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A B S T R A C T   

The genesis of Eocene to Early Oligocene plutons and dykes emplaced in the suture zone between two colliding 
continental blocks in southeastern Iran has been the subject of debate concerning the processes that formed 
magmas and influenced their intrusive history. We report geological, geochemical, mineralogical and isotope 
evidence that constrains the origin of the Lakhshak plutonic complex. SiO2 contents in the granodioritic pluton 
and dacite dykes average 67 wt%, and in the monzodiorite dykes 53 wt%. Based on (La/Yb)N vs. YbN the rocks 
correspond to adakites, originating from 10 to 25% melting of garnet amphibolite. The high A12O3 (14.95–17.15 
wt%), Sr (442–1385 ppm) and Ba (601–1935 ppm) contents and relatively high La/Yb (25–45) and Sr/Y (35–57), 
but low Yb (mostly <1.6 ppm) and Y (mostly <18.2 ppm) are also features typical of adakitic rocks. Zircon and 
titanite from two samples of the pluton yield U-Pb ages of 29.98 ± 0.08 and 29.90 ± 0.05 Ma, a monzodiorite 
dyke yields 29.02 ± 0.10 Ma, and a dacite dyke 29.39 to 27.96 Ma. These ages confirm that the magmatism was 
post-collisional. The monzodiorite and dacite dykes have (87Sr/86Sr)i = 0.7053–0.7056 and εNdi = − 1.1 to 2.2 
(except one sample with εNdi = − 8.6), which limit the extent of crustal assimilation and plot along a mixing 
array between Sistan ophiolites and the country rocks of the pluton. This is consistent with an origin from 
oceanic slab melts variously mixed with melts from flysch sediments. Isotope compositions of Sr, Nd and Pb, 
xenocrystic zircons, and magma mixing and mingling textures support such a process. Thermobarometry on 
various minerals indicates a continuum of crystallization stages during magma ascent, with pyroxene formed at 
8 kbar, followed by amphiboles, which record conditions decreasing from 1166 ◦C / 7.8 kbar to 933 ◦C / 4.0 
kbar. Tectonically, the Lakhshak adakites were most likely the consequence of post-collisional delamination that 
led to melting of Sistan oceanic lithosphere and its interaction with melts from pelagic sediments.   

1. Introduction 

Adakites are mostly silicic rocks (SiO2 > 56%) with >3.5% Na2O, 
K2O/Na2O ~ 0.4, >15% Al2O3, Sr/Y > 40 and La/Yb >20, <18 ppm Y, 
<1.8 ppm Yb, and low amounts of high field strength elements (HFSE, 
including Ti, Nb, Ta) (Defant and Drummond, 1990). They are inferred 
to originate through partial melting of subducted metabasaltic crust. 
The characteristically high Sr/Y (and La/Yb) of adakites is attributed to 
the presence of garnet in the residues (eclogite or garnet amphibolite; 

Martin et al., 2005; Moyen, 2009). Proposed sources and settings include 
very young and warm oceanic lithosphere (<25 Ma; Defant and Drum
mond, 1990; Sajona et al., 1996; Martin, 1999), oceanic ridges (e.g., 
Aguillón-Robles et al., 2001), fast subduction (e.g., Molnar and England, 
1990), flat subduction due to anomalous heating of the leading edge of 
the slab (e.g., Bourdon et al., 2002), termination of subduction (Sajona 
et al., 1996) or slab windows with hot asthenosphere in direct contact 
with the plate edge (e.g., Yogodzinski et al., 1995). 

Many adakites have higher Ni and Cr contents than expected for 
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pristine slab melts, indicating interaction of the magma with mantle 
wedge peridotite on their way toward the surface (e.g., Martin et al., 
2005; Moyen, 2009). The adakitic signatures could also be generated by 
fractionation of mafic minerals from non-adakitic melts (e.g., Kolb et al., 
2013), fractionation of amphibole during the differentiation of a basaltic 
arc magma formed in a mantle wedge previously metasomatized by slab 
fluids, or basaltic arc magma that assimilated crustal materials (Richards 
and Kerrich, 2007); melting of thickened mafic arc-crust (e.g., Wang 
et al., 2005) or delaminated basaltic lower continental crust (Gao et al., 

2004), and mixing between crust-derived felsic melt and mantle-derived 
mafic melt (e.g., Wang et al., 2019). 

The Lakhshak pluton and related dykes in the Neh Complex in 
southeastern Iran have adakitic characteristics. In this paper we use 
structural relationships, geochemistry, mineral chemistry and geochro
nology to document the petrogenesis of this adakitic suite, which was 
associated with subduction of the Sistan Ocean, a branch of Neo-Tethys, 
and its Cenozoic closure. The U-Pb ages reported below show that the 
parent magma of the Lakhshak pluton was emplaced in the suture after 

Fig. 1. (a) Tectonic overview of Iran (modified after Bröcker et al., 2013). (b) Major geological subdivisions of the Sistan Suture Zone and the location of Zahedan- 
Saravan granitoids (modified after Tirrul et al., 1983). (c) Geological map of the Lakhshak pluton showing the location of the samples used for whole rock major, 
trace elements and isotopic analyses, mineral chemistry and U-Pb dating (Tables 1–7). 
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collision of the Lut and Helmand continental blocks. The geochemical 
and isotope data show that the Sistan oceanic slab and low-grade flysch- 
type metasedimentary assemblage played the main role as source ma
terials for the genesis the pluton. 

2. Geological setting 

2.1. The Sistan suture zone 

The Lut and Helmand continental blocks consist of Neoproterozoic to 
Paleozoic basement and granulite facies metamorphic rocks (Bagheri 
and Stampfli, 2008). Rifting between these blocks formed a small branch 
of the Neo-Tethys Ocean, the Sistan Ocean, oriented N-S for >700 km 
(Fig. 1). Rifting may have started during the Early (to Middle) Creta
ceous, inferred from Orbitolina limestone (Barremian to Aptian) and 
zircon U-Pb ages of 113 ± 1 and 107 ± 1 Ma for the ophiolite (Baba
zadeh and De Wever, 2004; Zarrinkoub et al., 2012). Formation of the 
ophiolites and ophiolitic melanges was followed by deposition of Late 
Cretaceous-Eocene flysch (Tirrul et al., 1983). At present, the Sistan 
Suture Zone exposes a well-preserved subduction zone complex, and 
preserves evidence for the closure of the Central Iranian Lut block 
against the Helmand block in the Middle or Late Eocene (Tirrul et al., 
1983; Zarrinkoub et al., 2012). 

The Sistan Suture Zone is characterized by a complex imbrication of 
thrust sheets, with rocks of various origins, variably deformed and 
metamorphosed. Mafic and ultramafic rocks and radiolarites represent 
remnants of the lithosphere of the Sistan oceanic basin and its pelagic 
sedimentary cover (Bonnet et al., 2018; Camp and Griffis, 1982). 
Ophiolites are present in both the Neh and the Ratuk Complexes 
(Fig. 1a–b). Coniacian ages of about 85 Ma date high pressure meta
morphism (Bröcker et al., 2013) during (probably east-vergent) 

subduction of the Sistan lithosphere. This was accompanied by deposi
tion of a thick series of Late Cretaceous to Eocene flysch, considered to 
represent a fore-arc setting (e.g., Tirrul et al., 1983). 

The Ratuk Complex is an accretionary prisms (Tirrul et al., 1983) 
flanked by the ophiolites and ophiolitic mélanges (Bonnet et al., 2018; 
Zarrinkoub et al., 2012). Thick flysch sequences of marine sedimentary 
turbidites are present in the Neh Complex and overlying Sefidabeh basin 
(Burg, 2018; Tirrul et al., 1983). There is a transition from slightly 
metamorphosed Paleocene flysch deposits to unmetamorphosed Eocene 
deposits and molasses-type sediments, indicating that collision probably 
started during the Eocene. 

Adakitic granodiorites and A-type granites in the Ratuk Complex 
were emplaced in the Late Cretaceous and Early Eocene, respectively 
(Jentzer et al., 2020; Pang et al., 2013). These events were followed by 
widespread Eocene–Oligocene calc-alkaline volcanic activity. 

Alkali basalts erupted along this complex and the Nayband fault from 
the Middle Miocene to the Quaternary (Pang et al., 2012). 

2.2. The Neh Complex 

The Neh Complex comprises a low-grade flysch-type metasedi
mentary assemblage with Late Cretaceous ophiolites, Late Cretaceous to 
Eocene phyllites, and Paleocene to Miocene terrigenous marine sedi
mentary rocks. These rocks host numerous granitoid plutons elongated 
in a NW-SE direction, including the Lakhshak pluton and related dykes, 
which are the subject of this paper (Fig. 1b–c). 

Ophiolites constitute about 30% of the Neh Complex. Almost all of 
them face E-NE, as indicated by the overall stratigraphic polarity, pil
lowed tops, and the dip of layered gabbros, diabase dykes, and pelagic 
sedimentary rocks. Both upper and lower contacts are invariably steeply 
dipping faults, often marked by sheared serpentinite. Basalt is generally 

Fig. 2. Photographs of the Lakhshak pluton, its country rocks and the related dykes. (b) Numerous NE-striking dykes occupy 20 to 30% of the pluton volume. (c) 
Mafic microgranular enclaves in Lakhshak granodiorite. 

M. Rezaei-Kahkhaei et al.                                                                                                                                                                                                                     



LITHOS 426-427 (2022) 106806

4

pillowed, with significant inter-pillow hyaloclastite and is typically 
overlain by, and locally interbedded with radiolarian chert and pelagic 
limestone, demonstrating eruption above the carbonate compensation 
surface. The sedimentary succession resting on the flows contains 
microfauna from the Late Turonian to Maastrichtian (Tirrul et al., 1983). 

Phyllite constitutes about half of the Neh Complex surface outcrop 
(Fig. 1b–c). It occurs in weakly metamorphosed turbidite successions 
typically cropping out in long ridges bounded on the southwest and 
northeast by steeply dipping faults. Frequent reversals in facing and the 
presence of preserved fold hinges indicate many tight folds in addition to 
innumerable shear surfaces. Both bedding and shear surfaces have a 
dominant E-NE dip. 

The flysch sequence was deposited in Late Cretaceous to Middle 
Eocene times based on stratigraphic and paleontological constraints (e. 
g., Nummulites aturicus, Discocyclina, Nummulites; Berberian, 1983; 
Burg, 2018; Bagheri and Gol, 2020). It dips ~75o to the NE and is 
overlain with an angular unconformity by Oligocene marl, sandstone 

and basalt. 
The Zahedan - Saravan granitoid plutons consist of several intrusions 

(Lakhshak, Gapdan, Zargoli, Pircha and South Zahedan; Fig. 1b–c). 
Rezaei-Kahkhaei et al. (2021) combined thermobarometry, geochro
nology, and lithological observations to document multi-stage 
emplacement of the Gapdan zoned pluton between 44 and 42 Ma, 
during progressive deformation and concurrent exhumation from a 
depth of ~5.0 km to ~2.5 km. 

2.3. Regional structures 

Three phases of deformation affected the marine sediments of the 
Neh Complex and Sefidabeh basin (Tirrul et al., 1983). The first two 
occurred between the Early Eocene and the Early Miocene. The oldest 
phase produced tight to isoclinal folds with an approximate easterly 
trend caused by the northward subduction of Sistan ocean floor under 
the Lut- Helmand blocks (Bagheri and Gol, 2020). The second, more 

Fig. 3. Photomicrographs (in cross-polarized light). (a) Lakhshak granodiorite. (b) Lakhshak microgranular enclave with megacrysts of K-feldspar and poikilitic 
texture. (c), (d) and (e) Felsic (granodiorite / dacite) dykes. Plagioclase is euhedral with sieve texture. Magnesio-hastingsite is rimmed by biotite. Quartz is often 
partly resorbed and with rounded embayments. (f) Monzodiorite dyke with clinopyroxene, plagioclase and pargasite. Abbreviations are: Kfs = K-feldspar, Pl =
plagioclase, Bt = biotite, Qz = quartz, Cpx = clinopyroxene, Hbl = hornblende, Prg = pargasite, Mhs = magnesio-hastingsite. 
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dominant phase, associated with regional metamorphism, formed con
jugate strike-slip faults and related upright, moderate to steep N- 
plunging folds. An associated pervasive cleavage trending N to NW 
developed in the Eocene turbiditic sediments of the Sefidabeh basin and 
the ophiolitic mélange (Bagheri and Gol, 2020; Tirrul et al., 1983). This 
phase of deformation corresponds to an E-NE direction of maximum 
horizontal shortening. The third phase of deformation formed large 
strike-slip faults and folding in the Pliocene-Quaternary and accompa
nied recent volcanism. There are two systems of N-NE trending right- 
lateral strike-slip faults and W-NW-trending left-lateral strike-slip faults. 

3. The Lakhshak pluton 

3.1. General features 

The Lakhshak pluton has an ellipsoidal outcrop, a surface area of 
approximately 87 km2, and is intruded into low-grade Eocene schists 
(Figs. 1c and 2a–b). The pluton has no foliation, with the exception of 
the SW border, which has a subvertical planar-linear fabric parallel to 
the contact. The local deformation is synkinematic and characterized 
regionally by NW oriented dextral shear zones. The intrusion caused 

Table 1 
Major (wt%) and trace element (ppm) abundances in the samples of Lakhshak pluton and dykes.   

Dyke Pluton 

Rock type Monzodiorite Monzonite Dacite Granodiorite 

Sample NO K-47 K-7 Z-R-7 Z-R-27 Z-R-73 K-27 K-44 K-50 F Z-R-2 

SiO2 49.1 53.2 55.6 66.1 64.4 66 66.4 66.6 67.4 69.1 
TiO2 1.35 1.08 1.12 0.55 0.56 0.57 0.51 0.52 0.44 0.42 
Al2O3 17.15 14.95 15.72 16.25 16.65 16.2 16.3 16.2 15.95 15.5 
Fe2O3 8.17 7.28 6.89 3.56 3.82 3.51 3.28 3.34 3.04 2.63 
MnO 0.12 0.12 0.11 0.06 0.07 0.06 0.06 0.06 0.06 0.05 
MgO 5.19 6.9 4.72 1.67 2.02 1.65 1.6 1.5 1.52 1 
CaO 8.83 7.4 6.66 3.82 4.12 3.77 3.62 3.66 3.37 2.73 
Na2O 3.69 3.35 3.61 4.18 4.37 4.16 4.54 4.37 4.28 4.08 
K2O 3.32 2.21 3.31 2.62 2.74 2.74 2.59 2.77 2.94 3.3 
Cr2O3 0.01 0.04 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
P2O5 0.76 0.38 0.54 0.18 0.21 0.19 0.15 0.18 0.15 0.14 
Total 97.69 96.91 98.3 99 98.97 98.86 99.06 99.21 99.16 98.96 
BaO 0.22 0.13 0.17 0.09 0.13 0.09 0.07 0.09 0.11 0.1 
Ba 1935 1105 1440 727 1060 755 601 731 901 842 
Rb 95 52.4 93.5 92.9 90.8 100 111.5 101 95.9 127.5 
Sr 1385 641 804 547 696 527 472 442 527 571 
Zr 186 143 164 160 160 153 164 150.5 140.5 145.5 
Nb 23 15 19 11 11 13 12 11 10 12 
Cr 80 330 150 30 40 30 30 30 30 10 
La 62.9 37.3 52.4 36 39.1 35.1 27.5 25.3 35.1 36.2 
Ce 118.5 68.8 92 63.3 69.8 64.7 52.5 49.2 62.2 65.4 
Pr 12.7 7.3 9.2 6.1 6.8 6.6 5.5 5.1 6.1 6.5 
Nd 48.4 27 34 21.3 24.1 24.3 19.6 19 21.5 22.5 
Sm 8.8 5.1 6 3.5 4 4.3 3.7 3.5 3.6 3.7 
Eu 2.3 1.4 1.6 0.9 1 1.1 0.9 0.9 0.9 0.9 
Gd 7.7 4.8 5.7 3.2 3.8 3.9 3.2 3.2 3.5 3.3 
Tb 0.9 0.6 0.7 0.4 0.4 0.5 0.4 0.4 0.4 0.3 
Dy 4.6 3.3 3.6 1.9 2.3 2.6 2.2 2 2.1 1.8 
Ho 0.9 0.6 0.7 0.3 0.4 0.5 0.4 0.4 0.4 0.3 
Er 2.4 1.7 1.9 1.1 1.2 1.3 1.2 1.1 1.1 0.8 
Tm 0.3 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Yb 2 1.5 1.6 1 1 1.2 1 1 1 0.8 
Lu 0.3 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Y 26.1 18.2 20.5 11.6 13.4 14.8 12.8 11.8 12 10.1 
Cs 2.1 1.4 3.8 3.3 3.4 3.1 5.2 4.7 3.4 4.5 
Ta 1.2 0.9 1.2 1 0.9 1.1 1 1 0.9 1.1 
Hf 5 4 4 4 4 4 5 4 4 4 
Ga 21 19 18 19 19 19 21 20 18 19 
Th 14 9 14 14 13 14 14 13 16 15 
U 3.3 2.4 4.2 1.8 2.4 1.8 2.7 2.4 2.7 2.2 
V 274 189 178 68 75 70 63 62 57 44 
Co 48.8 48.4 37.9 90.9 60.4 71.5 59.5 58.5 59.7 76.3 
Cu 54 90 33 5 13 6 5 10 7 5 
Mo 1.34 1.34 1.34 1.34 1.34 1.34 1.34 1.34 1.34 1.34 
Ni 51 92 46 15 24 14 16 13 18 7 
Pb 13 6 7 18 19 19 18 20 17 21 
Tl 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 
Zn 88 74 55 65 65 67 68 65 56 58 
Total REE 273 160 210 139 154 146 118 111 138 143 
Eu*/Eu 0.85 0.87 0.84 0.82 0.78 0.82 0.8 0.82 0.78 0.79 
ASI 0.67 0.7 0.73 0.98 0.94 0.97 0.97 0.96 0.98 1.02 
Sr/Y 53.1 35.2 39.2 47.2 51.9 35.6 36.9 37.5 43.9 56.5 
La/Yb 31.5 24.9 32.8 36 39.1 29.3 27.5 25.3 35.1 45.3 
(La/Yb)N 21.2 16.76 22.08 24.27 26.36 19.72 18.54 17.06 23.66 30.51 
Th/U 4.2 3.8 3.3 7.8 5.4 7.8 5.2 5.4 5.9 6.8 
Th/Ba 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.02 
Rb/Ba 0.05 0.05 0.06 0.13 0.09 0.13 0.19 0.14 0.11 0.15 
Cr/Ni 1.57 3.59 3.26 2 1.67 2.14 1.88 2.31 1.67 1.43 
liquidus T (◦C) 1100 1057 1079 1055 1064 1049 1054 1056 1050 1023  
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contact metamorphism converting slates and phyllites to biotite or 
actinolite schist and rarely garnet biotite schist near the margin of the 
pluton. The foliation of the country rocks, defined mainly by biotite ±
sericite or crenulation cleavage, is well-developed and trends NW. 

Mafic microgranular enclaves are widespread in the pluton. They are 
mostly elliptical or oval in shape and range from a few to <10 cm in size 
(Fig. 2c). The contacts between the enclaves and the host rocks are sharp 
or transitional. 

3.2. Mineralogy and textures 

Over 250 samples were collected from the Lakhshak pluton and the 
related dykes. The modal mineralogy of 23 samples was determined by 
point counting with a Swift automatic counter fitted to a polarizing 
microscope. On each thin-section a total of 1500–2200 points were 
counted, and then normalized to 100% for the rock classification. The 
results show that the pluton is medium-grained, mesocratic, with a 
typical holocrystalline and granular texture. It is composed of plagio
clase (47%), hornblende (7%), quartz (19%), K-feldspar (14%), biotite 
(11%) and accessory zircon, apatite, titanite and allanite (<2%; Fig. 3a). 
Based on the quartz–alkali feldspar–plagioclase modal classification, the 
pluton is granodioritic. Except for a decrease of the hornblende content 
from the center to the margin, the pluton has a homogeneous mineral 
composition and an isotropic fabric. 

Plagioclase occurs as euhedral to subhedral crystals, ~1–1.5 mm in 

size, showing generally a complex oscillatory zoning (Fig. 3a). It locally 
contains apatite and zircon, and is rarely altered to secondary minerals 
(e.g., calcite, epidote). K-feldspar is subhedral, fresh, and ~ 1 mm in size. 
In deformed rocks, it also shows flame perthite and microcline textures. 
The local stress concentrations were sufficient to promote the nucleation 
of flame perthite. Cross-hatching of microcline forms by intersecting sets 
of albite and pericline twin lamellae due to the transformation from 
monoclinic to triclinic symmetry. In the mylonitic rocks at the SW 
margin of the pluton, K-feldspar is partly replaced by myrmekite, which 
developed through plagioclase and quartz intergrowth during high 
temperature solid state. Quartz has anhedral shapes and forms isolated 
interstitial pockets, which appear to have crystallized later than the 
other minerals. It contains some apatite and in the deformed rocks at the 
SW margin it shows myrmekite and ribbon textures. Biotite occurs 
generally as subhedral to euhedral crystals with inclusions of apatite 
needles and minor zircons. Hornblende is euhedral to subhedral and 
locally intergrown with biotite. 

The mafic microgranular enclaves are dioritic to quartz monzonite in 
composition and show textures varying from equigranular to porphy
ritic, indicative of an igneous origin (Vernon, 1984). Some K-feldspars in 
enclaves appear as megacrysts with poikilitic texture and contain many 
inclusions of small crystals of plagioclase and biotite (Fig. 3b). 

3.3. Dykes 

The pluton is cut by numerous NE striking dykes that locally occupy 
20 to 30% of its volume (Fig. 2a–b). The dykes generally do not show 
chilled margins. They can be divided on the basis of petrography and 
norm into two groups of felsic and intermediate to basic dykes. 

3.3.1. Felsic dykes 
Felsic dykes are quite abundant by volume, but heterogeneously 

distributed and from <1 m to about 12 m thick. They are dacitic / 
granodioritic in composition and display porphyritic textures (with 
variable microcrystalline groundmass) and in part glomeroporphyritic 
textures with phenocrysts of quartz and plagioclase (Fig. 3c–e). The 
mineral assemblage consists dominantly of plagioclase, biotite, resorbed 
quartz with/without green-brown hornblende phenocrysts, with sub
ordinate opaque minerals (2–4%), apatite (<1%), allanite and pyrite 
(few grains). In few places, when the thickness of dykes exceeds 2 m, 
they display a good shape preferred orientation, marked by plagioclase 
phenocrysts. The groundmass consists of tiny quartz and K-feldspar 
(Fig. 3c–e). 

Plagioclase is euhedral and locally displays signs of disequilibrium 
rims, along with sieve textures, melt and/or mineral inclusions (apatite 
and zircon), and optical zoning (Fig. 3c). Biotite is euhedral and partially 
altered to chlorite. Hornblende is euhedral to subhedral, with well 
developed zonation seen in plan polarized light, and rimed by a thin 
layer of biotite, suggesting disequilibrium with their host melt or 
destabilization during magma ascent (Fig. 3d). Quartz is often partly 
resorbed and with rounded embayments (Fig. 3e). Embayed phenocrysts 
also suggest disequilibrium with the host magma, perhaps reflecting 
magma mixing. 

3.3.2. Intermediate to basic dykes 
Intermediate to basic dykes are monzonite and monzodiorite in 

compositions. These dykes are <1 m thick and are less common in the 
study area. They often have a microgranular texture. Plagioclase and 
zoned amphibole are the predominant phases, and their size usually 
ranges from 0.1 to 1 mm (Fig. 3f). Euhedral amphibole is fresh, brown 
and pleochroic. Few anhedral quartz grains have been observed, sur
rounded by fine grain hornblendes. Pyroxenes are uncommon, small and 
generally <10% in abundance. 

Table 2 
Representative composition of pyroxene in monzodiorite dyke K-47. Tempera
ture and pressure calculated based on Putirka et al. (2003).  

Location Core Near 
core 

Boundary core - 
rim 

Rim Core Core 

SiO2 51.35 50.05 49.37 47.85 49.42 51.21 
TiO2 0.79 1.12 1.23 1.65 1.13 0.64 
Al2O3 3.5 4.83 5.48 6.28 5.31 3.32 
FeO 5.47 6.16 6.35 6.67 6.12 6.26 
Cr2O3 0.22 0.06 0.09 0.15 0.04 0.04 
MnO 0.17 0.18 0.16 0.18 0.11 0.14 
MgO 15.61 15.23 14.49 13.78 14.78 15.44 
CaO 21.86 21.26 22.3 23.14 22.5 22.1 
Na2O 0.4 0.47 0.43 0.35 0.43 0.41 
K2O 0.02 0.01 0 0.02 0 0.02 
Total 99.39 99.37 99.91 100.09 99.84 99.58  

Fig. 4. TAS the diagram of Middlemost (1994) with data for the Lakhshak 
pluton and dykes. 
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4. Analytical methods 

4.1. Whole-rock chemistry 

After the macroscopic and microscopic investigation, ten samples 
were analyzed for major and trace elements after fusion of 0.2 g of rock 
powder with 1.5 g LiBO2 and dissolution in 100 ml 5% HNO3 at ALS 
Chemex Company in Canada. Loss on ignition was determined by drying 
the samples at 1000 ◦C. Rare earth element (REE) analyses were per
formed by Inductively Coupled Plasma–Mass Spectrometry (ICP-MS). 
Detection limits are 0.01–0.1 wt% for major oxides, 0.1–10 ppm for 
trace elements, and 0.01–0.5 ppm for REEs. Chemical analyses of 
representative samples from the Lakhshak pluton and the dykes are 
given in Table 1. 

4.2. Mineral chemistry 

Four samples were prepared for electron microprobe analyses, 
including two from the Lakhshak pluton (Z-R-13 and K-13), one from a 
dacite dyke (Z-R-27) and one from a monzodiorite dyke (K-47). The in 
situ analyses were carried out at the Department of Geosciences, Uni
versity of Oslo (Norway), using a CAMECA SX100 electron microprobe 

equipped with four WDS and one EDS. The operating conditions were as 
follows: 15 kV accelerating voltage, 15 nA beam current and 10 s 
counting time on peak position. Detection limits are 0.2–0.6 wt%. The 
cation numbers of the feldspar, biotite and amphibole were calculated 
by Minpet 2.02 software based on 8, 22 and 23 oxygens, respectively 
(Tables 2–4). 

4.3. Sr-Nd isotopes 

Isotope analyses of Sr and Nd were carried out at Universidad 
Complutense, Madrid (Spain), using standard separation and mass- 
spectrometric techniques and a VG Sector 54 instrument. The Rb, Sr, 
Sm and Nd concentrations were obtained by X-ray fluorescence spec
trometry at the X-Ray Diffraction Centre of the Complutense University. 
Samarium and Nd were analyzed by isotope dilution using spikes 
enriched in 149Sm and 150Nd. The decay constants used in the calcula
tions are: λ87Rb = 1.42 × 10− 11 and λ147Sm = 6.54 × 10− 12 y− 1. The Sr 
analyses were corrected for possible 87Rb interferences and 87Sr/86Sr 
was normalized to the reference value 88Sr/86Sr = 0.1194. The Nd an
alyses were corrected for possible 142Ce and 147Sm interferences and 
normalized to 146Nd/144Nd = 0.7219. Replicate analyses of NBS 987 
yielded an average 87Sr/86Sr = 0.710203 ± 0.00004 (2σ; n = 10). 

Fig. 5. Selected major oxides vs. SiO2 (wt%) contents for the Lakhshak pluton and related dykes. In the MgO vs. SiO2 diagram the Lakhshak pluton and dacite dykes 
plot in the field of subducted oceanic crust-derived adakites (modified after Wang et al., 2016). The plot of K2O vs. SiO2 shows the high-K calc-alkaline nature of the 
study rocks (modified after Peccerillo and Taylor, 1976). The I and S-type arrays in the plot of P2O5 vs. SiO2 are after He et al. (2018). 
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Analyses of La Jolla yielded an average 143Nd/144Nd = 0.511844 ±
0.00002 (2σ; n = 7). Analytical uncertainties are estimated to be ±1% 
for 87Rb/86Sr, 0.01% for 87Sr/86Sr, 0.1% for 147Sm/144Nd and 0.006% 
for 143Nd/144Nd. Results are reported in Table 5. 

4.4. U-Pb isotopes 

The U-Pb analyses were carried out with the ID-TIMS technique at 
the University of Oslo. Rock samples were crushed in a jaw crusher and 
pulverized with a Retsch mill model SK100. The heavy mineral fractions 
were separated by a combination of Wilfley table, magnetic separation 
and heavy liquid (methylene iodide) flotation. The analyzed minerals 
were selected under a binocular microscope. Zircon was chemically 
abraded (Mattinson, 2005), except for some high-U samples; the latter 
and titanite were air abraded. Zircon, titanite, feldspar and hornblende 
were dissolved in HF(+HNO3) after addition of a mixed 
202Pb-205Pb-235U spike, followed by HCl, with subsequent purification of 
Pb and U in anion exchange resin with HCl or HBr + HNO3 procedures 
(Corfu, 2004). Lead and U were analyzed with a MAT 262 mass spec
trometer with Faraday cups in static mode, or for small amounts of Pb 
and U and for all 207Pb/204Pb ratios using an ion-counting secondary 

electron multiplier (Tables 6 and 7). Fractionation of Pb was corrected 
using the 202Pb/205Pb ratio of the spike and in accordance with daily 
measurements of NBS 982-Pb and U-500 standards. Blank corrections 
were ≤ 2 pg for Pb and 0.1 pg for U. The uncertainties are given at 2σ 
and integrate the main error contributions. The initial Pb correction was 
done using Stacey and Kramers (1975) values, except for titanite where 
coexisting feldspar and amphibole were used for the initial Pb (Table 7). 
Decay constants are those of Jaffey et al. (1971). The ages were calcu
lated and the data plotted using the program Isoplot/Ex Version 3.75 
(Ludwig, 2003). A correction was also made for the deficit in 206Pb 
caused by 230Th disequilibrium (Schӓrer, 1984) deriving Th/Umagma 
from the whole rock compositions of the corresponding units (Table 6). 

5. Results 

5.1. Major and trace elements 

The SiO2 content of the pluton samples ranges from 64.4 to 69.1 wt 
%, and for the dyke samples from 49.1 to 66.1 wt% (Table 1). In the TAS 
diagram of Middlemost (1994); Fig. 4), the pluton samples and the felsic 
dykes plot in the granodiorite field (except for sample Z-R-2, collected 

Fig. 6. Selected trace element (ppm) vs. SiO2 (wt%) contents for the Lakhshak pluton and related dykes. The Ni vs. SiO2 diagram distinguishes different types of 
adakites based on their origins (modified after Wang et al., 2016). The Lakhshak samples plot in the field of subducted oceanic crust-derived adakites. 
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from the pluton margin, that plots at the margin of the granite field). The 
intermediate-basic dyke samples correspond to monzodiorite to 
monzonite according to the quartz–alkali feldspar–plagioclase 
classification. 

The aluminium saturation index, ASI [molar Al2O3/(CaO + Na2O +
K2O)], is nearly constant (0.94–1.02) for rocks of the pluton (Table 1), 
but increases with SiO2 from 0.67 to 0.98 for the dykes. The rocks are 
high-K calc-alkaline, apart from samples K-47 (a monzodiorite dyke) 
and Z-R-7 (a monzonite dyke), which plot in the field of the shoshonite 
series (Fig. 5). 

The Lakhshak granodiorites and the dykes are Na-rich (Na2O =
3.35–4.54; Na2O/K2O = 1.1–1.8) and have relatively high Al2O3 
(14.95–17.15 wt%) and MgO (1.00–6.90 wt%) (Table 1). In addition, 
they have high Sr (442–1385 ppm), Ni (7–92 ppm) and Cr (10–330 ppm) 
contents and low Yb (0.8–2 ppm) and Y (10.1–26.1 ppm), and Eu/Eu* =
0.78–0.89 (Table 1). These geochemical characteristics are comparable 
to those of adakites (SiO2 > 56 wt%, Al2O3 > 15 wt%, Na2O > 3.5 wt%, 
Na2O > K2O, relatively high Ni (≥20 ppm), Cr (30–40 ppm) and Eu/Eu* 
~ 1) as reported by Defant and Drummond (1990), Drummond and 
Defant (1990), Richards and Kerrich (2007) and Castillo (2012). The 
ratios of Sr/Y (35–57) and La/Yb (25–45) (Table 1) are within the range 
of those in typical adakites (Sr/Y > 20 and La/Yb >20; Castillo, 2012). 

On Harker variation diagrams, the pluton and dykes mostly show 
common trends of decreasing MgO, Fe2O3, CaO, MnO, TiO2, Ba, Zr, Sr, Y 
and Yb with increasing SiO2 (Figs. 5 and 6). 

The Lakhshak granodiorites and dykes have relatively high total REE 
abundances (111–273 ppm; Table 1), highest in the monzodiorite dykes 

and lowest in the granodiorites. In a chondrite-normalized REE plot they 
exhibit parallel patterns with high LREE/HREE ratios [(La/Yb)N =

17–31] (Table 1; Fig. 7a). All the samples are enriched in large-ion 
lithophile elements (LILE, such as Rb, Ba, Sr) and LREE, and depleted 
in high-field strength elements (HFSE, such as Nb, Ta, Ti) (Fig. 7b). The 
remarkable P depletion in the Lakhshak granodiorites could be the result 
of apatite fractionation. 

5.2. Mineral chemistry 

Feldspar, amphibole and pyroxene compositions in the Lakhshak 
pluton and related dykes are used to assess temperatures and pressures 
during magma evolution. The samples are: Z-R-13 and K-13 (from the 
center and margin of the Lakhshak pluton, respectively); K-47 (a 2.5 m 
thick monzodiorite dyke, trending N30/80NW); and Z-R-27 (a 1 m thick 
dacite dyke, trending N117/85SW). 

5.2.1. Pyroxene 
Pyroxene is just present in monzodiorite dykes, especially in dykes 

with SiO2 ~ 49 wt%. It occurs as microphenocrysts (0.03 to 0.5 mm in 
size), which are locally zoned with cores low in Fe and Ca and rims with 
more Fe and Ca, while MgO is higher in the core than in the rim (sample 
K-47, Table 2). Pyroxenes are classified as calcium pyroxenes, according 
to the QUAD diagram (Ca + Mg + Fe2+) - J (2Na) of Morimoto (1988) 
and plotted in the Wo-En-Fs diagram (wollastonite - enstatite - ferrosi
lite) they are predominantly diopside, both in the core and the rim of the 
crystals, ranging from Wo45.56En45.27Fs9.18 to Wo46.94En42.91Fs10.16 
(Fig. 8a). 

5.2.2. Feldspar 
Feldspar occurs as medium-grained crystals. The plagioclase is 

mainly oligoclase to andesine in the Lakhshak pluton and the dacite 
dykes whereas the monzodiorite dykes contain a slightly more calcic 
plagioclase with An up to 50% (labradorite) (Table 3, Fig. 8b). Plagio
clase is zoned, especially in dacite dykes where it shows the best 
developed oscillatory zoning with several thin layers, and with CaO 
decreasing from the core to the core-rim boundary, and then increasing 
again to the outer rim (Table 3; Fig. 3c). 

The Or content of K-feldspar ranges from 83 to 87% % in the Lakh
shak granodiorite and 90 to 92% in the monzodiorite dyke. 

5.2.3. Amphibole 
Amphibole is green in the Lakhshak pluton and the dacite dykes and 

brown in the monzodiorite dykes. In any given sample, amphibole 
crystals, regardless of size, display a narrow chemical composition. They 
are all members of the calcic amphiboles, although there are obvious 
differences between them: often magnesio- hornblende and rarely 
edenite in the pluton (Fig. 8c), pargasite in the monzodiorite dykes 
(Table 4, Fig. 8d), and magnesio-hastingsite, pargasite and edenite in the 
dacite dykes (Fig. 8e). Suhedral and prismatic pargasite in the mon
zodiorite dykes show different responses in BSE images (Fig. 8d). 

Amphibole in the dacite dykes has a well developed zoning and its 
composition changes from core to rim in several ways, from magnesio- 
hornblende to pargasite, pargasite to magnesio-hornblende or edenite 
to magnesio-hornblende (Table 4). They have been tentatively corre
lated by combining BSE images with electron microprobe analyses 
(Fig. 8e). 

5.3. Sr-Nd isotopes 

Six whole-rock samples were analyzed for the Sr and Nd isotope 
composition: three from the Lakhshak pluton (Z-R-1, Z-R-2 and Z-R-22), 
one from a dacite dyke (Z-R-9), one from a monzodiorite dyke (Z-R-16), 
and one from the country rocks, green schist (Z-SH). The initial 87Sr/86Sr 
and 143Nd/144Nd ratios were calculated based on the U-Pb ages (Table 5) 
but since age corrections are small, the ratios are insensitive to 

Fig. 7. (a) Chondrite-normalized rare earth element plot for the Lakhshak 
pluton and related dykes. (b) Primitive mantle normalized trace element pat
terns. Normalization values after Boynton (1984), and Sun and McDonough 
(1989), respectively. 
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uncertainties in either age or Rb/Sr ratio. The initial 87Sr/86Sr ratios of 
granodiorites and dykes are relatively uniform at 0.7048–0.7058. The 
initial 143Nd/144Nd ranges from 0.5121 to 0.5128, corresponding mostly 
to initial εNd values around 0 ± 2, except for a more negative value of 
− 8.6 from one of the granodiorite samples. 

5.4. U-Pb geochronology 

Zircon and titanite in two granodiorite samples of the Lakhshak 
pluton and two dykes, were dated. Feldspar and green hornblende were 
also separated for measuring the common lead composition of the 
magma used to correct the initial Pb in titanite and also to obtain in
formation on the source of the magmas (Table 6). 

5.4.1. Lakhshak granodiorite sample Z-R-60 
The sample selected for dating is a medium-grained granular 

granodiorite from the pluton margin (Fig. 1c). Zircons were mostly 
small, rectangular and very clear in transmitted light (Fig. 9a). Zircon 
fractions were selected based on morphology and their response to 
partial dissolution after chemical abrasion. They included long clean 
zircon (35 grains), long milky zircons (17 grains) and tips of zircons (22 
tips; Fig. 9a). One analysis is discordant indicating the presence of an 

inherited component. The two analyses of long milky prisms and tips of 
zircon overlap near the Concordia curve yielding a weighted average 
206Pb/238U age of 29.90 ± 0.05 Ma. Two fractions of titanite of different 
sizes yield an indistinguishable average 206Pb/238U age of 29.86 ± 0.59 
Ma (Fig. 9a). We propose that the combined zircons and titanites data 
define a robust age of 29.9 ± 0.1 Ma for the crystallization of the 
granodiorite (Fig. 9a). 

5.4.2. Lakhshak granodiorite sample K-50 
This was collected from near the pluton center and is also a medium- 

grained granular granodiorite with the same mineralogy as sample Z-R- 
60. The zircons were mostly small, rectangular and clear in transmitted 
light with different morphologies. All grains are between 70 and 250 μm 
in size with elongation (length-to-width) ratios ranging from 1 to 7. 
They also carry inclusions of other minerals such as apatite. After 
chemical abrasion, three fractions were picked for dating including long 
clean zircon (23 grains with elongation 5:1), long partially milky zircons 
(32 grains) and short partially milky zircons (30 grains) (Fig. 9b). They 
show a range of discordance and 206Pb/238U ages from 35.54 ± 0.09 to 
29.98 ± 0.08 Ma (Table 6). The older zircon fractions are likely mixtures 
of magmatic and xenocrystic components, while the youngest defining 
an age of crystallization indistinguishable from that of sample Z-R-60. 

Fig. 8. (a) Pyroxene compositions, plotted in the Wo-En-Fs diagram (Fabries et al., 1988), correspond to diopside. (b) Ternary classification diagram Ab-An-Or for 
feldspars (Jones, 1989). (c), (d) and (e) Variations of Mg/(Mg + Fe2+) vs. Si (apfu) for the calcic amphiboles. 
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Table 3 
Representative compositions of feldspars in the Lakhshak pluton and related dykes. Abbreviation: Pl = Plagioclase; Kfs = K-feldspar; C1, 2, 3 = sequence from centre to margin of core; C-R = boundary core to rim; R1, 2, 3 
= sequence from inner to outer rim. 
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Two fractions of titanite with variable sizes yield two distinct data 
points. The oldest one has a 206Pb/238U age of 29.74 ± 0.39 Ma (Fig. 9b) 
overlapping within error the zircon age. The younger titanite has a 
206Pb/238U age of 28.62 ± 0.39 Ma, which could reflect the thermal 
overprints during emplacement of the dykes (Fig. 9b). 

5.4.3. Monzodiorite dyke sample K-7 
This sample was collected from a ~ 2 m thick monzodiorite dyke 

located inside the pluton. It mainly consists of brown hornblende and 
plagioclase with subordinate K-feldspar and accessory zircon and 
apatite. The sample yielded just few zircon grains, small, euhedral and 
translucent (Fig. 10a). Three fractions selected for U-Pb dating included 
two long clean zircon prisms, two semi clean zircons, and one tip. One 
analysis yields an age of 37.4 ± 0.43 Ma, distinctly older than two other 
fractions that have overlapping 206Pb/238U ages with a mean of 29.02 ±
0.10 Ma, interpreted to date the time of emplacement (Table 6; 
Fig. 10a). 

5.4.4. Dacitic dyke sample Z-R-45 
Sample Z-R-45 was collected from a 1.5 m thick dyke located in the 

country rocks to the east of the Lakhshak pluton. It is dacite with a 
porphyritic texture, comprising plagioclase, K-feldspar, quartz, biotite 
and green hornblende phenocrysts (<4%). The accessory minerals are 
titanite, zircon and apatite. 

Only two grains of zircon were found in the sample. One was short 
prismatic with elongation ratios of 3.3; while the other was long and 
subhedral with an elongation ratio of 1.8 (Fig. 10b). They yield 
206Pb/238U ages of 27.96 ± 0.34 Ma and 45.25 ± 0.15 Ma, respectively. 
Two fractions of titanites with different sizes yield identical data 
defining an average 206Pb/238U age of 29.39 ± 0.65 Ma (Table 6; 
Fig. 10b). This age is marginally older than that of the younger zircon. 
This may indicate that the zircon grain has been affected by some Pb 
loss. The alternative is that the titanite crystallized early in the magmatic 
history, before the magma could reach Zr saturation during final 
emplacement and precipitate some zircon. 

6. Thermobarometry, oxygen fugacity and water content 

6.1. Monzodiorite dykes: pyroxene thermometry and barometry 

Magma P-T conditions can be estimated using clinopyroxene–whole- 
rock pairs (Putirka et al., 2003). KD(Fe-Mg)cpx-liq was obtained using a 
Microsoft Excel spreadsheet program made by Putirka (2008) to tests the 
equilibrium between the analyzed diopside with the whole-rock 
composition, which is 0.27, representing the equilibrium condition 
(KD(Fe-Mg)cpx-liq = 0.27 ± 0.03; Putirka, 2008). The barometric and 
thermometric calculations for clinopyroxene in sample K-47 reveal 
pressures ranging from 8.1 ± 0.92 to 6.0 ± 0.82 kbar and temperatures 
ranging from 1153 ± 11 to 1137 ± 21 ◦C (Table 2). 

6.2. Monzodiorite dykes: amphibole thermometry and barometry 

Several geobarometers have been proposed for the pressure estima
tion of amphibole crystallization in volcanic and sub-volcanic environ
ments (e.g., Johnson and Rutherford, 1989). Ridolfi and Renzulli (2012) 
used the content of Al and other cations to obtain P, T, ΔNNO, and H2O 
with low uncertainties (T ± 23.5 ◦C; P ± 11.5%; ΔNNO ±0.37 log units; 
H2Omelt ± 0.78 wt%) in calc– alkaline and alkaline magmas. Calculation 
with Eq. 1a of Ridolfi and Renzulli (2012) for pargasite in the mon
zodiorite dyke (sample K-47) yields crystallization pressures of 5.89 ±
0.46 to 8.07 ± 0.38 kbar and temperatures of 965 to 993 ◦C (Table 4, 
Fig. 11). The calculated temperatures are between the solidus of basaltic 
magmas (950 ◦C) and the liquidus temperature (1100 ◦C) of sample K-47 
(Table 1) obtained from KWare Magma software (Wohletz, 2008). 
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Table 4 
Representative composition of amphiboles in the Lakhshak pluton and related dykes.  

Sample No K-47 (Monzodiorite dyke) Z-R-27 (Dacite dyke) Sample No Z-R-13 (Lakhshak 
granodiorite) 

K-13 (Lakhshak granodiorite) 

Location  C R   C1 C2 
ore 

C-R 
&R 

R1 R2 C1 C2 C3 
Core 

C-R 
C&R 

R1 R2 C1 C2 R Location    Dark 
zone 

Bright 
zone 

Bright 
zone 

Dark zone  

SiO2 39.03 39.73 37.09 39.3 39.45 43.56 43.92 42.76 44.02 44.36 42.71 42.07 43.04 42.13 42.32 42.12 42.92 44.58 43.13 SiO2 48.07 47.24 46.12 50.05 45.82 46.55 47.79 50.5 46.01 
TiO2 3.82 3.53 3.18 3.8 3.7 2.47 2.31 2.48 2.32 2.52 3.1 3.1 2.87 2.85 2.77 2.73 2.52 1.6 2.36 TiO2 1.02 1.18 1.17 0.72 1.29 1.22 1.17 0.65 1.32 
Al2O3 13.55 13.29 14.63 13.6 13.79 10.94 10.93 11.31 10.62 10.49 11.4 11.81 11.15 11.52 11.69 11.53 11.13 9.02 11.06 Al2O3 5.81 6.69 6.95 4.75 7.49 7.2 6.63 4.45 7.62 
Cr2O3 0.03 0.02 0.03 0 0.01 0.1 0.04 0.03 0.09 0.06 0.02 0.02 0.03 0.02 0.05 0.06 0.08 0.02 0.04 Cr2O3 0.02 0.02 0.01 0.08 0.01 0.02 0.03 0.03 0.01 
FeOt 10.52 10.6 15.47 10.63 10.08 11.87 11.75 12.99 11.67 11.24 11.91 12.3 11.68 13.41 12.96 13.32 12.48 15.88 13.56 FeOt 13.59 13.86 14.33 12.94 15.4 14.43 13.93 12.45 15.11 
MnO 0.12 0.13 0.19 0.12 0.09 0.15 0.22 0.19 0.18 0.15 0.16 0.14 0.14 0.15 0.19 0.17 0.21 0.42 0.19 MnO 0.56 0.55 0.5 0.65 0.58 0.59 0.58 0.61 0.58 
MgO 13.47 13.67 9.92 13.31 13.98 13.89 14.42 13.15 14.64 14.63 13.63 13.43 14.21 12.95 13.31 12.83 13.66 11.77 13.13 MgO 13.67 13.19 13.23 14.71 12.3 12.66 13.34 15.14 12.63 
CaO 12.16 12.49 11.93 12.13 12.42 11.09 11.05 11.16 11.22 11.29 11.17 10.81 11.46 11 11.26 11.31 11.19 11.45 11.05 CaO 11.46 11.7 11.7 12.03 11.59 11.87 11.9 11.96 11.72 
Na2O 2.06 2.1 2.15 2.11 2.1 2.19 2.18 2.27 2.18 2.13 2.3 2.34 2.27 2.29 2.3 2.28 2.27 1.76 2.14 Na2O 1.26 1.41 1.33 0.9 1.38 1.36 1.15 0.86 1.47 
K2O 1.65 1.57 1.5 1.58 1.6 0.63 0.62 0.66 0.66 0.63 0.89 0.87 0.78 0.79 0.77 0.75 0.69 0.85 0.68 K2O 0.43 0.5 0.57 0.43 0.76 0.67 0.56 0.41 0.81 
Total 96.62 97.22 96.31 96.74 97.44 96.95 97.57 97.17 97.78 97.56 97.38 97.01 97.65 97.18 97.73 97.15 97.27 97.57 97.51 Total 95.96 96.49 95.91 97.38 96.82 96.65 97.18 97.21 97.43 
[Si 5.87 5.93 5.74 5.9 5.87 6.44 6.45 6.37 6.46 6.5 6.32 6.26 6.34 6.29 6.27 6.29 6.37 6.69 6.41 [Si 7.18 7.05 6.95 7.33 6.9 6.97 7.08 7.38 6.87 
Ti 0.43 0.4 0.37 0.43 0.41 0.27 0.26 0.28 0.26 0.28 0.35 0.35 0.32 0.32 0.31 0.31 0.28 0.18 0.26 Ti 0.11 0.13 0.13 0.08 0.15 0.14 0.13 0.07 0.15 
Al 2.4 2.34 2.67 2.41 2.42 1.91 1.89 1.98 1.84 1.81 1.99 2.07 1.94 2.03 2.04 2.03 1.95 1.6 1.94 Al 1.02 1.18 1.23 0.82 1.33 1.27 1.16 0.77 1.34 
Cr 0 0 0 0 0 0.01 0.01 0 0.01 0.01 0 0 0 0 0.01 0.01 0.01 0 0 Cr 0 0 0 0.01 0 0 0 0 0 
Fe3+ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Fe3+ 0 0 0 0 0 0 0 0 0 
Fe2+ 1.32 1.32 2 1.33 1.25 1.47 1.45 1.62 1.43 1.38 1.48 1.54 1.44 1.68 1.61 1.67 1.55 2 1.69 Fe2+ 1.7 1.73 1.81 1.59 1.94 1.81 1.73 1.52 1.89 
Mn 0.02 0.02 0.02 0.02 0.01 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.05 0.02 Mn 0.07 0.07 0.06 0.08 0.07 0.07 0.07 0.07 0.07 
Mg 3.02 3.04 2.29 2.98 3.1 3.06 3.16 2.92 3.2 3.2 3.01 2.98 3.12 2.88 2.94 2.86 3.02 2.63 2.91 Mg 3.04 2.93 2.97 3.21 2.76 2.83 2.94 3.3 2.81 
Ca 1.96 2 1.98 1.95 1.98 1.76 1.74 1.78 1.76 1.77 1.77 1.72 1.81 1.76 1.79 1.81 1.78 1.84 1.76 Ca 1.83 1.87 1.89 1.89 1.87 1.9 1.89 1.87 1.88 
Na 0.6 0.61 0.65 0.61 0.61 0.63 0.62 0.65 0.62 0.61 0.66 0.68 0.65 0.66 0.66 0.66 0.65 0.51 0.62 Na 0.37 0.41 0.39 0.26 0.4 0.4 0.33 0.24 0.42 
K 0.32 0.3 0.3 0.3 0.3 0.12 0.12 0.13 0.12 0.12 0.17 0.17 0.15 0.15 0.15 0.14 0.13 0.16 0.13 K 0.08 0.1 0.11 0.08 0.15 0.13 0.11 0.08 0.15 
P R & R, 2012 

(kbar) 
6.7 5.9 8.1 6.5 6.5 3.9 4.2 4.1 3.9 3.2 4.5 5.4 3.9 4.4 4.8 4.3 4.5 2.1 3.7 P Mutch et al., 

2016 (kbar) 
1.9 2.3 2.4 1.4 2.7 2.5 2.2 1.3 2.7 

T R &R, 2012 
(◦C) 

993 973 965 986 986 932 940 930 937 917 952 970 942 943 955 938 950 833 916 T Putirka, 2016 
(◦C) 

760 782 788 733 789 787 771 728 798 

Ni-NiO (fO2) 
R& R, 2012 

− 8.1 − 8.8 − 8.1 − 8.1 − 8.1 − 10.4 − 10.3 − 10.4 − 10.4 − 10.7 − 10.0 − 9.4 − 10.2 − 10.1 − 9.7 − 10.2 − 10.1 − 12.6 − 10.7 Holland and 
Blundy, 1994 
(◦C) 

700 707 747 685 671 642 685 682 725 

H2Omelt R& R, 
2012 (%) 

6.30 6.63 8.92 6.36 6.58 5.93 6.02 6.35 5.89 5.56 5.59 5.77 5.68 6.03 6.17 6.25 6.10 6.58 6.31 Ni-NiO (fO2) R& 
R, 2012 

− 14.3 − 13.8 − 13.8 − 15.0 − 13.4 − 13.7 − 14.1 − 15.4 − 13.2                     

H2Omelt R& R, 
2012 (%) 

4.95 5.36 5.54 4.59 5.84 5.71 5.21 4.49 5.91 

Abbreviations: C1, 2, 3 = sequence from centre to margin of core; C-R = boundary core to rim; R1, 2, 3 = sequence from inner to outer rim. 
P R & R, 2012 (MPa) = Pressures calculated by Eq. 1a of Ridolfi and Renzulli (2012); T R &R, 2012 (◦C) = calculated by Eq. 1a of Ridolfi and Renzulli (2012). 
Ni-NiO (fO2) R& R, 2012 = Oygen fugacity NNO buffer (logfO2) from Ridolfi and Renzulli's (2012) P-T calibrations. Ni-NiO = Nickel-Nickel Oxide H2Omelt R& R, 2012 (%) = Amphibole-only H2Omelt (%) by Ridolfi and 
Renzulli (2012). 
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6.3. Dacite dykes: amphibole thermometry and barometry 

Using the Eq. 1a of Ridolfi and Renzulli (2012) we obtain pressures of 
3.19–5.39 ± 0.46 kbar (except one point with 2.12 kbar, a small 
amphibole rimmed by biotite) and temperatures of 833–970 ◦C 
(average = 933 ◦C) (Table 4, Fig. 11). 

6.4. Lakhshak pluton: amphibole thermometry and barometry 

Mutch et al. (2016) revised the Al-in-hornblende barometer of 
Holland and Blundy (1994), based on new experimental data on 
magmatic amphiboles from a variety of granite bulk compositions at 
near-solidus temperature and pressure (0.8–10 kbar) conditions. This 
barometer is applicable not only to granitic rocks consisting of 
magnesio-hornblende, plagioclase (An15–80), biotite, quartz, alkali 
feldspar, ilmenite or titanite, magnetite, and apatite, similar to the 
mineral assemblage in Lakhshak granodiorite, but also the mineral 
assemblage that crystallizes at temperatures close to the haplogranite 
solidus (725 ± 75 ◦C). 

The amphibole–plagioclase thermometer applied to the Lakhshak 
granodiorites yields T = 642–747 ◦C (Table 4). The Mutch et al. (2016) 
barometer yields P = 1.3–2.7 ± 0.5 kbar (Table 4). The crystallization 
temperature of magnesio-hornblende, calculated with the Al-in- 
amphibole thermometer of Putirka (2016; Eq. 5), ranges from 728 to 
798 ± 40 ◦C. These results partly overlap those obtained with the 
amphibole–plagioclase thermometer of Holland and Blundy (1994; T=
642-747 ± 40 ◦C) (Table 4, Fig. 11). 

6.5. Oxygen fugacity and water content 

Important factors in crystallization processes in magmatic rocks are 
oxygen fugacity (ƒO2) and H2Omelt content. Oxygen fugacity controls the 
pressure-temperature correlations in melts and affects the stability in
tervals for rock-forming minerals. This value generally increases as a 
function of increasing temperature. 

The oxygen fugacity for monzodiorite dykes, based on Ni-NiO buffer 
(ΔNNO) values according to Ridolfi and Renzulli (2012), is nearly 
constant (− 8.1 to − 8.8), while it varies from − 9.40 to 12.61 and −
13.44 to 15.91 for dacite dykes and the Lakhshak granodiorites, 
respectively. 

The H2Omelt content is also estimated from amphibole compositions 
based on Ridolfi and Renzulli (2012) equation. It varies from 6.30 to 
8.92%, 5.56 to 6.58 and 4.49 to 5.91 in monzodiorite dykes, dacite 
dykes and Lakhshak granodiorites, respectively. The high water (H2O) 
content estimated for monzodiorite dykes is also confirmed by their 
higher percentage of amphibole (Fig. 3). 

7. Discussion 

7.1. Genetic classification of the Lakhshak rocks 

On Harker variation diagrams, data from the plutons are separated 
from those of the dykes, but mostly show common trends of decreasing 
MgO, Fe2O3, CaO, MnO, TiO2, Ba, Zr, Sr, Y and Yb with increasing SiO2 

(Figs. 5 and 6). The decrease of MgO, Fe2O3, Al2O3, CaO, MnO and TiO2 
in the pluton samples is due to fractionation of ferromagnesian minerals 
(e.g., hornblende and titanite). The P2O5 decreases with increasing SiO2, 
presumably due to apatite fractionation, and suggests an I-type affinity 
(Fig. 5; He et al., 2018). The I-type affinity is also consistent with the 
presence of allanite and titanite. The decrease of Sr with increasing silica 
demonstrates that plagioclase and apatite were important fractionating 
phases (Fig. 6). Plagioclase fractionation is also confirmed by decreasing 
CaO and Na2O with increasing SiO2 (Fig. 5). The positive correlation of 
Rb and K2O with silica indicates that biotite and K-feldspar were not 
early fractionation phases during evolution of the magma (Figs. 5 and 
6). 

Similar trends followed by two elements with almost the same 
partition coefficient from different groups of rocks suggest a cogenetic 
origin (Rollinson, 2014). This is the case for Yb vs. Y in the binary di
agrams of incompatible elements (Fig. 12a), implying that the pluton 
and dyke samples are cogenetic. This is also supported by the parallel 
REE patterns. The REE contents decrease with increasing SiO2: sample 
K-47 with 49.1 wt% SiO2 (a monzodiorite dyke) has higher REE than 
sample Z-R-2 with 69.1 wt% SiO2 (a granodiorite from the pluton) 
(Fig. 7a). This behaviour reflects the fact that minerals with high 
partition coefficient for the REE (e.g., apatite and amphibole) are less 
abundant in the Lakhshak granodiorites. All samples are characterized 
by very small negative Eu anomalies (Eu/Eu* = 0.78–0.87) and there is 
a systematic relationship between SiO2 content and Eu/Eu* in which the 
ratio decreases with increasing SiO2, suggesting fractionation of 
plagioclase (Table 1). 

In the primitive mantle-normalized trace element diagram, all rocks 
show enrichment in large ion lithophile elements (LILEs) relative to high 
field strength elements (HFSEs) with prominent positive Pb and negative 
Nb anomalies (Fig. 7b). In addition, the granodiorites of the Lakhshak 
pluton have negative P and Ti anomalies, which are consistent with their 
lower abundance of apatite and titanite than in the monzodiorite dykes, 
confirmed through the petrography observation (see Sections 3.2 and 
3.3). The Ti anomaly (Fig. 7b) may reflect an increase of the compati
bility of Ti in the residue left by partial melting of water-bearing source 
rocks (Gaetani, 2004). The strong negative Nb and positive Pb anomalies 
of the Lakhshak granodiorites and dykes support an arc affinity (Fig. 7b) 
with parental magmas generated by partial melting of subducted 
oceanic lithosphere or contaminated mantle in a continental arc envi
ronment (e.g., Parlak and Robertson, 2004). 

7.2. Adakitic connection 

The Lakhshak granodiorites and the dykes plot in the field of adakites 
in the (La/Yb)N vs. YbN and (La/Yb) vs. Yb diagrams (Fig. 12b and c). 

It has been proposed (e.g., Tang et al., 2017; Wang et al., 2005) that 
adakites derived by partial melting of thickened mafic lower crust (≥55 
km) are rich in K with K2O > Na2O and with high Th/U (average = 7), 
Th/Ba (0.04–0.08, average = 0.06), and Rb/Ba (0.15–0.35, average =
0.23). By contrast, the Lakhshak adakites are enriched in Na (K2O <
Na2O) and have relatively low Th/U (3.3–7.8, average = 5.6), Th/Ba 
(0.01–0.02, average = 0.02), and Th/Ba (0.05–0.19, average = 0.11). 
Although continent–continent collision increases the crustal thickness, 

Table 5 
Rb-Sr and Sm-Nd isotope analyses of the Lakhshak pluton and dykes.  

Sample Rb Sr 87Rb/86Sr 87Sr/86Sr (87Sr/86Sr)i Sm Nd 147Sm/144Nd 143Nd/144Nd (143Nd/144Nd)i εNdi TDM.2stg 

Z-R-1 64.9 335.1 0.56 0.705828 0.705591 2.97 16.87 0.107 0.512614 0.512593 − 0.12 0.823 
Z-R-2 59.2 428.7 0.399 0.705057 0.704889 3.34 19.18 0.105 0.512179 0.512159 − 8.6 1.489 
Z-R-22 70.1 321.6 0.631 0.706078 0.705811 2.95 17.32 0.103 0.512596 0.512576 − 0.47 0.85 
Z-R-9 61.2 357.6 0.495 0.70586 0.705657 2.99 17.25 0.105 0.512566 0.512546 − 1.08 0.897 
Z-R-16 15.2 908.2 0.048 0.705341 0.705322 5.15 24.66 0.126 0.512735 0.512711 2.16 0.643 
Z-SH 50.4 159.7 0.914 0.708134 0.707748 4.37 20.66 0.128 0.512451 0.512426 − 3.39 1.08 

Samples Z-R-1, Z-R-2 and Z-R-22 represent the Lakhshak pluton; Z-R-9 is a dacite dyke; Z-R-16 is a monzodiorite dyke; Z-SH is a green schist representing the country 
rocks. 
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Table 6 
Zircon and titanite U-Pb data for the Lakhshak pluton and related dykes.  

Properties Weight U Th/U Pbi Pbc 206/204 207/235 2 sigma 206/238 2 sigma rho 207/206 2 sigma 206/238 2 sigma 207/235 2 sigma  

[ug] [ppm]  [ppm] [pg]   [abs]  [abs]   [abs] [Ma] [abs] [Ma] [abs] 

(a) (b) (b) (c) (d) (d) (e) (f) (f) (f, g) (f) (f) (f,g) (f) (f,g) (f) (f) (f) 

Z-R-60 Lakhshak granodiorite 
Zrn long clean 50 460 0.52 0.03 3.7 2036 0.03488 0.00014 0.005175 0.000012 0.73 0.04889 0.00014 33.272 0.077 34.814 0.142 
Zrn tips 53 316 0.74 0.02 2.8 1753 0.03016 0.00015 0.004648 0.00001 0.64 0.04706 0.00019 29.897 0.066 30.17 0.15 
Zrn long milky 56 339 0.85 0.02 3.1 1819 0.02997 0.00014 0.004649 0.000011 0.7 0.04676 0.00016 29.899 0.072 29.99 0.14 
Ttn large 667 126 3.41 2.18 1422 36 0.02935 0.00191 0.004649 0.000018 0.52 0.04579 0.00289 29.897 0.117 29.37 1.88 
Ttn small 571 126 3.76 2.2 1228 35.7 0.02895 0.00174 0.004634 0.000021 0.37 0.04531 0.00267 29.804 0.133 28.98 1.72  

K-50 Lakhshak granodiorite 
Zrn short part. milky 60 353 0.7 0.05 5 1471 0.03646 0.00017 0.005528 0.000013 0.7 0.04783 0.00016 35.539 0.085 36.36 0.16 
Zrn long part. milky 83 349 0.77 0.01 2.6 3488 0.03274 0.0001 0.004982 0.00001 0.76 0.04766 0.0001 32.037 0.067 32.71 0.1 
Zrn long clean 27 209 0.73 0.09 4.4 390 0.0303 0.00036 0.004662 0.000012 0.46 0.04713 0.00051 29.984 0.076 30.3 0.35 
Ttn (~0.065 mm in size) 200 73 5.72 2.03 399 29.4 0.03284 0.00701 0.004624 0.000061 0.99 0.0515 0.0103 29.739 0.393 32.81 6.87 
Ttn (~0.018 mm in size) 1465 83 5.34 2.1 3004 30.1 0.02601 0.00258 0.004449 0.000061 0.28 0.04241 0.00409 28.618 0.389 26.08 2.55  

K-7 Monzodiorite dyke 
Zrn 2 grain 1 943 0.66 0 0.5 666 0.03753 0.00081 0.005815 0.000066 0.59 0.04681 0.00082 37.376 0.425 37.41 0.79 
Zrn tip 1grain 1 861 1.27 0 0.4 587 0.0293 0.00051 0.004531 0.000039 0.56 0.0469 0.00068 29.141 0.248 29.32 0.5 
Zrn long 1 929 1.54 0 0.8 348 0.02882 0.00125 0.004507 0.000017 0.21 0.04638 0.00198 28.991 0.112 28.85 1.23  

Z-R-45 Dacite dyke 
Zrn SP 1grain AA 1 508 0.46 0 1.2 205 0.04659 0.0019 0.007044 0.000023 0.63 0.04797 0.00187 45.25 0.15 46.24 1.85 
Zrn LP 1grain AA 1 496 0.5 0.01 2 85 0.02899 0.00321 0.004346 0.000053 0.48 0.04838 0.00512 27.955 0.338 29.02 3.16 
Ttn small 191 93 0.92 1.9 357 32.8 0.03458 0.01588 0.0046 0.000212 0.73 0.05452 0.02334 29.588 1.36 34.52 15.47 
Ttn large 61 89 0.82 1.72 104 33.5 0.0298 0.00715 0.004561 0.000115 0.09 0.04739 0.01136 29.333 0.739 29.81 7.03 

a) Zrn = zircon (all zircon grains treated with chemical abrasion except for those marked with AA and for titanite (=Ttn), which were air abraded: fr = fragment; SP = short-prismatic; LP = long-prismatic. 
b) Weight and concentrations are known to better than 10%, except for those near the ca. 1 μg limit of resolution of the balance. 
c) Th/U model ratio inferred from 208/206 ratio and age of sample. 
d) Pbi = initial common Pb; Pbc = total common Pb in sample (initial + blank). 
e) Raw data, corrected for fractionation and spike. 
f) Corrected for fractionation, spike, blank (206/204 = 18.3; 207/204 = 15.555) and initial common Pb (based on Stacey and Kramers, 1975); error calculated by propagating the main sources of uncertainty. 
g) Corrected for 230Th disequilibrium according to Schӓrer (1984) and using Th/U magma = 6.8 for Z-R-60,5.4 for K-50-7, 7.8 for Z-R-45 and 3.8 for K-7-Z. 
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Table 7 
Lead isotope analyses of feldspar and hornblende from Lakhshak rocks.  

Sample No Mineral Weight Pbt U Pb (206Pb/204Pb)i 2σ (207Pb/204Pb)i 2σ 208Pb/204Pb   

μg ppm ppm ppm  %  %  

Lakhshak granodiorite 
K-50 Feldspar 790 19 0.055 18.32 18.776 0.1 15.693 0.2 39.167 
Monzodiorite dyke 
K-7 Hbl (small) 489 1.6 0.19 1.82 18.731 0.1 15.655 0.2 39.073 
K-7 Hbl (large) 597 1.8 0.21 1.59 18.717 0.1 15.648 0.2 39.025 

Notes Hbl = hornblende; (206Pb/204Pb)i and (207Pb/204Pb)i are initial isotopic ratios corrected for fractionation, blank, and radiogenic Pb additions since 30 Ma; 
208Pb/204Pb is corrected for fractionation and blank. 

Fig. 9. (a) Concordia diagram showing the ID-TIMS U-Pb data and morphologies of zircon and titanite grains from Lakhshak granodiorite (sample Z-R-60). (b) 
Concordia diagram for Lakhshak granodiorite (sample K-50). Ellipses indicate the 2 sigma uncertainty. 
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the depth of the lower crust in the Zahedan region is estimate to be only 
~38 km, based on geophysical data reported by Dehghani and Makris 
(1984). Considering that producing adakite rocks by melting of conti
nental crust requires a thickness of >55 km (Wang et al., 2005), the 
adakite magmas of the Lakhshak pluton and the related dykes cannot 

have originated by partial melting of amphibolitic lower crust. 
Martin et al. (2005) pointed out that adakitic rocks formed by the 

fractionation of basaltic arc magma have lower SiO2 concentrations 
(low-SiO2 adakites) than those derived from melting of an oceanic slab 
(high-SiO2 adakites). This also argues against crystallization of the 

Fig. 10. (a) Concordia diagram showing the ID-TIMS U-Pb data and morphology of zircon from the monzodiorite dyke (sample K-7). (b) Concordia diagram with 
data and morphologies for zircon and titanite from the dacite dyke (sample Z-R-45). 
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adakite suite from basaltic arc magmas. 
In the (La/Yb)N vs. YbN diagram (after Drummond et al., 1996), the 

data fall in the field of adakites, between rocks originating from 10 to 
25% melting of garnet amphibolite (Fig. 12b), indicating that garnet was 
left as residue in the source during the partial melting process. This is 
also confirmed by the low Yb contents (Table 1), since in andesite melts 
garnet and amphibole have high partition coefficients for Yb of 53 and 2, 
respectively (Rollinson, 2014). 

Ribeiro et al. (2016) argue that slab melting is not necessarily 
required for producing high-SiO2 adakites in hot subduction zones. They 
propose two possibilities. (1) Water-rich mantle melts stall and crys
tallize within lower and upper crustal magma storage regions to produce 
silica-rich melts with an adakitic signature- This is based on a case study 
in the Philippines. (2) Slab melts that percolate through the mantle 
wedge, mix or mingle with water-rich mantle melts within a lower 
crustal (~30 km depth) magma storage region, before their transfer to 
the upper arc crust (~7–15 km depth). This is based on a case study of 
Baja California. Based on the arguments mentioned above, the second 
process seems to be a better explanation for the origin of the Lakhshak 
adakites. 

7.3. Isotopic constraints 

In the (87Sr/86Sr)i vs. εNd(t) diagram (Fig. 13a), εNd(t) values for the 
dyke samples overlap those of the granodiorites of the Lakhshak pluton, 
but are distinctly different from their country rocks (sample Z-SH). This 
indicates that the dykes have a similar source to that of the granodio
rites, as was inferred from the geochemical evidence discussed above 
(Figs. 7 and 12a). The Lakhshak adakite isotopic compositions are 
similar to those of the ophiolite and the basaltic rocks of the Ratuk 
Complex (the eastern part of Sistan Suture Zone), but distinct from those 
of normal lower continental crust (field is after Taylor and McLennan, 
1985; Fig. 13a), thus more compatible with an origin by partial melting 
of Sistan oceanic lithosphere. As a comparison, the isotopic composi
tions of Aleutian adakites (Adak Island), which represent pure slab 
melts, overlaps in part with MORB. The Lakhshak compositions lie be
tween those of MORB and that of the country rocks, indicating either 
mixing of these two end members, or derivation from a less juvenile 
mafic protolith. Mixing of mantle melts with assimilated turbidites has 
been suggested for the coeval Zahedan granites by Mohammadi et al. 
(2016b), based on variable zircon εHf(T) values from +12 to − 3. In the 

Fig. 11. Amphibole thermobarometry plot based on Ridolfi and Renzulli 
(2012), Mutch et al. (2016) and Putirka (2016). Data in Table 4. 

Fig. 12. (a) The common trend in the Yb vs. Y binary diagram suggests that the 
rocks are cogenetic. (b) (La/Yb)N-YbN diagram for the Lakhshak pluton and the 
related dykes. Fields of adakite and normal andesite, dacite and rhyolite (arc 
magmatic rocks) are from Drummond and Defant (1990). Four partial melting 
curves are displayed, two of which (amphibolite and 10% garnet amphibolite 
restite curves) assume a MORB source having YbN = 10 and (La/Yb)N = 1 and 
the other two partial melting curves (eclogite and 20% hornblende eclogite 
curves) assume a MORB source with YbN = 12 and (La/Yb)N = 1. (c) La/Yb-Yb 
diagram for the study samples. The arrays of mineral fractionations and adakite 
field are from Castillo et al. (1999). 
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207Pb/204Pb vs. 206Pb/204Pb diagram the Aleutian volcanic rocks (ada
kites) plot between Indian MORB and the Lakhshak adakites (Fig. 14). 
Recycled marine (pelagic) sediments appear to have played a more 

significant role in the genesis of the Lakhshak than the Aleutian adakites. 
This could have happened due to the slow subduction rate (2 cm/year), 
as for the Austral volcanic zone adakites from southern South America 
(Kay and Kay, 1993). This feature suggests that the combination of 
melting an oceanic slab and flysch sediments can account for the origins 
of the Lakhshak adakites. This is supported by the evidences for magma 
mixing and mingling textures such as quartz ocelli, acicular and mixed 
apatite morphologies in the Lakhshak pluton and dykes (Figs. 3c and e). 

The mixing equation reported by Langmuir et al. (1978) are applied 
here to see how much each end-member had a role in the formation of 
the parent magmas of the Lakhshak site. 

The mixing line suggests that the monzodiorite dyke can be produced 
through the combination of 86% magma from the oceanic slab with 14% 
from the country rocks, while the Lakhshak granodiorites and dacite 
dykes can be produce through mixing of 55–65% oceanic slab with 
35–45% country rocks (Fig. 13b). This modeling shows that crustal 
contamination played a stronger role in the genesis of the Lakhshak 
granodiorites and dacite dykes than for the monzodiorite dykes. 

7.4. Tectonic processes and the origin of adakites in the Neh Complex 

Based on detrital zircon ages, Mohammadi et al. (2016a) suggested 
that collision between the Afghan plate and an intraoceanic island arc 
occurred at about 65 to 55 Ma, but the following evidence argues against 
this conception. (i) The presence of limestone containing microfossils of 
Early Eocene age in the Sefidabeh basin, 15 km away from the Lakhshak 
pluton, implies a closure of the Sistan Ocean after at most 56 Ma. (ii) The 
Sefidabeh basin has a marine sedimentary record with thousands of 
meters of turbidites of Middle-Late Eocene age (Tirrul et al., 1983; Burg, 

Fig. 13. (a) Sr-Nd isotope compositions. The Aleutian 
volcanic rocks were added to this binary diagram, 
since they are the classical example (data are from 
Jicha et al., 2004). EM-I (Enriched Mantle I; Lustrino 
and Dallai, 2003), EM-II (Enriched Mantle II; 
Workman et al., 2004), Bulk Silicate Earth (BSE; 
Rollinson, 2014), Indian MORB (Ito et al., 1987; 
Nauret et al., 2006), lower continental crust and 
upper continental crust (Taylor and McLennan, 1985), 
and Pacific MORB (Castillo, 2012). (b) The Lakhshak 
granodiorites and dykes plot on the mixing hyperbola. 
The mixing equations applied here are from Langmuir 
et al. (1978).   

Fig. 14. Plumbotectonic model for Pb isotopic data. The Aleutian volcanic 
rocks (adakites) plot between Indian MORB and the Lakhshak adakites, sug
gesting a major role of recycled marine (pelagic) sediments or upper crustal 
materials in the genesis of the Lakhshak adakites. The Indian Ocean Ridge data 
are from Hamelin et al. (1986) and Aleutian lead isotopic data from Myers and 
Marsh (1987). The growth curves are from Zartman and Doe (1981). 
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2018; Fig. 15a). (iii) Molasse-type deposits formed during the Late 
Eocene–Early Oligocene thrusting and folding (Bagheri and Gol, 2020). 
The latter authors consider these sedimentary rocks to be late and/or 
post collisional, and conclude that the collision cannot have occurred 
before at most the beginning of the Late Eocene. They also point out that 
Early-Middle Eocene carbonate rocks in the Sistan Suture Zone were 
affected by the second phase of deformation (D2; See Section 2.3 for 
more information about the deformation phases). Thus, the collision 
between the Lut and Helmand blocks, sandwiching the Neh Complex, 
probably occurred in the middle Eocene, at 44 to 42 Ma, when a number 
of biotite granitic plutons (Zargoli, Gapdan and Pircha) were emplaced 
in the Zahedan-Saravan magmatic belt (Fig. 15b). This event is regis
tered by syntectonic emplacement fabrics formed in exhumed 
subduction-accretion prisms during the collision (Rezaei-Kahkhaei 
et al., 2010, 2021). 

The zoned Gapdan pluton was emplaced in multiple stages at 44–42 
and 30 Ma during progressive deformation and exhumation (Rezaei- 
Kahkhaei et al., 2021). At 44.31 ± 0.21 Ma the parent granitic magma 
crystallized at 4–5.4 ± 1 km depth; biotite and feldspar thermometers 
indicate crystallization temperatures of ~850 ◦C and ~ 730 ◦C, 

respectively. This stage was tectonically controlled and the pluton was 
exhumed to shallower crustal levels of ~2.5 km, imparting a mylonitic 
fabric on the granite. At 42.15 ± 0.55 Ma granodiorite was emplaced in 
the center of the pluton at a depth of ~2.5 km. Crystallization depths are 
supported by the pressure estimates from Al-in-hornblende in rocks of 
the contact aureole. 

The rapid uplift and voluminous magmatism between ~44 and ~ 30 
Ma in the Sistan Suture Zone can have resulted from delamination 
(Fig. 15c). Zegers and van Keken (2001) suggest that delamination of a 
10 km thick eclogitic layer would lead to 2 km of uplift and that the 
conducted and advected heat would cause magmatism within 10–20 m. 
y. after delamination. This is consistent with the geological evidence of 
the Neh Complex, where Sistan oceanic lithosphere was subcreted 
during the collision reaching a lithospheric thickness of 10 to 12 km. 
Delamination caused partial melting of the Sistan oceanic lithosphere 
producing the parent adakitic magmas of the Lakhshak pluton and 
related dykes. 

The following model explains the tectonic evolution of the Neh 
Complex and generation of the Lakhshak adakites (Fig. 15). Around the 
middle Eocene the Sistan Ocean closed, and continental collision be
tween the Lut and Helmand blocks along the Neh Complex caused the 
oceanic lithosphere to be subcreted at a low angle beneath the accre
tionary prims. Although delamination often produces C-type adakites (e. 
g., Li et al., 2013), in the Neh Complex this process produced adakites 
with characteristics similar to those formed by partial melting of sub
ducted oceanic lithosphere. In fact, there is no evidence for the presence 
of continental crust beneath the Neh Complex. The delamination process 
caused partial melting of the young and warm Sistan oceanic litho
sphere, resulting in voluminous basaltic magmas which might have 
settled at a pressure of ~8 kbar (based on pyroxene barometry; Table 2) 
at the Moho discontinuity depth (Figs. 14c). The underplated basaltic 
magmas started to differentiate via (1) the crystallization of pyroxene, 
amphibole, plagioclase, titanomagnetite, allanite and titanite and (2) 
mixing with melts from the accretionary prisms. This stage produced 
voluminous felsic magmas, which were then emplaced at 1.3–2.7 ± 0.5 
kbar, and formed the granodioritic Lakhshak pluton (Fig. 15c; Table 4). 
Other magma batches formed the dykes, the dacite dykes corresponding 
to the granodiorites, and more primitive magma batches resulting in the 
monzodiorite dykes. 

The compositions and thermometry results of clinopyroxene (diop
side), amphibole (pargasite, magnesio-hastingsite and edenite; Fig. 8), 
and plagioclase demonstrate that the demise of the silicic magmatic 
system was characterized by sustained, high pre-injection magma tem
peratures in the magma chamber. Clinopyroxene compositions yield 
mean P and T values for the monzodiorite dykes of 6.8 ± 0.8 kbar and 
1144 ± 21 ◦C (Table 2). These values are slightly higher than for the 
dacite/granodiorite dykes, thus denoting that diopside and pargasite in 
the monzodiorite dykes crystallized at higher pressures or crystallized 
prior to magnesio-hastingsite and edenite in the dacite dykes. 

In the dacite dykes, some amphibole crystals display varying chem
ical composition across the zones. The P- T conditions, oscillatory zoning 
and repetitive resorptions are the result of new pulses of magma entering 
in the chamber. This is consistent with the observed resorption textures 
of plagioclase and quartz (Fig. 3c and e), as was observed in magma 
mixing models (Hiwatashi et al., 2021). The thermobarometry results 
also show that the amphiboles record a continuum of crystallization 
stages, starting early during magma ascent. Amphiboles crystallized as 
pargasite in the monzodiorite dykes followed by crystallization of 
magnesio-hastingsite in the dacite dykes, reflecting progressively 
decreasing P-T conditions from 1166 ◦C / 7.8 kbar to 933 ◦C / 4.0 kbar 
(Table 4; Fig. 11). 

8. Conclusions 

The Lakhshak suite consists of a granodioritic pluton with a medium 
granular texture, a set of rare intermediate to basic monzodiorite dykes, 

Accretionary complex

Oceanic crust

Continental crust

Limestone

Sedimentary rocks (undefined)

Granodiorite

Lut
Block

Helmand
Block

Lut
Block

Helmand
Block

Sefidabeh basin
and Neh basinA. Upper Cretaceous

C. Lower Oligocene
Lakhshak and related dykes

with adakite nature

B. Middle Eocene

Zargoli pluton (42- 44 Ma) 
Gapdan pluton 
(42- 44 Ma) 

Biotite granite

Fig. 15. Model for the tectonic evolution of the Sistan Suture Zone and gen
eration of the Lakhshak pluton and dykes. The ages of Zargoli and Gapdan 
plutons are from Rezaei-Kahkhaei and Corfu (2013) and Rezaei-Kahkhaei et al. 
(2021), respectively. 
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and a set of more abundant dacitic dykes. The dykes are all porphyritic. 
The suite is calc-alkaline, metaluminous and I-type with elevated LILE 
and low HREE. The positive Pb anomaly and presence of older xen
ocrystic zircon reflect some involvement of crustal materials in the 
magma generation. Geochemical discrimination diagrams also reveal 
affinities with volcanic arc and post collisional granites. 

Most dykes in the pluton lack chilled margins suggesting injection a 
short time after (or at a late stage in) the pluton emplacement. This is 
confirmed by U-Pb zircon and titanite geochronology that yields ages of 
29.98 ± 0.1 and 29.80 ± 0.05 for the pluton, 28.95 ± 0.11 Ma for a 
monzodiorite dyke, and 29.4 to 27.96 Ma for a dacite dyke. 

Integration of Sr, Nd, Pb and U-Pb ages with field studies, petro
graphic observations and geochemistry leads to the following conclu
sions for the genesis of the suite. In the middle Eocene the Sistan Ocean 
closed, and continental collision between the Lut and Helmand blocks 
led to underplating of the oceanic lithosphere underneath the accre
tionary prism. Delamination and heating caused partial melting of the 
warm Sistan oceanic crust producing adakitic magmas and also melting 
in the accretionary prism. Differentiation via the crystallization of cli
nopyroxene, amphibole, plagioclase ± magnetite formed voluminous 
intermediate to felsic magmas. The felsic magma of the accretionary 
prism mixed or mingled with these intermediate magmas, followed by 
emplacement in the upper crust at a depth of ~7 km to form the 
Lakhshak pluton. Subsequent magma batches formed the monzodiorite 
and dacite dykes. The occurrence of disequilibrium textures, reaction 
rims and resorbed phenocrysts also supports the magma mixing hy
pothesis for genesis of the dykes. 
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Hiwatashi, H., Ban, M., Álvarez-Valero, A.M., Kriegsman, L.M., Sato, M., 2021. 
Disequilibrium phenocrystic assemblage within dacites reveals magma mixing and 
stratified chamber after crustal assimilation at El Hoyazo volcano, SE Spain. Lithos 
380, 105849. 

Holland, T., Blundy, J., 1994. Non-ideal interactions in calcic amphiboles and their 
bearing on amphibole-plagioclase thermometry. Contributions to Mineralogy and 
Petrology 116, 433–447. 
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