A study of various occurrences of the AlSiO; polymorphs in the rocks/veins of the
Hamedan region, Iran: with special reference to origin of quartz-Kyanite veins
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Abstract: The sy area 15 a pan of so-called Sanandaj-Sirjan zone or Zagros imbricate zone of the Zagros
Orogen, Iran. The Hamedan region comprises a metamorphic sequence of low- to high-grade regional and
contzct metamorphic rocks intruded by mahc, intermediate amd felsic plotonic bodies, The sequence
comprises pelitic, psammitic, mafie, cale-pelitic and calc-silicate rocks. Pelinic rocks are the most pbundant
rucks in the region which are mostly composed of slates, phyllites. mica schists. garmet-mica schists, garnet-
andalusite-{ #rilhmanie/zkvanite) schisis, gammel-stanrolite schisis, moca homfelses, pamet hoonfelses,
gamet-andalusite-(x  fibrolite) homfelses, cordierite-{+ondalusite)  hornfelses.  cordierite-K-feldspar
hornfelses and sillimanite-K-feldspar hornfelses. Several interlayers of amphibolites and amphibole schists
alternate with pelitic rocks in the sequence. Varous types of ALSIO:-bearing silicic veins ocour in the
region, lsotope charactenistics indicate metamorphic ongin for some of them In this study, we have defined
three different generstions of kyamie according 1o their vanous geological chamacteristes, including: (1]
metamorphic (rndomly distnbuted and commaonly co-existed with sillimamtefandalusite), (2) stress-(sheard-
induced {prewdomorphs of kyanite afier andalusite i the shear zones) and (3) late-stage (hydrothermal or
metasomatic) kvanites. The quanz-kyanite veine/pods are Iate structures that are created by interactions with
witll rocks. Circulmting Al- and Si-rich (lnids may be responsible for lormation of these veins/pods

Reywords: hydrothermal, metanwrphic. metasomatic, Eyanitte, stress, veins, Haniedan, Tran,

Introduction Al-bearing  mineralzation 0 veins |4, 9]

In spite of earlier #deas [0, 2] considenng
alominum as an immobile element, recent studies
by many authors [3-8] mdicate that aluminum
should nol be assumed w0 be immobile dunng
fhuid-rock interaction in deep environments, The
low' solubilities of alumnom  hydrosodes  and
alumunosilicates- do wot mean their immobility,
eapecinlly in deep crustal environments [4]. The
presence of Cscgregation  lavers, amd  veins
containing  quanz  +  aluminosilicates in
meinmorphic  environments, confiom  that
aluminum can be transferred from rock-forming
minerals 0 the fluid phase and from fuid phase o

Aduminum solubility indreases through complexing
with silica [10]; alkakis [11], Muornine [12] or boron
[9]. Thus, aluminum con be  transported by
complexes, so, in spite of its low solubility it can
be mobile [4]. Dehvdmtion reactions [13], fast
release of Muid overpressune in response (o mock
fractunng [4] and deviatoric stress [14, 15 are
possible sources of fund-rock disequilibriom in
metamorphic  environments (4], Also, there is
shundant geological evidence o =ignificant Al
solubility in Muids in medium- 1o high-pressore
geologle environments, oIV B Uoem of
dluminosilicate vein minerals that formed from
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metasomatism  and hvdrothermal processes [19,
Mi|. Fluids may penetraie (o upper crusial
environments from she deeper levels of the crust or
originge by magmatichydrothermal processes,

Aluminum silicate {AlLS104) polvmorphs ocour
in a wide range of lithologies such as regional amd
contact  metamorphic  pelitic  mcks,  felsic
{plutomicfvolcamc) bodies and silicic veins [21,
22]. Although, kvanite is a common mineral of
regional metamorphic temones, the ocowrrence: of
kvanite in contact {thermal) metamaorphic aurcoles
has alto been reported by many authors (21, 23-
) B

Also, in some quartz-kyanite rocks/veins,
kyvanite crystals may be generated by hyvdrothermal
{andfor prcomatelvtic) and metasomatic processes
(19, 20, 30, 31). The occurrence of kyanite, in the
presence of o Mond phase dunng deformation o
high strmn zones as a consequence of the
melasomatic reactions, has been reported, also (19,
20).

Many muthors [21, 28, 32-34] have previously
repocted  the occurrence of kvanite o the
metamorphic and  plutonic  rocksiveins of the
Hamedan region, but these authors do not indicate
various generations of this mineral, In this paper,
wie have provided new geolosteal features and
peirogenstic dota that are helpful for distnguishing
various generations of kyanite in the metamorphic
and plutonic rocksfvemns of the region. Visible
changes in color and pleochroism of various
generations of kyanmite occur which make their
wenification exsy.  In this stady, we focus on
demonstrating  geological featwres of  siliceous
kyanile-bearing veins and pods and on  their
imponance as cvidence for Al mobility in natural

environments  (especially  in metamorphic
environments).
Geological selting

The study area 1z o pant of the so-called Sananda)-
Sirjan zonc or Zagros imbnicate zone of the Zagros
Orogen, Iran.  Major metamorphic and magmanc
events of the Sanandaj-Sirjan Metamarphic el
{(55MB) have been attributed to Mesozoic age [21,
28, 34-37]. These evemis have been atfributed by
some geologists o the subduction of the Neo-

Tethyan scaway and the subsequent collision [21.
28, 34, 35).

The Hamedan region comprises a melamorphic
sequence of low- 1o high-grade regional and
contact metamorphic rocks that have been mitruded
by mafic, intermediate and felsic plutonic bodies
(Fig. 1) [28]). The sequence comprises pelitic,
psammitic, mafic, and cale-silicate rocks. Pelitic
rocks are the most abundant lithologies.

Lithology of Al:5i0-hearing rock units
In the regiom. metapelitic rocks are the most
abundant rock 1ypes, and comprise shate, phyllie,
mica schist, garnet schist, gamet-andalisite-
(xsillimanitefskyumite)  schist,  parnet-staurolite
schist ond  goamet-sillmanine-{=kyvanite) schis
Metapelitic rocks are nterlayered with minor
metabazalic.  rocks famphibole  schist amd
amphibolite), memcarbonates, and  cale-silicate
rocks. Near the Alvand  plutomie  complex,
cordierite - K - feldspar - (zandalusite / fibrous
sillhmanite) homfelses. Gamel - staurolite
(+kyanite) hornfelses, and in some places pamel -
sillimanite - (+andolusite/tkyanite)  schists  f
inigimatites with interlayers of cordienite — K -
feldspar — andalusite - spinel migmatites occur.
The alumimum silicate polymorphs ecour ina
wide range of lithologies in the region, including
regional and contact metamorphic pelitic rocks,
plutonic bodies and silicie veins. Descnplions of
complete sequences of the metaumorphic rocks have
previously  been  presemted (21, 28, 34, 35);
therefore, we have focused our descriptions only
on the ALSiOy-beanng rock umits. The ALSIO.-
beanng rocks of ihe region can be divided into
three major categories including: ALSIO.-bearing
metamorphic  rocks.  AlLSiOy-bearing  plutonic
rocks and AlLSIO-bearing vein rocks [21].
Al5i0-bearing metamorphic rocks can be sub-
divided into three major rock units:
1. Regional metamorphic rocks, such as andalusite

schists,  andalusite-sillimanite  schists  and
andalusite-sillimanite-{ +/-kyanite)
schists i gmatines.,

2. Contact metnmorphic rocks, such as andilusite-
sillimanite  hornfelses.

!IHIII!
kyanite homfelses and ‘-Illll'lml'lllﬂ hc:rgzl"ﬂcs
3. AlLSiOs-bearing  plutonic  rocks, such as
granites.
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Figure 1 Simplified geological map of the study area. Modifeed after [8, 7]

Regional metamorphic rocks

Andalusite schists with porphyrobiasts of garnet
fup to | em in diameter), and andalusite (up 1w 20
cm in length) have a mingral assemblage of quarz,
biotite, andalusie (chiastolite), gamet, staurolite,
fibrolite and muscovite, Minor minerals are
graphite, plagioclase, wurmaline and  ilmenite.
Secondary chlonte is present,

Sillimanite-andalusite schists contain  gquarz,
biotite, muscovite, plagiociase, and small gamet
crystals (600-T00 [ m) wih large (320 cm long)

porphyroblasis of nnd:ﬂmWIm by
prismatic sillimanite (sillifhnle dcurs in

these pocks as hibpolite), Accessory munerals are
graphite, tourmaline and ilmenite.
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o the gramitic bodics an which the sillimanite f
andalusite schazts f mipmatites alternate with manos
interlayvers of conlierie-beanng migmatites, The
highest grade schists in the regional metamorphic
sequence contain sillimanite + quantz + biotite +
muscovile + parngl + plagioclaze + K-feldspar
{perthitic orthoclase) 4+ ilmenite £ andalusite £
kvanite = staurolite. These schists grade 1o the
migmatitic rocks with the same mesosome
miteralogy as the mineral assemblages of schisis,
These rmocks are  cut by obundant  granitic
pegmatites and aplites as well as guanz-sillimanie
veins.  Mesosomes of  the mipgmaties  have
porphyrolepidoblastic texture and contain guarz,
brotite, parmel and ALSO polymorphs (especially
sillimamite, but m some places with andalusine
amdfor kvanite) = staurolite £ spinel £ regional
cordierite = graphite (spincl in intergrowths with
cordierite arond sillimanie/andialusite
porphyroblasis),

Contacl metamorphic rocks
Rocks  with homfelsic wexiure, bur - showing
promary regiongl metamorphic assemblages, such
as stourolite, andalusie, ond kvonite, are commen
m the regione Minor amounts of exturally-late
cardiente and fibrous sallimanite occur in these
rcks (hornfelsed schists).  Rocks in the inner
coptact sone include cordierile-andalusiie-gamet
homdels, cordicnite-K-feldspar-{2garnet] homfels
and sillimanite- K-feldspar-{zarmet) hormifels
Kyanite-bearing  schists  occur al  sctbered
localines within sither zones (Fig, 2}, They coniaim
hiostite + plagioclase + quanz + Kyanite = pamet.
Kyanite-guartz veins (conlnining minor muscovite,
chlore, and  dmenie) cut through  vanous
lithologies in the regional metamorphic sequence
and the thermal metamorphic rocks near contact
soppes of the plutons, In the veins, muscovite and
chlpnte are=commonly reirograde, as 5 minar
iiaspore.  Some Evonite schistaiomielses in the
contact fone have lestores indicating two distinc
penermbions of kvanime  In these rocks, some
Evanile erystals are deformed. These moicks also
contmn idioblnstic, randomly onented - kyomite that
ia typically Jess fabular than the broken kvanite
which cross-cuts the refict fohation and occurs in
the wvicmity of quartz-kyanite veins. Typical
muneral  assemblage of  host rocks of gquan-
Eyunile vems (homiclsed schists near the wall
Eoare) i quarte + biotite + andalusite + sillimanite

ifibrolite) £ gamel, £ conbierte, = muscovike
i kyanite and muscovite are late stage minerals}.

Figure 2  Phatonicrograph (pplh of o kyanite-beanng
schist from the study ares (lengih of Kyvanile erystal =
about 1 mmj

Plutenic rocks containing ALSiC minerals:
Plutonic rocks of the Abimd (1hmsdant complex
cun be divided imo three catépories:  gabbro-
diomie-tonalite (GIVT) dssociation, monsogrianie-
pranodionite. porphyroids.  and  hololeucocratic
granitoids  {leuwcogranite to  lewcotonalite).  The
pranmies-gronodioriies,  which  mostly  have a
porphyrine texture. comtain feldspars {plagioclase
(=20-25 modal %), ornhoclase (=15-20 modal
and minor microcling (=3 modal %)), quartz {=25-
30 modal %) and biotive (=27-30 modal % rarely
fiuscovite), minor tourmaling, apatite and frcon
without any  hornblende as a maflc  mineral.
Bestites amd senocrysts ol the Alsilicites are
typical  enclaves  in mionzogranmes  and
granodiorites of the Alvand plutonic  complex.
Xenocrysts of andalusite, sillimanite, garnet and
corthiente are common an these rocks.  In the
region, the senocrysis of Alsilicae minerils were
penerated due 1o mechanical dispersion of the Al-
sihicate-beanny  enclaves (such a5 xenowrysts of
andalusite,  sillimanite,  gamet  and  pindtieed
cordienite} or resulied from disaggregation of the
picces of schists and mmgmatites. ingorpored in
the gramitic magma  dunng s sscent gl
emplacemieznt

O the basis of classification schemes of [22;
38 b observed  andalusite  senocrvsis  in
monzogranites have exogenic (metamorphic)
origin. The existénce of disequilibnum texiues af
the contact between the andalusite xenocrysis and
their granitic/dionitic hosts of Iﬂ}, 1t|:|:u|.'
comples (adso alongside cibh :l Q i Lhe
andalusite genocrysis: Fig. 3a-b), indicate thut they
should not have crystallized frome granitie/dionite
melis, The presence of  andalusiie  andfor
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mocks  and  the metiluminoos  diontie rocks,
confirms that most xenocrysts have been formed
by disaggrepation of country rocks, such ns
andalusite-sillimanite-bearing schists and
migmatites, during mtrusion and emplicement of
the plutons,

Typology of the ALSiOs-bearing rocks and
vielns paods

Sepahi et al, [21] have reported the ocourmence of

varous  ALSIO-bearing  vems in the region,
including - andolusiie-bearing  weins,  andalusite-
kvamite-besring  vems, andalusite-sillimumine-
beaning  weins, andalusite-kyomite-zillimamite-
bearing veins, kyanite-bearing veins, sillimanite-
bearing  veins and  sillimanie-kyante-bearing
veins. Oxygen isotopic data (Tabie 1, 870 = 14
IT) are consistent with o metomomphie ongm for
the Al5i0y mnerals and quane. and sccordingly
for Munds which gencrated these minerals

Figure 3 Examples of partial replacement of andalusie, from rns and cleavage planes, by sillinanie (xpli

Fable I The represeniative wmnounts of the oxvgen isitope ratios. for quarz and AlLSIO. minerals froin veins of the
Homedan arga. Data were obiained using o ICP-MS. Finmigan-MAT 231 model, wsing BrFa reagent amd 12 W OO,
fnser, ol the Lmiversity of Wisconsin. The precision of the analyies khas been penrly (0,0085400, 12 %, examingd with gurnet
stonidond sampde of UWG-2 with 5'°0nS.8, in comparison 1o SMOW, ** = gverage of 5 samples; * = averase of 2
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Quartz-rich kyanite-bearing veinsfpods cul through
vanous rock units in the Hamedasn  region,
including regional and contact metamorphic rocks.
and granitic rocks (Fig. da-d), Preferred onentation
of the vemns s approximately parallel o the
structure of the host rocks, and also, to the peneral
irend of regional structures (i.e., NW-3E itrend)
The thickness of veins and pods. vary from less
than a few centmeters to more thin several melers,
In most places. the kyvanite crysials have grown ot
right angles fo the rock-vein interfaces andfor to
the strike of the veins (Fig. 4b, d)

Major characteristics of various generations of
kyanite in Lthe veins/rocks
In this stedy, we have divided the kyvanite crystals
of the varous rocks in the region into three distinet
generations  (Table 2) including: (1) Regional
Feontsct metamorphic, {2} Siress {shear)-mdoced
{dynamo-metamorphic) (3) late-stage
(hydrothermal or metasomate kyanie?),
Regionalicontact metamorphic kyanite has not
cryvstallized ot the cxpense of andalusite
porphyroblasis.  Shear-induced  Kyanite  crvstals
pecur a5 pseudomorphs of kyanite after andalusite
porphyroblasts developed in the shear zones. Late-

stage kyamite crystals occur in the late-stage
quuriz-Eyamite vemapods coliing through
metamorphic and plutonic rocks near contact fone,
at mght angles to the vein sinke.

Color, pleschroism and zoming in the ohserved
kyanite crystals: The link between the chemical
composition and intensive change in color and
pleochroism of Kyanite has been studicd by some
authors,  previously. The presence. of  mmmor
amounts of Cr'*, Ti.ll'. Ti", Fe™ and Fe™ in kyanite
may intensively affect the color of this mineral
White and Whe [39] have annbuated the blue
color of kyanite (o the presence of irace amounis of
Ti™*, but many authors [40-43] have mtributed this
color of kvanite and some other minerals toothe
Fe*=» Fe'" wansfer process. Also, the published
analyses of Eyvanite by many authors have pot
supponied the imporiance of Gtanium concentration
in generating the blue color of kyamte [44-47)
When an apparent correlation occurs  belween
fetaniwm  concentralton and  the blue . color of
kyanite, the titanium may be present as T rithes
than Ti"* and the cationic couple of Fe™* + Ti** can
be more common than Fe™ + Ti'" in the kvanite
lattice [4, 47],

“ www.SID.ir

Figure 4 a-b) Outcrops of guartz-kyanite veins in the study area (maximum length of observed crystals in the photos is
about 3 em}, ©) photomicrograph (ppl) from a quanz-kyanite vein of the study area, dj photomicrograph (ppl) from a
guearte-kyanite vein and its nearby kvanine-rich homifelsed schis from the shedy area.
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Tahle yﬂﬁk&%@ﬁ}ﬂwdummm of warious generations of kyanite crystals from silicie veins of the Homedan

region, Iran.
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Discussion and concluding remarks;

Although, the existence of kyanite-bearing rocks
and wveins has already been reported from thie
Hamcdan region [21, 28, 32, 33, 34, 35]. the major
problems. in regard 1o occurrence and origin of
kvanite in these rocks and weins still remain
unresolved. In many places in the Homedan region,
the relationships of the kyvanile crystals in the veins
indicate that kyanme may have crvstallized by
Muid-reck interactions (L., many kyvanme crysials
occur ot right angles w ihe main trend of the veins
iFig. 4b) ancdfor host rock struciures such as
bedding or schistosity plancs), although fluids may
be provided from an external source. Examples of
such veinsfpods, in medivm-high  grade
metamorphic rocks, contaiming quartz and Al,Si0.
polymorphs have been reported by many authors
[9. 16, 17, 21, 23, 48-55].

The chemical composition of the host rocks and
the presence of stress can be essential factors in
regard o the crystallization of some generalions of
kyanile. The possible effect of siress, induced by
icctonic  features, such as shear zones, on the
formation of kyamite or inversion of
sillimanitefandalusite 1o kyanite has been reported
by zome authors [56-001]. In the Hamedan region
porphyroblasts of andalusitefallimanie have been
altered o kyanie in shear zones (e.g., south of
Simin area)

In the Hamedan region, the occurrence of some
quanz-kyanite veins near the contact zone of the
granitic intrusions and the observation that these
vieins cul through the intrusions at the several
outerops, confirm a possible hyvdrothermal ongin
for the veins, The source of Al and Si, however,
the mechanism of the production of large volumes
of 51 and Al for generation of voeluminous
apgregates of quartz and kyanite, crystallized in

st and perpendicular w the wall zong of many
veins by intersction with wall rocks in an advective
Nuid model remains problematic. I s passible
that circulating fluids have leached Al from Al-nch
rocks and deposited it in different lithologes (ie.
Al has been leached from Altich Bthologies bul
nob mecessarly deposited in verns cutting through
Al-saturated rocks), This possibility means that it
is better to consider o cirenlating-Nuids model 1n
contrast to a common advective-fluids model
{which has been suggested for generation of
Al-Si0-beanng veins/pods [4]).
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