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Petrographic and mineralogical data indicate the widespread presence of
five generations of apatite, two generations of monazite with minor
xenotime in the Esfordi deposit. The O-H isotopic studies on the 1%- and
2"-generations of apatites and massive fine-grained and vein-type
apatites as well as their Sr and Mn contents, showed that the source of
phosphorous was the sedimentary phosphorites. The ratio of 1*Nd/**Nd
vs 17Sm/M4Nd and eNd vs P;0O, and the difference of Nd isotopic ratios
in the massive fine-grained and vein-type apatites indicate that they are
not reproductively related to the host rhyolite and diorite. The similarity
of Nd/**Nd vs “’Sm/***Nd and eNd vs P,Os in the 1% and 2M-
generations of apatite and the host rocks indicated that recrystallization
of the apatites occurred during the magmatic and hydrothermal fluids
circulation which were derived from the felsic to intermediate
subvolcanic rocks. Difference in the age of the 2"-generation apatites
and the paragenetic- monazites ( 238U/2%Pb and 2°’Pb/?%®Pb dating), the
crystalline apatites and magnetite, the ilmenite exclusions in the
magnetites, the dissolution evidences of different apatites and monazites
generations, the content of Ti vs V, Al+Mn vs Ti+V and Mg+Al+Si vs
Ti, and the O-H isotopes of the magnetite-apatite ores, all indicate the
mixing of high-temperature magmatic and hydrothermal fluids rich in
REE, P with Ca tFe evaporatic brines in different time periods, which
caused a polygenic origin for the Esfordi deposit.
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EXTENDED ABSTRACT

Introduction

The origin of the magnetite-apatite ore deposits in the
Bafqg mining district has been explained by a variety
of mineralization models, including: a) metasomatic-
hydrothermal (IOCG) related to Kiruna-type iron ore
deposits (Mehrabi et al., 2019; Ziapour et al., 2021),
b) orthomagmatic Kiruna-type (Mehdipour Ghazi et
al., 2020; Vesali et al., 2021), and c¢) Ediacarian-
paleoglacial BIF (Aftabi et al., 2021). This study
combines evidence from mineralogy, geochemistry,
stable isotopes, and apatite and magnetite ores from
the Esfordi ore deposit to investigate the origin of
mineralizing fluids for the first time. The results of
this research could be wused to explain the
mineralization mechanisms of magnetite-apatite ore
deposits in the Bafg mining district.

Materials and methods

Twenty samples of crystalline apatite of the first and
second generations, twenty-two samples of massive
fine grained apatite ore, and twenty-three magnetite-
apatite samples were collected from different ores
sections. Petrographic and mineralogical studies
were carried out on 47 microscopic thin sections.
Scanning Electron Microscopy (SEM) (18 samples)
and XRD analyses (7 samples) were used to analyze
the representative samples. ICP-OES and ICP-MS
techniques were used at the Iranian Mineral
Processing  Research  Center to  analyze
representative samples from apatite ores (12
samples), magnetite ores (12 samples), hematite ores
(2 samples), jaspilite (10 samples), rhyolite (6
samples), rhyolitic tuff (5 samples), and
metasomatized host rocks (5 samples). Fluid
inclusion investigations on Twelve apatite crystals
were conducted at Tehran's Zaminriz Kavan
Research Company and the Geological Survey of
Iran. Six samples of apatite ore were submitted to
Hungaria laboratory for O-H isotopic analysis, and
three samples were sent to Queensland University in
Australia for Nd-Sm isotope analysis in order to
conduct the isotopic analysis. Laser Ablation
Coupled Plasma Mass Spectrometry was also used at
Tasmania University in Australia to analyze four
samples of apatite ores.

Results
This research reveals the Esfordi apatite ores are

derived from the sedimentary phosphorites. The O-
H isotopic data and the Sr and Mn content of the first
and second generations as well as the massive fine-
grained apatites, display the role of evaporitic brines
in their formation. According to the contents of
43N d/***Nd vs *'Sm/*Nd and eNd vs P,0s, as well
as the variety in Nd isotopic ratios, the massive fine
grained apatites, which forms the majority of the
apatite mineralization (>95%), lacks a clear genetic
relationship in terms of provenance with the
rhyolitic, dioritic, and microdioritic host rocks. The
similarity of 1“*Nd/***Nd vs #’Sm/*4Nd and eNd vs
P,Os in the first and second generations of apatites
and the host rocks demonstrated that the
recrystallization of apatite rocks occurred under the
influence of magmatic and hydrothermal fluids
originating from the felsic to intermediate
subvolcanic rocks in the area, which resulted in an
increase in eNd values.

The differences in age between the second-
generation apatite and the paragenetically related
monazites, using 2%U/?%Pb and 2°7Pb/?%Ph dating
methods, besides dissolution evidence in different
generations of apatites and monazites, Ti vs V,
Al+Mn vs Ti+V and O-H isotopes of the magnetite-
apatite ores, indicated the role of high temperature
magmatic and hydrothermal fluids along with
evaporitic brines in mineralization in different time
spans. This processes lead to a diversity of
mineralization and a polygenic origin for the Esfordi
apatite-magnetite ore deposit.

Discussion

The Esfordi ore deposit contains three different
forms of apatites mineralization, including vein-type,
fine grained massive and disseminated ores
according to field observations. There were five
generations of apatite, according to petrographic
data. Numerous rare earth element minerals,
including alanite, parisite-synchysite, bastenasite,
and britolite, as well as two generations of monazite
and one generation of limited xenotime, were
identified in the Esfordi ore deposit according to
investigations on the first and second generation
apatites. Stable H-O and radiogenic Nd-Sm isotopic
studies on the first and second generation apatites
and massive fine grained apatite ores along with the
similarity between eNd contents in apatite and
phosphorites in Soltanieh Formation and phosphorite
nodules of the Eastern European platform (Ediacarne

Journal of Economic Geology, 2022, Vol. 14, No. 4

DOI: 10.22067/ECONG.2022.76456.1045


https://doi.org/10.22067/ECONG.2022.76456.1045

Hosseini and Rajabzadeh

Origin of magnetite and apatite ores in the Esfordi magnetite-apatite ore deposit NE of Bafq ...

and Lower Cambrian deposits) as well as Lower
Cambrian sedimentary phosphate deposits in Siberia,
Western Mongolia, Baltic, South Kazakhstan, South
China, Australia, West Newfoundland, North
Greenland and East Greenland confirms that the
investigated apatites were formed from leaching of
old or contemporaneous sedimentary phosphorites of
Soltanieh  Formation while magmatic and
hydrothermal fluids originated from granitoid
masses circulated in massive fine grained apatite
ores. By the way, these crystalline apatites have been
enriched in eNd content under the influence of
magmatic and hydrothermal fluids originated from
deep to sub-volcanic felsic and intermediate
intrusions in this region.

Investigation using the radiometric dating methods
(2%8U/2°¢Pb and 2°"Pb/?°6Pb) on the second-generation
apatite and the paragenetically related monazites
showed that these minerals were formed between
494-528 Ma and 514-556 Ma, respectively. Some
monazites are older than apatites (approximately 28
Ma), which indicates that they were formed before
apatite ore and it has been affected by hydrothermal
fluids in the structure of apatite. The dating, for a
limited number of monazites, indicates a time span

between 23 to 33 and a time span of 104 to 153 Ma.
The age differences between the apatite and
monazite inclusions can be due, not only, to late
alteration of deep to sub-volcanic bodies originated
hydrothermal fluids, but also, to separation of U-Pb
from this system or the formation of young
monazites during orogenesis in different time spans.
The presence of recrystalized apatite and magnetite,
zoning and dissolution evidence in some monazites,
dendritic texture in actinolite, ilmenite exsolutions
and stable isotopes of magnetite and apatite ores
indicates the mixing of magmatic and high
temperature hydrothermal fluids with evaporatic
brines enriched in REE, P, Ca xFe resulting in a
diversity of processes involved in formation of the
Esfordi ore deposit.

Acknowledgements

The authors appreciate Shiraz University Research
Council for support of this work. The Director
General and personal of the Esfordi Mine Company
are acknowledged for their assistance in the field
works.

Journal of Economic Geology, 2022, Vol. 14, No. 4

33

DOI: 10.22067/ECONG.2022.76456.1045


https://doi.org/10.22067/ECONG.2022.76456.1045

YEYF-OAS0 1 SUs SUILLE YAV e L

M EFY aoio VFY Fojlad VF o)0s

J,L;:lg’t:c{;

KA Ao https://econg.um.ac.ir

Q 10.22067/ECONG.2022.76456.1045

g ( 39L&y Jlo (63 )9kl Caily T — o HLuil” 38 T § Coiio (S einsls” Lise
Sgig Rl § O-H slul Seign! (( Fuwlod ) (o m) (el S 3l Godled o p

Nd-Sm § U-Pb 5layb

*Toal) oy (Moo & e O yols”

1l 6018 ¢ty g ol ¢ g sk oSl ¢l 03 8 06 77> (5 ity
O 3l ¢l oails cp e 0dSCails ¢ pshe ims el

o>

"

o Ol

4 g s 53 5 ST J gy s Sl (s S 5 (55K slaesls
O- Ll sl s ) Tl (63, sl LS 53 3 gudome &) 500 4 0 555 5 0328 &y pe
(148 5 5 slos 5 5k s SESLT 5ps3 5 sl o SESLT 3 MN 5 ST (gl e 5 H
palie o i3 o 3 gy (SO b 00 55 ) (63, sl G SLT 53 jins Lice
2N sl G 55 sl 5 P2Os e 0N 5 47SM/HANd + 3Nd/““Nd
(s L LT il L pe Sl 61485 5 slos g sk 515 slacslT
5 ENA S7SM/MNd & NN s Sl ol O e 25 355,500 5 sy 32
Ol e & 53 T alin (slas 4053 5 Jsl o sk ST 53 P2Os 05
loosg Late b b 5 oLSb sladlw ST ow wlis ¢Kiwls suome ysks 5 50
LT o Sl .l TEN jslie 525, YU 5 Lol sl U Sl Gras da (53 585
>3 (COPDPOOPh S TBUMOPl 5k i ) OT b a5 o slaiiy s 5 93 o
23 Olosil a3 g5 (xS S8 5 Cotelsl 0 3L 5 sk LmKe 5 T
s TiIHV Llas s AHEMN GV Llae 5o Ti glaca s (o3l se 5 Sl T Calides (gla Jus
5oLl K uilS gy » O-H il slac g0 gloesls 5 Ti Lulie ,s Mg+AI+Si
Ca 5l b s bl LV Lo bS5 LSl SV LYt Sl oo
63 il LS 53 (e3ljkin Lite o 687 ol _iliies Slej slaob 3 REE P tFe

G PR

AMEAVER ALY C,.BL:_JJ @JU

VN8 g KOSk s

AMCA VAR VALY :&J:va':\f:@JU

Sl slaolg
s

NS

DL 5 Il a5 5l
&3, sl HlulS

&b

J Rt 0 g3
nb‘j;":.-) L;l;u\.w

mrajabzadeh@shirazu.ac.ir &

Whio o 4 Sbaw!

Shalsd 3 p Cogm (3L Gadlad (g5 gl Cb T~ JLilS 55 ClT 5 cnS seSKasls Late NP0 ) ¢ dedems o3l iy 5 & alS

MY ENE (ealamil b 503 NA-SM 5 U-PD bl glag 5550 5 O-H LIl sl 551 ¢ amalos ) ¢ oo o) (ool SIS
https://doi.org/10.22067/ECONG.2022.76456.1045


https://doi.org/10.22067/ECONG.2022.76456.1045
https://doi.org/10.22067/ECONG.2022.76456.1045
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/
https://www.um.ac.ir
https://econg.um.ac.ir
https://econg.um.ac.ir
https://doi.org/10.22067/ECONG.2022.76456.1045
https://doi.org/10.22067/ECONG.2022.76456.1045
mailto:mrajabzadeh@shirazu.ac.ir
https://doi.org/10.22067/ECONG.2022.76456.1045
https://doi.org/10.22067/ECONG.2022.76456.1045
https://orcid.org/0000-0002-3031-9042
https://orcid.org/0000-0002-2796-8340

e 3 G0l (63 pil LT~ JLils s sl T 5 e slaeSanils” Lie

a:‘jb’e-))w

55 oS (Peters et al., 2020) o1, Kes 5 5 by
LSl VL 1S 51y 65 e 01l e T sl Ll
B an 0 7S 55 (6 S GBS WYL Ol a3
o 5 (B lid ST Sla ) el 0 S5
ULl ez 555 O3S T 0555l 5 SlaS olie
sl xS o a okins LS e pslr 5 0 salyr i oDl
Sed, VL Ol am s gl F e (sles s SLEL
ST 5 Sl sl o (o 5 e 5o ' S s L2
S Sl 13 i 5 (8 e Gy b oSk slaeKen
Sl s T ) 28 el BB e e LS5 55 0
bl o oean (Mehdipour Ghazi et al., 2019)
. «(Ziapour et al., 2021) o1, Kes 5 5 5l sla ) 5
P AT S LSl b e
500 uslie ol o o Lulis Ug 1S 5 5 10A Sl ,LIIS
030l Jl Jewd 6VL Los ol 8~ oLE L slacaa s
Silen slacy 5388 slia s LS L ST L S
ST 5 s 55 s Liie Ko gl Js oz,
el ol (635 il A5l (6 e K L LS L
s (Mohseni and Aftabi, 2015) T 5 swoee o535
> s cxXa (Aftabi et al., 2021) ol Ses 5 LT
035dows 53 5055 BIFS Sl sla,Lils 5 labys ST L dole
ol 93 il ol s LS5 51§l 4y B B YA les
o 5 ¢ o K Al 53 Gl b sl e s
53 ST oS g5 MLl 5 Il a5
515408 OV Ltie (o3 pial ClT - jLuilS”
) gl el ol )y SRS 5 Ol Ko 3 58S
~ S sl LilS a8 Sl S s 5o TS o Bas

Bl 5 Gl guts 03 28 s LT

Sl qwlis o

“0L S (i) i oy B 03 G3L (e 0 1S
055 sl S bl n ) sams LS JSb w e ilS

doio
e ol 5 ba s Sl GYsb lamsn b O
o 58 33 REE: LT - e ola,Luils” Ui cos o8
Ltin 3590 03 el o 532 655 0 0151 53 BL Gns
2 sl S 3l adbte LT - gla,Luils”
5 03 e o p 5 03 9 G oy o 0l 61l S
S 680 ot o 1ol 01 S ta,
Ao Calinn slaar 5 4 g UB &Sl e 5 5 il 2l
IOCG (Xl «(Mokhtari et al., 2013) L & <YL
Uy 8 g5 el Sl b Jas e glo S— Sl yuilis
Torab and Lehmann, 2007; Daliran et al., 2010; )

Bonyadi et al., 2011; Stosch et al., 2011,
Dehghanzadeh bafghi et al., 2017; Heidarian et al.,
=S I0A (¢, «(2018; Mehrabi et al., 2019

Jami et al., 2007; Mehdipour ) b5 .1 ¢ 5 ( LS 5 1)

Ghazi et al., 2019; Troll et al., 2019; Mehdipour
oYl LY | (Ghazi et al., 2020; Majidi et al., 2021

Taghipour ) ts 18 ¢ 5 &, S s b - oL
OIS ol 33y 55 BIF 5,801 5 (et al,, 2013
.Lz.a (Mohseni and Aftabi, 2015; Aftabi et al., 2021)
) I0CG b & - oLl (5,81 0l Kt il
by cmKe -l T LS Lok K sl S
ey SFer a2 08T Ol o s sl 51 s S L
a5 LSl YL L 5 10A LS Ls,IL (5 sl
5052 ¢ 5 sla, L) 318 Sl a3 >A s Loyl >~
Mehdipour Ghazi et al., 2019; Troll et al., ) (,SYJI

2019; Bonyadi and Sadeghi, 2020; Majidi et al.,
¢l 1,(2021; Ziapour et al., 2021; Vesali et al., 2021

gty G rae 0 8 53 LT -2 sla,LilS
5 e 5 (Troll et al., 2019) o) LSKaa 5 s 5 . Lles S
s 1y cexfe 45 sles (Majidi et al., 2021) ol Llan
e 318 Sl a3 Ve sade sy O e S

g;g&agjjjgﬁs‘gj)ﬂ‘&uwjﬂwb‘ﬂJ.v‘aJJ

DOI: 10.22067/ECONG.2022.76456.1045

Yo

¥ osled OF 6555 VY (3Ll pwlis e


https://doi.org/10.22067/ECONG.2022.76456.1045

e 3 G0l (63 pil LT~ JLils s sl T 5 e slaeSanils” Lie

a:‘jb’e-))w

«@and Modabberi, 2003; Aftabi and Mohseni, 2020
Yo Slail B i s oLs s olia 5T
Mohseni and Aftabi, 2015; Atapour and Aftabi, )
& S 535 S s 4 51 6 LS LS L (2020
Sl SIS s eSl (5L 0 010l 25
Ramezani and Tucker, 2003; ) JIITola b 2 pd 5i

Mehdipour Ghazi et al., 2020; Sepidbar et al., 2020;
i slgi (Nayebi, et al., 2021; Vesali et al., 2021

%ET—&;:S& &‘)MK 4§ | ou\_&g};J‘J’f W el
OYO L OFY 3l s 955 5 (glo, 15 OGS ‘,_.“.;L..fu L Obejer
.(Nayebi, et al., 2021) <. sldplonil |5 Jlo O suls

Ll od9ume ( wlidsgan )
5 B padlad (6 2 kST YF 53 (63 ) ghul HLS Sdas 03 g
s 3 B BTN (Ll e Uk s gL
orl o3 (Y JS8) Sl e il o PVFANAT G US1 aer
Ao y3 WA 5 T Ao 5 YO Hle Lo gie b o5 Ok VWV LK
4 aibi -»1 (NISCO, 1980; Torab, 2010) c—ul &b
Ay 5l e 3 e gla STV 1 S oy
W 4Bl 0 gty el iy S 5 (655 e DLl ok L
S drls 5 ol Sy e s SLTOL €
L eSat anLﬂncOlem.MéunJ@brl:b};_iﬁdf)l{
JSze G ot G5 85 o)l ) Crnb i 38 55
SeKiw (5158 GeSiwa e ¢ dul (gl
S 534S 3,03 43 s S 5 S piaTegbnl SlaiisT
<3, (Haghipour, 1974) 5,15 5305 » g3 sl jL_ulS
S 55 G Jalae o welST a0 Glaa s ¢S5 5L
@ sy 398 aabals 53 555 (5w (SAMANI, 1998)3;@
63 5hl L3 ol 4 (Borumandi, 1973) guues p alu s
.u;udju%_;ﬁg%ﬂqJc,_..uud,\fcu
635 il ST~z HLlS Olge 5 5,8 oo 13 Sl

23153508 2 65 o O gl 3 aems Gbla 55 5 o

—0lsls 5 G 53 LT gdgs —0 5SS 5l -5 ulS —0l
o e ol ol 4 B 515 53 5 B - b el iy
$I9) < U.i.n—c,::l.iT—uAT leAJLM;K DJJJ‘JJ.!): J-\M
J.{_‘L) Sl (e300 ;B gwﬁtﬁ—cﬁjj—cjgbj\)
Loy 00 b,y Luils” ol s ol ke ke (D 5 C B A-)
oo (NISCO, 1980) ool jj5 duoys VAL /4 i
eSds glsia 2T - oy S5 1 b,yldlS ol Ol
Col bl 5w ¥ 2o b Lo e ¢ 158018 5 das o LS5
S A sgde el b (63 50l A5l (Samani, 1998)
c@);;&»'\'&»c@ﬁ di‘_.wuujl\!\.g;')}m.o.»ﬁ
—oaT el L e 4 65 g - (s oS
b bl G IGL 5 (amsls gy = o ) GO 5 i
cg:,.:.l:.;_._wU LJ‘JQJ::- g:,.:.n_}.‘j.ﬁ Ld)‘}t J.G._wﬁ —&T &‘JML{
Salaedss ol yon 4 655 ol sl s 5 5Ly S Sl eSadIS
Libj‘)j)dj)—ﬁ)f_w ‘J»S-L——MY‘SLQJL—AMJKQL:}:.&@JP“'
slres 5 .(Mohseni and Aftabi, 2015) cul s LS is
b 5Lbs slaeSUls 5 o mlS (253 =528 b sl il §
~CxKe gdme 03l (Mohseni and Aftabi, 2015) &les S°
— s S ol en LB GIL Gae o 28 55 c LT
d:l&ﬁ) Lsa)}a'_w\ —b)L—u &L}JJ;&} LS)‘}T)ST L;‘}; 9 @.wbx)
558 6ol e jawd— T 54 s b e S (55 (6
sl zplnil O LU -0 5 ¢ 5 slaldt 8 J 5 o dls
(Stosch et al., 2011; Mohseni and Aftabi, 2015) !
b3 b S el £ da Ll 1 Ol slacd s
5 0l 5 W e (I e ST T S L
o5 ¢l (Aftabi et al., 2021) wles 57 Joms Ll S
(3L g 0,8 ColT - Clen — xS sla LS LSCis
Sy Jostls JLSIT o855 55085 slacsls s

Samani, 1988; M0Ore ) - ;5 o ,elS —ESo555 55 0 65

DOI: 10.22067/ECONG.2022.76456.1045

\itd

¥ osled OF 6555 VY (3Ll pwlis e


https://doi.org/10.22067/ECONG.2022.76456.1045

e 3 G0l (63 pil LT~ JLils s sl T 5 e slaeSanils” Lie

o3l oy 9 (G

J
Kabat-Posh
/ ~e-Badam

LOWER CAMBRIAN
Shallow granitic intrusions
E - |Volcano sedimentary rocks
= LATE PROTEROZOIC
Q [ Gabbro-diorite
§ < Block of Precambrian
=) (y—« metamorphic rocks
Faults restricting the
=" area of the volcanic rocks
Faults controlling the
= distribution of intrusives

...~ Diagonal faults

@ Iron ore Deposit

4@)];], D i

’ hghar't \

SS°S00TVE

S56°0'0"E

Symbols
Road
T T Fault

Inferred fault

* Iron Deposit

@ 'ron Ore Anomaly

Nl 1own

A vVillage

Lithology

Neogene and Quaternary

:'Quaternury alluvial, flavialgravels and
Neogene sandstones

Kocene

35 Khashomi granite and Daranjir diorite
B Gnei ite and xite
Cretaceous

Cambrian

[ Pan African granite- tonalite
|Volcanic- Sedimentary units

Neoproterozoic
Bl rashk Formation

EEBoneh-Shurow andP

Badam

@l o phyroblastic mica-schist,marble interlayers|

azd North ah‘nt’sly
vo X
-

|

-
Choghagt

Bafq

M})ﬁ&?)‘ﬁ)‘ﬁﬁLl.)Qb;—r_ﬁg‘s)}bdwTMﬁ)éqL}T—%&6u)L._»¢l§;»‘.S‘j_C)BLA .‘ JL:)
Mirzababaei et al., ) ol,es 5 oLLI; - s (Ramezani and Tucker, 2003) St 5 sl_as, (Haghipour and Pelissier, 1977)

Ramezani ) St 5 Jlae, 5 (Haghipour and Pelissier, 1977) aculy 5 ;5 g 31 Ol i L) Lol = 33b wlid ey a2 D 5 (2021

(Gand Tucker, 2003

Fig. 1. A, B, and C: Distribution of magnetite-apatite ore depositsin the Kashmar-Kerman volcanic-plutonic belt
(modified after Haghipour and Pelissier, 1977; Ramezani and Tucker, 2003; Mirzababaei et al., 2021), and D: Geological
map of the bafgh-Saghand (modified after Haghipour and Pelissier, 1977; Ramezani and Tucker, 2003).

DOI: 10.22067/ECONG.2022.76456.1045

v

¥ oyl AF oy NFe Y (ool L;.AL.Z‘J:A)


https://doi.org/10.22067/ECONG.2022.76456.1045

e 3 G0l (63 pil LT~ JLils s sl T 5 e slaeSanils” Lie

o3l oy 5 (G

N

T+

+ 4
\\‘. 1+"':+++++ + o+
R, 4+

\ Tt
+

++++++++++'I- + +

++ o+
b e e P P PG ]

+ + + + + 4

1'47' 32" N

- T T O R, R, R W
T N T - -

p =
55°37'56"E 55°38' 03"E 5738' 10"E 55°38' 17"E 55°38' 25"E

.- + = ++++++++++++ w*ﬁ

+
G Y e 3t o
T ottt
bl ohhy

G i 0k e ) .|.+.|.++
i ik
++ + +++ +F+

+ +
Fh Tl A A
T+t + 4 |

Quaternary
- Sandy shale
- Doleritic dyke

Metasomatite( green rock)(mainly
- actinolite,tremolite+/- ironoxides
and apatite)
- Apatite ore(mainly pure apatite ore
+/- iron oxides)

- Iron ore (mainly magnetite,as
well as hematite+/- apatite)

o Altered basaltic tuff (splitic)

®  Lenticular jaspilite occurrences

Dolomite,dolomitic

Yoleano- — |'ip o ton(mainly silisified)

' Sedimentary
L3 ++ . "
*7*} sequence Rhyolite (mainly altered)

Fault

Iran Minerals Production ) o 1 gdse sl s dd 5 5 ags &S, 51 OlLass b) (635 sl HLudlS ok oslio ViV o e bl e 4y Y S

(@and Supply Co (Impasco), 2012

Fig. 2. Simplified 1:1,000 geologic map of the Esfordi ore deposit (modified after Iran Minerals Production and Supply

Co (Impasco), 2012)

Syt s S a5 6,0 slaesls (2015 o3OS b 3 SIS Gla ) 5 5 2 e SlaL s

olis @uf:du%)'\o.\_&w“ "l:jau}‘u";_,)jXRD LsijbcﬁJSTe:}S O jue Ls:l.m.a_w“ “Tcsh&_.w‘/' Ll gs’L‘“’Jf"

2t 5 gl (Bl T oy LaS s e Sladlw s g w53 (635 sl JLST Gdas 3lge b Lo s
055 Sz 5o 1, LT Olp o 0l K o glw &5 Sdae slal, Ol bl s sk 8 Sl $5 Gy ool gL 8
Sl Glw $s ¢ Jomiel Slw Bl JLw S5 3 dd sl e Sl Che o Lol tluy o e pdiz 4
35 Guaih ek Sl S35 Sl S —Oaal— NS T 35 oSS (Gl B slaazgy (S a5 i

.(Rajabzadeh et al., 2015) war g by plb .l Hleis Jdns Glaes g Oy gl

MJJ%QTG‘;&Q&T&Kqu%J]@jl Qelﬁd@fscgu@\}jb‘}lwg}t_&w\

35S ar e a0l S S 4y SlaassT e 5 5 4 Ol bl gladnl 3 Coli s bl Ol sie 4 1548

KlS Sl pie oS aslT G bl ol oYhcand s el 30 gl Shy ol b Sl $s oSS

AT S ke Cslome )5 03 5d o O gmies (635 sl Dilind Rajabzadeh et al., ) ol eu_dawsls , Calides (la oo

DOI: 10.22067/ECONG.2022.76456.1045

YA

¥ oyl OF 055 VoY (onlasil ulis e


https://doi.org/10.22067/ECONG.2022.76456.1045

e 3 G0l (63 pil LT~ JLils s sl T 5 e slaeSanils” Lie

a:‘jb’e-))w

mfu_,‘l.:UJj:S —&L&Ji oJ_.»'lngL.Q:- LEL"—”’)A%. o c_.w;ﬂ.:b
T Lo a5 sn 5 ST omin o Gla oy 1 5 slaie
W23 8515 4 3 ge Wl Ll oils s

TS LR < TEL W
sl

Sl s CsLT L1555 & das o Ol ol e ldalin
(7 JSC8) Sl oslsp 5 osliza Sl g b a5 (63 s
SIS 5 o 40 8 Cal CSLT G5 S Jels ) s
2SS GLoss s S sSTl o Gew GES b gulie 0950
A-F JSs) ol 233y s GBS Syslms 53T
o les s CbT L1308 e, s oY isw (D ,C B
S e Sl sl 5 gy S Sy le 53 5k
3T Glaes s 093 53 5 eddiln £ S 4 o g1 )
ngb;ﬁ:q@u@\f,gﬁo}”;.Mmut)ou =
ClT glayslb o5l o i (G s F E-F o) das
Coles 5 xSt SR )3 &) 5o 4 9 (SHLS O o 4
GCSLT 5 0dd0lu $5 jum aeKiw 03,5 43 uomed
S5 s opl 53 SbT ol ol LS5 55k 55 glos s
Hlraa Lol b5 Sl Gl e Sl
MG H-F J8) 5l ) pam il s 5y sla SnSls
0s> (antSD) Jloal oy 520 S10 5 sk 5 5o s T )
(0 sN-¥ 1) L5400

sk sOLis Jjuéwé)&&j&@,;u G sy
(A0 o 5O b H-F JSC2) wns T SIS Jui ®
LUl 5 a2l S oS sla jisw 55 Ul J— LT
33580 3L &S S laanS ) 5 (65 LiS Oy o 4 slos g
o UT Jewd cpl ol sl Glaos s b (S35 (Siasas
3358855 4 5 Bl b b s JStians slay b s o
ol Sy s o310 Ll 6Ky o Sy g (o sgd B il

G 55 5 0 ge 51 gl 53 9 e Sl YU e Lo ) 51T fus

2 a)}kf— ‘&T Lgugs—"“"\; )‘ S BEL Lﬂj | au\_fnd.:{_i;
—Sin Sl B3l s Sy Sl S5 S el
spd oo awlS 35 LT &) Sl s sldw (eSS

.Jami et al., 2007)

o o)
S hley sll )3 ol pes o o) 2 1 s e B0 (2 02
ged YY (o35 5 Jsl J—ed LT s agad Yo sl cdiadila
ST~ 45w Y 5 55k oy o 5 ST Kl
9 nglédi:_ﬂ Lgbau..ﬂ)ﬁ RV TI0-1 Ly Jl::a.;lf Calideo L;Laui&_:
SIS 55 g Sy Ko slabg, Sl eslimal b ol SIS
3 g 3 dplan) g Sy S e Y (55, 1 (el S
b 5503 VA 51 T (5lmeslel 5 Lol i glad g loeil
Leo1450 vp o817 sy s oo sSns Son 5 osliza
Philips-Xpert ¢ KI¥ S5l 5 il sy 4 s Vs
G sz JooS5 ¢l e Y 5 SIS a4 jgzme PTO
3550 0l pl (Geme slse (65T p Slados S e > ol b SIS
VY llad ¢ o 5 Sl gy 2 ploil (12 iz 8515 (o
1S a0l ¥ S K ilS ipai VY (LT i gas
LTS PR WINPT PRI NI | DR PRGN,
ICP- 25, 4 )Ll Ol Gal sl ymlio 65050 5 2 g5
B s slse (65T 3 5 Slidss S s 45 ICP-OES 3 MS
a2 plal 1 g e 23 8515 LT 550 01
Jae 95 plala \Y 5ldad 6595 2 Jlow sla)bOLs /KK
S0 5y e &S 8 55 CLT slas sk (sl lad o )
22033 i Gl CLT 055 p amieles 55 Sl oy 2 pla]
Il G s nl Gl oy plml Gl (il s OlejLa
los g laesLT £33 5 dsl Jus CLT &5 # sluas (O-H
¥ sl 5 Ol sloen 5 287 55 L0 o8z le3T 53 5k i)
Ul el 525 587 o8 ils 53 NA-SM 555 4 sl T aises

G304 p3 Jo LT 65a3 B man 8 815 LT 550

DOI: 10.22067/ECONG.2022.76456.1045

Y4

¥ osled OF 6555 VY (3Ll pwlis e


https://doi.org/10.22067/ECONG.2022.76456.1045

e 3 G0l (63 pil LT~ JLils s sl T 5 e slaeSanils” Lie

o3l oy 5 (G

Q‘MLXA)J.J;aML&A‘)r}wL}JAfw_,(aja‘)_w'é\.zdj‘
DSy Sl pseds L Ghle )3 &S 308 b jetie gl s
0l o 93 5 Jgl Jod ST 0l oo K b e 5 VL
Jami et) ol b 55 g p g Jond ST i s 5
al., 2007; Rajabzadeh et al., 2015; Hosseini and
DMosil ST 525 &y 50 s 0s s o1 (Rajabzadeh, 2021

A5 LT e ol sdalie L ol & s 0L >
S Y ojlad Jide js blasyls el oI5 S8 s 4w
0 JS) )15 (6 ey 5 a5 el O (G 0oy Sl s
315 amals b df Sl Lol olgr s SUTE 5D
635 2 0T sdama 5 5b5 5 p 5 i Il i sla 5T I3l
Js ol 4§ S8 (g b Al e 3 el T Oles
Glr0s5 b s o Jyl o SlacsLT L bl s Clel sl T
35 oy Je eSLTUG S F-0 JS8) ol T L1558
sddsloul oIS * S S Sl B el 56 slicss
Lol en oaT 5 Jpmdel (o IS el S il Sl
Lo e 55 G055 55 ST Jud ol a5 r eis G SE
SaeSan b b3 o LT G55 slaoss 5 AT 8L

s H-0 JS8) cl 28 o i glyls odiole s

Rhyolite and rhyolitic tuff

Vein and disseminated mineralization

iOf apatite in the metasomatite host rock jg

[
Bl
e

Tl S50 B OT Sl sk e 5 AS (n i e L0V
o5yl oaT slaes s s u;,_.@'-awuui:_.&.:} o 4
CJAJ_WJQ.“J\J.(A—C) JL.’Z,N ol H-¥ JL.‘») 34 o
4 e iz slal 4 ok ) les 5 G ESLT &) s 4 LI
23 SV b e ke ¥ sk Sl G IS 4 S Ol
)33 o.LJLQL..»;: G,L.:..a_.:JT 6\.&&»3Jl:&aT 0345 O ygloea
OT rgr S S 55 5 35 on 0> 2y SEKin & glona
Q:!);::f\.,\:.sl.nd)\deh@KQ@\Njasﬁfougﬂ
ST b5 53 LT A p g (LT J ol ol
35 s ) 8L 3 O Sls ol 5y ol (53 sl HLlS
lay s Lol .ol OT a8 0555 53 HLOks &) 30 4 SSlon
g by 5 Kb modd )y s b e 65 4 0T Lalls
JG B AF JS8) Lyl g Jsl Jous ST L sl pen 5
b bl s p s Js CLTUC 5 B-D K50 5Myu
S o b S 5 aes sl sk D) s 4 od o L
,@m‘wa\,@g@a}éur;&)gu;ﬁ)
Jot Jud ST c(slo yrast oy g a0 5 2550 0> o
ﬁ°~*—f~u—f~f.éb‘-'~ﬂ.€:—w4i¢§f‘i-%:f@j.ﬁbpw
Jd ST Sl s b5 015 0 el oo Sla Jome

s Massive apatite zone

G A s S 41 3 (635 gl LT 8l JLS 55 Q15517 ol (sla0y3 1 S
Fig. 3. Different mineralization zones in the Esfordi magnetite-apatite ore deposit, view to the southeast

DOI: 10.22067/ECONG.2022.76456.1045

¥ oyl OF 055 VoY (onlasil ulis e


https://doi.org/10.22067/ECONG.2022.76456.1045

e 3 G0l (63 pil LT~ JLils s sl T 5 e slaeSanils” Lie 031) oy 5

SSeki =

K lS b das e il T 6o S glaanss E (sldS =258 D 5C B A (30l LS 55 CSLT o155 Calises gl g b
s;::l:_:T LgLaJJL 6)l_&:4| &IJG’K :J ‘&;.;ziﬂ L’ -k.:f d}‘ J—w-v LsLAC_‘.;L;T LS'-‘)LS’K :I 9 H c)jl..v J.'.’.) g;_.SlJ 6"’5}: &‘JG'K :G 9 F “;.:;.lin
Lsu\_niljr.ﬁ)} M Ol slacsbe sulin b Lo e r}}H\;;kTéJl_&:‘ S L s Kyl 55 les s CLESLT L ks p:‘}_m;
305k 525 SSUT los 5 sl 53 p335 sl Jd SSUT Ilinl 0 (sla5 s 0 5N 5 Coxe oK ilS b o o 93 5 Ul Jd sl T

Olijr pile gt (Sl
Fig. 4. Different types of apatite mineralization in the Esfordi ore deposit. A, B, C and D: vein-type mineralization, E:
apatite patches associated with magnetite ore, F and G: massive fine grained apatite mineralization, H and I:
mineralization of the first-generation apatites associated with magnetite, J: disseminated mineralization of the second
generation crystalline apatite in relationship with the massive fine grained apatite, K and L: disseminated mineralization
of the second generation apatite in relationship with the host metasomatite, M: a intergrowit of first and second generation

apatites associated with magnetite ore, and N and O: bipyramidal first and second generation crystalline apatite within
the massive fine grained apatite zones and the metasomatitzed host rock
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Fig. 6. A and B: Selected XRD patterns of the first-generations of crystalline apatite and massive fine grained apatite ore

in the Esfordi magnetite apatite ore deposit
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Fig. 8. Electron microscope photographs of the second generation of crystalline apatite in the Esfordi ore deposit. Ato L:
thesecond-generation apatites, Dark and light phase are associated with monazite andxenotime inclusions indicating
depletion in (REE+Y) and Si. Abreviations after Whitney and Evans (2010) (Ap2: second generation apatite, Mnz1: first
generation monazite, Mnz2: secondgeneration monazite, Xtm: xenotime, Chr: choromite).
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Fig. 9. Different magnetite mineralizations in the Esfordi ore deposit. A and B: massive magnetite mineralization, C to
G: vein-type magnetite mineralization and magnetite crystals associated with the vein type mineralization
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Fig. 10. Microscopic images prepared from the magnetite ores in the Esfordi magnetite-apatite ore deposit. A and B:
granular texture in the magnetite ores and the presence of apatite and calcite cements in the field of magnetite, C and D:
Massive texture in magnetite ore, E to G: magnetite martitization showing the presence of hematite blades on the surface
of magnetite, and H and I: magnetite martitization and hematite goethitization. Abreviations after Whitney and Evans
(2010) (Act: Actinolite, Ap: apatite, Gth: Goethite, Hem: Hematite, Mag: Magnetite).
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Fig. 11. Selected XRD patterns of magnetite ores in the Esfordi ore deposit
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Fig. 12. A to F: Electron microscopic images of magnetite-apatite ores Associated with first and second generation of
crystalline apatite and the presence of monazite, xenotime, ilmenite, titano-magnetite, rutile and silica minerals
individually and along fractures, in the Esfordi ore deposit. In image E, titano-magnetite has changed to rutile from the
edge. Abreviations after Whitney and Evans (2010) (Ap1: first generation apatite, Ap2: second generation apatite, IIm:
llmenite, Mag: Magnetite, Mnz1: first generation monazite, Mnz2: secondgeneration monazite, Rt: Rutile, Si: silica, Ti-
Mag: Titanomamnetite, Xtm: xenotime).
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Fig. 13. Electron microscopic images of magnetite ore in Esfordi magnetite-apatite ore deposite. A and B: the presence
of ilmenite and titanite blades on the surface of the magnetite mineral, C: amorphous ilmenites on the porous surface of
the magnetite, and D to F: the transformation of titanomagnetite from the margin to rutile and titanite and the presence of
individual inclusions of titanite in the magnetite mineral. Abreviations after Whitney and Evans (2010) (Cal: Calcite, IIm:

limenite, Mnz2: second generation monazite, Mag: Magnetite, Rt: Rutile, Si: silica, Ti-Mag: Titanomamnetite, Ttn:
Titanite).
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Fig. 14. A to C: Jaspilites from the Esfordi deposite area and the presence of allogist along the permeable and shear

structures
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Fig. 15. A to D: Electron microscopic images of Jaspilites in the Esfordi ore deposit area indicating the presence of
hematite, barite and monazite minerals along the shear structureswhich indicates the role of hydrothermal fluids in their
formation. Abreviations after Whitney and Evans (2010) (Brt: barite, Cal: Calcite, Hem: Hematite, Mnz: monazite, Qz:

Quartz).
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Table 1. Rare earth element analytical results of the metasomatite and rhyolite hosts in the Esfordi ore deposit. The values
are in ppm.

Code KZ1 KZ2 KZ3 KZ4 KZ5 KZ6 Kz7 KZ8

Metasomatite Rhyolite

Rare earth element

Long. 55°38'14" 55°38'10" 55°38'06" 55°38'12" 55°38'17" 55°38'11" 55°38'16" 55°38'01"

Lat. 31°47'42"  31°47'37"  31°47'33"  31°47'39"  31°47'34" 31°4729" 31°47'30" 31°47'32"

La 672.29  2079.25  138.50 81.00 30.54 135.22 16.40 18.00

Ce 117384 218699  264.02  147.92 73.04 240.71 16.24 32.23

Pr 12570  267.14 31.01 11.66 6.26 14.14 1.93 2.23

Nd 661.05 79.09 112.52 65.66 37.21 72.57 10.04 11.54
Sm 90.43 17.56 30.29 19.09 11.01 15.27 2.76 2.75

Eu 9.80 2.05 3.34 1.99 1.54 2.08 0.75 0.65

Gd 45.21 16.08 17.67 11.44 5.64 8.28 1.50 1.34

Tb 5.64 171 2.73 1.81 0.85 1.04 0.22 0.17

Dy 29.31 10.45 17.03 11.35 5.12 5.54 1.20 0.92
Ho 5.85 2.25 3.67 2.43 1.08 1.11 <1 <1

Er 16.10 6.75 10.84 7.29 3.27 3.03 0.62 0.48
Tm 1.65 1.30 1.60 1.09 1.80 <1 <1 <1
Yb 18.96 10.52 17.19 11.47 6.09 3.49 0.93 0.74

Lu 1.26 0.82 131 0.87 0.47 0.23 0.10 0.10

Y 260 99 135 105 39 46 8 7

(La/Yb)n 2391 133.26 5.43 4.76 3.38 26.15 11.84 16.32
(La/Sm)n 4.68 74.50 2.88 2.67 1.74 5.57 3.74 4.11
(La/Gd)n 0.71 0.09 0.84 1.54 2.88 2.76 6.23 7.16

(Ce/lYb)n  16.02 53.78 3.97 3.33 3.10 17.86 4.50 11.21
(Ce/Sm)n 3.13 30.06 2.10 1.87 1.60 3.80 1.42 2.83
(Gd/Yb)n 5.62 2.60 2.79 2.62 3.37 5.04 4.42 5.68
(Eu/Yb)n 1.47 0.55 0.55 0.49 0.72 1.70 2.29 2.47
Ce/Ce* 0.97 0.71 0.97 16 1.27 1.32 0.70 1.22
Eu/Eu* 0.47 0.37 0.44 0.41 0.60 0.57 1.13 1.03
Sum REE 2857.08 468194  651.72  375.07  183.93  502.72 52.68 71.17
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Table 2. Rare earth element analytical results in the rhyolite and rhyolitic tuff host of the Esfordi ore deposit. The values
are in ppm.

Code KZ9 KZ10 KZ11 KZ12 KZ13 KZ14 KZ15 KZ16

Rhyolite Rhyolitic tuff

Rare earth element

Long. 55°38'31" 55°37'55" 55°37'56" 55°38'02" 55°37'53" 55°38'02" 55°37'54" 55°37'33"
Lat. 31°47'36"  31°47'38" 31°47'30" 31°47'59" 31°47'58" 31°48'13" 31°48'09" 31°47'49"

La 20.09 24.64 8.55 12.23 43.69 9.31 11.26 11.75
Ce 40.32 42.70 7.99 13.83 147.14 1.33 12.41 13.87
Pr 248 2.88 0.79 141 1.70 1.01 1.25 1.31
Nd 11.60 14.57 4.12 7.43 7.96 5.21 6.42 6.66
Sm 2.62 3.19 0.98 1.90 2.01 1.32 1.57 1.60
Eu 0.53 0.47 0.29 0.41 0.44 0.27 0.29 0.30
Gd 1.33 1.56 0.53 1.12 1.02 0.73 0.90 0.79
Tb 0.17 0.19 0.07 0.18 0.24 0.11 0.15 0.11
Dy 0.92 1.10 0.35 1.22 0.84 0.75 0.99 0.78
Ho <1 <1 <1 <1 <1 <1 <1 <1
Er 0.51 0.80 0.19 1.04 0.73 0.62 0.88 0.73
Tm <1 <1 <1 <1 <1 <1 <1 <1
Yb 0.67 171 0.26 2.25 1.70 1.34 2.08 1.81
Lu 0.10 0.15 NA 0.19 0.19 0.12 0.17 0.16
Y 8 13 3 15 11 10 14 10
(La/Yb)n 20.10 9.72 21.84 3.66 17.29 4.69 3.64 4.37
(La/Sm)n 4.83 4.86 5.47 4.04 13.66 4.42 4.49 4.63
(La/Gd)n 6.04 9.38 53.27 8.52 21.78 12.92 8.81 7.63
(Ce/Yb)n 15.47 6.46 7.83 1.59 22.35 2.00 1.54 1.98
(Ce/Sm)n 3.72 3.23 1.96 1.75 17.65 1.88 1.90 2.10
(Gd/Yb)n 5.13 4.01 5.11 1.83 2.77 2.13 1.80 2.19
(Eu/Yb)n 2.22 0.78 311 0.52 0.74 0.57 0.40 0.47
Ce/Ce* 1.37 1.22 0.74 0.80 4.11 0.81 0.80 0.85
Eu/Eu* 0.86 0.65 1.22 0.86 0.94 0.83 0.76 0.81

Sum_REE 81.35 93.95 24.12 43.20 207.65 3111 38.37 39.86
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Table 3. Major, minor and rare earth elements analysis using ICP-MS method on magnetite and hematite ores in the
Esfordi ore deposit. The values are in ppm.

Code ES6 ES6 ES8 ES9 ES10
Magnetite Hematite
Long. 55°38'80" 55°38'08" 55°38'10" 55°38'13" 55°38'40"
Lat. 31°47'35" 31°47'37" 31°47'35" 31°47'33" 31°47'38"
Major and minor element
Al_ 1360 2180 909 967 8160
Si 21000 19000 23100 22800 13000
Mg 5010 3050 6010 6460 6620
Mn 458 444 218 210 80
Cr <2 26 15 2 <2
Ni 64 180 192 186 25
Ti 2540 4180 3360 3370 5060
\ 708 2590 2010 2040 757
Rare earth elements
La 148 20.6 58.8 65.5 133
Ce 370 38.2 131 147 405
Pr 14.8 4.45 155 17.3 24.8
Nd 57.8 15.7 54.4 60.4 111
Sm 9.36 2.55 8.19 9.19 24.1
Eu 0.74 0.27 0.76 0.89 2.71
Gd 8.24 2.36 7.39 8.54 21.2
Tb 0.79 0.39 1.11 1.22 2.59
Dy 2.92 2.13 5.82 6.45 11.7
Ho 0.6 0.43 1.13 1.29 2.12
Er 1.04 1.26 3.16 3.47 5.31
Tm 0.15 0.18 0.46 0.49 0.87
Yb 0.67 1.08 2.59 2.94 5.29
Lu 0.13 0.17 0.19 0.73 0.12
Y 30.9 12.3 28.5 31.1 78.8
(La/Yb)n 148.93 12.86 15.31 15.02 16.95
(La/Sm)n 9.95 5.08 4.52 4.48 3.47
(La/Gd)n 15.01 7.29 6.65 6.41 5.24
(Ce/Yb)n 142.84 9.15 13.08 12.93 19.8
(Ce/Sm)n 9.54 3.62 3.86 3.86 4.06
(Gd/Yb)n 9.91 1.76 2.30 2.34 3.23
(Eu/Yb)n 3.14 0.71 0.83 0.86 1.46
Ce/Ce* 1.90 0.96 1.04 1.05 1.7
Eu/Eu* 0.26 0.34 0.3 0.31 0.37
Sum_REE 615.11 89.6 290.31 324.68 749.69
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Table 4. Rare earth elements analysis using ICP-MS method on first generation of crystalline apatite associated with
magnetite oresand second generation of crystalline apatite in the Esfordi ore deposit. The values are in ppm.

Code KH-1 KH-2 KH-3 KH-4 KH-5 KH-6 KH7 KH8
First generation of crystalline apatite associated with magnetite Apatite 2
Long. 55°38'06"  55°38'08”  55°38'07"  55°38'10"  55°38'07"  55°38'70"  55°44'29"  55°38'09”
Lat. 31°47'33"  31°47'34"  31°47'32"  31°47'40"  31°47'37"  31°47'38"  31°47'42"  31°47'41"
Major and minor elements

Mn 358.80 435.6 327.6 222 418.8 195 161 421
Sr 166 126 106 130 150 388 451 211.2
u 251 1.91 1.76 1.53 3.39 15.1 26.4 10
Th 50.80 34.62 27.55 29.03 48.81 79.1 55.4 74
Rare earth element
La 1087.33 915.12 471.22 848.8 1383.3 3650.0 2970 4420.0
Ce 1687.89 1509.7 755.13 1352.3 2501 6630 4600 6920
Pr 175.81 168.01 82.83 152.96 282.27 449.00 318.00 495.00
Nd 903.70 915.06 440.08 840.37 1530.9 1670.00 1120.0 1750.00
Sm 113.93 133.23 59.78 122.19 332.30 196.00 126.00 186.00
Eu 9.85 10.55 5.18 8.10 15.89 18.10 13.20 19.90
Gd 47.30 71.52 25.28 48.80 139.48 197.00 125.00 180.00
Th 4.43 6.26 2.41 4.22 8.56 24.80 14.40 22.20
Dy 16.87 27.61 9.09 14.24 33.54 122.00 64.80 180.00
Ho 2.59 4.76 1.43 1.96 5.49 26.10 12.40 22.80
Er 6.05 12.13 3.09 4.22 13.27 67.60 30.50 60.10
Tm NA 141 NA NA 1.46 10.20 4.17 8.85
Yb 5.43 12.79 2.71 3.30 13.00 50.00 19.90 42.80
Lu 0.35 0.83 0.17 0.21 0.84 412 3.63 5.00
Y 125 248 62 98 234 1810 767 33.8
(La/Yb)n 134.94 48.25 117.19 173.66 71.74 49.22 100.62 69.62
(La/Sm)n 6.00 4.32 4.96 4.37 2.62 11.71 14.83 14.95
(La/Gd)n 19.21 10.69 15.57 14.53 8.29 15.48 19.85 20.52
(Ce/Yb)n 80.37 30.54 72.05 106.16 49.76 34.30 59.79 41.82
(Ce/Sm)n 3.58 2.73 3.05 2.67 1.82 8.16 8.81 8.98
(Gd/Yb)n 8.71 5.59 9.33 14.81 10.73 3.94 6.28 4.21
(Eu/Yb)n 5.15 2.35 5.43 6.99 3.47 1.03 1.89 1.32
Ce/Ce* 0.93 0.93 0.92 0.90 0.96 1.25 1.14 1.13
Eu/Eu* 0.41 0.33 0.41 0.32 0.23 0.28 0.32 0.33
>REE 4061.51 3789 1858.4 3401.7 6261.3 13114.9 9422 14312.6
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Table 5. LA-ICP-MS and ICP-MS analysis data of the second generation of crystalline apatite, massive fine grained and
vein apatite and apatite rich zone in the Esfordi ore deposit. The values are in ppm.

Code KH-9 KH-10 KH-11 KH-12 BE-5 BE-6 BH12.65 108 B39S2  B30S3
Second generation Massive Apatite

of crystalline apatite Apatite rich zone apatite  patches Apatite vein
LA-ICP-MS ICP-MS

Long.  55°38113% 35°38'05™ SISO S\ L iehr. 2020)  (Jami, 2005) (Torab, 2008)

Lat. 31°47'36" 31°47'42" 31°47'39" 31°47'34"
Major and minor elements

Mn 211 100 300 140 200 600 700 600 700 290

Sr 217 183 183 209 327.6 326.9 367.9 381.3 224 383

U 7 6 6 6 22.4 12.1 14.87 8.84 <5.2 20.1

Th 51 51 52 54 96.6 90.5 97.3 51.8 88.5 56.5

Rare earth element

La 1582.2 1738.1 17457 15959 2689.3 29734 2551.6 25824 1600 2700
Ce 3547.6 3818.4 38211 36227 6408.1 68895 6477.6 3469.7 3050 4940
Pr 371.08 383.10 390.16 374.05 711.67 75448 5995 363.7 491 689
Nd 1292.8 1334.9 1331.0 1296.9 2601 2729.5 22822 11481 1300 1760
Sm 192.21 194.37 197.42 19153 407.58 411.1 362 243.7 238 307
Eu 19.41 18.68 19.03 19.38 36.05 38.36 35.1 21.7 18.1 36.6
Gd 163.60 163.05 16486 164.60 356.6  367.16 370 223.6 NA NA

Th 20.05 19.77 20.01 19.94 43.78 47.09 55.9 30.2 285 38
Dy 114,51 111.23 111.32 112.38 230.34 247.79  264.2 134.7 NA NA
Ho 22.15 21.45 21.69 22.18 44.8 48.62 55.2 26.4 NA NA

Er 60.34 58.37 58.48 58.97 1226 13296  148.9 69.4 NA NA
Tm 7.31 6.93 7.13 7.05 14.95 16.88 19.2 8.4 NA NA
Yb 40.13 37.25 37.82 39.49 82.25 93.74 97.8 42.8 493 54.7
Lu 4.75 4.64 4.52 4.65 10.59 12.05 12.6 54 7.34 8.08

Y 686.4 656 658.2 676.4  1336.3 14129 NA NA NA NA
(La/Yb)n  26.58 31.46 31.12 27.25 22.04 21.39 17.59 40.68 21.88 33.28
(La/Sm)n  5.18 5.63 5.56 5.24 4.15 4.55 4.43 6.67 4.23 5.53
(La/Gd)n  8.08 8.91 8.85 8.10 6.30 6.77 5.76 9.65 NA NA
(Ce/Yb)n 2287 26.52 26.13 23.73 20.15 19.01 17.13 20.97 16 23.36
(Ce/Sm)n  4.45 4.74 4.67 4.56 3.79 4.04 4.32 3.44 3.09 3.88
(Gd/Yb)n  4.08 4.38 4.36 417 3.50 3.16 3.05 4.22 NA NA
(Eu/Yb)n  1.38 1.43 1.43 1.40 1.25 1.16 1.02 1.44 1.04 1.90
Ce/Ce* 1.11 1.13 111 1.13 111 1.11 1.26 0.86 0.83 0.87
Eu/Eu*  0.33 0.32 0.32 0.33 0.29 0.3 0.29 0.28 NA NA

YREE 74382 7910.4 7930.3 7529.8 13759.6 14762.6 13331.8 8370.2 67822 10533.4
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Table 6. Rare earth element analytical results by ICP-MS method on the Jaspilites of Esfordi ore deposit and lower
Cambrian phosphatic rocks in the Gorgan-Rasht Zone. The values are in ppm.

Code ES1 ES2 ES3 ES4 ES5 R-1 R-2 R-3 R-4 R-5

Jaspilites Lower combereain phosphate rock

Rare earth element

Long. 55°38'13" 55°3829" 55°42'36" 55°41'47" 55°40'05"

(Abedini and Calagari, 2017)
Lat. 31°48'48" 31°49'02" 31°4826" 31°48'59" 31°47'58"

La 35.72 10.04 18.66 16.28 37.45 268 46.2 372 542 59.9
Ce 44.94 7.52 15.19 12.03 43.46 164 353 291 516 55.2
Pr 2.38 0.56 1.29 0.99 2.25 4.74 738 568 9.88 8.88
Nd 9.38 2.25 6.42 491 8.48 229 36.8 272 457 42.3
Sm 1.57 0.42 1.63 1.26 131 5.07 712 542 7.75 9.01
Eu 0.77 0.21 1.05 0.97 0.69 111 204 165 262 3.05
Gd 0.83 0.21 1.12 0.88 0.64 3.47 6.85 6.15 7.88 8.97
Th 0.10 0.03 0.14 0.11 0.07 512 822 803 949 8.43
Dy 0.53 0.13 0.68 0.54 0.36 774 978 877 1047 11.33
Ho <1 <1 <1 <1 <1 0.99 212 185 237 2.39
Er 0.29 0.07 0.29 0.22 0.17 251 571 523 6.75 6.47
Tm <1 <1 <1 <1 <1 031 076 073 0.85 0.86
Yb 0.43 0.09 0.35 0.25 0.20 105 352 333 392 4.17
Lu 0.04 0.02 0.03 0.04 0.03 011 025 024 026 0.28
Y 4 1 6 5 3 268 563 509 753 70.2
(La/Yb)n 56.46 75.04 35.66 44 124.19 1721 885 753 9.32 9.68
(La/Sm)n 14.33 151 7.21 8.1 17.99 333 408 432 4.4 4.18
(La/Gd)n 36.01 39.04 13.90 15.49 48.72 645 563 505 575 5.58
(Ce/Yb)n 27.25 21.55 11.14 12.48 55.29 4.04 259 226 3.4 3.42
(Ce/Sm)n 6.91 4.34 2.25 2.3 8.01 0.78 1.2 1.3 1.61 1.48
(Gd/Yb)n 1.57 1.93 2.56 2.85 2.56 2.67 157 149 162 1.74
(Eu/YDb)n 5.15 6.46 8.44 11.02 9.7 3.01 165 141 1.9 2.08
Ce/Ce* 1.17 0.77 0.74 0.72 1.14 035 046 048 054 0.58
Eu/Eu* 2.07 2.09 2.37 2.8 2.31 081 081 081 081 0.81

Y>REE 96.99 21.55 46.85 38.48 95.13 98 172 141 214 221
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Fig. 16. A: Chondrite-normalized REE distribution patterns in magnetite, hematite, rhyolite, and metasomatites in the
Esfordi ore deposit, B: Chondrite- normalized REE distribution patterns in the first generation of crystalline apatite
associated with magnetite ,the second generation of crystalline apatite, massive fine grained and vein apatites, apatite rich
zone and apatite patches associated with magnetite ore in the Esfordi ore deposit, and C: Chondrite-normalized REE
distribution patterns in jaspilite close to the Esfordi ore deposit and lower Cambrian phosphatic rocks in the Gorgan-Rasht
Zone (Chondorite REE values from Boynton, 1985)
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Table 7. Results of major and minor element analysis by ICP-OES method on magnetite ores in the Esfordi ore deposit.

The values are in ppm.

Code RH7 RH10 RH11 RH12 RH13 RH14 RH15 RH16 RH17
Major and minor elements
Long 55°38'02 55°38'06  55°38'04  55°38'16  55°38'10  55°38'13  55°38'00 55°38'09  55°38'07
Lat. 31"4%,7’39 31"4%,7’33 31"4”7'43 31"4”7'35 31"4”7’40 31"4%’7’31 41"4%'7’41 31"4%'7’41 31"4%'7'36
Al 2800 800 500 6000 600 100 500 300 100
Si 14200 11500 18300 21000 13000 12500 23000 11100 15400
Ti 600 2300 3900 800 4400 800 2500 1400 1400
Fe 217583 235679 237964 231863 233012 181834 187603 221084 227610
K 7600 1100 1700 7900 1500 1400 1400 1100 1000
Ca 22100 10300 10400 29500 16300 10200 11600 6200 9900
Mg 4500 600 1300 4400 900 2000 4200 900 1400
Mn 1624.7 97.9 216.7 640.2 151.8 320.1 205.7 177.1 279.4
Na 2600 1600 2400 1900 1800 1500 2300 2000 1400
P 800 3400 44200 3200 36000 102700 65900 106800 96300
S 2700 300 600 2600 400 500 800 600 500
Ag <1 <1 <1 <1 <1 <1 <1 <1 <1
As 41 23 42 42 35 92 82 98 78
Ba 963 6 3 1151 5 9 4 5 5
Be <1 <1 <1 <1 <1 <1 <1 <1 <1
Bi <10 <10 <10 <10 <10 <10 <10 <10 <10
Cd <1 <1 <1 <1 <1 <1 <1 <1 <1
Co 31 7 8 31 8 3 6 3 3
Cr 27 17 26 30 20 23 41 21 26
Cu 52 7 11 32 13 15 19 9 14
Hg <10 <10 <10 <10 <10 <10 <10 <10 <10
Li 10 2 3 10 3 2 2 2 2
Mo 48 4 2 86 2 4 3 2 4
Ni 40.7 100.1 61.6 31.9 62.7 275 38.5 23.1 28.6
Pb 28 38 107 159 158 186 146 47 43
Sb 12 4 12 8 6 2 3 4 1
Sn 44 11 12 57 14 11 12 12 13
Sr 113 8 21 136 31 31 35 17 20
\ 39 1028 1397 53 1553 244 654 384 398
w 10 2 3 9 2 3 4 4 3
Y 1 1 1 1 1 3 1 3 7
Yb 3 7 8 3 9 2 4 2 3
Zn 13 5 4 8 4 2 4 2 3
Zr 32 13 13 36 13 2 7 6 3
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Table 8. Results of major and minor elements analysis by ICP-OES method in the jaspilite of the Esfordi ore deposit.
The values are in ppm.

Code Zab6 Zab7 Zab8 Zab9 Zab10

Major and minor element

Long. 55°38'48”  55°39'06"  55°39'16"  55°3921"  55°39'18"
Lat. 31°48'01"  31°47'40"  31°48'16"  31°47'64"  31°47'57"
Al 588 418 1190 585 400
Si 375000 320000 285000 310000 345000
Ti 41 37 60 41 28
Fe 102423 44229 139729 145934 96798
K 1392 729 1602 662 543
Ca 44883.3 34621.4 20427 13645.5 70766.3
Mg 26806 5278 5279 3088 24437
Mn 3247.2 1816.8 2277.6 2230.8 3712.8
Na 1122 872 742 697 1217
P 158 139 579 605 160
S 518 1047 1310 480 1375
Ag <1 <1 <1 <1 <1
As 19 9 5 6 17
Ba 83 283 160 122 126
Be <1 <1 <1 <1 <1
Bi <10 <10 <10 <10 <10
Cd 2 2 1 0 3
Co 7 4 6 5 6
Cr 7 6 16 12 7
Cu 13 10 29 24 18
Hg 1 0 2 3 3
Li 2 3 6 2 3
Mo 11 6 11 10 10
Ni 29 24 37 26 23
Pb 17 83 69 20 36
Sb 4 1 4 8 4
Sn 12 5 12 12 14
Sr 18 135 64 55 38
\Y 12 9 24 23 10
W 7 5 8 6 11
Y 1 3 4 2
Yb 1 1 2 2 1
Zn 77 208 337 66 389
Zr 7 2 7 11 4
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Fig. 17. Determining the origin of magnetite and hematite ore in the esfordi magnetite-apatite deposit using A: (Al+Mn)
vs. (Ti+V) discrimination diagrams (after Nadoll et al., 2014; Deditius et al., 2018), B: V/Ti vs Ni/Ti discrimination
diagrams (modified after Nystrom and Henriquez, 1994), C: Ti vs. V discrimination diagrams (after Nadoll et al., 2015;
Knipping et al., 2015), D: Ti vs. Ni/Cr (modified after Dare et al., 2014), E: (Al+Mn) vs. (Ti+V) Discrimination diagrams
(Nadoll et al., 2014), and F: (Mg+AI+Si) vs. Ti discrimination diagram (modified after Hu et al., 2014)
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Fig. 18. Fluid inclusions of the second generation of crystalline apatite in the Esfordi ore deposit. A to N: three-phase
inclusions, and O and P: three-phase inclusions-two-liquid containing CO»-vapor —solid (L;L,+V+S) (and formation of
clathritis) and double- liquid inclusions containing CO; and solid phase (L1L,+Op)

DOI: 10.22067/ECONG.2022.76456.1045 Foslad (1F 0,05 VP2 (ool owlid e

4%


https://doi.org/10.22067/ECONG.2022.76456.1045

e 3 G0l (63 pil LT~ JLils s sl T 5 e slaeSanils” Lie 031j oy 5 e

cb,bole P LK 5 (LV) GL: S8 65l Lol J B A L6350l LIS £33 MéugggT laysh 5 Jlew slasbole 1] IS
(VL) jlf BIECITS1-PE

Fig. 19. Fluid inclusions of the second generation of crystalline apatite in the Esfordi ore deposit, A to J: Liquid-rich two-
phase inclusions (LV), and K to P: vapor-rich two-phase liquid inclusions (VL)
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Fig. 20. Fluid inclusions of the second generation of crystalline apatite in the Esfordi ore deposit. A to D: One-phase
liquid inclusions individually and sequentially; E to F: One-phase vapor inclusions, G and H: A boiling sequence
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Table 9. Oxygen and hydrogen stable isotopic values of the first and the second generation of crystalline apatite and
massive fine grained apatite from the Esfordi magnetite-apatite ore deposit

Sample Lang. Lat. Mineral type H20 (ppm) 8D 8%0
KH-4 55°38'06" 31°47'33" 374 -48.2 -4.8
First generation of crystalline apatite
KH-5 55°38'10" 31°47'40" 234 -48.7 -4.1
KH-9 55°38'09" 31°47'41" 166 -57.7 55
Second generation of crystalline apatite
KH-10 55°38'13" 31°47'36" 135 -625 -55
KH-11 55°38'05" 31°47'42" 289 -56.4 -58
massive fine grained apatite
KH-12 55°38'14" 31°47'34" 437 -49.3 -6.2
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Table 10. Sm and Nd isotopes of the first and the second generations of crystalline apatite and massive fine grained and
apatite, vein-type apatite, magnetite-apatite, and the host rocks of the Esfordi magnetite-apatite ore deposit, Massive fine
grained and vein apatites of Magnetite- apatite Chaghart deposit, diorites of Chadormalu deposit, phosphorites of the
Soltanieh Formation and phosphorite nodules from the East European Platform

Sample  Long. Lat. T;F‘)’é‘ Nd  Sm “ISmA“Nd MNdA“Nd 26 Ep,\sli('jon P2Os
Mineral seperates

KH-4 55°38'06"  31°47'33”  Apatitel 3160 440  0.0841 0.512538 0.000006 5.54 27
KH-9 55°38'09"  31°47'41"  Apatite2 3075 433  0.0850 0.512265 0.000005 0.15 34
KH-12  55938'14"  31°47'34" g':gf‘ﬁgg’:g;ﬁe 3105 428  0.15 0512113 0.000005 -7.15 29

Whole rock (Hosseini et al., 2022)

Fs1-Ch Choghart Massive Apatitel 29515 389.2 0.143254  0.512169 -553 114
Fs2-Ch Choghart Apatitel vien 3032.3 401.1 0.163731  0.512221 4 -6.08 16.6
Whole rock (Torab, 2008)

ES7 Esfordi Rhyolite 22.93 3.642 0.09600 0.512352 3 1.18 0.5
B56-S1 Esfordi Micro-diorite 73.33 1391 0.11465 0.52387 4 0.61 1
B66-S2 Esfordi Doleritic dyke 331.8 59.62 0.10859 0.512299 4 -0.70 7
ES-12 Esfordi Magnetite-apatite 496.7 115.0 0.13994 0.512362 4 -1.58 21
B65-S2 Esfordi Apatite vein 1380 381.2 0.16689 0.512266 6 -5.26 28

CH3 Choghart Magnetite-apatite 892.2 1744 0.11814 0.512258 3 -2.14 22

CH4 Choghart Rhyolite 40.64 6.986 0.10391 0.512380 3 118 0.05

MA2  Chadormalu Diorite 50.39 13.33 0.16223 0.512724 5 4 1

(Felitsyn and Gubanov, 2002)
SP-1 Pﬁgggﬁgiricte Soltanieh Fm. 3527 71.02 012187 0512024 11 690 15
Whole rock of phosphorite nodules from the East European Platform (Felitsyn and Bogomolov, 2020)
Ediacaran
outer edge of
Pod-13 phosphgte Nagoryany Fm 406.2 155.2 0.2317 0.512102+12 -12.9
concretion
internal part of
Pod-13 phosphate Nagoryany Fm 313.0 1119 0.2108 0.512089 + 14 -12.3
concretion
1(?P(h phoisrf’rs‘ﬁitgf::e”t Nepeitsyno Fm 1449 8873 0.3699 0512458 +7 -15.0
Lower Cambrian
GY- _phosphate LezhaFm 3439 1038 0.1824 0.512101 + 10 95

322Ph microconcretions
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Fig. 21. A and B: §'®0 vs 8D variations of the first and the second generation of crystalline apatite and massive fine
grained apatite from the Esfordi magnetite-apatite ore deposit (Huang et al., 2016)
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Fig. 22. A: identification of the origin of the first and the second generationof crystalline apatite, and massive fine grained
apatites, apatite vein and magnetite-apatite ore in the Esfordi magnetite-apatite ore deposit, using Mn and Sr
discrimination diagram (discrimination diagram of Horgarth, 1989), B: **Nd/***Nd versus *’Sm/*4Nd variation diagram,
and C: diagram of eNd relative to P,Os content of the magnetite-apatite ore, first and second generations of crystalline

apatite, massive fine grained apatite, vein-type apatite and the host rocks of the magnetite-apatite ore deposit are Esfordi,
Choghart, Chadormalu and phosphorites of the Soltanieh Formation
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Table 11. Sm-Nd isotopic data for fossil apatite from a variety of early Cambrian reference successions in Siberia,
Western Mongolia, Baltic, South Kazakhstan, South China, Australia, West Newfoundland, North Greenland and East

Greenland
Material Formation (pspr?n) (prﬂ]) 147Sm/M4Nd i;i':fé::!:lri d 143’?'::{2;’\'(1 eNd
Siberia
Aldanella sp. Krasnyi Porog Fm 88.41 427.3 0.12547 0.512033+21 0.511585 6.5
Aldanella sp. Emyaksa Fm 32.07 170.7 0.11392 0.512280+13 0.511873  -15
Aldanella sp. Emyaksa Fm 70.68 364.5 0.11759 0.512057+23 0.511637 6.1
Aldanella sp. Tyuser Fm 120.1 546.1 0.13331 0.512101+22 0.511625 6.1
Aldanella sp. Emyaksa Fm 37.61 188.9 0.12071 0.512092+17 0.511661  -5.6
Western Mongolia
Watsonella sp. Bayan Gol Fm 16.53 63.21 0.13812 0.512267+16 0511774 2.9
Anabarites sp. Bayan Gol Fm 8.855 38.93 0.13794 0.512259+18 0.511766  -3.5
Anabarites sp. Bayan Gol Fm 29.24 146.2 0.13124 0.512178+21 0.511709 —4.1
Barskovia sp. Bayan Gol Fm 15.95 67.23 0.13654 0.512287+21 0.511799 2.9
Baltica
Phosphate concretion Lezha Fm 95.4 542 0.12308 0.511915+9 0.511576 -9.1
Phosphate concretion Lezha Fm 108.4 606 0.13377 0.511985+4 0.511554 -8.6
Phosphate concretion Mazowsze Fm 169.8 450.2 0.22879 0.512410+14 0.512002 -7.6
Southern Kazakhstan (Maly Karatau)

Pellet phosphorite Chulaktau Fm 10.12 50.10 0.12224 0.512014+49 0.511582  -7.0
Pellet phosphorite Chulaktau Fm 10.45 51.53 0.12270 0.512009+14 0.511575 7.2
Australia

Micrina sp. Wilkawillina Fm 24.56 94.42 0.15719 0.511804+14 0.511243 -13.6
Micrina sp. Wilkawillina Fm 53.84 177.9 0.18283 0.511983+9 0.511330 -11.8
Southern China
Hyolithes sp. Yuhucun Fm 29.97 157.6 0.11065 0.511786+13 0.511391 -10.7
Oelandiella sp. Yuhucun Fm 24.79 137.7 0.10883 0.511732+24 0.511343 -11.6
Western Newfoundland
Yochelcionella sp. Forteau Fm 105.9 375.3 0.17085 0.511744+9 0.511134  -15.7
Hyolithes sp. Forteau Fm 75.99 310.3 0.14814 0.511687+12 0.511158 -15.3
Northern Greenland
Biogbe“ic phosphate, - h¢onctierness Fm 601 4550 007986 0.511724+11 0511439 9.9
rachiopods
Biogbe”ic phosphate, - hgonctieness Fm 2635 1344 011859  0511805+12 0511382 —22.4
rachiopods
Eastern Greenland
Discinella micans Ella Island Fm 194.7 934.1 0.12612 0.511248+16 0.510798 -26.2
Eoobolus prisca Bastion Fm 261.1 857.9 0.18412 0.511808+7 0.511151 -154
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Table 12. U-Pb dating results on the second generation apatites and monazites paragenetically associated with the second
generation apatitesof the Esfordi magnetite-apatite ore deposit

Sig:jgle 2062;;(3/2;’% sfelr “*PofU RSié% “*Po/#Th RSié% “'PbP*Pb RSiEl% *HUPPD i(-esrtl(’j
Second generation apatites
KH-9 494 11 0.0809 2.2 0.0464 16 0.0702 4.0 1236  0.27
KH-10 507 11 0.0826 2.2 0.0477 15 0.0644 4.7 1211 0.27
KH11 516 11 0.0841 2.2 0.0492 15 0.0647 4.2 11.89 0.27
KH-12 528 11 0.0861 2.1 0.0471 16 0.0648 3.8 1161 0.25
Monazite
104 16 0.0219 14.0 0.0068 5.4 0.2543 16.9 4561 6.39
144 28 0.0311 105 0.0078 3.6 0.2692 34.8 3216 3.39
e 153 13 0.0265 7.9 0.0066 3.2 0.1206 22.4 37.81 2.98
514 15 0.0832 3.0 0.0259 4.8 0.0594 5.2 1202 0.35
517 12 0.0842 24 0.0346 3.6 0.0643 4.0 11.87 0.29
522 13 0.0855 2.6 0.0259 1.6 0.0691 4.9 11.69 0.30
KH-10 523 13 0.0846 25 0.0284 6.9 0.0576 5.1 11.83 0.29
525 14 0.0847 2.8 0.0268 4.9 0.0570 5.7 11.81 0.33
527 14 0.0852 2.7 0.0256 5.0 0.0586 5.9 11.73 0.32
529 15 0.0863 3.0 0.0237 2.8 0.0652 5.8 1159 0.34
KH11 544 14 0.0890 2.7 0.0280 1.8 0.0667 4.5 11.24  0.30
550 20 0.0890 3.7 0.0291 2.2 0.0590 6.0 11.23 042
556 17 0.0896 3.1 0.0270 2.6 0.0551 6.4 1116 0.34
KH-12 23 1 0.0036 2.3 0.0011 2.1 0.0473 1.2 27787 651
33 1 0.0051 3.2 0.0018 25 0.0462 0.9 19499 6.33
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Table 12 (Continued). U-Pb dating results on the second generation apatites and monazites paragenetically associated
with the second generation apatitesof the Esfordi magnetite-apatite ore deposit

Sample 207pp/206pp 11 206ppy/238 +1 208pp,232Th +1 207pp2%6pp 1 common F_’b
code std err ster ster ster at age of zirc

Second generation apatites

KH-9 0.0702 0.0028 502 11 916 15 935 83 0.870

KH-10 0.0644  0.0031 511 11 942 14 756 100 0.871

KH11 0.0647 0.0027 521 12 972 15 764 88 0.871

KH-12 0.0648  0.0024 532 11 931 15 769 79 0.872

Monazite
0.2543 0.0430 140 20 136 7 3212 267 0.845
0.2692 0.0937 197 21 158 6 3301 546 0.849
KH-9
0.1206 0.0270 168 13 133 4 1965 399 0.847

0.0594  0.0031 515 15 518 25 581 114 0.871

0.0643  0.0026 521 13 688 25 751 84 0.871

0.0691 0.0034 529 14 517 8 902 100 0.872

KH-10 0.0576  0.0029 523 13 566 39 516 112 0.871

0.0570  0.0033 524 15 534 26 490 126 0.872

0.0586  0.0034 527 14 512 25 551 128 0.872

0.0652 0.0038 533 16 473 13 780 122 0.872

KH11 0.0667 0.0030 549 15 558 10 827 94 0.873

0.0590  0.0035 550 21 580 13 566 130 0.873

0.0551 0.0035 553 17 538 14 417 143 0.874

KH-12  0.0473  0.0006 23 1 23 0 63 28 0.837
0.0462  0.0004 33 1 36 1 6 21 0.838
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Table 12 (Continued). U-Pb dating results on the second generation apatites and monazites paragenetically associated
with the second generation apatitesof the Esfordi magnetite-apatite ore deposit

Siglipele Sp((:fnii)ze R?ggiﬂgn (F‘]I::Jr?]rig 204pp  206pp  207pp  208pp  232Th 238
Second generation apatites
KH-9 29 5 2 <0.0074 0 0 1 51 7
KH-10 29 5 2 <0.0056 0 0 1 51 6
KH11 29 5 2 <0.0059 0 0 1 52 6
KH-12 29 5 2 <0.0072 0 0 1 54 6
Monazite
9 5 2 <0.436 2 0 15 2583 85
9 5 2 <0.2998 1 0 8 1156 24
KH-9
9 5 2 <0.3147 2 0 18 2933 85
9 5 2 <0.436 12 1 110 3930 136
9 5 2 <0.436 21 1 16 460 243
9 5 2 <0.436 22 2 136 5202 267
KH-10 9 5 2 <0.436 17 1 32 1077 199
9 5 2 <0.436 14 1 107 3759 156
9 5 2 <0.436 12 1 111 4012 132
9 5 2 <0.436 12 1 19 720 137
KH11 9 5 2 <0.436 18 1 100 3740 201
9 5 2 <0.436 8 1 26 885 96
9 5 2 <0.436 11 1 63 2401 124
KH-12 9 5 2 <0.436 954 47 640 617002 267003
9 5 2 <0436 3785 177 1760 512115 347931
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Fig. 23. Concordia plot for U-Pb ages of second generation of crystalline apatite and monazites paragenetically associated
with the second generation apatites in the Esfordi magnetite-apatite ore deposit
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