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1-Introduction

Geodynamic evolution of the Zagros belt is related to the opening and closure of the Neotethys between the
Arabian and Iran plates (Berberian and King, 1981). Subduction of the Neotethys lithosphere toward the
northeast beneath the Iranian plates and the subsequent related continental collision were accompanied by the
emplacement of the Kermanshah ophiolites (Allahyari et al., 2010), the Neyriz ophiolites (Nadimi, 2002) and
the Kurdistan ophiolites (Saccani et al., 2014). The Kermanshah ophiolitic complex extends as a belt with
approximately 230 km length and 30-30 km width along the Zagros Main Thrust and is part of the Kermanshah-
Penjween ophiolitic belt. According to Shafaii Moghadam and Stern (2011) this ophiolitic complex belongs to
the Zagros outer ophiolitic belt. The Kermanshah ophiolitic complex has preserved geodynamic evolution of the
southern part of the Neotethys Ocean between the Arabian shield and the Sanandaj-Sirjan block.
Serpentinization is an important phenomenon occurs in mantle wedge in subduction zones (Ewans and
Hawkins, 1979). It is a hydration reaction process during it mafic minerals such as olivine and pyroxene react
with H,0 to form one or more of serpentine polymorphs (Palandri and Reed, 2004). Serpentinites are essential
for transferring water from spreading ridges to subduction zones and therefore play an important role in the
global geochemical cycle (Hattori and Guillot, 2003, 2007; Deschamps et al., 2010). They form in various
tectonic environments with specific mineralogy, texture and parental rocks (O'Hanley, 1996). Serpentine
minerals form in the oceanic lithosphere close to the spreading centers and in the orogenic belts due to the due
to interaction with hot water (Azer and Khalil, 2005). During serpentinization, various polymorphs of
serpentines form. Identifying the polymorphs and determining their textural relationship provide us important
information about serpentinites formation mechanism and environments in which they formed. Therefore, they
are important for interpreting tectonic history the area where they are found.

2-Methodology

After fieldwork and petrography studies, 5 samples of serpentinized peridotitic rocks from the Kermanshah ophiolitic
complex were selected to study whole-rock and mineral chemistry. The analyses were accomplished in Chinese
Academy of Science-Institute of Geology and Geophysics (CAS-IGG). Major and minor oxides were analyzed by
XRF, Phillips PW 1500. Rare earth elements (REES) and trace elements were determined using an ICP-MS
instrument model (VG-PQII). Mineral analyses were carried out using a Cameca SX Five electron probe micro
analyzer with A 30 kV accelerating voltage and probe current of 15 nA. The X-ray diffraction analyses carried out at
University of Zanjan using a Bruker advance D8 x-ray instrument at 20 between 0 and 80.

3- Results and discussion

The mineral assemblage serpentine + brucite + chlorite + tremolite + magnetite occurs in the Garmab
serpentinites. Whole rocks analyses demonstrate that the serpentinites formed from a harzburgite parent rock.
They replaced both the olivines and orthopyroxenes in the samples. X-ray diffraction (XRD) and electron
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microprobe analyses studies reveal that three serpentine polymorphs (lizardite, antigorite and chrysotile) are
present in the studied samples. Moreover, serpentines replacing the olivines and orthopyroxenes are different in
Al,O3, TiO2, SiO; and Cr20; contents and can be separated in major oxide variation diagrams. In general, the
olivine replacing serpentines contain more SiO; and less TiO2, Al,Os and Cr2Os.

The serpentine polymorphs are not stable at the same P-T conditions. Changes in P-T conditions may cause
polymorphic transformation. In low grade (P< 4 kbar, T= 200-300 °C), chrysotile is the stable polymorph.
Lizardite is stable at temperature about 300 °C and pressure higher than 4 kbar (Schwartz et al., 2013). In
temperatures between 350 to 400 °C lizardite and antigorite are found simultaneously but in temperature range
of 400 to 550 °C, antigorite is the only stable polymorph (Evans, 2004; Schwartz et al., 2013). However, Al
content increase temperature stability of the lizardite in comparison to the antigorite (Dungan, 1979).
Meanwhile, presence of AI** and Cr * may increase stability condition of antigorite (Bromiley and Pawley,
2003).

Based on the calculated P-T phase diagram (pseudosection) for the studied serpentinites, it can be inferred that
the assemblage serpentine + brucite + chlorite + tremolite + magnetite formed in temperature range of 350 to
400 °C and pressures higher than 4 kbar. Hydration of the studied serpentinites incepted by reaction of
harzburgite (mainly composed of olivine and orthopyroxene) with hot fluids below 850 °C caused formation of
chlorite and talc. Antigorite, lizardite and chrysotile formed in temperatures lower than 600 °C, 400 °C and 300
°C, respectively. Subsequent metamorphism events resulted from magmatic activities in the area caused to some
polymorphic transformations and formation of the serpentine polymorphs together.

4-Conclusions

According to this study, the following conclusions are obtained:

- The Garmab serpentinites have been produced by the extensive alteration of the harzburgitic rocks. The
alteration started in sea floor at first and then continued during their emplacement in the continent.

- Chemical composition of the study serpentines and XRD analyses results demonstrate that they are mainly
antigorite and lizardite together with som chrysotile. The serpentine polymorphs formed in the studied rocks due
to variations in P-T condition during subsequent metamorphism events.

-- The calculated P-T phase diagram for the study rocks indicate that the chlorite - talc - brucite - chrysotile
formed in sequence due to hydration of harzburgitic rocks temperature range of 800 to 200 °C. Although, the
contemporaneous presence of lizardite and antigorite indicate that these rocks have subsequently undergone
green schist metamorphism at temperature about 350-400 °C.

Acknowledgments

The authors are so thankful to Prof. Zhang Zhiyong who support us in EMPA at the Chinese Academy of
Science-Institute of Geology and Geophysics (CAS-IGG). The authors also thank Shahid Chamran University
of Ahvaz for some financial supports (grant no. SCU.EG98.44295). We are grateful to editor-in-chef Dr.
Manouchehr Chitsaza and two anonymous reviewers for their constructive critics.

References

Allahyari, K., Saccani, E., Pourmoafi, M., Beccaluva, L. Masoudi, F., 2010. Petrology of mantle peridotites and intrusive
mafic rocks from the Kermanshah ophiolitic complex (Zagros belt, Iran): implications for the geodynamic evolution
of the Neo-Tethyan oceanic branch between Arabia and Iran. Ofioliti 35, 71-90.

Azer M.K., Khalil A.E.S., 2005. Petrological and mineralogical studies of Pan-African serpentinites at Bir Al-Edeid area,
Cenatral Eastern Desert, Egypt. Journal of African Earth Sciences, 43(5): 525-536.

Berberian, M. King, G.C.P., 1981. Towards a paleogeography and tectonic evolution of Iran. Canadian Journal of Earth
Sciences 18, 210-265.

Bromiley, G.D. Pawley, A.R., 2003.The stability of antigorite in the system MgO-SiO,-H20 (MSH) and MgO-Al,03-SiO--
H20 (MASH) the effects of Als substitution on high-pressure stability. American Mineralogist 88, 99-108.

Bucher, K., Grape, R., 2011. Petrogenesis of metamorphic rocks, Springer Berlin, Heidelberg, 441 p.

Deschamps, F., Guillot, S., Godard, M., Chauvel, C., Andréani, M., Hattori, K., 2010. In situ characterization of
serpentinites from forearc mantle wedges: timing of serpentinization and behavior of fluid-mobile elements in
subduction zones. Chemical Geology 69, 262-277.

Dungan, M.A. 1979. A microprobe study of antigorite and some serpentine pseudomorphs. The Canadian Mineralogist 17,

(eNoEl

635




Winter 2021, Vol 10 (4): 634-651 Adv. Appl. Geol. “\r“

Shabid Chamran Universiey of Ahvaz

Evans, B.W., 2004. The Serpentinite Multisystem Revisited: Chrysotile Is Metastable, International Geology Review 4,
479-506.

Evans, C. Hawkins, J., 1979. Mariana-arc trench system: Petrology of "seamounts" on the trench-slope break.
Eos Transactions American Geophysical Union 60, 968 (Abstract).

Fryer, P., Ambos, E, L., Hussong, D.M., 1985. Origin and emplacement of Mariana forearc seamounts. Geology 13, 774-
777.

Hattori, K., Guillot, S., 2003. Volcanic fronts form as a consequence of serpentinite dehydration in the forearc mantle
wedge. Geology 31, 525-528.

Hattori, K., Guillot, S., 2007. Geochemical character of serpentinites associated with high to ultrahigh-pressure
metamorphic rocks in the Alps, Cuba, and the Himalayas: recycling of elements in subduction zones. Geochemistry,
Geophysics, Geosystems 9, 1-27.

Hyndman, R, D., Peacock, S., M. 2003. Serpentinization of the forearc mantle. Earth and Planetary Science Letters 212,
417-432.

Nadimi, A., 2002. Mantle flow patterns at the Neyriz Paleo-spreading center, Iran. Earth and Planetary Science Letters 203,
93- 104.

O’Hanley D. S., 1996. Serpentinites records of tectonic and petrological history, Oxford University Press, Oxford, 277 p.

Palandri, J.L. Reed, M.H., 2004. Geochemical models of metasomatism in ultramafic systems: Serpentinization
rodingitization and sea floor carbonate chimney precipitation. Geochimica et Cosmochimica Acta 68, 1115-1133.

Prichard H. M., 1979. A petrographic study of the process of serpentinization in ophiolites and the Ocean crust.
Contributions to Mineralogy and Petrology 68, 231-241.

Sabzehei M., 1998. Upper Proterozoic-Lower Paleozoic ultramafic-mafic association of southeast Iran, Product of an
ophiolitic magma of komatiitic affinity. International Ophiolite Symposium Finland.

Saccani, E., Allahyari, K., Rahimzadeh, B., 2014. Petrology and geochemistry of mafic magmatic rocks from the Sarve-
Abad ophiolites (Kurdistan region, Iran): evidence for interaction between MORB-type asthenosphere and OIB-type
components in the southern Neo-Tethys Ocean. Tectonophysics 621, 132-147.

Schwartz, S., Guillot, S., Reynard, B., Lafay, R., Nicollet, C., Debret, B., Auzende, A.L., 2013. Pressure—temperature
estimates of the lizardite/antigorite transition in high pressure serpentinites. Lithos 178, 197-210.

Shafaii Moghadam, H., Stern, S., 2011. Geodynamic evolution of Upper Cretaceous Zagros ophiolites, formation of
oceanic lithosphere above a nascent subduction zone. Geological Magazine 148, 762—-801.

HOW TO CITE THIS ARTICLE:

Miri, M., Ebrahimi, M., Veisiniya, A., 2021. Petrogenesis of the Garmab area serpentinites from
+ Ophiolite-Radiolithic zone of Kermanshah (west Iran) using chemistry of minerals and phase !
. diagrams. Adv. Appl. Geol. 10(4), 634-651.
i DOI: 10.22055/AAG.2020.32165.2074 :
 url: https://aag.scu.ac.ir/article_15863.htmlI?lang=en

636




N

¥ o)Lo.«:} AR o)sb A4 QLM) MJM ‘sbﬁ)ls wL‘M w.o) ;lsﬂdlfy':a?;h

sleolawl b (ol p! L) slislo )5 Cadgudl aigy o olo 5 adliwo el o ¥i9 50 oy
S o loged 9 b S coudd

S0 MJ‘-’-‘"
el ilaal 58l ol yaz dagd LTI e s posle oS o prlidnsj 05,5
ol 1l oo

Ol oloei; (oloeiy o Kidls ipgle 0dSCidly o punlii oo 09,5
TR
gy Lo g 5 olils o) IA}.[C PRT WA ‘Eij ‘_;J'JM w[wuw) oj/._)’

IFY XIS g, VA /)0 il o g )b
“a.vaisy69@gmail.com

S II——
sus

5 Ol = goiw algy Hle ;0 Acgesme (pl el oliile S gl iy 4 By e dcgesme (| LiSu 5 ol sl ol LelS (B8 Jled js ole S adlate
Sldlas bl o wloads 030l coiiin w b sidu b g oS Shse 4 oS SloFo 10U cov agy opl slocasgnspn wo)ls )13 w51y Swly agy
S am oo i ladises XRD) (il 55 (3 5 g5,5eke 0980l 45 ol 42,8 IS a5 5| 5 gl 655l 51 Wity yoo () 10,80 S
i S102 (g1l lagsll 5| ol (laginy jo 5yl 50> (S psSeil 5 i cJig50,5) iy Sy iz d o cole S dilaie (slaotity ju o0
00 dlze (5318 Jlogai 0jlu o HIKET g a1 Lol slice jo Coglas a5 aiten oS g 055 51 Jols glgil a5 Co (5,268 TiO; 4 Cr,03 Al03 4
Cairpie 6,50l g ol S Jels Jol slagg, caslazs § IS 565 50 olaug, g0 (o 0 Yleior! lacesciiy ju ol 45 amo oo (yLis addllas 5590 sladiges 5l
odls #, Lok F g o Kl a0 FO- 51 e U jlad g Leo o8l ase )0 pgo olayg, el [JLelST F 5l a8 [Lid g of Kl ax 0 Yoo 5l S baloo U

R

olopF woladle,S sl aigy (I (oo iy sl SlalS”

I
OB o~ Sobs g (LlgasS) (linye s (o 1) p92 FPRV-
Zarei Sahamieh and ) col ssges cus 053 10 1, 004 2l

(Moradpour, 2017

53 b Byl o ity |y (o515 0k peS (5 i3l (o) Y g2
Iheyd 9 Glwaye g olpl Axmbo 50 o et ab Al

Lol ol 0 o8 col 6l STy Sy o ity o 2% G0 Jled Com a4 coed b petish pugll Shugnd
S g a3 oe 2Sly (S99 sl e (njieg B sla S Berberian and ) wlas 5 L 1o ol o, augy Jlsd anil>
Palandri and ) ssi e S oty slo ooy, wiz 15 T olas (glo 5 )55 5 et il ,8 6T (King, 1981
Ole slaaiiy ) ppe gunlp pad iy e (Reed, 2004 Allahyari et al., ) elil,S glacsedl 6, Solo b caibate o)
Ewans and Hawkins, ) asl se iil)5 bl 5 sl Saccani et al., ) ylws,s 5 (Nadimi, 2002) 5, . 2010
slagls (sble ool o (1979; Azer and Khalil, 2005 A 4 Bgpme oSy ol (Sl slael o 45 039 ol e (2014
o S8 0SS 93 5l el ©f sleas 2 Sl s iy e 098 G5 Syso 4 olile S sdsudl WShooS ilazs T sl oads 5 >
a0 lacaion e o,ml 5l (AzZer and Khalil, 2005) «,.5 Sl ot 9 yieskS YeoF e cligy g 2eskS Yo i b 4
5 ond aslid bl cnl o O Jil ly pte e S0 Olsis dsedl A oS 5| i 5 4l ygais, oSl Lol Sl o
WS oo Wl Gl by 457 )0 1) (oote GRE A 50 Cod oud a5 0 pgmn-eliile)S akeS Sud w
Hattori and Guillot, 2003, 2007; Deschamps et al., ) , Shafaii Moghadam slizel «, (Falah et al., 2020)
sguz gloo o 5 Ghiligd e 50 emity e 511 (2010 oS slacsedl o 5| sl SLeaS (ol (F41)) Stern
Obe 5l Jlws pobie 5 ol jlacil el ol 5 (ilo azyo #O-Ve - iz Joli olile,S sl oSLaS canl oSl ol
WS eted ) 25 wgd Sla, g oad latisS o8 st eyl a3l Saliyngsy JalS a5 ol (i 4sgane

Scambelluri et al., 2004; Deschamps et al., 2010; )

Yy



¥ O)Lo.ai} AR o)gé A4 ULM)

e

A iy 60,8 cs"“L"“’ O=2) ’T[”U/""”:’g;”

G 3l gy 2leSle g pals S Jolis ), LalS (5l ae gacme
acgare Sogeis) 5 oog oLl G0 Jlod 5 Jlod b azo
S JSate dsgazme (pl 03,5 0 Jold 55 1) aslllae 950 (gl
50308 lagl > (o ety o Jold ouilyg,; 439 (o
wied Gl el B Gusill G g, gaY ke
(s 3 295 Sop i sleesy (Braud, 1987)
Yol S oo @il 1) Gl gl lacdlih 9 Db,
e s S SIS
(Braud, 1987) uls pwsl - ywstlls

—oliils S adlaie 1o 08,5 o cunliv o} J58) jo a5 weSilen
@ hol ozl ez (3,0 Jled 0 Ceir bl yo ikl
s parsdd B ) 2

Sgd  gubs b oliile,S o Yesol)y aig i b CoyVeiol) axly
W8l oo Slu)S g b (Sr sleatie Jold e Yoo L YO-
o9 Jsb ,0 amgs »; on! (Gharib and De Wever, 2010)
4 o (Baumgartner, 2013) 595 Gbys 0 Sdgiepm
Llgass (3,0 ad adl> 5 35 0 s by (08 4t
.(Gharib and De Wever., 2010) ¢l ou axigs

S 3l g Sy ol g it Sol sle S 0l
s g by Glo)S aly lp Glo)E gy, o)lus, b (Sal
asg> aiibioe Wbyl e sleasly Gln sl s
Cald 4 arg L) S oo, glaaly opl (SO
amio Jud o a5l Send plgce S e Gloles,
(Shahidi and Nazari, 1997) ¢35 L o \bew,e-la 8
oo ol (ygiams Kol Kiw (59, y olisle,S slacdgdl
Agard et al., ) el acgeme 13 40 Cywgae Sloindd 592
aay adgl (Saly 0,93 5 5 0,bgs ol Jld sasas slas (2005
ilge gt Sol S b colsdl

5 SladsS Guills Glacaign n 5 Ly plS Jols codsdl angy
ol Slaass] glacKin w8l lbcwad fin )0 g og ldiwg
o b9y ) eslitul b lacJsdl o ((Agard et al., 2005)
odd 00 (puedS Jlo Goskes APES B AYES 0> KA i
(Delaloye and Desmons, 1980; Braud, 1987) ..
ol SleassT slbfin cals sams i olewdss; salyd
039 (gl 2l 5 (owsd Rliz Glacedy b Sdedl acgerme
alin oy pl5 a5 Jl>,o (Hassanipak and Ghazi, 1999)
obe aiiy Laxe ,o 4 (Fabien, 2005) s MORB
Allahyari et al., 2010; ) wloasl 99 a4  cwglsl
(Whitechurch et al., 2013

g o5 ool il (L slaelsS s syt
Sligesy 5 Sl omosil ol 2Bl SO lasal S
SYVIY) gy B (o gobee Fo/F —FAIF ) iyl iuld

YA

Syge g0 A o i e daedsdl o (Vils et al., 2011
5 ool G5 (S5 50 4 Logy o Ll 53 a3 o0 (59, Ligw 5 L
T sl (6l a4 (b jo g 009 (3 Wiz Ojgo 4 by g5
.(Sabzehei, 1998) sas
JSs il jlad g Lo Llyd o iy e b co, v
2 W «(Evans, 2004; Schwartz et al., 2013) & .5
Wlgi oo (elsedl slrasgerme o Ll JoSas osi g Loty
(sl sl glaiiy, o Sle S ol 5l g Sl
slasld ple 55 s bodsadl 6Kl jlid 5 Lo Lyl
oolaiwl .ams 45l L@fl eolbs S g glis SIS Jgoo ,o 4105 .56
B ol o5lail b g canlin 5,801, jLid-Lo 5518 slajlogai ;)
Slrasgorme LS5 g (S95,50 0575 5 Mgy xS S slexel
boaS Cdoad (o gl cnl 5o gl 5l adlee (oulin S
59 J95)S wad)lid) iy 095 la SIS 5B o
oSliial b 5 oo S5 5 (oiSTy s 23l 18 ) (s
JSKaS 0928 5 (95,50 JLid g Leo Ll d el lajloges )
03 2y 51 lybeels” ailaie 4o oltile S gl slac

D55 18 oy 9590

9 3,0 G, Ohlels G0 Jled jo Sle I (Sdsidl acganms

gt &y ot 5 oLisle S sl Jlgi b By me dsgecme Sl (B0
Olyeds dsgamo (nl Guizmen S0 )13 @dize 515 9 Gl e -
5 S35 Olpl amio 50 9,05 » Jore (gt 0 0me; ) (A5
Shahidi and ) oLzsle S V:¥. - - -
eolidope; asi o Jld i e 4 (Nazari, 1997
oo 3ly (Rafia and Shahidi, 1999) clalle V:Vee oo
(G @5z )0) Cypw o —dimo dilate 51 Jdedl o0 S .ol
2 o8y Sl slazal o 5,8 Cgirmose Jlad Wiy, by L]
Ghazi and sl dglJsaw (o Lals ylal leo slaosgase
Hassanipak., 1999; Whitechurch et al., 2013;
exi 9 (Allahyari et al., 2014; Saccani et al., 2014)

slacdsdl b . aalsl (Aswad et al., 2011) sle Jls ,o

AL 089dte ) g 009 s

5 Elodsd «sbila slocdedl (ol pl jo adasiul 5 5 coliile,S
Wwgy Soodilo Bl ayysm ;0 Cumly)b slacdgedl 5 4S5 50 olS
Floyd et al.,1998; Garfunkel, ) sicus (s ol
age olal o a5 (2006; Pearce and Robinson, 2010
a1y Lol 5o glee locudgdl by 08Ty 03,55 bo>
Yooo odedl aneS SOl it olaile,S cudgudl (adl
9455 29 3l e 3l m g E9pd Ajgm 5 A5 Cel (6 eglS

ey oles 4 (ST



¥ O)Lo.afa AR 0)90 A4 uLM)

e

4.._9)...«...4 60)4)15 g_g““'L“"’ ) ,"del/’y:ag;b

2928 o edsti 00,45 oo g dl L 5l ladhaie &g
witen g g ST olantissy OMles Gl opms]
L) Crpy orgee — 2 Vb omsSl slale0lSs (Fabien, 2005)
Spakie Ay gledisS S 5 coladl o Vol gla e >
lad 5158 650 slaaxly plod (59, dwsnl &jg0 4 (Ol o

Sy (Agard et al., 2005) wlows oawigs (Jlo oyoakes ¥Y/A
sbodadl G5y n ommesdl Slanr s, 5 S
slasdsa (Agard et al., 2005) cul sais ously olisks,S
Braud and ) (K/Ar: 38-40 Ma) :ywssl 90 —9.05 Sl
Slosges adad |) gl — pwgtdl il Slga, (Bellon, 1974
5 (Leterrier, 1985; Braud, 1987; Agard et al., 2005)

e *

—7 7 T 7 T
' ME Wk SCE STE
) EURASIA A
i - ,/H\\ Yl —
s 2 Mocsian ./ & p
o % Pladorm / L Vs
t i ¢ BlackSea . YGO 2
A I T, N, "% P
T e N i 4 4 LB U
f - i ﬂ%;

. -
L5 -

by 59 = TANATOLIA P

D e Qi 25

(b)

Miocene

RV limestone

Eocene
Y limestone
&7 pillow baslt
B tuffs

Cretaceous
Biston limestone

Il Serpentinites
and peridotites
Jurassic
Sanandai-
Sirjan zone

[ Gabbros

vvvvv

Triassic

~u Dolerites and A
volcanics 0

il r
Kilometers ~=

L &
S S h
\‘\ﬁ; L
\-7\

34°45'0"N

\‘g;City —A—aaa Fault

46°45'0"E

47°0'0"E

47°15'0"E

acgoze oo ool cwliiiyee; atis (D) 5 (Dilek and Furnes, 2011 ;i ;i (oS L) koo 315 atge Jsb 50 Guion lacudsdl SussT, asis @) - JSb

(Rafia and Shahidi, 1999 ; i, o5 L) ol oad (ascie o] (595 2 obiw (565 lex b anlllas 350 dilate olisle S oidsudl
Fig. 1. (a) Map of Neo-Tethys ophiolite distribution along the Zagros-Bitlis zone (after Ghazi and Hassanipak, 1999). (b) Simplified
geological map of the Kermanshah ophiolitic complex. The study area is shown by the black rectangle (modified after Rafia and Shahidi,

1999).

R0 ymS (5595, S ais Jb)> i 4z JB
"t S ) aslllas )00 ablaie LSg n asgerme (i 02l
Slcad o b (pl (g dges o (DY JS2) sies
ol S5 4 03l St zshaw 50 g 039 sloged U (26U w03jl9a
Sz Oyson Sgi) i wisd e 0003 0 e
an 20,5 oo osaliv bcagele SIS 50 IS pwas Sz sS

Y

e 5 Sy 030 dedl oIS g ol aibie s

A Cwl gload it e Codgaym odylo e iy gl
gl SO slaSal Loy ook ahad gpl5 slacSols alwg

Sl Gise cmpomb dadaisds n @Y D) cwl onds oude
S 5 00l plaitl o 4y ) GLLalS 5,8 Jlod sl



¥ O)LQ.:J AR 0)90 A4 ul.u.«.n)

e

A8 e (_go)-g)lf g_g“"L"“" o) ,"_r,der/’,w:sz;b

Plagie limestone

Pridotites

( Situations with s )

isJcrack-seal

Peridotite

oS wlls S 4y 2059050 5l (oo e (€) o) Jlod Caans a3 030) Wiloads alad (g ST a4 (503, Gl Lawsgs a5 (5T Gl S0 g el (ool b oleyS (sl
o5 J3g5,5 513 b ol Sty pos s diged gl (€) o iy o ol (g slo K 5 o g () lons 8,5 10 o KT £ iy o Lags
2o b olped Ojge (lign S ALl wd) 0926 | SSled pgal (§) oty o 5| ale o5 L olpen oty (F) cailond slonl LSS — Sy g5 JS8 i 51 0

iy o 5 Jes5,S 45, iy sies lis e aiges (M) 5 (XPL) ablite 03 3 558 05Ky, e

Fig. 2 (a) Field photo of the ophiolites and the overlying sedimentary units (view to the northeast), (b) A field photo showing an outcrop
of the unaltered harzburgitic rocks (Hz) cut by light colored rodingitic dykes around the Garmab village (view to the northwest), (c)
Lenses of relatively fresh harzburgite surrounded by serpentine (antigorite), (d) Field photo of the peridotitic rocks that were completely
altered to serpentinite, (e) A hand specimen of serpentinite containing chrysotile bands formed by the plastic-elastic deformation, (f)
Peridotite containing serpentinites veins, (g) A sketch draw demonstrating the formation mechanism of veins of crosscutting fibers of
chrysotile together with the microscopic photograph taken in XPL and (h) Hand specimen of chrysotile veins in the serpentinites.
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Fig. 3. (a) Microscopic photographs of the studied serpentinites. (a) The groundmass consists of fibrous serpentine (chrysotile and
lizardite), (b) Bastite texture formed by replacement of orthopyroxene with serpentine, (c) Transformation of fibrous serpentine into
lamellar serpentine, (d) Mesh structure formed by complete replacement of olivine with lizardite, () Hour glass zoning formed by
replacement of olivine with lizardite and (f) Serpentine veinlet. Mineral abbreviations are from Whitney and Evans (2010). The
abbreviations are Atg: antigorite, Chl: chlorite, Clt: chrysotile, Lz: lizardite, Mag: magnetite and Srp: serpentine.
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Fig. 4 Determining the protolite of the study serpentinites using (a) Al20s-CaO-MgO and (b) FeO-Na20+K20-MgO ternary diagrams (Li
et al., 2004).
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Table 1: Results of whole-rock chemical analysis of serpentinites from Garmab area. The major elements are in wt.% and trace elements
are in ppm.

Oxide A-36  A-39 A17 A23 A3
Si0, 39.89 3878 39.2 3945 3898
TiO, 002 002 001 002 001
AlLO; 122 092 092 119 091
Fe;0s3 7.4 7.94 8.3 8 8.04
MnO 012 012 009 013 017
MgO 3816 3857 3773 3755 37.37
CaO 042 034 003 1.72 1.15
Na,O 001 001 001 005 0.05
K20 001 001 001 005 001
P,Os 001 001 001 005 0.01
LOlI 1211 1262 1311 11.04 11.63
Sum 99.37 99.34 9942 99.25 98.33
Ba 2.6 2.3 31 2.1 2.5
Be 0.2 0.2 0.2 0.2 0.2
Ce 005 025 005 041 0.16
Co 904 831 935 909 106
Cr 1670 1330 1960 1810 1520
Cs 0.1 0.1 0.1 0.1 0.1
Cu 0.2 11 0.2 8.1 1
Dy 005 006 004 008 0.06
Er 006 006 005 008 0.06
Eu 002 002 002 002 002
Ga 005 005 005 006 0.05
Gd 124 122 1.03 1.43 114
Hf 002 002 002 002 0.2
Ho 002 002 002 002 0.2
La 0.5 011 005 019 0.06
Lu 002 003 002 002 0.2
Nb 0.5 0.5 0.5 0.5 0.5
Nd 002 012 002 015 0.08
Ni 1660 1660 1670 1570 1730
Pb 0.3 0.2 0.2 0.3 0.2
Pr 005 005 005 005 0.5
Rb 0.1 0.3 0.1 0.7 0.1
Sc 11 8 10 13 10
Sm 002 003 0.02 0.4 0.03
Sr 17 17 0.8 2.9 221
Ta 0.1 0.1 0.1 0.1 0.1
Tb 002 002 002 002 0.02
Th 002 002 002 002 0.2
Tm 005 005 005 005 005
U 002 002 002 002 0.2
\Y 50 33 47 60 42
Y 033 045 028 062 037
Yb 008 007 007 009 0.7
Zn 304 322 308 363 332
Zr 1 1 1 1 1
Mg# 92 919 916 922 918
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Fig. 5 Variation diagrams for Al203, Cr203, SiO2 and TiOz versus MgO for the study serpentines in order to make difference between the
serpentines replaced pyroxene or olivine. The serpentines replacing pyroxenes have higher contents of Al203, Cr203, SiO2 and TiO2

relative to those replacing olivine.
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Table 2. The results of point analyses of serpentine from the olivines (Ol) and orthopyroxenes (Px). The structural formula are based on 7
oxygen atoms.
Sample No. K181 182K K183 K184 K241 K242 K243 K244 245K K246 K98-1 K982 K983

Source mineral Ol Ol Ol Ol Opx  Opx Opx Opx Opx Opx Opx Opx Opx
SiO, 4329 4428 4130 4269 4147 40.68 4294 4345 4323 4135 4261 4238 4553
TiO, 0.02 0.01 0.00 0.01 0.04 0.04 0.03 0.01 0.01 0.03 0.02 0.04 0.00
Al,03 0.40 0.36 0.23 0.40 2.74 2.76 0.80 1.25 1.28 2.35 2.57 2.28 0.50
Cr,0; 0.01 0.05 0.01 0.02 1.02 1.16 0.01 0.03 0.02 121 0.90 0.95 0.01
FeO 1.72 1.54 1.66 171 3.08 3.03 2.54 3.62 342 3.04 4.68 4.40 3.11
MnO 0.03 0.02 0.07 0.05 0.06 0.04 0.07 0.05 0.07 0.06 0.15 0.04 0.06
MgO 40.18 4116 3891 4137 3574 3727 3923 3827 3771 3721 3523 3487 4051
CaO 0.08 0.03 0.05 0.04 1.13 0.12 0.08 0.05 0.08 0.13 0.27 0.23 0.08
Na,O 0.00 0.03 0.01 0.02 0.04 0.01 0.02 0.01 0.02 0.04 0.04 0.02 0.01
K0 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01
NiO 0.39 0.37 0.32 0.39 0.38 0.26 0.34 0.32 0.31 0.23 0.13 0.44 0.35
Total 86.11 8781 8258 8670 8571 8540 86.06 87.07 8616 8557 86.61 85.66 90.17

Si 2.04 2.04 2.00 2.00 1.98 1.95 2.03 2.04 2.05 1.98 2.02 2.03 2.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.02 0.02 0.01 0.02 0.16 0.16 0.05 0.07 0.07 0.13 0.14 0.13 0.12
Cr 0.00 0.00 0.06 0.00 0.04 0.04 0.00 0.00 0.00 0.00 0.03 0.04 0.00
Fe® 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 0.07 0.06 0.07 0.07 0.12 0.12 0.10 0.14 0.14 0.12 0.19 0.17 0.11
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Mg 2.82 2.83 281 2.90 2.55 2.66 2.76 2.67 2.66 2.65 2.49 2.49 2.67
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.95 4.95 4.96 4.99 4.92 4.95 4.95 4.93 4.92 4.98 4.90 4.88 493
Y Jsaz aslol

Table 2 (Continued).
Sample No. 986K K98-4 K95 170-1K K1702 K170-3 K170-4 K1705 K1706 K331 K332 K333

Source mineral  Opx Opx Opx ol Ol Opx Opx Opx Opx Opx Opx Opx
SiO, 3941 39.89 43.03 42.84 41.64 40.43 40.39 40.36 40.76 4424  43.02 42.62
TiO, 0.06 0.08 0.01 0.01 0.01 0.07 0.07 0.03 0.04 0.01 0.01 0.01

Al,04 4.08 3.66 173 0.49 0.51 1.97 1.92 2.66 2.33 1.14 1.15 1.34
Cr,03 1.47 1.50 0.98 0.06 0.04 177 1.67 1.24 1.14 0.14 0.89 0.94
FeO 4.92 454 4,76 2.46 2.07 2.33 248 2.74 243 2.53 1.76 1.85
MnO 0.05 0.10 0.13 0.01 0.05 0.03 0.08 0.05 0.03 0.03 0.02 0.05
MgO 3377 3655 3596 4087 40.48 38.68 39.20 37.61 3751 37.63 3822 3872
Ca0 1.79 0.17 0.09 0.04 0.03 0.03 0.02 0.06 0.07 0.18 0.02 0.01
Na,O 0.02 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.02 0.01 0.00
K;0 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01
NiO 0.13 0.19 0.18 0.23 0.32 0.18 0.13 0.38 0.56 0.42 0.17 0.16
Total 85.70 86.70 86.88  87.03 85.16 85.49 85.98 85.15 84.92 86.38 8529 8571
Si 1.91 1.9 2.03 2.00 2.00 1.94 1.93 1.94 1.96 2.04 2.04 2.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.23 0.21 0.10 0.03 0.01 0.11 0.11 0.15 0.13 0.06 0.06 0.08
Cr 0.06 0.06 0.04 0.00 0.06 0.07 0.06 0.05 0.04 0.01 0.03 0.04
Fe® 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 2.00 0.18 0.19 0.10 0.07 0.09 0.10 0.11 0.10 0.10 0.07 0.07
Mn 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 244 2.6 253 2.85 2.81 2.76 2.78 27 2.70 271 2.70 2.72
Ca 0.09 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.95 4.97 4.92 4.98 4.96 4.97 4.99 4.96 4.95 4.93 491 4.93
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Fig. 6. (a) Classification of the analyzed serpentines using SiO2 versus Al203 diagram (Dungan, 1979) and (b) Classification of the
studied serpentines using Al203-MgO-SiOz ternary diagram (Wicks and Plant, 1979).
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