability at rocks around type III garnet reaction

zone is 10.20 m2
, fluid flux rate is over 10.7 m· S·'. However, this fluid flux rate cannot be

satisfied by fluid released by devolatilisation. Thus it is concluded that lower crust

consisting of pyroxene granulites is characterized by low penniability under granulite

facies condition. The low rock penniability may lead to no accomplishment of porous

media flow derived from large dihedral angle between solid and fluid phase and

development of hydrofracturing (vein formation).

On the other hand, for the type I reaction zone, only garnet has no variation of XM&

in the reaction zone. The Ko values between pyroxene and hornblende are constant,

whereas those between garnet and pyroxene or hornblende decrease toward the vein.

Thus, estimated temperature using garnet-clinopyroxene geothermometer decreases

loward the vein, whereas calculated pressure inferred from garnet-clinopyroxene

plagioclase-quartz geobaromelers has little variation due to no compositional variation of

An-contents in plagioclase and grossular component in garnet. If estimated temperature is
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correct, cold fluid would pass through the host pyroxene granulites. It is unrealistic

interpretation. Absence of compositional variation in garnet probably reflects difference of

diffusion rate between garnet and other ferro-magnesian minerals.

Formation Model oj Gamet Reaction Zone

Evolution of garnet reaction zone is required for two processes; fracturing of rock and

percolating of fluid. Figure 5-23 illustrates summary and formation model of the garnet

reaction zone. In the case of fracturing, widespread fracturing filled with plagioclase and

quartz in host pyroxene granulites formed joint-like networks. The high fluid pressure in

the stressed rocks is easy to make hydrofracturing. Crack formed by hydrofracturing

should be instantaneously filled with the fluid. If the crack filled with fluid influx has

lower fH 20 than host rock, gradient of water fugacity (fH20) would be formed around

the crack. If dihedral angle between H20 and surrounding minerals is less than 60' which

is equivalent to the critical value of percolative fluid flow (Watson & Brenan, 1986), H20

migrates percolatively toward the crack. Thus hornblende breakdown reaction is triggered

by locally lowered fH 20 along the fracture due to decrease in fH 20. If dihedral angle

between H20 and surrounding minerals is more than 60', transport of H20 should be

controlled by the diffusional process. In this case, there is no need for infiltration of low

fH 20 fluid from the fracture to the garnet reaction zone. In fact, this model is in good

agreement with the results from fluid inclusion studies; garnet in the reaction zone

contains aqueous fluid inclusion, whereas quartz in the vein involves carbonic fluid

inclusion. The aqueous fluid inclusions in garnet are probably derived from hornblende

breakdown reaction. Furthermore, pressure conditions at the boundary between the

reaction zone and the vein, inferred from geobarometry, tends to be somewhat lower than

that at the reaction front. These observations are required for not infiltration of low fH 20

fluid in the reaction zone but removement of H20 from the reaction zone.
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In the case of percolating model without presence of the clearly defined quartzo

feldspathic vein, pressure difference between the edge and the centre of the reaction zone

is remarkably larger than that of the fracturing model. This result might not reflect

difference of lithostatic pressure but difference of fluid pressure. In described earlier, if so,

minerals at the centre of the vein recorded the over fluid pressure being larger than the

lithostatic pressure. If the fluid had low fH,G, dehydration of hornblende would start at

centre of the reaction zone due to locally lowered fH 20. The volume decrease

accompanying the garnet-forming reaction provided open space at the reaction front,

further enhancing fluid circulation related to infiltration toward the host rock along the

fluid channels. Even if dihedral angle between the fluid and mineral exceeds 600

,

substantial influx of fluid is able to be immediately filled with the open space. This

process might enhance advancement of breakdown of hornblende, repeatedly. Moreover,

coupling of both disappearance of hornblende and decrease in water activity would lead to

breakdown of orthopyroxene. Low fH 20 fluids infiltrating along a given channel would

become progressively enriched in H20 as a consequence of hornblende breakdown, such

that reactions in which hornblende replaces pyroxene would eventually occur at the

infiltrating front; dehydration would occur only after water-rich fluids were flushed from

a given area. Water released from hornblende breakdown should migrate outward,

presumably upwards driven by buoyancy (Nakashima, 1995).

Origin of scapolite in the lower crust

Stability of scapolite

Scapolite can be chemically represented as a solid solution of four end-members: marialite,

N~Al3Si,02" aCI; a hypothetical end-member ~Al3Si,024·CaC03; meionite,

C~Al6Si602.. CaC03; and sulfate meionite, C~~Si602.. CaS04. Almost all of analyze

from natural scapolite range from 30 to 80 mol% meionite (Evans et al., 1969). These

intermediate compositions do not lie on a simple binary join between meionite and
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marialite, and the anion site can be filled with CO, at CaI(Ca+ a)=0.75. Newton &

Goldsmith (1975) have determined the stability relations of the end member scapolites

marialite, meionite and sulfate meionite. In the system Ab-An-CaC03 at 1200·C and 1.5

GPa, a large range of scapolite solid solutions can exist. Carbonate scapolite coexists with

plagioclase from An,oo to AnJ]. In the system Ab-An-CaSO. at the same condition, the

sulfate scapolite can coexists with Ab-richer plagioclase. Pure carbonate meionite is

unstable at moderate to low temperature (Orville, 1975) and can be produced in the

reaction 3An + CaC03 =} meionite over 800 ·C in the Na-free system (Moecher & Essene,

1990). Stability field of scapolite has been considered with calcite. The high pressure

breakdown of meionite to grossu]ar, kyanite, quartz and calcite occurs over 2 GPa. Pure

sulfate meionite is stable at high pressure field in the reaction 3An + anhydrite =} meionite.

Thus sulfate-rich meionite could only be expected to exist under rather deep-seated and

high-temperature conditions. Newton & Goldsmith (1975) found that the scapolite

becomes more sodic relative to the plagioclase with decreasing temperature, and proposed

the geothermometer based on the experimentally determined NaiCa distribution between

CI-free scapolite and plagioclase. However, the pair of scapolite and plagioclase in the

Kohistan arc provides over 1300·C which is much larger than metamorphic temperatures

(around 800 .C) obtained by the two-pyroxenes thermometry. This result probably

indicates the effect of pressure in removing Ca from plagioclase into garnet and pyroxene

or absence of equilibrium between scapolite and plagioclase.

Phase equilibria for scapolite in the system Ca0-Mg0-AJ,03-SiO,-CO,-H,O

(CMASCH) has not been considered. The important reactions of T- Xco, equilibria in the

CMASCH system are calculated using thermodynamic set of Holland & Powell (1990)

for pure meionite among the pyrope-grossular-enstatite-diopsode-tremolite-scapolile

clinozoisite-anorthite-quartz assemblage. In the vein-related scapolite reaction zone, figure

5-24 shows T- Xco, .diagram at 600 MPa. Because scapolite coexists with hornblende,
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both of scapolite and tremolite in the end member reactions are stable over wide range of

XeD,' However, the reaction, calcite + plagioclase = meionite occur, tremolite cannot

coexist with pure meionite in any XeD,' On the other hand, the absence of tremolite in the

garnet granulite at 1200 MPa suggests that stability field of scapolite is restricted in

high XeD, .at low temperature condition or low XeD, .at high temperature condition.

CO, activity in the lower crust

The oeD, in high-grade metamorphism is insensitive to direct thermodynamic calculation

from mineral equilibria, because CO2-bearing phases are relatively uncommon in high

grade silicate lithologies compared to hydrous phases. However, scapolite have been

considered as a common assemblage in the high-grade gneiss terranes and a powerful

monitor to evaluation of 0ca,' In the case of vein-related scapolite reaction zone, the

mineralogical differences between the reaction zone and the host pyroxene granulite are

appearance of scapolite, biotite and hornblende in the host rock near veins at the

consumption of orthopyroxene, clinopyroxene and plagioclase. Reaction (9) suggesting

scapolite-forming reaction occurs at high pressure (up to 2.0 GPa). In contrast, reaction

(7) suggesting breakdown of garnet occurs under granulite facies condition at reasonable

depth of the lower crust. In fact, the vein-related reaction zone without garnet in pyroxene

granulites is never observed. Therefore, it might be expected that garnet already formed in

the host pyroxene granulite before scapolite formation. Moecher & Essene (1991) directly

calculated 0ca, using reaction (7) from rocks in high grade gneiss terranes and xenoliths.

Scapolite, the activity model of Baker & Newton (1996) is used, provides somewhat

smaller OeD, than that of other models (Oterdoom & Gunter, 1983; Moecher & Essene,

1990; 1991). The scapolite-bearing reaction zone in the pyroxene granulite yield OeD, >

0.88 at 750-850 °C and 0.8 GPa, whereas the scapolite-bearing garnet granulite yield

0.56 < 0ca, < 0.89 at 750-850 °C and 1.2-1.5 GPa. These results suggesting 0ca, >
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0.45 are in good agreement with the calculated aca, of the mafic granulites and xenoliths

(Moecher & Essene, 1991). When scapolite inclusion in garnet is in equilibrium with core

of gamet and plagioclase, calcu!atedaco, of core composition is higher than that of rim

composition. Assuming the fluid composition of binary H20-C02, Xco, is over 0.6 (Fig.

5-25). Relatively high aco, should be required for the scapolite forming reaction of the

Kohistan granulites.

Oxidation states and origin of sulfate-rich scapolite

Opaque minerals, sulphides and graphite are important minerals to understand the role of

volatiles in formation of the various reaction zones developed in the lower crust of the

Kohistan arc. Most of pyroxene granulites usually contains significant amount of hemo

ilmenite and small amount of magnetite. Chemical composition of these minerals can

provide information of redox state during formation of reaction zones. Oxygen fugacity

(f02) can be estimated from oxidation reactions involiving oxide and silicate minerals.

Carmichael (1991) showed that alkaline basalts record very high primary oxidation states,

suggesting that important constituent of volatile is H20, CO2 and S02. Scapolite-forming

reactions may correlate with these redox state. Scapolite contains significant amount of

sulfate ion in the anion site. In addition, pyroxene granulites including scapolite reaction

zone in the NKA, contains sulphide, especially pyrrhotite. These results allow calculation

of sulfur fugacity. Redox state of metamorphic fluids in the Kohistan arc was monitored

by analysis of oxygen and sulfur fugacities between the reaction zone and the host rock.

High-sulfur scapolite is important constituent of xenoliths in basaltic or kimberitic

lava and breccias (e.g. Jones et 01., 1983) and of mafic granulites and anorthosites (e. g.

Blattner and Black, 1980; Coolen, 1982; Austrheim & Griffin, 1985). In general, sulfate

content in scapolite in mafic granulites is much higher than that in calc-silicate gneisses

and anorthosites (Moecher & Essene, 1991). Sulfate-rich scapolite in the lower crust is

generally considered to be metamorphic or metasomatic origin (Lovering & White, 1964;
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Okrusch et a1., 1979), formed by a complex reaction involving a relatively CO,-rich fluid

phase, calcic-plagioclase and accessory sulfides. The vein-related scapolite seems to

develop within the pyrhotite-rich pyroxene granulites. The primary sulfides in the host

pyroxene granulite is apparently oxidized by fluid composition with high oxygen fugacity

and released sulfate anion incorporate into scapo1ite. Occurrence of scapolite developed

along the vein and consumption of primary garnet and sulfide reveals that these scapolite

are secondary phase originated by fluid infiltration with high oxygen fugacity. Sulfate in

scapolite is probably derived from reaction with sulfides or other forms of reduced sulfur

from the mantle. It is likely that oxidation takes place by a ferrous-ferric equilibrium with

deep crustal minerals, and with no transfer of oxygen or need for other oxidizing agents.

A simplified reaction between silicate minerals, sulfides and oxides would be (Goldsmith,

1975):

S'· (in sulfide) + 4Fe,O, (in magnetite) = SO~- (in scapolite) + 8FeO (in silicate).

This reaction should lead to reduction in hematite component of magnetite and decrease in

XM, in silicate minerals. Although compositional variation vertical to the vein is not

supported by the above reaction, ferrous iron content of orthopyroxene in contact with

scapolite is slightly higher.

Self-consistent temperature/oxygen fugacity mesurements based on clinopyroxene

orthopyroxene-ilmenite-quartz were calculated by using QUIlF program of Andersen et al.

(1993). Compairing with T-fO, condition of scapolite-amphibole reaction zone between

the host pyroxene granulites and the garnet reaction zone, they were calculated only from

the samples in the KA at the same pressure condition of 800 MPa. Clinopyroxene

coexisting other minerals was choosen from adjacent area to scapolite reaction zone. In

the case of garnet reaction zone, orthopyroxene, which is the nearest to the vein within the

reaction zone, coexisting with clinopyroxene and ilmenite were selected as an equilibrium
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set of each mineral. In the host pyroxene granulites, arbitrary pairs were selected. The T

f02 pairs are plotted in figure 5-26. It suggests that garnet-forming reaction occurred

under reduced and lower temperature condition in comparison with surrounding pyroxene

granulites, and scapolite-forming reaction occurred at higher f02 and T condition. The

results from garnet reaction zone are in good agreement with decerease in Fe3+/Fe'OlOJ in

each minerals toward the vein. CO2-rich fluid confirmed by fluid inclusion study is still

stable, because the reduced conditions are located above equilibrium of invariant reaction

of graphite + 02 =CO2, Pair from scapolite-amphibole reaction zone shows higher T and

f02 condition. The result from scapolite reaction zone is plotted on reaction curve of

pyrite + magnetite =pyrrhotite + 0,. Pyrrhotite in the host pyroxene granulites adjacent to

the reaction zone is rimmed by magnetite and small amount of pyrite. It indicates that f02

elevated at the time of crystallization of scapolite. Crystalliazation of scapolite also

requires the presence of S02 in metamorphic fluids. Plotting the values of f02 and fS, on

the equilibrium diagrm of the system Fe-Si-0-H-S, it can be seen that the stability of

sulfate-rich scapolite requires f02 significantly higher than that coexisting with pyrrhotite.

The lack of sulphide in the reaction zone also suggests that sulfate ion in scapolite is

formed by pyrrhotite breakdown at higher f02 • Thus, scapolite-forming reaction in the

NKA is presumably triggered by oxydizing metamorphic fluid.

The gamet granulite in the Jijal complex shows compositional banding,

characterized by clinopyroxene + garnet-rich and plagioclase-rich layers. Scapolite occurs

in plagioclase-rich layers and some scapolite totally substitutes instead of plagioclase.

Metasomatic production of sulfate-rich scapolite would require an environment with a

relatively high f02 and presumably fH 20. In fact, vein-related scapolite in the NKA

coexists with hornblende in the reaction zone adjacent to the garnet-bearing quartzo

feldspathic vein. Layered scapolite-bearing gamet-clinopyroxene-plagioclase xenoliths

from Delegate, Australia, were interpreted as cumulates from basaltic magmas (Irving,

1974), although it was not specifically argued that the scapolite was of igneous origin.
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Strong evidence for the existence of igneous scapolite is provided by its occurrence as

phenocrysts in latite dome from Arizona (Goff & Eddy, 1979), as megacrysts in tephra

from the Enval-Volvic volcanic line, France (Boivin & Cumus, 1981), and as inclusions

in garnet from McBride, Australia (Stoltz, 1987), with apatite, amphibole, clinopyroxene

and Fe-Ti oxides. The garnet granulite in the Kohistan arc underwent an event of

elevated pressure. If all scapolite is a primary phase derived from basaltic magma, it must

be present prior to formation of garnet porphyroblast. Some garnet porphyroblasts

certainly contain scapolite inclusions in garnet granulites of the Jijal complex. However,

there is no textural evidence for such a occurrence of sulfate-bearing scapolite mantled by

sulphides or phyrrhotite rimmed by magnetite. These facts might indicate that the

infiltrated fluid initially includes the significant amounts of sulfate ion. It has been

recognized the presence of amphibole, anhydrite and sulfate-rich apatite at some

subduction-related island arc such as Pinatubo volcano, Philippine. It indicates that

sulfate-bearing fluid or melt with high oxygen fugacity from the depth pass through the

lower crust. Therefore sulfate-bearing fluid should react with plagioclase and garnet in the

lower crust and sulfate-rich scapolite may behave as sulfate reservoir. The existence of

sulfate-rich scapolite in the lower crust of the Kohistan arc is good evidence for the

sulfate-rich fluid in the lower crust.

Fluid in the mafic lower crust

Origin of the CO2-rich fluids

Petrological characteristics and fluid inclusion study of the vein-related reaction zone is

required for the infiltration of CO2-rich fluid or fluid characterized by low water activity.

From this study, the source of the fluid cannot be clarified. Dominant CO2 source at deep

crustal levels may be derived from decarbonization of relatively thin layers of carbonate

rocks (Glassley, 1983). No marble, calk-silicate rocks as possible sources of CO2 are

found nearby in the lower crust of the Kohistan arc. Carbonate-bearing lithologies such as
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marbles are noticeably absent from compilations of xenolith lithologies (Rudnick &

Taylor, 1987; Griffin & O'Reilly, 1987). Ajuvenile source of CO2 was inferred from the

6 %0 13C carbon isotope composition obtained from scapolite in a plagioclase-rich vein at

the Fiordland complex (Blattner & Black 1980). The carbon isotope composition (O'3C)

of CO2 extracted from scapolite in granulite facies orthogneisses and mafic granulites (

8.2 to -1.2 %0) are consistent with crystallization of the scapolite from a mafic melt or

generation of CO, from mafic melts emplaced in the lower crust or upper mantle (Moecher

ef al., 1994). These values are relatively lighter than the values from the calc-sihcate and

mafic granulites derived from a supracrustal rock. If scapolite studied here assumes

relatively lighter values of OI3C, principal source of CO, is domillantly derived from mafic

magma. Then, the scapolite forming reaction from the Kohistan arc may be triggered by

infiltration of CO2-rich fluid originated from juvenile mantle during prograde

metamorphism. Carbon isotope studies need to evaluate the source of carbon in scapolite

from granulites in the Kohistan arc.

Fluid transport mechanism affecting pressure inferredfrom vein distribution

There are many studies suggesting that hydrofracturing is a possible mechanism for

metamorphic fluid transport. Studies on veins formed by the crack-seal mechanism

(Fisher & Blantley, 1992) suggest episodic fluid flow by hydrofracturing. Experimental

studies of dihedral angle (3 in fluid-saturated porous rock (Watson & Brenan, 1987;

Holness, 1992) suggest that interconnected fluid networks essential to permeable flow

may not develop. Metamorphic fluid in the lower crust inferred from channelized

distribution of metasomatic zone may be transported not by steady permeable flow but by

transient hydrofracturing. The restricted development of scapolite and garnet in the relict

pyroxene granulite of the KAB can be explained by migration of carbonic fluid lowered

aH,o along the channelways. A fluid-saturated lower crust with hydrostatic pore fluid
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pressure as for low aH,o fluid is only supported by the occurrence of homogeneously

developed garnet granulites in the Jijal complex. The movement of a small fluid fraction

through a matrix of crystal is only possible if the fluid fills a connected network of pores.

Then it is likely that the system will be in both chemical and textural equilibrium.

However, a whole system of the pyroxene granulites in the KAB did not reach the

complete equilibrium. Because the fluid network of porous media strongly depends on the

dihedral angle, the channelized distribution of the reaction zone reflects that effective

dihedral angle G'ff between low aH,o fluid and solid phase in the mafic granulite is over

60· under granulite facies conditions at the moderate crustal depth (0.5-1.0 G Pal. In fact,

Watson & Brenan (1987) reported that G between quartz and fluid increases with

increasing fraction of CO, to H,O in a binary fluid. Channelized fluid migration is

presumably controlled by crack propagation accompanied with hydrofracturing caused by

the local excess pore fluid pressure. However, because the garnet reaction zone in the

SKA is no relation to crack formation, a large amounts of fluid influx to form a connected

network of pores in matrix of crystals should be required for the formation of the garnet

reaction zone. It might take place the increasing pressure at centre of the reaction zone.

On the other hand, homogeneously developed garnet granuhtes in the Jijal complex

should be formed as a result of percolative fluid flow. Based on experimentally

determined wetting characteristics of fluids, Watson & Brenan (1987) pointed out that

aqueous fluids are likely to form an interconnected network along grain boundaries in the

continental crust. Holness (1992) found that the wetting properties between H,O and

quartz is strongly dependent on pressure at 800 .c. The dihedral angle decreases less than

60· over 800 MPa. Thus, occurrence of garnet granulite in the Jijal complex, which

underwent higher pressure metamorphism, suggests decrease in the dihedral angle due to

the increasing pressure. The fact that substantial quartz is produced by the garnet-forming

reaction facilitates a regional dehydration in the rock system at above the critical pressure
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of dihedral angle. For fluids close to pure CO" the dihedral angle remains constant over

60' in the pressure range of 100-1500 MFa (Holness, J 992). These observations indicate

that newly generated water due to dehydration of hydrous minerals in quartz matrix is

selectively flushed outward and then residual fluid composition would enrich CO,.

Furthermore, enrichment of CO, would introduce an increase in activity of carbon dioxide

and then produce scapolite. Largely developed scapolite may behave as a significant CO,

reservoir in deep crust over 1.0 GPa.

CO CLUSIONS

I. Occurrence of garnet in the Kohistan arc is relatively homogeneous at the higher

pressure area in the Jijal complex, whereas it is channelized along the quartzo-feldspathic

vein at the lower pressure area in the Kamila amphibolite belt.

2. The garnet reaction zone developed within pyroxene granulites is triggered by

channelized infiltration of fluid with low water activity. Breakdown of hornblende due to

decrease in water activity leads to formation of garnet. Compositional change of minerals

in the garnet reaction zone toward the vein is gradual and related to the modal composition

of garnet.

3. Scapolite-forming reaction occurs in the pyroxene granulites along the garnet-bearing

quartzo-feldspathic vein in the Kamila amphibolite belt, whereas it occurs throughout the

rock mass in the J ijal garnet granulite. Scapolite with quartz is formed by consumption of

gamet and calcic-plagioclase. Activity of carbon dioxide estimated from scapolite

equilibria shows higher value over 0.5.

4. Scapolite of the Kohistan arc is metasomatic in origin related to the fluid infiltration

after intrusion of gabbroic magma. Abundance of sulfate-rich scapolite in garnet granulite

reflects existence of sulfate reservoir in the lowermost crust of the Kohistan are, whereas

restricted occurrence of sulfate-rich scapo!ite in pyroxene granulites represents

channelized inflltration of oxidizing fluid accompanying breakdown of sulphides.
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5. Fluid composition is characterized by enrichment of CO
2

and reduced water activity

based on phase petrology and fluid inclusion study. Transport mechanism of fluid

changes at the boundary between the garnet granulite and pyroxene granulite, probably

derived from pressure difference.
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Table 5-3. RepresenHitive chemicJl composition of homblcndt: in the reaction lone
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SiD, 41.32 40.73 40.20 40.43 39.96 41.56 41.22 40.85 41.29 42.06 41.99
AIJO~ 13.30 13.97 14.25 15.33 13.86 12.63 13.30 13.12 12.58 13.01 1310
TiD, 2.75 1.91 2.26 1.25 3.13 3.27 2.07 2.17 2.06 2.23 2.45
MgO 10.32 966 8.67 8.49 10.07 11.93 9.87 9.78 10.16 15.10 14.58
FeD' 14.40 16.15 17.56 17.16 13.81 12.21 16.30 16.74 15.40 0.18 0.13
MnO 0.04 0.07 0.13 020 0.12 0.00 0.13 0.21 0.20 10.06 10.33
CaD 10.97 11.40 11.40 11.41 11.47 11.77 11.45 11.52 11.36 11.73 11.81
Na20 1.44 1.17 1.23 1.22 1.16 1.07 1.19 1.34 1.28 1.51 1.31
K,o 2.03 2.09 1.98 1.44 2.06 2.48 1.99 1.94 1.80 1.75 1.84
NiO 0.10 0.03 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.02 0.02

Cr20~ 0.01 0.05 0.03 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.02
CI 0.10 0.09 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.06 012

-0.03 -002 -0.03 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 -0.03
0.14 028 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08

-0.06 -0.12 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 -0.04
Total 96.75 97.30 97.83 9693 95.64 97.00 97.52 9769 96.12 97.70 97.72

0=23"
Si 6.203 6.111 6.046 6.069 6.089 6.212 6.166 6.125 6.252 6.295 6.274
AI" 1.797 1.889 1.954 1.931 1.911 1.788 1.834 1.875 1.748 1.705 1.726

A11"'~1 2.354 2.470 2.527 2.713 2.490 2.226 2.345 2.319 2.246 2.296 2.308
AI" 0.556 0.581 0.572 0.782 0.579 0.439 0.511 0.444 0.497 0.590 0.582
Ti 0.311 0.215 0.255 0.141 0358 0.368 0.233 0.245 0.235 0.251 0.275
Fe3• flf 0.283 0.467 0.454 0.567 0.127 0.061 0.462 0.479 0.373 0.079 0.081
Cr 0.001 0005 0004 0.000 0000 0.000 0000 0.000 0.000 0.001 0.003
Mg 2.308 2.160 1.944 1.898 2.287 2.657 2.200 2.185 2.293 2.244 2.300
Fe2• ttt 1.524 1.560 1.754 1.587 1.633 1.466 1.577 1.620 1.577 1.810 1.741
Mn 0005 0.008 - 0.016 0.025 0.015 0.000 0.016 0.027 0.026 0.023 0.017

0.012 0.003 0.000 0.000 0000 0.009 0.000 0.000 0.000 0.002 0.002
Sum FM 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000

Ca 1.764 1.833 1.837 1.836 1.873 1.886 1.835 1.851 1.843 1.881 1.891
Na(M4) 0.236 0.167 0.163 0.164 0.127 0.114 0.165 0.149 0.157 0.119 0.109
Na,,,,~, 0.420 0.339 0.359 0.354 0.343 0.309 0.345 0.390 0.376 0.438 0.378

Na(A) 0.184 0.173 0.196 0.190 0.216 0.195 0.180 0.240 0.219 0.319 0.269
K 0388 0.399 0.380 0.276 0.400 0.472 0.380 0.371 0.348 0.334 0.351
Sum(A) 0.572 0.572 0.576 0.466 0.615 0.667 0560 0.611 0.566 0.653 0.620

DH 1.907 1.847 1.973 2.000 2.000 2.000 2.000 2.000 2.000 1.985 1.931

CI 0.026 0.022 0.027 0.000 0.000 0.000 0.000 0.000 0.000 0.015 0.031
F 0.067 0.131 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.039

Mg#.... 0.602 0.581 0.526 0.545 0.583 0.644 0.773 0.772 0.809 0.554 0.569

Fe-t../Feh,.al 0.157 0230 0.206 0.263 0.072 0.04 OAI8 OA26 0.407 0.042 0044

RZ(E): edge of the reaction zone. RZ(C): ccnter of the reJction lone. H(F): Further suJc from the vcm 10 the hOM rod.
H{N): Near side of the vein in the host rock.
T : FeO* was calculated JS towl iron
IT : Cation was calculated based on 23-oxygens
Ifl: Fe2• and Fet.. were calculated based on Robinson et al. (1982)
1m : Mg#=Mg/(Mg+Fe1

.) in atomic
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TJblc 5·4. Representati\e minCrJl composilions ofgamct
in the ~:lJ"TIe1 reJclion zone

0=12"
Si
AI
Ti
Fc l .,,,

Fc:"!'

Mg

Ca
Na
Cr
tOIJI

D8
Vein-relatedlype

gamet
RZ(E) RZ(C)

38.79 3869
21.07 21.52
0.01 003

25"'0 2538
0.85 0.71
6.91 6.89
6.94 6.97
0.01 0.02
0.00 0.00

99.98 100.20

3.003 2.985
1.922 1.957
0.001 0.002
0.074 0.072
1.570 1.566
0.056 0.046
0.798 0.793
0.575 0.576
0.002 0.003
0.000 0.000
8.000 8.000

PL2
Gamelgr.lnulitctypc:

gamet
RZ(E) RZ(C)

3818 3867
20.51 2080
026 021

258-1 2-U3
I 15 0.63
460 6.44

8.67 871
004 ON
0.02 0.03

9928 100.05

3.013 2.992
1.907 1.897
O.O[) 0.012
0.042 0.099
[.66-1 [.488

0077 0.041
0.541 0.743
0.733 0.722
0.007 0.005
0.001 0.002
8000 8.000

XAhn 0.524 0.525 0,552 0.497
XI')o 0.266 0.266 0 180 0.248
x". 0.192 0.193 0.243 0.241
X...... 0.019 0.015 0025 0.014

RZ(E}: edge: or the reJCtion zonc.
RZ(C): center of the reJclion zone.
': FeO was calcuJ;:lIed as lotal iron
tI: CJlion wasc::l!culJ!edbasedon6-0xygens
'tt: Fe'.::mdFe.... werecaJculatedbast.--d

ongarnelsloichioffiClry
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Table 5-5. Represenlative chemical composilions of scapolilc in the Kohislan granulites
Reaction zone Gamet granulite

Sample no. UOI 1609 KU85

Inclusion
Si01 46.33 46.17 46.56 47.59 46.10 46.48 46.31
Al=O\ 26.61 26.43 25.74 26.60 26.16 26.06 26.04
FeO' 0.11 0.10 0.05 0.07 0.13 0.05 0.19
C.O 17.38 17A7 16.74 17.08 17.18 16.90 17.40
3~O 3.26 3.18 3.79 3.96 3.36 3.65 3.35

K,O 0.1.1 0.13 0.02 0.05 0.03 0.03 0.0..
CI 0.03 0.03 0.00 0.02 0.00 0.02 0.01

·0.01 ·0.01 0.00 0.00 0.00 ·0.01 0.00
SO, 4.39 3.73 4.79 ...35 2.56 3.04 2.80
TOlal 98.69 97.66 98.06 100.18 95.52 96.22 96.13

0-25"
5; 6.719 6.787 6.773 6.802 6.919 6.910 6.901
AI 4.548 4.578 4.413 4.480 4.627 4.567 4.574
Fe 0.013 0.013 0.006 0.009 0.017 0.006 0.024
C. 2.700 2.752 2.609 2.616 2.763 2.693 2.779
N. 0.916 0.905 1.093 1.098 0.978 1.051 0.967
K 0.025 0.024 0.004 0.009 0.005 0.007 0.008
CI 0.007 0.006 0.000 0.004 0.000 0.006 0.002
5 0.478 0.411 0.523 0.467 0.288 0.339 0.313
Total 15.468 15.577 15.470 15.626 15.597 15.578 15.567

&jAn(ME) 0.61 0.61 0.58 0.59 0.60 0.59 0.59
&jAn 0.74 0.75 0.70 0.70 0.74 0.72 0.74
a,.,.(OGj 0.23 0.25 0.28 0.31 0.43 0.39 0.41
a,.,.(NB) 0.03 0.03 0.02 0.02 0.04 0.03 0.04
X., 0.40 0.40 0.39 0.40 0.40 0.40 0.40
EqAn(ME) is calculated from (Al-))!) based on Moecher and Essene (1990).
EqAn - Ca/(Ca+Na+K).

3(00): activity model of Oterdoom & Gunter (1983). a(NG): activity model of NeWlon & Baker (1996).
t: FcOwascalculaledaslolal iron
": Cation was calcul:l.Ied based on 25.-oxygens
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Table 5-6. Representative chemical compositions of apatite in the pyroxene granulites
UOI OS U3 P5 CH2 PL2

SiD! 0.30 0.19 0.09 0.13 0.25 0.20 0.22
A1.l0' O.DO O.DO O.DO O.DO O.DO O.DO O.DO
TiO! O.DO 0.05 0.05 0.04 O.DO O.DO 0.03
FeQ' 0.14 0.09 0.18 0.02 0.09 0.15 0.1.1
MoO 0.01 0.01 0.0. 0.12 O.DO 0.05 0.03
MgO 0.05 0.01 O.DO O.DO O.DO 0.05 0.03
CaO 55.73 55.11 55.64 56.57 56.39 56.24 55.68
Na!O 0.03 0.06 om O.DO 0.05 0.09 0.D7
K20 O.DO 0.03 O.DO 0.03 0.01 O.DO 0.02
Cr1O\ 0.06 O.DO O.DO O.DO O.DO O.DO 0.07
p!o} 41.30 41.12 41.61 41.82 40.96 41.29 41.53
NiO 0.02 O.DO 0.07 O.DO 0.09 O.DO O.DO
V101 O.DO O.DO 0.03 0.00 0.05 O.DO O.DO
CI 0.25 0.52 0.85 0.73 0.66 0.75 0.17

-0.06 -0.12 -0.19 -0.16 -0.15 -0.17 -0.04
3.08 2.58 2.67 1.90 2.02 2.24 2.39

-1.30 -1.09 -1.12 -0.80 -0.85 -0.94 ·1.01
SO, 0.28 0.02 0.00 0.02 0.00 0.00 0.03
Total 99.88 98.59 99.94 100.42 99.58 99.94 99.36

0-13"
5; 0.026 0.017 0.D08 0.012 0.022 0.017 0.019
Al 0.000 0.000 0.000 O.DOO 0.000 0.000 0.000
T; 0.000 0.D04 0.D04 0.D02 0.000 0.000 0.002
Fe 0.010 0.006 0.013 O.DOI 0.D07 0.011 0.010
Mn O.DOI O.DOI 0.D03 0.009 0.000 0.D04 0.D02
Mg 0.006 D.DOI 0.000 0.000 0.000 0.006 0.D04
Ca 5.222 5.2.10 5.228 5.266 5.311 5.280 5.225

0.006 0.010 0.D05 0.000 0.009 0.015 0.012
K 0.000 0.D03 0.000 0.D04 0.D02 0.000 0.D02
C, 0.D04 0.000 0.000 0.000 0.000 0.000 0.D05
P 3.058 3.084 3.089 3.076 3.048 3.063 3.079
N; O.DOI _ 0.000 0.D05 0.000 0.006 0.000 0.000
V 0.000 0.000 0.D02 0.000 0.D04 0.000 0.000
Total 8.333 8.356 8.356 8.369 8.409 8.396 8.359

CI 0.037 0.078 0.126 0.107 0.099 0.111 0.024
F 0.852 0.722 0.740 0.521 0.562 0.620 0.663
5 0.018 0.D02 0.000 O.DOI 0.000 0.000 0.D02
OH 0.093 0.199 0.135 0.370 0.339 0_270 0.311
': FeO was cakulaled as tOlal iron
": Calion wasc.akulatedbasedon l3-oxygens
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Table 5-7. Reprnema.tive chemical compositions of
biolilein thepyro:tenegranuliles

UOI 08 CH2

rim

SiO~ 36.83 37.13 37.08 37.58 36.50
AI,O, 15.17 14.68 1'.70 15.18 14.88
Ti01 4.86 5.92 6.10 6.50 6.06
F<O' 16.88 15.61 16.18 15.31 15.25
MnO 0.07 0.02 0.00 0.04 0.03
MgO 12.27 11.91 12.41 13.73 13.21
CaO 0.03 0.14 0.00 0.08 OAI

320 0.01 0.07 0.01 0.06 0.07
K,O 9.50 9.48 9.62 9.68 7.46
Cr20 1 0.00 0.00 0.09 0.00 0.04
NiO 0.00 0.07 0.01 0.01 0.01
V,O, 0.08 0.36 0.27 0.02 0.12
CI 0.04 0.07 0.06 0.18 0.04

-0.01 -0.02 -0.01 -0.04 -0.01
0.06 0.00 0.12 0.00 0.00

-0.02 0.00 -0.05 0.00 0.00
SO, 0.15 0.14 0.07 0.06 0.08
Total 95.92 95.57 96.66 98.38 94.14

0-[1 10

5i 2.760 2.778 2.754 2.727 2.740
Al 1.340 1.295 1.287 1.299 1.316
Ti 0.274 0.333 0.341 0.355 0.342
Fe 1.057 0.977 1.005 0.929 0.957
Mn 0.004 0.001 0.000 0.002 0.002
Mg 1.371 1.329 1.374 1.486 1.479
C, 0.003 0.011 0.000 0.006 0.033
Na 0.001 0.009 0.001 0.006 0.010
K 0_908 0.905 0.912 0.896 0.715
Cr 0.000 0.000 0.005 0.000 0.002

0.000 0.004 0.001 0.000 0.000
V 0.005 0.022 0.016 0.001 0.007
CI 0.005 0.009 0.007 0.021 0.005
F 0.013 0.000 0.028 0.000 0.000
5 0.009 0.008 0.004 0.003 0.005
TOlal 7.749 7.680 7.734 7.733 7.613

Mg#'" 0.56 0.58 0.58 0.62 0.61
0.17 0.19 0.18 0.22 0.22

': FeO· wascalculaledas IOlal iron
tt: Calion was calculaled based on II-oxygens
Itt : Mg#-Mg/(Mg+Fc!·) in alOmic
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Table 5-9. Results from them1obnromctry in the garnct rcaction betwecn center and edgc

Grt-Cpx Grt-Cpx-PI-Qtz

Sample No. rcfP' T(K) T(EG) T(A) T(P ) T(G) refT" P(M,) P(M"J PIE) PtPN)

Vein-related type

D8 centcr 800 701 760 641 618 799 750 1102 912 865 824

edge 800 731 784 672 657 818 750 1065 950 894 853

Garnet granulite typc

PL2 center 1000 787 814 720 737 797 750 1229 1125 1035 995

edge 1000 748 806 710 735 837 750 814 720 737 779

Temperature in "C. Pressure in MPa. Gamel-clinopyroxene geolhermomeler from T(K): Krogh (1988): T(EG): Ellis
& Grecn (1979); T(A): Ai (1994); T(PN): Pallison & ewton (1988); T(G): Ganguly ef oJ. (1996). Garnel

c1inopyroxene-plagiociase-q,Jartz geobaromeler from P(M): Moccher ef d. (1988); P(E): Eckert ., d. (1991) and
P(PN): Perkins & Newton (1981). Fe and Mg gives Ihe resulls for the Fe- and Mg-endmembcrreactions mooelcdby
Moecher ef at. (1988).
tRefercnee pressure to calculate temperature. ttRefercnce temperature to calculate pressure.
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Fig. 5-2. Field photographs showing occurrence of garnet reaction
zone. (a) Type 1 reaction zone with diffuse reaction front in the
NKA. (b) Type II reaction zone with patchy idiomophic garnet at the
margin of the leucocratic vein in the NKA.
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Fig. 5-2. (continued). Field photographs showing occurrence of
garnet reaction zone. (c) Type III reaction zone occurring unrelated

to the quartzo-feldspathic vein in the SKA. Light coloured area is
garnet reaction zone and dark area corresponds to the pyroxene
granulites. (d) Well-preserved igneous banding in the garnet

granulite of the Jijal complex. Note that the garnet reaction zone is
not affected by the compositional banding.
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Fig. 5-2. (continued.) Field photographs showing occurrence of

inter-realtionships among various types of reaction zone. (e)

Quartzo-feldspathic vein with amphibole reaction zone cut quartzo

feldspathic vein with type II garnet reaction zone. (I) Field

phtograph showing occurrence of scapolite-amphibole reaction zone

related to the quartzo-feldspathic vein. Coarse-graincd dark domain
consists of hornblende and scapolite.
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Fig. 5-3. Geometrical relationship between the amphibole reaction zone and
the quanzo-feldspathic vein. (a) Log total width of reaction zone including
vein vs. log width of vein. (b) Log tOlal width of reaction zone vs. log
width of vein. Note that linear correlation between them except for the
pegmatite pair.
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reaclion zone reaction along vein adjacent to garnet granulite
58 --- 12

CaO "n

56 d 1 --.
~ ~ -- 10 ~---- o--a 0--0

0-" 0--0
()

54 FeO'
.0

ei ~
MgO :s:52

~
---. (JQi ~ ~

..---- ........... ~ .0
<5 50

~
SiO, ~ < ~Cii

~ ~

~. ~ ~
0

48 o--a :;:
NlliO

~46

20 VOl V3 08 PS P06 PL 7 LPl P02 1.2

/
..--

-J19 X; }?
TiO, J. > 0.8 A

18

~
~ ~

cr--D .0ei D--o 0.6 "'0i AhO.

.917 1<.:0
~

Q "---u 0-0 0.4 :s:
;:;: 16 ...--. MnO

~ ~
a--o 0:=7 ........... --- --- 0.2..-.

~
....-. ..---. :;:p,o.

~15

H RZ V H V H RZ H RZ H RZ H RZ H RZ H RZ

Fig. 5-4. Compositional change of whole rock chemistry from the close pairs of seveml types

of reaction zone. (a) Major oxides. ote that NlliO systematically decrease toward the vein.

whereas K:O vary throughout the metasomatic zone. (b) Minor elements.
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Fig. 5-6. Micro-photographs showing occurrence of garnet reaction

zone. (a) Type 1 garnet reaction zone in sample CH2 in the NKA.

Note that large idiomorphic garnet occurs in the vein. Brown

coloured hornblende develops at triple junction of plagioclase grains

in the reaction zone. Plane polarized light. Quartzo-feldapthic vein

corresponds the center of photograph, consisting of idiomorphic

garnet, large plagioclase grains and relict hornblende grains. (b)

Reaction front between host and reaction zone in sample PL2 in the

SKA. Type III garnet reaction zone unrelated to the quartzo
feldspathie vein. Plane polarized light.
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Fig. 5-6. (continued). (c) Typical reaction texture in the garnet

reaction zone in sample PL2, plane polarized light. Orthopyroxene

grains rimmed by garnet, clinopyroxene and quartz symplectite. (d)

Orthopyroxene grain located between the host and the type 11 garnet

reaction zone in sample P5, plane polarized light. Large

orthopyroxene grain is enclosed by garnet-quartz symplectite at only

right side. Right hand side corresponds to center of the rcaction
zone.
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Fig. 5-6. (continued.) Micro-photographs showing occurrence of
scapolite-amphibolc reaction zone. (e) Scapolite coexisting with

orthopyroxene, plagioclase and quartz in the reaction zone in sample
va I, plane polarized light. Width of field of view is I mm. (f)

Hornblende occurring vertical to the vein along the grain boundaries
of plagioclase in sample va I, plane polarized light. Width of field
of view is 5 mm.
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Fig. 5-6. (continued). (g) Element image map of typical hematite

rich hemo-ilmenite grain that shows extensive primary and second

generation hematite exsolution lamellae in the sacpolite-amphibole

reaction zone. Dark regions are hematite. Light regions are ilmenite.

Bar is 100 J.l1T1. (h) Microphotograph of a remaining relict pyrrhotite

(Po) and pyrite (py) grain in sample BR6 with a reaction rim of

magnetite (Mt) and accessory chalcopyrite (Cp).
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VOl Scapolite-hornblende reaction zone

Fig. 5-7. Compositional map of the scapolite-amphibole reaction zone. Left edge of the map is

equivalent to a boundary between the reaction zone and the garnet-bearing quartzo-feldspathic

vein. ote that the amphibole distribution from a elemental map of Mg and the scapolite

distribution from a elemental map of Ca. Amphibole distribution is characterized by connective

OCuurrence along the plagioclase grain boundaries, whereas scapolite distribution is isolated in

the reaction zone.
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Fig. 5-9. Compositional variations of minerals in type I garnet reaction zone in

sample 08, from the host pyroxene granulite through the garnet reaction zone to

the quanzo-feldspathic vein. (a) Mg number (Mg#) in ferro-magnesian minerals.

Mg# in pyroxene and hornblende increases toward the vein, whereas that in

garnet does not change. (b) Compositional variations of plagioclase. Anorthite

content in plagioclase within the vein shows slightly lower value than that

within the host and the reaction zone.
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Fig. 5-10. Compositional variations of minerals in type III reaction zone in

sample PL2 in the SKA, from the host pyroxene granulite to the center of the

garnet reaction zone. (a) Mg number (Mg#) in ferro-magnesian minerals. Mg#

in all minerals including garnet increases toward center of the reaction zone. (b)

Compositional variations of plagioclase. Anorthite content in plagioclase does

not vary throughout the garnet reaction zone.
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Fig. 5-11. Ferric iron variations of minerals in the garnet reaction zones of the

type I and type 1Il. (a) Type I garnet reaction zone in sample D8 in the NKA.

The ratio of ferric iron to total iron of pyroxene and hornblende decreases

toward the vein, whereas that of garnet does not change. (b) Type III garnet

reaction zone in sample PL2 in the SKA. The ratio of ferric iron to total iron of

all minerals does not change. In both of the cases, ilmenite component in

hematite-ilmenite solid solution incerases toward the vein or center of the

(b)

reaction zone.
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Al and Na contents increase toward the margin in similar to that from the SKA.
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Fig. 5-18. Raman spector analysis of fluid inclusions in type I garnet reaction zone in
smple 08 in the NKA. (a) Fluid inclusion in quartz within the quartzo-feldspathic vein.
Strong intensity of Raman shift at 1388 cm-l suggesting presence of COHich fluid and
at 2333 cm-l suggesting existence of 2 fluid. (b) Fluid inclusions in gamet within the
gamet reaction zone. Same gamet grain contains two types of fluid inclusions; one has
broad peak of around 3000 em-I indicating H20-rich fluid and the other has sharp peak
at 1388 cm-l suggesting presence of C02-rich fluid inclusion.
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Chilas complex

- Vein-related garnet

~ Scapolite

• Amphibole

Fig. 5-20. Schematic column of the lower crust of the Kohistan are, showing

developed area of reaction zone and vein distribution caused by fluid infiltration.

Homogeneous developed garnet area above nearly 1.0 GPa corresponds to the

garnet granulite in the Jijal complex. Large amount of scapolite locally occurs in

the Jijal garnet granulite. Distribution of garnet and scapolite is localized in the

pyroxene granulites. In the SKA, the garnet reaction zone develops as a vein-like

occurrence without the quartzo-feldspathic vein, whereas in the KA, garnet

occurs along the quartzo-feldspathic vein. From the northern part of the KA to

the ChiJas complex, garnet and scapolite disappear and amphibole reaction zone

developes along the quartzo-feldspathic vein or pegmatites, at the lower pressure

condition, presumably less than 0.6 GPa.
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Fig. 5-22. Variation diagram in the garnet reaction zone, showing distribution

coefficient (Ko) of Fe/Mg among all minerals including large amount of Fe

and Mg. (a) Vein-related type. Distribution coefficient is almost similar value

across the reaction zone except for that between garnet and other minerals. (b)

Garnet granulite type. Distribution coefficient between each minerals is almost

similar value across the reaction zone.
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Fig. 5-23_ A plot of Darcian fluid-flux, qf (m·s- I ), versus permeability, K

(m2), for constant ,u=1.5xlO-4 Pa·s. The thickest line shows a relation

between them for (JPI(J=3000 MPa·m- 1 from estimated pressure gradient

of type III garnet reaction zone. Thick line show a relation at a porous

crust calculated by Thompson & Connolly (1992) for

(JPI(J=6pg=1.9xl04 kg·m-2·s-2 Laboratory experiments and in-situ well

tests Brace (1980) give K values that range from 10- 17 m2 to le~s than 10

23 m2 Etheridge et at. (1984), consider crustal permeability of K=10-15

m2 to 10- 18 m2, to be more appropriate. In type III garnet reaction zone,

the reference permeability of 10-25 m2 corresponds to a fluid-flux rate of

about 10- 11 m·s- I .
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Fig. 5-24. Variations of predicted parameter cross the g:lmct reaction lone. (a) Type I garnet reaction

zone. Estim<ltcd pressure and temperature is generally lower at the boundary between the reaction zone

and the vcin. Modal composition of garnet increases with decreasing lhal 'of hornblende and

orthopyroxene. Fc-Ti oxides. especially ilmenite show lower values of hcm::Hitc component nC<.If the vein.

Fluid inclusion in qU:.1rlZ in the vein is C02-rich. whereas Ihat in garnet in the rC;Jclion lOlle IS gcncr~lIy

charactcrilcd by aqueous inclusion. Watcr migratcs inlO the vcin duc to diffcrcm:e of water prcs:-.urc amI

low water activity lluid does not penetratc into thc reaction zone. (h) Type III garnct rc.u.:tion zonc.

Estimatcd pressure shows remarkcdly highcr value at centcr of thc rC<Jction 70ne. where~:-. e~timated

temperature is :.Ilmost the same condition throughout lhe reaction zone. Mod.1I compo:-.ition of garnct

increases with decreasing that of hornblende and onhopyroxene. Fe-Ti oxilles. csrcci~lly ilmenite show

lower values of hematite componcnt ncar the vein. Fluid inclusion in quartz nnll garnet in the reacioll Lone

is C02-rich. Fluid transportation inlo thc reaction zone is driven by high Iluill prcssure comparcll with

surrounding lithostatic prcssure. The lluill has low water activity. prcsum:.lbly CO:-rich.
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I) 2mcionitc + quartz =5anorthite + grossular + 2eo:!
2) 2trcmolile = 3enslatile + 4diopside + 2quartz + 2H,O
3) 5enslatitc + 2mcionitc = 4diopsidc + 2pyropc + 4anorthilC + 2eo:!
4) 2cnstatitc + anorthite;;;; diopside + quartz + pyropc
5) 2pyrope + 2lremolile =7enSlalile + 2diopside + 2anorthite + 2H,O
6) 2quartz + 4pyrope + 2lremolile =IlenSlalite + 4anorthile + 2H,O
7) 3diopside + 6meionile = pyrope + 12anorthile + 5grossular + 6CO,
8) 3anorthile + 4lremolite = II diopside + 3pyrope + 7qoartz + 4H,O
9) quartz + 3grossular + 2tremolitc =IOdiopside + 3anorthite + 2H,O
10) 7grossular + 6tremolite = 27diopside + pyrope + 6anorthile + 6H,O
I I) meionite + H20 = 2c1inozoicitc + C02
12) 4clinoloicilC + quartz;;;; 5anorthitc + gros5ular + 2H20

Fig. 5-25. T-X CO, seclion calculaled al 600 MPa (a) and 1200 MPa (b) for dilinilive
mineral reactions above <.I~scribcd in the scapolilc-amphibolc reaction zone and in the
garnet granulite. Schematic phase relations of CaO-MgO-AbOI-Si02 system arc
calculaled from the updaled Holland & Powell (1990) dala set. Shaded area ,how, lhe
limited X CO:! stability r~lngc of trcmolitc and mcionite <l'iscmblagc at the given p. T
conditions.
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Fig. 5-26. C02 activities inferred from garnet + scapolite + plagioclase +

quartz assemblages. P-T conditions and mineral assemblages of each sample

to calculate the C02 activities represent as follows; UO I: grt-scp-pl-qtz at 0.6

GPa, 1609: grt-scp-cpx-qtz at L2 GPa, KU85 core: grt -scp-cpx-pl-qtz at

1.2GPa, and KU85 rim: grt -scp-cpx-pl-qtz at 1.5GPa.
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magnetite assemblage of surrounding pyroxene granulites.
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Chapter VI

Tectonic History of the Lower Crust:

Evidence from Various Stages of Deformation

INTRODUCTIO

Geophysical and geochemical studies have demonstrated that the extent of continental

crust has increased and/or expanded since Archean (Armstrong, 1981, De Paolo, 1983,

Turcotte and Schubert, 1982). Following the suggestions of Kay and Kay (1988), the

formation of the continental crust is caused by island arc and hot spot volcanisms, by

differentiation of the crust for intracrustal melting and high temperature metamorphism

and by the delamination of substantial quantities of continental lithosphere. Taylor (1977)

referred to the importance of island arc processes, although a variety of processes can lead

to the formation of continental crust.

Existence of sandwiched island arcs among the continental crust have been reported

at many collisional terrains allover the world, e.g. in the Proterozoic Narsajuaq arc,

northern Quebec, Canada (Lucas et al., 1992), in the Paleozoic Qinling belt in central

China (You et al., 1993), in the Tertiary Peninsular terrane, Alaska (De Bari & Coleman,

1989), and in the Tertiary Hidaka arc in Japan (Toyoshima et al., J 993). Thus, the

accretion and the collision of the island arc against the continent played important roles

with aspect to an evolution of continental crust. The sandwiched island arcs should be

record the several deformation events accompanying with the evolution of the lower crust

during accretion and collision. The Kohistan arc is a tilted lower crustal section of a

Middle Cretaceous island arc (Tahirkheli et al., J 979, Bard, 1983, Coward et al., 1982,

1986) (Fig. I-I), and provide significant information to understand the formation of the

young island arc at the same situation as Kohistan arc such as the Peninsular terrane,
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Alaska and the Hidaka metamorphic belt, Japan in the Tertiary.

Treloar et ai. (1990) argued that the shear zone in the lower crust of the Kohistan

arc can be classified into two different origins: high temperature ductile shear zone

depending on crustal thickening and low temperature deformation during exhumation and

cooling. However, their conclusion is still insufficient to describe this regional

complicated deformation structure, because these structures can be observed as at least

five foliated structures by observation of the shear zones such as mineral assemblage,

shear sense, P-T conditions, and microstructure. High grade deformation, furthermore

were subdivided into three types of foliation based on the difference of mineral

assemblage forming the foliations and of concentration of pole of foliation. Low

temperature deformations are classified into two types based on the difference of

orientation of pole to foliation and of kinematic direction. Distributions, magnitudes and

microstructures of shear zones or deformation structures within exposed metabasic rocks,

especially in the KAB are first described. It is revealed that deformation structures are

developed under different metamorphic conditions and tectonic events in the KAB. A

tectonic model involving crustal thickening and thinning process is presented.

FOLIATED STRUCTURES

Rocks of the lower crust in the Kohislan arc have been overprinted by various

deformation structures. In the KAB, the foliated structures of high grade rocks were

subdivided into three phases as follows; (i) pyroxene-bearing penetratively gneissose

foliation with subvertical dipping (5 I), (ii) hornblende-bearing localized foliation with

subhorizontal dipping (52) and (ill) gneissose foliation with subvertical dipping (53). [n

addition, low temperature localized shear zones were classified into two phases by the

shear sense and nature as follows; (iv) subhorizontal top-to-the-5 sense shear zone (54)

and (v) conjugate set shear zone with subvertical dipping (55). Table 6-1 summarizes the

features of each foliated structure. Figure 6-1 shows the distribution of the each type of
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shear zone in the KAB. Distributed pattern abollt the pole to foliation or shear plane

including five types of the shear zone, regionally change northward from NW (Pattan to

Kiru) through N (Kim to Dasu) to S (Dasu to Lutar) (Fig. 6-2). To understand the

tectonic history in the lower crust of the Kohistan are, inter-relationships of these

defolmation structures will be described in following section.

High grade deformation structures

Homogeneous High-Grade Gneissose Foliation (SJ)

Rocks with the highest-grade foliations (S 1) are only pyroxene granulite pods in the KAB.

S 1 is characterized by homogeneous gneissose texture, and it ranges from 10m to over

hundreds of meter as an individual shear zone in the NKA (see Fig. 6-1). Mineral and

stretching lineations are not clearly observed; the shape of recrystallized plagioclase

aggregates does not represent prolate type (stretching lineation) but flattening shape.

Furthermore, the uncertainty of their fabric curvature and drag folds of the feldspathic

vein prevents the determination of the shear sense. At the highest strain zone, plagioclase

can be observed as a porphyroclast (1-3 mm in a diameter) or as a recrystallized aggregate

in the field. Most of these shear zones were hydrated within surrounding undeformed

pyroxene granulites.

Anastomosed High-Grade Shear Zones (S2)

The S2 structures are characterized by an anastomosing foliation and well-developed

mineral and stretching lineations of hornblende and plagioclase aggregate in the southern

part of the SKA from Pattan to Kiru (Fig. 6-1). S2 cuts the early mafic banding and is

inhomogeneously distributed in rocks with same bulk chemistry and occur as bands

ranging in width from a few centimeter to tens of meters. Shear zones locally forms a

network structure (Fig.6-4a). In many cases, pyroxene granulites in the southern part of

the S KA are observed as equigranular pods. Initially coarser grained plagioclase within
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the feldspathjc pegmatites remains as a porphyroclast in the shear zones and its grain size

gradually becomes bigger toward the equigranular pods.

Mineral lineation of L2 is defmed by alignment of hornblende and stretching lineation

ribbon-like aggregates of plagioclase, quartz and minor garnet within mylonitic rocks, and

it trends towards 45' to 3D' and variably dip in the southern part of the S KA (Fig. 6-2a).

There are many evidence that flow in the shear zone was non-coaxial and shear sense can

be evaluated by deflection of newly formed foliation at the edge of the zone. Drag folds of

the feldspathic veins along the shear plane provide evidence for a significant south-west

shear movement (Fig. 6-3a). In an equigranular pods, the shear sense criterion is possible

to use the feldspathjc vein bending towards the surrounding shear zone and shows same

sense. Plagioclase porphyroclasts commonly have sigmoidal tails consisting of

recrystallized mantle grains suggesting the movement of top-to-the-southwest. In the

present position, the relative kinematic sense along on the gently dipping foliation is

almost indicative of a top-to-the-SW thrust movement.

Gneissose Foliation in Epidote Amphibolite (D3)

Pyroxene-free gneissose foliation (S3) are not common in the NKA but in the SKA, in

especially from Kiru to Dasu (Fig. 6-2). It is characterized by geissosity of EW trend with

steep dip to the north, well-developed compositional layering, equigranular pods and

north-side-down normal fault sense (Fig. 6-3a). Subvertical foliation (S3) bending the

gently dipping S2 foliation (Fig. 6-4b), is remarkably observed at the south of Kiru and

the frequency increases northward, and the moving direction is indicative of a top-to-the

northeast normal fault sense. The distribution of S3 foliation is restricted in only the SKA,

that is, the northern limit can be just identical to the boundary between the NKA and the

SKA. At northern limit of the SKA, although both of S I and S3 have similar structural

trend, high grade gneissose foliation defined by pyroxene and hornblende (S I) could be

distinguished from foliation defined by epidote and actinolite (S3).
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The mylonitic foliation of S2 is difficult to distinguish from predominantly developed

S3 foliation at northern side of Mandraza. They are scarcely confined to equigranular pods

with anastomosed nature, because regionally penetrative S3 foliation Witll a width of

hundreds meter scale overprint the anastomosed shear zones with variable trends. The

area of the strongest developed S3 foliation is sure to accompany with compositional

layering defmed by granitic veins and sheets parallel to the S3 foliation. Stretching

lineation defmed by plagioclase aggregates cannot be so much observed as S2 foliation,

but mineral lineation is defined by alignment of hornblende, clinozoisite, actinolite or

chlorite developing as a typical structure in the amphibolites. Well-defined mineral

lineations trend steeply towards 50'E (Fig. 6-3a). However, near Oasu, mineral and

stretching lineations cannot be recognized due to flattening shape of the forming minerals.

Buckle folds with vertical fold axis widely develops from Oasu to Kiru and the drag

direction indicates W vergence of north side rocks. Because thin granitic veins having

thickness less than tens of centimeter forming compositional layering are also folded by

the buckling folds, it can be interpreted that the buckling postdates intrusion of granitic

sheets.

Low grade shear zones (S4 & S5)

Foliations defined by retrogressive low temperature minerals are classified into two types

(S4 & S5) by difference of shear sense and trend (Fig. 6-2). These can be observed as

localized nature in amphibolites and granitic rocks. S4 foliation is developed only in the

SKA, especially in the vicinity of Kiru (Fig. 6-1). It is characterized by subhorizontal

mylonitic foliation with the mineral assemblage of greenschist facies retrogressive

metamorphism. Most of them forms the fabric curvature at high angle to the pre-existing

foliation (S3) in the S KA, and indicates shear sense of top-to-the-S (Fig. 6-4c). One of

subhorizontal ulu·amylonitic shear zone sharply cut the regional gneissose foliation (S3).

It should be interpreted that D4 is later shear zone than 03, In addition, S3 is cut by

162



micaceous granitic pegmatite near Mandraza, S4 cuts both the S3 foliation and the

micaceous pegmatites. Buckling folds dragged S3 foliation are further deflected by S4

foliation.

Mylonitic structure with S5 foliation defined as shear plane develops within the rocks

including both of amphibolites and granitic rocks in the KAB. The shear zone can be

observed as extensively retrogressive zone. Direct relationship between S4 and S5 can not

be recognized. The S5 foliation also cut or deflect the relatively vertical foliation (S3) and

the foliated garnet-bearing granitic gneiss or granitic veins parallel to the S3 foliation in

addition to even the later pegmatite. Shear planes (S5) are generally SSE- W-striking

and steeply dipping to the southeast to east. Dominant shear sense is indicative of top-to

the-NW except for the reverse sense (top-to-the-east) at the south of Kamila (Fig. 6-3).

MICROSTRUCTURES

Figure 6-5 shows the regional variation of texture for plagioclase. The microstructure

about plagioclase is the key to correlate with the deformation of the studied samples,

because plagioclase is the most abundant mineral throughout all the samples except for the

samples suffered from retrogression. The mode of deformation about plagioclase can be

evaluated by the observation of the thin section and can be classified into four types; (I) a

cumulate texture defined by plagioclase laths with well-developed twinning, (2) a

granoblastic texture defined by polygonal plagioclase, (3) a dynamically recrystallized

ribbon texture or core and mantJe texture, and (4) a porphyroclastic texture without

dynamically recrystallized grain. In the SKA, it notes that the texture of plagioclase tends

to gradually changes from the recrystallized aggregate type to the porphyroclastic type

northward, near Kiru. It seems that the deformation style of plagioclase changes from

ductile to brittJe manner northward (Fig. 6-5). The microstructural features for each type

of the shear zone and the protolith will be described below.
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Protolith

The proto lith consists of coarse-grained pyroxene granulites and amphibolites in relation

to granulite to upper amphibolite facies metamorphism. Their mineral assemblage are

dominated by plagioclase (An40-6o)' clinopyroxene, orthopyroxene and tschermakitic

hornblende with minor quartz and Fe-Ti oxides (ilmenite+rutile). Pyroxenes and

hornblende are euhedral shape and have weak shape preferred orientation depending on

igneous flow. Subhedral plagioclase has irregular grain boundary and large grain size

with well-developed twinning (up to 5 mm in a diameter) (Fig. 6-6a).

Intensity of retrogression in the undeformed rocks increases northward throughout

the KAB independently of distribution of the shear zones (Fig. 2-1). Thus, some

pyroxenes are pseudomorphed by tschermakitic hornblende depend on retrogression or

the others are totally transformed into hornblende and quartz aggregates. Plagioclase and

hornblende are replaced by clinozoisite at their rim during regional retrograde

metamorphism due to hydration. In addition, hornblende are totally replaced by actinolite

and/or chlorite in the NKA, where highly retrogression regionally occurred under

greenschist facies metamorphism.

S1

S I foliation is only preserved within the pyroxene granulite pods in the KAB. In thin

section, the deformation structure is inherently more difficult to distinguish from the

intensively developed gneissose foliations due to post-kinematic annealing and grain

growth rather than in the field. It has survived within only the zone with strongly foliation.

The mineral assemblage within the S l foliation is composed of clinopyroxene (Mg-rich

augite), orthopyroxene (EnS4-64)' brown-coloured hornblende, plagioclase, quartz,

±garnet, ±biotite and Fe-Ti oxides. In the strongly foliated part, modal composition of

hornblende increases in comparison with surrounding pyroxene granulites.

Pyroxene behaves as a porphyroclast with or without core and mantle structure
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against the matrix grain such as fine-grained hornblende, plagioclase and quartz, and

partly recrystallized like core and mantle structure (Fig. 6-6b). Clinopyroxene is likely to

dynamically recrystallize in comparison with orthopyroxene, because Burgers vector in

the a-direction of clinopyroxene is shorter than that of orthopyroxene. Core of

orthopyroxene porphyroclasts show high AI-contents, and rim of porphyroclast and

mantle grain have similarly low AI-contents (Fig. 6-7a). Clinopyroxene porphyroclast

have high AI- and Ti-contents and preserves distinctive AI-zoning in similar to those of

surrounding pyroxene granulites (Fig. 6-7b). The AI-contents simply increase toward the

margin of porphyroclast and mantle grains have lower AI-contents than porphyroclasl.

Chemical composition of hornblende is characterized by high Ti- and K-contents typical

of that in the pyroxene granulites (Fig. 6-8).

Most of recrystallized plagioclase grains in lower strained zone has straighter grain

boundary and isotropic, polygonal optically strain-free textures depend on post

deformational annealing accompanying with recovery and grain growth (Rutter & Brodie,

1992). Plagioclase behaves plastically at temperature above 500 'c (TulJis, 1990) and

granoblastic and well-annealed plagioclase fabrics has been reported from upper

amphibolite to granulite facies basic rocks (Ji & Mainprice, 1987). Although strain feature

was destroyed by recovery process, compositional difference is observed between

porphyroclasts and neoblasts; relatively large plagioclase porphyroclast shows higher An

contents (An60_70 ) same as that of protolith, than recrystallized grains (An.5_,,) (Fig. 6-9a

b). An-contents of equigranular recrystallized grains show no variation in the

recrystallized aggregate.

As a whole, garnet porphyroblast shows idiomorphic and/or angular shape along

the feldspathic vein parallel to S I foliation. Quartz interstitially occurs as a large strain-free

grain in comparison with other minerals. In addition, softer phase Fe-Ti oxide is generally

in filled with fracture of hornblende or pyroxene.

Metamorphic temperatures have been estimated from the Fe-Mg exchange reaction
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between coexisting garnet and hornblende, following the formulation of Grahan1 and

Powell (1984). Metamorphic pressures were calculated using the garnet-hornblende

plagioclase-quartz geobarometer (Kohn and Spear, 1990). Estimated temperature is 655

'C and pressures are between 820-830 MPa. In addition, absence of low grade minerals

such as clinozoisite, actinolite and chlorite indicates that development of S I foliation

occurred under up to upper amphibolite facies metamorphic condition.

52

Within the shear zones with S2 foliation, the mineral assemblage consists of plagioclase

(An30.50), green-coloured hornblende, clinozoisite, quartz and Fe-Ti oxides, occasionally

garnet Modal composition of plagioclase tends to be smaller «40 vol. %) than that of S I

with increasing hornblende and epidote. Mylonitic microstructure shows asymmetric S-C

fabric (Lister & Snoke, 1984) suggesting top-to-the-SW.

Pyroxene completely disappears within the fine-grained part of the shear zone, even

if the shear zone clearly cuts pyroxene granulite pods. Some green-coloured hornblende

occur as a porphyroclast and others are composed of fine-grained matrix (Fig. 6-6c). It

indicates that the hornblende has already existed before development of S2 begin.

Chemical composition of hornblende forn1ing S2 foliation is similar to that in surrounding

undeformed amphibolites, and is characterized by lower K- and Ti-contents and higher

Al- and Na-contents in comparison with the hornblende in rocks with the S I foliation (Fig.

6-8). The plagioclase aggregates are mostly recrystallized during high temperature (up to

500 .C) mylonitization (Tullis, 1990). Plagioclase porphyroclasts show undulatory

extinction and subgrain which has low angle misorientation against the host lattice. The

An-contents of plagioclase porphyroclast (Anso) are nearly same as that of plagioclases in

the surrounding equigranular rocks and higher than that of matrix grains (An30-4o), as

shown in Figure 6-9(c-d). Matrix grains show relatively lower An content than that of S I.

These mineral chemistries indicate that regional amphibolite formation occurred at the
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same time of development of the S2 foliation. Although white mica occasionally replaces

An-rich cores of plagioclase porphyroclast together with small amounts of quartz, epidote

and albite, these secondary aggregate does not have deformational features at all.

Interstitial to poikilitic c1inozoisite occasionally crosscut the S2 foliation. They show no

optical intracrystalline strain features such as undouJoseipatchy extinction. However,

some clinozoisite forms the S2 foliation parallel to the alignment of hornblende. These

observations suggest that c1inozoisite grew during or after formation of the S2 foliation at

lower amphibolite facies.

Estimation of metamorphic conditions during formation of shear zone using the

above geothermobarometer (Graham & PoweU, 1984; Kohn & Spear, 1991) on adjacent

garnet, hornblende and plagioclase rims gives temperatures between 585°C and 650 °C,

and pressures among 910 and 950 MPa. As described in Chapter [V, these garnet has

discontinuous zoning, which indicates pyrope-rich core and grossuJar-rich rim. In

summary, the shear zone formed at higher pressure metamorphic conditions; at least

amphibolite facies than that of S I structure.

53

The mineral assemblage of amphibolites with S3 structure is composed of hornblende,

actinolite, epidote, quartz, ±sphane, ±garnet and Fe-Ti oxides with saussulitized

plagioclase and chlorite. S3 foliation is defined by alignment of idiomorphic acicular or

platy green-coloured hornblende, pale green or colourless actinoljte and pleochroic pink or

colourless epidote (Fig. 6-6d).

Calcic-plagioclase within the shear zone completely disappears because of lower

grade metamorphic condition compared with S2 foliation, probably lower amphibolite to

green schist facies conditions. Blue- to green-coloured hornblende is partly or totally

replaced by low-Al20) (2-3 wt%) actinolite and chlorite within the shear zone in

comparison with the protolith. IrutiaUy larger tscherrnakjtic hornblende (up to 15 wt%
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Al,03) in the matrix of hornblende containing low Al,O" actinolite, chlorite, epidote and

quartz behave as a porphyroclast in the shear zone. The S3 foliation is mostly defined by

shape preferred orientation of acicular or platy actinolite or pale-coloured hornblende.

Intensive mineral lineation with a direction of NW to N dipping sometimes develops.

Quartz modaly increases compared with rocks with S2 foliation and forms ribbon by

recrystallized aggregates or single grain. Although plagioclase is mostly saussulitized,

rarely observed plagioclase grains show no evidence of plastic deformation such as core

and mantle structure, subgrain rotation and lattice preferred orientation. Saussulite

preserves the rounded shape in the matrix of actinolite, epidote and quartz (Fig. 6-6d).

This observation suggests that alteration of plagioclase post-dates development of S3

foliation and plagioclase behave as a porphyroclast during formation of the S3 foliation.

This evidence indicates that S3 developed below the brittle-ductile transition of plagioclase

«SSO 'C); lower amphibolite to green schist facies. White-coloured compositional

banding is almost formed by strong preferred orientation of acicular or platy epidote.

Epidote is higher pistasite component than that in rocks with S2 foliation (Fe,O, over IS

wt%). Enrichment of pistasite component in epidote presumably represents that formation

of S3 foliation occurred under lower metamorphic condition than that of S2 foliation.

Epidote has shape preferred orientation parallel to the S3 foliation defined by alignment of

amphibole.

54 &5

S4 and SS foliations commonly have S-C fabric with shear plane defined by shape

preferred orientation of quartz ribbon and alignment of fine-grained actinolite and chlorite

(Fig. 6-6e). Absence of hornblende and plagioclase in these types indicates that they are

totally replaced by retrogressive mineral assemblage suggesting greenschist facies

metamorphism such as actinolite, chlorite, epidote, muscovite, quartz and minor albite. In

the granitic mylonites, epidote behave as a porphyroclast in the matrix of fine-grained
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chlorite, actinolite, quartz and muscovite and is occasionally micro-boudinaged or

fractured and besides, in some case, rotated after the fracturing depending on non-coaxial

flow. Ribbon like quartz aggregates forms the principal load-bearing framework.

TECTONIC IMPLICATION

In the SKA, the main deformation phases are classified by Treloar ef a1. (I990) into two

categories; high temperature ductile deformation occurred during the main crustal

thickening and imbrication of the island arc, and low temperature cataclastic deformation

occurred during exhumation and cooling with collision between the Asian plate and

Kohistan arc due to the 4°Ar_39Ar cooling age of hornblende.

Assuming that the higher grade deformation occurs older during the exhumation of

the southern Kohistan arc, S I foliation, which is characterized by penetrative deformation

with granoblastic texture suggesting high temperature ductile manner, should be

considered as the earliest deformation texture, called as DI. Most of the dynamically

recrystallized texture shows the effects of static recovery and grain growth. It indicates

that high grade metamorphism has continued after the main deformation event. For this

reason, the Dl structure could be recognized as an intra-arc shear zone during the main

granulite facies metamorphic stage during the gabbroic intrusion at the lower crust.

Moreover, strain feature of Dl represents the flattening type. Metamorphic P-T path

suggests that the lower crust of the Kohistan arc experienced the crustal thickening due to

magmatic accretion at middle crustal depth. Therefore, Dl might be accommodated with

the crustal thickening due to the magma loading when the Kohistan arc was an intra

oceanic island arc.

Structure deflected by S2 foliation developed under upper amphibolite facies

metamorphism suggests top-to-the-SW thrust sense. If higher grade deformation occurs

earlier stage, deformational phase forming S2 foliation, hereafter called D2 occurred after

Dl. Compared with Dl structure, the observation of microstructure in D2 indicates that



hornblende occurs as a porphyroclast, whilst some clinozoisites occur as a porphyroblast

after the formation. It indicates that D2 terminated during main hydration following lower

amphibolite facies static metamorphism. Occurrence of the anastomosed shear zone or the

strain localization is generally observed in typical high grade terrains such as Grenville

Province, Canada (Davidson, 1984), Fiordland complex, New Zealand (Bradshaw,

1989), Coastal Cordillera, northern Chile (Lucassen & Franz, 1996) and fvrea-Verbano

zone, Italy (Schmid et aI., 1987). Rutter & Brodie (1985; 1992) suggested that the

localized deformation develops during the exhumation of the high grade rocks. The

anastomosed shear zone commonly develops within amphibolites and pyroxene granulites,

especially at area adjacent to the garnet granulite in the Jijal complex. The garnet granulite

mass could behave as rheologically stronger phase depending on large amount of garnet

(up to 30% in modal composition) than amphibolites or pyroxene granulites.

Gneissose structure with S3 foliation widely accompanies with uncertain aged

granitic sheets or veins parallel to the S3 foliation. Because subvertical foliation (S3)

bends the gently dipping S2 foliation and consists of lower temperature assemblage, it can

be interpreted that a deformation phase forming S3 foliation, hereafter called D3,

postdates development of D2. Minimum age of this deformation is given by a K-Ar

muscovite age of 66 Ma from a hornblende-bearing granitic pegmatite that cross-cuts the

S3 foliation (Treloar et aI., 1989). The E normal fault shear sense predicted by D3

structure suggests that this deformation event was likely to be active in extensional stress

field at least in the SKA. The extensional environment might be invoked that the

subduction rate at the back-arc basin in association with collision between the Asian plate

and Kohistan island arc is faster than that of the Tethys oceanic plate at fore-arc. This

event may lead to tectonic erosion of the high pressure rocks and crustal thinning. The

exposed lower crustal section in the Kohistan arc is too thick to compare with realistic

expected thickness of the lower crust, because the width is about lOO km at the longest

traverse in spite of the observation that is generally subvertical dipping throughout the



section. The fact requires that the crustal thinning process might occur at the lower crust in

the Kohistan arc during the back arc collision. Crustal thinning can be explained by

regional scale normal faults at an extensional field. 03 shear zone, suggesting the E

normal fault sense widely develops in a width of 20 km in the central of the KAB.

Although S3 forms steeply dip to the north, it is possible to interpret more gently dipping

at the back-arc collision stage. Thus, the lower crustal section should experience NS

compression during the Main Himalayan collision and the regional steeply dipping

structure has been formed especially at the 03 shear zone. The regional anticlinal fold has

probably developed in the Chilas complex at the same time (Coward el ai., 1987).

Consequently, 03 should accommodates the exhumation of the garnet granulites due to

the movement of normal fault. According to Zeitler (1985), 40Ar_39Ar biotite and

hornblende cooling ages (85.8±0.6 Ma - 73.3±0.8 Ma) show rapid cooling path during

the back-arc collision stage and the zircon fi sion-track cooling ages in southern Kohistan

arc is younger northward. Development of buckling fold dragging 03 structure postdates

intrusion of granitic sheets and is prior to development of S4 and S5 foliation.

In S4 and S5 structures, it is difficult to speculate the formation age under

greenschist facies metamorphism because of absence of geochronologic data. Because

these deformation structures cut the all fabric of 01-D3, these deformations occurs after

development of S 1-S3, called as D4 and D5, respectively. It can be interpreted that these

deformation events occurred after the back-arc collision depending on structural relations

cut muscovite-bearing pegmatite which has younger age than hornblende cooling age. In

addition, the southern Kohistan has kept since minimum l4.1±1.2 Ma among 200 and

300 ·C after the back-arc collision (Zeitler, 1985). Quartz had maintained a plastic manner

as load framework. Shear zone with S4 foliation indicating top-to-the-south shear sense,

probably developed during the Andean type margin stage or Main Himalayan coUision

stage. Shear zone with S5 foliation indicating mainly top-to-the-NW, acted during the

rapid uplift of the anga Parbat-Haramosh massif (NPHM) (Zeitler, 1985, Zeitler el ai.,
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1989, George et al., 1995). Structural studies suggest that the movement of shear zone at

margin of the NPHM shows northwestward directing thrusting of Indian crustal rocks

over the Kohistan arc (Butler & Prior 1988). This movement extremely corresponds to tlle

moving direction of D5.

CONCLUSIONS

A tectonic evolutional model in the lower crust of the Kohistan arc on the basis of the

predicted deformation events, is illustrated in figure 6-10. The variable deformations

developed and superinlposed at long-time range under the several tectonic environments

as foUows; (I) DI event occurred as an intra-arc deformation and was accommodated by

crustal thickening process. (2) D2 structure is characterized by the anastomosed

occurrence, SW thrust sense under upper amphibolite facies, and the compressional

movement could enhanced the crustal thickening, presumably after formation of garnet

granulites in the Jijal complex. (3) D3 structure shows movement of top-to-the- W

normal fault sense under lower amphibolite facies. Development of the movement could

be promoted by crustal thinning process with the exhumation of high pressure rocks. (4)

D4 is characterized by subhorizontal top-to-the-S movement under greenschist facies and

resulted from the crustal shortening owing to the Andean type margin or Indian collision.

(5) D5 structure shows retrogressive narrow shear zone suggesting top-to-the-NW thrust

sense and is related to the thrusting of the NPHM after the Himalayan collision.
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Table 6-1. A summary of deformational phase of metabasic rocks in the Kamila amphibolite belt

High grade
51 Granulite facies to NKA 10-500 m None parvasively

upper amphibolite facies EWstrike homogeneous
opx-epx-hbl-pl-qtz±gn steeply dip gneissose texture

52 Upper amphibolite facies Kiru-Pallan 5 cm-IO m ToptotheSW anastomosed
hbl-epi-pl-qtz±gn mainly NW-SE thrust inhomogeneous

gently dip gently dip mylonitic texture

53 Lower amphibolite facies Paltan-Dasu Seveal km Top to the NE gneissose texture
(hbl)-act-epi±pl-qtz±chl±gn EWstrike nannal fault deflect 52

steeply dip steeply dip

Low grade
54 Greenschist facies Mandraza-Kiru Several em Top to the 5 mylonitic texture

act-chl-epi-mus-qtz±gn subhorizontal thrust deflect/cut 53

55 Greenschist facies Lutar-Mandraza Several cm-m Top to the W (E)
(act)-ehl-epi-mus-qtz±gn NNW-SSE thrust

steeply dip steeply dip

mylonitic texture
deflect/cut 53
deflect/cut 54?

Abbreviation; px:pyroxcne. hbl: hornblende, actaclinoJite, pI: plagioclase, epi: epidote, chi: chlorite. qtz:
quartz, gn: gamet, mus: muscovite
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Table 6-2. Asummary of chemical characteristics and texture of minerals in each deformation strucrure

pyroxene

Sl

porphyroclastic

S2 S3 S4& S5

amphibole

plagioclase

epidote

chrolite

quartz

White mica

~ Shape preferred orientation
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Fig. 6-1. Spatial distribution map of the five types of foliations defined by mineral

alignment along the Indus Valley route. (a) A map to show the locations and typical trend

of foliation. (b) Simplified cross section (A-C), vertical to the main striking of foliation

through the Kamila amphibolite belt.
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Fig. 6-2. Equal-area lower hemisphere stereographic projections of pole to the shear plane and mineral and stretching
lineation in the Kamila amphibolite belt. (a) Regional variations from Pattan to Kim; (b) from Kim to Dasu; (c) from Dasu
to Lutar.

-.l
-.l

(a) Pattan - Kiru (b) Kiru - Dasu

Igneous b..1nding or layering

Backling fold axis

(c) Dasu - Lutar
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(a) S2 (c) S4

(b) S3 (d) S5

Fig. 6-3. Equal-area lower hemisphere stereographic projections of pole of shear-plane

or mineral alignment are depicted with movement directions (arrow) interpreted from

fabric curvature and stretching or mineral lineations. (a) Anastomosed shear zone with

S2 foliation, indicating mainly north side up SW thrust sense; (b) subvertical gneissose

foliation (S3) indicating north side down NE normal fault sense; (c) retrogressive shear

zone, S4, suggesting S thrust sense; (d) low temperature shear zone, S5, indicating

conjugate set.
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Fig. 6-4. Field pholographs of deformed slructures in the Kamila amphibplile belt.
(a) Field photograph of a low strain coarse-grained amphibolile pod rimed by a
highly folialed (52), fine-grained mylonilic amphibolites. (b) Field photographs
showing that sleeply dipping 53 foliation bend the relalively gentle dipping shear
zone (52). (c) Field photograph of subhorizontallow temperature shear zone (54)
cUlling the sleeply dipping gneissose foliation (53).
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Fig. 6-5. Distribution of deformational texlUre about plagioclase in the Karni1:J amphibolite

bell. Note thai dcfonnational (exlUre changes from granoblaslic to porphyroclastic texture

northward ncar Kiru and cumul::uc lexture is well-preserved in the NKA.





Fig. 6-6. Microphotographs showing typical microstructure of these shear zones.

(a) Note that a granoblastic texture with euhedral pyroxene porphyroblasts and

interstitial to subhedral plagioclase in the undcformed pyroxene granulites. (b)

Microphotograph of a high temperature gneissosc foliation (5 I) showing

clinopyroxene, oryhopyroxene and hornblende porphyroclasts and dynamic

recrystallized plagioclase aggregates. (c) Microstructure of localized high

temperature shear zone with 52 foliation indicating plagioclase and hornblende

porphyroclasts and optically strain-free clinozoicite porphyroblasts in fine graincd

plagioclase and hornblende matrix. (d) Microphotograph of the deformed

amphibolites with gneissose foliation (53). Note that saussuritized plagioclase

behave as a porphyroclast and the alignment of acicular and platy clinozoicitc and

hornblende porphyroblast defines foliation. (c) Microphotograph of a low

temperature basic mylonite (55) suggesting 5-C fabric defined by quartz ribbon

and alignment of chlorite. Clinozoicite porphyroclasts occur within fine grained

chlorite-actinolite-epidote-quartz matrix and are partialy micro-boudinagcd.
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Chapter VII

Summary

The Kohistan arc is the Early Cretaceous island arc between the Eurasian and Indian

continents. The lower crustal rocks consist of mainly metabasic rocks such as pyroxene

granulite, garnet granulite and amphibolite derived from gabbronorite with calc-alkaline

affinity. The Early Cretaceous metamorphic event of the lower crust in the Kohistan arc

can be divided into three major events: (I) intrusions of the basaltic to intermediate arc

derived magma; (2) a subsequent formation of the pyroxene and garnet granulites under

medium to high pressure granulite facies metamorphism; and (3) regional hydration of the

granulites. Clinopyroxene with magmatic texture from the pyroxene granulite preserves

distinct AI-zoning. Zonal structure of plagioclase in contact with clinopyroxene

corresponds the AI-zoning in clinopyroxene. Plagioclase breakdown reaction introduce an

increase of AI solubility in clinopyroxene as jadeite and Ca-tscherrnakite components with

quartz as a product. Zoning relations between CaTs and Jd component and An-contents

suggest that AI-zoning in clinopyroxene is controlled by zoning of mainly CaTs

component in the NKA, whereas it reflects compositional variation of Jd component in

the SKA. Peak P-T conditions inferred from these reactions are 0.8-1.2 GPa at around

800 'c. Regional mineral chemistry and geothermobarometry using several methods

generalJy show higher pressure and temperature condition southward. Estimated prograde

P-T paths represent a crustal thickening process suggesting loading above the lower crust.

The crustal thickening in the lower crust of the Kohistan arc is triggered by magma

loading at the middle crustal depth. The highest grade ductile deformation characterized by

flattening was probably facilitated by gravity collapse due to magma loading.

Garnet granulites in the Jijal complex and the garnet reaction zone developed within
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pyroxene granulite pods in the Kamila amphibolite belt overprinted the pre-existing

pyroxene granulites by consumption of hornblende, orthopyroxene and calcic plagioclase.

Vein-like occurrence of the garnet reaction zone is triggered by channelized infiltration of

low fH,O fluid. In the lower pressure area, the garnet reaction zone developed along

quartzo-feldspathic vein, and was formed by dehydration of hornblende near the vein due

to hydrofracturing. On the other hand, in the higher pressure area, the garnet reaction

zone unrelated to hydrofracturing was formed by lowered water activity due to locally

connected network of low fO, fluid. Garnet granulites in the Jijal complex should be

regionally formed by lowered activity of water of residual fluid phase due to selective

removal of H,O caused by decrease in dihedral angle. Relatively high aco, leads to

scapolite-forming reaction of the Kohistan granulites.

Lower crustal sequence of the Kohistan arc underwent exhumation accompanied by

development of ductile shear zones and regional retrogressive metamorphism during two

collisional events. Early formed foliation (S I) preserved only in pyroxene granulite pods

represents flattenmg deformation accomodated by crustal thickening process. Strain

localized high-T shear zone (S2) characterized by kinematical direction of top-to-the-S W

developed in the compressive field around garnet granulites in the Jijal complex after

formation of garnet granulites. Development of the regional gneissose foliation (S3) with

shear direction of top to the northwest took place the exhumation of the high pressure

rocks in the extensional field during the back-arc collision. Strain localized low

temperature shear zone (S4 & 5) developed under greenschist facies condition after the

back-arc collision.
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