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1. Introduction

ABSTRACT

This research investigates the lithology, geochemistry and geological environment of Oligocene-
Miocene Lavarab basaltic rocks. These lavas are located in the south of the Sefidabah forearc basin
of Sistan Suture Zone. Their compositions are more basic and includes basaltic trachyandesite,
trachybasalt, alkali basalt, and basanite. The lavas sometimes have vesicular structure, and their
dominant texture is porphyry in microlitic, or hyalo-spherulitic matrix. The phenocrysts are
composed of clinopyroxene, olivine and analcime. These rocks are alkaline-sodic and located
in within-plate basalts tectonic environment in geotectonic discrimination diagrams. They are
enriched in LREE compared to HREE and not represent negative Eu anomaly. The alkaline rocks
show negative anomalies of Nb and Ti and positive anomalies of Pb, Sr, P, and U. Mg# is 73%-83%,
indicating a primary mantle source for Lavarab lavas. The outcrop of these lavas in near and
parallel to the Zahedan strike-slip fault and its geochemical characteristics indicate that these lavas
are formed from melting of the asthenospheric mantle after collision in the within-plate setting.
Probably the northern-southern basement faults played an important role in rising and eruption of

the parent magma of these lavas.

The studied lavas are located in the southern part of the Sistan Suture zone
in Sefidabeh sub-zone. Access to this area is possible through the Zahedan-
Birjand Road, and these dark colored lavas can be seen around 50 kilometers
from north of Zahedan. The background of studies in eastern Iran is related
to the characteristics, origin, and tectonic setting of igneous rocks by Camp
and Griffis (1982). Tirrul et al. (1983) also provided an interpretation of
the tectonics of the Sistan Suture Zone in eastern Iran. Also, small-scale
geological maps covering the studied area have been prepared between
1973 and 1991 (Aghanabati, 1987, 1991; Behruzi, 1973). Tirrul et al. (1983)
attributed the beginning of convergence and obduction of ophiolites to Late

Cretaceous. Tirrul et al. (1983) believed that the result of this collision

was the creation of the Ratuk (Upper Cretaceous) and Neh (Senonian to
Eocene) ophiolitic complexes as accretionary prisms and the Sefidabeh
basin as a fore-arc basin. Sefidabeh basin deposits cover the Ratuk and Nah
complexes as well as the southwestern margin of the Afghan block. This
basin consists of Cenomanian to Eocene detrital and carbonate deposits with
a depth of 8 km, which show a complex but continuous stratigraphy (Tirrul
etal., 1983). In addition, the magmatic events in eastern Iran have produced
subvolcanic and intrusive bodies, as well as lava flows, pyroclastics,
and volcanic-clastic derivatives which interlayered with the detrital and
carbonate deposits of this basin (e.g. Camp and Griffis, 1982; Pang et al.,
2012, 2013; Mohammadi et al., 2016; Brocker et al., 2022; Biabangard
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et al., 2023). The topic discussed in this article is the lava flows that are
located in the southern part of Sefidabeh Basin. These lavas have been
introduced as basalt and subvolcanic rocks of the Oligocene-Miocene in the
small-scale geological maps by Behruzi (1973), Aghanabati (1991, 1987).
The stratigraphic position of these lavas has been reported after the Lower
Eocene based on paleontological studies of the biomicrite sediments of the
Palang Formation, which has outcroped in the lower horizons of the studied
lavas (Houshmand Manavi et al., 2021), of course, with more systematic
biostratigraphic examination and the isotopic dating results (in progress)
can be more certain about their absolute age. Since the composition of the
studied lavas is basaltic and a direct product of mantle melting, it is one
of the best examples to understand the characteristics of the mantle and
petrological developments related to this studied area, and these lavas which
do not have much expansion, are important for investigating the magmatic
developments of this zone. The purpose of this research is to reveal more
details related to the petrology, geochemical, and tectonic environment

characteristics of basaltic rocks in the Lavarab area.

2. Research methodology

Based on large and medium-scale geological maps and the Sentinel satellite
image of the studied area, navigation routes have been determined, and 120
samples were collected from different rock units. Among them, 70 thin
sections of volcanic and subvolcanic rocks were examined using optical
microscopy. Eighteen fresh samples or such with minimal alteration effects
with proper spatial distribution in the area were selected for whole rock
geochemical analyses. The whole-rock preparation was done by means of
TEMA SIEBTECHNIK with tungsten carbide mills and without pollution,
in the sample pounding workshop of Geological Survey of Iran (GSI), in
Teheran. Then, two 30-gram packages of powder were prepared, one for the
chemical analysis of the main elements by XRF method at the laboratory of
GSI, and the other one for the analysis of rare and rare earth elements by
ICP-MS and ICP-OES that were sent to the laboratory of Applied Research
Center of GSI in Alborz (Table 1). The loss on ignition was determined by
weight difference after ignition at 1000 °C by the wet chemistry method
in the laboratory of GSI. The Detection limit is 0.1 wt% for major oxides,
from 0.1 to 1 ppm for trace elements and from 0.1 to 0.5 ppm for the rare

earth elements.

3. Results

There are different diagrams for naming rocks based on geochemical
data. In the LeMaiter chemical classification diagram (LeMaitre, 2002),
all volcanic rocks of Lavarab are plotted in the alkaline field (Fig. 6a).
Normative classification of basalts (Thompson, 1984) (with MgO more
than 6%) using the Ne-Di-Ol-Hy-Q diagram is used to identify silica
undersaturated and supersaturated basalts, and cannot be used for highly
evolved (differentiation) magmas (Rollinson, 1993). Most of the studied
samples fall in tephrite-basanite and alkali olivine basalt fields and just 3
samples fall in olivine tholeites and quartz tholeites fields (Fig. 6b). The
alkaline nature of these basalts is confirmed by the presence of olivine in
petrographic pictures and normative nepheline in most samples (Fig. 6)
(Winter, 2001).

According to Kuno (1968) total alkaline versus silica diagram, all
samples have alkaline characteristics (Fig. 7a) and the K,O/Na,O ratio
against silica diagram from Emami (1981) shows more characteristics of
sodic than potassic alkaline (Fig. 7b). Also, the AQ-K,0/Na,O (Peccerillo
and Frezzotti, 2015) is used to determine magma series. According to Fig.

8, most of samples indicate sodic alkaline affinity.

4. Discussions

4.1. REE and multi elements diagrams interpretation

Primitive mantle-normalized of REE for Lavarab lavas is shown in Fig. 9,
using normalizing values from McDonough and Sun (1995). The general
pattern of these lavas more or less follows each other which can indicate the
genetic relationship and changes in the chemical composition of the melt
through crystal fractionation. Basaltic lavas show an enrichment factor of 2-8
times for HREE (Lu/Gd N=0.5-0.96) and more than 10-50 times for LREE
(La/Sm N=2-4.5) compared to the primary mantle (Fig. 9). A negative Eu
anomaly is not observed in any of the samples, which indicates the absence
or negligible role of plagioclase segregation or the presence of high oxygen
fugacity in the magma chamber (Rollinson, 1993). In general, the HREE
pattern of these samples is flat and only a weak negative anomaly of Yb
is observed. The enrichment of LREE and the flat pattern from Ho to Lu
indicate a garnet-bearing lherzolite source (Aldanmaz et al., 2000). Basanite
(L.57) shows a sharp REE pattern differentiation to the right compared to
other samples (shown by a square in Fig. 9) and its LREE has the highest
values compared to other rocks. Mertz et al. (2001) considered YbN values
less than 10 in basaltic rocks as a sign of the presence of garnet in the origin
of magma. Also, Morata et al. (2005) believed that YbN and LuN values
less than 10 indicate the presence of garnet as a residual phase in the mantle
origin. Hirschman (1998) attributed the high enrichment of LREE to the
low degree of partial melting of the enriched mantle (less than 15%) and
magma contamination with crustal materials. Other researchers consider
the low degree of melting of an enriched or less depleted mantle source as
the reason for the relative enrichment of LREE (Eissen et al., 1998; Pearce,
2008; Saccani et al., 2011). Low degrees of peridotitic mantle melting (less
than 10%) produce alkaline basaltic magmas (Hirschmann et al., 1998) and
show an enriched LREE pattern (Cullers and Graf, 1984).

By using the LaN/SmN ratio, it is possible to determine the more
prominent role of one of these two factors (1) low degree partial melting
and (2) crustal contamination, in the enrichment of LREE (Sirvastava and
Singh, 2004). The average ratio of LaN/SmN in the studied basaltic rocks
is about 2.6, which is lower compared to the average in crustal rocks (about
4.25) (Sirvastava and Singh, 2004). It probably indicates the insignificant
of the crustal contamination. The relative enrichment of LREE can be
determined by (Sm/Yb) N and (La/Yb) N ratios (Delavari et al., 2021). In
the studied samples, the average of these ratios is 3 and 8, respectively,
and it shows that the LREEs are more enriched (8 times) than the HREEs
compared to the primary mantle.

In primitive mantle-normalized multi-element plot (McDonough and
Sun, 1995) all samples show weak enrichment of U (HFSE) and Sr (LILE)
and obvious enrichment of Pb compare to primary mantle (Fig. 10). In these
rocks, the negative anomaly of Nb and Ti and the positive anomaly of Pb can
be seen in all samples except the basanite (L.57). The basanite sample shows
negative anomaly of Cs and Rb (LILs), Pb and Yb and positive anomaly of
Ta and Ba. In the studied samples, the positive anomaly of Pb is probably
due to contamination of magma with the continental crust, because this
element has a high concentration in the continental crust. Short stop or even
passage of magma from the continental crust (regional refining process), or
crustal digestion by magma (Wayer et al., 2003; Wang et al., 2003) can cause
this kind of anomalies (Ghasemi et al., 2010). The Ti negative anomaly is
controlled by titanate minerals. As the pressure increases, the solubility of
these minerals in aqueous fluids decreases, and the mentioned minerals that
are rich in HFS elements, remain in the form of residual phases at depths
of more than 30 kilometers during partial melting processes and cause the

appearance of negative anomalies in the melt (Gaetani, 2004).
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LIL elements, which include Rb, K, and Ba, are highly mobile elements
and may be controlled by fluids, and since these elements are concentrated
in the continental crust, their concentration in magma may indicate crustal
contamination (Rollinson, 1993; Cox and Hawkesworth, 1985).

The Lavarab lavas rare element geochemical behavior, is similar to
Oligocene basaltic lavas (Ghasemi et al., 2011) in the east and southeast of
Shahrood. Ghasemi et al. (2011) state that the LREE and LILE enrichment
and the HREE depletion along with the absence of negative anomalies of
Eu and HFSE and the presence of positive anomalies of Pb, Sr and Cs point
to the alkaline nature of magma and its origin, that it refers to an enriched
mantle source under the continental lithosphere, which is also true for the

alkaline lavas of Lavarab.

4.2. Magma source

Alkaline magmas have mainly asthenospheric origin and are formed from
the low partial melting of the upper mantle. This issue is also evident in the
Zr-Nb and La/Yb versus Sm/Yb diagrams (Aldanmaz et al., 2000) for the
studied lavas. Their origin is enriched mantle (Fig. 11a), and the composition
of alkaline rocks indicates a spinel-garnet lherzolite source up to 5% partial
melting. The Nb/La vs La/Yb (Abdel-Rahman and Nassar, 2004) is used to
distinguish of the lithospheric and asthenospheric mantle. As can be seen
in Fig. 12, the origin of the most samples is the lithospheric-asthenospheric

mantle and the origin of some of them is the asthenospheric mantle.

4.3. Tectonic setting and geodynamic of the region

In order to determine the tectonic setting of the Lavarab lavas, some
diagrams have been used. One of the oldest ones is the Zr/4-2Nb-Y
diagram. The immobile Nb is a sensitive indicator for the tectonomagmatic
environment of basalts. The association of Nb with Zr and Y in the ternary
diagram leads to the division of basalts into four fields of MORB (type N
and P, where type P is related to the areas affected by the plume), WPT, VAB
and WPA (Zr/4-2Nb-Y diagram from Meschede, 1986). As seen in Fig. 13,
the Lavarab lavas are plotted in WPA fields.

In the Zr-Zr/Y diagram of Pearce and Norry (1979), the most studied
samples are located in the field of within-plate basalts (Fig. 14a). Also,
in Y-La/Nb diagram from Floyd et al. (1991), the Lavarab alkaline lavas
are mainly related to BABB (back arc basin basalts) and some of them are
belonged to the common range between BABB and E-MORB (Fig. 14b).
The location of these lavas in the BABB field is similar to the Oligocene
basaltic rocks in the east and south of Shahrood. Ghasemi et al. (2011)
consider this setting to indicate the existence of an immature primary back-
arc extensional environment in Oligocene-Miocene, in the Urmia-Dokhtar
magmatic back-arc basin, in large parts of central Iran, has been associated
with the deposition of continental deposits (Lower Red Formation), shallow
marine (Qom Formation), continental (Upper Red Formation) and alkaline
basic magmatism with mantle source.

In addition to the previous diagrams, the discrimination function
diagrams of Agrawal et al. (2008) and Verma et al. (2006) were drawn for
Lavarab Lavas. Agrawal et al. (2008) presented diagrams of discrimination
functions based on immobile elements (La, Sm, Yb, Nb, and Th) for basic
and ultrabasic rocks. These diagrams are based on the natural logarithm
ratio of (La/Th), (Sm/Th), (Yb/Th) and (Nb/Th), and are used to identify
4 tectonic settings (IAB, CRB, OIB and MORB), and especially plate
margin (IAB and MORB together) and within-plate (CRB and OIB that

are combined together). In these diagrams, the Lavarab basaltic lavas are
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placed in two fields, CRB from the intra-plate environments and IAB from
the plate margin environments (Fig. 15 a, b, ¢).

Also, the discrimination function diagrams of Verma et al. (2006)
separate the 4 tectonic environments of IA, CR, OI and MORB for basic and
ultrabasic (Si0,<52 wt. %) volcanic rocks. In these diagrams, the samples
are mainly plotted in CRB (continental rift basalts) and fewer of them are
placed in IAB (island arc basalt) (Fig. 15 e, d).

As seen so far, in all diagrams, the Oligocene-Miocene basaltic lavas of
Lavarab are placed in the within-plate alkaline basalts field; meanwhile, the
pre-Eocene basalts are calc-alkaline and tholeiitic in this part of Iran (Tirrul
et al., 1983, Delavari et al., 2014, Jentzer et al., 2020). This geochemical
contrast between pre-Oligocene and post-Oligocene magmatism in eastern
Iran can be explained by the delamination model of the base of thickened
oceanic lithosphere of the subducting Sistan Neotethys. In this way, the
delamination of the thickened lithosphere root has caused its thinning, and
due to the ascent of the asthenosphere, a tensile regime has been achieved
in the region. On the other hand, the operation of basement faults can also
cause the upwelling of the asthenosphere. The Arabia-Eurasia collision
continents has led to the creation of main faults and the continuation of
deformations has caused many vibrations along these faults (Jenkins et al.,
2013; Walker and Jackson, 2004). Then, transtensional faults movement
were reducing the pressure on the asthenospheric mantle by creating
local tensions in the east of Iran, cause a small amount of asthenosphere
melting and the magmatism (Fig. 16). This model is supported by previous
researchers’ studies (e.g. Zarrinkoub et al., 2011; Pang et al., 2013; Bagheri
and Damani Gol, 2020). Pang et al. (2012) suggest the delamination of the
thickened lithosphere and asthenosphere upwelling as the driving factor for
the Miocene alkaline basaltic volcanism of Eastern Iran.

In the interpretation of the geodynamic model of the region, according to
the Lut and Afghan blocks collision in the Middle Eocene (Rezaei-Kahkhaei
etal., 2022) and the age of the studied lavas (Late Oligocene-Early Miocene,
not publish data), the delay time for delamination of Sistan thickened
oceanic lithosphere was about 16 Myr after collision and the magmatism
occurred in Oligocene-Miocene in the region. Also, the northern-southern
trend of the Lavarab basaltic lavas expansion, which is parallel to the north-
south dextral faults of Zahedan in the west and the Hariroud inferred fault in
the east, increases the probability of a fissure eruption in a pulled-apart or a

small intracontinental rift affected by these faults.

5. Conclusion

The geochemical characteristics of the whole rock of Oligocene-Miocene
Lavarab lavas in the east of Iran (north of Zahedan) indicate the dominant
alkaline sodic nature. The lava compositions are mostly basic and include
basaltic trachy andesite, trachybasalt, alkali basalt, and basanite. Based on
the numerical value of Mg (between 73 and 83%), the parental melt of the
Lavarab lavas is primary. The Oligocene-Miocene Lavarab lavas are related
to the post-continental collision with a within-plate tectonic setting, which
is due to the metasomatism of parts of the mantle by released fluids from
the Sistan oceanic lithosphere subduction (creating mantle heterogeneity).
These lavas were formed from the low partial melting of the upwelled
asthenosphere due to the delamination of thickened lithosphere root. With
the ascent of the asthenosphere and the thinning of the lithosphere due
to delamination, a tensional regime has occurred in the region, and the
performance of the Zahedan and Hariroud transtensional faults have created

a suitable path for ascending and eruption.
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Table 1. The results of the chemical analysis of the main elements oxides in percent and their norm calculations and the results of the chemical
analysis of the secondary elements in ppm. The names of the rocks are determined based on the classification of Le Maitre (2002) and are as

follows: BTA: basaltic trachyandesite; TB: trachybasalt; AB: alkali basalt; Bs: basanite.

Sample No. L.10 L.13 L.37 L.44 L.53 L.64 L.75 L.80 L.81 L.86 L.92 L.100 L.51 L52 L.61 L42 L.87 L57
Long (UTM) 295337 295701 287369 290228 288842 290065 288618 290812 290812 290912 291988 289589 287867 288842 292059 289305 291176 279830
Lat (UTM) 3316272 3317073 3322675 3323539 3329609 3323967 3318762 3319096 3319096 3319286 3317670 3326702 3329220 3329609 3318618 3323532 3319136 3342786
Rock type BTA BTA BTA BTA BTA BTA BTA BTA BTA BTA BTA BTA TB TB B AB AB Bs
Sio, 527 49.2 49.65 49 48.72 49.14 49.6 49.66 4933 51.27 48.9 49.9 47.37 48.58 46.93 47.92 48.72 42.37
TiO, 0.85 0.69 0.79 0.68 0.63 0.78 0.77 0.7 0.78 0.72 0.69 0.73 0.64 0.75 1.71 0.45 0.83 1.67
ALO, 17.48 14 13.52 13.01 12.41 12.81 13.23 13.4 13.13 13.64 15.71 13.17 15.46 12.53 15.91 13.66 15.22 14.42
Fe,0,T 831 8.61 833 7.59 337.59 935 8.63 8.19 8.57 173 829 8.19 9.09 9.21 9.12 933 8.87 11.66
MnO 0.13 0.18 0.15 0.16 0.14 0.13 0.13 0.16 0.16 0.15 0.16 0.13 0.19 0.19 0.11 0.18 0.15 0.19
MgO 294 8.87 7.72 10.16 11.45 7.87 755 83 6.81 77 6.69 791 9.69 8.15 832 13 8.45 11.12
CaO 9.49 7.95 8.32 8.32 7.35 8.85 8.4 8.13 9.04 7.15 8.97 8.11 9.61 9.92 8.38 8.94 9.55 10.48
Na,0 3 3.39 3.88 3.46 331 4.26 4.1 3.87 4.04 4.12 4.25 4.83 3.05 4.53 3.56 23 1.9 4.47
K,0 277 3.24 3.1 3.64 3.49 235 1.68 3.41 338 3.73 2.58 1.9 1.97 1.24 1.48 171 3.08 0.59
PO, 0.6 0.75 0.85 0.95 1.01 0.89 0.87 0.93 0.89 0.98 0.57 0.88 0.37 0.8 0.8 0.27 0.54 0.63
Lo 135 2.65 3.09 239 326 292 4.46 2.56 336 232 2.85 3.63 1.98 34 335 1.7 242 2.08
#Mg 53.6 77.19 75.55 81.69 83.24 73.42 73.67 77.36 72.87 77.63 72.69 76.18 76.6 73.74 73.66 80.59 74.66 73.96
A/NK 3.03 2.11 1.94 1.83 1.82 1.94 229 1.84 1.77 1.74 23 1.96 3.08 217 3.16 34 3.06 2385
A/CNK 115 0.96 0.88 0.84 0.88 0.83 0.93 0.87 0.8 0.91 0.99 0.89 1.06 0.8 1.19 1.05 1.05 0.93
K,0+Na,0 577 6.63 6.97 7.11 6.8 6.61 578 7.28 742 7.84 6.83 6.73 5.03 577 5.04 4.01 4.97 5.06
K,0/Na,0 0.92 0.96 0.8 1.05 1.06 0.55 0.41 0.88 0.84 0.91 0.61 0.39 0.65 0.27 0.42 0.75 1.62 0.13
Q 3.35 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Or 16.73 19.89 19.1 223 21.57 14.51 10.52 20.94 20.89 2278 15.84 11.81 12.03 7.71 9.14 10.43 18.79 3.63
Ab 25.99 22.32 2472 16.95 20.16 26.24 35.57 2235 20.63 27.57 22.16 32.66 183 28.18 29.37 20.03 16.59 9.28
An 26.63 13.94 10.79 9.53 9.09 9.26 13.51 9.48 8.08 8 16.77 9.08 2337 10.71 24.09 22.54 24.74 18.11
Ne 0 4.02 5.16 727 4.94 6.16 0.62 6.32 8.18 4.56 8.23 5.53 4.54 6.49 1.13 0 0 16.12
Di 14.28 17.42 21.07 21.2 17.5 243 19.66 20.75 26.06 17.47 2042 21.56 18.64 28.32 11.03 16.95 16.45 24.97
£
Hy 5.12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 .77 5.56 0
ol 0 14.14 10.44 14.51 18.47 10.24 11.43 11.48 7.08 10.87 8.87 10.77 16.16 9.91 15.03 22.1 10.19 17.27
Mt 4.84 5.14 5.12 4.64 4.59 5.61 5.04 5.09 539 5 5 5.01 4.83 527 4.88 4.67 4.78 5.86
) 1.64 1.35 1.56 1.34 1.26 1.54 1.54 1.39 1.55 1.42 1.36 1.45 1.26 1.49 34 0.89 1.62 327
Ap 145 1.83 211 232 249 2.19 217 228 221 24 139 22 0.9 1.98 1.98 0.66 131 1.55
Sum 100.04 100.05 100.06 100.06 100.07 100.06 100.06 100.06 100.06 100.06 100.04 100.06 100.03 100.06 100.05 100.03 100.04 100.05
Cs 0.65 3.66 7.67 3.52 6.13 635 7.54 379 4.77 4.68 11.98 9.07 0.95 7.26 0.97 0.65 1.74 1.19
Ba 991 1235 1387 1547 1462 1259 1271 1475 1123 1542 989 1160 442 902 748 409 957 822
%4 Rb 75 77 173 100 75 145 168 125 216 79 51 158 66 108 40 27 64 24
Sr 800 812 1010 843 718 952 819 954 840 789 674 811 1130 1121 913 518 507 698
Pb 11.69 16.41 19.49 17.32 17.73 18.37 17.61 17.91 17.4 18.44 10.98 16.81 538 15.28 2.71 6.61 9.57 5.08
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Continued from Table 1. The results of the chemical analysis of the main elements oxides in percent and their norm calculations and the results
of the chemical analysis of the secondary elements in ppm. The names of the rocks are determined based on the classification of Le Maitre

(2002) and are as follows: BTA: basaltic trachyandesite; TB: trachybasalt; AB: alkali basalt; Bs: basanite.

Th 5 7.67 9.34 853 8.89 8.68 9.83 10.87 9.62 10.59 4.57 825 2.64 741 4.24 221 4.03 83
U 14 215 2.77 239 2.66 2.63 323 2.88 3.16 243 1.41 247 0.71 222 091 0.64 1.09 1.64
Zr 167 185 213 203 178 200 204 221 203 200 147 175 103 174 280 97 131 278
g’ Ta 237 0.84 121 0.93 1 1.19 1.39 2.16 1.19 1.05 1.32 0.92 0.46 1.05 3.6 0.5 0.93 3.63
Hf 5.77 553 6.23 5.88 5.55 6.01 5.88 6.39 5.84 5.36 4.33 5 338 5.38 7.83 3.03 3.95 7.55
Y 26.4 2237 23.93 24.24 21.5 23.24 22.08 23.62 22.14 212 23.06 20.75 16.55 22.56 2038 14.87 21.66 24.68
Nb 234 19 18.5 20.6 18.7 17.9 19.8 20.2 18.1 20.6 19.7 18.2 142 153 389 12.6 17.9 47
La 20.74 25.87 302 2835 283 27.28 28.61 29.54 2691 27.1 17.54 25.62 14.19 2522 32.18 13.06 15.98 51.61
€= 3528 4222 49.82 47.74 46.61 45.56 46.69 49.12 44.23 4533 29.34 43.24 23.97 43.12 53.87 22.16 27.06 83.62
Pr 5.16 592 7.07 7.04 639 6.5 6.72 7 6.23 6.18 4.38 6.19 3.64 6.15 8.18 3.19 3.95 11.28
Nd 20.05 22.8 27.56 2623 24.67 25.95 25.02 25.99 24.07 24.19 17.92 23.94 13.66 25.28 31.18 11.92 16.3 40.94
Sm 6.1 6.32 7.29 6.93 6.89 7.07 6.44 7.12 6.69 6.58 5.27 6.58 327 6.27 7.1 2.95 4.76 717
Eu 221 222 261 245 255 242 224 25 223 2.12 1.8 2.01 1.01 1.92 248 0.98 1.5 215
Gd 3.88 4.11 4.65 4.67 4.42 4.64 441 4.46 4.45 437 3.67 4.07 2.49 4.32 4.96 235 3.07 5.83
E
Tb 0.74 0.7 0.76 0.72 0.78 0.78 0.71 0.71 0.75 0.74 0.69 0.76 0.48 0.81 0.88 0.4 0.64 0.99
Dy 4.01 353 4.23 4.19 3.92 4.19 36 3.76 3.68 3.56 3.89 3.82 2.66 4.11 3.94 228 34 55
Ho 0.99 0.83 0.86 0.87 0.74 0.9 0.79 0.82 0.8 0.68 0.84 0.75 0.59 0.8 0.81 0.54 0.8 0.9
Er 2.63 2.18 247 243 2.09 227 229 242 2.04 2.04 244 2.05 1.61 2.16 2 1.46 211 24
Tm 0.48 0.39 0.42 0.4 0.38 0.38 0.4 0.41 0.36 0.37 0.42 0.38 0.31 0.36 0.3 0.25 0.34 0.4
Yb 2.86 237 243 244 1.82 24 232 24 22 1.71 2.17 1.84 1.4 1.83 1.62 1.49 1.73 1.61
Lu 0.55 04 0.46 0.48 036 0.46 0.38 047 04 04 0.44 0.36 0.28 039 03 0.28 0.38 0.36
Ga 19.54 133 12.91 12.43 12.08 12.22 12.62 12.72 1233 12,18 13.56 11.03 11.82 9.99 18.65 10.33 12.37 15.13
Sc 34.03 33.96 3478 37.52 31.17 3434 28.79 32.05 3293 27.18 36.25 29.66 35.67 35.49 20.7 29.21 3246 27.29
% 327.09 240.73 217.86 227.47 220.26 213.95 22491 226.78 207.33 227.39 265.85 214.23 204.78 184.8 193.05 176.06 240.89 234.31
Cr 59.6 450.7 5242 736 542.7 671.5 4175 346.4 384.8 3729 3789 690.3 428.5 526.8 256.8 632.2 321 4323
Co 28.29 37.19 39.2 34.96 3255 38.92 32.64 3245 31.49 30.81 3443 33.04 44.97 35.07 34.86 53.29 30.71 45.91
g:"; Ni 3141 190 190.59 200.64 185.03 208.87 130.53 127.5 122.14 130.2 77.23 188.87 356.86 186.95 114.44 537.26 78.56 267.22
Cu 71.53 114.46 126.4 119.87 122.49 105.72 134.93 115.45 115.26 130.57 112.75 107.08 65.22 91.69 62.15 71.42 66.68 77.98
Zn 91.43 73.24 71.29 70.78 66.69 70.72 68.4 70.6 64.58 68.27 7431 69.02 64.71 68.79 91.25 63.38 70.21 85.38
Ti 6490.43 5362.5 5274.53 5390.8 4700.39 4935.31 4728.06 4972.23 4965.11 4929.6 5581.54 4700.39 4809.65 4688.33 1242522 3542.09 4929.6 10551.16
Mn 1138.84 1143.2 1201.86 1090.14 995.81 1132.2 1095.78 1035.97 1056.61 1001.35 1083.29 1015.75 1100.56 1102.14 1026.95 1064.18 1014.64 1212.9
w 0.86 0.55 1.8 0.76 0.34 1.79 1.81 1.47 1.79 0.10> 0.10> 1.86 0.18 1.66 0.11 0.10> 0.10> 047
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Figure 1- a) The map of tectono-sedimentary zones of Iran (Alavi, 1991) and the study area location in red star.
b) the outcrop of studied lavas (alkaline basalts) is shown on the Sentinel satellite image and sampling distribution,
c) a simple plan of asymmetric syncline and the location of lavas on its limbs in the navigation path of the middle

drainage (line AA") (modified after Houshmand Manavi et al., 2021).
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Figure 2- a) A perspective view of the expansion of the lava hill of Lavarab (OMLI"), the middle drainage route
(route AA' in Fig.1-b) to the north, view to the north. b) A view of the layering of Oligocene-Miocene sediments
(OM*™) and the lavas intercalation (OM"™) with a slope to the west, around the Harmak village, view to the
northwest. ¢) Backed Oligocene-Miocene sandy marl (OM™) sediments as a result of Oligocene-Miocene lavas

pouring (OM") on them, Entrance of Harmak village, view to the east.
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Figure 3-a) A view of massive lavas at the bottom and prismatic lavas at the top of the photo, the
path of the middle channel (route AA' in Fig. 1-b) to the north, view to the west-southwest, b)
A view of lava with onion skin weathering, around the Qarqruk village, view to the north, c) A

view of layered structure in lava flows, view to the east, d) A view of lava cone, view to the north.
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Figure 4- a) Vesicles filled with zeolite in lavas (sample L.52), b) Coarse pyroxene crystals in lavas

(sample L.86).
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Figure 5. The observed textures in the studied rocks, a) microlithic porphyry, b) hyaloporphyry, c) felsitic porphyry, d) Hyalospherolitic
porphyry, in parallel polarized light (PPL) and crossed polarized light (XPL). Ol: olivine, Cpx: clinopyroxene, Px: pyroxene, Anl: analcime,
Gl: glass.
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Figure 5. The observed textures in the studied rocks, a) microlithic porphyry, b) hyaloporphyry, ¢) felsitic porphyry, d) Hyalospherolitic

porphyry, in parallel polarized light (PPL) and crossed polarized light (XPL). Ol: olivine, Cpx: clinopyroxene, Px: pyroxene, Anl:

analcime, Gl: glass.
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Figure 7- a) The total alkali versus silica diagram from Kuno (1968) shows the characteristic of alkaline

for the rocks of the Lavarab region. b) Diagram of K,

O\Na,O against SiO, from Emami (1981), which

indicates the predominance of sodic nature in these rocks.
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Figure 8- a) The AQ-K,0/Na,O (Peccerillo and Frezzotti, 2015) to determine

magma series.
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Figure 10. Multielement pattern normalized Lavarab basaltic rocks

to the primary mantle (McDonough and Sun, 1995).
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Figure 9. Pattern of REE normalized Lavarab basaltic rocks to the

primary mantle (McDonough and Sun, 1995).
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Figure 11. The source determination and its amount of partial melting diagrams for the studied lavas. a) Zr-Nb diagram (Sun

and McDonough, 1989), b) La/Yb against to Sm/Yb (Aldanmaz et al., 2000).
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Figure 12. Nb/La vs La/Yb (Abdel-Rahman and Nassar, 2004) diagram to

distinguish of the lithospheric, asthenospheric or the mixed mantle.
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Figure 13. The tectonic environment of within-plate alkaline basalts for Lavarab lavas

in the Zr-Nb-Y diagram of Meschede (1986).
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Figure 14- a) Position of within-plate basalts for Lavarab lavas on the Zr versus Zr/Y diagram

(Pearce and Norry, 1979), b) The back arc position for the Lavarab alkaline series in the Y versus

La/Nb diagram (Floyd et al., 1991).
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Figure 15- a, b, ¢) Determining the geotectonic environment of the studied samples in the discrimination
diagrams of Agrawal et al. (2008). The numbers shown in the graphs are the classification accuracy of

the samples tested by Agrawal et al. (2008) as a percentage. d, ¢) discrimination diagrams of Verma et al.

(2006). As shown here, most the samples plot in continental rift basic rocks.
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Figure 16. Volcanism model of Lavarab lavas in the tectonic evolution model of the

Sistan Suture Zone, modified after Tirrul et al. (1983) with a little change.
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