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Abstract: Central aims of this project are to delineate and characterize the magma crystallization con-
ditions associated with intra-plate volcanism after collision of the Lavarab Basaltic Lavas (LABL) in
East of Iran. Their composition is more basic and includes two principal lithologies: alkali basalt and
basanite, and subordinate trachy basalt. The Olivine chemistry indicates forsterite, chrysolite and hy-
alo-siderite compositions in the study rocks. Clinopyroxene chemistry has been used as the key com-
ponent of LABL to investigate the nature of magma, tectonic setting, and physicochemical conditions
of crystallization (T, P, fOz) in basic-intermediate Lavarab lavas. The clinopyroxenes of these rocks
are diopside and augite and belong to peralkaline to subalkaline magmatic series of within plate al-
kali basalt and volcanic arc basalt settings. Temperature and pressure estimations based on different
single clinopyroxene thermobarometers indicate temperatures of #1110 to =1260 °C, at pressures of
=0.05 to #1.35 GPa corresponding to pressures equivalent to the depths of =2 to =51 km for the crys-
tallization of clinopyroxene under the high oxygen fugacity in the lower (>30 Km) to upper (>10 Km)
continental crust. Temperature estimations based on olivine-liquid thermometry are calculated tem-
peratures of #1380 to #1390 °C for basanites and =1299 to =1336 °C for alkali basalts at a constant
pressure of 1.4 GPa. The chemical compositions of phenocrysts in the studied basaltic lavas reflect
evidence of magma recharge through multi pulses of new magma injected into the existing reservoir
prior to eruptions such as petrographic evidence (absorption and rounded-shape and patchy zoned
in olivine crystals and sieve texture, absorption, and oscillatory zonation in clinopyroxene crystals)
and the oscillatory changes of a crystal’s composition from the core to rim in the microprobe data of
a crystal.

Keywords: alkali basalt; basanite; Neogene; geothermobarometry

1. Introduction

The studied lavas are located in the middle part of the Sistan Suture Zone, east of Iran. The prior
studies of this zone are related to the characteristics, origin and tectonic setting of igneous rocks by
[1]. Tirrul et al. [2] also provided an interpretation of the tectonics of the Sistan Suture Zone in east of
Iran. Tirrul et al. [2] attribute the beginning of convergence and obduction of ophiolites to Late Cre-
taceous. They believe 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. 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 interlay-
ered with the detrital and carbonate deposits of this basin (e.g., [1,3-7]).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The lava flows are located in the southern part of Sefidabeh Basin. These lavas have originally
been interpreted as basalts being Oligocene-Miocene in age ([8-10]).

On one hand, the composition of the Lavarab Basaltic Lavas (LABL) is more basic as a direct
product of mantle melting. This leads to understand the characteristics of the upper mantle beneath
the LABL and petrological developments related to Sistan Suture Zone. On the other hand, pheno-
crysts in basalts indicate that they underwent a period of crystallization in a semi-deep magma cham-
ber(s) during the ascent of magma from the mantle to the surface [11]. Therefore, by understanding
the minerals that formed in the magma chamber before eruption, it is possible to understand magma
chamber processes [11]. Currently, the chemical nature of the crystallization conditions of minerals,
the formation and evolution of the magma that forms igneous rocks, and to determine the tectonic
environment (e.g., [12,13]) in which it was formed, mineral chemistry is crucial. Mineral chemistry
reflects the chemistry of the crystallizing magma, and resistant minerals against alteration and weath-
ering, such as clinopyroxene, play a more significant role compared to other minerals. Pyroxene and
olivine, as the main mineral components of the Oligocene-Miocene LABL rocks, reflect the composi-
tion of the parental magma, the physicochemical conditions prevailing during crystallization in the
magma chamber(s), and the tectonic environment of the parental magma formation. Olivine and py-
roxene frequently crystallize early in magmatic systems, as is the case in the Lavarab basaltic lavas.
Previously, the composition of clinopyroxene (as a resistant mineral against alteration and weather-
ing) has been used to estimate the temperature, pressure, and oxygen fugacity during the crystalliza-
tion of the magma that formed it, and various thermobarometer formulations have been proposed
for this purpose [13-24]. Xu [25] expressed that estimates of the crystallization temperatures of Mg-
rich magmas are critical for understanding the thermal state of the mantle and testing the mantle
plume model [1,26-28]. The olivine-melt equilibrium-based thermometer was conventionally
thought to be one of the most precise methods available [29-31]. However, olivine thermometry re-
quires determination of a primary magma composition that is equilibrated with olivine in the mantle
source (or maximum forsterite content of olivine phenocrysts observed). These parameters may lead
to ambiguous results [32] if using the same data with slightly different assumptions to calculate the
primary melt compositions (e.g., [31,33]).

The purpose of the present study is to clarify the LABL magma crystallization condition based
on the composition of mafic minerals on the focus of mineral-liquid equilibrium and single mineral
methods. In this paper, the mineral chemistry of clinopyroxene and olivine phenocrysts separately
investigate for all rock types (basanite, alkali basalt, and trachy basalt) in order to know the condi-
tions of the first stage of crystallization. So far, no data has been published regarding the mineral
chemistry of the LABL.

2. Geological Setting and Study Area

Iran is located in the middle part of the Alpine-Himalaya folded belt. This belt is the site of the
collision between the two supercontinents, Eurasia and Gondwana, beginning from western Europe
and continuing through Turkey, Iran, Afghanistan, to Tibet, near Burma and Indonesia ([34,35]). In
this belt intra-continental collision zones exhibit complex geometries and a high diversity in scale and
strain history [36]. The development of the mountain ranges of eastern Iran (the Sistan Suture Zone)
is a simple example, as in this area subduction did not lead to the creation of a widespread magmatic
arc, because the destruction of a narrow strip of oceanic lithosphere occurred in a short period of time
[2]. The Ratuk and Neh ophiolitic complexes as accretionary prisms and the Sefidabeh basin as a fore-
arc basin were the results of this collision.

The studied lavas are located in the Sefidabeh basin in a nearly north-south trend. The age of the
deep to shallow marine deposits of Sefidabeh is Maastrichtian-Paleogene and includes interlayers of
lavas, pyroclastics, and volcaniclastic derivatives with detrital and carbonate rocks [1], deposited in
a forearc basin. Its eastern border with the Afghan block is formed by the Harirud fault and its lower
border with the basement is described to be the Talkhab thrust fault [37]. After the eruption of basaltic
lavas in the region, the sedimentary environment gradually deepened, and horizons of marl were
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deposited alternating with clastic rocks [9]. The occurrence of the Sistani event [38], equivalent to
Pyrenean orogeny in east Iran, caused the folding of Cretaceous-Paleogene rocks during the Oligo-
cene and continued until the Neogene [9]. The morphology of the lavas and the type of their detrital
hosted rocks indicate that these lavas erupted in a continental alluvial-fluvial or lacustrine environ-
ment. Eocene flysch is located further south and west of the region and is composed mostly of fine-
grained sandstones and shale, and host numerous granitoid bodies ([1,2,39-41]). The LABL are re-
lated to the post-continental collision with a within-plate tectonic setting. These lavas were formed
from the low degree partial melting of the upwelled asthenosphere due to the delamination of thick-
ened lithosphere root [42]. 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 activity of the Zahedan
and Hariroud transtensional faults have created a suitable path for ascending melts [42].

3. Field Relationship and Petrography

The location and geological map of Lavarab area are illustrated in Figure 1. These rocks form
elongated outcrops (up to 20 km) and have a maximum width of approximately 2 km in a north-
south trend (N338) parallel to and close to the Zahedan dextral fault in the west. In the study area,
there is an asymmetric syncline with a north-south axis, in which the lavas are visible on its west and
east limbs. The lavas are concordant with the Oligocene-Miocene sediments. Two eruption stages are
observed on the eastern limb of syncline. After the first one, a 20-meter-thick sedimentary sequence
was deposited on it, and then the second eruption occurred. It seems that the first eruption is thicker
and more extensive than the second one, so that its continuation can also be seen on the western limb.
It seems some parts of basaltic magma erupted phreatically and some of them exploded on the sur-
face that created columnar structures. In the phreatic eruptions there are no pillow structures, but
oxidation and alteration cause colorful appearance of the lavas, so they must be erupted in a shallow
depth (up to 30 m) what is confirmed by Ostracoda (Cytherella sp. and Cytheridea sp.) in marl which
is located under the study lavas (at the intersection of the road with the lava in the southern part of
the outcrop (see Figure 1). Other paleontological findings of these marls include benthic foraminifera
such as Pararotalia sp., Elphidium sp., Osangularia sp., and Asterigerina sp., all of which together indi-
cate that these marls belong to the Early Miocene. An annular outcrop of the lavas is observed in the
southeast of LABL which probably erupted at the intersection of a NW-SE dextral fault with a NE-
SW sinistral fault in a local tensile environment. Some field observations related to LABL are pre-
sented in Figure 2. These melanocratic to mesocratic lavas are porphyritic (relatively micro/pheno-
cryst-rich, up to ~%45), and classified in three main groups based on petrography as follow:
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Figure 1. Geological map of the Lavarab basaltic rocks which prepared by using of the detailed field sur-vey-
ing of this research and basic information of the regarding geological maps ([8,10] in scale of 1:250000 and [9]
in sclae of 1:100000). Structural Zones of Iran is modified by Rezaei-Kahkhaei et al. [43].
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Figure 2. (a) A view of the Oligocene-Miocene sediments (OM®™) and interlayering of basalt (OMP) with a slope
to the west, around the Harmak village, view to the northwest; (b) a view of massive lavas at the bottom and
columnar lavas at the top; (c) a view of Lavarab lava flow, view to the southwest; (d) Backed Oligocene-Mio-
cene sandy marl (OM>™) sediments below the Oligocene-Miocene lavas (OMP), Entrance of Harmak village,
view to the east; (e) onion skin weathering and pyroxene phenocrysts in in the Lavarab lavas; (f) Vesicles in

different sizes filled with zeolite.

3.1. Trachy Basalt

The lavas are porphyritic or vesicular in texture with a microlithic to aphanitic matrix. The rocks contain 30%

micro/phenocrysts (<~3000 um in length, ~20% plagioclase, ~10% clinopyroxene). The tabular plagioclase and


https://doi.org/10.20944/preprints202504.0525.v2

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 April 2025 d0i:10.20944/preprints202504.0525.v2

5 of 27

euhedral to subhedral pyroxene micro-phenocrysts (100-500 pum) and phenocrysts are existing. The polysyn-
thetic twins, zonation and sieve texture is common in the plagioclases. Simple and lamellar twins and 8-side
sections are observed in clinopyroxene (mostly augite). Few opacity minerals are observed, that are similar to
amphibole. The cavities are mostly filled by calcite. The accessory minerals consist of apatite and opaque min-

erals. A photomicrograph of trachy basalt is shown in Figure 3a.

Figure 3. Photomicrographs (in parallel-polarized and cross-polarized lights). (a) Plagioclase and clinopyroxene
micro-phenocrysts/phenocrysts in trachy basalt; (b) Oscillatory zoning and hourglass twinning of clinopyroxene
in alkali basalt; (c) Olivine and clinopyroxene phenocrysts and analcime micro-phenocrysts within a glassy ma-
trix in alkali basalt; (d) Clinopyroxene euhedral phenocryst with sieve texture, altered olivine, and a cavity is
filled by zeolite in basanite. Abbreviations are: Cpx: clinopyroxene, PI: plagioclase, Ol: olivine, Anl: analcime,

Zeo: zeolite.

3.2. Alkali Basalt

The alkali basalts are porphyritic or vesicular in texture with a microlithic or glassy matrix. The
cavities are mostly filled by zeolite. These lavas contain 35-45% micro/phenocrysts (<1 cm in length)
comprising ~ 20-30% clinopyroxene, ~ 5-10% olivine, ~ 5% analcime, and rare Fe-Ti oxides. The eu-
hedral to subhedral pyroxene, subhedral to euhedral olivine, and euhedral analcime are visible as
micro-phenocrysts and phenocrysts. The maximum size of pyroxene is up to 1 cm as mega-pheno-
crysts in alkali basalts. Clinopyroxene crystals are typically euhedral and indicating two pyroxene
generations: one with sieve texture and another without it. Clear oscillatory zoning and hourglass
twinning of clinopyroxene phenocrysts are observed in alkali basalt (Figure 3b). Analcime is also seen
as rounded micro-crysts and euhedral micro-phenocrysts scattered in the glassy matrix, and em-
bayed crystals and skeletal growth are observed in olivines (Figure 3c). Apatite inclusions are abun-
dant in pyroxene but also form fine needles in the matrix. Opaque minerals are also found in fine-
grained, cubic, and sometimes dendritic habit in abundance in the grounmass or as inclusions within
phenocrysts, especially olivines. A photomicrograph of alkali basalt is shown in Figure 3b,c.

3.3. Basanite

This group of lavas is porphyritic or vesicular in texture with a fine-grain to microlithic, and
rarely glassy matrix. The lavas contain 35-40% phenocrysts comprising ~20-30% clinopyroxene, 10-
15% olivine, ~5% analcime. Rare Fe-Ti oxides also occur. In some rocks, olivine crystals are mostly
disintegrated to chlorite and iddingsite (Figure 3d). Clinopyroxene micro-phenocrysts and pheno-
crysts are mostly euhedral. An ultramafic sample (L.57) contains 15% phenocrysts (<~1500 pm in
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length) comprising ~14% olivine, and rare clinopyroxene. A photomicrograph of trachy basalt is
shown in Figure 3d.

The groundmass in both alkali basalts and basanite comprises of microphenocrysts (<10 to ~100
mm in size) of the same phases and in the same relative abundances as found in the phenocryst pop-
ulation. Plagioclase microliths are commonly euhedral to subhedral, while the other phases are an-
hedral. Sanidine also occur in fine-grain (~0.25 mm) groundmass.

4. Analytical Technique
4.1. Whole Rock

Based on geological mapping and satellite imagery 120 samples from all (?) different rock units
were collected. Among them, 70 thin sections of Lavarab Basic Lavas were examined using optical
microscopy to characterize their mineralogy. Then 18 fresh samples with minimal alteration and
proper spatial distribution in the area were selected for whole rock geochemical analyses. The chem-
ical analyses of the main elements have been made by XRF method at the laboratory of Geological
Survey of Iran (GSI), whereas the trace and rare earth elements were determined by ICP-MS and ICP-
OES at the laboratory of Applied Research Center of GSI in Alborz, Iran). The loss on ignition was
determined by weight difference after ignition at 1000 °C by the wet chemistry method in the labor-
atory of the GSI. The detection limit is 0.1 wt% for major oxides, from 0.1 to 1 weight-ppm for trace
elements and from 0.1 to 0.5 weight-ppm for the rare earth elements.

4.2. Electron Probe Micro-Analyzer (EPMA)

Seven samples were prepared for electron microprobe analyses, including one trachy basalt
(L.10), four alkali basalt (L. 38, L.51, L.61 and L.81), and two basanites (L.57 and L.65). Backscatter
electron (BSE) imaging of clinopyroxene and olivine in polished thin sections were used to investigate
zonation patterns of crystal populations, and select crystals for geochemical analysis. Quantitative
spot analyses were performed on a CAMECA SX 100 electron microprobe at Micro-Area Analysis
Laboratory, Polish Geological Institute (Warsaw, Poland), using a 15 kV acceleration voltage, 20 nA
current, a spot size of 5 um and 10s counting time on peak position.

4.3. Test for Equilibrium in Mineral-Liquid Geothermobarometry

MagMin_PT program [44] calculates KD(Fe-Mg)°-id using equations 1 and 2 (originally sug-
gested for olivine by Roeder and Emslie (1970)) to test for equilibrium between olivine and liquid
and between clinopyroxene and liquid.

MgOmin + FeQlia = MgOlia + FeQmin (1)

KD(Fe-Mg)miniq= XFeminXMglia / XMgminXFelia (2)

4.4. Programs to Calculate Temperature and Pressure

MagMin_PT is using to determine temperature based on glass or whole rock composition as
well as olivine thermometry. For clinopyroxene, Seosoo [21] thermo-barometers were calculated in
Excel software, the thermo-barometer calculations of Nimis [45], Nimis and Tylor [22], Putirka et al.
[46,47], Putirka [23] were made using WinPyrox [48], and Nimis and Ulmer [22] and Neave and
Putirka [49] thermo-barometers were calculated by using MagMin_PT [44] program.
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5. Results
5.1. Whole Rock Composition

The geochemical characteristics of the whole rock of LABL indicate the dominant alkaline sodic
nature ([Na:0 + K20O] = 4.13-8.11 wt% and K2O/Na:z0 = 0.13-1.62) (Table 1). The lava compositions
are more basic and include alkali basalt, basanite, and less trachy andesite based on the nomenclature
of Winchester and Floyd [50] (Figure 4). The LABL has the characteristics of low to middle SiO: con-
tents (43.76-53.91 wt%), high alkali contents (4-8 wt%), and high CaO contents (7.39-10.83 wt%). MgO
contents range from 3.01 to 13.38 wt %, and the Mg# (Mg#=100 Mg?/[Mg?+Fe?]) ranges from 53.60
to 83.24 (mean = 74.51). Al:Os contents vary from 12.97 to 17.88 wt%. The TiO2 contents ranges from
0.47-1.79 wt% (mean = 0.8 wt%), so these rocks are low-Ti type [51,52]. These results show a close
affinity with intraplate alkaline basalts and continental rift alkaline basalts [53]. The compatible trace
element Ni shows clear correlations with MgO contents, as well as the trend between Cr and MgO.
The concentrations of Cr and Ni are 59.6-690.3 ppm and 31.4-537.3 ppm, respectively. To find more
detail information about the whole rock geochemistry of LABL refer to [42].

[=}
=<}
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Figure 4. SiO2 vs. Zr/TiO2diagram for classification of the studied rocks [50].

Table 1. Whole rock chemical analysis of Lavarab basic lavas. The names of the rocks are determined based on
the classification of Winchester and Floyd (1977) and are as follows: TA: trachy andesite; AB: alkali basalt; Bs:

basanite.

Sample
No.
Long 295332873628786288842920528861290812909129117291982895829570290222893028884290062908127983
UuT™m) 7 9 7 2 9 8 2 2 6 8 9 1 8 5 2 5 2 0
Lat 331623322633292332963318633187331903319233191331763326733170332353323533296332393319033427
(UTM) 72 75 20 09 18 62 9 8 36 70 02 73 39 32 09 67 9% 86
Rock

type

L.10 L.37 L.51 L.52 L.61 L.75 L.81 L.86 L.87 L.92 L.100 L.13 L.44 L.42 L.53 L.64 L.80 L.57

TA AB AB AB AB AB AB AB AB AB AB Bs Bs Bs Bs Bs Bs Bs

SiO:

52.7 49.65 47.37 48.58 46.93 49.6 49.33 51.27 48.72 48.9 499 49.2 49 47.9248.72 49.14 49.66 42.37

TiO:

0.85 0.79 0.64 0.75 1.71 0.77 0.78 0.72 0.83 0.69 0.73 0.69 0.68 0.45 0.63 0.78 0.7 1.67

AlOs

17.48 13.52 15.46 12.53 15.91 13.23 13.13 13.64 15.22 15.71 13.17 14 13.01 13.66 12.41 12.81 13.4 14.42

Fe20sT

337.5

831 8.33 9.09 9.21 9.12 8.63 857 7.73 887 829 819 8.61 7.59 9.33 9.35 8.19 11.66

MnO

0.13 0.15 0.19 0.19 0.11 0.13 0.16 0.15 0.15 0.16 0.13 0.18 0.16 0.18 0.14 0.13 0.16 0.19

MgO

294 772 9.69 815 832 755 6.81 7.7 845 6.69 791 8.87 10.16 13 11.45 7.87 8.3 11.12

CaO

9.49 832 9.61 992 838 84 9.04 715 955 897 8.11 7.95 832 894 7.35 8.85 8.13 10.48
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Sample
No. L
Na2O 3 3.88 3.05 453 356 41 4.04 412 19 425 483 339 346 23 331 426 3.87 447
KO 277 31 197 124 148 1.68 3.38 3.73 3.08 258 19 324 3.64 1.71 3.49 235 3.41 0.59
P-Os 0.6 085 037 0.8 0.8 087 0.89 098 054 0.57 0.88 0.75 0.95 0.27 1.01 0.89 0.93 0.63
LOI 135 3.09 198 34 335 446 336 232 242 285 3.63 2.65 239 1.7 3.26 292 256 2.08
Mg# 53.6 75.55 76.6 73.74 73.66 73.67 72.87 77.63 74.66 72.69 76.18 77.19 81.69 80.59 83.24 73.42 77.36 73.96
A/NK 3.03 1.94 3.08 217 3.16 229 177 1.74 306 23 196 211 183 34 1.82 194 1.84 2.85
A/CNK 1.15 0.88 1.06 0.8 1.19 093 0.8 091 1.05 0.99 0.89 0.96 0.84 1.05 0.88 0.83 0.87 0.93
K:0+Na2
o 577 697 5.03 577 5.04 578 742 7.84 497 6.83 6.73 6.63 7.11 401 6.8 6.61 7.28 5.06

KzO(;Naz 092 08 0.65 027 042 041 0.84 091 1.62 0.61 039 0.96 1.05 0.75 1.06 0.55 0.88 0.13
Cs 0.65 7.67 095 726 097 754 4.77 4.68 1.74 11.98 9.07 3.66 3.52 0.65 6.13 635 3.79 1.19
Ba 991 1387 442 902 748 1271 1123 1542 957 989 1160 1235 1547 409 1462 1259 1475 822
Rb 75 173 66 108 40 168 216 79 64 51 158 77 100 27 75 145 125 24
Sr 800 1010 1130 1121 913 819 840 789 507 674 811 812 843 518 718 952 954 698
Pb 11.6919.49 5.38 15.28 2.71 17.61 17.4 18.44 9.57 10.98 16.81 16.41 17.32 6.61 17.73 18.37 17.91 5.08
Th 5 934 264 741 424 9.83 9.62 10.59 4.03 4.57 825 7.67 853 2.21 8.89 8.68 10.87 8.3
U 1.4 277 0.71 222 091 323 3.16 243 1.09 1.41 247 215 239 0.64 2.66 2.63 2.8 1.64
Zr 167 213 103 174 280 204 203 200 131 147 175 185 203 97 178 200 221 278
Ta 237 121 046 1.05 3.6 139 1.19 1.05 093 1.32 092 084 093 05 1 119 216 3.63
Hf 577 623 338 538 7.83 588 584 536 395 433 5 553 588 3.03 555 6.01 6.39 7.55
Y 26.4 23.93 16.55 22.56 20.38 22.08 22.14 21.2 21.66 23.06 20.75 22.37 24.24 14.87 21.5 23.24 23.62 24.68
Nb 234 185 142 153 389 19.8 18.1 20.6 179 19.7 182 19 20.6 12.6 18.7 179 202 47
La 20.74 30.2 14.19 25.22 32.18 28.61 26.91 27.1 15.98 17.54 25.62 25.87 28.35 13.06 28.3 27.28 29.54 51.61
Ce  35.2849.8223.97 43.12 53.87 46.69 44.23 45.33 27.06 29.34 43.24 42.22 47.74 22.16 46.61 45.56 49.12 83.62
Pr 516 7.07 3.64 6.15 818 6.72 6.23 6.18 3.95 4.38 6.19 592 7.04 3.19 639 65 7 11.28
Nd 20.0527.56 13.66 25.28 31.18 25.02 24.07 24.19 16.3 17.9223.94 22.8 26.23 11.92 24.67 25.95 25.99 40.94
Sm 6.1 729 327 627 7.1 644 6.69 658 476 527 6.58 632 693 295 6.89 7.07 712 7.17
Eu 221 261 101 192 248 224 223 212 15 18 201 222 245 098 255 242 25 215
Gd 388 4.65 249 432 496 4.41 445 437 3.07 3.67 407 411 4.67 235 442 4.64 446 5.83
Tb 0.74 0.76 048 0.81 0.88 0.71 0.75 0.74 0.64 0.69 0.76 0.7 0.72 04 0.78 0.78 0.71 0.99
Dy 4.01 423 266 411 394 36 368 356 34 389 3.82 353 419 228 392 419 3.76 55
Ho 099 086 059 0.8 081 0.79 0.8 068 08 0.84 0.75 0.83 0.87 0.54 0.74 09 0.82 0.9
Er 263 247 161 216 2 229 2.04 2.04 211 244 205 218 243 146 2.09 227 242 24
Tm 048 042 031 036 03 04 036 037 034 042 038 039 04 0.25 038 038 041 0.4
Yb 286 243 14 1.83 1.62 232 22 171 1.73 217 1.84 237 244 149 182 24 24 1.6l
Lu 055 046 028 039 03 038 04 04 038 044 036 04 048 028 036 0.46 0.47 0.36
Ga 19.5412.9111.82 9.99 18.6512.6212.33 12.18 12.37 13.56 11.03 13.3 12.43 10.33 12.08 12.22 12.72 15.13
Sc  34.03 34.78 35.67 35.49 20.7 28.79 32.93 27.18 32.46 36.25 29.66 33.96 37.52 29.21 31.17 34.34 32.05 27.29
v 327.0 217.8 204.7 184.8 193.0 224.9 207.3 227.3 240.8 265.8 214.2 240.7 227.4 176.0 220.2 213.9 226.7 234.3

9 6 8 5 1 3 9 9 5 3 3 7 6 6 5 8 1
Cr  59.6 524.2 428.5 526.8 256.8 417.5 384.8 372.9 321 378.9 690.3 450.7 736 632.2 542.7 671.5 346.4 432.3
Co 28.29 39.2 44.97 35.07 34.86 32.64 31.49 30.81 30.71 34.43 33.04 37.19 34.96 53.29 32.55 38.92 32.45 45.91

.10 L.37 L.51 L.52 L.61 L.75 L.81 L.86 L.87 L.92 L.100 L.13 L.44 L.42 L.53 L.64 L.80 L.57

. 190.5 356.8 186.9 114.4 130.5 122.1 188.8 200.6 537.2 185.0 208.8 267.2
Ni 3141 9 6 5 4 3 4 130.2 78.56 77.23 7 190 4 6 3 7 127.5 ’
134.9 115.2 130.5 112.7107.0 114.4 119.8 122.4105.7 115.4
Cu 77.53126.465.2291.69 62.15 3 6 ” 66.68 5 3 6 ” 71.42 9 ” 5 77.98

Zn 91.4371.2964.71 68.79 91.25 68.4 64.58 68.27 70.21 74.31 69.02 73.24 70.78 63.38 66.69 70.72 70.6 85.38
6490. 5274. 4809. 4688.124254728. 4965. 4929. 4929. 5581. 4700. 5362. 5390. 3542. 4700. 4935. 4972.10551
43 53 65 33 2 06 11 6 6 54 39 5 § 09 39 31 23 2
1138. 1201. 1100. 1102. 1026. 1095. 1056. 1001. 1014. 1083. 1015. 1143. 1090. 1064. 995.8 1132. 1035. 1212.
84 8 56 14 95 78 61 35 64 29 75 2 14 18 1 2 97 9
W 086 1.8 0.18 1.66 0.11 1.81 1.79 <0.10<0.10<0.10 1.86 0.55 0.76 <0.10 0.34 1.79 1.47 047

Ti

Mn
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5.2. Mineral Chemistry

In this regard more than 950 points on 272 crystals were analyzed from pyroxene and olivine on
mega-phenocrysts (0.5-1 cm), phenocrysts 0.5-5 mm), micro-phenocrysts (0.1-0.5 mm) and micro-
crysts (<0.1 mm) of olivine and clinopyroxene in 7 samples of LABL (see Supplementary data).

5.2.1. Olivine

Olivine is only present in basanites and alkali basalts. Olivine ranges from Foz Fa Tpos to Fosu
Fas Tpo.os show forsterite and chrysolite composition in basanite (data from 24 crystal, n = 97), and
from Fo7 Faz Tpoos to Fos: Faz Tp1 in alkali basalt indicate forsterite, chrysolite and hyalosiderite
composition (data from 55 crystal, n = 187) (Figure 5). Olivine phenocrysts in the basanite are nor-
mally zoned with broad core regions (Foss91) and outer rim zones that grade to lower Mg contents
(Forizs) (Figure 6a).
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Figure 5. Determination of the olivine types in Lavarab lavas.
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Figure 6. Examples of BSE images and compositional traverses of olivine crystals from (a) Patchy-zoned and
resorbed wide core crystal with low-Fo and Ni, but high-Mn rim overgrowth (basanite, L.57); (b) Generally, a
euhedral homogenic crystal (alkali basalt, L.38). Red line and points on image show location of geochemical

traverse from core to rim and analyzed points, respectively.
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Rim-ward minor element trends include depletion in Ni, enrichment in Mn, and weak enrich-
ment in Ca. Olivine phenocrysts in alkali basalt display similar textural and compositional character-
istics (Figure 6b). Their core regions are characterized by ~Foss contents and the rims are invariant
with Foss-ss.5. Micro-phenocrysts in both rock groups (100-500 pm) are anhedral, non-zoned and have
invariance Mg contents (~Foz.-s7).

5.2.2. Clinopyroxene

Pyroxenes are Ca-Mg-Fe rich [54] and classified as diopside and augite [55] in all rock types
(Figure 7a,b). Examples of BSE images and compositional traverses of LABL clinopyroxene crystals
of each rock type are shown in Figure 8. Patchy-zoning and oscillatory zonation occur in some crys-
tals. In order to compare the exact pyroxene compositions and understand the magma evolutions
during ascent and cooling based on the crystal size and its composition, one sample from each rock
are selected (L.81 with Si02=49.3 wt% from alkali basalts, L.57 with SiO2= 42.3 wt% from basanite,
and L.10 with SiO2=52.7 wt% from trachy basalt). According to the crystal size, the clinopyroxene
mineral chemistry data of mention samples are divided in three groups including micro-phenocrysts
(0.03-0.5 mm or 30-500 pm), phenocrysts (0.5-5 mm), and mega-phenocrysts (5-1000 mm) as follow:

e Cpx Mega-phenocrysts
This group of crystals (0.5 and 1 cm in length) are found in alkali basalt (L.81), but are absent in
basanite and trachy basalt. According to binary plot (data from 4 crystals, n = 38), all data are located
in the range of Ca-Mg-Fe rich with more diopside composition which show compositional range from
WouEn«Fss to WossEnszFsio.

e Cpx Phenocrysts

The clinopyroxene phenocrysts (0.5-5 mm in length) are found in alkali basalt (L.81) and trachy
basalt (L.10) whereas being absent in basanite (L.57). According to the binary plot (Q-]), all Cpx py-
roxene phenocrysts are located in the range of Ca-Mg-Fe rich Cpx in both the alkali basalt and trachy
basalt. The alkali basalt Cpx is diopside and augite (Wos«EnsFss to WossEnsiFsi2) as well as trachy
basalt (WowEn«Fss to WowEnesFsis) with a higher abundance of augite (data from 5 crystals, n = 51
for alkali basalt, and 7 crystals, n = 57 for trachy basalt). Patchy-zoning or oscillatory-zoning are ob-
served in the clinopyroxenes.

¢ Cpx Micro-phenocrysts

The third group of crystals (0.1-0.5 mm in length) are observed in trachy basalt (L.10) and basa-
nite (L.57), whereas being absent in alkali basalt (L.81). Pyroxene micro-phenocrysts in basanite are
Ca-Mg-Fe rich and contain Ca and Mg pyroxene with diopside (WosEnssFss to Wos:EnusFsis; data
from 9 crystals, n = 22). According to the classification of Morimoto et al. [55], pyroxene micro-phe-
nocrysts are augite and diopside. Pyroxene micro-phenocrysts in trachy basalt are characterized by
Ca, Mg-rich pyroxenes with a higher abundance of augite and lower abundance of diopside compo-
nents (Wo4En4oFsi1 to WossEnarFsis).

The modeling of the compositional differences of the mentioned crystals is shown in Figure 9
for better comparison.
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Figure 7. (a) Q-] Diagram [54]; (b) Pyroxene Classification [55] for all clinopyroxenes related to Lavarab lavas.
Data from 206 crystal, n =776.
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Figure 8. Examples compositional traverses of LABL clinopyroxene crystals. (a) Low-Mg and Cr reversed
zoned clinopyroxene with a high-Mg and Cr rim (trachy basalt, L.10); (b) Oscillatory, generally normal zoned
crystal lacking a prominent resorbed core with fluctuations in Mg and Cr values from core to rim as a sign of
different pulse injections in magma chamber(s) (Alkali basalt, L.51); (c) Typical euhedral crystal with fluctua-
tions in Mg and Cr values from core to rim lacking resorbed core (basanite, L.65). Red line and points on image

show location of geochemical traverse from core to rim and analyzed points respectively.
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Figure 9. (a) Q-] Diagram [54]; (b) Pyroxene Classification [55] for clinopyroxene micro-phenocrysts, phenocrysts
and mega-phenocrysts in trachy basalt (L.10), alkali basalt (L.81) and basanite (L.57) of the Lavarab lavas.

6. Discussion
6.1. Crystallization Conditions

Due to the impossibility of directly measuring intensive parameters (temperature, pressure, and
oxygen fugacity) during magma generation, movement and accumulation in magma chambers, as
well as its crystallization and emplacement within the crust, geoscientists commonly use indirect
methods to understand these conditions. One such method involves utilizing the equilibrium com-
position between coexisting minerals and the melt from which they were crystallizing. Determining
these conditions is based on the thermodynamic principles of mineral-melt equilibrium, achieved by
characterizing the chemical properties of experimental products analogous to the compositions of
igneous minerals and their coexisting melts [24,56]. Olivine compositions are widely used to con-
strain magmatic thermodynamic conditions such as magmatic temperature, oxygen fugacity, and
H20 content. However, elemental diffusion may change the initial compositions and lead to large
uncertainty on the estimation of these thermodynamic conditions [28]. Arabzadeh Baniasadi et al.
[57] expressed that among the common minerals, clinopyroxene is considered an important mineral
for thermo-barometric estimates, oxygen fugacity, and petrological interpretations, including the
type of magma series and the tectonic environment of magma formation, due to its specific chemical
composition and high resistance to alteration. Because, first, this mineral contains a wide range of
elements present in magma, and in fact, its composition can be interpreted as a proxy of the parental
basaltic magma composition. Second, Cpx is present in a wide range of rock compositions (komatiite,
picrite, basalt, andesite, dacite, and even some rhyolites and their internal equivalents), and third, it
is found in many tectonic environments, from hot spots and intracontinental rifts to mid-ocean ridges,
oceanic islands, arc islands, and continental margin magmatic arcs [23].

6.1.1. Whole Rock/Glass Geothermometry

Poutirka [23] recognized that, in spite of the simplicity and narrow calibration range, the Helz
and Thornber [58] and Montierth et al. [59] thermometers with very high correlation coefficients) R =
0.91) for both models, work remarkably well for liquid thermometry. The formulations are depend-
ing only upon the wt% of MgO in a liquid (MgOta): T( °C)=20.1MgOte+1014 °C [58] and T(
°C)=23.0MgOa+1012 °C [59]. According to Helz and Thornber [58], the whole rock thermometry for
the Lavarab basanitic lavas is estimated to be 1237-1243 °C (avg=1239 °C) and for the alkaline basaltic
lavas to be 1151-1209 °C (avg=1180 °C) independent of pressure. The Putirka [23] equations (13, 14,
15 16) can be applied to glass (liquid) thermometry. Equations (13)-(15) are applicable to any volcanic
rock saturated with olivine and any other collection of phases, over the following compositional and
P-T range: P = 0.0001-14.4 GPa; T =729-2000 °C; SiOz = 31.5-73.64 wt%; Na:O+K:0 = 0-14.3 wt%; H20
= 0-18.6 wt%. The equation (16) is similar to Yang et al. [60] equation (4) that applies to liquids in
equilibrium with olivine+ plagioclase+ clinopyroxene, but it performs less well for liquids that are
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additionally saturated with other phases, such as spinel or other oxides. Using the Putirka [23] equa-
tion 13: T( °C)=26.3Mg0"4+994 .4 °C) the whole rock geothermometry for the basanites is estimated to
be 1286-1294 °C (avg=1288.7 °C) and for the alkali basalts to be 1173.5-1249.5 °C (SEE= +71 °C). Also,
the glass thermometry for a group of alkali basalts with a hyalo matrix (L.81, L.38) indicates an aver-
age temperature of 1055.5 °C using Helz and Thornber [58] method and 1048.7 +71 °C using Putirka
[23] equation 13 (independent to pressure).

6.1.2. Olivine Geothermometry

When using thermometers or barometers based on equilibrium constants, it is crucial that equi-
librium between the phases is achieved. Otherwise, any calculated pressure-temperature condition
will be meaningless [23]. For the olivine-liquid thermometer, the composition of whole rock or glass
is needed. If the liquid is in equilibrium with the olivine composition, the Fe-Mg exchange coefficient
ol-liq is expected to be in the range of KD (Fe-Mg)e+ia = 0.30 + 0.03 [61,62], which means that the
thermometer can be applicable to the volcanic system.

The ranges of Fe-Mg exchange coefficients (KD) are from 0.11 to 0.69 for basanites and from 0.27
to 0.33 for alkali basalts. Based on the Rhodes diagram (Figure 10; [63]) olivine is generally in equi-
librium with the coexisting liquid in the LABL rocks, except of some in some samples. Petrographic
evidences such as absorption and rounded-shape and patchy zoned (in back scattered image) in oli-
vine crystals confirm the disequilibrium between olivine and liquid.
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Figure 10. Measured Mg# of Lavarab olivines verses melt Mg# of their host basalts (Rhodes diagram). Equilib-
rium curves are calculated from the Fe/Mg partition coefficient be-tween olivine and melt. Melt compositions
are based on LABL whole-rock.

The thermometers of Putirka et al.’s [31] equations (2) and (4), as reproduced in Putirka [23]
equations (21) and (22), with standard error of estimate (SEE) +53 °C and +29 °C respectively, is the
best estimates when water is present.

Using both above equations and averaging the results at constant pressure (e.g., 1.4 GPa equal
with 14 kbar), the crystallization temperature of our acceptable olivine (with KD(Fe-Mg)°Hia close to
or equal to 0.30 = 0.03) in this method is calculated 1386-1390 °C for basanites (n = 2), and 1299-1336
°C for alkali basalts (n = 32).

6.1.3. Clinopyroxene Geothermobarometry

Reconstructing the temperature and pressure conditions that control magma crystallization be-
fore eruption [23] is a crucial topic in igneous petrology, volcanology, and geochemistry. Clinopy-
roxene is common mineral in igneous rocks, especially in intermediate to ultrabasic rocks, and shows
a wide range of compositional variations. Due to its combined sensitivity to the temperature and
pressure prevailing in magma, numerous thermobarometers have been constructed based on clino-
pyroxene-only [22,45,64] and Clinopyroxene-liquid equilibria [23,46,49,65]. However, Wang et al. [56]
state that clinopyroxene-only thermobarometry is one of the most practical tools to reconstruct
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crystallization pressures and temperatures of clinopyroxenes. Because it does not require any infor-
mation of coexisting silicate melt or other co-crystallized mineral phases, it has been widely used to
elucidate the physiochemical conditions of crystallizing magmas. In this section, we examine the ap-
plication of clinopyroxene-based geothermobarometers for the LABL.

In the Seosoo [21] method, which uses all the oxides present in the mineral, temperature estima-
tion is performed based on the calculation of XPT and YPT indices.

Accordingly, the clinopyroxenes of the LABL rocks crystallized at temperatures of about 1150 to
1200 °C for trachy basalt, 1165 to 1270 °C for alkali basalt and 1170 to 1230 °C for basanite and pres-
sures of about 0.3 GPa to 0.6 GPa for trachy basalt, 0.4 to 1.4 GPa for alkali basalt, and 0.5 to 1.25 GPa
for basanite (Figure 11).

Putirka [23] equation (32d), another method of single pyroxene thermometry based on Nimis
and Taylor [22] clinopyroxene-only thermometer model, is a more precise thermometer.

Using the above equation, the crystalization temperature of clinopyroxenes for the intermediate
part of LABL trachy basalt was estimated to be between 1156 and 1223 °C with an average of 1190 °C
and a pressure (equation 32b) between 0.13 and 0.9 GPa with an average of 0.51 GPa, for alkali basalts
to be between 1135 and 1287 °C with an average of 1209 °C and a pressure between 0.1 and 1.4 GPa
with an average of 0.65 GPa, and for basanites to be between 934 and 1278 °C with an average of 1200
°C and a pressure between 0.15 and 1.34 GPa with an average of 0.71 GPa. The results of different
geothermobarometry are presented in Table 2 based on clinopyroxene-only composition for three
types of Lavarab lavas.
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Figure 11. XPT-YPT plot [21] of clinopyroxene crystallization (a) temperature conditions; (b) pressure condi-

tions for Lavarab volcanic rocks.

XPT = 0.4465i0: + 0.187TiO2—0.404A120s + 0.346FeO(total) —0.052MnO + 0.309MgO + 0.431CaO—0.446Na20
YPT =-0.369Si02 + 0.535Ti02—0.317AlL20s + 0.323FeO(total) + 0.235MnO—0.516MgO —0.167CaO —0.153Naz0

Table 2. P-T results of different Cpx-only geothermobarometry models for Lavarab basaltic Lavas.

Clinopyroxene-only Thermobarometry

Nimis and Putirka (2008) RiMG

Nimis (1995) Ulmers(la9 98) Equation Equation

(SEE*=+0.16 (SEE=+0.15 Seosoo (1997) Equation (32a)  (32b) (32d)
GPa) GP;) ' (SEE=+0.26 GPa) (SEE= (SEE=158

+0.26 GPa)  °C)

P (GPa) P (GPa) T (°C) P (GPa) P (GPa) P(GPa) T(°O)
Trachy basalt 0.007-0.27  0.0024-0.27 0.12-0.9 0.13-0.9 1156-1223
n=93 (avg=0.11)  (avg=0.1) 1150-1200 0.3-06 (avg=0.55)  (avg=0.51) (avg=1190)
Alkali basalts 0.003-1.19 0.002-1.23 0.03-1.99 0.1-1.4 1135-1287

1165-12700.4-1.4
n =418 (avg=0.2) (avg=0.2) 65-12700 > (avg=0.74)  (avg=0.65) (avg=1209)
Basanites 0.003-0.5 0.005-0.52  1170-12300.5-1.25 0.1-1.57 0.15-1.34 934-1278
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n=169 (avg=0.19) (avg=0.18) (avg=0.8) (avg=0.71) (avg=1200)

Over the last thirty years other geothermobarometric methods for estimating the crystallization
conditions of a magma chamber is the use of clinopyroxene-liquid equilibrium [23,49,65-70]. Ther-
mobarometry based on clinopyroxene-melt equilibrium is challenging because, often due to the
openness of magmatic systems, the crystallization conditions of juvenile clinopyroxene are not in
equilibrium with their coexisting melt during magma crystallization, due to processes such as mag-
matic contamination, magma mixing and mingling, intrusion of new magmatic pulses into the
magma chamber, and metasomatism. Pressure is one of the key variables that controls magmatic
phase equilibria. However, estimating magma chamber pressures from erupted products is challeng-
ing [49]. To use this method, in addition to the mineral composition, one needs the whole rock or
glass composition and the equilibrium between both two phases (mineral and melt) is the most im-
portant issue in this respect. It means one cannot utilize this method if clinopyroxene and whole rock
or glass composition are not in equilibrium with each other, and one can understand it via KD(Fe-
Mg)crxlia, When the Fe-Mg exchange coefficients of clinopyroxene-liquid composition “KD(Fe-
Mg)cpxlia” is close or equal to 0.28+0.08 [63], indicating Cpx-liq equilibria. Based on the Rhodes dia-
gram (Figure 12), most clinopyroxenes in each sample are not in equilibrium with the coexisting melt
in the Lavarab volcanic rocks. This then implies an open system because of multi pulse melt injections
or rapid magma ascent. Petrographic evidences such as sieve texture, absorption, and oscillatory zo-
nation in more clinopyroxene crystals confirm the disequilibrium between clinopyroxene and melt.

The ranges of Fe-Mg exchange coefficients of clinopyroxene-only composition (KD(Fe-Mg)cr~)
are from 0.24 to 0.31 for basanites, but the KD(Fe-Mg)xlia ranging is 0.3 to 1, so there are no eligible
data to use this method for basanites in the present case. In alkali basalts, the KD(Fe-Mg)rx is from
0.28 to 0.29 and the KD(Fe-Mg)crxlia is 0.24 to 0.29 witch are acceptable ranges to calculate mineral-
liquid thermobarometry. In trachy basalt the KD(Fe-Mg)cpx is from 0.25 to 0.27 and the KD (Fe-Mg)cr+
liq is 0.1 to 0.23 as well as basanite no eligible data to use Cpx-liq thermobarometry method in our
data.
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Figure 12. Rhodes diagram, [63], measured Mg# of Lavarab clinopyroxene verses melt Mg# of their host bas-
alts. Equilibrium curves are calculated from the Fe/Mg partition coefficient between clinopyroxene and melt.

Melt compositions are based on LABL whole-rock.

Here, published models are used to estimate the temperature and pressure conditions prevailing
in the magma chamber during the clinopyroxene crystallization. Using [46] method, the temperature
ranges of alkali basalt Cpx crystallization were calculated between 1071 to 1215 °C in a pressure of
0.77-1 GPa (see Table 3). Putirka [23] equation (32c) represents a barometer based on the partitioning
of Al between clinopyroxene and liquid.

Based on equation 32c¢ [23], the pressure range for the crystallization of clinopyroxene in alkali
basalt was determined to be between 0.55-1.05 GPa and using Putrika [23] equation 33 model, the
temperature range for the crystallization of clinopyroxene was estimated to be between 1132 and 1206
°C (refer to Table 3).
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Neave and Putirka [49] represent a barometer based on Jd-in-clinopyroxene have been applied
to rift zone magmas from Iceland. This method was calibrated from experimental data in the 1 atm
to 2 GPa range to improve the accuracy of Jd-in-clinopyroxene barometry at pressures relevant to
magma storage in the crust.

Utilizing Neave and Putirka [49] model, the pressure ranging of clinopyroxene crystallization
was determined to be between 2.12- 6.7 for alkali basalt (see Table 3).

This section may be divided by subheadings. It should provide a concise and precise description

of the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.

Table 3. P-T results of different Cpx-liquid equilibrium geothermobarometry models for LABL.

Clinopyroxene- Whole Rock Equilibrium Thermobarometry

Neave and Putirka
(2017)
T (°C) P (GPa) P (GPa) T (°C) P (GPa)

. o B Equation (32c) Equation (33)
(SEE'= 61 °C)(SEE= +0.48 GPa) (SEE= +0.5 GPa) (SEE= +46 °C)

Putirka et al. (2003) Putirka (2008) Putirka (2008)

(SEE=+0.14 GPa)

Trachy basalt N/A N/A N/A N/A N/A
Alkali basalt 1071-1215 0.77-1 0.55-1.05 1132-1206 0.21-0.67
n=15 (avg=1197.8)  (avg=0.87) (avg=0.78) (avg=1159) (avg=0.44)

Basanite N/A N/A N/A N/A N/A

"SEE considering for anhydrous system.

The temperature-pressure modeling for all rock types (Figure 13) is illustrated the P-T binary
diagrams using the clinopyroxene-only method and the Wo-En-Fs ternary diagram for the clinopy-
roxene crystallization temperature ranging, that were drawn by MagMin_PT.

Finally, using clinopyroxene-only thermobarometry, the crystallization temperature of clinopy-
roxenes in basanite is about 1120-1240 °C at a pressure of 0.2-1.2 GPa, which crystallized at depths
of ~7.7-46 km. The clinopyroxene crystallization conditions for alkali basalt are determined in 1110
to 1260 °C and 0.1 to 1.35 GPa at depths of ~3.8 to 51 km, and for trachy basalt, temperatures of 1110
to 1190 °C and low to moderate pressures (0.05 to 0.75 GPa) at depths of 2 to 29 km. However, based
on thermobarometry using the clinopyroxene-melt method, for clinopyroxene that are in equilibrium
with the melt, the temperature of magma crystallization in alkali basalt is estimated to be about 1071
to 1215 °C at a pressure of 0.55 to 1.05 GPa in a depth of ~21 to 40 km.
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Figure 13. P-T binary diagrams [44], clinopyroxene-only thermobarometry modeling of Lavarab volcanic
rocks.
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6.2. Magma Crystallization Evolution Modeling

Basaltic magma, due to low viscosity and high temperature, exhibits significant mobility and
begins to ascend immediately after generation in the mantle. Because of the lower density and very
high viscosity of the continental crust, basaltic magma accumulates beneath the lower crust at the
Moho boundary (magmatic underplating) and starts to crystallize (olivine crystallization). If suitable
pathways open, the magma can rise through faults and fractures in extensional zones, and crystalli-
zation occurs at appropriate depths within magmatic chambers. In another words, minerals get a
chance to crystallize and grow when magma, due to its viscosity being the same as the host rock,
refuses to rise and stops in the crust, creating magma chambers (For example, the clinopyroxene
mega-phenocrysts in LABL indicate periods of crystallization occurred in a semi-deep magma cham-
ber(s) during the ascent of magma from the mantle to the surface). However, because of the low
viscosity, high temperature, and origin from deeper depths, basaltic magmas frequently reach the
Earth’s surface, forming basalt flows rather than appearing as gabbroic masses. Based on the temper-
ature-pressure estimates processed in this study, the parental basaltic magma that formed the Neo-
gene basaltic rocks of Lavarab, is ascended after generation in the mantle and accumulated at depths
exceedingly approximately 45 kilometers (Moho depth in east of Iran [71,72]) in the lower crust, and
initiated crystallization of olivine, apatite, magnetite, and clinopyroxene.

When the channel or conduit is opened for ascending, the basaltic magma reached depths be-
tween 30 to 10 km (middle crust) and underwent the main and significant crystallization phase in the
magmatic chambers at these depths (crystallization of plagioclase and clinopyroxene). Then, as the
magma continues its ascent and reaches depths less than 10 kilometers (upper crust), the final stage
of deep crystallization occurred. Eventually, the remaining magma, along with the phenocrysts, rises
through fractures and faults to extrude. In the case of rocks with a glassy matrix and prismatic struc-
ture, it can be said that magma probably passed from the middle crust to the upper crust without
stopping and flowed through a passageway created by a tensile mechanism resulting from the action
of dextral faults in the area (Figure 14).
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Figure 14. Schematic illustration of the magma plumbing system of the Lavarab lavas. Determination of

magma chamber depths are Limited to clinopyroxene pressure frequency. Pressure is calculated by Putirka
equation 32b [23].

To find out the temperature and pressure differences between mega-phenocrysts and pheno-
crysts, in terms of only- clinopyroxene thermobarometry, one sample belonging to alkali basalts in
glassy matrix (L.81) was selected. As can be seen in Figure 15, the maximum temperature estimated
for mega-phenocrysts is ~1200 °C at the maximum pressure of ~1 GPa, while the maximum temper-
ature for phenocrysts is ~1190 °C at the maximum pressure of ~0.7 GPa. In other words, the crystalli-
zation of clinopyroxene mega-phenocrysts and clinopyroxene phenocrysts started at depths of ~38
km and ~26 km, in lower crust and middle crust respectively for this sample. There is no significant
temperature decrease over the 0.3 GPa pressure release that shows the none stop rapid ascent from
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depths of ~11 km (middle crust-upper crust boundary) to the surface, and resulting in the glassy
matrix for this sample. This could be due to the magma reservoir being fed by new melt injections,
thus pressurizing the magma chamber, opening the ascent path by faults and fractures, high temper-
ature and the low viscosity of the magma compared to the host rocks throughout the eruption path.

-4

Alkali basalt (L.81)

Pressure (kbar)

. Cpx phenocryst (0.5-5 mm)
’ Cpx megaphenocryst (0.5-1 cm)

16 |

850 950 1050

Temperature (°C)

1150 1250

Figure 15. Comparison of the conditions governing the crystallization of clinopyroxene mega-phenocrysts and

phenocrysts from the alkali basaltic sample (L.81), based on only- clinopyroxene thermobarometry.

6.3. Magma Type and Tectonic Setting Based on Clinopyroxene Composition

Many metamorphosed and weathered basalts contain fresh clinopyroxene crystals set in an al-
tered groundmass. Microprobe analysis of these relict grains can be used to identify the magma type
of the host lava [13]. According to Le Bas [73], the amounts of Al and Ti in the structural framework
of pyroxenes depend on the alkalinity of the magma. By utilizing Al,O; and SiO, contents in the
chemical composition of pyroxenes, it is possible to distinguish alkaline, peralkaline, and subalkaline
magma types. In this diagram, the clinopyroxenes of the Oligocene-Miocene LABL fall within per-
alkaline (for basanite and some alkali basalt) and alkaline-subalkaline ranges (alkali basalt and trachy
basalt) (Figure 16a). In the diagram of Ti versus Na+Ca [12], Basanite and alkali basalt are located in

the alkali basalt field, but trachy basalt is plotted on sub-alkali basalt-Alkali basalt boundary (Figure
16b).
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Figure 16. (a) Al,O; versus SiO, diagram [13]; (b) Ti versus Na+Ca, discrimination diagram for clinopyroxene
phenocrysts from alkali basalts and other basalts [12].

According to Nisbet and Pearce [13], pyroxenes of within plate alkali basalts have high Na and

Ti and low Si contents, and pyroxenes of within plate tholeiites and volcanic arc basalts contain more
Ti, Fe and Mn. Tholeiitic basalts erupted within plates in oceanic islands or continental rifts (WPT
samples), and alkali basalts erupted within plates (WPA samples) [13]. The pyroxene composition
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and based on discriminant functions (F1-F2) well distinguishes between alkaline basalts in intra-plate
settings (WPA), within-plate tholeiitic magmas (WPT), and volcanic arc basalts (VAB) from one an-
other. However, a significant overlap observed between within-plate tholeiites and oceanic floor bas-
alts (WPT-OFB), as well as between volcanic arc basalts and oceanic floor basalts (VAB-OFB) exists.
In this diagram, trachy basalt and alkali basalt are located within the range of volcanic arc basalts
(VAB), but basanite is located in within plate alkali basalt. Also, diagram of pyroxene composition
based on Na:O-MnO-TiO2 and TiO2-SiO:z provide the basis for visual discrimination [13]. In Na20-
MnO-TiO: diagram, basanite and alkali basalt is located within WPA field and trachy basalt is plotted
in VAB+WPA field. In TiO:-SiO: discrimination diagram, trachy basalt, alkali basalt and basanite are
located within the WPA and to some extent in the VAB (Figure 17a,b,c). Also, Houshmand-Mananvi
et al. [42] showed that the Oligocene-Miocene LABL based on whole rock chemistry are related to the
post continental collision and within-plate tectonic setting, but sometimes indicated unreal active
margin tectonic setting. Probably, some parts of the mantle were metasomatized by released fluids
from the Sistan oceanic lithosphere subduction resulting in a distinct mantle heterogeneity. Accord-
ing to Leterrier et al. [12], the clinopyroxenes of trachy basalt and alkali basalt are similar to clinopy-
roxenes from orogenic tholeiitic basalt using Ti and Ca cations, while the Ti and Ca contents of clino-
pyroxene in basanite is similar to clinopyroxene from alkali basalt (Figure 17d). Also, according to
Houshmand-Mananvi et al. [42] based on whole rock chemistry, the studied LABL are associated
with post-collisional continental environments characterized by an intraplate (WPA) tectonic setting.
These lavas occasionally exhibit features indicative of a pseudo-active margin (VAB), attributed to
mantle metasomatism caused by fluids released during the subduction of the Sistan oceanic litho-
sphere (Late Cretaceous- Middle Eocene, [2,41]). This subduction process generated mantle hetero-
geneity through the introduction of fluids into portions of the mantle.

The oxygen fugacity (fOz) is a convenient monitor of oxidation state of melts. The oxidation state
of a melt is a critical controlling parameter of magmatic processes as it controls the iron redox state
of the melt [69,74-77], and it strongly influences the crystallization sequences and the composition of
crystallizing minerals [78]. Iron is the main element that is readily oxidized or reduced in response to
the range of redox states experienced by crustal rocks [79-83]. The amount of ferric (Fe?*) iron is com-
monly a good indicator of the redox budget of a rock [84], and the ratio of ferric to ferrous (Fe?") iron
provides a first-order indication of its oxidation state [85]. The oxidation state of the experimental
charge is calibrated by solid mineral buffers that are expected to fix aOz (oxygen activity) for the
duration of the experiment [86]. The most widely used buffers, in order of increasing aO., are iron—
quartz—fayalite (IQF), iron—(wiistite)-magnetite, quartz—fayalite-magnetite (QFM), Ni-NiO (NNO),
Mn1-xO-MnsOs, hematite-magnetite (HM), MnsOs+—Mn203 and Mn20s-MnOx (e.g., [87]). The oxida-
tion states experienced by most crustal rocks are considered to be approximately bracketed by QFM
and HM (e.g., [88]). The ferric iron content of the pyroxenes is shown on a plot (Figure 17e) of charge
deficiencies vs. charge excesses relative to a pyroxene of charge balanced composition [16]. Na in the
pyroxene M2 site and Al in a tetrahedral site are charge deficiencies relative to “Quad”, and Al, Cr%,
Fe¥, and Ti* in octahedral sites are charge excesses. In Figure 17e, lateral displacement of points to
the left of the line Fe*=0 indicates the relative amount of ferric iron present [16], reflecting more oxi-
dizing conditions and high oxygen fugacity during pyroxene crystallization for LABL.

According to the diagram presented by Aoki and Shiba [89], the pyroxenes of the LABL are
primarily formed at low to moderate pressures. This indicates that the essential crystallization of
pyroxenes occurred during the ascent from depth to the surface in an environment characterized by
varying pressures, ranging from the moderate pressure prevailing in the middle crust to the lower
pressure in the upper crust (Figure 17f).
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Pearce [13] for the basaltic lavas of Lavarab. (a) Diagram of F1-F2; (b) diagram of Na2O-MnO-TiO; (c) diagram
of TiO2-5i02. (d) Diagram based on clinopyroxene Ca-Ti cations [12]; (e) Oxidizing conditions during pyroxene

crystallization [16]; (f) Plot of AIIV versus AIVI of pyroxene to pressure determination [89].

F1=-0.012*5i02-0.0807*TiO2+0.0026* A1203-0.0012*FeO*-0.0026*MnO+0.0087*MgO-0.0128*Ca0-0.0419*N a0
F2=-0.0469*5i0:-0.0818*Ti02-0.0212* Al203-0.0041*Fe0*-0.1435*MnO-0.0029*MgO+0.0085*CaO+ 0.016*Na20

7. Conclusions
The mineral chemistry of the Neogene basaltic rocks in Lavarab indicates a peralkaline to sub-
alkaline magma nature within an intra-plate tectonic setting and volcanic arc environment, which is
consistent with the results of whole-rock geochemistry studies on major and trace elements in the
region. In examining the conditions of magma crystallization, it was determined that the magma
crystallized under conditions of high oxygen fugacity. Also, the different thermobarometry based on
glass, whole rock, olivine and clinopyroxene chemistry were used based on the only-mineral and
mineral-liquid equilibrium thermobarometry methods. The results are as follows:
1. The whole rock geothermometry for the basanites are estimated to be 1286-1294 °C and for the
alkali basalts to be 1173.5-1249.5 °C (SEE=+71 °C, independent to pressure).
2. The glass thermometry for alkali basalts is calculated 1048.7 71 °C independent to pressure.
3. The olivine-liquid thermometry obtained 1380-1390 °C for basanites, and 1299-1336 °C for alkali
basalts at a constant pressure of 1.4 GPa.
4. Using different thermobarometry methods based on single clinopyroxene chemistry indicates
magma crystallization for bazanite in ~1120-1240 °C at ~0.2-1.2 GPa, at depths of ~7.7—46 km.
The clinopyroxene crystallization conditions for alkali basalt are determined in about 1110 to

1260 °C and 0.1 to 1.35 GPa at depths of ~3.8 to 51 km, and for trachy basalt, at temperatures of
1110 to 1190 °C and low to moderate pressures (0.05 to 0.75 GPa) at depths of 2 to 29 km.
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5. The single pyroxene thermobarometry, as the most practical method, illustrate some magma
storages from lower crust to upper crust for basanites and alkali basalts, while trachy basalts are
related to magma chambers located in middle crust to upper crust. Also, the chemical composi-
tions of phenocrysts in the studied basaltic lavas reflect evidence of magma recharge through
multi pulses of new magma injected into the existing reservoir prior to eruptions.

6. The relative amount of ferric iron present reflects more oxidizing conditions and high oxygen
fugacity during pyroxene crystallization for LABL.
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