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1. Introduction

ABSTRACT

The Rudan basalts, constituting a part of the western Makran colored mélange complex, exhibit a
tholeiitic geochemical nature. These rocks display relatively flat rare earth element (REE) patterns,
characterized by (La/Yb), ratios ranging from 0.91 to 1.8, (Sm/Yb), ratios between 0.96 and 1.55,
and (La/Sm), ratios from 0.90 to 1.33. This distinguishes them distinctly from Mid-Ocean Ridge
Basalts (N-MORB and E-MORB) and Ocean Island Basalts (OIB). Furthermore, the geochemical
characteristics of these rocks, particularly certain trace element ratios such as Nb/Y (0.05 to 0.17) and
Nb/Zr (0.01 to 0.04), support their affinity with Oceanic Plateau Basalts (OPB). Fractional melting
models, based on trace element concentrations, suggest that the parent magma was derived from 20 to
30% partial melting of a fertile spinel lherzolite mantle source. These findings indicate that the OPB
basalts were a significant component of the Neo-Tethys oceanic crust within the Makran basin during
the Late Cretaceous. The subduction and subsequent closure of this oceanic basin, located between
the Lut and Arabian blocks, led to the obduction of parts of the oceanic lithosphere and the formation
of the Makran Colored Mélange complex, comprising both ophiolitic and non-ophiolitic fragments,

due to pre-Eocene tectonic processes.

Iran is geologically situated in the central part of the Alpine-
Himalayan orogenic belt. The Makran Zone in southeastern Iran
formed due to the northward subduction of the Neotethys Ocean
(Oman oceanic lithosphere) beneath the southern margin of Eurasia
(Barbero et al., 2025; Burg, 2018). The structural domains of the

Makran accretionary prism, from top to bottom (north to south),

include Northern Makran, Inner Makran, Outer Makran, and
Coastal Makran. The Inner, Outer, and Coastal Makran developed
due to subduction from the Eocene onward, whereas the Northern
Makran region reflects pre-Eocene geodynamic evolution. The
Northern Makran units include the Ganj Complex, Northern

Ophiolites, Deyader high-pressure metamorphic complex, Bajgan-
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Durkan Complex, Sorkhband Complex, and Colored Mélange
Complex. The Colored Mélange Complex consists of large blocks
(meters to tens of meters in size) formed during the Cretaceous-
Paleocene (Saccani et al., 2018). This study focuses on the basaltic
units within the Colored Mélange Complex to the east of Rudan in
western Makran.

The Colored Mélange in Northern Makran comprises diverse
blocks of basalt, chert, limestone, serpentinite, peridotite, gabbro,
shale, and metamorphosed volcaniclastic units, ranging from
several meters to decimeters in size. The mélange is unconformably
overlain by early Eocene deposits, indicating its pre-Eocene
formation (Burg et al., 2013; Dolati, 2010). The Colored Mélange
exhibits lithological diversity and can be subdivided into two
units: Cm1 and Cm2. Cm1 predominantly consists of sedimentary
rocks, including sandstone, limestone, phyllite, radiolarian
chert, conglomerate, and calcareous shale, with minor igneous
components. Cm2 is dominated by mafic rocks such as basalt,
andesitic basalt, and pillow lavas, with minor pelagic sedimentary
rocks and phyllite. Due to the abundance of volcanic components
(ophiolitic basaltic fragments) in Cm2, fieldwork and sampling
focused on this unit. The sedimentary units of Cml mainly
comprise pelagic limestone and radiolarian chert. The pelagic
limestone is distinctly light-colored, whereas the radiolarian chert
appears red to reddish-brown. Contacts between these units are
occasionally faulted or primary (stratigraphic). The basaltic units
occur as massive and pillow lava flows, with thicknesses ranging
from tens to hundreds of meters. Previous studies on radiolarian
chert intercalations within the Colored Mélange suggest an Early
to Late Cretaceous age (Late Hauterivian to Late Campanian)
(Saccani et al., 2018).

2. Research methodology

After field sampling and microscopic examination, 14 minimally
altered volcanic rock samples were selected for whole-rock
geochemical analysis. Loss on Ignition (LOI) was determined
by heating powdered samples at 1000°C and measuring mass
difference. To obtain major elements, samples were fused with
lithium metaborate, dissolved in dilute nitric acid, and analyzed
via ICP-OES (detection limit ~0.05 wt.%). Trace Elements were
determined by inductively coupled plasma-mass spectrometry
(ICP-MS) after microwave-assisted acid digestion (detection limit:
0.01-1 ppm). Quality Control involved using certified reference
materials (CRMs) and repeated analyses to ensure accuracy. All

analyses were performed at the Zarazma Laboratory in Tehran.

3. Results
3.1. Petrography

The basaltic samples exhibit significant textural diversity due to

varying cooling rates in different parts of the lava flows and pillows.
Common textures include intergranular, intersertal, sub-ophitic, and
vitrophyric. Plagioclase is the most abundant mineral, appearing as
euhedral to subhedral microlites or elongated crystals (0.4-1 mm).
Many crystals show alteration, disequilibrium features (e.g., sieve
texture, dissolution rims), or skeletal growth. Clinopyroxene (510
vol%) occurs as subhedral to anhedral crystals (<1 mm), often
altered to chlorite. Olivine is rarely preserved; when present, it is
typically altered. Opaque minerals (Fe-Ti oxides) appear as fine-

grained crystals (<0.2-0.5 mm) in the groundmass.

3.2. Geochemistry

Although samples with the least alteration were selected for
chemical analysis whenever possible, the LOI values (1.29-4.52
wt%) indicate significant alteration in some samples. Based on the
Nb/Y vs. Zr/Ti (Pearce, 1996) and Nb/Y vs. SiO2 (Winchester and
Floyd, 1977) diagrams, the samples plot in the subalkaline basalt
field. The samples exhibit Mg# values ranging from 28.7 to 57.5
and FeO, concentrations between 6.8 and 14.4 wt%. TiO: range
from moderate to relatively high contents (1.5-3.3 wt%). The low
concentrations of compatible elements such as Mg (2.37-7.3 wt%),
Ni (20-117 ppm), Cr (36—189 ppm), and Sc (22—44.7 ppm), along
with low Mg#, indicate melt evolution and significant deviation
from primary melts. The (La/YDb), ratio ranges from 0.91 to 1.8,
(Sm/Yb), from 0.96 to 1.55, and (La/Sm), from 0.90 to 1.33. The
absence of significant heavy REE (HREE) depletion in chondrite-
normalized REE patterns is inconsistent with a deep garnet
lherzolite mantle source, distinguishing these basalts from enriched
mid-ocean ridge basalts (E-MORB) and ocean island basalts (OIB).
In primitive mantle-normalized multi-element diagrams, high-
field-strength elements (HFSEs) such as REEs, Ti, Zr, Hf, and P
show slight depletion compared to large-ion lithophile elements
(LILEs). Some samples also exhibit negative Sr anomalies, likely

due to fractional crystallization of plagioclase.

4. Discussions

4.1. Mantle source characteristics and tectonic setting

The geochemical features of the studied basaltic samples—such as
the absence of negative HFSE anomalies (e.g., Zr, Ti, Hf) in primitive
mantle-normalized diagrams—indicate that their magmatism is
distinct from subduction-related magmatism. Additionally, based
on trace element geochemistry, the rocks differ from N-MORB and
E-MORB. Specifically, the Nb/Y (0.05-0.17), Th/Tb (0.28-0.89),
and Ce/Y (0.5-0.61) ratios in these rocks are higher than those in
N-MORB (Nb/Y =0.08, Th/Tb =0.17, Ce/Y = 0.27) but lower than
in E-MORB (Nb/Y = 0.38, Th/Tb = 1.13, Ce/Y = 0.68), clearly
highlighting these differences. The flat REE patterns, lacking
significant LREE or HREE enrichment/depletion, along with
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trace element ratios such as Zr/Nb and Nb/Th, resemble oceanic
plateau basalts (OPB). The low Sm/Yb ratios (<2.5) further support
a garnet-free spinel lherzolite mantle source (Coban, 2007). The
low concentrations of incompatible elements such as Zr (113-221
ppm) and Nb (2-6 ppm) suggest a relatively depleted mantle source
(Abu-Hamatteh, 2005). Based on TiO2/Yb and Nb/YDb ratios, the
samples plot within the MORB array, indicating derivation from
partial melting of a depleted spinel lherzolite mantle (Pearce, 2008).
Partial melting modeling using La/Yb, Sm/Yb (Chen et al., 2013),
and Nb/Y vs. Th (Saccani et al., 2018) suggests high-degree partial
melting (25-30%) of a spinel lherzolite source. In the Zr/Nb vs.
Nb/Th diagram (Condie, 2005), which discriminates between
MORB, OIB, OPB, and arc basalts (ARC), the samples clearly
fall within the OPB field due to their lower Zr/Nb ratios. Thus,
the studied basalts belong to oceanic plateau basalts (OPB), where
high-degree melting (due to elevated temperatures) of a fertile
spinel lherzolite mantle generates large melt volumes, explaining
massive basalt eruptions in oceanic settings and the formation of

oceanic plateaus.

4.2. Tectonomagmatic scenario and regional interpretation

The geochemical data indicate that these rocks are subalkaline
tholeiitic basalts, exhibiting tectonic affinities typical of oceanic
plateau basalts (OPB). Radiolarite cherts interbedded with OPB
in the Makran mélange indicate a Turonian to early Campanian
age, suggesting Late Cretaceous oceanic plateau magmatism on an
active oceanic plate (Saccani et al., 2018). The presence of enriched
basalts (E-MORB, OPB, and alkaline basalts) in the colored
mélange complex strongly indicates mantle plume activity during
the Late Cretaceous in this segment of the Neo-Tethys (Barbero et
al., 2025; Saccani et al., 2018). E-MORB, P-MORB, and alkaline
basalts in the Makran zone may derive from partial melting of a

heterogeneous mantle metasomatized by deep OIB components,

erupting at a plume-influenced mid-ocean ridge (Esmacili et al.,
2019).

The Makran ophiolitic mélange formed due to northward
subduction of a Neo-Tethyan branch beneath the southern Lut
Block (Burg, 2018; McCall, 2002). The closure of this oceanic
basin led to the obduction of oceanic lithosphere (ophiolitic
fragments) and mélange formation. The geochemistry of the
studied basalts in the western Makran suggests that OPB was a
major component of the Neo-Tethyan oceanic crust during the
Late Cretaceous. Their abundance in the study area supports this
interpretation, though their prevalence in the mélange may also

reflect preferential obduction.

5. Conclusion

Geochemical analysis of the basaltic units within the colored
mélange complex east of Rudan reveals that these rocks are sub-
alkaline tholeiitic basalts with affinities to oceanic plateau basalts
(OPB). This is evidenced by their flat REE patterns, specific trace
element ratios (e.g., Nb/Y, Nb/Zr), and their distinct composition,
which differentiates them from mid-ocean ridge basalts (MORB)
and ocean island basalts (OIB). The data indicate that the parent
magma was generated by a high degree (20-30%) of partial
melting of a fertile spinel lherzolite mantle source. These findings
have significant implications for the geodynamic evolution of the
Neo-Tethys oceanic basin in the Makran region. They demonstrate
that oceanic plateau basalt was a major component of the Neo-
Tethyan oceanic crust during the Late Cretaceous. The presence of
these OPB units is interpreted as a result of mantle plume activity,
which led to extensive basaltic volcanism and the formation of
an oceanic plateau. Subsequently, the northward subduction and
closure of this oceanic basin between the Lut and Arabian blocks
led to the obduction of these oceanic fragments, incorporating them

into the pre-Eocene Makran colored mélange complex.
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Figure 1-a) Simplified tectonic sketch
map of the Makran area. b) Geological
map of the study area, adapted from the
1:100,000 Minab map (McCall, 1985).

The locations of collected samples are

marked with yellow circles.
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Figure 2- a) Satellite image of the western
Makran region, showing the location of
the Colored Mélange complex in relation
to the surrounding areas. b) Satellite
images of the Colored Mélange Cml
and Cm2, which are clearly distinct from

each other due to differences in lithology.
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Figure 3- a-d) Outcrops of basalts interbedded with radiolarite cherts in the Daylam Mountain area. e-h) Field views of pillow basalt in

the Jaghin area. The size of the pillows can sometimes exceed 2 meters.
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Table 1. Major element oxide contents of basaltic rocks of the colored mélange complex in east of Rudan, western Makran. DL: detection limit.

MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM-
e 138 141 142 143 151 152 153 154 156 157 158 160 162 166  174*
ICP-OES  (wt.%)
SI0, 005 5150 47.69 47.84 6460 47.93 5048 49.61 4817 4659 4647 5070 51.02 49.69 4771 63.88
TiO, 005 268 328 323 151 223 155 158 204 206 222 174 173 189 200 152
ALO, 005 1194 1245 1304 1195 1382 1605 1409 1284 13.04 1342 1482 1444 1416 1464 1248
Fe,O, 005 159 18 170 088 153 115 147 152 155 159 120 122 133 143 091
FeO 005 1063 1216 1135 58 1020 7.68 977 10.15 1033 1057 798 815 884 955 6.04
MnO 005 019 018 023 011 029 047 018 037 021 020 017 022 020 0.8 0.l
MgO 005 401 311 439 232 593 460 522 467 521 538 650 701 641 486 256
Ca0 005 850 1022 886 458 901 634 977 1135 1272 1124 915 733 884 1039 4.17
Na,0 005 495 469 463 572 435 595 377 430 333 387 319 412 351 345 577
KO 005 008 < < < < 0.17 032 < 007 < 032 040 033 069 005
PO, 005 027 038 033 037 021 016 0I5 019 019 019 013 013 015 021 038
LOI 005 227 242 293 129 326 452 280 3.3 346 359 312 328 338 379 142
Total 98.61 9840 98.54 99.17 9876 99.12 9873 9873 9876 98.74 99.02 99.06 98.73 98.90 99.28
Mg# 372 287 378 384 477 485 456 419 442 444 561 575 532 444 400

MKM-174%* is duplicate of MKM-143

casis T DL .o Se b Olagy sl 53 550 05T 4o sames AL LaeKin 1y oS jole sl J g

Table 2. Trace element contents of basaltic rocks of the colored mélange complex in east of Rudan, western Makran. DL: detection limit.

MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM-
sl 138 141 142 143 151 152 153 154 156 157 158 160 162 166 174*
ICP-MS  (ppm)
Zn 1 139 136 152 99 119 101 111 114 108 121 102 104 124 103 95
Cu 1 63 58 54 48 76 42 67 71 57 66 58 70 56 45 38
Sc 0.5 36.8 38 40.4 22.1 42.7 44.7 399 417 39.7 422 41 447 412 432 23.1
Ni 1 117 71 79 20 76 105 46 62 66 58 38 36 29 31 22
Co 1 37 32.8 41.1 14.7 43 39.5 37 38.1 38.8 40.9 38.4 44 37.5 35.7 19.1
Cr 1 120 91 116 36 133 189 118 131 121 111 118 94 95 148 34
v 1 361.5 3795 357 2235 4485 4005 4755 @ 342 354 3615 460.5 469.5 483 4725 216
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Continued from Table 2. Trace element contents of basaltic rocks of the colored mélange complex in east of Rudan, western Makran. DL:

detection limit.

MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM- MKM-
Sample DL
138 141 142 143 151 152 153 154 156 157 158 160 162 166 174*

ICP-MS  (ppm)

Ba 1 30.16 187.92 15.08 78.88 26.68 70.76 4524 4292 4524 3248 4176 62.64 26.68 51.04 3132
Pb 1 11 4 4 14 3 13 4 3 9 3 2 11 8 4 14

Rb 1 12 12 12 6 12 36 36 12 12 6 24 42 18 96 6

Sr 1 109.08 95.64 120 60.72 108.6 285.6 184.8 10824 954 108.48 2304 2184 126 214.8 90.6
Y 0.5 49.2 60.9 58.2 84.9 39.9 30.9 30 38.8 37.5 40.3 29.3 31.4 335 432 91.7
Zr 5 179.2 210 2212 5418 154 1204 126 119 130.2  127.4 1302 1358 1134 173.6 5222
Nb 1 1.82 11.9 1.82 322 2.94 5.04 3.5 3.08 3.78 5.88
La 1 8.4 12 10.8 20.4 6 72 6 7.2 72 72 4.8 4.8 6 72 22.8
Ce 0.5 31.2 38.4 38.4 72 22.8 20.4 20.4 24 22.8 24 19.2 19.2 21.6 24 76.8

Pr 0.05  3.59 4.99 4.98 8.70 3.13 244 244 3.08 2.76 2.92 2.27 2.25 2.45 3.00 8.47
Nd 0.5 18.3 24.5 25 37.7 14.7 12.4 10.9 14.6 13.8 15.4 10.2 10.9 11.5 143 39.2
Sm 0.02 596 7.35 7.68 11.72 5.4 4.05 3.75 5.1 4.57 5.14 3.46 3.29 391 4.77 11.1
Eu 0.1 2.05 2.63 2.5 2.69 1.88 1.42 1.42 1.63 1.67 1.65 1.45 1.46 1.5 1.71 2.44
Gd 0.05 5.85 7.48 7.45 10.7 5.18 4.26 3.81 5.19 4.98 5.16 4.1 3.8 4.12 4.55 9.87
Tb 0.1 1.06 1.43 1.48 1.95 1.03 0.82 0.76 1.04 0.98 0.99 0.76 0.81 0.8 0.93 1.73
Dy 002 88 1053 11.12 1538 8.14 6.15 5.57 7.88 6.47 7.17 5.75 6.39 5.85 7.61 15.3
Er 0.05 6.36 7.66 7.75 10.98 5.6 3.97 4.44 5.1 4.9 4.77 3.89 3.98 3.67 5.13 10.35
Tm 0.1 0.72 0.89 0.97 1.34 0.7 0.56 0.52 0.8 0.59 0.62 0.54 0.51 0.51 0.66 1.3

Yb 0.05 5.6 6.6 6.4 8.4 4.6 35 39 4.5 4.4 4.7 3.7 3.8 4 4.9 9.1
Lu 0.1 0.91 1.05 1.08 1.55 091 0.53 0.55 0.72 0.7 0.66 0.55 0.53 0.57 0.69 1.5
Hf 0.5 4.95 5.53 6.3 1221 4.68 3.85 3.55 3.19 421 3.78 3.67 33 2.81 4.08 10.71
Ta 0.1 0.13 0.15 0.19 0.67 0.13 0.41 0.29 0.11 <0.1 0.12 0.33 0.34 0.25 0.32 0.39
Th 0.1 0.56 0.67 0.64 1.43 0.4 0.23 0.68 0.44 0.36 0.34 0.34 0.31 0.27 0.42 1.28

U 0.1 0.2 0.2 0.2 0.5 0.2 0.3 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.2 0.5
FeOt 12,52 1438  13.48 6.78 12,12 921 1156 12.05 1231 12.61 9.44 9.66 10.52 11.40 7.00
Nb/Y 0.03 0.14 0.05 0.10 0.10 0.17 0.11 0.09 0.09 0.06
Zr/lY 3.64 3.45 3.80 6.38 3.86 390 420 3.07 3.47 3.16 4.44 432 3.39 4.02 5.69
Zr/Ti 0.01 0.01 0.01 0.06 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.06
Ta/Yb 0.02 0.02 0.03 0.08 0.03 0.12 0.07 0.02 0.03 0.09 0.09 0.06 0.07 0.04
Nb/Yb 0.28 1.42 0.40 0.92 0.75 1.36 0.92 0.77 0.77 0.65
Th/Yb 0.10 0.10 0.10 0.17 0.09 0.07 0.17 0.10 0.08 0.07 0.09 0.08 0.07 0.09 0.14
Eu/Eu* 1.05 1.07 1.00 0.72 1.07 1.04 1.14 0.96 1.06 0.97 1.17 1.26 1.13 1.11 0.70
(La/Sm), 0.91 1.05 0.91 1.12 0.72 1.15 1.03 0.91 1.02 0.90 0.90 0.94 0.99 0.97 1.33
(Sm/Yb), 1.18 1.24 1.33 1.55 1.30 1.29 1.07 1.26 1.15 1.22 1.04 0.96 1.09 1.08 1.36
(La/Yb), 1.08 1.30 1.21 1.74 0.94 1.48 1.10 1.15 1.17 1.10 0.93 091 1.08 1.05 1.80

MKM-174* is duplicate of MKM-143
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Figure 4- a, b) Intersertal texture in basalts, where the spaces between plagioclase microlites are filled with ferromagnesian minerals and
glass. c) Skeletal texture in plagioclase, which can form under extremely rapid cooling conditions. d, e) Intergranular texture, where the

irregular spaces between plagioclase microlites are filled with ferromagnesian minerals, particularly clinopyroxene. f) Relic mold of a

completely altered olivine phenocryst in basalts.
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Figure 5. Chemical classification of the studied rocks. a) Zr/Ti versus Nb/Y diagram (Pearce, 1996).
b) SiO, versus Nb/Y diagram (Winchester and Floyd, 1977).



1A= :(IF) PO <1 Fo e (a0 j pgle/ISg5 60bld g (59U (i 0/ ... l39) J9l> 43 1S3 6 jaol tegaze il L slos>lg Loiigs

1000 T 1000
I a ——MKMI38 ——MKMI4l ——MKMI42 ——MKMI43 b
——MKMI151 ——MKMI152 ——MKMI53 ——MKMI56
——MKMI157 ——MKMI58 ——MKMI60 ——MKMI62 o0
——MKMI66 mm (B mm E-MORB s N-MORB §
8 Oceanic Plateau Basalts Saccani et al., 2022 =]
- o
5 =
2 10 4
Q
= 5
E a
<
17} g
s 1 1
1%}
B R e S S e S S S 0.10 S . . -
< S = e =
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 2 & £ & 338 & Z =238 §F & =

.(SunandMcDonough, 1989) aJ sl azé § .S 5 & o 0 ylonig (6 paiediz 15 50 (b.(Sunand McDonough, 1989) &y ;S & o ol lonies Sl ebe _g,i!l(a—?b}.{;z

(Fitton and Godard, 2004; Hastie et al., 2008; Hauff et al., 2000) Oceanic Plateau Basalts ;. >e» 5 (Sun and McDonough, 1989) OIB sN-MORB (E-MORB _, sz

el 0eT awslia 6l (Saccani et al., 2022) of e OPB slac i3l

Figure 6- a) Chondrite-normalized rare earth element (REE) pattern (Sun and McDonough, 1989). b) Primitive mantle-normalized multi-
element diagram (Sun and McDonough, 1989). N-MORB, E-MORB, and OIB values (Sun and McDonough, 1989), as well as Oceanic
Plateau Basalts (Fitton and Godard, 2004; Hastie et al., 2008; Hauff et al., 2000) and the Makran OPB (Saccani et al., 2022), are provided for

comparison.
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