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Fig. 1. A: Structural map of Iran showing the main structural units and locations of the Gaz Boland area (compiled and
modified from Alavi (Alavi, 1991) and Berberian (Berberian, 1981)), and B: Simplified geological map of the Gaz Boland
area (modified from Geological map of Iran, 1:100000 Series, Dehaj (Djokovic et al., 1973)
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Fig. 2. A: Basaltic unit in the west of Gaz Boland area, and B: Outcrop of basaltic massif with an almost dense structure

in the Gaz Boland area
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Fig. 3. Microscopic images of the Gaz Boland basalts (all images are in XPL light). A: Microlitic porphyric texture due
to the placement of olivine and clinopyroxene phenocrysts in the microlithic background of basalts of the Gaz Boland
area, B: glomero-porphyritic texture in the basalts of Gaz Boland, C: Intergranular texture in the basalts of Gaz Boland,
D: Fluxion texture in the basalts of Gaz Boland, E: Iddingsitation of olivines during fractures and crystal margins, F:
Corroded and embayed margins in olivine crystals, G: Double and polysynthetic twinning in clinopyroxene, H:
Polysynthetic twinning in plagioclase phenocrysts, and I: Albite twinning and sieve texture in plagioclases of Gaz Boland
area. Abbreviations after Whitney and Evans (2010) (Ol: Olivine, Cpx: Clinopyroxene, Pl: Plagioclase).
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Table 1. Whole-rock major and trace element analyses of the Gaz Boland basalt rocks

Sample

No KB-7 KB-8 KB-9 KB-10 KB-11 KB-12 KB-14 KB-15 KB-16 KB-17

(Wt.%)

SiO, 51.13 51.64 5026 5348 4995 5527 50.18 50.66 52.06 50.86
TiO, 0.88  0.87 0.78 1.01 0.88 1.03 0.90 0.94 0.93 0.95
AL O3 1528 14.82 1294 15.53 15.41 16.18 15.43 15.60 15.31 14.77
Fe O3 832 8.11 7.73 7.27 7.67 6.94 7.92 7.62 7.22 7.71
MnO 0.17 0.16 0.16 0.16 0.17 0.14 0.18 0.16 0.15 0.16

MgO 939 9.69 11.07 754 1001 574 826 943 940  9.40
CaO 969 887 1044 866 952 842 991 903 818 893
Na,0O 1.86 141 154 224 178 212 191 183 191 200
K,O 144 201 255 200 212 293 225 178 244 185
P,0s 0.21 0.23 0.37 0.26 0.32 0.28 0.33 0.29 0.28 0.29
L.O.I 133 198 192 159 195 064 243 236 184 28]
Mg 47 48 53 45 50 39 45 49 50 49
(ppm)

Be 132 144 171 156 152 206 169 184 163 177
Co 33.13 36.60 4076 3215 31.62 2649 3174 3295 30.02 33.10
Cr 303 334 476 198 245 204 241 268 270 269
Ni 2069 2597 251.1 109.8 1231 91.6 1244 1785 189.1  206.6
Cu 141 181 128 131 166 86 124 114 99 123
Zn 65 73 72 141 79 71 69 70 65 67
Ga 721 722 792 921 949 1085 939 881 837 883
Rb 2722 3217 6610 6170 47.88 108.75 46.08 37.63 64.65 4387
Sr 495 550 477 433 553 519 573 518 502 499
Th 225 319 298 318 237 468 235 255 237 247
\% 339 333 309 273 310 249 321 321 275 321
Y 43 33 53 28 30 26 33 43 30 32
Zr 57 69 86 138 103 181 106 91 130 93
Nb 12 12 12 15 13 14 13 13 13 13
Nd 730 7.5 1277 1004 986 1239 1047 953 832 955
Mo 140 132 158 187 147 178 121 136 152 140

Sn 058 0.60 0.54 0.71 0.63 0.76 0.70 0.61 0.58 0.72
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Table 1 (Continued). Whole-rock major and trace element analyses of the Gaz Boland basalt rocks

Sa,\'ﬂf'e KB-7 KB-8 KB9 KB-10 KB-11 KB-12 KB-14 KB-15 KB-16 KB-17
(ppm)
Cs 118 226 316 445 186 3.15 173 732 083 654
Ba 276 278 449 315 454 422 460 366 347 353
La 252 270 829  6.00 535 936 579 545 467 539
Ce 571 637 1922 1320 1149 1972 1248 1188 1030  11.60
Pr 410 418 575 506 48 572 513 485 439 475
Sm 405 411 547 485 459 532 486 485 397 455
Eu 112 112 173 142 144 157 1.41 143 124 127
Gd 357 364 494 465 443 481 420 422 394 424
Tb 049 048 074 072 063 059 058 057 057 06l
Dy 238 252 325 349 294 346 300 302 280 297
Ho 057 056 070 078 066 077 065 067 063 067
Er 191 185 213 247 206  2.50 198 226 201 207
Tm 021 022 023 030 023 033 027 026 027 024
Yb 11 11 1.6 1.2 1.6 1.1 13 12 1.3
Lu 021 022 023 032 025 029 024 027 025 031
Hf 147 151 190 223 153 2.59 1.75 168 179 181
Ta 0.14 012 013 025 0.14 021 015 017 013 0.3
Pb 1400 701 646 3339 1960 935 537 818 1041 647
u 069 083 114 182 079 1.6l 090 072 085 067
(Ratios)
ZtNb 47 57 69 9.1 8.2 12.5 8.4 7.1 10.2 7.4
Nb/Th 53 38 42 48 53 3.1 5.4 5.0 5.4 5.1
LaNb 02 02 07 0.4 0.4 0.6 0.5 0.4 0.4 0.4
La/Ta 18 23 64 24 38 45 39 32 36 41
Ce/Yb 5 6 17 8 10 12 1 9 9 9
NbLa 48 45 15 25 2.4 15 22 23 2.7 23
EwEu* 09 089 1.02 091 098 095 095 097 096  0.88
(La/Yby 16 17 50 25 3.0 4.0 3.6 2.9 2.7 28
(La/Sm)y 04 04 1.0 0.8 0.7 1.1 0.8 0.7 0.7 0.8
Gd/Ybw 27 27 36 23 3.0 25 3.1 2.7 2.7 2.7

(Sm/Yb)n 4.1 4.1 53 32 4.1 3.6 4.8 4.1 3.7 3.8
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Fig. 4. Geochemistry of the Gaz Boland volcanic rocks. A: TAS diagram suggested by Middlemost (Middlemost, 1994),
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2007), to identify the magmatic series of volcanic rock

Olii odd S5 Lo lie 4y Cornd it (5 yloeials ¢glo )8 4

.(Rollinson, 1993) .as
g:,_i)u\_.f l_; ou\__&‘)br.@ uL:.«f ‘;L> j_,.pl...c )‘J}‘u
Sai gkl 0555 sl s, (Boynton, 1984)

Sl y3b ol o(Pearce, 1983) o w K3 55w
&‘j@é},ﬁ&)‘b}g)le}TaJ—&tﬁwg‘)wd
pole jlaing @b 54l :l?g\}gwxbj;:;";\):
L oasl 5T 5L cbldl 54 i 0w TisTa



3laBl Wl @‘#f

-

BU s e g b6 e olningg kb F LS S
&y odiraunlons EBWEU* Cs 5 B-0 JSK5) 358 sai 0

A Jade) Cnl VY /M il Glads gas
545 «(Richards et al., 2012) ol,Kaa 5 5 bxs 5 odiie 4
4 Llg o (BWEU* = 1) Eu )5 e g L6 a0 g)lin o
G a5 (Y cadsl (LS la 513 5330 G 5 pde (1 s
Al (F 5 oSl T VL lgms s o DS 550
e (Solia o 355 e opl posdhe . aib LS L 53 VL LS
Lie b 3 S 30 508 5 236 i KLy Eu
258 o J S IS 3 dlews 4 55 ST e b ol
pde K3 (FYY — oVY ppm) b X e 55 ST Ol 50
ol sl LSl IS 55 03 28 il 5 Gy 8
ol dizns (Hanson, 1980) & gusls ¢ pwiomad ol
ol g e Ll o0 Dl 53 (S g gy ST ) e S
Golrin o olda 5o ST 9 5B gl Lol 50 Bu e
Gols s S (g sb w5 Sual s oSS Eu i
435 BU 5t (JlesT U (olhe ceSTy o 555 59875534

3 S dal g

*/F - V\) 5 (La/Yb)n = V/# - 0) LREE I .—u
=YX - ¥/#) HREE I . S s 5 (La/Sm)n
Las e O (SM/Yb)x = VY - 0/%) 5 (Gd/Yb)x
Sb ol i 53 S SSE KLy S (O s
2 «(Rollinson, 1993) & suids, (B-d JK&) Cnl SlaS
5 IL s ol 53 WREE by & <l j5b ol
b ol S 5 S o Jos JE by s w0 kT
ods o HREE [obie 05 osm 518 10y S &6
L o,& (Bllam, 1992) wes 58 5l 5,8 plasla s
Olde 55 6T Sa b g e 355 3 olis ol Lais
4 o LREE Sz _sé di«(Lentz, 1998) 5,3
omb 4 s o ol (S ath § glaeKw ;s HREE
Clague ) wi b laze 53 25,8 0le SL 5 Lae iduosd
> 5 .(and Frey, 1982; Srivastava and Singh, 2004
SlobkaS Sl slie i i)luig S e card
OlS 4 il JKITSIE Sl 5L sl Sh
035k dad o LSl 5 oS5 oSl by el St asT

—ele Hls s 53 (Winter, 2001) 5,05 Sl sean 1553

>
1000

100

Sample/ Primitive Mantle
10

Rb ThNb LaPb Sr NdSm Ti Y Lu

]

Sample/ REE chondrite

o
o7
- I

Lla Rr Pm Elu le Hlo Tm Llu
Ce Nd Sm Gd Dy Er Yb

L odé bz B 5 (McDonough and Sun, 1995) a5l axs 8 b odd ylomzgs A ik 8 ailate SlaitsT glacSin g 5SKie gla,ls 505 .0 S5

Boynton, 1984) .y, a8 Clas Sl uls

Fig. 5. The spider diagrams of the Gaz Boland volcanic rocks. A: Primitive mantle- normalized trace element distribution
patterns (McDonough and Sun, 1995), and B: Chondrite-normalized REE patterns (Boynton, 1984)
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Fig. 6. Tectono-magmatic setting of the Gaz Boland volcanic rocks. A: Th-Hf/3-Ta discrimination diagram proposed by
Wood (Wood, 1980), in which the Gaz Boland basalts are within the calc-alkaline basalts range of the volcanic arc, B:
Yb versus Th/Ta diagram (Schandl and Gorton, 2002), in which the Gaz Boland samples plot within the active continental
margin field, C: The Ti vs. V diagram (Shervais, 1982), whose samples are similar to the calc-alkaline basalts formed in
the volcanic arc setting in the back-arc basin, and D: The Nb versus Rb/Zr diagram proposed by Brown et al. (Brown et
al., 1984), according to which the Gaz Boland basalts are located within the normal continental arc field.
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Fig. 7. Determining the origin of volcanic rocks-forming magma in the Gaz Boland area. A: Gaz Boland samples in the
Sm/Yb versus Ce/Sm diagram (Coban, 2007), are plotted within the garnet presence range in the mantle source of parent
magma, B: The diagram of Sm vs. Sm/Yb (Aldanmaz et al., 2000), indicates the origin of LREE-enriched mantle with
the composition of garnet-bearing Iherzolite, and C: The La/Yb versus Yb diagram (Ozdemir and Giileg, 2014), confirms
the partial melting of about 10 to 15% of a garnet-rich lherzolite source.
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Fig. 8. Productive mantle of the volcanic rocks-forming magma in the Gaz Boland area. A and B: According to the Ce
vs. Ce/Yb and the Sm/YDb vs. Ce/Yb diagrams (Ellam, 1992), the depth of occurrence of partial melting and magma
formation, is about 80 to 100 km, and C: Based on the La/Yb versus Nb/La diagram (Abdel-Rahman and Nassar, 2004),
Gaz Boland basalts are derived from asthenospheric mantle.
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Fig. 9. Enriched mantle of the Gaz Boland volcanic rocks. A: The Nb/Y versus Rb/Y diagram (Aydingakir, 2016), shows
the effect of subduction factors or crustal contamination on magma, B: In the Zr vs. Nb diagram (Abu-Hamatteh, 2005),
Gaz Boland samples plot within the range of enriched mantle, C and D: The Th/Yb versus Ba/La and the Th/Nb versus
Ba/Th diagrams (Peng et al., 2016), confirm the entry of fluids derived from the subducted oceanic crust into the mantle
source of the parent magma of these rocks, E: In the (Ta/La)y vs. (Hf/Sm)x diagram, the Gaz Boland samples are located
in the vicinity of the metasomatism range of the fluids related to the subduction zone, and F: The Ta/Yb versus Th/Yb
diagram (Pearce, 1983), also emphasizes the role of subduction factors in the enrichment of the origin of Gaz Boland
rocks.
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Fig. 10. Crustal contamination of the volcanic rocks-forming magma in the Gaz Boland area. A and B: The MgO versus
Ce/Pb diagram presented by Furman (Furman, 2007) and the Rb versus Rb/Nb diagram (Meshesha and Shinjo, 2007),
indicate the Crustal contamination of the parent magma of these rocks, C and D: The diagram of Rb vs. Rb/Th (Keskin
et al., 1998) and the Th versus Co diagram (Halama et al., 2007), confirm the role of the AFC on the magmatic evolution
of these rocks.
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Introduction

The Gaz Boland area is located in the northwest of
Shahr-e-Babak city within the southern extension
of the Urumieh-Dokhtar magmatic arc. The
extended convergence history of the Neo-Tethys
Ocean between Arabia and Eurasia (from ~150 to
0 Ma) comprised of a long-lasting period of
subduction followed by continental collision
during the Tertiary (Omrani et al., 2008).
Following the collision, volcanism continued
dramatically in some parts of the Urumieh-Dokhtar
volcanic-plutonic belt, such as Pleistocene basic
volcanism in the Shahr-e-Babak area in western
Kerman. Thus, Neogene basalts in the Gaz Boland
area in Kerman are known as the last magmatic
activity of this part of Iran.

Materials and methods

Ten samples of volcanic rocks were selected for
geochemical analyses. All samples were analyzed
for major elements by X-ray fluorescent (XRF) and
trace elements using Inductively Coupled Plasma
Mass Spectrometry (ICP-MS), in the Kansaran
Binaloud Co., Iran. The results of the analyses
were evaluated using the GCDKIT software
package.

Results

Plio-Pleistocene basaltic rocks are the youngest
volcanic activity in the Gaz Boland area. The main
texture of these rocks is porphyric with microlithic
form and they contain major minerals of olivine,
clinopyroxene, and plagioclase. Based on
geochemical data, the volcanic rocks of the Gaz

Boland region have been derived from a calc-
alkaline magma. Moreover, examination of trace
element diagrams of these lavas indicates that
magma is related to the subduction zone and active
continental margin. Based on various elemental
ratios and diagrams, the volcanic rock-forming
magma in the Gaz Boland area have been derived
from the asthenospheric mantle deep in the
subduction zone. The source rock composition of
these basalts is garnet-bearing lherzolite, which has
been slightly enriched during the subduction
process by fluids originating from the subducting
oceanic crust. The rock-forming magma was also
contaminated by the continental crust during the
ascent and has endured the AFC process.

Discussion

The Gaz Boland calc-alkaline basalts show
enrichment in LILE, LREE, Th, and U, but
depletion in HFSE (Ta, Ti, and Hf) and HREE.
These rocks show characteristics of subduction-
related (active) continental margin tectonic
environments. According to the Sm vs. Sm/Yb
diagram (Aldanmaz et al., 2000), the Gaz Boland
samples were plotted in the partial melting range of
about 10 to 15% of a garnet-rich lherzolite source.
Asthenospheric mantle-derived magmas have
Nb/La ratios > 1 or La/Nb = 0.7. A low Nb/La ratio
(<0.5) indicates lithospheric mantle and high
Nb/La ratio (>1) indicates asthenospheric mantle
(Smith et al., 1999). On the other hand, lithospheric
mantle-dependent magmas have a La/Nb ratio
greater than 1, whereas, in asthenospheric mantle-
derived magmas, it is about 0.7 (DePaolo and
Daley, 2000). In volcanic rocks of the study area,

*Corresponding author Email: m.golestani@velayat.ac.ir

DOTI: https://dx.doi.org/10.22067/econg.v13i3.88183



Journal of Economic Geology Golestani

46

La/Nb and Nb/La ratios are 0.2 to 0.7 and 1.5 to
4.8, respectively. In addition, volcanic arcs can be
classified into highly enriched and poorly enriched
categories based on Ce/Yb ratios. Enriched arcs are
defined as having Ce/Yb >15 (Hawkesworth et al.,
1991; Juteau and Maury 1997). The mean Ce/YDb
of the Gaz Boland rocks is 9.7 which defines a
poorly enriched arc signature. Certain chemical
parameters can be used to assess the degree of
contamination. For example, basaltic rocks
affected by crustal contamination exhibit La/Ta
ratios > 22 (Abdel-Rahman and Nassar, 2004) and
Nb/Th ratios < 5 (Condie, 2003). The values of
such elemental ratios in the Gaz Boland basalts are
18 to 64 and 3 to 5, respectively (Table 1), which
suggest that the magma was subjected to crustal
contamination.
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