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Introduction

The volcanic outputs of the Paleogene are the most
conspicuous magmatic products in Iran and the Urmich-
Dokhtar magmatic belt (UDMB) and as the main
manifestations of this magmatism (Verdel et al, 2011).
They are part of the southern Eurasian active continental
margin formed by the Neotethyan subduction beneath the
Central Iranian ~ microcontinent. Geochemically, the
magmatism of UDMB is mostly calc-alkaline (especially
in the Eocene), although, towards the Oligocene and
younger times, alkaline magmatism is also observed
(Verdel et al., 2011). The magma origin, partial melting
conditions, homogeneity/heterogeneity of mantle sources,
evolutionary processes, and tectonic setting of the magma
formation are some debatable issues. The purpose of the
present study is to investigate field relations, geochemical
diversity, and mantle source characteristics of the volcanic
units exposed in the south of Qom (Kahak area).

Materials and Methods

contents were obtained by inductively coupled

The bulk rock major and trace elements plasma-optical emission spectrometry (ICP-
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OES) and inductively coupled plasma-mass
spectrometry  (ICP-MS), respectively, at
Zarazma laboratory in Tehran, Iran. The
sample powders were melted using lithium
metaborate, dissolved and the final solution
were analyzed by ICP-OES. To obtain rare
earth and trace element contents, the sample
powders were dissolved using multi-acid
procedure and then the solution has been
analyzed by ICP-MS. The detection limit for
rare earth and trace elements is between 0.01
to 1 ppm.

Field Evidence and Petrography

The Eocene eruptive products in Kahak
region are shown by broadly exposed lava
flows and pyroclastics alternated with
volcaniclastic and carbonaceous sediments.
They are somewhere overlain by clastic
sediments of the Lower Red Formation (Early
Oligocene) allowing us to deduce their relative
age. The thickness of lava units varies from
<10 to several tens of meters. The basic lavas,
the subject of this study, are dark gray to
brownish-colored and aphyric to porphyritic.
They show various textures of hyalopilitic,
hypocrystalline, intersertal to intergranular,
and ophitic. Some of the samples contain
plagioclase- to clinopyroxene-phyric, in which
the size of phenocrysts may reach up to 1 cm.
Plagioclase, clinopyroxene, and Fe-Ti oxides
are the phenocrystic to
microphenocrystic phases. Plagioclase is the
most abundant phase (up to 40 vol.%).
Clinopyroxene (5-10 vol.%) is the common
ferromagnesian phase in most of the samples
occurring as phenocrystic or interstitial phase.
Olivine is rarely observed (<5 vol.%), and
when present, it is almost altered to secondary
products such as chlorite, serpentine, and
iddingsite. Fe-Ti oxides are <0.5 to 0.2 mm-
sized and form <5% of the mode.

common

Geochemistry

The SiO, content in the study samples

ranges from 50.5 to 53 wt.% and in Zr/TiO;
versus Nb/Y diagram, they fall in subalkaline
basalt field. The TiO; amount varies from 0.42
to 1.92 wt.%. Also, the CaO, FeO;, and
Na,O+K,O show relatively wide variation
from 2.3 to 13.8, 4.9 to 12.7, and 3.2 to 9.3
wt.%, respectively.

Mg# [(MgO/MgO+FeOT)*100] ranges
from 34 to 52.6. Based on variation diagrams,
normalized rare earth elements (REE), and
multi-element patterns, the samples can be
divided into four distinct groups (Fig. 1A).
Group 1 rocks have a lower LREE/HREE ratio
than the others and are characterized by
(La/YDb)x values of 2.5-4.7. Group 2 rocks are
Eu-depleted in which the (La/Yb)y ratio ranges
from 3.7 to 4.6. Group 3 rocks display steeper
REE patterns with (La/Yb)x ratio of 8.7-9.7. In
Group 4 rocks, HREE display lower
concentration, and the patterns are relatively
steeper [(La/Yb)x=  8.4-10.4]. In the
normalized multi-element diagrams, all the
samples display relative depletion of high field
strength elements (HFSE) such as Nb, Ta, Ti,
Zr, Y, and Hf with respect to large ion
lithophile elements (LILE) (i.e. Rb, K, Sr, and
Ba). Despite the overall similarity of multi-
element diagrams, there are some geochemical
distinctions between them, for example, Group
1 and Group 4 rocks show Sr enrichment or a
more pronounced P negative anomaly than the
others.

Discussion

Variations in the major and trace element
contents and the different REE and multi-
element patterns are all indicating of
geochemical distinction between the studied
volcanic rocks (Groups 1 to 4) of the Kahak
area. In the major and trace element versus
MgO variation diagrams, the scattered plots
are also cogenetic
relationships among different rock groups. The
varied REE values or variously-sloped REE
patterns can be attributed to heterogeneous

inconsistent  with



Geochemical variation of the Eocene volcanic rocks from the Kahak area ...

Morteza Delavari and Alireza Damghani 93

mantle sources or different partial melting
conditions. In the studied samples, the Nb/La
ratio of 0.20 to 0.58 suggests a lithospheric
mantle origin. To model the mantle source and
partial melting condition, Sm/Yb versus Sm
plot has been used, by which, it is inferred
that:

1. All the samples of the Kahak region were
derived from a spinel-garnet-lherzolite
mantle source with spinel: garnet ratio of
50:50.

2. Geochemical differences between the
samples under study are more probably the

result of different degrees of partial
melting. Accordingly, the primitive magma
of Group 3 rocks was derived from the
lower degree of partial melting (<10%),
while those of the Group 1 rocks resulted
from a higher degree of partial melting (10
to 20%). The Groups 2 and 4 rocks fall
between these two ranges.

3. Geochemical differences of the Kahak
volcanic rocks is most likely the result of
partial melting conditions rather than
distinct mantle sources.
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Fig. 1. A) Chondrite-normalized REE patterns of the Kahak volcanic rocks; B) The proposed tectonic model

for the Eocene magmatism of UDMB.

Relative depletion of HFSE (such as Zr, Ti,
Nb, and Ta) in normalized multi-element
diagrams is commonly attributed to subduction
zone geochemical signature. Also, in the
tectonic discrimination diagrams (e.g. Th-Hf/3-
Ta diagram), all samples plot in the field of
calc-alkaline basalts of arc environment.

Therefore, based on our geochemical data, the
volcanic rocks of the Kahak region related to
arc magmatism. The structural evidences like
normal faulting and sedimentary basins with
thickened Eocene  volcanic-volcanoclastic
associations  point to  an
environment. It is probable that the Neotethyan

extensional
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slab-rollback was responsible for the intra-arc of the metasomatized lithospheric mantle and
(or back-arc) extensional environment in which voluminous Eocene magmatism of UDMB
asthenospheric upwelling led to partial melting (Fig. 1B).



Petrological Journal

E-ISSN: 2322-2182
13" Year, No. 50, Summer 2022, pp. 91-120 Petrological Journal

TS —")

YPYY-YVAY « Sl UL
IVe—2) .o AP Ll cealoy o )lods (o0 juw Jlw

gl SLidsT g (2 by €95

AL gS 9d alido byl pl o (gualis (8

D) K4S ko

Feo-dmgyl gbSlo LS 5o

ftsili.olc Lé,..Lc ‘E‘d)SYé @b)’}o

delavarimza@gmail.com ¢ ! )| 05« 03,le5 olEiils ¢ yan ) pale 0SS ¢ condiyan 09,5 ¢ boliwl

damghani.ar20@gmail.com )l ! e} 5 ¢ 503,155 oBiilo (yun pole

caSials ¢ oz W o) 05; ‘M)hsml.».m)l.sr

PR

Ao Oledb|

slaasly il i oaeg)| (oleSle (LS 5l (it (03 piz) SyS diie
Ol s Sl (6 Ke it o 50050000 ¢ VL - Glie (gl Sladis]
Ilasil ol LgsT sloar e dly—s 5 0l JLSITCSIS o o Kios
s (Sa—b 5 9 Ba g K Rb uile) &, e |55l slo,ate o ie
il Lo 8022 Lt (T 5 Nb (i Zr a_sle) 5 poiels 55l (glo,aie
(Ta/Yb=+18 —+[FA) cemusl glo,5 Jlosd &l Lo oo Sy, il 80,5
ClaeS slojmais 55 03 g5 b Ol dS Glaloged o laasged SuSTn Al n
So gy o SI| laze US55 5 (Ba/ND=Y11-Y4 Lan/Ybx=Y/\ --0/f)
e 5l e 09,5 iz o leasged ( SeSie slaloged 5 oS (S layaie
L LoSle (Jou laanld Gk jl 09, i plooS 45 wigb oo (saaiws
SloeS laymaie 55505 K08 G il aals (ily ekl K0Sy
lo,S Ko & 3 e 28 FelSa_uls saims i (Nb/La=+/-~0A/Y)
bz e B -l Byl o aS el loyL8 s Ba il S
ol oo oo )3 Ve an S0 L5 Vel peS 5l iducgd glite wla o
J=Ys 5l Ol (glaitg olSls Ll i gt ol slaail L
(=l 09l il S8 ddlaie gl paileSle 50 (olien s £35Sl
OF S slaanl B Jladil g Jsd (gl (Slos; Bgume )3 355 o0 Slpiiny
9 (Sl0)S S AL8g5 Sgn0 (953 B 98 AST (PS e dm wibe
03 5 peilaSle Lol elss 31 s 55 (glo,S Kimns &g Lo Sui sl

Wlodgy fi3-dnag )l (LS 35 9 35 p0 Glpl 43 gl

Ve NN cdle
VEVO A gl

oy wls
<Jist
SIS
%S

S|

20.1001.1.22285210.1401.1 3.2.6.6@
10.22108/ijp.2022. 132106.1261d

Jstme 03 52X

eloSle (LS 50 4558 gd alizes Lty i 5 gamlds (el i) S At gl Sliads] slacKin olerdee; £55 (VFe V) e o Slials cp o5 )5¥s illio oyl ds SLoiw!

2322-2182/ © 2022 The Author(s). Publisher: University of Isfahan
This is an open access article under the CC-BY-NC 4.0 License (https://creativecommons.o

AY =) WDV cs5sls i - i5sanag)

rg/licenses/by-nc/4.0)




VE ) bl oy o)lads o050 Jlo (S 5909 it

15

(o sloy L) £55 g pileSTle 85 S o>
g ilidee bl ;o i Gla—) p 99, LS
e 5 Jelo sl il oo Roaen L il A i
5 Lo 53 e B gy Adlaie il LIS 558
O35 5l o 5nS w5 018 sl (S 03595x0)
0 o3l | SmdS G 5 Glaaasl lassls
$loodgs 51 (5 Hyei) ol g Rl il 485
ailais ;0 5 gl ) ey GamglS (Sp0 )3
ol p i 08 Cgi B0game ;0 O9d o0 0
iloads aloel (659d9,0 9 (golaBl pwlid ppoy oFays
«(Baharifar, 2011) b —w,p 50l 5l S5y
ST slbiw ;o oo)lF oKiwls 5 cwlis SIS
Ao Lol 5 cl ool (pwyp 0,800 dilaie (gul
s 6,0 Lakgh ileads ools bl HleSle oKiul>
el slacads ) sl 5 coriine) 50
s (Askari et al., 2015) cwl oais plouil oS dilate
Kgy oS wls U 5 S g5 omesdiy cleSlo a1, Ll
aS obuljl ailesls Cans (68,95 p bame S o (sl B
5 ot o 5l S ooz 5o (pleoseS
sloasly e95 5 3y Sl glacsin T LS
@lree Glbon Liegin (al o @)ls 052y (S
GEldany Ll 5 (53,55 gs Glaid 90 slasaly
! 0938l Sl o (s i Sl b L]
sleail 55 5 eanlcawsay olordue) lrosls &L,
- deg)l Ay sl ;00 50 ety Lo 2
e Ginly 5 2leTlegiSS oLl oy p 4 250

el odls izl

Slal (cwlil iy
9 O 5 o9 egill Glalay 5l ey
Gl a3l 5l er— Slain) s oSl
Stampfli and Borel, 2002; ) Ullga5

! volcaniclastic
2 petrogenesis

dodio

Coldlogn = T ali2sS gy ) a5 Ol oo

L ol aleSle s (o5loime; laslus, 5 (S i s
io digy dilaie )3 (oS (owglSl slaargy DY 50
Stocklin, 1968; ) el bLs,l o slwlygl - ye
Alavi, 1994; Delavari et al., 2016; Hassanzadeh
Olml gy iy cpas 4o (and Wernicke, 2016
S Sysmoa) sleSle slaculles Gl slaslas,
Sgisie 9 Sz sbolss ) ehish (S$9,0 9 Som
Davidson et al., 2004; ) cwl 00,5 &b 095 o,
Azizi and Jahangiri, 2008; Chiu et al., 2013;
Pang et al., 2013; Delavari et al., 2014;
Hassanzadeh and Wernicke, 2016; Azizi et al.,
ohyge ,0.2019; Ghalamghash et al., 2019a
@ olnl i 0 2bSle b (5sL) Seagjgn
Olml lidee 3blie )5 aSslasgSay ) oo 595 ol
iy 05 Syl g 5ll o ainy ) dngg il
03l pleSle Lo ¢lyr adlain 5 (i
Kaz’min and Tikhonova, ) a5 ls YL So, 8
2008; Verdel et al.,, 2011; Asiabanha et al.,
.2012; Castro et al., 2013; Pang et al., 2013
g dgame ol a Lol (558l mesleSle Sl
4S5 g lad (oluilidl wile j5lre slagse po 5o aSLy
Aldanmaz et al., 2000; ) o,ls (5 b—us oS 5

Dilek et al., 2010; Adamia et al., 2011; Karsli
25l dy (et al., 2011; Topuz et al., 2011
Sl 5 53590 peasilale (Lol jallan §) 250 acas)
A Sy slile 9 00 5l iy Gl b angy ol ol
95 Sy orxr —6 Ll sliwl) )3 (oghS Y-
suel Sy (st Gily,8 o) (w)ST5 S 5550
Verdel et al., 2011; Chiu et al., 2013; ) el
o,y 535 b 4l b (Kananian et al., 2014
Sl ool plouil oo —a gl Ay (59, (5L

Omrani et al., 2008; Verdel et al., 2011; Chiu )
44> L Ll et al, 2013; Delavari et al., 2017



v ‘:JLML) u”lCSG)BYO =g

il rgier) S Bl (pawgil (SLIAST b S salaoliirae ) €955

Omrani et al., 2008; )cwloa—d o,l;-5
.(Lechmann et al., 2018
Loz )S (GByi l )S 0B om; p ddlate
0 US5) 018 sl (b ol e siz) Sy
—)Led sl 53U cleas b ol 5o
Sy Sl 03,5 (G9 Lo (Sl aul S
69y o—wssl Gl w baclB o Jloagly SKwanl
w3255 sla i 5l glalis aul,S clackial
5Lel g gl b ol aihaie o awli,S 54l
) et Sl (2295 Lo ez 55 sl
lpa_igia S glaisSa sl oo i (g Sy,
bz gl sloasly 655 G2 58 Wil (o 55
(Ghalamghash and Babakhani, 1998) s_la_z5 5
a8 ) loyl8 (6 S g 095 S s 4
g LS 9t (oS 0Ll 5o ()
Gl 00 o8 333l Gylo— Sol slaay coniias
obey ol 5o 5w sla > (Morley et al., 2009)
g 9bog (liSi 5 L slacS > O jgot in
layo) sld)s lpmess g adg a5 (5 lambl con
oo Ly, (lo)ld o Yy S Lo e L5 Lb 50
- b dalate) 5 ggim gl ;o ead oy slo i
e s 3 Slod S o leSle e (i
Sacs 5l sl aibate oyl o Lol sailoass YL, -
Sl2osgs ;- Xa) Gl 00iid 0000 g il Lo
Camed 0395 ay Jloizl sl as o ls 8 )ja s
S eomslel fmmgae Lol 5o plomil s (asloas ools
sladiig g Sl oad (VoS g L8505 adg> ;K00
Slos iz aload sy (YL 58 Wil
Sy =) ek Loy o SLk T s las;
P ST s ST g odls ], )T
Ghalamghash — and ) ales sl o0y 4 _dhate

iS5l ailaie ol (Babakhani, 1998
b soa_Z il 5l G Bu o 0 g0yl el 55

el (g,Us e yawe) ol 3K

el iilyg,-8 5kel «(Angiolini et al., 2013
5,0 (mlKem eel (lml dio o5 4 eSen
=i Sl syl byl s (e gloazia o
Davoudian et al., 2016; Sheikholeslami, )
03 S iloSlo gy el slayg, ol 2016
Lty 5 lposS S5 5 (ipan 5 Sl
Shahbazi et al., 2010; ) od ol s —zasiw

Mahmoudi et al., 2011; Sepahi et al.,
olosg, ol als!l (2018; Sepahi et al., 2019

S L T 51 mes 5 sl 00 JUio 58 4l S 4o
Sl =il 53 0)Lags cmgdlly )3 (o BiBy
Chiu et al, )cwla w5 oo b v wslsSl
Slozed 55 655155 LS wgee 54l 2013
—deg,l i Ga Lt 3bLis 40 00 STy pwsileSle
able aalol (yluas ¢ lop Ls QL;:;“L).ST BURFEEN
Omrani et al.,, 2008; Pang et al., )<l
2014; Ghalamghash et al., 2016;
Lechmann et al.,, 2018; Ghalamghash et
5l =5 (al., 2019b; Delavari et al., 2020
Syl Ay 50 (5,5,515S - g punileSe
gy Gl gla s 5 olaml)dl gblis o sles
3,95 2 5l o L) oLl o S omas
Ghalamghash et al., 2016; ) <o wlesls #,
Lechmann et al.,, 2018; Ghalamghash et
o=l os=m sle s 0 4S5 L= s @l 2019b
gy S plazmen (S oleShe (jlaS) agy
Arthurton et al., )o,ls o =g JLad jiil,g, 8

1982; Biabangard and Moradian, 2008;
Pang et al., 2014; Ghalamghash et al.,

iy p—eileSle sler 5 B 51,2019
3ls JUSITSIS s o iy S04 ey
5 sl Coowty a2 5 (sl )3 0fuga—)
000 5 IS eSSl 5l Lol
Verdel et al., 2011; Ghorbani et )ss i
oL_% .al., 2014; Delavari et al., 2021

ECSSPUUYKE PR IR ST (N PURC



VEe) sl oalniy ol o0 5ms Jlo (55999 )iy W

34°2T'N
N

f

7

50°50'E

X

- D <
3 [ Chalgonbad N A== A :g/r
= (152° 2
34°20'N
Andesitic-basaltic lava and ™ o
& - volcaniclastics +  + | Monzodiorite (Miocene)
c
q) -
S - Basaltic lava Qom Formation (Oligo-Miocene)
Tuff, andesitic lava and sedimentary . :
- ntercalations - Lower Red Formation (Oligocene)
—

Roads /| Fault
Ghalamghash and Babakhani, ) Jlsbl g Gilaels 5l o L) S¢S dilie oodoslu bl ey diis ) JS—

BipS o imled 1) 0ddidy o0 sladiges CoxBge boo,liw (1998
Figure 1. Simplified geological map of the Kahak area (modified from Ghalamghash and Babakhani,
1998). Stars show the sample locations.

W) °-\—’)f)-’J—§5~*—~°g;lL-—~‘u~‘) gy 6‘1.: k;"bsji Pw‘ &9)
V0 0u3 slaatipnd ;35 Atd 9 Ghilo > sl b 5 s paigas ol o bl 5l sy
Ol lajly; sBiule;l as ladsiges jog 0 bl s San L It g 9Ky Sne s S
el gloymie) LS S Ll A5 gy

(oS 48 olaaSgel w0l w0 2,

Wil 1) 4 gl glod oS -4 5 g Lo o> Soiy




14 ‘:JLML! Lbﬁl956)9YQ =g

il rgier) S Bl (pawgil (SLIAST b S salaoliirae ) €955

O 08,51 Cwsas ICP-MS oo Ly 55 oS
Al esliiwl L b ymaie Lol gy ol 5o
b plosl Tang9 See et (65 A 5 el iz
Shdmools o —wlael 5 ooyl ol 6l
e—Hedlepm ca i 2lsS x> e o laili il sladSgas
o 03, L84 (RM) s> 0 &isai g (CRM)
SoleaS 5 o b gloyate sl 5l ST Bl
=093 (7 Jsaz) sl (PPM) plgmy ) L5 +14)

T FE—

3o o0 L el g o 8o i
54350 yiion 45 oledSged g 0ud )| ST slad gl
4.:9.@.: u‘}a..cd._: J._SQ% 0y @L_‘:‘))‘ Ler\] Coo 9 SRR

REW) 4.\3; 0 o0 f’jl’-"b

¢ Microwave Digest
7 Certified Reference Material
8 Reference Material

p> 4SS Oygo Gl a i d 5 5e;lasl (LOTD)
IS VI SN J
ga—doaly I 8ol Ll wa > Ve a s S0y
Al cblool LOL lgea sy Jol> p > M5
Lg)l_.woél.n—l Lht\__)s,m f&u s.)sd L’Jj) l__) —
SeoS L d gl Cst g,y ]y oS
o ST jlabe g o a5 °YICP-OES oo
Blwl (g, ol yo s s uSojlasl Lol sla,ae
el A Kooy o WSTa e ol o5, 8]

9 = sloymaie labe (V Jsoz) 05 (Fi90e,0

3 Loss On Ignition

4 Lithium Borate Fusion

3 Inductively coupled plasma - optical emission
spectrometry

DL) (Wt.% 500 5 o Jade) o3 10 SoS dilaio Sliais] glacKiw digei J5 S oloond & 525 5l odnlcawsay Lol slopaic ) Jgus
Mgh =100xMg/(Mg+Fe) ¢ ulisls aiges jl aliole;l sols LR, . wliisls aiges U.S. 16 5Lo IS8T &l

Table 1. Bulk rock major element analytical data of the Kahak volcanic rocks in Qom (Mg#=100xMg/(Mg+Fe*"; DL:
Detection Limits; U.S.: unknown sample; L.R.: The result of the laboratory analysis of the unknown sample).

Samples DK-7 DK-8 DK-9 DK-10 DK-11 DK-12 DK-14 DK-15
SiO; 51.12 50.49 49.37 51.93 51.13 50.46 52.92 51.51
TiO, 0.82 0.83 1.14 1.09 1.52 1.88 1.16 1.20
Al O3 19.00 19.14 17.02 15.95 15.75 15.94 16.02 16.85
Fe;03 1.07 1.13 1.12 1.47 1.61 1.65 1.24 1.19
FeO 7.12 7.53 7.49 9.81 10.73 10.97 8.27 7.97
MnO 0.23 0.21 0.34 0.30 0.20 0.21 0.23 0.20
MgO 4.22 4.65 2.46 4.65 3.94 4.03 4.91 5.19
CaO 8.05 8.67 13.19 9.42 8.60 8.79 8.01 8.24
Na,O 3.57 3.63 2.51 2.82 3.05 2.89 3.45 3.65
K,O 1.27 0.69 0.83 0.32 1.35 1.05 1.67 1.46
P,0s 0.10 0.11 0.19 0.16 0.27 0.26 0.58 0.64
LOI 3.30 2.84 431 1.98 1.85 1.85 1.50 1.92
Total 99.87 99.92 99.99 99.92 99.99 100.00 99.96 100.02
Mg# 48.2 49.2 34.0 42.7 36.6 36.6 48.2 50.6
Na,0+K,0 5.01 4.45 3.49 3.21 4.48 4.01 5.20 5.22
FeOt 8.37 8.80 8.89 11.37 12.40 12.69 9.53 9.22
Zr/Ti 0.012 0.012 0.012 0.010 0.009 0.009 0.019 0.018
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Table 1. Continued.

Samples DK-16 DK-20 DK-21 DK-22 DK-24 DK-23 U.S. LR.
SiO, 50.05 50.71 50.85 49.09 48.31 61.53 45.76 46.34
TiO, 1.30 1.27 1.36 0.96 0.85 0.41 2.76 2.77
Al O3 16.99 16.08 16.49 20.39 18.30 17.04 15.59 15.69
Fe;03 1.27 1.26 1.21 1.12 1.22 0.63 12.69 12.58
FeO 8.48 8.42 8.06 7.44 8.12 422

MnO 0.25 0.21 0.23 0.24 0.26 0.14 0.17 0.21
MgO 5.85 5.94 4.59 3.77 5.74 1.93 6.53 5.97
CaO 8.33 6.23 6.11 6.92 6.92 2.25 7.91 7.84
Na,O 3.54 4.43 4.74 4.71 3.84 7.77 4.31 4.28
KO0 1.40 2.14 2.55 1.10 1.93 1.25 1.04 1.06
P,0s 0.66 0.49 0.77 0.11 0.11 0.23 0.87 0.80
LOI 1.89 2.63 2.73 3.95 4.13 248 1.79 2.32
Total 100.01 99.83 99.69 99.81 99.72 99.88 99.45 99.86
Mg# 52.0 52.6 47.2 443 52.6 41.8

Na,0+K,0 5.03 6.76 7.52 6.06 6.03 9.26

FeOt 9.81 9.83 9.43 8.81 9.64 4.92

Zr/Ti 0.017 0.011 0.020 0.010 0.013 0.02
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Table 1. Bulk rock trace and rare earth element analytical data of the Kahak volcanic rocks in Qom (DL: Detection
Limits; U.S.: unknown sample; L.R.: The result of the laboratory analysis of the unknown sample).

Samples DK-4 DK-7 DK-8 DK-9 DK-10 DK-11 DK-12 DK-14 DK-15
Cs <0.5 4.9 0.9 <0.5 0.8 0.6 1.1 1.1 1.3
Zn 75 281 283 171 351 135 212 182 114
Cu 35 48 38 336 125 207 305 48 37
Sc 49.4 423 52.2 44.7 60.9 57.8 58.2 25 19.2
Ni 9 9 12 16 9 13 11 44 42
Co 19.4 25 27.7 27.5 34.6 34.1 315 29.9 29.4
Cr 18 23 27 23 20 20 108 146 136
\4 181 203 209 275 298 345 445 195 175
Ba 40 1141 728 327 432 364 345 456 392
Pb 3 30 76 27 29 7 13 10 12
Rb 8 56 27 21 8 40 40 43 26
Sr 285 508 427 373 309 251 250 504 553
Y 16.7 19.2 16.7 27.4 23.9 36.2 36.5 29.1 28.8
Zr 18 62 59 83 66 79 105 137 133
Nb 3.8 5.4 4.5 7.3 4.7 7.4 8 12 12.7
La 12.48 9.36 9.36 18.72 10.92 234 23.4 39 39
Ce 26.66 21.97 20.28 40.56 23.66 50.7 54.08 84.5 84.5
Pr 4.19 3.49 32 5.72 3.93 5.9 6.88 8.79 8.89

Nd 16.5 12.8 14.9 23.6 14.5 26.7 26.3 35.1 33
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Table 1. Continued.

Samples DK-4 DK-7 DK-8 DK-9 DK-10 DK-11 DK-12 DK-14 DK-15
Sm 4.6 4.07 4.16 6.08 4.81 7.58 5.82 7.14 7.9
Eu 1.13 1.64 1.35 1.52 1.44 1.67 1.93 2.08 2.5
Gd 5.22 4.63 4.65 5.43 4.77 8.09 6.97 7.19 8.1
Tb 0.85 1.24 0.86 1.29 0.99 1.74 1.5 1.33 0.96
Dy 5.36 6.53 4.96 7.24 5.73 8.28 9.61 7.17 7.43
Er 2.47 3.05 2.64 4.89 4.11 5.48 5.14 4.41 3.76
Tm 0.415 0.565 0.5 0.635 0.6 0.78 0.655 0.505 0.55
Yb 1.9 2.5 22 33 3.1 42 4.5 32 3.1
Lu 0.47 0.69 0.53 0.71 0.73 0.74 0.91 0.78 0.66
Hf 1.82 2.45 2.58 3.73 2.68 2.62 3.36 43 3.68
Ta 0.44 0.5 0.47 0.87 0.5 0.77 0.7 0.86 0.83
Th 2.44 33 2.79 6.13 3.25 6.25 6.83 4.78 4.57
U 0.3 0.6 0.7 1.3 0.52 1.6 1.7 1 1.1
Nb/Yb 2.000 2.160 2.045 2.212 1.516 1.762 1.778 3.750 4.097
Th/Yb 1.284 1.320 1.268 1.858 1.048 1.488 1.518 1.494 1.474
Ta/Yb 0.232 0.200 0.214 0.161 0.186 0.264 0.183 0.156 0.269
Sr/Y 17.07 26.46 25.57 13.61 12.93 6.93 6.85 17.32 19.20
Nb/La 0.30 0.58 0.48 0.43 0.42 0.39 0.32 0.34 0.31
Eu/Eu* 0.703 1.151 0.934 0.792 0.909 0.648 0.925 0.878 0.947
(La/Sm)y 1.751 1.485 1.453 1.988 1.466 1.993 2.596 3.526 3.187
(Sm/Yb)n 2.690 1.809 2.101 2.047 1.724 2.005 1.437 2.479 2.832
(La/Yb)x 4.712 2.686 3.052 4.069 2.527 3.996 3.730 8.742 9.024
Aalsl Y Jgus

Table 1. Continued.

Samples DK-16 DK-20 DK-21 DK-22 DK-24 DK-23 U.s. LR.
Cs 0.8 23 1.1 6.3 1.5 1.1 0.2 <0.5
Zn 129 103 170 70 90 60 99 91
Cu 36 20 25 35 56 8 43 48
Sc 39.1 483 41.7 254 42.8 <0.5 18 17
Ni 41 44 35 7 11 4 104 78
Co 30.4 29.6 249 19.9 31.1 7.6 42 36.5
Cr 126 173 195 14 22 12 179 131
v 185 220 191 167 239 38 203 137
Ba 407 496 1678 382 764 420 426 364
Pb 9 14 7 2 9 20 4 9
Rb 24 65 66 36 59 31 14 <1
Sr 566 799 718 956 812 699 1123 904
Y 29.7 255 35.7 17.4 15.2 13.8 19 18
Zr 135 88 171 57 71 55 267 236
Nb 13.9 12.9 16.8 52 5.5 4 41.70 28.7
La 40.56 3432 49.92 12.48 234 20.28 39.40 33

Ce 87.88 72.67 108.2 2535 47.32 43.94 84.99 71
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Table 1. Continued.

Samples DK-16 DK-20 DK-21 DK-22 DK-24 DK-23 U.S. L.R.
Pr 8.92 8.47 11.48 3.84 6.26 5.85 9.81 9.22
Nd 36.5 333 42.4 144 20.9 20 38.26 35.8
Sm 7.46 6.65 11.08 4.39 5.35 4.99 7.04 6.62
Eu 1.9 1.91 3.37 1.84 1.8 1.61 2.75 2.68
Gd 7.29 7.82 8.64 4.52 5.15 4.75 6.12 6.05
Tb 1.46 1.24 1.54 1.00 0.62 0.56 0.77 0.91
Dy 6.86 6.29 8.22 4.74 4.56 431 3.93 4.54
Er 4.45 3.95 5.32 2.85 241 1.77 2.14 2.26
Tm 0.525 0.615 0.71 0.38 0.43 0.3 0.23 0.28
Yb 32 2.8 3.7 2.2 2 1.4 1.55 1.8
Lu 0.56 0.73 0.93 0.46 0.42 0.38 0.19 0.26
Hf 4.45 3.38 4.51 2.26 231 3.01 5.32 6.18
Ta 0.92 0.94 1.16 0.41 0.96 0.56 2.50 1.47
Th 4.46 4.97 4.24 3.44 10.71 3.64 2.92 3.44
U 1.2 1.4 1 0.9 3.5 1 1.16 1.2
Nb/Yb 4.344 4.607 4.541 2.364 2.750 2.86

Th/Yb 1.394 1.775 1.146 1.564 5.355 2.60

Ta/Yb 0.268 0.288 0.336 0314 0.480 0.400

Sr/Y 19.05 31.33 20.11 54.94 53.42 50.6

Nb/La 0.33 0.34 0.38 0.34 0.24 0.20

Eu/Eu* 0.778 0.808 1.015 1.252 1.034 0.99

(La/Sm)x 3.510 3.332 2.909 1.835 2.824 2.62

(Sm/Yb)x 2.590 2.639 3.327 2217 2.972 3.96

(La/Yb)x 9.092 8.792 9.678 4.069 8.392 10.39
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Figure 2. Field view of basaltic outcrops related to samples (A) DK-7 and (B) DK-8. Mound hill and
eroded views of basaltic lava flows related to the samples (C) DK-14 and (D) DK-20.
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Figure 3. A) The stratigraphic sequence of rock units from the west of Venarch manganese mine showing the
alternation of basaltic lavas with sandstone and volcaniclastic sediments (Location: N34°2010.3";
E50°4234.9"); B) Section of the rock units in the west of Venarch manganese mine showing basaltic lavas
alternated with sandstone, shale and conglomerate. As can be seen in this area, the sequence is folded and the
rock layers have a near vertical slope (Location: N34°2530.7"; E50°4419.97).
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Figure 4. Microphotographs of basaltic rocks from the Kahak region. A) Hypocrystalline texture and
modally abundant plagioclase crystals in basalts; B, C) Plagioclase phenocrysts in basaltic samples
occasionally showing sieve texture. Clinopyroxene in the interstices of plagioclase microlites caused
intersertal (B) to ophitic-subophitic (C) textures; D) Clinopyroxene phenocrysts in basaltic samples
that in some instances are completely fresh; E) Clinopyroxene microcrystals in the interstices of

plagioclase microlites of groundmass; F) The remaining mold of olivine that is completely filled up
with chlorite (F is in PPL and the rest are in XPL).
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Figure 5. The volcanic rocks of the Kahak
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Figure 7. Chondrite-normalized (Sun and McDonough, 1989) rare earth element patterns for the
volcanic rocks of the Kahak region in which the samples were classified into 4 Groups.
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Figure 8. Primitive mantle-normalized (Sun and McDonough, 1989) multi-element diagrams for the
volcanic rocks of the Kahak region in which the samples were classified into 4 Groups.
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Figure 9. Major and trace element versus MgO variation diagrams for the Kahak volcanic rocks.
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Figure 10. Partial melting modeling based on Sm/Yb versus Sm variation (Aldanmaz et al., 2000).
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Figure 12. Proposed tectonic model for the Eocene magmatism of Central Iran (including the Urmieh-

Dokhtar zone). During the Eocene, the Neotethyan slab-rollback followed by asthenospheric upwelling
and partial melting of metasomatized lithospheric mantle could possibly trigger the extensive Eocene

magmatism of UDMB.
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