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Received: 20 April 2021 T_he Kahn_ouj Fe-_Ti ore district is Iogated 25 km southeast qf Ka_hn_on_Jj
Revised: 19 October 2021 city associated with the large gabbro intrusion of the Kahnouj ophiolitic
Accepted: 26 October 2021 complex. This ophiolite is one of the largest ophiolite assemblages of

Iran (SE Iran), and part of neo-tethyan ophiolites (Kananian et al., 2001;
Ghasemi Siani et al., 2021b). The Dar Gaz district is located in the
middle part of Kahnouj ophiolitic complex and it is classified as the main

Keywords ortomagmatic ~ Fe-Ti  ore  mineralization.  Although  the
Mineral chemistry geothermobarometric of iron-titanium oxide minerals in the Dar Gaz
Geothermobarometry district has been studied by Karimi Shahraki et al. (2019), the
S:kﬁrg)'fi' dr;)CkS geothermometry of silicate minerals (especially ferromagnesian) in the

Dar Gaz gabrroic rocks has not been performed. Therefore, the mainaim
of this study is to determine the crystallization temperature and
replacement of gabbroic rocks hosting Fe-Ti mineralization of the Dar
Gaz district, using geothermometry of ferromagnesian silicate mineral.

Dar Gaz
Kahnouj ophiolitic complex

Material and methods

A total of 100 thin-polish sections from different parts of the mining area
were prepared and studied at the Iran Mineral Processing Research
Center (IMPRC) and the Kharazmi University of Tehran with a Zeiss
Axioplan 2 microscope. In order to achieve the temperature conditions
of gabbroic rocks formation, 64 points (20 points of olivine, 13 points
o of clinopyroxene, 3 points of orthopyroxene, 14 points of plagioclase
Hamed Ebrahimi Fard and 14 points of amphibole) from ferrogabbro to coarse-grained
B hamed.fard00@gmail.com pyroxene-hornblende gabbro, 42 points (11 points of olivine, 10 points
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of clinopyroxene, 1 point of orthopyroxene, 8 points
of plagioclase and 12 points of amphibole) from
pyroxene-hornblende to fine-grained olivine gabbro,
30 points (12 points of clinopyroxene, 10 points of
plagioclase, 8 points of amphibole) from fine-
grained hornblende gabbro and 20 points (3 points of
clinopyroxene, 11 points of plagioclase and 5 points
of amphibole) from the diabasic dike of the Dar Gaz
district were analyzed using CAMECA SX 100
electron microscopy (EPMA) with 20 kV and 20 nA
conditions in the IMPRC.

Discussion

The mafic rocks of the Dar Gaz district include
ferrogabbro to coarse-grained pyroxene-hornblende
gabbro, fine-grained pyroxene-hornblende gabbro,
hornblende gabbro and diabasic dikes. Ferrogabbro
to coarse-grained pyroxene-hornblende gabbro is
one of the most important host rocks for Fe-Ti
mineralization in the district.

According to the thermo-barometers, the formation
temperature and pressure of gabbroic rocks in the
Dar Gaz district are in the range of 750 to 1258°C
and a pressure of 2.5 and 6 kbars (clinopyroxene and
amphibole barometers), and dibasic dikes are in the
range of 700 to 1145°C and a pressure of 2.5 and 6
kbars were obtained. The highest crystallization
temperature related to fine-grained pyroxen-
hornblende gabbro unit (754 to 1258 °C) is the base
of the sequence.

The ascending of asthenosphere in the back-arc
tectonic settings are from a magmatic chamber with
a depth of about 15.34 to 21.20 km, and a pressure of
about 4 to 8 kbars upwards. The average geometric
results of pyroxene-ilmenite  mineral pair

geothermometry and pyroxene geothermometer of
these rocks, their equilibrium temperature was
determined between 901 to 1228°C, which is close to
the magmatic temperatures.

With comparison of temperature (700 to 1258°C),
pressure (4 to 8 kbars) and oxygen fugacity (-19.25
to -25.25 bars) obtained for gabbroid rocks hosting
Fe-Ti oxide mineralization with the temperatures
obtained from ilmenite and titanomagnetite by
Karimi Shahraki et al. (2019), it can be concluded
that oxide mineralization is classified as
orthomagmatic and occurs during the replacement,
cooling and fraction of basic magma and formation
of gabbroid intrusion associated with fractional
crystallization.

Conclusion

Thermometry of pyroxenes at 2.5 kbars pressure
indicates a temperature of 750 to 1258 °C for
gabbroid bodies and 700 to 1145 °C for diabaic
dikes. Thermometry of plagioclase and hornblende-
plagioclase at 6 kbars pressure for coarse-grained
ferrogabbro, fine-grained pyroxene-hornblende
gabbro, hornblende gabbro and diabasic dikes are
868, 884, 776 and 784 °C, respectively. Amphibole
thermometers at 6 kbar pressure for coarse-grained
ferrogabbro, fine-grained  pyroxene-hornblende
gabbro, hornblende gabbro and diabasic dikes are
911, 948, 937 and 946°C, respectively. Comparison
of temperature, pressure and high oxygen fugacity
values obtained for gabbroic rocks and ilmenite and
titanium magnetite ores of the Dar Gaz district,
indicating oxidation conditions associated with
fractional crystallization is the main factor for
control of orthomagmatic mineralization in the back-
arc environment.
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Fig. 1. Distribution map of ophiolite sequences in Iran and the location of Kahnuj ophiolitic complex (Green Square).
(Khoy ophiolite: KH, Rasht ophiolite: RS, Kermanshah: KR, Nain: NA, Neyriz: NY, Baft: BF, Shahrbabak: SHB,
Esfahanteh: ES, Bandziarat: BZ, Fannuj-Maskutan: FM, Iranshahr: IR, Chehelkoureh (East of Iran); TK, Mashhad: MS,
Sabzevar: SB) (modified after Ghazi et al. (2004)).

DOI: 10.22067/ECONG.2021.69934.1016 Vosled VF o0 OAFr Y (oalal pulid e

\AA


https://dx.doi.org/10.22067/ECONG.2021.69934.1016

e B aibata s (}._Jl::?—yT ST 51585 Ol s 8 ek ESWRI PRV

34 ol s Sl (o

55057 Wi 59 A S (S 5558 P S S 5 )
3L eSSl (slos 5 slas ylE (58 ysdl 5 5,8
Kananian, ) 0Les” alew s 4 7 55" (5! PSS (sl
G Gl ST i L —Las e § .l 0l lonil (2001
Oen 5 (5 s o S b5 F 50 JUsT o ol
w855 w5 «(Karimi Shahraki et al., 2019)
(2Ll 053 Ll 5 Lol tass opl 3l Oode Ll
SLaeS Sl Gas 5 kT sles () Jame
oLl b (8 53 ailate 55l — T L541S OL joe (g5 8
Ly g2 IS 5 50 dile) o9 o (glanslil sla SIS s

C,\M\(w.{jﬁj.:lf}

(e g (ol )
A b L) sl oSS S i gy g 35 58 03 gk
oS5 3145 ol ST bl 4 a1 (e ST Yr 5 e
— g ag ool s adllgme 53 Oyl (el e S
o 53 o oSUS ol .(McCall, 1985) 5415 41 5 Ol e
S Ol gz Ju& (V1315 ,5le ST (Y [SK8) 3,8 o 15 okas
ol e sams 5 3515 HlE sl ol 6L e o
g S5 AL G5 S5 e peme HLS 3 1, Sl
o3l A o Ly 8 (Y sesls 13 Ol — g At
Sl oS 53 1) Db 48 sazme 5 Sl od ol (el 3
~SLeS" .(Kananian et al., 2001) <l osls i 5 O gola
1) 3Ll ESGls ol pen a (ST 55k ATy ) ol
5 slaiasT dsly gl ) JUleys WSS 5 ((glad )y eSSl
Lo S S sl 4 semn (0T g5y i
Loy 8 51 S te &yl SIeS™ (McCall, 1985)
Caogd (oS (aazs o) (65bhs LSyl (alis
SULs oS 5 L las s slaeSals 5 ladils; ga Cugls
VPR RUSM P ICR L FI LTS R CTILQRERJPPS)

ST o 20l glaojIuS 31 IS tze Hlile s LuShaS™ .ol

laayl b odiasiliss OLSTL Lo jo Lo 53 aeKin ) 3405
Mandal et al., 2012; Yan and Niu, ) el oLS b ;5
a0 09 )8 e )3 puial Ol 3, 4> (2014
Wan et al.,) o7 3l & AL glLSL s 32,4
53 sl Jol i Gla ST i 215 Uy L 5 (2013
Sl ST 51 g e L GIS 3334 5 S s et
.(Yan and Niu, 2014; Yan et al., 2015)

Molina et al., ) 0, Kes 5 L po ub 1K 2855 jsba
5 58S «(Zhang et al., 2006) ol Kes 5 <515 (2009
o— Y 5 0S8 L (Giacomini et al., 2007) ol LSea
bt S 5 o, » L «(Jacamon and Larsen, 2009)
g5 lite g 5250 b 015 o oS 2 5 ol Sla S
S Sl 5 Sy Gos 5 )LEs —les Lyl 1 (ot L e gy
N oS 5 5 el 355 g0 03 0 21367 Ol sLSLe
i Ol oo 09 18 (slaa sl oins S5 gn sl SIS
e T Olse 48 ol e3la 0l s 01 a3 (slaas 20
oo les 5 )L L e lalasly (S g 5 Sy 58 JS
5 dsmie] gl s S0 51 01500 socnl 5l s 3,05 OT
5,5 esliul iy Lid —lod e (glrolwloes (gl puS 5 0
Hammarstrom and Zen, 1986; Aoki and Shiba, )
Olsie as e gmial 05 5 sla SIS olewd oS 5 51.(1993
s 5o Ll et (sl e (S50 8 e Ld S
5 S jLis 531 8 Sle amy3 V100 B Fee les) ks Lass
Ridolfi et al., 2010; ) sy o osliul (LS YY1 Y
.(Yavaz and Doner, 2017

5 TS S JFeols ol gl fags 05U
Ghadami, 1998; ) <ol susplon! Caa—oal glials

Kananian, 2001; Kananian et al., 2001; Ghazi et al.,
2004; Arvin et al., 2005; Rajabzadeh et al., 2011;
Ghasemi Siani et al., 2018, Ghasemi Siani et al.,

HLid 5 Les s (2021Db; Karimi Shahraki et al., 2019

Sl Gl 58 5355 50 S S S i ol

DOI: 10.22067/ECONG.2021.69934.1016

\ o)Lq..'Z OF 693 AFY gé:l..a;é‘ stl..&u:.a)


https://dx.doi.org/10.22067/ECONG.2021.69934.1016

J'?)a aabais > r}:ﬂ:.:}—uhT ST 51585 Ol L;.\:S‘,J{L? &u& elid sy

35 ol 5 Gl (ol

s Y Glas plS 5 (Gl i) oYU Gl

g r ey (sl gla ise)
oS 5 B 5 8 5 b (S sl 1 JSize 55 atlat
38 by — Sy i) 65218 ks
de gozes 5 3L GLaeShls 5 5 S Lliy e ool
5 el B ey (P S 8) C il g il § e
B o JolS o 5T slads s (o, KK
Ghasemi Siani et al., 2018; Ghasemi ) 0!, 5 Slw
Lais aslsl 43 g4 S 415 ) p 3,50 «(Siani et al., 2021b

.@‘oﬂo)u|b-"4{)&u@)}¢é\e

L
=
D
Q
o
=

Middle to

upper E

57°30°

28° 00°

N

Upper Cretaceous —
Lower Paleocene

Jiroft Fauk ,

Upper Cretaceous

=
&
=
g
=
£
o
P
N
e
<
w

0T LT
Paleocene

$laos 5 (oS pslie 5 (Siwaale Sl oDz SN
@S YL Al S gy — SLai T (sl ol (63458
oSS il 3 Sy 5 O 55 S e ol O

Y JSK2) dyls gl 2 5l
Cab Jols 7 5268 (il ShaS 53 L0 a5 (sl
iz Gl B S5 (slaS 5 b 03T e I e
3285 S bz 5 okiins slag HE Jals e
saanS ;-85 5 2hT el (il $ (il sbesls
OSan 5 STU g oy ol ol 231§ 5050
«(McCall, 1997) J5 ¢S 5 (Hassanipak et al., 1996)

Gl pE iw 55 4 oL Sl sl o 218 cladsls

BIDAK UNIT

Basalt and basaltic andesite lava flows — massive, pillowed and vesicular

Undifferentiated conglomerate, volcanic arenite, siltstone,
mudstone, calarenite, calc-rudite and tuff

DAREH ANAR COMPLEX

Diabase- sheeted dykes

Undifferentiated basaltic pillow lava, pelagic limestone, chert,
minor arenaceous sediments and minor intrusions
Trondhjemite with minor tonalite and acid phases

- Dacite porphyry

CHAH MIRAK UNIT

Undifferentiated calcareous sandstone, siltstone, limestone, minor
conglomerate, tuff and basic dykes

GANJ COMPLEX

Undifferentiated basic to intermediate lava flows and dykes, plutonic
intrusions, turbiditic sediments, limestone and tuff’

BAJGAN COMPLEX

Undifferentiated politic schist, basic schist, calc-silicate rocks,
amphibolite, limestone and marble

DUR KAN COMPLEX

Undifferentiated shale, limestone, sandstone, siltstone, schist, phyllite,
metavolcanic and minor intrusive rocks

BAND ZEARAT COMPLEX

Banded leucogabbro, metagabbro, hornblende gabbro, trondhjemite,
2 anorthosite and minor troctolite
Massive, serpentinised dunite and minor wehrlite

0 15km

AR RN wL'J'dA)'Mwb|ﬁ5u\$4:@)b.f{)}a|jievafJ.f‘;ééhchﬁgﬁ‘wweﬁcabwuwj4.‘:2.5.3." JQ
Paragon-Contech Consulting Engineers, ) & 81,4 55t s wdige 31 Sl i L (C};@f) VOFD 5 (Ol g anls) VOFF o lei (glaad 5

(1985

Fig. 2. Simplified geological map of Kahnuj ophiolitic complex and the surrounding complexes (prepared based on the
geological map of 1/100000 sheets No. 7544 (Manojan Castle) and 7545 (Kahnuj) with changes from Paragon-Contech

Consulting Engineers (1985).

DOI: 10.22067/ECONG.2021.69934.1016

\ eJL«;.i: OF 69> GFY ‘L;;LA:Sl GWL.:J_.A,


https://dx.doi.org/10.22067/ECONG.2021.69934.1016

J'f)aailau); C}:"t:;_ﬁf"’Tks“\:“‘s| 1588 Ol L;.\:S‘,J{L? ‘5&&“ elid sy 35 ot pl g Sl olB

57°40'30°E 57°41°00°E 57°41307E 57°42°00"E 57°4230"E
& RS
2 &
- River channel alluvium and sheet wash — «i N e
Pl e g
& _ 2
I:l Piedmont fan and valley terrace deposit W@*E 7/
- Quartz diorite to diorite & S 3
S S
% Altered homblende gabbro § i
- Homblende gabbro \
Z |
I:l Px — Hbl gabbro S &£
Altered ferro gabrro to pyroxene — E E
homblende gabbro
- Ferro gabbro to Px —Hbl gabbro = | ! 14 -
- . 2 W E
- Feldspathic wherlite =1 5
s 3 S
Aplitic dike S “
= Diabasic dike o
Fault

27°40730"N
——
—
(A
NOE 0V LT

[ - m

0 0375 0.75 15 225 3

503 JlogT 3l odbiags wlid pon a2 ¥ IS
Fig. 3. Geological map prepared from DarGaz anomaly

= = - . = s F . N Z .. . = .
@Lw;.ﬁja:ﬁf):u]a;s);.b-bwjasj.‘stg-\gy\.& @‘)}{M)Jé;ﬁ\f@)}a—‘)—ug}ﬁL)ﬂ‘f;ﬁ-\:—‘j

(*p)@\a&&o&»ﬁb olf)Lg‘uulc‘)‘y}}‘;_}lli‘QQH)J}%MJQQ)H

Ferro gabbro (coarse

ofin) Diabasic dike

“Ferro gabbro
¢~ (coarse grain)

(JLJ:W45.\ib)f)bA&LA()‘,{L?)}U}ﬁ\fW_)}A—&»S_pﬁ) &5“\:;},-1‘?6‘-“'\"})" el £ S
Fig. 4. Overview of gabbroic units (pyroxene-hornblende-gabbro to ferrogabro) of Dar Gaz district (northward view)

@(Jlaﬁk;a;ﬁﬁ;::_wu,.u%ﬁ)g,w,@T)(g;M| B S 55 a8 s e O o sy S (b ) 5
Sl e ekl 5 LS Slis (xS GlaalS ol par a8 e 5 g 23) S s (S S 55

DOI: 10.22067/ECONG.2021.69934.1016 Vosled VF o0 OAFr Y (oalal pulid e

149


https://dx.doi.org/10.22067/ECONG.2021.69934.1016

e B aibata s c-}._dl::?—yT ST 51585 Ol s 8 ek ESWRI PRV

34 ol s Sl (o

VN) aladi FY (b s (69 8 by gp = S s b 5265 3
A oS 5 $0) el N (S ST ARV (o) e
iy o2 — S 5 o ol g 1 (JgmeT b VY 5 3OS o 55 abais
Vo oS g o 5idST 4l VY) abai ¥ sk 65,8 sl
328 Lkism dmly 1 (U pmiaT alais A OIS 50 akeis
o 1) (S syl el ¥) aad Yo slAel 5 sk,
L 505 adlae (55LL> &Sl 51 (U e i 0 5 358 5500
CAMECA Jue' s S 505 55 4 o o&Kiuns 1 oslizl
Slados S 50 53 el 5L Yo 5 S5 kS Y Lyl 5 L SX 100
235 8515 (gladal 4 i 3550 Ol ke g0 55T 5

ol ockiplosil (14l & 325 VOF 31l ¢ samen

by S (o
Sladats 53 35z 50 Slagpsell bwyte oS 5 iagall
sk 528 Ay sn = S 5 5 55,855
b sl () Jsds) Sl e FOgs-Fauz b FOp-Faur s 5
s> «Deeretal., 2013) o1, 5 > Mg#-Fet s gai s
(A5 ) 3 8 513 st lln 5 S g S 03 gukome
Go/oY o) (539 Aoy /Y 51 2aS Wy sdl 53 NIO luie
5 90 (Sl o sl 51 s 1 .l i 53 (G55 oy /)
Al 0a = S s 5 555 65 285 5 sladsy o
P03 S s 5 A )3 O i s gm 3 sk 65,28
L3l e sl 5 als 55 (B-f IS NIO S5 ds s
L sy 5dI NIO gl gns .(Elthon et al., 1992) &8 o 1
(Cp JS ) yo il o 28 S iy b Ao ys jalS
Sy 3 $39 43 2l 53 g HIMNO O 5e D i
L by sl MNO (gl grmee St o ollas .ol R
SUail 3 g2 5 3503 o sSas (ot oy S s 3 G55 Ay
lhod S 5 53MNO sF0 55 dm s o jetein o>
sl Ol Lo 3 Fe™2 gl 6 MN? Kl 6L s ol

7« (Tamayo, 1998) o wlSle ,4ls 5 3,8 o o

cad sl Jsmial 5 05580 (A= JS2) d i OT okians LS5
Lo sl 0 B0l 5 o 55 55 (S350 sl Jpia
olaT oy U8 (sla SIS (g rad el 3035 4 (i 23
ol 53 4Bl ks 5B s 45T LIS 5 50 L(A-D JSK)
(et L g oo oidy3 (B 55 ) o 4 ki LS
SLObe Sy o 45U sla ST 5 S g Sl sla sk
G328 i) 58 — S gy Al iy n 0ss LT 0950
3503 glaz sl 5,V 61,55 o oy g g bilon Lok
(bl 5 a5l chmg 533 oS 5 g 5 035 53k 5,28 o)
gl J T (L) o sl o sm) S 55530
S 5 (a3 5L) a5t JpmiaT (Gl e Sy Sizala)
ol sl S (xS 5 ctal) Ale) (gd ST (s 5
GBS 5 slasbole (B0 JSi) diun 0T ouins LS k5
O i e 0 S 9 3 s HUS e ST ST
(s1ails) LY 51,55 Sen 5 Y515 2l slacily 5 o8 ils pa
gl J gl (o 30T) SIS 505 sla SIS 51 Cdel 5 azals
S 3. 3 (C38L) & 56 kel (Ol e Sy Sizala)
aeSils (C-0 i) ol ol S5 (S fsl 5 s 23)
Sl L Ly 8 ks o sl ol 3 SIS (S5 (5L
O3 see Sy Saaln) sl el 51 5V 518 0
A 3 (58l 5 s 529) S5 5 (02 36T) S 905

(D=0 JS8) dizen LSS cpl o jlo sla S8

e ()
M%duﬁj‘w—gju&b Yoo slas
5 Olpl (e 3lse (65T p Slidos S e 53 5 g (Golne
3L =6 5 Sy Sn L O ol oKl
Gl o3 S5 s 3, e (AXiOPlAN 2 Jus) el
PP sl sy sl 1S glos Ll b 4 gbows
NISTE PRI USRI PR TRL RN PUN-TR 1 N
Al 31 (d gt T alais VF 5 39S 5 50 alats VF ¢S g 0 55

DOI: 10.22067/ECONG.2021.69934.1016

\ o)Lq..'I: OF 693 AFY gé:l..a;é‘ Lf"'l"’:“u:")


https://dx.doi.org/10.22067/ECONG.2021.69934.1016

e B aibata s C‘)’:‘tt;_u"T ST 51585 Ol stig 8 s ESWRI PRV

35 ol 5 Gl (ol

Wl ol bdaloes (538 oy +/BA B +/OA) ok 5 59 28
33 L.a&l‘,:ll el g_._;;a.fu>@ Ol—ii palas cpl
{1 FCR I BRCHO YO G W - B RV PPN P INE O
Db 3l 4 oS s g (SGile e b e g oSG 28T

23 Iy by )& is o 5VL 3 oS sk, slas )8
U‘.’-‘ ).> L.S—'M)f: .))jﬁ e.>‘54..>=.4 j‘ C)L’-) J'.?).} 4..3‘.5)}) b‘vLI.&‘
s 28 CILL O a5 Lyl O e (s

O Sl i Lsi&h Slodsi L;Lajﬁl_f «(Kananian, 2001)

= T . - . . . - . ..
G 3 1y LT S 5 ol i i Lacp ol S 5 Slag )8 sl S5 51 ol pl oS dls oy b 558 Aoy

» (Hebert, 1982; Hebert et al., 1991) cul . 5Ll

Kelemen et al., ) ol 65,5 0SS b 5 ot )
(1995

328 55 53 Lo ol MO# ((glakaii 4 jon il bl

Mé)}h—ﬁjﬁ:)éj(@j)w)é'/90”'/0/\))_}1{@)}

¥
g

0593 53 65,8 dibiy - S U 54855 A LT s JsT s el GaeS 51 6558 L5 53 55wy Sen s g 0 S
53 ik g 5 S s Loy sk OT 53 487 58 s sm 3 Y18 2l S3LC UXPL 5 53) 55kses 5 48 ks pa = S s B (XPL
e (XPL L5 53) diyls 5218 diliype wsles oS 5 48 (gibls glaeSGls D 5 (XPL 55 53) dilass 5 415 L3S 5 50 o slal b
OS5 55 Pl S 5 5 PX et 56 J gt T AAMP2 il 5 (HDD) sl o uLis) (Whitney and Evans, 2010) 5150 5 x5 51 ke

(™ 557:0pg sl O

Fig. 5. Microscopic image of mafic rocks in the Dar Gaz district. A: Ferro gabbro to Coarse-grained pyroxene-hornblende
gabbro (XPL light), B: fine-grained pyroxene-hornblede gabbro (XPL light), C: Intergranular texture in the hornblende
gabbro where pyroxene and hornblende crystals are located in the spaces between plagioclase (XPL light), and D: Diabase
dikes that have the same composition as hornblende gabbro (in XPL light). Abbreviations after Whitney and Evans (2010)
(Hbl: Hornblende, Amp,: Secondary amphibole, Px: Pyroxene, Pl: Plagioclase, Ol: Olivine, Opg: Opaque mineral).
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Table 1. Results of point analysis of olivines in gabbroic rocks of Dargaz region based on weight percentage and structural
formula data based on 4 oxygen atoms along with the calculation of their final members

Coarse-grained

Fine-grained Px-

L=
Min-Max
SiO2 34.04 - 36.42 34.95 - 35.96
TiO2 b.d-0.43 0.01-0.07
FeO 34.00 - 36.78 35.48 - 36.91
MnO 0.57-0.73 0.27 - 0.69
MgO 27.89 - 31.04 27.63-28.21
CaO b.d-0.07 0.03-0.07
NiO b.d - 0.06 0.01 - 0.07
Na2O b.d - 0.09 b.d - 0.04
Total 100.10 - 100.87 99.82 - 101.32
Si 0.965 - 1.006 0.977 - 0.998
Ti 0.001 - 0.009 0.000 - 0.001
Fe2 0.770 - 0.850 0.820 - 0.870
Mn 0.011 - 0.017 0.006 - 0.016
Mg 1.150 - 1.273 1.155-1.172
Ca 0.000 - 0.002 0.001 - 0.002
Ni 0.000 - 0.001 0.001 - 0.002
Na 0.000 - 0.005 0.000 — 0.002
Mg 57.93-62.20 57.38 - 58.80
Cations 2.97-3.03 3.00 - 3.02
Forsterite 57.15 - 61.58 57.16 - 65.51
Fayalite 37.84-41.94 33.58 -42.15
Tephroite 0.52-0.85 0.32-0.86
Ca-0Ol 0.01-0.10 0.04-0.10

b.d: below detection limit
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(Tamayo, 1998) »,ls  Sxs ast L5, sl 53 o 2wy 8 S

Fig. 6. A: Composition of olivines present in the coarse-grained ferro-gabbro and fine-grained pyroxene-hornblende
gabbro of Dar Gaz district in the Fe # - Mg # diagram, B: Diagram of variation of forstrite in versus NiO, showing the
range of oceanic accumulations (Elthon et al., 1992), and C: MnO frequency is inversely related to the weight percentage

of forsterite in the olivines (Tamayo, 1998).
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Fig. 7. A: Pyroxenes of the Dar Gaz district in the Q-J diagram (Morimoto, 1988). All fall in the Ca-Mg-Fe pyroxene
filed, B: Composition of orthopyroxenes in gabbroic rocks of the Dar Gaz district on the enstatite En-Wo-Fs triangular
diagram. The enstatite and ferrosilite fields are from Morimoto (1988), and C: Combination of clinopyroxenes in gabbroic
rocks and diabasic dikes of the Dar Gaz district in theWo-En-Fs triangular diagram (Morimoto, 1988)
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Table 2. Results of point analysis of pyroxenes in gabbroic rocks of Dargaz district based on weight percentage and
structural formula calculation data based on 6 oxygen atoms with the calculation of their final members. (Temperatures
obtained in degrees Celsius at a pressure of 2.5 kbar)

Fine-grained Px-

Coarse-gra_ined Hbl-gabbro Hbl-gabbro Diabasic dikes
Rock Type gabb.ro (n=16) (n=11) (p—12) (n—3)
Min-Max Min-Max Min-Max Min-Max
SiO2 49.87 - 55.10 44.43 - 55.24 44,93 - 51.48 50.02 - 52.51
TiO: 0.10-1.11 0.34-2.01 0.63-2.98 0.41-154
Al2O3 1.90 - 2.59 1.64-13.30 2.30-11.82 1.62 - 6.05
Fe203 0.00-6.45 0.00 - 9.06 0.92-5.75 0.00-1.27
FeO 5.41-12.64 2.93-13.11 5.96 - 8.04 10.27 - 11.98
MnO 0.02-0.35 0.03-0.33 0.08 - 0.30 0.34-0.44
MgO 14.07 - 29.65 13.72 - 28.39 13.93- 14.82 11.37-12.19
CaO 1.21-22.23 1.10-22.21 11.28-21.91 15.43 - 22.16
Na.O 0.11-0.35 0.11-2.33 0.24 - 2.04 0.29-159
Total 99.30 - 101.26 99.31-100.58 99.30 - 100.40 99.88 - 100.09
Si 1.850 - 1.964 1.630 - 1.968 1.659 - 1.907 1.871-1.988
Ti 0.003 - 0.031 0.009 - 0.055 0.018 - 0.058 0.012 - 0.043
Al 0.080 - 0.114 0.069 - 0.576 0.101 - 0.513 0.072 - 0.267
Fe®* 0.000 - 0.180 0.000 - 0.250 0.026 - 0.159 0.000 - 0.036
Fe?* 0.151-0.377 0.090 - 0.391 0.187-0.236 0.324-0.375
Mn 0.001-0.011 0.001 - 0.010 0.002 - 0.010 0.011-0.014
Mg 0.780 - 1.562 0.749 - 1.508 0.765-0.828 0.642 - 0.680
Ca 0.046 - 0.887 0.042 - 0.887 0.445 - 0.879 0.618 - 0.896
Na 0.008 - 0.025 0.008 - 0.165 0.017 - 0.146 0.021-0.115
Mg# 78.68 - 84.18 78.68 - 89.93 75.82 - 81.10 63.44 - 67.48
Cations 4.000 - 4.000 4.000 - 4.000 4.000 - 4.000 4.000 - 4.000
Wollastonite 2.32-4581 2.16 - 45.81 27.86 - 45.23 36.51 - 46.44
Enstatite 39.23 - 79.12 40.16 - 77.71 40.78 - 47.87 34.02 - 40.13
Ferrosilite 13.58 - 19.53 13.58 - 24.14 13.79 - 24.27 18.68 - 23.36
Xpr 37.88 - 38.97 27.29 - 38.67 28.54 - 38.83 32.92-39.48
Yer (-26.51) - (-27.95)  (-24.60) - (-27.16) (-23.72) - (-27.56)  (-24.20) - (-25.08)
Cpx Name diopside augite - diopside diopside - augite diopside - augite
Opx Name Enstatite Enstatite
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Table 2 (Continued). Results of point analysis of pyroxenes in gabbroic rocks of Dargaz district based on weight
percentage and structural formula calculation data based on 6 oxygen atoms with the calculation of their final members.
(Temperatures obtained in degrees Celsius at a pressure of 2.5 kbar)

Fine-grained Px-

Coarse-grained Hbl-aabbro Hbl-gabbro Diabasic dikes
Rock Type gabbro (n=16) (ngll) (n=12) (n=3)
Min-Max - Min-Max Min-Max
Min-Max

Geothermometry based on Temperature in ‘C and Pressure in 2.5 Kbar

Kp =101.66, LnKp = 4.62

Cpx-1lm
(Bishop, 901 916 889 811
1980)
Kp=2125, LnKp = 2.46
Opx-1lm
(Bishop, 1036 1040
1980)
Kp =0.872, LnKp =-0.136
Opx-Cpx
(Bertrand T1=876 T1=1201
and Mercier, T,=1217 T, =1258
1985)
Cpx
(Bertrand 1188 1228 1124 1145
and Mercier,
1985)
Kp =0.887, LnKp =5.60
Opx-Cpx
(Kretz, 1994) 807 877
Cpx
(Kretz, 1994) 1093 1187 1022 1011
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Fig. 8. A: Composition of Dar Gaz feldspars on the orthoclase- albite- anorthite triangular diagram (Deer et al., 2013), B:
Composition of amphiboles in the ferrogabbro to coarse-grained pyroxene-hornblende gabbro, fine-grained pyroxene-
hornblende gabbro, hornbeland-gabbro, and diabasic dikes of the Dar Gaz district using Hawthorne et al. (2012) diagrams,
and C: Diagram of ¢* sum S(Al+Fe3*+Mn3+Cr+V+Sc+2Ti+2Zr) vs. A* sum A(Li+Na+K+2Ca+2Pb) (Locock, 2014).
Symbols are the same as Fig. 7.
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Table 3. Results of point analysis of plagioclase in gabbroic rocks of Dargaz region based on weight percentage and data
of structural formula calculations based on 8 oxygen atoms along with the calculation of their final members.

(Temperatures obtained in degrees Celsius at a pressure of 6 kbar)

34 ol s Sl (o

ockrype gD Prbbgiooo MOl Dishsiodices
gabb.ro (n=14) (n_8) Min-Max Min-Max
Min-Max Min-Max
SiO 50.12 - 52.64 50.70 - 51.81 56.64 - 58.24 56.41-57.71
TiO2 b.d-0.29 b.d - 0.05 0.01-0.05 b.d - 0.05
Al20s 30.62 - 31.48 30.85 - 31.56 26.46 - 27.42 25.32-27.05
FeO 0.05-0.22 b.d - 0.09 0.02-0.48 0.09-0.88
MgO b.d b.d - 0.04 b.d - 0.05 b.d
CaO 13.45-16.10 13.14-13.85 9.50 - 10.24 9.54-11.18
Na20 2.61-3.79 3.50-4.15 5.85-6.35 6.32-6.91
K20 0.05-0.08 0.04-0.05 b.d - 0.06 b.d-0.11
Total 99.95-101.41  99.33-100.68 98.59 - 101.34 99.46 - 100.94
Si 2.299 - 2.384 2.305 - 2.343 2.548 - 2.587 2.529 - 2.568
Ti 0.000 - 0.010 0.000 - 0.002 0.000 - 0.002 0.000 - 0.002
Al 1.640 - 1.675 1.652 - 1.690 1.390-1.439 1.337-1.427
Fe 0.002 - 0.015 0.000 - 0.003 0.000 - 0.018 0.003 - 0.033
Mg 0.000 - 0.000 0.000 - 0.003 0.000 - 0.003 0.000 - 0.000
Ca 0.649 - 0.791 0.640 - 0.676 0.466 - 0.492 0.459 - 0.534
Na 0.232-0.333 0.306 - 0.366 0.510 - 0.545 0.546 - 0.601
K 0.003 - 0.006 0.002 - 0.003 0.000 - 0.003 0.000 - 0.006
Cations 4.999 - 5.000 4.999 - 5.001 4.999 - 5.000 4.999 - 5.000
Anorthite 66.75 - 77.01 63.45 - 68.37 46.34 - 48.73 43.15-49.43
Albite 22.59 - 33.61 31.34-36.26 51.27-53.49 50.57 - 56.47
Orthoclase 0.30-0.56 0.16 - 0.29 0.00-0.34 0.00-0.61
Name Bytownite Bytownite Andesine Andesine

Geothermometry based on Temperature in’C and Pressure in 6 Kbar

Plg-Hbl (Holland
and Blundy,
1994; Blundy
and Holland,

1990)

868

884

776

784

Plg-Hbl

(Schmidt, 1992;
Anderson and
Smith, 1995)

870

870

754

754

b.d: below detection limit.
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Table 4. Results of point analysis of amphiboles in gabbroic rocks of Dar_qﬁz region based on weight
structural formula calculation data based on 23 oxygen atoms along wit

(Temperatures obtained in degrees Celsius at a pressure of 6 kbar)

the calculation of their

f

Fine-grained

e e ey M D e
Min-Max Min-Max Min-Max Min-Max
SiO: 38.12 - 45.61 41.86 - 44.82 41.87 - 44.46 42.09 - 45.29
TiO2 135-3.15 1.62-3.18 1.08 - 2.98 1.74 - 2.66
Al203 8.98 - 16.25 9.60 - 12.30 10.82 - 13.30 10.27 - 12.45
Fe203 1.49 -7.95 2.45 - 8.49 7.73-9.21 3.14-9.82
FeO 5.59 - 14.48 4.80 - 15.46 4.36-5.81 3.27-11.39
MnO 0.11-0.28 0.03-0.28 0.06 - 0.22 0.13-0.25
MgO 10.81 - 13.89 9.88 - 14.39 13.64 - 14.04 12.72-14.44
CaO 11.07 - 12.82 11.08 - 12.02 11.22-11.51 11.34-12.10
Naz0 1.35-2.62 2.05-2.82 1.93-2.33 2.07 - 2.80
K20 0.04 - 0.46 0.09-0.48 0.48-0.70 0.26 - 0.46
H20* 2.01-207 1.98-2.08 2.05-2.07 2.01-2.08
Total 98.28-101.77  99.21-10254  99.84-101.23  99.85-101.20
Si 5.630 - 6.700 6.132-6.678 6.126 - 6.442 6.159 - 6.588
Ti 0.149 - 0.344 0.182 - 0.346 0.118 - 0.325 0.191 - 0.298
Al 1.548 - 2.788 1.686 - 2.089 1.853-2.294 1.761-2.115
Al 1.300 - 2.370 1.322 - 1.864 1.558 - 1.874 1412 -1.841
AlY 0.000 - 0.549 0.017 - 0.387 0.189 - 0.420 0.105 - 0.349
Fe® 0.099 - 0.739 0.095 - 0.569 0.505 - 0.637 0.161 - 0.651
Fe?* 0.687 - 1.849 0.835 - 2.056 0.797 - 1.048 0.708 - 1.531
Mn 0.013-0.035 0.004 - 0.036 0.007 - 0.027 0.016 - 0.032
Mg 2.389 - 3.075 2.225-3.114 2.946 - 3.050 2.826 - 3.130
Ca 1.747 - 2.000 1.755-1.924 1.742 - 1.805 1.751-1.932
Na 0.261-0.747 0.477-0.709 0.112-0.137 0.446 - 0.773
K 0.009 - 0.087 0.017 - 0.089 0.090-0.131 0.049 - 0.085
OH" 2.000 2.000 2.000 2.000
Cations 15.243-15.686  15.468 - 15.767  15.444 - 15564  15.505 - 15.822
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Table 4 (Continued). Results of point analysis of amphiboles in gabbroic rocks of Dargaz region based on weight
percentage and structural formula calculation data based on 23 oxygen atoms along with the calculation of their final
members. (Temperatures obtained in degrees Celsius at a pressure of 6 kbar)

Coarse- Fine-grained . L
grained Px-Hbl-gabbro Hbl-g_abbro Dlabaslc dikes
Rock Type _ _ (n=8) (n=5)
gabbro (n=14) (n=12) Min-Max Min-Max
Min-Max Min-Max
(Ca+Na)B 2.000 2.000 2.000 2.000
Ca(B) 1.747 - 2.000 1.755-1.924 1.742 - 1.790 1.751-1.932
Ca(A) 0.197 - 0.228 0.197 - 0.212 0.201 - 0.205 0.202 - 0.215
Na(B) 0.000 - 0.253 0.041 - 0.133 0.104 - 0.137 0.036 - 0.132
Mg/(Mg+Fe?*)  0.571-0.805 0.522 - 0.746 0.754 - 0.791 0.649 - 0.814
Fe¥*/Fed*+Alv 0.253 - 1.000 0.207 - 0.815 0.570 - 0.762 0.696 - 0.714
Fe*/(Fe*+Mg)  0.305 - 0.453 0.306 - 0.498 0.320 - 0.346 0.304 - 0.385
Fe/(Fe*+Mg)  0.194 - 0.426 0.214 - 0.478 0.148 - 0.181 0.185-0.351
parg:sslgg,_mag Ti-rich magnesio- magnesio-
Amphibole o pargasite, Ti-  hastingsite, Ti- gnesi
hastingsite, . . ; . hastingsite,
Name Madnesio- rich magnesio-  rich magnesio araasite
g hastingsite hastingsite parg
hornblende
Amphibole Calcic Calcic Calcic Calcic
group
Geobarometry based on pressure in Kbar
Hammarstrom
and Zen. 1986 54 6.1 7.1 6.6
Hollister et al.,
1987 5.7 6.4 7.5 7
Johnson and
Rutherford, 4.4 49 7.4 5.4
1989
Schmidt, 1992 5.8 6.4 7.4 6.9
Mutch et al.,
2016 4.2 4.7 5.1 5.1
Ridolfi and
Renzulli, 2012 4.5 6.1 81 75
Depth (Km) based on amphibole mineral chemistry
Schmidt, 1992 15.34 17.16 21.20 18.66
Geothermometry based on Temperature in’C and Pressure in 6 Kbar
Putirka , 2016 910 948 937 946
Molina et al.,
2015 911 933 902 902
fO, (bar) based on amphibole mineral chemistry
Wones, 1989 -19.25 -19.62 -22.08 -25.25
H.0O (Liquid) wt.% based on amphibole mineral chemistry
Ridolfi et al 1.07 - 2.68 1.39-295 2.01-3.84 2.13-255
2010 N (Average = (Average = (Average = (Average =
1.17) 1.18) 2.92) 2.72)
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Fig. 9. A: Amphibole formation pressure, in the Ti versus Al diagram (Hynes, 1982), B: Composition of amphibole in
the gabbroic of the Dar Gaz district in the Al™® versus Fe? */(Fe? *+ Mg) diagram (Schmidt, 1992), and C: Determination
of crystallization pressure of pyroxenes using Soesoo (1997) diagram. Symbols are the same as Fig. 7.
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Fig. 10. Estimation of pyroxene rock formation temperature in the Dar Gaz district based on the Wo-En-Fs composition
(Lindsley, 1983). A: Ferrogabbro to coarse-grained pyroxene - hornblende gabbro, B: Fine-grained pyroxene-hornblende
gabbro, C: Hornblende gabbro, and D: Diabasic dike. Symbols are the same as Fig. 7.
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Fig. 11. A: Determination of pyroxene crystallization temperature using Soesoo (1997) diagram, B: Evaluation of
temperature formation of gabbroic rocks in the Dar Gaz district using Mg/(Mg + Fe + Mn) values related to amphibole
and clinopyroxene minerals (Anderson, 1996), and C: Geothermometry of feldspar in the Ab-An-Or triangular diagram
(Furhrman and Lindsley, 1988; Nekvasil, 1992). Symbols are the same as Fig. 7.
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Fig. 12. A: Determination of temperature of formation of amphiboles of gabbroid rocks in the Dar Gaz district, based on
Al vs. Ti contents (Ernst and Liu, 1998), and B: Al,Os; and TiO, isoplates of calcic amphiboles, based on weight
percentage as a function for determining pressure and temperature (Ernst and Liu, 1998). Symbols are the same as Fig. 7.
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Fig. 13. Amphibole samples in gabbroic rocks of Dar Gaz district in the Anderson and Smith (1995) diagram. Symbols

are the same as Fig. 7.
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Fig. 14. A: Location of amphibole of gabbroid rocks and diabasic dikes of Dar Gaz district in the SiO, vs. Na,O diagram
(Coltorti et al., 2007) (I-Amph: Intra-plate amphiboles; S-Amph: Suprasubduction amphiboles), B: The chemical

composition of clinopyroxene in tectonic setting F1 vs.

Rampone et al. (1998). Symbols are the same as Fig. 7.
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Fig. 15. A: Phase diagram of the Diopside-Anorthite-Forsterite ternary system (Yoder and Tilley, 1962), and B: Schematic
scheme of temperature ranges obtained from rock units in the Dar Gaz district based on the geological profile of ophiolite
(modified after Kananian et al. (2001) and Shafaii Moghadam and Stern, 2015)).
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