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Introduction

The Deh-Salm igneous—metamorphic complex in the Lut Block of eastern
Iran exposes some of the most representative high-grade metamorphic rocks
and peraluminous granitoids in the region. This complex provides crucial
evidence for understanding the crustal evolution and tectonothermal history
of eastern Iran, particularly the role of Jurassic metamorphism and crustal
anatexis. Although previous studies have documented the presence of
migmatites, two-mica granites, and peraluminous leucogranites, the precise
magmatic sources, melting conditions, and geodynamic significance of the
granitoids remain insufficiently constrained. The granitoid bodies exposed
along the eastern and southeastern margins of the complex include quartz
monzodiorite, quartz syenite, monzogranite, and syenogranite. Their close
spatial association with stromatic migmatites strongly suggests crustal
melting during regional metamorphism. This study integrates petrography,
mineral chemistry, and zircon U-Pb geochronology to determine the
petrogenesis and magma sources of these granitoids and their tectonic
implications and to provide a coherent geodynamic model for the formation
of the Deh-Salm complex within the eastern Lut Block.

Materials and Methods

A series of representative samples was collected
from granitoid units and their migmatitic host rocks
across the eastern margin of the Deh-Salm complex.
Petrographic analyses using transmitted and reflected
light microscopy were conducted to identify mineral
assemblages, textures, zoning features, and

crystallization sequences. Mineral compositions of
tourmaline, garnet, biotite, and muscovite were
determined using electron microprobe analyses.
Classification diagrams such as schorl-dravite fields
(Figures  3a-3b), almandine—spessartine—pyrope—
grossular plots for garnet (Figure 3c), and mica
composition diagrams (Figure 3d) were used to
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interpret  melt sources and physicochemical
conditions. Zircon grains were separated using
standard heavy-liquid and magnetic techniques.
Cathodoluminescence imaging was performed to
identify internal structures, inherited cores, and
magmatic oscillatory zoning (Figure 5). U-Pb zircon
ages were obtained using LA-ICP-MS, and Concordia
diagrams were prepared to interpret crystallization
and inheritance ages (Figure 4). These combined
analytical methods allow robust interpretation of melt
provenance, metamorphic conditions, and
geodynamic context. All chemical data were collected
at the Department of Geology, University of Oslo,
Norway.

Results and Discussion

Petrography and Mineral Chemistry

The leucogranitic bodies along the eastern margin
of the Deh-Salm complex contain biotite, muscovite,
garnet, and zoned tourmaline (Figures 2a-2b).
Plagioclase commonly shows oscillatory zoning
(Figures 2c-2d), indicating crystallization from an
evolving melt under varying physicochemical
conditions. Tourmaline compositions are dominated
by the schorl component (~0.85) with minor dravite
(<0.13) (Figures 3a-3b), typical of tourmalines
formed from the partial melting of metapelitic sources
(Bénard et al., 1985; London and Manning, 1995).
Zoning patterns suggest late-magmatic modification
under fluid-rich anatectic conditions. Garnets display
Mn-Fe-Mg ratios consistent with almandine—
spessartine-rich igneous garnets crystallized from
pelitic-derived S-type melts (Figure 3c). These
compositions indicate derivation from Mn- and Al-
rich metasedimentary sources at shallow crustal
levels. Biotite and muscovite are strongly
peraluminous, plotting within fields associated with
sediment-derived anatectic melts (Figure 3d). The
coexistence of biotite + muscovite + garnet +
tourmaline is a diagnostic assemblage for S-type
granites produced by crustal anatexis.

Geochronology and Source Characteristics

U-Pb zircon ages between 163 and 166 Ma
(Figure 4) demonstrate that granitoid emplacement
occurred during the Upper Jurassic and was
contemporaneous with peak regional metamorphism
(Mahmoudi et al., 2010). Inherited zircon cores with
distinctly older ages (Figure 5) show that ancient
crustal materials—Ilikely fragments of the northern
Gondwana margin—were assimilated into the

magmas. This indicates that the eastern Lut Block
contains older basement components beneath its
Phanerozoic cover. The spatial association of
granitoids with stromatic migmatites, the presence of
melanosomes rich in Fe-biotite, and leucosomes
dominated by quartz and feldspar all confirm in situ
crustal melting processes.

Geodynamic Implications

Collectively, the petrography, mineral chemistry,
and zircon geochronology indicate that the Deh-Salm
granitoids are classic S-type melts generated by
partial melting of metapelitic and metapsammitic
protoliths. The Jurassic magmatism coincides with
regional  crustal  thickening,  heating, and
metamorphism in the eastern Lut Block. The tectonic
setting is best explained by crustal thickening and
thermal relaxation following convergence along the
northern Gondwana margin. The presence of
inherited zircons implies that the Deh-Salm complex
tapped deeper Precambrian crust during melting.
Thus, the Deh-Salm complex records a major Jurassic
tectonothermal event that reworked ancient
Gondwanan crustal fragments in eastern Iran.

Conclusions

1. The granitoid bodies of the Deh-Salm complex
consist mainly of quartz monzodiorite, quartz
syenite, monzogranite, and syenogranite, spatially
associated with stromatic migmatites and high-
grade metamorphic rocks.

2. Petrographic and mineral-chemical evidence
(tourmaline, garnet, biotite, muscovite) indicates
strongly peraluminous, sediment-derived S-type
magmas produced by partial melting of
metapelitic and metapsammitic protoliths.

3. U-Pb zircon ages of 163-166 Ma show that
granitoid emplacement was synchronous with
peak Jurassic metamorphism in the Deh-Salm
complex.

4. The presence of inherited zircon cores
demonstrates assimilation of ancient crustal
components, suggesting that fragments of
Precambrian basement exist within the eastern Lut
Block.

5. The Deh-Salm complex represents one of the
oldest crustal domains exposed in eastern Iran and
provides key evidence for Jurassic crustal
thickening, anatexis, and reworking of
Gondwanan continental fragments.
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Table 1. Chemical data (XRF method) of major

elements’ oxides (in wt%) in leucogranites of the
Deh-Salm metamorphic igneous complex.

Rock Type Syenogranite Qz- Monzogranite Qz-
Monzodiorite Syenite
Symbol o < \ 4 *
Sample No. Dy-100 Dy-139 [Dy-112 Dy-105 Dy-117
SiO; 66.45 68.08 58.8 66.82 61.12
Al,O3 16.71 16.35 16.9 17.41 17.80
Fe,03 2.34 2.31 6.50 2.58 1.85
MgO 0.68 0.61 5.40 0.75 1.54
Cao 3.01 2.56 4.7 2.45 3.12
Na,O 4.75 4.27 3.50 4.08 5.10
K,0 4.42 4.46 2.80 4.30 7.19
TiO, 0.27 0.31 0.34 0.33 0.31
MnO 0.05 0.05 0.10 0.04 0.07
P,0s 0.13 0.17 0.22 0.14 0.11

SUM 98.81 99.12 99.21 98.90 98.21
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Table 2. Chemical data (ICP-OES method) of trace
elements (in ppm) in leucogranites of the Deh-
Salm metamorphic igneous complex.

Sample No. Dy-100 Dy-105 Dy-112 Dy-117 Dy-139

Ba 158 119 402 231 725
Rb 58 59 68 114 102
Sr 63.6 83.7 457.1 63.4 319.5
Zr 17 15 60 13 40
Nb 2.7 2.7 2.8 1 4.9
La 1 1 9 1 28
Ce 2 2 19 1 56
Pr 0.05 0.05 2.11 0.05 6.38
Nd 4.2 4.2 13.6 3.4 275
Sm 0.09 0.09 2.15 0.05 4.07
Eu 0.25 0.25 1.02 0.3 1.09
Gd 0.42 0.41 1.84 0.25 2.98
Tb 0.1 0.1 0.27 0.1 0.3
Dy 0.53 0.53 2.11 0.29 2.1
Er 0.05 0.05 1.71 0.05 1.14
Tm 0.1 0.1 0.19 0.1 0.12
Yb 0.3 0.3 1.1 0.1 0.5
Lu 0.1 0.1 0.18 0.1 0.1
Cs 6.2 6.2 0.9 6.9 2.3
Hf 0.5 0.5 0.65 0.5 1.16
TI 0.26 0.27 0.1 0.56 0.81
Y 2.6 2.7 11.3 1.1 6.7
Th 15 15 25 16 23

U 0.7 0.7 0.6 0.67 1.9
Sc 0.9 0.9 40.6 0.5 3.5
Cd 0.1 0.1 0.2 0.1 0.1
Be 1.7 1.7 0.7 0.4 34
Pb 12 12 8 34 23

Li 4 6 15 9 34
Ti 10 10 5192 10 3395
Ta 1.56 1.55 0.1 0.1 0.42
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Table 3. Precise chemical analysis (EPMA) of garnet, biotite and muscovite minerals in migmatite sections associated with
granite masses east of the Deh-Salm Complex. Cation values (Total iron was used in stoichiometric calculations).

Mineral Type Garnet Mineral Type Tourmaline
SiO, 36.83 37.24 36.84 35.01 34.21 36.46 34.78 37.27 SiO, 34.87 33.87
TiO, 0.03 2.04 3.01 3.05 3.25 3.02 3.33 4.01 TiO, 0.63 0.01
Al,O4 21.07 21.03 20.97 19.45 19.24 20.88 19.63 20.90 Al,O3 35.99 32.15
Cr,03 0.01 0.03 DL*> 0.12 0.05 0.04 0.06 0.02 Cr,0s 0.04 0.01
FeO 30.84 30.35 30.39 20.43 20.22 30.91 28.14 30.47 FeO 7.98 6.14
MnO 8.69 9.16 8.60 0.30 0.73 9.33 7.23 9.13 MnO 0.04 0.01
MgO 212 1.96 212 7.58 743 1.92 6.37 2.05 MgO 6.61 7.15
CaO 0.30 0.29 0.28 DL> DL> 0.35 0.03 0.31 CaO 0.10 0.91
Na,O DL> DL> DL> 0.29 0.28 0.01 0.27 0.01 | Na,O 1.02 2.30
K,O DL> 0.02 0.00 0.37  104.00 0.00 0.07 0.00 K20 8.54 9.02
Total 99.89  102.10 102.20 86.67 189.20  102.90 99.92  104.17 Total 95.82 91.57
Si 3.00 2.98 2.95 311 0.94 291 2.78 2.94 SiT 5.51 5.65
Ti 0.00 0.12 0.18 0.20 0.07 0.18 0.20 0.24 Al 0.49 0.34
Al 2.02 1.98 1.98 2.04 0.63 1.96 1.85 1.94 B 3.00 3.00
Cr 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 XT-site 6.00 5.97
Fe 2.10 2.03 2.03 152 0.47 2.06 1.88 2.01 AlY 0.21 0.20
Mn 0.60 0.62 0.58 0.02 0.02 0.63 0.49 0.61 Cr 0.00 0.01
Mg 0.26 0.23 0.25 1.01 0.31 0.23 0.76 0.24 Fe?* 1.06 0.96
Ni 0.02 0.02 0.02 0.00 0.00 0.02 0.00 0.02 Mn 0.00 0.00
Ca 0.00 0.00 0.00 0.03 0.01 0.00 0.02 0.00 Mg 1.56 1.75
Na 0.00 0.00 0.00 0.06 5.56 0.00 0.01 0.00 Ti 0.07 0.03
Mg/Mg+Fe 0.11 0.10 0.11 0.40 0.40 0.10 0.29 0.11 XY-site 291 2.95
Fe®" 0.02 0.19 0.24 0.61 10.91 0.14 0.20 0.29 Xy 0.22 0.36
Fe?" 212 2.22 2.28 213 10.44 221 1.68 2.30 Li* 0.09 0.38
End Member: Na 0.89 0.99
Grs 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 K 0.28 043
Prp 0.09 0.08 0.08 0.31 0.03 0.08 0.26 0.08 Name Schorl Schorl
Alm 0.71 0.72 0.73 0.67 0.93 0.72 0.57 0.73

Sps 0.20 0.20 0.19 0.01 0.00 0.21 0.17 0.19

* DL.: detection limit
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Table 3. Continued.

Mineral Type Biotite | Muscovite

Si0, 37.38 35.27 35.14 35.08 34.76 46.34 45.69 46.11 3695 3571
AlO, 21.23 19.59 19.38 19.74 18.99 36.74 35.86 35.79 62.67  63.18
Tio, 0.03 3.06 3.63 2.66 416 0.66 0.68 0.74 0.02 DL>
Cr0; 0.00 0.06 0.11 0.01 0.11 0.05 0.04 0.03 DL> 0.04
FeO 30.72 20.07 20.67 19.89 20.72 1.056 0.997 1.063 0463  0.201
MnO 9.22 0.19 0.19 0.22 0.25 0.01 0.02 0.01 0.03 DL>
MgO 1.93 7.60 755 755 7.06 0.56 0.46 0.49 0.01 0.03
Ca0o 0.31 0.05 0.03 0.00 DL> 0.06 DL> 0.01 0.01 0.02
Na,O 0.01 0.31 0.27 0.28 0.47 0.78 0.96 0.94 0.00 0.03
K0 0.05 9.18 9.18 9.19 9.31 956 10.32 10.44 0.02 0.00
Total 100.90 95.29 96.17 9459 95.75 95.81 95.02 95.63 10017 99.27
Si 331 3.13 3.11 3.13 3.10 3.33 3.33 3.35 2.40 2.34
Al 2.22 2.04 2.02 2.08 1.99 3.11 3.08 3.06 4.79 4.87
Ti 0.00 0.20 0.24 0.18 0.28 0.04 0.00 0.04 0.00 0.00
Cr 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Mn 0.69 0.01 0.01 0.02 0.02 0.00 0.00 0.00 0.00 0.00
Fe® 178 1.96 1.98 1.92 2.01 0.89 0.92 0.94 0.00 0.00
Mg 0.26 1.01 0.99 1.00 0.94 0.06 0.05 0.05 0.00 0.00
Ca 0.03 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Na 0.00 0.05 0.05 0.05 0.08 0.11 0.14 0.13 0.00 0.00
K 0.01 1.04 1.03 1.05 1.06 0.88 0.96 0.97 0.00 0.00
Ba 1.07 0.70 0.72 0.69 0.72 0.03 0.03 0.03 0.01 0.01
tot. cat. 937 1014 1016 1012 1021 8.46 8.51 8.57 7.20 7.22
Xwg 0.27 0.99 0.98 0.98 0.98 0.99 0.98 0.99 0.36 1.00

Slaloen ,3) lwals JISIT 5 50553 sl SIS slms EPMAY) 585 Do oSl oLS 5, aloowd 43350 slaosls .F Jgus

Table 4. Precise chemical analysis (EPMA) of plagioclase and alkali feldspar minerals (Total iron was used in
stoichiometric calculations).

Mineral Type Plagioclase Plagioclase

Point No. 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7
SiO, 57.02 4881 5219 5946 5892 5502 5956 59.93 5593 4887 5435 5463 5893 57.62 5952
Al,O3 26.77 30.70 29.71 2452 2476 2761 2535 2472 2740 3158 28.02 2722 2468 2553 24.92
FeO 035 021 034 023 017 028 018 018 012 033 031 036 036 027 0.17
CaO 958 14.80 1355 6.68 7.36 1053 7.49 730 10.05 1524 11.00 10.35 7.41 8.35 7.28
Na,O 6.46 3.26 4.38 758 7.50 571 7.58 7.59 6.16 3.17 542  6.05 7.70 7.21 7.96
K,O 031 018 016 063 054 018 053 043 026 008 031 028 049 0.29 0.18
Total 10050 97.94 100.30 99.10 99.25 99.34 100.70 100.10 99.93 99.28 99.41 98.89 99.58 99.26 100.00
Si 255 227 236 267 265 249 264 267 251 224 246 248 264 259 2.65
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Table 4. Continued.
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Mineral Type Plagioclase Plagioclase
Point No. 1 3 6 7 8 2 3 6
Al 141 168 158 130 131 147 132 130 145 171 150 146 130 135 131
Fe®* 001 001 001 001 001 001 001 001 000 001 001 001 001 0.01 0.01
Ca 046 074 066 032 035 051 036 035 048 075 053 050 0.36 040 035
Na 056 029 038 066 0.65 050 065 066 054 028 048 053 067 0.63  0.69
K 002 001 0.01 004 003 0.01 0.03 0.02 002 001 002 002 003 0.02 0.01
tot. cat. 500 500 500 500 5.00 500 500 500 500 500 500 500 500 5.00 5.00
tot. oxy. 796 796 795 797 796 797 796 798 796 795 796 793 7.94 794 7.95
An 4428 70.78 6254 31.60 3413 4993 3429 3389 4671 7230 5193 47.85 3379 3838 33.25
Ab 141 1.68 1.58 1.30 131 1.47 1.32 1.30 145 171 1.50 1.46 1.30 135 131
Or 001 001 001 001 001 001 001 001 000 001 001 001 0.1 0.01 001
Aslol F Jgus

Table 4. Continued.
Mineral Type Alkali feldspar Alkali feldspar
Point No. 1 2 3 4 5 6 1 2 3 4 5
SiO, 68.43 67.39 68.18 68.58 66.59 68.09 66.50 78.68 67.56 68.03 66.53
Al,O3 19.76 19.68 19.26 19.12 19.40 19.69 19.33 13.11 19.71 19.25 19.84
FeO 0.18 0.00 0.14 0.00 0.02 0.17 0.23 0.06 0.12 0.07 0.10
MgO 0.02 0.01 0.00 0.02 0.00 0.03 0.00 0.07 0.00 0.01 0.04
CaO 041 0.41 0.50 0.31 0.71 0.57 0.76 0.39 0.56 0.73 0.88
Na,O 11.35 11.09 11.45 11.76 11.07 11.32 11.13 8.09 11.46 11.57 10.88
K,0 0.52 0.47 0.10 0.19 0.40 0.46 0.20 0.15 0.19 0.12 0.52
total 100.70 99.06 99.63 99.97 98.20  100.33 98.15  100.60 99.60 99.77 98.78
Si 2.65 2.98 2.99 3.00 297 2,97 297 3.56 297 2.98 2.95
Al 131 1.03 1.00 0.98 1.02 1.01 1.02 0.70 1.02 0.99 1.04
Fe®" 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Mg 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.35 0.02 0.02 0.02 0.03 0.03 0.04 0.02 0.03 0.03 0.04
Na 0.69 0.95 0.98 1.00 0.96 0.96 0.96 0.71 0.98 0.98 0.94
K 0.01 0.03 0.01 0.01 0.02 0.03 0.01 0.01 0.01 0.01 0.03
tot. cat. 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
tot. oxy. 7.95 8.00 8.00 7.98 7.99 7.98 7.99 8.55 7.98 7.98 7.99
An 33.25 1.96 2.32 143 3.36 2.65 3.60 2.59 2.61 3.35 4.15
Ab 65.78 95.37 97.12 97.56 94.39 94.82 95.30 96.20 96.34 96.02 92.94
Or 0.97 2.67 0.56 1.01 2.26 2.53 1.10 1.21 1.05 0.63 291
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Table 5. U-Pb and Th-Pb isotopic chemical analysis data for the granitoid samples from the eastern Deh-Salm

complex.
U Thiu? Pbc®  26pb/ 207ppy/ 206ply/ 207ppy/ 206ply/ 207ply/ 207ppy/
204Pb4 235U5 238U5 206Pb5 238u5 235u5 206pb5
[ppm] [pg] [age in Ma] [age in Ma]
1517 0.34 1.9 2175 0.3562 0.043213 0.05979 272.7 309.4 955.0
2521 0.16 4.2 1000 0.1783 0.025978 0.04978 165.3 166.6 957.6
1577 0.30 3.8 698 0.1775 0.026002 0.04951 165.5 165.9 172
1757 0.26 0.8 3451 0.1784 0.026163 0.04946 166.5 166.7 170
1648 0.25 1.0 2724 0.1758 0.025834 0.04936 164.4 164.4 164.8
3379 0.23 2.7 2025 0.1754 0.025686 0.04953 163.5 164.1 172.9
1311 0.24 0.9 2164 0.1688 0.024772 0.04944 157.7 158.4 168.6
1414 0.25 3.3 682 0.1680 0.024571 0.04960 156.5 157.7 176
624 30.37 8.6 606 0.1752 0.025779 0.04929 164.1 163.9 162
1000 18.27 7.7 1054 0.1721 0.025360 0.04923 161.4 161.3 158.7
1181 28.38 13.5 1423 0.1742 0.025557 0.04943 162.7 163.0 168.1
267 28.10 67.0 56.1 0.1641 0.025103 0.0474 159.8 154.3
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Figure 1. Geological map of part of the Deh-Salm igneous-metamorphic complex (After Mahmoudi, 2009).
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Figure 2. A) Migmatites of the eastern of the Deh-Salm complex, showing dark melanosome bands and light
leucosome bands; B) Migmatites of the Deh-Salm region with an augen structure characterized by light-colored

lenses of prograde minerals.
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Figure 3. Photomicrographs of granitic rocks from the eastern Deh-Salm metamorphic complex. A)
Holocrystalline texture with anhedral biotite grains in quartz monzodiorite (XPL); B) Holocrystalline texture
with mineral inclusions within feldspar crystals in quartz syenite (XPL); C) Syenogranite displaying
holocrystalline texture and subhedral biotite crystals embedded in an alkali feldspar groundmass (XPL); D)
Plagioclase phenocrysts exhibiting polysynthetic twinning (XPL); E and F) Evidence of partial melting with
stromatic structure displaying dark (melanosome) and light (leucosome) minerals from the leucosome domain
in the eastern Deh-Salm complex (XPL). Mineral abbreviations are from Warr (2021).
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Figure 4. A) SiO; versus KO + NayO binary diagram (Irvine and Baragar, 1971); B) AFM ternary plot (Irvine and
Baragar, 1971); C) A/NK versus A/ICNK Shand's index diagram (Shand, 1943); D) KO (wt.%) versus SiO; classification

diagram (Peccerillo and Taylor, 1976).
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Figure 5. Whole-rock geochemistry of the granitoid samples from the eastern Deh-Salm complex plotted on
genetic discrimination diagrams. A) Zr+Nb+Ce+Y versus FeO"/MgO diagram (FG: Fractionated granites;
OGT: unfractionated granites) (Whalen et al., 1987); B) Rb versus Th (Chappell and White, 1992); C) Zr
versus P-Os diagram (Whalen et al., 1987); D) P versus REE+Y diagram (Burnham and Berry, 2017).
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Salm complex); C) Zoned plagioclase crystals; D) Unstable and reactive margins of a plagioclase crystal
(sample DS-129). Mineral abbreviations are form Warr (2021).
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Figure 7. Provenance and petrogenetic origin of garnet, tourmaline, and biotite crystals from the granitoids in the
eastern Deh-Salm igneous-metamorphic complex. A) Tourmaline compositional discrimination diagram (Henry and
Guidotti, 1985); B) Tourmaline chemical compositions plotted on the (Mg/Mg+Fe) versus
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Petrographic composition

Biotite content 5-8 vol%
Muscovite Rare or absent
Position on the diagram VAG field
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