=
R
PooA-VPo§ > LLb
PEPF-OATO 1S9 58l LiLs

P ols ooled VP P oyled (V6 s

Slad 'g;-“‘*-“’uw

% Li Tonage-Grade: All Li Deposits

10
¢ [gneous
1 y B o Sedimentary
= L P —‘?E‘“—‘:; .
o0 Wy ghe gp}:':&;ﬁ!;-f;.::!;; 0 Brine
Frsmtrtly e .....“.__ .
i) nlgg i 0 Unconventional
0.1 (B .'.. ..H }
0.01F e
[} Sy
e
0.00 l I | | |

0.1 1 10 100 1000 10000

Pre-mined Resources (Mt Ore)

Sl 00l 43Le3 ISC o 4y i o0




el sl

s ‘Sw}.vjé a\i.&}b

Jgd 20 § 3
(ijajjalfig’b))u/gxm; RV RVE Tt gt

karimpur@um.ac.ir

48 Ola

(Ao o 93 3 olK13) Slecsl 33 ) cymIomn 53578
(1S ol 951 5™ 58213) sleael &y yiol 35l 5578

(e doged olSKils) sleael ¢ ST cymumNoxo 3573

(Ol oy Co 7 olSl3) 3l (Sl y o 3l 3578
(o o 93 5 olS13) 3ol ¢ 393, 8 yid Lo yoMe 33578
(Ole S~ inl g olS2ils) slef (3B S o _polas y578
(Ao o 93 5 olSC213) 3ol ¢ o0y (S Guige Lo sk 73
(a9 5 olS13) 3lece] (S polan Noo-Thaws 33578
(Ol osebo S 7 28213 Sl (5 338 Syzme 557
(leadS™ s oK213) i gy Ll (S 9593 Sl b 5873
o) (676 525 olK2ils) it ) Kt g 30 03 3 o5 g0 guol 33578

Gg_l)?l wu:o;lr

(Agin w33 5 olKi13) o |yl

@l 2l e
(Ugbn 95 2 o isls) (g5 led o3l Se 03137 87

L T

(Aghen g 93 3 o K13) oo |5l

1yTamae

(Agin g3 5 olKils) L 1l

4 35 S|
VoAV gl by

YFYF-0A90 3 a9 wIN b Ly
asldead LSl 090

SLil Mg
(@Mwl Syl g T b < 5039)
\YAA «/[«Y -YV1YE

295 — ool slas!
(198" oode Db 35 (w9 Ogamans’)

WAQ/+8/+ 4 —FYFY

Qg b e

e 66al5T Ol g (Ol ! 3 g (g 30T
s e 4 5 e 0dSl ¢ p3 b oKl
¢slasl

LIVVAFAAVY & iy S
eCoNg@UM.ac.ir : w9 ySI Sy
https://fecong.um.ac.ir :eslwey

HAA (BY) YAALF D 1 oyils

HAA (O)) FAVFOY : glod


https://econg.um.ac.ir
https://econg.um.ac.ir
https://www.um.ac.ir
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://econg.um.ac.ir/journal/contact.us
mailto:econg@um.ac.ir
https://econg.um.ac.ir/
https://um.ac.ir/
https://econg.um.ac.ir/journal/editorial.board#edb270
mailto:karimpur@um.ac.ir
https://econg.um.ac.ir/journal/editorial.board#edb270
https://geo.uk.ac.ir/~moradian
https://geo.uk.ac.ir/~moradian
https://econg.um.ac.ir/journal/editorial.board#edb270

J"';“:""‘u-"“:li‘.“l’)-"‘*?‘“\:g?QJW)BOQ}QGG-ﬁ‘j?}lD}LSAL&JEI

ey

WIRVY)
e gladlis i e
e SBLEST| 5 wlid ey s ULl hean i S @
5 Lol&tils o Ktags oo slasygliws o »T 25 @
Lo e psle 5 goliaml (bl ain )3 oode Gladu 3

ol

o Sdw)
©3ladl bl @
L3 S SCH -t g
SeiS5 kLS| e

@‘Wéu“}%‘ﬁ)ﬁ"j‘w L]

G ) daee (il @

4 )

B dobidy v § S

: DIRECTORY OF ——
ULRICHSWEB OPEN ACCESS
Gg e gle GLOBAL SERIALS DIRECTORY D () A J JOURNALS G eo Ref S ole) p us
Mmagiran  SIDSESSSS ool 7 EBSCO/ost
L7 o le>

\_ J
SO,



https://creativecommons.org/licenses/by/4.0/
https://www.scopus.com/sourceid/21100890620
https://www.americangeosciences.org/information/georef/open-access-journals#internet
https://doaj.org/toc/2008-7306?source=%7B%22query%22%3A%7B%22bool%22%3A%7B%22must%22%3A%5B%7B%22terms%22%3A%7B%22index.issn.exact%22%3A%5B%222008-7306%22%5D%7D%7D%5D%7D%7D%2C%22size%22%3A100%2C%22sort%22%3A%5B%7B%22created_date%22%3A%7B%22order%22%3A%22desc%22%7D%7D%5D%2C%22_source%22%3A%7B%7D%2C%22track_total_hits%22%3Atrue%7D
https://ulrich1.giga-lib.com/title/1641883764655/786989
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=10.22067%2FECONG&btnG=
https://www.ebsco.com/m/ee/Marketing/titleLists/awr-coverage.htm
https://ecc.isc.ac/showJournal/21983
https://www.sid.ir/fa/journal/JournalList.aspx?ID=4419
https://www.magiran.com/magazine/5921




IO g Ly

et

o@.@:,;@m;1y;\a>u;.~\@s,u},,.;.»m;uit;,utjuujﬁwuljw&zo)\wuf,b;b;@mﬂy
Nl 5 Cais o3Luasl (Jiesl 3 (slod 5 ol cO3lne 5 Sibme 3l g0 05 pol ol dils L Ludl U1 b e (glabarly ¢ Lo
c&ifdLgt:xuu«\yé\,rﬁeé,:;,ﬁwom‘Jmétj.@‘omﬁ@bﬁfuT,a,JM\d;,\vgg..u,uu,,.f
,w.xg,:ﬁr.yd;wa.\..m{o.w..u\nﬁ&uumOi\);‘)..;)t@_z-.sj»jc,..»ld)bﬁeﬁdbﬁoj;ﬂ:‘)gduh\‘;l
;n,ﬁdﬁ-_‘u\,aufu{d.b4?,:3Q}JL;Lmuﬂagwj:su,,_zf.wlu\mdud_t@udjbﬁ&uuu;sl

.>ﬁ¢U\,M,&f|a;umwwéu)yso\,:@dp,;tw,us;m

1> 0dge p adlanas 5 (Gl i 5o 1 (Guae Dy e s BLAST ¢ o lulid C st Lo o glaand ) 5 (g3ladl OLlid e
coerlid s il glaaml o 5T 51 Sl s ale (e T I8 cas ol (g3laml GLulid n O 58 po ¢ gidre 3 (iS55 i ga
S5a cpkiz CadB Ly Olist s domdu 56 ghyls (Dl gl 5 CatS 55 s Sl &8 3L s Ol g s s I8 4 A5 Ll (3Ll
A 5 skl 5 e3ltazal ¢ Ul g ¢ Gban 3l go i8S wa 53 Ol el ply A gl b Gl da 5 () SUT s il
GBS dal s AW Gias 3l ge o a3 5588 (VL 5 eyl Hlaw (oUl5 4 4 5 L Ol ol (g3laml bl o) il 5 03 5

)jLﬂ%ﬂ)}&ss‘jbdmiusu&.{)}o‘ii‘}-Lﬁ_}@acd};Gwa‘ju&)}isgﬁJﬁT&k

Lo e ol ol (slaolims 5 Ol il (O Ktin g3y diload 3306 5 Jokon b Sl o Ol (g5aBl ol e ool
M‘)K)}Lﬂ}):ﬁj})\ydﬁ‘ﬁ‘)}%}}@@ﬁb}d%‘whb@&&j’d6@‘)))6*6@(@462)0\;_};

el 4 83

Ll by ol aam g L (Gdae b3 SLLLST) ealaBl b i pu) jo e fags s Oladss 03 S dadda ()
Lol opl )5 a8 Calibes blie )3 Sdas pltd (LisST o past 55 SLaST — Slidos oy sl 5 wlid pme
5 5 (6 583 0L il Ol Kt g5 el s Al g5t Gimen ol | (slaolaws 5 01 Kin g el &S Lk
(§3dnte (laadl g aly sl (sl o st 53 B Al 55 Slag b (5 e o Sl ST e 5 el L)
l{)‘))}éﬁ#éﬁhﬁ))dw‘w‘,}'—“ c)J_iSWWJSLglﬁA:SJ|>\wa‘—\ @;M\F)‘ngjb‘)y
GHIFF 5 S Rl e a5 L ol slagile 5 oS mllan sl adsl sle el Y Gdae b3 S
—9@wdﬂwl,am{\u@mwj&uq@%@;—om,}luz,')\j.\;‘up@m;ly;)\);uw

Laadd ol —A 5 (63l 5l e ColaaSTT -V (alisST (g 5ks 5 2l 53 68T 6



55T Sl 5o 5 Sl s g 5 aBban 5 Gla) iS55 (oolal ol ey Slides g 3 seT 03,5 s
Ol 5 (ooladl pwlid ) g

ol oy Gl i 5 Dlided Olar e o (g — ool e S L olaBl b 4 k5 Slibed 5
Olaie 1 (53l a3l ol e 23 o5 g cpl 0 Clie b ol 03,8 a3 5 55287 53 (sl
R 3 g g Ll 553 (6 753 O il 5 0S5y el ole 51U 6l Oyl (gLl ol e
sl ol b ol 53 ol 61 15 5550 i — peke (sladllie

s 5 5501 el S o)1 8 el 6 abi

(Y

(v

(f



\ RV 3% ufuya D9 ycd> é&‘if' 0090 O ;)é OYhw 9 w"aw; 3 <rt'y cgsil.wfé ‘_slh&sw)ﬁ
(aJ.:u Syl mr (g3g,ylad a;‘ﬂa a:‘jT LR gy

YV s S o -l -9l (g loFlo iy yo8” 8 00 g 58 H1HAIY e g 3T e b
S (8592 ool ¢ ol bl

Y e OlmbydT =) Wil (S lsLu dig 33 399,95 (D985 SOOI (S WSl 9 by dgi§ 10 X339 5o M lgd
A Ol e (Sl b o el gy 0 o 53V 13 (53 s00me L o

9 Cuidingd SRESIS Ll 9 weildl huwgid AhgF SN p b b yd OF 31 did 5 9 SVl iSlg

KO sttt (O 2! Olgao! Qlwl) o b Cudgudl 10 Carogdgd § Cudlobuw! Sl 4ST)
o3l b u’“fl’ (el D86yl aabld

1o} ettt G323 Ol B o) bl Oz & i 0390 (3T 0 w3 2 351 9 owsed
o:\}ﬁﬁ.'s ﬁf‘é});MN\f‘,

9,0 D (LGN (G — o HLil ol 9 Sl B HLOE (Fuwlod 3 (Sl F7O ( wll S

LY 0 ettt A RS SRR RS n st Olpl @b Sl

waﬂ;wiﬁf‘xﬂfaéﬁ‘dj.&\Gw



Vol. 16, No. 4, 2024, pp. 1-20

ISSN (Print): 2008-7306  ISSN (Online): 2423-5865

Journal of Economic Geology

KA i

https://econg.um.ac.ir

RESEARCH ARTICLE

Q 10.22067/econg.2024.1130

Alteration, mineralization, geochemistry and fluid inclusion investigations in
Joftrud prospect area, southwest of Birjand

Omid Shareipour !, Azadeh Malekzadeh Shafaroudi?* @, Maryam Javidi Moghaddam*

1 M.Sc., Department of Geology, Faculty of Science, Ferdowsi University of Mashhad, Mashhad, Iran
2 Professor, Department of Geology and Research Center for Ore Deposit of Eastern Iran, Faculty of Science, Ferdowsi

University of Mashhad, Mashhad, Iran

% Ph.D., Department of Geology, Faculty of Science, Ferdowsi University of Mashhad, Mashhad, Iran

ARTICLE INFO

ABSTRACT

Article History

Received:
Revised:
Accepted:

08 October 2024
02 November 2024
02 November 2024

Keywords

Mineralization
base metals
fluid inclusion
Joftrud

Lut Block

*Corresponding author
Azadeh Malekzadeh Shafaroudi

& shafaroudi@ um.ac.ir

The Joftrud prospect area is located in the central Lut Block and 60 Km
of Birjand city. The area comprises outcrops of pyroclastic (andesitic
tuff), wvolcanic (hornblende andesite, pyroxene andesite, basaltic
andesite), intrusive (diorite porphyry, monzodiorite, gabbro) rocks.
Mineralization as vein-type with mostly northeast-southwest trend has
formed in andesitic units. Main alterations are consist of silicified,
argillic, carbonate and propylitic. Primary minerals include
chalcopyrite, pyrite, and secondary minerals are consist of chrysocolla,
chalcocite, covellite, azurite, malachite, goethite, and hematite.
Maximum of geochemical anomalies in veins are for copper 6000 ppm,
lead 2934 ppm, zinc 6904 ppm, and Au 144 ppb. Quartz-sulfide veins
are formed of fluids with temperature of 265 to 408°C and salinity of
11.1 to 19 NaCl wt.% equivalent. Decreasing temperature and fluid
mixing by high-salinity fluid can cause metal deposition. According to
the available evidence of structural control of mineralization, alterations
and their narrow expansions, mineralogy, texture, fluid inclusion data
and depth of formation, prospect area is similar to intermediate
sulfidation deposit.
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EXTENDED ABSTRACT

Introduction

The Joftrud prospect area is located at 60 Km Birjand
city, and belongs to the central Lut Block, Eastern
Iran. Extensive magmatic activity in the Lut Block,
is accompanied with numerous mineralization events
such as porphyry copper, IOCG, vein and skarn
(Karimpour et al., 2012).

The central Lut Block is significant part of this Block
due to widespread Tertiary volcano—plutonic rocks
(Lotfi, 1982; Salim, 2012; Javidi Moghaddam et al.,
2019; Javidi Moghaddam et al., 2021) and many
cases of Cu (e.g., Mire-e-Khash, Shikasteh Sabz,
Rashidi, Ghar-eKaftar, Shurk, and Howz-e-Dagh),
Pb-Zn (e.g., Chah Noghreh, Hows-e-Raise and
Sechangi veins), Pb-Zn-Cu-Sb veins (e.g., Ghale-
Chah, Shurab, Chupan and Kuh Shuru) in the
neighboring areas (Malekzadeh Shafaroudi and
Karimpour, 2013; Malekzadeh Shafaroudi and
Karimpour, 2015; Javidi Moghaddam et al., 2013;
Javidi Moghaddam et al., 2014; Javidi Moghaddam
et al., 2018; Mehrabi et al., 2019).

Recently, Karjo (2021) has studied geochemistry of
ore-veins in the area. For the first time, detailed
studies of base metal mineralization and genesis of
veins have been conducted. The purpose of this
research is the geology, examine the geochemical
and fluid inclusion data, and finally discus
mineralization model of occurrence of ore veins in
the Joftrud prospect area.

Materials and methods

In the field work, a total of 80 samples were taken
mainly from igneous units and ores. 40 thin sections
and polished slabs were examined by an optical
microscope. The geological map of the prospect area
(scale of 1:5000) was produced in Arc GIS software.
Geochemical analysis were done at Zarazma
laboratory of Iran (ICP-OES technique) on 15
samples selected from veins by the Kavoshgaran of
Eastern Birjand Company (Karjo, 2021). Also, 9
samples were selected for Au analysis with Fire
assay in the same laboratory.

Microthermometric tests and salinity determination
of fluid inclusions were performed on 3 wafers of
quartz minerals using a heating-freezing system,
model THM 600 at Ferdowsi University of Mashhad,
Iran. The precision of this device during the heating
and refrigeration stages is C & 1°C and the thermal

range is — 190 to 600 °C.

Result

The rock units of the prospect area are divided into
three categories: pyroclastic (andesitic tuff), volcanic
(hornblende andesite, pyroxene andesite, basaltic
andesite), intrusive (diorite porphyry, monzodiorite,
and gabbro) rocks. The ore-veins are mostly formed
in andesite rocks, in fault zones with trending NE—
SW and subordinate NW-SE. The wveins are
associated with wall rock alterations of silicified,
argillic, carbonate and propylitic. Petrography
studies represent that the ore-veins include pyrite,
chalcopyrite as hypogene minerals and malachite,
azurite, chrysocolla, chalcocite, covellite, goethite,
and hematite as secondary minerals. Quartz is
significant gangue mineral accompanied with the
ore-veins. Based on geochemical data of the ore-
veins, maximum anomalies are for copper (6000
ppm), lead (2934 ppm), and zinc (6904 ppm). Based
on the criteria of Roedder (1984), three types of
primary fluid inclusions (two-phase liquid-rich
(L+V), single-phase aqueous (L) and single-phase
vapor (V) inclusions) were distinguished in the ore-
veins, without evidence of daughter minerals.

In the ore-veins, quartz-hosted LV inclusions have
homogenization temperatures (Tn) between 270°—
408°C for stage-1 and 265 °-385°C for stage-2.
These LV inclusions show salinities between 11.1—
13.4 wt.% NaCl equivalent in quartz of stagel and
15.9-19 wt.% NaCl equivalent in quartz of satage-2.

Discussion

The fluid inclusion data illustrate that the ore-
forming fluids had a magmatic signature and were
diluted by meteoric water. Quartz of ore-veins
dominated by non-boiling textures such as massive
and comb textures of quartz (without coexisting
liquid-rich and vapor-rich inclusions). So, boiling is
not the depositional mechanism in the ore-veins.
Decreasing temperature and fluid mixing by high-
salinity fluid can cause metal deposition.

In the pressure—temperature diagram (Fournier,
1999), the trapping pressures for the ore-forming
fluids of the veins were determined to be within the
range of 10-30 MPa which can be equivalent to a
depth of approximately 1.2 km assuming lithostatic
pressure. So, the ore-veins formed in shallow
environment (e.g., Hedenquist and Henley, 1985).
Based on the evidence of geology, alteration,
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mineralization, texture, and fluid evolution processes
probably the Joftrud district is interpreted as an
intermediate sulfidation deposit. Numerous ore-
veins are present in the central Lut Block (e.g., Mir-
e-Khash, Rashidi, Shikasteh Sabz, Howz-e-Dagh,
Chah Khareh, Chah Noghreh, Hows-e-Raise,
Sechangi, Shurab, Chupan and Kuh Shuru) (e.g.,
Malekzadeh Shafaroudi and Karimpour, 2013;
Malekzadeh Shafaroudi and Karimpour, 2015; Javidi
Moghaddam et al., 2018; Mehrabi et al., 2019).
These veins mostly have NW-SE and subordinate
NE-SW trends and are hosted by andesitic to dacitic
composition (andesitic tuff breccia, andesite and

dacite). These ore-veins entail copper, lead, zinc and
antimony without significant gold anomaly. The
similarities in structural control of mineralization,
ore mineralogy, geochemistry and fluid inclusion
data suggest that ore-veins can be related to part of a
large-scale magmatic-hydrothermal system with
economic potential.
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Fig. 3. Photomicrographs of A: hornblende andesite unit, B: gabbro unit, C: replacement of plagioclase by clay minerals
from the center in gabbro unit, D: coarse-grained carbonate in groundmass of monzodiorite unit, E: chalcopyrite replaced
by chalcocite and covellite along grain boundaries and fractures, and F: chalcocite and covellite in supergene zone, the
Joftrud prospect area. Abbreviations after Whitney and Evans (2010) (Pl: plagioclase, Hbl: hornblende, Cpx:
clinopyroxene, Ch: Carbonate, Clay: clay minerals, Ccp: Chalcopyrite, Cv: Covellite, Cct: Chalcocite).
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Fig. 4. Field photographs of A and B: argillic alteration, C and D: Fe oxides (hematite, goethite and limonite) at the trench,
the Joftrud prospect area
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Fig. 5. The paragenetic sequence in the Joftrud prospect area
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Table 1. Results of Cu, Ag, Au, Sh, As, Mn, Pb and Zn from chip composite samples of the Joftrud prospect area (Au is

ppb and other elements are ppm)

st‘mﬁ'; X Y Cu Pb zn Sb Ag  As Au  Mn
J-M-01  32°4426.85"'N  58°30'57.29"E 256 6904 2934 834 397 >100 95 1367
J-M-03  32°44'34.60"N  58°30'42.29" 70 868 404 257 105 >100 117 559
J-M-04  32°44'30.05"N  58°3042.02"E 39 2056 649 707 18 >100 31 110
J-M-05  32°4426.73'N  58°3042.61"E - - - - - -9 -

J-M-06  32°4426.90"N  58°30°26.29"E 83 305 81 93 069 >100 - 383
J-M-07  32°44'26.94"N  58°3023.06"E 1529 141 416 >0.01% 169 >100 - 1210
J-M-10  32°444137°N  58°29'38.70"E - - - - - - 6 -

J-M-14  32°4442.05"N  58°3214.12"E 155 32 105 091 03 66 - 1069
J-M-15  32°44'53.77°N  58°3227.70"E 160 14 125 098 033 26 - 1387
J-M-16  32°44'35.27"N  58°3329.70"E 154 14 106 1 027 21 - 1230
J-M-19  32°4420.08"N  58°33'36.96"E 141 12 120 094 039 19 - 1446
J-M-20  32°4426.89"N  58°3056.79"E 29 1332 464 737 374 >100 44 1728
J-M-21  32°4429.96"N  58°30'58.08"E 24 2405 146  49.2 224 >100 - 1215
J-M-23  32°4426.70'N  58°3042.69"E 24 1284 187 97 043 >100 7 297
J-M-24  32°44'16.39"N  58°3022.77"E 3713 3122 573 >0.01% 162 >100 141 546
J-M-25  32°44650"N  58°3021.68"E 44 65 23 179 04 25 5 50

J-M-26  32°444588"N  58°324573"E 6651 5 36 095 51 612 5 5529
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Fig. 6. A and B: the microscopic images of two—phase liquid-vapor (LV), single-phase liquid (L) and single-phase vapor

(V) fluid inclusions in quartz, the Joftrud prospect area
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Table 2. Microthermometric data of primary fluid inclusions (P) of quartz mineral associated with mineralization in the

Joftrud prospect area

Sample Dimension Fluid Salinity
NF’ Stage (um) Number T (C) Tim (°C) Trmice (°C) (Wt.%)
JR-18 2 11-24 9 385-285 48.3 -t0 49.4- 12 -to 15.5- 17.7-15.9
JR-24 2 10-21 12 360-265 46.5-t0 47- 13 -to 15.5- 19-16.8
JR-3 1 8-16 19 408-270 45.9 -to 48.2- 7.5-t0 9.5- 13.4-11.1
[ stage 1 [l stage 1
A Mean = 325.81 B Mean = 17.4882
] Std. Dev, = 34.9551 € Std. Dev. = 8931
N=21 N=11
[ stage 2 .slagf 2
10— Mean = 355.316 5 e

Std. Dev. = 40.4558
N=19

Frequency

N=11

Frequency

I
350 400 450

Homogenization temperature (C°)
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Fig. 7. Histogram showing the A: homogenization temperature, and B: salinity (wt.% NaCl equivalent) data of primary

fluid inclusions in veins from the Joftrud prospect area
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Lalehzar igneous rocks are located in the southeast of Iran, the SE of
Saveh-Naein-Jiroft magmatic belt. In this study, zircon U-Pb dating, and
whole-rock geochemistry and Sr-Nd isotopic analyzes were performed
on granitoid rocks (granite and granodiorite) and associated volcanics.
The granodiorites and granite include quartz, plagioclase, alkali
feldspar, biotite and amphibole with different percentages. New zircon
U-Pb ages show granitic magmatism at ~28 Ma, followed by
emplacement of granodiorite at ~24 Ma. Both granitoid and volcanic
rocks are characterized with depletion in Nb and Ti and enrichement in
large ion lithophile (LILE) and light rare earth elements (LREE). Their
calc-alkaline arc geochemical signature (low Sr/Y ratio of almost <55),
negative to positive Eu anomalies (Eu/Eu* =0.6-1.3) and the negative to
positive eNd (t) values of -1.4 to +0.27 offer formations in an orogenic
belt. The geochemistry and isotopic results show that they are formed
during partial melting of the lower crust (amphibolite) which is
impelemented by inherited mantle source components in a subduction
zone.
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EXTENDED ABSTRACT

Introduction

The magmatism at the convergent margins changes
in response to processes related to the subduction
zone. For example, most magmatic systems are
associated with typical calc-alkaline to adakitic
magmatic rocks, respectively (Cooke et al., 2005). In
this research, we study the Oligocene magmatic
rocks of Lalehzar in the southeastern part of the
Saveh-Naein-Jiroft belt based on new geological,
geochemical and isotopic data in order to obtain
more information about the Oligocene magmatism of
southeastern Iran.

Research method

About 100 samples were sampled from namerous
Lalehzar intrusive and volcanic  outcrops
Afterward, 50 granitoid and volcanic rocks were
selected for mineralogical studies. 12 samples of
volcanic and granitoid rocks that had little alteration
were selected for major and minor elements
analyzes. Major oxides and trace/minor elements
were analyzed by XRF and PQ2 Turbo ICP-MS
methods at Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGGCAS) in Beijing.
Two samples of granitoids were selected for zircon
U-Pb dating. Analyzes were done by an Agilent
7500a quadrupole ICP-MS and a Thermo-Finnigan
Neptune multi-collector connected to a 193nm
Excimer ArF laser-ablation system at the IGGCAS
laboratory in Beijing, China.

Four volcanic and granitoid rocks were chosen for Sr
and Nd isotopic analysis at the IGGCAS laboratory
in Beijing, China. Sr, Rb, Sm and Nd isotopes were
measured by a Thermo Fisher Scientific Triton Plus
multi-collector thermal ionization mass spectrometer
(TIMS). During the analysis process, the Sr-Nd
isotopic ratios were corrected for mass separation to
88Sr/%8Sr=86Sr=375209 and Nd="*Nd=0146/7219.

Geology setting

Regional geology

The Saveh-Naein-Jiroft magmatic belt mostly
consists of alkaline to calc-alkaline igneous rock,
which were formed during subduction of the
Neotethys ocean beneath central Iran (Berberian and
King, 1981). Magmatism in the Saveh-Naein-Jiroft
magmatic belt initiated in the late Paleocene,
followed into the late Cenozoic, with a magmatic

flare up in the Middle Eocene (Verdel et al., 2011).
Southeast of Saveh-Naein-Jiroft, is known as the
Dehj-Sardouyeh magmatic belt, mainly comrisis of
abundant calc-alkaline to adakitic igneous rocks,
which consists of Late Eocene to Late Miocene
granitoid rocks (Asadi et al., 2014). The Lalehzar
volcanic rocks include lavas, breccias, tuffs and
agglomerates that are exposed around the villages of
Lalehzar to Bezenjan. The Oligocene calc-alkaline
granitoids are intruded in the Eocene volcanic rocks
with the northwest-southeast trending.

Field observations and petrography

The Lalehzar magmatic complex is exposed in the
southeast of Saveh-Naein-Jiroft (120 Km?). The
oldest rocks include Late Cretaceous limestone-
marble and sandstone, which are overlain by Eocene
andesite and dacite. The andesites and dacites are
intruded by Oligocene granitoids. Granitoids include
granodiorite and granite, which are outcropped as
stocks. Granodiorites have a granular texture with
main minerals of quartz (20-25%), plagioclase
(35%), alkali feldspar (30-35%), biotite and
amphibole (5-10%), whereas, magnetite and zircon
are the main subordinate minerals (Figure 3B).
Granite is less abundant than granodiorite and has a
granophyric texture (Figure 3C). The principal
phenocrysts include alkali feldspar (30-40%), quartz
(20-25%), plagioclase (40 %), biotite and amphibole
(5-4%). Andesites have a porphyry texture with main
phenocrysts of feldspars, biotite and amphibole, set
in a matrix composed of plagioclase microlites. They
also include mafic microgranular enclaves, size of 2
to 5 cm, that show a curved shape (Figure 3D). The
dacite consists of plagioclase, biotite and quartzset in
fine-grained groundmass. Due to the proximity of
this unit to intrusive rocks, evidence of contact
metamorphism is observed.

Whole-rock geochemistry

The volcanic rocks show SiO; in ranges of 52.5 to
67.5wt.%, Al,Os in ranges of 15.8 t0 19.3 wt.%, K>0
in ranges of 1.4 to 5.4 wt.% and of K,O/NazO in
range of 0.4 and 1.2. The granitoids are
characterized with SiO; in ranges of 61.5 to 68.4
wt.%, Al;Os in ranges of 15.1 to 17.2 wt.%, KO in
ranges of 1.2 to 5.2 wt.% and K,O/Na;O in range of
0.35 and 1.94. In the TAS (Middlemost, 1994)
diagram, intrusive plot in granite and granodiorite,
whereas volcanic rocks lie in andesite, and dacite
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fields in the Nb/Y vs. Zr/TiO; diagram. Both
granitoid and volcanic rock are characterized by
enrichment in Rb, Ba, Th, U and depletion in Nb, Ti
and P in the primitive-mantle normalized multi-
element diagram (Sun and McDonough, 1989). They
also show enriched in light rare earth elements
(LREEs) with respect to heavy rare earth elements
(HREES) in chondrite-normalized REE patterns (Sun
and McDonough, 1989), with the Eu/Eu* ratios from
0.6 to 1.03.

U-Pb dating of zircon

The zircons from granodiorite and granite are
euhedral to subhedral grains with length of 100 to
250 pum. Oscillating zoning, Th/U ratio (0.31 to
1.63), depletion in LREE along with negative Eu
anomalies point to magmatic origin (Belousova et
al.,, 2002). Concordia diagram and the best age
obtained from U-Pb data were shown in Figure 6.
Based on the analysis, the average ages were 24.6
and 28.1 Ma for granodiorite and granite,
respectively.

Sr-Nd isotopic study
The (¥Sr/%Sn)i and (**Nd/**“Nd)i (t=25Ma) of
granitoids range from 0.70540 to 0.70522 and

0.51252 to 0.51260, respectively. While the volcanic
rocks are characterized by those values of 0.70542-
0.70612 and 0.51263-0.51253, respectively. The eNd
(i) values varies from +0.27 to -1.4, plot in the
enriched quadrant of the Nd-Sr isotopic diagram
(Hou et al., 2011).

Discussion

U-Pb dating indicates that plutotism of the area
occurred in the Middle to Late Oligocene (24-28).
These rocks are depleted in Nb and Ti and enriched
in light rare earth elements and large ion lithophile
elements. Their geochemistry with typical calc-
alkaline magmatism (Sr/Y ratio is low ~55), negative
Eu anomalies of 0.6-1.3 Eu/Eu*, and enrichment in
HFSE and radiogenic Sr isotope values indicate their
formation in the subduction zone. Eu/Eu* ratios,
negative to slightly positive Eu anomalies and non-
depletion in HFSE and initial values of & Sr/%Sr are
similar to other Oligocene magmas of Saveh-Naein-
Jiroft magmatic belt. The geochemistry and age of
magmatism show that partial melting of the lower
crust (amphibolite) with a low contributions of
inherited mantle source in a subduction zone may has
role in the genesis of Lalehzar igneous rocks.
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Fig. 2. The geological map Lalehzar magmatic complex (modified from Geological Map of Iran, 1:100000 of Bardsir,
(Afsharian Zadeh et al., 1992), which studied rocks are located in the north-northwwest of Lalehzar village.
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Fig. 3. Field and microscope photographs of igneous rocks from the Lalehzar. A: Oligocne intrusive rocks with Eocene
volcanic rocks (view toward to W-NW), B: Different type of minerals in granodiorite, C: Granophyric texture within the
granite, D: Andesite with porphyritic texture and mafic microgranular enclaves (MMES), E: Different type of minerals in
andesite, and F: Dacitic samples with porphyritic texture in Lalehzar. Abbrevation after Whitney and Evans (2010) (Qz:
Quartz, Kfs: K-feldespar, PI: Plagiclase, Amp: Amphibole, Bt: Biotite).
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Table 1. Whole rock chemical analysis results of representive samples of the Lalehzar (major oxide based on wt. %, tarce
and rare earth elements based on ppm)

Sample L- L- L-
NoO L-1 L-2 L-4 L-5 L-6 L-7 L-8 L-26 L-3 17 18 2
And. Dac/Rhy. Dac/Rhy. And. And. And. And. G. Gd Gd Gd Gd
SiO2 53.3 57.5 67.5 56.3 543 525 55 68.4 615 625 636 627
TiO2 0.46 0.44 0.45 075 079 09 087 016 044 046 052 0.52
Al203 17.6 19.2 15.8 188 193 168 176 16.6 17 172 171 151
FEOT 6.52 8.82 417 822 875 989 7.25 19 621 633 452 554
MnO 0.11 0.11 0.09 009 018 016 015 005 013 0.09 0.08 0.08
MgO 2.31 3.62 1.33 324 242 346 251 052 225 274 152 263
CaO 5.76 6.43 3.61 693 652 6.77 523 095 581 6.02 521 443
Na2O 343 4.46 257 323 34 437 432 545 349 341 441 532
K20 1.86 241 3.22 151 286 251 394 517 135 122 242 29
P20s 0.24 0.06 0.37 026 021 011 023 044 022 027 033 0.29
LOI 1.3 1.66 1.57 1.32 1.68 1.47 2.75 0.9 145 121 14
Total 100 99.9 99.1 100 98.7 99.9 100 100 100 100 100 99.9
A/ICNK  0.97 0.89 1.11 096 094 076 084 102 096 096 0.88 0.76
A/NK 2.30 1.93 2.05 271 222 170 155 114 236 248 173 1.27
Ba 325 389 715 237 521 453 526 622 242 233 438 439
Cr 54 62 59 52 45 52 60 30 41 58 35 29
Cs 1.25 0.41 5.9 483 41 3.6 315 049 102 348 157 26
Ga 16.9 16.8 16 18.5 20 15 18.1 149 169 167 198 178
La 8.9 22.4 20 19.8 26 44 325 433 98 9 9.8 8.2
Ce 18 44 41 39 53 84 63 69 21 19 33 29
Pr 2.38 5.22 4.6 471 65 95 738 6.75 246 218 489 2389
Nd 9.86 52.1 18 18.9 26 35 3524 206 187 856 17.7 127
Sm 4.96 7.43 3.7 3.9 5.7 6.8 5.9 346 3.63 197 3.06 2.06
Eu 0.74 1.26 0.7 116 16 1.8 15 063 071 07 08 09
Gd 2.76 3.59 34 4 5.4 5.7 574 266 241 212 213 219
Tb 0.44 0.55 0.6 0.62 0.8 0.8 0.88 042 037 034 027 037
Dy 3.25 3.37 3.2 3.73 48 4.4 518 251 231 225 153 1.85
Ho 0.7 0.77 0.8 0.83 1 0.9 1.11 065 055 051 035 0.36
Er 2.05 2.29 2.3 243 31 2.6 324 208 157 145 082 1.04
Tm 0.3 0.31 0.3 036 04 0.4 046 033 023 021 01 01
Yb 1.94 2.11 2.3 237 28 2.3 311 231 159 138 159 17
Lu 0.35 0.35 0.4 041 05 0.4 051 041 029 025 012 0.13
Rb 93.5 44.8 112 34.3 78 78 63.9 855 421 413 531 431
Sr 421 915 339 400 743 441 425 176 322 360 370 353
Y 17.7 19.7 20 21.3 27 24 285 175 139 133 169 165
Ta 0.2 0.4 0.6 0.3 0.5 0.6 0.8 0.5 03 08 04 04
Nb 3.1 4.9 8.2 4.7 9.7 10 11.2 9.7 28 26 45 35
Y 17.6 19.6 20 21.2 27 24 284 174 138 132 88 79
U 0.92 1.39 2.6 134 15 3.1 297 542 087 076 224 125
Th 3.14 5.91 11 6.36 6.9 16 131 331 278 27 86 56
Hf 2.95 3.21 5 3.26 3.6 3.6 473 564 228 208 223 25
Zr 108 126 205 126 148 158 207 83 73 87 87

And: Andesite; Dac/Rhy.: Dacite/Rhyodacite; G: Granite, Gd: Granodiorite
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Nb/Y for the volcanic rocks (Winchester and Floyd, 1977) and C: the position of the Lalehzar igneous rock in the Rb vs.
Y+Nb diagram (Pearce et al., 1984)
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Table 2. Zircon dating analysis results of the representive samples from Lalehzar

Th/U 207Pb/206pb 207Pb/206Pb 237Pb/235U 206Pb/238U 206Pb/238U 208Pb/232Th 208Pb/232Th
Age (Ma) 1sigma (AI\\/‘(IJae) Age (Ma) 1sigma  Age (Ma) 1sigma
Granodiorite
L-3-1 0.50 3524 280 111 27.6 2.1 54.5 7.3
L-3-2 0.47 2699 359 99 28.4 2.2 27.5 5.4
L-3-3 0.52 2425 323 79 24.8 13 19.1 2.8
L-3-4 0.42 2539 279 81 24.7 14 26.4 4.5
L-3-5 0.36 3596 360 129 27.1 1.7 45.8 6.9
L-3-6 0.38 2290 249 76 26.4 1.3 31.0 4.6
L-3-7 0.41 4133 337 150 235 2.2 36.6 7.1
L-3-8 0.56 3744 272 121 26.8 2.0 38.8 5.4
L-3-9 0.42 3997 359 1255 23.3 2.0 38.5 9.5
L-3-10 0.50 3932 266 171 28.6 1.8 63.8 9.8
L-3-11 0.52 error error 202 225 2.1 83.3 14.3
Th/U 207Pb/206pb 207pb/206pb 237pb/235U 206pb/238U 206pb/238U 208pb/232Th 208Pb/232Th
L-3-12 0.42 3913 294 186 26.0 2.1 85.0 13.4
L-3-13 0.52 3560 267 165 26.9 2.4 62.4 10.6
L-3-14 0.44 4029 395 132 24.2 2.2 47.0 8.2
L-3-15 0.40 4326 370 120 19.9 1.7 40.9 6.3
L-3-16 0.44 3205 398 101 26.6 2.2 37.7 6.1
L-3-17 0.47 4570 696 139 235 2.0 48.5 7.0
L-3-18 0.68 4571 774 153 23.7 1.9 35.0 5.4
L-26:
Granite
L-26-1 413 225 35 30.5 0.7 28.5 2.0
L-26-2 383 196 33 27.8 0.6 26.5 1.6
L-26-3 354 196 32 28.8 0.7 28.4 2.0
L-26-4 863 218 41 28.8 0.7 26.7 2.2
L-26-5 639 208 34 27.0 0.6 26.7 2.1
L-26-6 error 25 27.9 0.6 27.6 1.8
L-26-7 528 193 37 29.9 0.7 28.9 2.1
L-26-8 339 164 35 314 0.6 29.9 2.0
L-26-9 383 176 30 25.9 0.5 26.9 1.7
L-26-10 524 179 35 28.6 0.7 29.4 2.1
L-26-11 698 141 38 28.9 0.6 28.1 1.8
L-26-12 633 143 38 29.4 0.6 28.3 2.1
L-26-13 606 214 35 28.5 0.6 28.5 1.9
L-26-14 683 179 42 31.8 0.6 26.9 2.1
L-26-15 324 183 31 28.0 0.7 26.8 1.7
L-26-16 494 163 38 31.0 0.6 324 2.1

DOI: 10.22067/econg.2024.1124

Yy

¥ ooylad VP o 95 NFY (ool u“”uw")


https://doi.org/10.22067/econg.2024.1124

dj&u}:- 3 )UASY &aﬂ}g‘ O‘.)ST L;LA&S;»: wu&w S (8)92 9 poam

0.09
Al o 10000
Weighted mean age A§Z|“ “ Illl Al
0.08 at 24.6+1.0Ma g’y”ll" ""Ei |i II. I|| 1000
MSWD = 1.05. ) L1 ! i !l
o ’ 2 100
£0.07 S Y S
g™ R § o
R N TP O
& 4"\"“\" ) |
,\&0.06 @S ;‘2‘ 3
& \V".\“‘ g N E
0.05 3
34 30 26 = o1
0.04 i 3 0o N Y Y S S S S S S
180 200 220 240 260 280 La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu
0.8 : 10000,
C] [W::i";i‘i":ia_ssaz)
MEWDE 1 ¢ 2 — .||I|I=|! 1000
06 ;DZB I LI LI
o i 26 o 100
gt | g
N— o 10
S 04 =
o S
s :
=
0.2 N
.01
0.0L_40 30 20 " oof——t 101
140 180 220 260 300 340 380 420 ' La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

238 206Ppy

0Lz 1y U-PD i pan (51 0 o3linal 4 5o 4t 3o 5 0 13) L540Y oy 0351 & &K (glaS o5 il J 55187 (gl s A T S
Sl S S 4 s i a3 18 33 a0 08 15 03k (S jolie SB35l 8 S sl b e Sl 50 5 (483 0
2L (St obe SND 5l 58 sl 5 i 3 g0 5 L5V (18 K Gl S 5 eilion 517 (5o goas C cblos

ok ligs Sy S 4y S oS 1S S 5
Fig. 6. A: CL images (Red circles show analytical spot used for U-Pb geochronology) and U-Pb zircon Terra-Wasserberg

diagrams for Lalehzar granodiorite, B: Chondrite normalized zircon REE pattern for the Lalehzar igneous rocks, C: CL
images and U-Pb zircon Terra-Wasserberg diagrams for Lalehzar granite, and D: Chondrite normalized zircon REE

pattern for granite.
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Table 3. Whole rock Nd-Sr isotopic analysis results of representive samples of the Lalehzar

Ref sample L-3 L-26 L-4 L-8
Litology Gd. G. Dac. And.
Sr 322 176 915 425

Rb 42.1 85.5 44.8 63.9

87Rb/86Sr  0.241 0.922 0.234 0.096
Erro (2s) 0.006 0.006 0.006 0.004
87Sr/8Sr - 0.70532 0.70579 0.70552 0.70616

Nd 10.8 20.6 52.1 35.3

Sm 3.63 3.46 7.43 5.90

147Sm/*Nd  0.156 0.136 0.104 0.124
Nd/Nd 0.51255 0.51263 0.51256 0.51263
Sr/Sr(i) 0.70522 0.70540 0.70542 0.70612

esr(i) 1026 1327 2081  26.35
Nd/Nd(i)  0.51252 0.51260 0.51254 0.51261
eNd(i) 138 006  -133 027
tDM (Ma) 1296 864 721 749
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Fig. 7. Diagram of (87Sr/%Sr)I vs. eNd (t) for Lalehzar igneous rocks
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The Oligocene Nordoz intrusive complex is located in the eastern region
of Siehroud, within the East Azerbaijan province, and within the Alborz-
Azerbaijan structural zone. The results of field studies have identified
the presence of gabbro diorite, monzodiorite, monzonite, tonalite,
granodiorite, and granite within the region. The geochemical
characteristics of these rocks indicate that they belong to the
metaluminous type | granitoid classification. The rocks display calc-
alkaline to high-potassium calc-alkaline and Shoshonite series
characteristics, exhibiting an enrichment of LREE elements relative to
HREE, a positive Pb anomaly, and a depletion of Nb and Ti elements.
The presence of disequilibrium textures, such as sieve texture and
zoning in plagioclase, suggests the existence of multiple magma
chambers and mixing between them. The isotopic geochemistry
indicates that a closed system process and crystal differentiation are the
primary processes of formation, with a combination of DMM and EMI|I
identified as the principal sources for magmas in the region. This
behavior can be explained by contamination of magma derived from a
depleted asthenospheric mantle with lithospheric sediments during
oceanic crust subduction and upper mantle wedge metasomatism. In
summary, the magmatic plateau of Azerbaijan has been affected by
tectonic processes and lithospheric thinning during the Eocene-
Oligocene period.
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EXTENDED ABSTRACT

Introduction

The Azerbaijan region is located in northern Iran, in
close proximity to the borders with Turkey,
Azerbaijan, and Armenia. This area constitutes part
of the Iran-Turkey zone, which encompasses Central
Eastern Anatolia and Northwestern Iran (Dilek et al.,
2010; Shafaii Moghadam and Shahbazi Shiran,
2011). As the central portion of the Alpine-
Himalayan orogenic belt, this region has experienced
a number of geologic events as a consequence of the
closure of the branches of the Neotethys Ocean
(Stampfli et al., 1991). Cenozoic igneous rocks are
pervasive in the Iran-Turkey region (Dilek et al.,
2010). The magmatic complex in question is
distributed throughout northwestern Iran, Armenia,
and eastern Turkey in the northern and eastern parts
around the Arabian Plate.

Materials and methods

In order to facilitate petrologic studies, 11 samples
exhibiting the least degree of alteration were selected
and sent to the Zarazma company for chemical
analysis of rare elements by ICP-MS and major
oxides by XRF method. Furthermore, three samples
displaying the lowest percentage of loss on ignition
(LOI) were selected for isotopic analysis at the
laboratory of the Faculty of Earth Sciences at the
University of British Columbia in Canada. The
results of the whole-rock chemical and isotopic
analyses are presented in Tables 1, 2, 3, 4 and 5,
respectively.

Discussion

Petrography

Petrographic studies have revealed that the granitoid
bodies of the Nordoz region are composed of a range
of basic to acid igneous rocks, including
gabbrodiorite, monzodiorite, monzonite, tonalite,
granodiorite, and granite. The predominant texture is
granular, although sieve and perithetic textures are
also present. The principal minerals of these rocks
are plagioclase, alkali feldspar, quartz, amphibole,
clinopyroxene, and olivine (in base samples).
Additionally, opaque minerals and secondary
minerals of calcite, sericite, chlorite, and epidote are
observed in this rock group.

geochemistry

The results of whole rock chemical analyses of 16
samples extracted from the intrusive mass in the
Nordoz area are presented in Tables 1 and 2. The
classification of the rocks was conducted using the
Delaroche et al. table (De La Roche et al., 1980). As
illustrated in Figure 3A, the samples under
examination are classified as gabbrodiorite,
monzodiorite, monzonite, tonalite, granodiorite, and
granite, thereby corroborating the findings of the
petrographic investigations. To ascertain the
magmatic nature of the intrusive rocks, a K>O vs.
SiO. plot (Peccerillo and Taylor, 1976) was
employed. As illustrated in Figure 3B, the samples
under examination predominantly occupy the calc-
alkaline range  with  elevated  potassium
concentrations, as well as the Shoshonite range.
Naz20 versus K2O diagrams adapted from Chappell
and White (2001) (Fig. 4A) indicate that all samples
fall within the range of Type | granites. Additionally,
to differentiate between the granitoids of the region
and the A granitoids (non-orogenic granitoids)
depicted in the diagram (Kleeman and Twist, 1989),
which is plotted based on the Nb versus SiO;
variation (Fig. 4B), all samples fall within the range
of Type I granites.

In order to ascertain the provenance of the primary
magma and the subsequent processes, including
contamination and mixing of the magma, 8'Sr/®°Sr,
1N d/*“Nd and Pb isotopic analyses were conducted
on the samples. The results of the isotopic analysis of
the samples are presented in Table 5 for reference.
The combined spectrum of the 8’Sr/%Sr isotopic ratio
of the investigated samples exhibits a range of values
between 0.704412 and 0.705081. Similarly, the
13N d/***Nd ratios of these intrusive rocks range from
0.512769 to 0.5128255. The “*Nd/***Nd versus
87Sr/%Sr isotope correlation plots, as presented by
Zindler and Hart (1986), were employed to ascertain
the provenance of the intrusive rocks in the Nordoz
region. All samples are plotted on the conventional
isotope diagram in the mantle region near BSE (Bulk
Silicate Earth) and indicate that the main source for
the magmas of the study area is a combination of
depleted mantle (DM) and enriched mantle (EMII)
(Fig. 7). This behavior can be attributed to the
contamination of large volumes of depleted
asthenospheric  mantle (DM) magmas with
lithospheric fluids enriched in LILE and radiogenic
Sr elements, which primarily result from the
dehydration of detrital sediments during subduction.
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The data presented in Figure 8 illustrates that the
208pp/20ph ratios of all samples from the region are
above the NHRL line and within the EMI and EMI|I
ranges (Zindler and Hart, 1986), with the majority of
samples falling close to the EMII range. It is
important to note that EMI is associated with an
enriched mantle with moderate amounts of Sr/®sr,
low amounts of **Nd/***Nd, and low ratios of
ZOGPb/204Pb.

tectonic setting

Asillustrated in the AloO5 vs. TiO; variation diagram
from Muller and Groves (1997), all intrusive samples
from the Nordoz area are situated within the range of
magmatic arcs (Fig. 6, 7, 8, 9 and 10A, B, C). In
accordance with the diagram of Rb vs. (Y+Nb)
(Pearce et al., 1984), which is utilized to differentiate
the tectonic environments of granitoids associated
with disparate tectonomagmatic environments, the
acidic samples are situated within the volcanic arc
range, predominantly at the juncture of this range
with the analogous range. Additionally, acidic
samples exhibit parallels with post-collisional
environments in the tectonomagmatic diagram
(Maniar and Piccoli, 1989) (Fig. 10).

In the diagram presented by (Meschede, 1986),
which is drawn based on the values of Nb*2-Zr/4-Y.
The basaltic samples of the region are included in the
range of volcanic arc basalts.

Conclusion and discussion

The results of the field observations indicate the
presence of fractionated mafic magma injected into
acidic magma (Fig. 2). It can thus be posited that the
intrusive masses observed in the Nordoz region are
the result of the differentiation of basic magma in the
region. It appears that the basic magma is situated
within a vast magma chamber beneath the region,

exhibiting elevated temperatures. During the
subsequent compressive phases, it propagated to
higher levels, specifically into the lower crust, where
it caused an increase in temperature. The fluid phase,
in conjunction with the temperature increase
resulting from the intrusion of the basic magma into
this region of the crust, has led to the melting of a
portion of the underlying crust and the formation of
magma with a granodiorite and calc-alkaline
composition.

The evidence supporting the retreat of the subduction
slab and extensional tectonics in Alborz, as presented
in previous studies, can be attributed to a decrease in
the rate of subduction in the Eocene. This decrease
was caused by a reduction in the opening of the
Indian Sea, which led to the retreat of the Neotethys
subduction slab and subsequent tectonic extension in
central Iran (Hassanzadeh et al.,, 2004). The
presented data, in conjunction with the findings of
geochemical and isotopic studies, as well as the
positioning of the Nordoz region samples within
tectonic  environment diagrams, permit the
formulation of a model for the genesis of these rocks.
This model proposes that the mantle portion of the
subcontinental lithosphere is the most probable
origin for these rocks. The magmatic plateau of
Azerbaijan has been subjected to a number of
processes, including the uplift of the asthenosphere
source and its thermal effect in the region. These
processes have occurred as a result of events such as
slab failure or lithosphere layer separation during the
Eocene-Oligocene period, which have resulted in
some degrees of partial melting. Consequently, it is
possible that the resulting magma is located in a
tensional environment behind the arc affected by the
orogenic events of the collision of the Arabian plate
with Eurasia.
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Table 1. The oxide values of the major elements of the intrusive rocks of Nordoz region, which were chemically analyzed

in Amdel Geological Laboratory of Australia (values in W9%).

Sample S19 S20 S13 S14 S08 S10 S09 S06

diorite _nite_mongonite Tonalite  Granite T diorite G
SiO2 715 60.97 63.35 68.01 69.47 53.07 56.26 50.73
TiO2 0.22 0.78 0.584 0.23 0.25 1.18 0.98 1.06
Al2O3 14.79 15.1 15.81 14.11 14.61 17.03 18.70 18.60
Fe20s 2.61 4.73 3.37 2.68 2.64 7.77 6.977 9.33
MnO 0.05 0.07 0.06 0.08 0.08 0.13 0.110 0.17
MgO 0.33 3.39 2.20 0.51 0.53 3.16 2.30 3.89
CaO 2.77 4.32 3.62 4.49 2.58 8.25 7.09 8.98
Na.O 491 4.87 5.02 3.82 4.08 3.96 2.19 2.27
K20 2.50 3.24 3.20 4.52 4.67 3.01 3.17 2.34
P20s 0.06 0.39 0.26 0.05 0.06 0.68 0.66 0.52
LOI 0.16 2.02 1.95 1.32 0.33 1.26 1.44 1.34
Total 99.93 99.90 99.45 99.85 99.32 99.53 99.91 99.27
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Table 2. Values of rare and rare earth elements in volcanic rocks of Nordoz region (values are in grams per tonne).

Sample S19 S20 S13 S14 S08 S10 S09  S06
Ba 891 923 904 676 685 930 1090 1410
Rb 588 568 66.6 982 948 62 162 117
Sr 488 761 638 207 217 1110 727 1100
Zr 29 33 42 39 25 56 77 69
Nb 5 19.5 17 5 5 23 16.5 9
Co 2.3 163 106 39 36 233 168 22
Zn 49 6 52 28 34 84 86 96
Cr 50 50 50 50 50 50 50 50
La 147 362 306 268 273 48 37.7 289
Ce 294 634 532 434 424 777 699 56.2
Pr 3.1 7.7 615 47 725 109 84 735
Nd 1738 268 214 149 134 36.2 304 302
Sm 324 422 336 234 206 6.82 6.2 6.62
Eu 146 126 098 082 084 28 15 21
Gd 21 295 24 195 265 7.6 52 55
Th 024 038 03 026 022 094 07 0.78
Dy 1.82 2.1 1.58 1.2 164 48 42 428
Ho 034 036 034 032 028 076 084 0.64
Er 0.75 085 0.75 12 085 215 235 1.86
Tm 0.1 0.1 01 012 012 03 035 03
Yb 069 075 0.7 1.1 095 1.7 2.2 1.9
Lu 018 015 017 018 016 026 034 0.26
Cs 0.8 0.6 0.9 0.6 0.6 0.4 24 24
Hf 0.3 2.8 25 0.3 0.3 5.5 4.2 14
TI 0.2 0.4 0.6 0.3 0.3 0.2 0.1 0.2
Y 7.7 9.4 8.1 9.6 91 221 219 214
Th 3.7 116 128 91 8.6 129 97 4.9

U 0.6 2.8 3.2 1 0.9 3.4 2.5 19
Sc 2 9 6.5 3 3 18 12 17
\Y 35 95 70 30 30 190 160 230
Bi 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Cd 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
W 0.5 1 1 0.5 0.5 0.5 1.5 15
Mo 0.5 1 05 0.5 0.5 15 25 15
B 5 5 5 5 5 5 5 5

Be 0.7 1.3 0.9 0.8 0.7 1.7 2.7 2.8
Ag 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1
Re 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Cu 18 30 6 8 4 74 208 74
Pb 11 11 6 6 5 11 16 19
As 2 1 2 1 1 1 4 12
Sb 0.2 0.4 0.4 0.2 0.2 0.4 1 1

Te 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ge 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Li 10 19 18 11.5 9 9 19 16.5
Y 0474 0.485 0488 047 0465 0.524 0.506 0.547
S 0.005 0.01 0.01 0.005 0.005 150 50 100
P 980 1720 1160 940 1260 2100 2200 2380
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Table 3. The oxide values of the major elements of the intrusive rocks of Nordoz area, which were chemically analyzed

in Zarazma company (values in W%).

Sample S22 S24 S16 S17 S25 S27 S23 529 S21 S26 S17
Tonalite .~ . M- Q- Granite .. Tonalite Tonalite Tonalite Tonalite M-Gabbro
diorite Diorite Monzonite Diorite
SiO, 6555 68.05 61.86 63.8 7191 7153 66.32 65.41 66.63 66.4 51.97
TiO, 0.34 0311 0.58 0.23 0.222 0.29 0.442 0.501 0.54 0.49 1.09
Al,O; 13.09 12.09 12.89 12.61 13.09 1351 12.16 12.85 12.47 12.74 16.74
Fe,O; 748 6.13 7.39 6.83 248 222 5.562 5.81 5.93 4.97 8.96
MnO 0.10 0.11 0.12 1.73 0.063 0.02 0.11 0.109 0.09 0.051 0.11
MgO 1.77 1.22 3.11 0.13 0.8 0.28 2.49 251 2.63 2.24 3.69
CaO 434 342 5.7 3.19 224 349 4.49 4.54 4.61 4.56 8.76
Na,O 343 3.99 3.23 4,18 434 458 3.31 3.29 3.33 3.87 3.27
KO 372 389 445 4.06 4.46 3.85 4.44 3.38 3.57 3.5 3.45
P,Os 0.13 0.129 0.23 0.11 0.07 0.09 0.16 0.17 0.18 0.219 0.04
Lol 157 157 186 2.66 183 278 2.08 1.27 2.08 1.7 2.08
Total 99.97 99.34 99.57 99.58 99.675 99.87  99.45 99.84 99.99 99.04 100.16
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Table 4. Amounts of trace elements of intrusive rocks of Nordoz region which were chemically analyzed in Zarazma

company (values are in grams per tonne).

Sample S22 S24 S16 S17 S25 S27  S23  S29 S21 S26  S17
Ag 0.02 0.04 0.15 0.11 134 007 004 003 014 012 176
As 3.8 4.5 160 53.1 247 588 41 3.6 4.6 105 94
B 0 0 0 0 0 0 0 0 0 0 0
Ba 505 318 402 430 1760 310 327 520 1470 475 566
Be 0.8 0.6 2.3 0.9 1.7 0.4 14 1 11 0 0.9
Bi 0.1 0.2 0.4 0.2 0.4 0 0.3 0 0.1 2.2 0.1
Cd 0 0 0.6 0 0.6 0.2 0 0 0 0 0.1
Ce 2717 278 16.3 68.8 228 169 21 473 187 1138 27
Co 1.3 0.5 6.4 20.1 4.7 3.7 92 131 1.8 0.7 14.9
Cr 2 3 0 0 3 8 54 5 0 5 0
Cs 0.5 0.6 3.5 3.4 2 2.9 0.3 0.3 0.2 0 1.6
Cu 146 121 147 9 16500 24 215 188 209 368 141
La 15 14 0 48 11 0 0 20 11 0 10
Li 6.4 4.7 3 1.7 5.4 1.8 25 2 2.1 5 1.6
Mn 184 36 5270 3660 2290 4570 116 423 216 21 960
Mo 0.7 0.3 3.7 0.6 3.3 05 133 25 7.5 3.3 6.7
Nb 1.7 2.3 15 2.7 54 3.2 2 5.1 5.2 2.3 2.7
Ni 2 0 14 20 10 5 8 7 2 2 11
Pb 7.7 2.8 34.1 24.2 463 212 61 116 10 536 259
Rb 851 36.1 26 33.3 677 355 211 373 638 409 698
Sb 0 0.1 7.7 0.6 11 1.6 0 0 0.2 0.6 9.8
Sc 4 4 2 0 8 2 22 17 3 2 0.5
Sn 0.9 1.9 0.6 17.7 0.8 1.6 0.8 1.2 0.7 4.3 6
Sr 466 511 695 434 640 326 547 630 368 345 350
Te 0 0 0 0 0 0 1.3 0 0.3 0.6 379
Th 761 559 10.6 1.97 111 364 774 593 656 336 4.56
Tl 0.3 0.4 0 0 0.7 0 0.1 0.1 0.5 0 2300
U 0.83 1.08 0.62 7.57 165 073 178 134 18 055 21
\Y 27 29 51 0 49 24 222 160 34 18 1.41
wW 0.9 0.9 32.1 10.2 1.3 9.6 11 0.8 0.8 0.7 145
Y 13.97 1392 257 9.47 144 219 655 205 16.24 10.68 121
Zn 15.8 4.9 779 67.8 848 252 136 155 1238 9.1 12.4
Zr 99 86 79 83 81 86 67 74 56 98 65
S 1160 2080 510 250 550 780 1100 300 1540 1920 450
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Table 5. Results of isotopic analysis on three suitable samples of granodiorite, monzonite and tonalite of the Nordoz area
that were subjected to isotopic analysis in the laboratory of Faculty of Earth Sciences, University of British Columbia,
Canada.

Sample S19 S20 S14

87Sr/%Sr  0.704452 0.704412 0.705081

8Sr/%8Sr 0.1197 0.1197 0.1198
143Nd/**“Nd 0512825 0.512799 0.512769
145Nd/M“Nd  0.348412 0.348405 0.348412
YNd/MNd  0.7241 0.7206 0.7204
26pp2%%Pp  18.5999  18.5958  18.6836

27pp/24pp 155893  15.5910  15.5870
28pp/204pp  38.6871  38.6818  38.7897
8"Rb/%Sr 0.6749 0.6749 0.6767
8"Rb/eeSr 79.78 79.74 79.81
Sm/*3Nd  53235.76 53232.42 53283.30
2SE 0.000008 0.000008 0.000007

1-Meteigite 6-Theralite 11-Gabbro-syenite 1 6-Gabbro-norite 21-Granite
2-Tjolitc 7-Sycno-gabbro 12-Quartz-monzonite  17-Gabbro-dioritc 22-Alkali-granite
3-Essexit 8-Syeno-diorite 13-Quartz-syenite 18-Diorite 23-Monzodiorite
4-Nepheline-syenite 9-Alkali-gabbro 14-Uliramafices 19-Tonalite
5-Syenite 10-Monzonite 15-Gabbro 20-Granodiorite
7
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Fig. 3. A: Distribution of rock samples of tonalite of the Nordoz area in dalaeoche diagram (De La Roche et al., 1980),
and B: ldentification of magmatic series of rock samples of study area (Peccerillo and Taylor, 1976)
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Fig. 4. A NayO versus K,O plot of the Nordoz area (Chappell and White, 2001), and B: Nb versus SiO, plot (Kleeman
and Twist, 1989)
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Fig. 5. A/NK vs. A/ICNK diagram (Shand, 1969) which shows the location of the Nordoz samples in the metaluminous
range.
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Fig. 6. A: Normalized spider diagram of the intrusive rocks of the Nordoz area relative to the primary mantle (Sun and
McDonough., 1989), and B: Distribution diagram of rare earth elements of these rocks normalized to chondrite

(Nakamura, 1974)
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Fig. 7. The isotopic correlation diagram of 3Nd/***Nd versus &’Sr/2Sr (Zindler and Hart, 1986) of the Nordoz area
sampls, the location of the samples of the studied area within the range of the mantle array is clear (Rollinson, 1993).
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The Mesozoic ophiolitic mélange of Naein is located to the west of the
Central-East Iranian Microcontinent (CEIM). In this ophiolite, the
mantle peridotites cross cut by greenish, coarse-grained hornblendite
dykes with up to 50 cm width. These dykes cross cut by carbonate veins
with a few millimeters to a few centimeter width. Hornblendite dykes
composed of Cr-spinel, magnesio-hornblende, chlorite, ilmenite,
tremolite, calcite and dolomite.  Hydrothermal  spadaites
(MgSiO2(OH)2-H20) are formed in the late-stage phase. The chemical
compositions of hornblendites indicate that hornblendes are magnesio-
hornblende in composition (with a mean Mg# = 0.93) and chlorites are
penninite and clinochlore, with a mean Mg# of 0.94. The Mg# and Cr#
of Cr-spinels are 0.45 and 0.66, respectively. The presence of abundant
hydrous minerals (hornblende and chlorite) and carbonate veins, as well
as the chemical characteristics of hornblendes and Cr-spinels, indicates
the non-magmatic origin of these dikes and veins, which were formed
by the interactions of seawater-derived fluids with the uppermost mantle
peridotites. The mineralogical and chemical characteristics of
hornblendites demonstrate the mobility of elements such as Mg, Ca, Si,
Al, Na, Cr, Fe, Ti and REE during the circulation of fluids derived from
seawater within the uppermost mantle peridotites. This study suggests
that the percolation of seawater ingression fluids in the uppermost
mantle peridotites, resulted in the formation of hornblende dikes and, in
the late-stage phase, the development of carbonate veins that contain
calcite, dolomite and spadaite.
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EXTENDED ABSTRACT

Introduction

Petrological and geochemical studies indicate that
the influence of seawater affects the mineralogy and
chemistry of the oceanic crust and uppermost mantle
peridotites (Berger et al., 2005; Python et al., 2007,
Akizawa et al., 2011; Akizawa and Arai, 2014;
Torabi et al., 2017). Diopsidite, hornblendite and
hydrothermal chromitite have formed as a result of
reaction between mantle peridotites and penetrating
hydrothermal fluids (Python et al., 2007; Torabi et
al., 2017; Arai et al., 2020). In the Naein ophiolites
mantle peridotites, fractures and cracks within the
uppermost mantle peridotites (Harzburgite and
dunite) (Fig. 3) have been filled with hornblendites
(Torabi et al., 2017). In the last stage, CO2, Mg, Si
and Ca-bearing hydrothermal fluids formed the
carbonate veins, cross-cuting the peridotites and
hornblendites (Fig. 4).

In this research, the formation of the hornblendite
dikes, carbonate veins and the rare mineral spadaite
(Mg0.Si02.2H20), which were formed by
circulating fluids in mantle peridotites of the Nain
ophiolite, will discuss.

Materials and methods

After the field studies, sampling and petrographic
studies, polished thin sections of the selected fresh
samples were wused for point analyses by
electron microprobe. Chemical analyses of mineral
were performed at the Kanazawa University (Japan)
using a wavelength-dispersive electron probe
microanalyzer (EPMA) (JEOL JXA-8800R). The
analyses were conducted at an accelerating voltage
of 15 kV, a probe current of 15 nA (Table 1, 2 and 3)
and counting time of 40 seconds. In addition to the
microprobe, the minerals of the carbonate veins were
investigated by scanning electron microscopy (SEM)
(EDS-RONTEC) at an accelerating voltage of 20 kV
in the Razi Metallurgical Research Center (RMRC)
(Tehran) (Table 4).

Discussion

Hornblendite formation

The petrographic, mineralogical and chemical
specifications of the hornblendites indicate their non-
magmatic origin (Torabi et al., 2017). These samples
composed of primitive hydrous phases (such as Mg-
hornblende and chlorite). Some of the primary Mg-

hornblendes, have changed to tremolite due to
retrograde metamorphism. These minerals indicate
the penetration of hydrothermal fluids in the
uppermost mantle section (Python et al., 2007,
Torabi et al., 2017). The fluid composition is
enriched in Cr, Mg, Fe, Si, Al, Ca, Na and HREE as
a result of reacions with peridotites. The circulation
of fluids through the fractures and veins of mantle
peridotites has led to the formation of hornblendites
(Torabi et al., 2017). In the hornblendites, the higher
content of MgO contrasted to CaO reveals a
considerable activity of Mg in circulation of
hydrothermal fluids (Torabi et al., 2017).

Carbonate veins formation

After the formation of hornblendites in the upper
mantle peridotites, carbonate veins were formed in
the last stage. The presence of carbonate veins in
peridotites reveals that these veins formed under the
influence of circulating hydrothermal fluids at lower
temperatures. These fluids are enriched in elements
such as Mg, Ca, Si, CO; and H2O. The carbonate
veins are composed of calcite, dolomite, and
spadaite. These carbonate wveins cross-cut the
hornblendites and peridotites.

The presence of dolomite and calcite in carbonate
veins, and hornblende (Ca-rich mineral) in
hornblendite dykes, shows in the study area, the
fluids have passed through Ca -rich rocks (limestone,
gabbros) before reaching the uppermost mantle,
resulting in the enrichment of the fluids in Ca and
CO,.  These mineralogical and  chemical
specifications possibly confirm seawater origin for
the fluids.

Spadaite Formation

The occurrences of magnesium silicate spadaite
(MgSiO2(OH),-H,0), along with calcite and
dolomite, developed under the influence of fluid-
rock interaction, serpentinization of olivine and
orthopyroxene, and subsequent dissolution of
serpentine by CO»-bearing hydrothermal fluids. This
hydrous magnesium silicate forms under basic
conditions, at low temperatures and in the last stage.
The Mg and Si-bearing hydrothermal fluids play an
important role in the formation of spadaite. The
formation of carbonate minerals (calcite and
dolomite) in the uppermost mantle peridotites
indicates a high fugacity of CO; in hydrothermal
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fluids. The kind of new minerals seem to be
influenced by ion activities in hydrothermal fluids
(Birsoy, 2002), and as well as indirectly by pH.

Mobility of Elements

Seawater-derived fluids pass through the entire
oceanic crust and extend to the uppermost mantle.
The hornblendites in the Naein ophiolite were
formed by a reaction between seawater ingression
fluids and peridotites (harzburgite and dunite) at
temperatures ranging from 700-850°C.

The mineralogy and chemical characteristics of
hornblendite dykes suggest that the circulation of
hydrothermal fluids at high-temperatures helps the
mobility of Cr, Mg, Ti, Fe, Ca, Si, Al, Na, and REEs
(Torabi et al., 2017). The presence of hydrothermal
chromite and ilmenite within the hornblendite dykes
show mobility of Cr, Fe and Ti, in hydrothermal
conditions during the circulation of high temperature
silicate-rich fluids through mantle peridotites. The
formation of hornblendites dykes (Torabi et al.,
2017), diopsidites (Python et al., 2007; Akizawa et
al., 2011; Akizawa and Arai, 2014) and
hydrothermal chromitites (Arai et al., 2020), under
The influence of metasomatic process, indicates that
the activity of seawater ingression fluids alters
the initial concentration of Ca, Mg, Cr and Si from
the lower crust to the uppermost mantle section
(Akizawa et al., 2011).

Hydrothermal  fluids change the chemical
composition of minerals, lead to the decomposition
of olivine and the formation of serpentine, modify
the chemical composition of chromites and form
chlorite and secondary chromites.

The hydrothermal chromites of the hornblendites
(Cr# 0.56 and Mg# 0.62) are chemically intermediate
between to chromite found in the surrounding
harzburgite (Cr# 0.56 and Mg# 0.62) and dunite (Cr#
0.79 and Mg# 0.41) (Fig. 6E and F), indicating
dissolution of primitive chromite grains present in
nearby peridotites and their reprecipitation in cracks
and fractures during the formation of hornblendite
dyke. Altered chromite grains in the hornblendites
(Cr# 0.86 and Mg# 0.21) and peridotites (Cr# 0.91
and Mg# 0.17) suggest that hydrothermal fluids have
leached Cr-spinel from the host rock and
hornblendites (Fig. 6E and F).

Conclusions

The mineralogical and chemical properties of the
Naein mantle hornblendites and their associated
carbonate veins indicate a non-magmatic origin,
suggesting that they have a hydrothermal nature. The
circulation of seawater-derived fluids through the
uppermost mantle peridotites will cause to the
mobility of Cr, Ti, Fe, and REE. The hydrotermal
spadaite formed by H,O, CO, Mg, Ca and Si-bearing
hydrothermal fluids, in the last stage phase that
developed in a low-temperature environment under
basic conditions. Calcite, dolomite and spadaite are
minerals of the carbonate veins.
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Fig. 1. A: Main structural units of Iran and geological position of ophiolites and Naein ophiolite (Study area) (Modified
after Torabi et al., 2017), and B: Simplified geological map of the Naein area (Isfahan Province, Iran) and location of the

Darreh Deh area (Modified after Davoudzadeh, 1972)
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Fig. 2. Field photographs and photomicrographs of the mantle peridotites of Nain Ophiolite. A and B: Field photographs
of harzburgite and dunite in Nain Ophiolite, C and D: Microscopic photomicrographs of spinle, orthopyroxene and
crushed and serpentinized olivine with mesh texture of the peridotites from Naein ophiolite. (XPL). A: view to the North
and B: view to the Northeast. Abbrevations after Warr (2021) (Spl: Spinel, Opx: Orthopyroxene, Ol: Olivine).
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Fig. 3. A and B: Field photographs of hornblendites in the mantle peridotites of Nain Ophiolite, C and D: Microscopic
photomicrographs of hornblendite dykes and the crosscutting carbonate veins. (XPL). Abbrevations after Warr (2021)

(Hbl: Hornblend, Chl: Chlorite, Dol: Dolomite).
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Fig. 4. A and B: Field photographs of the Carbonate veins in the mantle peridotites of Nain Ophiolite, C and D:
Photomicrographs of the Carbonate veins composed of Calcite, Dolomite and Spadaite. The dolomites have a gel-texture
in Nain Ophiolite (XPL). Abbrevations after Warr (2021) (Cal: Calcite, Dol: Dolomite, Spa: Spadaite).
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Table 1. Electron microprobe analyses (wt.%) and calculated structural formula of the minerals in the uppermost mantle
peridotites of the Naein ophiolite

Sample C84 C84 C79 C81 Ccs81 Ccs81 C84 C84 C84 C84 C84 C84
Mineral ol ol Opx  Opx Cpx Cpx Spl Spl Chl Chl Trm Trm
Point 11 16 84 100 101 102 20 21 30 37 10 14
SiO2 4046 40.88 57.80 54.07 5191 4840 0.08 001 39.78 3405 59.10 58.92
TiO2 000 000 002 005 013 011 029 032 003 002 0.00 0.00
Al2O3 000 000 045 482 595 555 467 515 709 1190 049 041
Cr20s 0.00 000 027 0.73 1.15 1.08 5467 5374 129 360 015 0.09
FeO* 886 752 544 583 365 370 3542 36.05 293 277 098 246
MnO 0.13 018 017 012 0.10 011 072 071 003 003 004 010
MgO 50.08 50.98 34.93 32.07 19.10 1870 298 314 36.28 3434 2418 24388
CaO 000 000 081 214 1773 1913 000 000 003 0.00 1300 11.11
Na20 002 000 000 001 0.26 026 000 007 000 000 010 013
K20 000 001 0.00 000 0.00 000 000 000 000 000 0.00 0.01
NiO 016 025 008 009 0.04 003 004 007 014 014 0.00 0.00
Total 99.89 99.82 99.97 99.93 100.03 97.07 98.87 99.26 87.46 86.71 97.89 98.02

Oxygen# 4 4 6 6 6 6 32 32 28 28 23 23
Si 099 100 199 187 1.87 1.79 0.02 0.00 7.41 6.49 7.95 7.76
Ti 000 000 0.00 000 0.00 0.00 0.06 0.07 0.00 0.00 0.00 0.00
Al 0.00 000 002 020 025 0.24 1.63 1.78 1.56 2.67 0.08 0.06

Cr 0.00 000 001 0.02 0.03 0.03 1276 1249 0.19 054 0.02 0.01
Fe?* 018 015 016 013 011 0.12 6.79 6.75 0.17 035 0.00 0.00
Fe3* 0.00 000 0.00 0.04 0.00 0.00 1.82 1.97 0.28 009 011 0.27
Mn 000 000 001 000 0.00 0.00 0.18 0.18 0.00 0.01 0.01 0.01
Mg 183 185 179 1.66 1.03 1.03 131 137 1008 975 485 489
Ca 0.00 000 003 008 0.68 0.76 0.00 0.00 0.01 0.00 1.87 1.57
Na 0.00 000 000 000 0.02 0.02 0.00 0.04 0.00 0.00 0.08 0.03
K 0.00 000 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni 000 001 0.00 000 0.00 0.00 0.01 0.02 0.00 0.02 0.00  0.00
Sum 3.01 301 400 400 4.00 400 2472 2481 1971 1990 1490 14.60

Mg# 091 092 092 093 090 0.90 0.16 0.17 0.98 0.97 1.00 1.00

Cr# S — — 089 08 — @ —  —
Fe# 0.09 0.08 — — — — — — 0.02 0.04 — —
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Table 2. Electron microprobe analyses (wt.%) and calculated structural formula of the minerals in the hornblendites of
the Naein ophiolite

Sample C128 B783 B783 C82 Cl128 C128 (C82 C82 B783 B783 (C82 (C82
Mineral HBL HBL HBL HBL Spl Spl Chl chl Trm Trm IIm IIm
Point 67 131 132 133 58 59 138 140 141 142 130 131
SiO2 49.23 4994 4954 4896 0.00 0.00 3024 30.72 5948 58.61 0.03 0.02
TiO2 011 012 013 0.15 0.25 020 009 012 004 001 5424 54.08
AlO3 957 832 817 963 2717 2661 1981 1847 015 0.54 0.02  0.00
Cr203 084 140 114 143 3981 3925 133 100 008 011 010  0.05
FeO* 303 276 283 294 1855 2069 6.29 469 212 216 40.27 4057
MnO 0.05 0.06 003 0.03 0.22 031 003 005 004 0.00 354 30.37
MgO 20.31 2111 2162 2018 1412 1264 2895 30.85 2363 23.05 179 178
CaO 12.02 1210 1171 1215 0.00 000 001 001 1324 1330 0.01 0.00
Na20 219 190 174 216 0.00 000 000 002 002 015 0.02 001
K20 0.07 005 005 0.07 0.00 000 000 000 001 0.00 0.00 0.00
NiO 0.08 0.09 007 0.09 0.12 011 000 020 000 0.00 0.06  0.04
Total 9750 97.83 97.03 97.79 100.20 99.82 86.96 86.12 98.72 97.82 100.10 99.93

Oxygen# 23 23 23 23 32 32 28 28 23 23 3 3
Si 680 686 680 6.76 0.00 0.00 581 5092 7.99 7.98 0.00 0.00
Ti 001 0.01 001 0.02 0.04 004 001 0.02 0.00 0.00 1.01 1.01
Al 156 135 132 157 7.65 761 448 419 0.02 0.09 0.00 0.00

Cr 009 015 012 0.16 7.52 752 020 015 0.01 0.01 0.00 0.00
Fe¥* 03 030 033 034 0.72 076 016 0.09 0.16 0.02 0.00 0.00
Fe?* 0.00 0.00 0.00 0.00 2.98 343 085 066 0.08 0.22 083 084
Mn 001 0.01 0.00 0.00 0.04 006 001 001 001 0.00 0.07 0.07
Mg 418 432 442 416 5.03 457 830 885 473 4.68 0.07 0.07
Ca 178 178 172 180 0.00 000 000 000 191 1.94 0.00 0.00
Na 059 051 046 0.58 0.00 0.00 000 001 0.01 0.04 0.00 0.00
K 0.01 0.01 0.01 o0.01 0.00 0.00 000 000 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.02 0.02 000 000 0.00 0.00 0.00 0.00
total 1538 1530 1519 1539 2401 24.02 19.82 1990 1491 1498 198 1.99

Mg# 092 094 093 092 0.63 057 091 093 098 0.95 0.07  0.07
Cr# 0.06 010 0.09 0.09 0.50 0.50 — — — — — —
Fe# — — — — — — 0.09  0.07 — — 093  0.93
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Fig. 5. A, B and C: Classification diagrams of amphiboles in the Naein ophiolite peridotites and hornblendite dykes
(Leake et al., 1997), D: Chlorite classification diagram (Hey, 1954), E and F: Chemical diagrams of Cr-spinels in
peridotites and hornblendites, G and H: Mg/Ca versus Mg, and Mg versus Ca diagram in dolomites of the study area
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Table 3. Electron microprobe analyses (wt.%) and calculated structural formula of the minerals in the carbonate veins of
the Naein ophiolite mantle peridotites.

Sample C89 C89 C89 B783 B783 B783 B783 C89 C89
Mineral Dol Dol Dol Dol Dol Cal Cal Spa Spa
Point 70 73 74 147 148 144 149 71 72

SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 44.37 41.03
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
Al203 0.02 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
FeO* 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
MnO 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00

MgO 21.04 21.09 20.16 19.50 19.48 3.86 4.55 30.55 28.46
CaO 32.38 3347 35.44 31.25 3171 52.79 50.57 0.36 0.30
Na20 0.02 0.00 0.03 0.03 0.02 0.13 0.04 0.03 0.03
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.05 0.02
NiO 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.01

Total 53.46 54.57 55.63 50.80 51.23 56.80 55.18 75.37 69.86

Oxygent 1 1 1 1 1 1 1 3 3

Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.99 0.99

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.47 0.47 0.44 0.46 0.46 0.09 0.11 1.01 1.02

Ca 0.53 0.53 0.56 0.54 0.54 0.91 0.89 0.01 0.01

Na 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

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 2.01 2.02
Mg/Ca 0.90 0.88 0.79 0.87 0.85 — — — —
Mg/(Mg+Ca)  0.48 0.47 0.44 0.47 0.46 0.09 0.11 — —
Si02/MgO — — — — — — — 1.45 1.44
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Fig. 6. Backscattered-electron (BSE) images of the carbonate veins in mantle peridotites of the Naein ophiolite
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Table 4. SEM analyses data of spadaite in carbonate veins of the Naein ophiolite uppermost mantle peridotites.

Sample C89 C89 C89 C89 C89 C89 C89 C89 C89
Analysis 1 2 3 4 5 6 7 8 9
Mineral Spa Spa Spa Spa Spa Spa Spa Spa Spa
SiO2 38.23 32.19 39.60 33.88 31.29 30.54 31.59 33.90 3114
MgO 32.99 32.11 34.57 34.27 33.57 33.44 31.24 31.57 32.07
CaO 0.24 0.29 0.99 0.41 0.27 0.08 0.24 0.25 0.36
Total 71.46 64.60 75.16 68.59 65.11 64.07 63.07 65.76 63.58
Oxygen# 3 3 3 3 3 3 3 3 3
Si 0.91 0.86 0.90 0.85 0.83 0.83 0.88 0.88 0.85
Mg 1.17 1.28 1.17 1.29 1.33 1.35 1.27 1.23 1.30
Ca 0.01 0.01 0.02 0.01 0.01 0.00 0.01 0.01 0.01
total 2.09 2.14 2.10 2.15 2.17 2.18 2.14 212 2.15
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Fig. 7. A, B, C and D: Chemical variation diagrams of MgO (wt.%) versus CaO (wt.%) in chlorites, hornblendes,
chromites and carbonate from hornblendites of the Naein ophiolite
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In the present study, we aimed to gain a comprehensive understanding of
the Eileh 1 iron ore deposit located in Taybad City, Razavi Khorasan
Province. A three-dimensional (3D) model was developed using specialized
software, which incorporated lithological logs from boreholes, cross-
sectional lithological profiles, and assay estimations covering the entire ore
deposit area. The dominant lithology of the region consists of altered
limestone and dolomite, as well as altered sediments, including sandstone,
siltstone, and shale. To estimate the reserves, we employed both the
classical inverse distance weighting (IDW) method and the geostatistical
kriging method, tailored to the specific conditions of the ore deposit.
Variogram analysis indicated that data values varied with distance and
direction, revealing geometric anisotropy within the deposit. The maximum
search radius in the direction of 0° azimuth was 42.6 meters, the average
search radius at 90° azimuth was 10.6 meters, and the minimum search
radius in the vertical direction (0° azimuth) was 32 meters .The dataset
included topographic information and data from 177 boreholes, totaling
6,936 meters deep. Following geometric modeling and constructing a block
model for the deposit, we estimated reserves for various iron-grade
thresholds and compared the results of both methods. The findings indicate
that the reserve estimates from the two methods were quite similar. While
the inverse distance weighting method is recognized as one of the most
accurate classical techniques for reserve estimation, the kriging method
demonstrated greater precision and reliability. This is attributed to Kriging’s
ability to account for the spatial structure of the deposit, its unbiased nature,
and its lower estimation variance. The findings indicate that the reserve
estimates from the two methods were quite similar. While the inverse
distance weighting method is recognized as one of the most accurate
classical techniques for reserve estimation, the kriging method
demonstrated greater precision and reliability. This is attributed to Kriging’s
ability to account for the spatial structure of the deposit, its unbiased nature,
and its lower estimation variance.
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EXTENDED ABSTRACT

Introduction

The evaluation of mineral reserves is conducted
using various methods, which differ in calculation
algorithms, accuracy, speed, the state of the mineral,
and the characteristics of exploration activities
(Madani, 1997; Ahmadi, 2010). All estimation
methods require exploratory data analysis, and
numerous statistical techniques can be employed to
analyze this data. However, due to the detrimental
effects of uncertainty on investment risk, it is
essential to utilize the most effective estimation
method grounded in precise data analysis techniques
to minimize estimation error. Mineral reserve
estimation methods can generally be categorized into
two groups: classical (geometric) methods and
geostatistical ~ (statistical ~weighting)  methods
(Madani, 1997; Hassani Pak and Sharafodin, 2001;
Ahmadi, 2010). Classical reserve estimation
methods rely on traditional statistics and geometric
calculations, while geostatistical methods, such as
those based on regional variables, are grounded in
spatial structure analysis and utilize the Kriging
method. Among classical estimation techniques, the
inverse distance weighting (IDW) method is
recognized for its accuracy. For this study, both the
ordinary Kriging method and the classical estimation
method, specifically inverse distance weighting,
were employed using two reserve estimation
software programs: Surpac and Rockwork. The
choice of methods is influenced by the state of the
mineral, the extent and nature of exploratory work,
and the available exploratory information, with
estimation parameters selected through appropriate
filtering techniques. In these methods, the deposit is
divided into blocks with a square base, and mineral
characteristics in each block are calculated based on
the data distance within and surrounding it. Blocks
must be designed to ensure that data is present within
them. The statistical weight of each data point is
considered in proportion to the inverse of its distance
from the center of the block; thus, data closer to the
center carry more statistical weight than those further
away. The power of the distance typically varies
from 1 to 3, with a common consideration of 2, which
is why the method is termed inverse distance
weighting.

The studied area is part of the Eileh 1 iron ore mine
complex, located 49 km southwest of Taibad city in

Razavi Khorasan province, covering an area of 240
hectares. The area is defined by longitudes ranging
from 60° 22’ 40" to 60° 31’ 24" and latitudes from
34° 36 40" to 34° 41 45" (Figure 1). In the study
area, a total of 177 exploratory boreholes were
conducted using various methods, including reverse
circulation (RC) (35 boreholes) and coring (12
boreholes), with an overall length of 6,936 meters.

Material and methods

The final step in the reserve evaluation process
involves estimating the grade throughout the entire
estimation space in three dimensions and calculating
the reserve amount. The principles underlying
reserve calculation methods are consistent; however,
the primary differences among various methods lie
in how the area is divided into segments and how
their thickness and average grade are calculated. A
comprehensive understanding of a deposit
necessitates a series of processing and modeling
operations (Hassani Pak, 2000). Due to the
complexities involved and the lengthy, time-
consuming calculations, this work is typically
performed using specialized software, which offers
greater accuracy, speed, and ease of use. Grade
estimation methods can be categorized into two
types: geometric and distance-based. Each of these
methods has its advantages and disadvantages, and
the selection of a suitable estimation method should
be based on the underlying assumptions. In
geometric methods, assumptions regarding the
spatial distribution of grade within the deposit are
taken into account; for instance, the variability of
grade or thickness may be assumed to be linear. The
software utilized in this research includes
Rockworks and Surpac, both of which are
comprehensive and powerful tools for imaging,
modeling, and analyzing geological information and
exploratory data, as well as for performing various
modeling tasks based on the type and amount of data
available. Additionally, the preparation of different
sections from the mineral material was conducted by
geologists and engineers. By employing these
software programs, and through the drawing of
boreholes, creation of cross-sectional profiles of
lithology and grade, and development of a three-
dimensional model of lithology, a thorough
understanding of both the surface and depth of the
deposit has been achieved. Furthermore, to calculate
the mineral material reserve, the average density of
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the mineral material was considered to be 3.8 g/cm3.
The data investigated for modeling and reserve
estimation are purely hypothetical and cover an area
of 2.4 square kilometers. The existing drilling
network in the region is based on local outcrops, with
varying distances and trends. These distances have
been minimized when addressing mineral matter and
conducting more detailed investigations. A total of
177 boreholes have been drilled, of which 164 have
encountered minerals, resulting in a cumulative
borehole length of 6,936 meters. Among all drilled
boreholes, the maximum depth is 96 meters,
attributed to reverse circulation (RC) boreholes No.
E1-RC-BH-9.2 and E1-RC-BH-27, while the
minimum depth is 9 meters, associated with Rasol
borehole No. E1-R-BH-57. The sampling intervals
for iron are set at 50 meters.

Discussion and conclusion

The process of reserve estimation and the preparation
of a block model for a mineral deposit involves
distinct steps that must be executed deliberately and
precisely. This approach ensures an accurate
assessment and a suitable model, utilizing default
values for reserve calculations within the software.
However, certain applications may yield suboptimal
results. Consequently, this research considers the
mineral’s shape as a series of correct hollow shells,
determining the maximum exploration radius, the
minimum and maximum number of points used in
block estimation, and the method of point
exploration through range division.

In this study, three-dimensional quantitative
modeling of mineralization (grading) and mineral
reserves of the Eileh 1 iron deposit was conducted,
utilizing data from well logs of exploratory boreholes
and the grading of their drilling cores to evaluate the
results. The estimation accuracy was assessed by
comparing the results of reserve estimation using two
classical methods: inverse distance weighting (IDW)
with Rockwork software and kriging geostatistics
with Surpac software. Figure 17 illustrates the grade-
tonnage curve of the Eileh 1 iron deposit derived
from these two methods. As anticipated, the figure
demonstrates that as the limit grade increases, the

deposit amount decreases while the average grade
rises.

The findings of this research in the field of grading
data modeling and reserve estimation for the Eileh 1
iron deposit, utilizing distance squared and kriging
methods in Surpac and Rock Works software for a
grade limit of 17% (as shown in Table 2), indicate
that the calculated reserve amounts derived from
different methods and software show no significant
differences overall. As illustrated in Figure 17, the
graph of the average grade calculated by both
methods and across the two software platforms
aligns closely, with variations in tonnage charts
primarily reflected in the slope of the graph line at
specific grades. Although the results from these two
methods are largely consistent, the inverse distance
weighting method is recognized as one of the most
accurate classical reserve estimation techniques.
While this method offers numerous advantages, such
as high accuracy due to the blocking of the deposit,
it does have a drawback: in the case of low-grade
deposits, the mixing of ore and tailings within the
blocks tends to be high, leading to reserves being
estimated slightly above their actual value.
Conversely, the geostatistical method of kriging,
which considers the spatial structure of the region, is
more precise and boasts a higher degree of reliability
due to its unbiased nature and minimal estimation

variance. Vairographic studies, conducted by
plotting longitudinal variograms in  various
directions, revealed that the deposit exhibits

geometric anisotropy, with the highest elongation
observed along the X-axis and the lowest along the
Y-axis (Figures 9c and 10).

Based on the results obtained from the modeling of
the Eileh 1 deposit and the available information
regarding areas that were inaccessible during the
initial excavation but will be accessible in the future,
it is recommended to drill new boreholes in a regular
grid pattern. This approach will facilitate a more
accurate determination of the mine reserves. The
design and implementation of this drilling strategy
should be carefully planned to optimize resource
assessment.
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EXTENDED ABSTRACT

Introduction

Despite the abundance of mineralization in the
Toroud-Chah Shirin magmatic arc (TCSMA),
certain deposits, such as the polymetallic Kalateh
Dasht deposit with its post Eocene diorite porphyry
host rock, have not yet been thoroughly investigated
in terms of their geology, mineralogy, and genesis.
The studied area is located in the northern part of the
Central Iran (Cl) zone and is a small part of the
1:100,000 geological map of Moaleman (Eshraghi
and Jalali, 2006). This mining area is situated
northeast of the TCSMA and east of the Chah-Musa
copper deposit - 13 km north of the Toroud village
(Fig. 1). This article comprehensively analyzes the
field characteristics, mineralogy, mineralography,
and fluid inclusion data of the Kalateh Dasht deposit.
Given the likely hydrothermal origin of the deposit,
which can be linked to the Eocene magmatic activity
and controlled by fault structures, the investigation
of these deposits assumes great significance in
exploring epithermal mineralization within the
Toroud-Chah Shirin magmatic arc.

Material and methods

Following a thorough field investigation, a total of
50 samples were collected from the exploratory
trenches of Kalateh Dasht to conduct precise
mineralogy, mineralography, and hydrothermal
alteration studies. These samples consist of ore
minerals and quartz-calcite-(barite) veins containing
sulfides of both base and precious metals. The
locations of these collected samples are indicated in
Figure 2. Subsequently, thin (10 samples), polished
(13 samples), and thin-polished (25 samples)
sections were prepared at both Shahrood and
Clausthal University of Technology in Germany.
These sections were then examined using an
Olympus polarizing microscope. To investigate the
physicochemical properties of the mineralized fluid,
two double-polished cross-section samples of barite-
calcite veins were prepared and analyzed.
Temperature and salinity measurements of fluid
inclusions were carried out at the Economic Geology
Laboratory of Shahrood University of Technology,
using the Linkam MDSG600 model heating-freezing
stage. Additionally, the Field Emission Scanning
Electron Microscope (FE-SEM) model Sigma 300-
HV, at Shahrood University of Technology, was

utilized to identify specific minerals.

Results

According to the data presented in the research,
mineralization primarily occurs along a fault zone
with an approximately N30E trend and vertical dip.
In the field, wvarious structures including
hydrothermal breccia, banded, and vein structures
can be observed. Within the fault zone in the trench,
multiple parallel mineralized veins are present.
These wveins host minerals such as pyrite,
chalcopyrite, sphalerite, bornite, galena, and
hematite, accompanied by gangue minerals like
comb-style, crustiform, amethyst, and barite, with
variable thicknesses ranging from 3 to 5 cm. SEM
studies have revealed the presence of gold within the
ores. The porphyritic diorite host rocks have
undergone significant alteration due to the
infiltration of hydrothermal fluids. Sericite, silicic,
and propylitic (chlorite + epidote + calcite) alteration
zones have been identified along the margins of the
mineralized veins, exhibiting high intensity. Fluid
inclusion studies conducted on quartz and barite
minerals indicate homogenization temperatures
ranging between 143.2 and 213.1°C. The degree of
salinity falls within the range of 3.06 to 7.73 wt.%
NaCl eq. The mineralogical characteristics of the
Kalateh Dasht deposit are comparable to base and
precious metal intermediate sulfidation (IS)
epithermal deposits.

Discussions

The field studies, mineralogy, structure and texture,
alteration patterns, and fluid inclusion analysis in the
Kalateh Dasht deposit show mineralization occuring
in subvolcanic rocks composed of porphyry diorite,
taking the form of vein-veinlet, hydrothermal
breccia, open space-filling, and disseminated. The
deposition of ore minerals occurred during two
stages: the deposition of primary sulfide minerals
(such as pyrite, chalcopyrite, galena, sphalerite,
bornite, and hematite) in quartz veins and the
formation of secondary minerals (such as covellite,
digenite, cuprite, malachite, azurite, and
chrysocolla). The formation of mineral veins is
associated with a fault zone, as well as other joints
and fractures in the area. The study of fluid
inclusions trapped in calcite and barite minerals
reveals that the homogenization temperature ranges
from 143.2 to 213.1 °C, and the salinity ranges from
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3.06 to 7.73 wt.% NaCl eq. Such a thorough analysis
of this type of mineralization can be of great value in
identifying similar occurrences in the TCSMA.
Light-colored sphalerite has been observed at the
eastern end of the Kalateh Dasht deposit and close to
a zone exhibiting argillic alteration. The presence of
light-colored sphalerite, which indicates a low iron
content, serves as an additional indicator of
epithermal systems with moderate sulfidation. This
observation is consistent with the occurrence of

relatively oxidized fluids and the formation of
sphalerite at the interface of two IS and HS systems
(Wang et al., 2019). Strong spatio-temporal-genetic
associations  with porphyry  molybdenum
mineralization have been documented in the
metallogenic belts of numerous IS systems.
Consequently, the proximity of the Kalateh Dasht IS
system to an argillic zone may indicate the presence
of a profound porphyry system and offer the potential
the discovery of similar deposits.
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Fig. 1. A: Location of Toroud-Chah Shirin magmatic belt on the map of structural zones of Iran (Agha Nabati, 2004),
AMA: Alborz magmatic arc, Cl: Central Iran, UDMA: Urumieh-Dokhtar magmatic arc, and B: The location of the
Kalateh Dasht and Chah -Musa mining areas on the Bing satellite image.
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Fig. 2. A: A geological- alteration map prepared from the Kalateh Dasht deposit. The locations of the collected samples

are shown, and B: Rose diagram for the ore- bearing veins
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Fig. 3. Some of the most important field evidence in the Kalateh Dasht deposit; A: Perspective views of the main trench
in the studied mining area (view towards the SW), B and C: Hydrothermal breccia with silicification and sericitic altered
clasts of the host rock with a groundmass of dominant hematite, D: A barite vein with comb structure containing chalcocite
and bornite as scattered grains, E: Hand specimen of crustiform quartz and calcite with scattered chrysocolla grain
crystals, F: Hand specimen of pyrite, light-colored sphalerite, and barite in porphyry diorite intrusion with propylitic
alteration, G: Hand specimen of dog-tooth quartz, H: an image of comb barite vein with copper sulfide ores
(Chalcopyrite), and I: Hand specimen of lattice mineralized veins. Abbreviations after Whitney and Evans (2010) (Qz:
Quartz, Hem: Hematite, Bn: Bornite, Cct: Chalcocite, Brt: Barite, Cal: Calcite, Ccl: chrysocolla, Sp: Sphalerite, Cpy:
Chalcopyrite, Py: Pyrite).
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Fig. 4. Some of the most important microscopic evidences in the Kalateh Dasht deposit; A and B: Diorite porphyry with
evidence of chloritic-sericite alteration in sample No. Sk31, C: Quartz, epidote and chlorite veins along with iron oxide
in sample No. SK46, and D: The growth of colloform quartz crystals with malachite in the ore vein-veinlet. Abbreviations
after Whitney and Evans (2010) (Plg: Plagioclase, Bt: Biotite, Spn: Sphene, Zrn: Zircon, Mlc: Malachite, Ap: Apatite,
Chl: Chlorite, Cly: Mineral Clay, Ep: Epidote, Qz: Quartz, Ser: Sericite).
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Fig. 5. Microscopic evidences in the Kalateh Dasht deposit; A: Photomicrograph of converting chalcocite to covellite in
sample No. SK31, B: Association of chalcopyrite along the quartz veinlets with galena in sample No. SK57, C: Blade
hematite minerals as aggregates in sample No. SK46, D: Exsolution of bornite and chalcopyrite, converted to digenite
and covellite in sample No. SK57, E: Galena and hematite needles in sample No. SK31, and F: Sphalerite and bladed
hematite in sample No. SK52. All images in reflected light and Abbreviations after Whitney and Evans (2010) (Cv:
Covellite, Cct: Chalcocite, Gn: Galena, Gth: Goethite, Ccp: Chalcopyrite, Hem: Hematite, Bn: Bornite, Dg: Digenite, Sp:
Sphalerite).
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Fig. 6. A: The trace amounts of gold in chalcopyrite is identified by FE-SEM results in one of the studied samples of
Kelate Dasht deposit, and B: Photomicrograph of gold mineral and pyrite along with blade hematite in the quartz vein-
veinlet of sample No. SK55. Abbreviations after Whitney and Evans (2010) (Au: Gold, Py: Pyrite, Hem: Hematite).
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Fig. 7. Paragenetic sequence of minerals and textures in the Kalateh Dasht deposit
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Table 1. Microthermometric data of fluid inclusions in the Kalateh Dasht deposit. no. represents the number of measured
fluid inclusions.

Sample Host Vapor e Salinity (wt.% .
no. Mineral | Pe FIA - Type no. liquid ratio TMiee("C) NaCl eq.) L (e
- - 168.1to
FIAL L+V 2 10 22010 3.7106.5
4.11 200
. . -2.12to - 164.7 to
F1-66 Barite  Primary FIA-2 L+V 3 20 594 35t07.7 189.2
FIA-3 L+V 1 35 -1.80 3 177
FIA-4  L+V 1 25 -2.70 4.4 191.1
FIAL L+V 2 30 S 5.1106.1 e
Fl-67 Calcite  Primary 5 8.1 0- 188 4 P
FIA-2 L+V 4 10 295 4.6t04.8 198.4
350
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| \
.
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Fig. 9. Salinity and homogenization temperature of fluid inclusions of Kalateh Dasht deposit in the diagram taken from
Hedenquist et al. (2000).
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Fig. 10. Graph of homogenization temperature versus salinity (Wilkinson, 2001) and sepration of the presence field of
chloride and sulphide complexes (Pirajno, 2009) of fluid inclusions in the Toroud-Chah Shirin and Kalateh Dasht deposit.
Most samples are plotted in the domain of the epithermal deposits.
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Table 2. Comparison of the Kalateh Dasht deposit with some intermediate sulfidation (1S) epithermal deposits in TCSMA
and Iran. (Sp: Sphalerite, Gn: Galena, Tnt: Tennantite, Cpy: Chalcopyrite, St: Stibnite, Py: Pyrite, Bn: Bornite, Hem:
Hematite; Mlc: Malachite; Az: Azurite; Au: Gold; Cct: Chalcocite; Tet: Tetrahedrite; Cv: Covellite; Di: Digenite; Qz:
Quartz, Cal: Calcite, Brt: Barite, Chl: Chlorite, Ser: Sericite, Dol: Dolomite, Ep: Epidote)

IS Gomish Narbaghi Abolhasani Chashmeh Ghole Kalateh
Features  epithermal Tapeh Shomali (Damghan) Hafez Kaftaran Dasht
deposit (Zanjan) (Saveh) g (Toroud) (Toroud) (Toroud)
Pb-Zn-Cu-  Pb-Zn-Cu-  Pb-Zn-Cu-  Pb-Zn-Ag- Pb-Zn-Cu- Cu-Pb-Zn-
Metals Ag Ag Ag Au Ag Pb-Zn Ba-Au-Ag
L Diorite- .
Host rock D|or|te_— Dacite Diorite Diorite basalt- Dgcqe- Diorite
rhyodacite ) Diorite
dacite
Space
Space . fillings,
Structure cCr?J?tb’ Vein- Vein- fillings, ﬁ:r)]/g;jne;:g Space stockwork,
and banded yén q breccia, and breccia, replacement s aée fillings, and banded,
texture ] filling space  and comb and D3 diffusion  replacement
filling space ee fillings
diffusion , and
brecciated
Py, Cpy,
Gn, Sp, Py,
mineralog C ,St " Bn, Sp, Gn, Sp, Tnt, Gn, Au, Tn, Mall Cct7 Cpy, Cct, Hem, Au,
y Py, Hem Mlc, Az Cct e Cer Cct, Mic,
Cv, Dj
Cct
Gangue Qz, Cal, S?; gi;l‘ Dol, Qz
mineralog Qz, Cal, Brt  Chl, Clay min’erals?/ Cal ért E Qz, Cal Brt, Cal Qz, Cal, Brt
y minerals : » BILEP
Chl
— . Sericitic
Sericitic, Sericitic, s _— . .
arglic, —angilie, SRR e pnitie, | Seraiie G
Alteration silicification silicification P OPY!TC, pRITIIC, propylitic,
carbonatic, , and argillic, and -~ n, and
,and , and q lit L and argillic P
ropylitic carbonatic and propylitic sericitic sericitic
P tourmaline
Th= 140- Th= 260- Th=100- Th= 287 °C Th=167- Th=185- Th=143.2-
Fluid 320°C 367°C 220°C Sali_nit _1o 260 °C 200 °C 213.1°C
inclusions Salinity=12  Salinity=1-  Salinity=10 7 (W¥Wo *Salinity=7.5 Salinity=2.5 Salinity=3-
-23 (wt.% 10 (wt.% -28 (wWt.% NaC.I) -145 wt% -9.3 (Wt.% 7.7 (Wt.%
NaCl) NaCl) NaCl) NaCl) NaCl) NaCl)
Sillitoe et Shamanlan.
al. 2005: et al., 2004; _
Zhu et al, Salehi et al Fazli et al Fardetal.,  Janati etal, Emam Current
Reference o " " 2006; 2011; Jomeh et
2011; 2008 2019 hrabi and hrabi | study
Andreeva et Mehra Ian Mehrabi et al., 2008
al. 2013 Ghasemi al., 2014
B Siani, 2010
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1. Toroud-Chah Shirin Magmatic Arc (TCSMA)

2. Low sulfidation (LS)

3. Intermediate sulfidation (IS)

4. Emission Scanning Electron Microscopy (FE-SEM)
5. Central Iran (ClI)
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6. Energy dispersive x-ray spectroscopy (EDS)
7. Isolate

8. Cluster

9. Necking Down
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