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[ |Cultivated area (Quaternary)

Biotite, chlorite, guartz and feldspar augen mylonitic granite-gneiss,
lowally with fine grained aplitic texture (Late Jurassic). -
“* Thrust fault

Dark grey to black metamorphosed claystone (phvllite) with
intercalations of phyllitic silistone, fine grained sandstone and - o
locally limestone {Middle Jurassic) = Undiffrentiated fault

""""" Dark grey to black phyllite with infercalations of meta-limesione, meta- \ )
avidic voleanies-subvoleanics and meta-basic sills, the phyvllite locally River and stream
constituents mainly by meta~-volcanics (prasinite) (Late Triassic).

Grey meta-limestone and dolomite, locally erystaline white intercalations
ol meta-quartz, arenite, phyliite and prasimtes {Late Triassic).

channel

Mine under operation
Cordierite, andalusite, staurolite and sillimanite spotted schist, had been aflected

by Iater regional metamorphism
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Fig. 1. A: Location of Sanandaj-Sirjan Zone in Iran. The study area is shown with star symbol and B: Simplified
geological map of the north east of Jan mine (from Sahandi et al., 2006))
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Fig. 2. A: View of the mylonitic granite-gneiss pluton exposed in the north east of Jan mine, B: Fine-grained
tourmalines are oriented in black color
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Fig. 3. Crater with a diameter of 100 micron meters caused by ablation in tourmaline of mylonitic granite-gneiss body
in the north east of Jan mine
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Fig. 4. Petrographic characteristics of mylonitic granite-gneiss body in the northeast of Jan mine, A: Crushed
tourmaline mineral, which have no prismatic structure (PPL), B: Wedge-shaped fracture tourmaline mineral filled by
the quartz mineral (XPL), C: Pericline twining in plagioclase, BLG, SGR and finally, create a new, fine grains on the
margin of feldspars (XPL) and D: mica fish of Phengite, XPL. Abbreviations after Whitney and Evans (2010),

(Qz=Quartz, Tur=Tourmaline, Ph=Phengite)

1. Bulging
2. Subgrain Rotation



oL g g0l 50 348

odias s lleysi 5o Sl jolie 5 Lol jolie (o)
Sl yedlnyg5 )0 G5 9gy (o po MIN (slgime 2l58)
sMn sl > 5,01 51 .(Copjakova et al., 2013)
3o ‘-’..JL.Q)}! d_;)m UAD-L.» ulg_,_cd._: Fetot /( Fetot +Mg)
(\]Olllﬁ et al, 1987, bj_m‘é_n oolazul ‘5)‘..)5& LSLAW"“““"”‘“
Hellingwerf et al., 1994; Roda et al., 1995;
oS -e il S sleJle,e Kontak et al., 2002)
Flr e M Jbseas g9, = Oy Gone Gr0led (Sishee
)_n‘ U_‘" S I UL.M.: lesl Qg Fetot /( Fetot +Mg)
L olics 5l s, (SIS (68 IS 48 sl ] Sy
(A -6 JS) conl i3 5 & j50 o i g, iy
el 30 PPM 51 a8 Vs ane Loyl g5 ND (glgiee
i3 S (D 3 C B -6 Js) pubowl 1 (1 Jsuz)
L o‘;o.&b Eu/Eu* ,Y+REE , Nb 6‘5:‘-""' 590 )Li..j P IO
D9 g0 0000 elleygi 32,85 Wi,y (b o M ol
» LeLREE s > 5l il dle, g slaosls SausTy,
LU YYD o Ll ool Gl (6 5 US55, Jsbo
b ;9 BHREE a5 ol o1 51 S (B g A-7 JS3) 50
BLREE & o (5505 5 5 515 alleygs 5,25 U5
3 05 o 5L a5 SLS 0 BU 1 3 5 0
Silotimns jbas BU Jlogil (52,85 iy, (b 455, 5boas
Nogi y0 Ty (D -6 Jsi) 9sS o puis MN 201581 L
Cl S S 5 el dn G 0ol jlminay GgSie
5 e )bl o2 oy 2 3590 Slagllesg ool g
(B s A-8 i) amo o lis | EU ite 5,bials o
SelSS g 595 2 ST sleSle )o Ba,d5 g, iy
O ST ) a5 4 S 5T 5 olaS ol
5(B s A-9 Jso) lle,y LS 0 SryCa, Ti yule
oud yzie Sl Nb 9Y+REE ,Cs 9 La Glgore iuliél
(B yA-10 Jsz) el

S AR

S9l> (Figheo ulS -l S 50 Sblo slacl (o alail
odlo,g

g,u._m..: (o)...c 9 wsgu..a ‘W.Jﬁ.u ‘U,JLQ”S) ‘S:L\.:Lf A.Cs.o..?m
30 Aol 4o il Clde cuS 5 g oo Glad ol uss @
Obgee SleSle 5l Hoks Ll g g laaly o Jolss Ll 5550

slrasily O vy iuign (( oSwy S dolad 4 axgi b
2 Lagdlag 5l jiSasS (L ojlail 1o Yooma g 50y (L5
9 Sgn (SO n 5 g8 090 Wgbige 0003 0 e
SR elle,si L yo a5 Sl IS 4 c0 03 )0 ey
5 9,05 0e>g ol Loyl o8 Slolyd Cudam wylo (g iy
=5 3 ellaysi il fillS Ce Lo oS

P RHRPES ol Loyl
shls Gl JSi &ygmds ¢ 5, LM.W slaojlail jo ligunyl
waly b 4 asgi Lol 8ol U5 can s punsdy S oib
Gl 48 s YT ) sl gl LK baogayl
505 Slogt3 L5 slogad 508 51 5,10 MalS” oty Sosly
Loy Lac syl oo il 05 4 hle gy (sloged
Od9 (‘S;.LAfLa) adgl oaumo lis aS wilowds oaudiey g
(Soiede s obolKe Ll 5l.(Bea, 1996) coul SIS oy
5 5 4,5 U5 005 ol gy (sl 5 Y]

el 0§

(2 Loonogd ) ulgl

L bl o odleyss sbml oas J o8 Jalse (2bs)l sl
oo laidlS G atal) o 1S GleSi 50 S
IR SV IR I TR TG
JoS—i jlam g Jd o lgiome (o 2 0 S35
L oS o ooliinl (oS 5 508 sl g jlidleyes
a3 dnayer b Lo g 250 515 31, ol § sl
-oslS 009 0 olleygs SLS 4 (Shabanian, 2009)
(Moradi et al., 2015) ,ls:yJlae,s cuigloo oS
5148 psbilen (5 JS) b sy abogpo (oS 5 5 loged
25 B oy aeldl b Sy 55k Sl el e als
0 5= o8l oy o 3t et ol ygs codlS
5 g sslete locagS 5 A so s limen LSl
st 3 e e 4y e gy b5 45
Sl lges 4y azgi bosdi oo jelie Gulleygi (SIS 5 a0
5 Olleyss 5ok 5l ey 45 99D 003 0l o 518
Sgben Wy s (Bl Wy, (Ol paxe 35t cl S
255 3l Gy aalsl o 5 (B -5 S o S8 LS)
S9-d s yobete (s g 2l lleys g CugSis
(C4B5 )



349

o siigen ol =S 0355 ey ok 0asiS S Lol

(1395 JL) 2 o les 8 ul>

(Pesquera et o,ls Ky 75 Oz arwlFsd oo «Sblo

Coowdy oloSle Lyl & 5l a >0 o ixen al., 2012)
e oo 5 ey st Su0y gl S Ll
byl b 4 Cond oS 5 5l (500,08 il 5 e Sl

(Weisbrod et al., 1986) w1 o 593 oSl

Js_s (Pesquera et al., 2012) oo o 41,11, Sledlbl
_M‘; L)"JLA)ﬁJ O yg—0 0 ‘) u_UaA U_" ‘5'}._».:)0 A '5
el osly las 5 e Bl Sudgdis S
@lotgss sloosls 5 (595 L olyen (0,25 Sl
Sl i )5 lla,gh JSid Sz 03V 9 JSlas
£3Y ailos; (a3 3000-500 Mg gt sga |, il

(PPM ) ol re Byl (SFighon (maliS =S 0055 (lloygi oS yolis LA = ICP MS 50UT s 1 Jgar
Table 1. LA - ICP MS data on tourmalines of mylonitic granite-gneiss body in the north east of Jan mine (in ppm)

Elements m-1-6 m-1-7 m-1-8 m-1-9 m-1-10 m-1-11 m-1-1la
Si 17244 17244 17244 17244 17244 17244 17244
Ca 1147 1280.72 1530.62 10.6 1494.4 1489.69 1337.06
Ti 48623 5187.49 4586.48 1597.40 50496 5009.46 3127.18
\% 4.96 5.76 4.13 1.56 6.01 3.22 3.78
Cr 2.85 2.66 2.19 1.61 2.23 2.10 1.67
Mn 54.22 216.90 224.65 30.99 255.63 271.13 162.68
Rb 0.25 0.63 1.56 0.93 0.54 1.04 0.73
Sr 3.07 6.46 11.04 2.48 4.57 7.80 11.54
Y 0.46 0.22 1.48 0.30 0.59 0.67 0.42
Zr 0.35 0.35 0.19 0.25 0.29 0.09 0.18
Nb 3.60 3.64 4.97 3.38 5.13 1.73 291
Cs 0.07 0.19 - 0.18 0.07 0.98 0.24
Ba 0.07 0.05 0.51 0.01 0.09 0.02 0.00
La 7.14 4.83 8.70 5.45 10.70 5.81 7.31
Ce 16.54 11.60 18.23 12.56 24.98 13.37 17.30
Pr 1.48 1.02 1.83 1.11 2.07 1.17 1.44
Nd 3.21 2.24 4.84 2.28 4.96 2.65 3.28
Sm 0.25 0.17 0.75 0.23 0.43 0.29 0.22
Eu 0.01 0.00 0.01 0.00 0.01 0.00 0.02
Gd 0.12 0.05 0.43 0.11 0.13 0.13 0.06
Th 0.01 0.00 0.00 0.00 0.01 0.01 0.00
Dy 0.05 0.03 0.31 0.04 0.09 0.06 0.05
Ho 0.01 0.00 0.05 0.00 0.01 0.01 0.00
Er 0.06 0.01 0.15 0.03 0.06 0.02 0.03
m 0.01 0.00 0.02 0.00 0.00 0.01 0.01
Yb 0.01 0.03 0.20 0.02 0.11 0.08 0.07
Lu 0.02 0.01 0.03 0.00 0.02 0.02 0.01
Hf 0.04 0.06 0.02 0.04 0.06 0.01 0.03
Ta 1.34 1.17 1.00 1.23 1.56 0.39 0.86
Pb 2.51 3.73 4.34 2.08 37.70 3.96 6.21
Th 1.20 0.05 12.93 1.40 2.62 1.57 0.44
U 0.01 0.00 0.09 0.01 0.01 0.00 0.01

Eu/Eu* 0.00 0.00 0.04 0.00 0.06 0.00 0.36

YY+REE 29.39 20.26 37.13 22.18 44.23 35.24 30.27
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Table 2. Ten reprehensive results of 48 samples that obtained by electron microprobe analysis on tourmaline crystals of
mylonitic granite-gneiss body in the north east of Jan mine (B calculated on a stoichiometric) (in Wt. % and the ratio of
cations) (Moradi et al., 2015)

Tur-1 Tur-2  Tur-3 Tur-4 Tur-5 Tur-6  Tur-7 Tur-8 Tur-9 Tur-10

[SiO;] (%) 3542 3510 3518 34.83 3467 3500 3508 3527 3529 3523
TiO;, 0.81 0.80 069 074 0.77 0.56 047 062 0.63 0.70
Al,O; 29.44 2941 29.87 2925 29.18 3044 3051 2985 2959 @ 29.31
Cr,04 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.00
FeO" 19.80 19.70 1952 19.73 20.27 19.09 19.14 1941 1954 19.74
MnO 0.15 0.17 0.17 016 0.10 0.13 015 013 0.16 0.15
MgO 0.69 0.75 0.60 0.67 0.56 0.62 0.64 067 0.66 0.62
CaO 0.08 0.11 0.08 0.10 040 0.10 0.09 007 0.07 0.07
Na,O 2.59 2.62 253 251 233 2.57 249 254 253 2.55
K20 0.06 0.05 0.06 007 0.09 0.06 0.06 0.08 0.07 0.06
[Total] (%) 89.03 88.71 88.73 88.04 8837 8857 88.63 8865 8855 8843
(apfu) [Si 6.028 6.040 6.032 6.029 6.019 6.0385 6.055 6.051 6.031 6.029
Ti 0.083 0.080 0.080 0.116 0.029 0.086 0.068 0.059 0.021  0.036

Al 5729 5719 5740 5625 6.104 5745 5750 5795 6.221 @ 6.099

Cr 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.002 0.001 0.000

Fe (2+) 1548 1539 149 1.609 1405 1510 1493 1.468 1.355 1.389
Mn 0.000 0.003 0.003 0.004 0.002 0.004 0.006 0.004 0.003 0.005

Mg 1633 1632 1643 1635 1430 1630 1633 1.619 1.337 1.432

Ca 0.121 0126 0.138 0.135 0.064 0.126 0.120 0.122 0.036  0.053

Na 0.754 0755 0.762 0.767 0.684 0.729 0.747 0.731 0.661 0.677

K 0.011 0.009 0.010 0.014 0.006 0.012 0.008 0.010 0.006  0.006

Li 0.007 0.027 0.038 0.011 0.029 0.025 0.050 0.053 0.062  0.039

B] (apfu) 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 @ 3.000
(apfu) [Si (T) 6.028 6.040 6.032 6.029 6.019 6.035 6.055 6.051 6.031 6.029
Total(T)] (apfu) 6.028 6.040 6.032 6.029 6.019 6.035 6.055 6.051 6.031 6.029
(apfu) [Al (2) 5.729 5719 5740 5625 6.000 5745 5750 5.795 6.000 6.000
Cr (2) 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.002 0.000 0.000
Mg (2) 0271 0281 0259 0.375 0.000 0.255 0.250 0.203 0.000 0.000
Total (Z)] (apfu) 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
(apfu) [AI(Y) 0.000 0.000 0.000 0.000 0.104 0.000 0.000 0.000 0.221 0.099
Ti (Y) 0.083 0.080 0.080 0.116 0.029 0.086 0.068 0.059 0.021  0.036

Cr (Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
Fe? (V) 1548 1539 149 1.609 1405 1510 1493 1.468 1.355 1.389
Mn (Y) 0.000 0.003 0.003 0.004 0.002 0.004 0.006 0.004 0.003 0.005
Mg (Y) 1362 1352 1384 1261 1430 1375 1383 1416 1.337 1.432
Total (Y)] (apfu) 2.993 2973 2962 2989 2971 2975 2950 2947 2938 2961
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Fig. 5. A: Compatibility of B contents with the increase fractionation process, B: Biotite does not crystallize after
crystallization of magmatic muscovite and Ttourmaline, Small arrows indicate stop of increasing B after crystallization
of Tourmaline and C: Tourmaline mineral of mylonitic granite-gneiss body formation in delayed Solidus (magma)
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Fig. 6. A: Crystallization of Tourmaline with the progress fractionation process, B, C and D: High density of Eu / Eu *,
Y + REE, Nb, Mn in the Tourmaline mineral with the progress fractionation process.
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Introduction

The study area is a part of the Sanandaj- Sirjan
zone that is located in the NW of Azna city and
NE of the dimension stone mine of Jan between
49° 11' 41"and 49° 16' 07" E longitude and 33°
36'35" and 33° 38'12" N latitude., A pluton of
mylonitic granite-gneiss is exposed in the area
which contains abundant tourmalines as black and
patchy or subgrain association. Geochemically,
the studied granite-gneiss is A-type, peraluminous
to slightly metaluminous and calc — alkaline to
slightly alkaline (Moradi et al., 2017). The
electron microprobe analyses of the tourmalines
display shorl-dravite in composition with more
tendency to shorl (Moradi et al., 2015). In this
paper we try to study the petrological sites of
tourmaline formation with associated minerals,
controller factors of crystallization using mineral
chemistry of tourmaline, comprehensive behavior
of trace elements in the tourmaline, synthetic
phase diagrams and finally relationships between
the associated minerals.

Materials and methods

The results of trace-element and major-element
analyses were obtained from one polished thin
section including 2 tourmaline grains. Major-
element analyses of tourmaline were obtained at
Oklahama City University of America using the
JEOL 8200 electron microprobe with a spot size
of 5 um and trace-element analyses were
performed on just a sample by Laser Ablation-
Inductively Coupled Plasma-Mass Spectroscopy
(LA-ICP-MS) a 193nm ArF excimer laser
ablation system (MicroLas GeolLas 200Q) in

combination with a quadrupole ICP-MS
(Micromass Platform ICP) at Utrecht University
of Netherland. Representative EMP and LA-ICP-
MS analyses of tourmaline samples are presented
in Tablesl and 2.

Results

The results of LA-ICP-MS on tourmalines of Jan
mine in the North east of mylonitic granite-gneiss
body show that distribution and diffusion of trace
elements during the growth of tourmaline trend is
positive on the plots of binary Mn versus Fey /
(Fewt +Mg) and it represents the formation of the
tourmaline mineral from the melt is along with the
progress of the differentiation (Jolliff et al., 1987;
Kontak et al, 2002). Also the average
composition of tourmaline — bearing mylonitic
granite-gneiss pluton normalized spider diagram
for the studied tourmaline shows positive anomaly
and negative anomaly in Eu that indicates
tourmaline minerals surrounded by quartz and
feldspar grains (Copjakova et al.,, 2013).
Secondary phases such as zircon and allanite very
much effect on the REE patterns (Rollinson,
1993). Therefore, in the final stages of
differentiation, allanite appeared earlier than it
appeared in  areas  without  tourmaline
crystalliziation and LREE soon after tourmaline
crystalized and they are deposited (Cuney and
Friedrich, 1987). Using a combination of phase
diagrams, the controlling factors of creation of
tourmaline associated with biotite-tourmaline can
be assessed, and the relationship between
tourmaline and associated minerals, chemistry of
tourmaline — bearing granitoid pluton, and

*Corresponding authors Email: moradiarezoo99@yahoo.com

DOI: 10.22067/econg.v8i2.45459



Journal of Economic Geology

Moradi et al. 38

location of petrological minerals tourmaline can
be sought (Pesquera et al., 2005).

Discussion

The results of LA-ICP-MS on tourmalines of
mylonitic granite-gneiss body in the north east of
Jan mine in Sanandaj — Sirjan Zone represents
tourmaline crystallization from the melt along
with the progress of the differentiation. Also, the
average composition of tourmaline — bearing
mylonitic granite-gneiss pluton normalized spider
diagram for the studied tourmaline shows positive
anomaly and negative anomaly in Eu that
indicates that tourmalines are surrounded by
quartz and feldspar grains. According to
petrographic evidence of tourmaline and biotite, it
can be seen with muscovite. Therefore, where
tourmaline is dominant, biotite and associated
minerals are limited or do not exist. Using a
combination of phase diagrams controlling factors
of tourmaline crystallization associated with
biotite-tourmaline can be assessed, and the
relationship between tourmaline and associated
minerals, chemistry of tourmaline - bearing
granitoid pluton, and location of petrological of
tourmaline minerals can be sought.
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