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Abstract

Both the Sistan Suture Zone of eastern Iran and the Nehbandan Fault cont@ué®imary Nehbandan mafic lavas. Positive
anomalies in the large idithophile elements (LILE) and negative anomalies in Nb exist in these mafic lavas. This indicates the
occurrence of subduction magmatism and joodlision volcanism. Petrologic and geochemical analyses distinguished two groups of
lava. Group | containdlaline basalts with a slight depletion in Nb while Group Il containsadkisline basaltic andesite to andesite
with a sharp depletion in Nb. Geochemical studies show that fractional crystallization and crustal contamination plgy@tiaat im
part in the evolution of the Nehbandan lavas. Group Il, however, was more greatly affected than Group I. Geochemical studies also
indicate that these lavas may have been generated due to a low degree of partial melting (<5%) of garnet anebdeisginel
lithospheric mantle; Group | shows more garnet than spinel while Group Il shows the opposite. The research carried out for this
paper suggests that the PQuaternary Nehbandan mafic lavas were formed as a result of slab detachment or delamination and
domination,an extensional condition correlated to the thinning of the crust and lithosphere in the Sistan Collision Zone. These
conditions are concomitant with localized stretching along the Nehbandan Fault and the upwelling of magma forming mafic lavas

Keywords:Plio-Quaternary lavas, geochemical, pastllision volcanism, Lithospheric source, Sistan Suture Zone.

1. Introduction

This paper describes the Rlguaternary magmatism

of the Nehbandan area, presents a petrologic and
geochemical study of the Nehbanddavas and
discusses the geochemical evidence for the magmatic
evolution of these lavas. The Nehbandan area is part of
the Sistan Suture Zone of eastern Iran and was mapped
using a 1:250,000 scale [1]. Pd@uaternary lavas
cover parts of the Sistan Zonadagive useful insight
into the processes that controlled the geodynamic and
magmatic evolution of this zone. The Nehbandan area
is covered extensively with ophiolitic Mesozoic to
Early Eocene and Cenozoic metamorphosed clastic
sedimentary rocks (Fig.1).hEse ophiolitic rocks were
previously studied by Saccani et al. [2]. They believed
that the ophiolitic rocks were related to the supra
subduction zone and hypothesized that the closing of
the Sistan Ocean was due to an Hueganic
subduction. Arjmandzatheand Hazrati suggested that
the magmatic rocks in the Sistan Zone are Eocene and
Oligocene and that the eastern portion of the Lut Block
shows calealkaline and adakite trends [3,4]. A careful
study of these rocks, which erupted during the Pliocene
and Quternary periods, showed them to be andesite to
basalt in composition following a-8 trend (Fig.1).
*Corresponding author.
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2. Geological Setting

There are various ophiolittomplexes along the Sistan
Suture Zone which form a discontinuougs Ntrending
belt from Zahedan to Birjand indicating that the zone is
the remains of an oceanic crust. Most recent studies are
of the belief that the subduction of the oceanic
lithosphere fayed a major role in the tectonic
evolution of this area [3]. There are currently three
geodynamic models that consider subduction. One
refers to structural evidence and proposes that
subduction occurred beneath the Afghan Block [2,5].
Another considers igh calcalkaline magmatism and
proposes that the oceanic lithosphere was dragged
under the Lut Block [6,7]. Recently, Arjmandzadeh et
al. suggested a twsided subduction in this zone that
could explain the tectonic, magmatic and metallogenic
characterists of the Lut Block [3].

The Sistan Suture Zone contains a Cretacd@usary
orogenic belt, part of the complex Alpiimalayan
collision zone [5, 8]. Stocklin suggested that this
orogenic belt is separated from the Afghan Block in the
east (Fig. 1)9]. Due to an increasing convergence rate
between the Nedethys and the Central Iranian
Microcontinent (CIM), the Sistan Sea (between CIM
and Afghan Block) began to close during the
Campanian to Paleocene {B3 Ma). According to
studies done by Tirrul &ll. [5], the Sistan Suture Zone
is composed of two parts: the older Ratuk Complex to
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the east and the younger Neh Complex to the west. The
Ratuk Complex is an anticlinorium of Upper
Cretaceous flysclike sediments and Cretaceous
ophiolites. The easternoption of the Ratuk Complex
contains exposed rocks in the basement of the Afghan
Block that consist of Lower Cretaceous limestone
uncomfortably overlying Proterozoic rocks. The Neh
Complex is Coniacian to Early Eocene in age-489
Ma). Tirrul et al. [5] siggested that the Sistan Suture
Zone switched to a more westerly position. The
Sefidabeh forearc basin uncomfortably overlies these
two complexes. This basin  consists  of
unmetamorphosed clastic sediments of Campanian to
Early Eocene age (749 Ma) [5]. TheSistan Suture
Zone is also characterized by the widespread
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occurrence of calalkaline and alkaline volcanic rocks
ranging from Upper Cretaceous to Neogene in age.
Upper Cretaceoii®aleocene calalkaline volcanic
rocks form outcrops in the eastern margh the
Sefidabeh basin [10]. Additionally, syntectonic to post
tectonic intrusions formed after the closure of the
Sistan Suture Zone in the Late Eoddiarly Miocene
[10, 11]. Lithological relationships show that ophiolite
emplacement occurred during thate Cretaceous but
deepwater sedimentation continued until the Early
Eocene. Following this, the collision between the Lut
and Afghan Blocks resulted in the closure of the basin
and the regional uplift of the terrenes of the Sistan
Suture Zone.
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Fig. 1: (a) Late Cenozoic volcanic centftg], active faultd13] and lithospheric thickness contours in Eastern [ih (b)
Geological sketch map of the northern portion of the SiStdnre Zone (modified aft¢s] )

3. Petrography

The volcanic rocks in this study are basalt, basaltic
andesite and andesite in composition. Basaltic rocks
are dominant and show a porphyritic texture with
phenocrystof plagioclase, olivine and clinopyroxene.
Plagioclase minerals are found in abundance in the
phenocrysts and are characterized by multiple
twinning. They contain small inclusions of glass and
groundmass material zonally arranged or clustered in

the cental part of the crystal. Occasionally they show
signs of corrosion and are surrounded by glass (Fig.
2a). The Clinopyroxene minerals are euhedral and
often show oscillatory zoning (Fig. 2b). The abundance
of olivine, found in several of the thin rocks, \exi
from 1% to 10%, forms a fingrained groundmass and
more rarely, phenocrysts. The olivine phenocrysts are
occasionally skeletal, most likely due to rapid
guenching, corrosion and breakage (Fig. 2c). Some
samples show a glomeroporphyric texture compaded
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an accumulation of olivine and clinopyroxene. The
plagioclase in the andesitic rocks exhibits a high
occurrence of sieve textures in addition to vetdfined

zoning marked by concentric zones commonly rich in
glass and/or opaque inclusions. These roo#stain

large amphibole crystals that occur as the main
ferromagnesian phenocrysts (up to 2 mm in size) and
often alter to opaque iron oxides (Fig. 2d). The
groundmass texture of the lavas varies from
holocrystalline to aphanitic and shows an intersttoal
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fluidal texture. This variation may be related to
differential degrees of cooling and crystallization at
various levels of the ascending magmas. The
groundmass is composed of plagioclase and
hornblende as the main minerals, with biotite,
pyroxenes andron oxides as accessory minerals. The
primary structures consisting of ropy lava, vesicles and
amygdales filled with calcite, chlorite and columnar
joints, shav a high level of preservation.

Fig. 2: Microphotography of volcanic rocks in the study area (a) Clustered plagioclases in alkaline basalt (b) largesshehocry
clinopyroxene in alkaline basalt (c) corroded and broken olivine phenoonadtsaline basalt (d) opaque and altered amphiboles to
opaque iron oxides in subalkaline andesite

4. Geochemistry

4.1. Analytical Techniques

Approximately 80 samples were collected from
different mafic rocks. In order to cemtly characterize
their chemical compositions, 12 of the least altered
samples were chosen for major, trace and Rare Earth
Elements (REE) analysis. Samples used for whole rock
analysis were crushed and powdered using agate ball
mills. Major, trace and RERvere determined through
Inductively Coupled Plasma Mass Spectrometry ¢(ICP
MS) and Inductively Coupled Plasma Optical
Emission Spectrometry (IGBES) at the ALS
CEMEX Company of Canada using fused glass and
pressed powder discs. Representative chemizdysis
for major, trace and rare earth elements are presented
in Table 1.

4.2. Whole Rock Chemistry

Based on microscopic studies two types of lava,
basalt and basaltic andesite to andesite were identified
Geochemical analysis identified two lava subgroups.
Group |, containing alkaline basaltic rocks (8 samples)
and Group Il containing subalkaline basaltic andesite
to andesite (4 samples). In the Nb/X/TiO, Diagram
(Fig. 3), 4 samples of the Nehbandawrd plot in the
subalkaline mafic rock field (andesite, basalt and
basaltic andesite) and 8 samples in the alkaline basalt
field. The average potassium oxide ;3§ and
magnesium oxide (MgO) content of Group Il is higher
than Group | while the amount of ditium dioxide
(TiO,) and phosphorus pentoxide,@2) is higher in
Group | (Table 1)
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Table 1: Results of wholeock analyses of the PiQuaternary Nehbandan mafic lavas

Group | [Group 1

Wit%
SiO- 509 533 491 549 555 57 553 537 478 526 479 50
Al,O3 151 1585 15.05 1585 159 158 16.1 1445 1085 136 13 13.8
Fe.O3; 8.08 6.6 786 621 6.3 572 679 772 916 797 792 859
CaO 9.3 9.12 954 706 747 651 717 811 819 876 9.86 8.83
MgO 456 342 489 345 359 3 307 525 157 671 755 131
Na O 476 533 474 537 566 585 532 428 204 262 375 296
K20 136 124 164 146 154 154 16 1.4 2.03 249 207 1.22
TiO2 184 162 182 164 171 154 168 178 0.62 067 102 0.75
MnO 0.12 0.09 011 0.1 0.1 0.09 0.1 0.13 0.15 0.13 0.13 0.4
P20s 1.08 102 1.2 089 093 105 091 087 028 032 0.7 0.24
Cr,03 002 001 001 001 001 001 001 002 019 005 0.04 0.14
SrO 017 019 022 015 016 017 0.16 018 0.07 007 0.16 0.06
BaO 005 008 007 005 005 005 005 005 ©0.07 008 015 0.05
LOI 0.8 229 28 119 18 0.3 2 1.59 132 21 388 0.3
Total 98.1 100 99.1 983 1005 986 1005 995 985 982 981 100

ppm
Ba 471 707 623 389 418 433 395 397 647 745 1345 427
Ce 1225 1175 144 974 968 953 96 98.3 419 434 156 42.2
Co 254 198 257 207 205 185 223 312 544 275 313 585
Cr 110 90 90 60 50 70 50 170 1370 340 270 960
Cs 078 092 101 056 0.9 055 204 417 126 041 262 092
Cu 886 108 69 50 39 89 49 136 84 95 109 66
Dy 443 3.7 419 356 342 329 345 431 298 33 5.74  3.08
Er 206 1.6 191 167 163 154 162 226 1.79 2.02 258 1.75
Eu 243 216 258 209 208 203 206 218 1.15 114 334 125
Ga 203 205 21 21 21 208 208 198 124 147 19 16
Gd 768 697 839 6.1 592 6 596 643 391 422 108 3.87
Hf 5.2 5.2 5.3 5.1 4.9 5.4 5 5.1 2 2.2 5.7 2.3
Ho 074 059 071 061 059 057 0.6 0.77 057 061 0.87 0.58
La 58.1 58 69 472 474 462 479 462 212 22 80 21.2
Lu 0.17 013 016 016 015 014 016 025 021 019 018 ©0.21
Mo 2 2 2 2 2 2 2 2 2 2 2 2
Nb 3.1 274 321 291 294 259 293 297 57 4.9 165 6.4
Nd 547 509 63 42 415 415 417 446 202 214 706 20.2
Ni 46 42 43 34 36 42 38 96 495 56 58 366
Pb 8 7 12 22 12 8 16 12 9 11 17 8
Pr 1395 13 16.15 11.15 11.15 11 111 116 472 507 1765 438
Rb 249 197 274 207 214 207 222 398 60 574 35 29
Sm 932 865 1025 712 713 692 7.1 792 443 456 141 4.29
Sn 2 2 2 1 1 1 2 2 1 1 2 1
Sr 1310 1440 1750 1115 1125 1255 1175 1365 596 586 1380 486
Ta 1.8 1.6 1.8 14 1.4 1.2 1.4 1.6 0.4 0.6 1.1 0.4
Tb 092 0.8 094 084 082 08 0.8 094 052 053 117 054
Th 482 502 59 566 527 439 519 528 599 659 189 485
T 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Tm 023 0.17 0.2 0.19 018 017 0417 026 023 016 0.18 0.22
U 0.76 1.18 1.11 1.16 1.36 0.77 1.69 1.95 1.1 1.47 3.31 0.97
\Y 196 136 189 139 158 102 152 232 190 213 262 204
w 1 1 1 1 2 1 2 2 1 4 4 1
Y 202 166 198 155 152 147 154 2038 16.3 19 27.6 16.4
Yb 144 11 135 117 11 1.08 112 1.69 1.5 182 1.93 1.54
Zn 128 122 146 169 121 113 124 121 81 76 102 89
Zr 219 235 225 238 237 253 239 221 72 84 226 89
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Fig. 3: Geochemical discrimination diagram frh3)

The MgO content for most of the lavas is lower
than the primary melts of the mantle peridotite; only
two samples from Group Il show MgO>8%. Klein &
Langmuir , Niu & Batizaand Langmuir et al. noted
that high amounts of sodium oxide (@@ in the
basaltic glass could be an indication of a lower degree
of mantle melting and vice versdgl7 and 18].
Therefore, the oxide amounts found in the Nehbandan
Group | lavas (4.55.8 wt %) compared to Group Il {2
3.7 wt %), indicate that lavas from Group Il are the
result of a higher degree of mantle source melting
relative to Group |.

The primitive mantlenormalized multielement
plot [19] for the two groups of lava are enriched with
cesium (Cs), barium (Ba), uranium (U) and lead (Pb)
but depleted in niobium (Nb) (Figs. 4 a,b). Group | is
characterized by a slight depletion in Nb relative to
Group Il. The normalized trace element patterns for
both groups show distinctive spikes. This ymbe
associated with Ocean Island Basalts (OIB),
particularly the peaks in Large lon Lithophile (LIL)
elements (Figs. 4c,d). Additionally, negative anomalies
in Nb, titanium (Ti) and Heavy Rare Earth Elements
(HREE) were observed. Chondrite normalized REE
patterns in the two groups are characterized by a
relatively flat pattern in HREE and relatively enriched
Middle Rare Earth Element (MREE) to HREE pattern.
This suggests that the samples from Group Il are
slightly more depleted in MREE and Light Rare Earth
Elements (LREE) than Group | (Figs. 4e,f). Variable
patterns are common in pestllision rocks. This may
reflect the presence of a heterogeneous source for the
generation of these rocks. The negative Nb and Ti
anomalies show the role of subducted liguidsantle
metasomatism21].

The tectonic setting of the Nehbandan lavas was
investigated using the diagram proposed by Muller and
Groves P2]. Most of the samples plotted in a post
collision magmatic arc (Fig. 5). Three samples from
the two groups of k& are located in the continental

arc field (near the line separating postlision
magmatic arc and continermialc field). Low amounts
of phosphorus (P) along with high amounts of
potassium (K) in the rocks from Group II, may be
related to high potassjmost collision rocks42] and P
mobilization in the lavas due to alteration. According
to the Loss Of Ignition (LOI) wt % some samples are
plotted in the continental arc field (Fig. 5).

5. Discussion

It is important to consider the possible effects ostal
contamination before trying to determine the source
region characteristics and their melting histories. The
continental crust exhibits relatively high Th/Ce
(thorium/cerium) ratios (0.15)2B] whereas mantle
derived magmas have low Th/@ios (0.020.5). Low
Th/Ce ratios suggest that crustal contamination did not
play a significant role in the generation of the magma
[24]. Lavas contained in Group | exhibit low Th/Ce
(0.0390.058) ratios while Th/Ce ratios in Group |l
(0.11-0.15) arehigh. These ratios suggest that slab
derived components and crustal contamination played a
role of in the generation of the magma in Group II.
Normalized trace element patterns show distinctive
spikes. This is likely due to the presence of continental
crust, especially the peaks in Ba and Th. Ba, Th, and
Nb are used to identify the subduction component in
lavas R5]. These elements are highly incompatible but
behave in a similar manner during melting and
fractional crystallization. Ba and Th are signifidsn
partitioned into siliceous melts, while Ba is extensively
partitioned into aqueous fluids derived from the
subducted slab. Ratios in the studied samples show that
the lavas are influenced by different subductielated
components. Group | shows lowEh/Ta ratios (2.61)
compared to Group Il (10:97.1) and slightly higher
Ba/Th ratios (Group I: 68:140.8, Group Il 71.413).
These amounts indicate that fluids resulting from the
dehydration of subducted materials played a major
role in the generatioof the Nehbandan lavas; Group |
lavas show more an effect than lavas from Group |I.
The geochemical data confirms that fractional
crystallization played a role in the evolution of the
Nehbandan lavas. The abundance of phenocrysts and
the range of MgO (30t15.7%) in the Nehbandan lavas
(Group I: 6.7 to 15.7% and Group II: 3 to 5.2%) may
be the result of crystal fractionation during the ascent
of the magma. The amount of MgO present in Group I
shows that the lavas in this group experienced more
variable amunts of fractional crystallization than
Group I. Olivine and clinopyroxene are the dominant
fractionating phase minerals. The diagram comparing
calcium oxide/aluminum oxide (CaO/A; versus
iron oxide/magnesium oxide (FeO/MgO) (Fig. 6) was
used to evalate the influence of mineral fractionation
on the samples. The positive correlation of Cagbal
with FeO/MgO seen in Group | is consistent with
clinopyroxene/amphibole fractionation. In contrast, the



13¢

spreading of the Group Il lavas along a horizontaldren
is most likely the result of olivine fractionation. Due to
the amounts of Tipand fhosphorus pentoxid@P,Os)

in the Group Il lavas, apatite, FeO and TiO may also
have played an important part in the fractionation
phases.

The ratios of (Th/Yb) and (T#b) can be considered
independent of fractional crystallization and/or partial
melting and thus highlight source variations and crustal
assimilation (e.g.76]). Basaltic magma derived from
the mantle asthenosphere, Depleted MORB (Mid
Ocean Ridge Basalt) amhtle (DMM), plume
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asthenosphere or mantle lithosphere was enriched by
small degree melts from the asthenosphere; all lie
within or close to a diagonal mantle array defined by
constant Th/Ta ratios.However, source region
metasomatism caused by subducti@sulted in an
enrichment of Th with respect to Ta. Because the
subduction components typically carry Th but not Ta
or Yb, the Th/Yb ratios are higher than the Ta/Yb
ratios. Crustal contamination may also increase the
Th/YDb ratio relative to the Ta/Yb ratibecause of the
higher abundances of Th relative to Ta in crustal rocks.
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Therefore, the plot comparing Th/Yb versus Ta/Yb
(Fig. 7) provides useful constraints concerning the
source characteristics involved in the creation of the
Nehbandan lavas. Mantle enriched by small volume
patial melts is displaced along the melt enrichment
and withinplate trend in the direction of high Th/Yb
and Ta/Yb ratios. Figure 7 shows that both groups are
enriched by subduction zone components. These ratios

'3

Continental arc

Nb*50 Ce/P205

Fig. 5: Ce/BOsi Nb*50i Zr*3 Diagram separating post
collision rocks from active continental margin rocks
from [22] (symbol key can be found in Fig. 3).

Neither lanthanum (La) nor samarium (Sm) are
affected by variations in the source mineralogy (e.g.
garnet or spinel) and thus are able to provide
information concerning the bulk chemical composition
of the source. Because Yb is compatible with garnet
but not with clinopyroxene, the Sm/Yb ratio can be
used toconstrain the source mineralogy of the alkaline
magmas 27]. A plot comparing Sm/Yb to La/Sm is
able to distinguish between garnet and spinel peridotite
melting sources 28]. Partial melting of a garnet
peridotite source produces melts with a higher Sm/Yb
ratio than a spinel peridotite source.

The residual mineralogy and degree of partial
melting in the Sistan Suture Zone mantle can be further
characterized using REE abundances and ratios found
in the basaltic magma. Two different reference
compositions wre used to define whether DMM or
primitive mantle was the most likely mantle array.
DMM is believed to represent the convecting
asthenospheric mantle with regard to the composition
of the hypothetical depleted MORB source proposed
by McKenzi e [28.nPdmiti@dndmntle (Sun
and McDonough 19)) is representative of the initial

show that there is a higher level of enridmin the
lavas of Group Il. Figure 7 also shows that the magma
from Group | was derived from an enriched mantle
source and was produced by a smaller degree of partial
melting compared to the magma from Group Il
Samples taken from Group Il in general ande
sample in particular, show signs of Assimilation
Fractional Crystallization (AFC) (Fig.7).

Fig. 6: CaO/A}O; versus Fe@MgO Diagram
for Nehbandan volcanic rocks

mantle composition prior to MORB formation and
depletion. The Figure 8 diagram shows that most of the
alkaline rocks in Group | have La/Sm ratios greater
than those that canebgenerated by direct melting of
DMM, even when the degree of partial melting is small
(<5%). This diagram also shows that Group | and one
sample from Group Il are displaced from the spinel
Iherzolite trend. These samples show higher Sm/Yb
ratios and plobetween the melting trajectories drawn
for garnet lherzolite and garnspinel lherzolite. The
remaining samples from Group Il were formed as a
result of low melting trajectories drawn for spinel
Iherzolite and garnetpinel lherzolite. The plot
indicatesthe presence of garnet residue at various
levels in the source region. The geochemical
characteristics, such as the Nb/Y ratios, indicate that
the Nehbandan lavas were generated from a
lithospheric source. Nehbandan lavas show Nb/Y ratios
of less than 2this reveals that these lavas were not
generated from an asthenospheric source. The
geochemistry of the Nehbandan lavas is different from
OIB suggesting that the Nehbandan lavas do not have
an asthenospheric origin.



