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Abstract

Kajan subvolcanic rocks in the Urumieh-Dokhtar magmatic arc (UDMA), Central Iran, form a

Late Miocene-Pliocene shallow-level intrusion. These subvolcanics correspond to a variety of
intermediate and felsic rocks, comprising quartz diorite, quartz monzodiorite, tonalite and
granite. These lithologies are medium-K calc-alkaline, with SiO, (wt. %) varying from 52 % (wt.
%) to 75 (wt. %). The major element chemical data also show that MgO, CaO, TiO,, P,0s, MnO,
Al,O3 and Fe,O3 define linear trends with negative slopes against SiO,, whilst Na,O and K,O are
positively correlated with silica. Contents of incompatible trace elements (e.g. Ba, Rb, Nb, La
and Zr) become higher with increasing SiO,, whereas Sr shows an opposite behaviour.

Chondrite-normalized multi-element patterns show enrichment in LILE relative to HFSE and



troughs in Nb, P and Ti. These observations are typical of subduction related magmas that
formed in an active continental margin. The Kajan rocks show a strong affinity with calc-
alkaline arc magmas, confirmed by REE fractionation (LaN/YbN = 4.5-6.4) with moderate
HREE fractionation (SmN/YbN = 1.08-1.57). The negative Eu anomaly (Eu/Eu* < 1), the low to
moderate Sr content (< 400 ppm) and the Dy/YDb values reflect plagioclase and hornblende (+-
clinopyroxene) fractionation from a calc-alkaline melt Whole—rock Sr and Nd isotope analyses
show that the ®”Sr/*°Sr initial ratios vary from 0.704432 to 0.705989, and the **Nd/***Nd initial
ratios go from 0.512722 to 0.512813. All the studied samples have similar Sr-Nd isotopes,
indicating an origin from a similar source, with granite samples that has more radiogenic Sr and
low radiogenic Nd isotopes, suggesting a minor interaction with upper crust during magma
ascent. The Kajan subvolcanic rocks plot within the depleted mantle quadrant of the
conventional Sr-Nd isotope diagram, a compositional region corresponding to mantle-derived

igneous rocks.

Keywords: Urumieh-Dokhtar magmatic arc (UDMA); magma differentiation; Sr and Nd isotope

ratios; calc-alkaline magmas

1. Introduction

The Urumieh— Dokhtar magmatic arc (UDMA), as a testimony of the Zagros orogeny, has been
studied by many researchers (e.g. Berberian and Berberian, 1981; Alavi, 2004; Kananian et al.,
2014; Yeganehfar 2012; Dargahi et al., 2010; Aghazadeh et al., 2011; Ghorbani et al., 2014;
Rezaei-Kahkhaei et al., 2011; Honarmand et al., 2013 and 2014). The UDMA volcanic zone of

Schroder (1944) or the Urumieh—Dokhtar magmatic assemblage of Alavi (2004) has been



interpreted to be a subduction related Andean—type magmatic arc that has been active from the
Late Jurassic to the present (Berberian and King, 1981; Berberian et al., 1982). Richards (2003a,
2003b , 2015) and Richards et al., (2012) suggested that The Neotethyan ocean opened in the
Permian—Early Triassic as the Cimmerian continental fragments (the cores of Turkey, Iran,
Tibet, and Indochina) rifted from the northern Gondwana margin and drifted northwards and the
UDMA magmatic belt formed by Eocene subduction of southern Neo— Tethyan Ocean beneath
the Eurasian plate.

The UDMA is composed of voluminous tholeiitic, calc-alkaline, and K—rich alkaline intrusive
and extrusive rocks (with associated pyroclastic and volcanoclastic successions) along the active
margin of the lIranian plates with a major magmatic flare—up in Eocene—Oligocene (e.g.
Kananian et al., 2014; Moghadam and Stern, 2011; Moghadam et al.,; 2016 ). The oldest rocks in
the UDMA are calc—alkaline intrusive rocks, which cut across Upper Jurassic formations and are
overlain unconformably by Lower Cretaceous fossiliferous limestone (e.g. Dargahi et al., 2010).
Volcanic and magmatic activity in this arc reached its maximum during the Eocene with
widespread trachybasalt, andesite, and dacite lavas, ignimbrites and tuffs (Alavi, 1980; Berberian
and Berberian 1981; Arvin et al., 2007). Intrusive rocks in the UDMA show a large range of
lithologies, dominated by granite, but with small amounts of granodiorite, quartz diorite and
gabbro. The plutonic rocks are widely distributed and covering more than 65% of the exposed
rock units in the UDMA. Previous petrological studies have been focused on the Eocene
volcanic—plutonic rocks, but the younger Pliocene-Quaternary subvolcanic bodies are poorly
studied. These sub-volcanic bodies are widespread along the UDMA, especially in its central
part. Therefore, important testimonies of the final stages of Neotethys closure and collisional

tectonics in the area are preserved in these rocks. In this paper, new geochemical characteristics



and Sr—Nd data of the Kajan subvolcanic, from the central part of the UDMA, are presented and

discussed.

2. Regional Geology of Kajan area

Kajan area is a part of West Nain area of the central UDMA (Fig. 1). The geology of West Nain
has been studied by researchers in the past (e.g. Amidi, 1975; Yeganehfar et al., 2012; Ghorbani
et al., 2014). In the Kajan area (Fig. 1)., the oldest rock unit is an early to middle Eocene light
green tuffaceous and nummulitic limestone (Amidi, 1975). This unit is overlain by a sequence of
volcanic and pyroclastic rocks, including basalt, andesite, acidic (rhyolite—dacite) volcanics, tuff
breccia, and ignimbrites. The Kajan subvolcanic rocks mainly consist of (micro-) quartz diorite,
quarzt monzodiorite and granite (Fig.1, 2). This bodies are shallow—level intrusions, considered
to be Late Miocene—Pliocene in age (ref the map). Furthermore, in a recent study of Yeganehfar
et al., (2012) on magmatic and geodynamic evolution of Urumieh—Dokhtar, based on a
comprehensive age data, they reported that the age of the volcanic rock in West Nain area is
about 26-18Ma (Figure 1 in Yeganehfar et al., (2012)) and thus West Nain area is young and
considered to be Miocene. Thus, based on the work of Yeganehfar et al., (2012), it is possible to
attribute to the Kajan subvolcanic rocks, in western Nain area, a Miocene to Pliocene age. This is
in agreement with the late Miocene age proposed by Noghreyan and Khodami (2014) for
volcanic rocks from Isfahan (i.e. Nain area).

The Kajan rocks differ from the most of plutonic rocks in the UDMA by their more pronounced
porphyritic character. The Kajan subvolcanic mainly consists of (micro-) quartz diorite, quartz
monzodiorite and granite (Fig. 1). Different types of dikes are found cutting the main intrusive

body of the Kajan area (Fig. 2C). The dikes are variable in thickness, from a few centimeters to a



few meters. Some of the Kajan intrusives contain xenoliths, namely of diorite (Fig. 2D), which
were incorporated into the granitoids during their intrusion. The geologic importance of the
Kajan subvolcanic is to understand the geotectonic evolution of this area in regards to the final

stages of the Neotethys subduction and the transition from subduction to

Figure 1

Figure 2

collisional tectonics in the UDMA. Therefore, in this paper, petrological, geochemical and Sr-Nd
isotopic information of the Kajan sub-volcanic rocks are used to constrain the magmatic
processes involved in their genesis and to try to understand the relationship between the
petrogenetic processes and the geodynamic situation of the Kajan area at the time of those
intrusive events. This further to test whether these various rocks are co-genetic, and to
investigate the magmatic fractionation and magma mixing processes between basaltic and felsic
magmas. Therefore, the main objectives of the present work are: (1) to describe the systematic
mineralogical and geochemical variations of the whole rock units; (2) to constrain sources of the
end-member magmas; (3) to investigate the petrogenesis of the main rock types; (4) to discuss
emplacement mechanisms of shallow-level calc-alkaline plutons in convergent plate boundary
setting. It should be pointed that Mineral Chemistry would deeply improve the discussion and
comprehension of whole rock- and isotope- geochemistry. Nonetheless, it has been widely
demonstrated (e.g. Kananian et al., 2014; Arjmandzadeh et al., 2011) that geochemistry is a stand

alone constraint of genesis and evolution of magmas.

3. Petrography



The Kajan intermediate— felsic subvolcanic rocks are medium to fine grained and have granular
and porphyritic with microgranular groundmass textures. Studied samples, throughout a
chemical classification diagram (see next section) could be classified as quartz-diorite, quartz-
monzodiorite, tonalite and ganite.

3.1. Quartz diorite

The quartz diorite samples have granular and porphyritic. The later also contains microgranular
groundmass textures. The samples shows variations in the proportions of plagioclase (50— 60%),
quartz (15-20%), hornblende (5-10%), biotite (5-10%), and K—feldspar (1-5%). Plagioclase
(oligoclase— andesine) forms a touching framework of crystals, where the interstices are filled by
quartz (and K-feldspar). Twinning planes in plagioclase extend to the edges of the grains,
although there is generally a very slight increase of sodium at the rims. There is no correlation
between the amounts of biotite and hornblende, although biotite usually dominates. The K—
feldspar content increases with increasing biotite. The mafic minerals occur together, however
lack of pyroxene in some samples may be due to reactions (and resorption) and replacement with
hornblende and biotite with increasing H,O and decreasing temperature during differentiation.

Accessory minerals are titanite magnetite, and zircon (Fig. 3A).

3.2. Quartz monzodiorite

The quartz monzodiorite rocks are typically medium—grained to porphyritic have granular to
porphyritic textures. It contains plagioclase (45-55%), K—feldspar (10-20%), quartz (15-20%),
hornblende (10-15%), biotite (5-10%), clinopyroxene (0-10%) and opaque minerals (2—-3%).

Accessory minerals such as titanite and apatite are common in the quartz monzodiorite, where



they occur as euhedral to subhedral grains, either isolated or accompanying biotite. Minor

interstitial quartz occurs in regular graphic intergrowth with K—feldspar (Fig. 3B).

3.3. Tonalite

Tonalite contains quartz (20-25), K—feldspar (5-10), plagioclase (40-50), biotite (10-15),
hornblende (5-10). The samples are characterized by interstitial quartz, occasional granophyriric
ingergowths and biotite—quartz symplectites. Biotite grains are commonly subhedral to euhedral,
plagioclase phenocrysts are medium to large, hornblende grains are subhedral to euhedral (Fig.

3C).

3.4. Granite

Granite samples are generally medium—grained. These last textures are characterized by the
occurrence of plagioclase phenocrysts. They contain plagioclase (30-35%), K—feldspar (25—
30%) and quartz (30-35%), and small proportions of mafic minerals, namely green hornblende
(1-5%) and biotite (1-5%). Some of the K—feldspar grains are slightly altered, particularly to
clay minerals and occasionally they show micrographic intergrowth with quartz (Fig. 3D). Green
hornblende is partially replaced by chlorite and opaque minerals. Magnetite and hematite are the

main opaque minerals.

Figure 3

4. Geochemistry



After petrographic studies, a set of 14 samples of the least altered rocks were selected for major
and trace elements analysis, by ICP—MS. In addition 10 samples were selected for ®’Sr/**Sr and
Nd/***Nd isotopic ratios’. In this paper to analyse and plot the geochemical data we used

GCDKit? software.

4.1. Major and trace elements

In the Kajan subvolcanic, the distribution of the rock compositions may be considered bimodal,
one group with SiO; contents between 52 and 62 wt% (with only one sample (i.e. K13) having
62 wt % SiO;) and the other from 70 to 75 wt% (Table 1), leaving a geochemical gap between
two groups. However, both groups have sub-alkaline affinity. Figure 4A is the AFM diagram
(Irvine and Baragar, 1971) and clearly shows that samples plot in two distinct groups in the calc-
alkaline field (Fig. 4A).

Total alkali versus silica (TAS) diagram is widely used for chemical classification of magmatic
rocks. This diagram is based on the total alkalis (Na,O+K;0) versus SiO, (Middlemost, 1994).
The Kajan samples plot in the quartz diorite to quartz monzodiorite, tonalite and granite fields.
On the K,0 vs. SiO, diagram (Fig. 4) of Peccerillo and Tayor, 1976, samples plot in the field of
medium-K calc—alkaline rocks. According to the molar A/NK vs. molar A/CNK the intermediate
subvolcanic rocks are mainly metaluminous (Fig. 4D), whereas the granites are metaluminous to
slightly peraluminous (Fig. 4D).

Table 1

Table 2

' The analyses were performed at the University of Nagoya in Japan and University of Cardiff in United Kingdom.

2 GeoChemical Data toolkit is free software and can be downloaded from (http://www.gla.ac.uk/gcdkit). This is a programme for
handling and recalculation of whole-rock analyses from igneous rocks (Janousek et al. 2006). Using GCDKkit, the data can be
loaded, individual analyses grouped into coherent groups or searched according to various criteria. They can be plotted into
commonly used classification diagrams (e.g. Harker plots, TAS, AFM, etc.) as well as a variety of user-defined plots (binary and
ternary plots, multiple plots, spider plots) (Janousek et al. 2006).
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Figure 4
The Kajan rocks have wide ranges of SiO, from 52.4 to 75.3% (see Table 1). According to Fig.
5, in the Harker diagram, Al,O3, TiO,, Fe,03, MgO, MnO, Ca0, P,0s decrease with increasing

Si0,, whereas Na,O and KO, increase with increasing SiO,.

Figure 5

Harker diagrams for selected minor and trace elements (in Fig.6) indicate, with respect to SiO,
content, a progressive enrichment of both large ion litophile (e.g. Ba, Rb) and incompatible high
field strength (e.g. La, Nb, and Zr) elements opposite to a clear depletion of Sr. Primitive
mantle-normalized multi-element diagrams (Fig. 7A) define a relatively similar pattern for all
the rock types in the Kajan area. Nonetheless, some differences appear in the relative sizes of the
peaks and troughs. The samples mainly display positive Th, K,Pb and Zr, and negative Rb, Ba,

and strong negative Nb, P and Ti.

Figure 6

All the samples exhibit similar trace element abundance patterns, with general enrichment in
large ion lithophile (LILE) relatively to high field strength elements (HFSE) Chondrite—
normalized REE diagram (Nakamura, 1974) is presented in Fig. 7B. This figure shows light—
REE enrichment, flat heavy REE (HREE) segments, and significant negative Eu anomalies

(except quartz diorite samples). Light-REE enrichment, positive Pb anomaly and the Nb-Ti



troughs on the spider diagram (Fig. 7) are typical of calc-alkaline magmatism in active

continental margins (Sun and McDonough, 1989).

Figure 7

4.2. Isotope geochemistry

Ten whole—rock samples ranging from quartz diorite to granite were analyzed for Sr isotope
composition (Table 2) and the initial 8Sr/®°Sr ratios fall within the 0.704432 to 0.705989. Four
of those samples (three from quartz diorites and one from granite) were also analysed for the Nd
isotope composition and the initial ***Nd/***Nd ratios varies from 0.512722 to 0.512813. All the
studied samples have similar Sr-Nd isotopes (Fig. 8), indicating an origin from a similar source,
with granite samples that has more radiogenic Sr and low radiogenic Nd isotopes, suggesting a
minor interaction with upper crust during magma ascent. The Kajan subvolcanic rocks plot
within the depleted mantle quadrant of the conventional Sr-Nd isotope diagram (Fig. 8), a

compositional region corresponding to mantle-derived igneous rocks.

Figure 8

Figure 8 also shows that the sample rocks have Sr and Nd isotope composition very similar to
those of normal island-arc basalts, suggesting melting in a mantle wedge followed by magmatic
differentiation for the basic-intermediate samples. Whereas, granitic sample show enrichment in
radiogenic Sr and offset from the mantle array, suggesting that the mantle source was slightly
modified either by subduction-derived fluids or melts and/or by continental crust or subducted

sediments.
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5. Discussion

5.1. Fractional crystallization process

Three petrogenetic scenarios are possible in magmatic systems: (1) closed—system fractional
crystallization (e.g. Rezaei-Kahkhaei et al., 2011) (2) assimilation—fractional crystallization
(AFC) (e.g. DePaolo, 1981; Spera and Bohrson, 2001; Thompson et al., 2002; Kuritani et al.,
2005) and (3) magma mixing (e.g. Popov et al., 1999; Bea et al., 2005).

The geochemical data for the Kajan subvolcanic suggest that the rocks are I-type, metaluminous
subduction-related calcalkaline igneous rocks. The negative correlations between Al,O3, CaO,
P,0s, MgO, Fe,03, MnO, TiO; and SiO; (Fig. 5) suggest that the rocks are likely the result of
fractional crystallization during magmatic evolution, which is also confirmed by the P and Ti
depletions and negative Eu anomalies (see also Jamshidi et al., 2015; Moghadam et al., 2016)
(Fig. 7).

Normally, negative Eu anomaly, develops with magma differentiation due to fractional
crystallization of early Ca-rich plagioclase (Davidson et al., 2013). Quartz-diorite samples do not
show a significative Eu anomaly (Fig. 7B); this evidence either suggests that plagioclase was
unimportant in the fractionation or a combination of hornblende and plagioclase was involved
within the fractionating assemblage in a percentage efficient to suppress the Eu anomaly (e.g.
Eyuboglu et al., 2011b; Moghadam et al., 2016; Lucci et al., 2016). These hypotheses could be
invoked to explain the lack of a significant Eu anomaly in Kajan quartz-dioritoid rocks. Negative
Ti-anomaly is consequence of fractionation of a Ti-rich phase such as Titanite (e.g. Lucci et al.,
2016) and/or amphibole (e.g. Tiepolo et al., 2007; Rossetti et al., 2014). A negative variation of

Nb/Ta ratio, with respect to SiO, enrichment, can indicate a hornblende-controlled fractionation
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processes (e.g. Moghadam et al., 2016 and references therein). Moreover, the negative Nb — Ta —
Ti anomalies together with positive LREE (La, Ce, Nd and Sm) and Zr anomalies are a typical
feature of calc-alkaline arc magmas (e.g. Defant and Drummond, 1990; Martin, 1999).
Tectonomagmatic discrimination diagrams (Fig. 9 Pearce et al., 1984) confirm a possible
volcanic arc setting characterized by a progressive arc maturity increase from Island Arc to

Normal continental arcs (Fig. 10 Brown et al., 1984).

Figure 9

Figure 10

Indication of an important evolution via fractional crystallization processes (FC) can be deduced
by both major and trace elements trends with respect to SiO, content as differentiation index
(Figs. 5 and 6). Progressive depletion of Al,O;, MgO, FeO*, CaO, TiO,, Sr opposite to
enrichment of incompatible elements (Na,O, K,O, Ba and Rb) clearly suggests a progressive
extraction from the melt of crystallized anorthitic plagioclase, hornblende, clinopyroxene and
Titanite (e.g. Moghadam et al., 2016) and permanence/enrichment in melt of alkali-feldspar +
biotite (e.g. Klimm et al., 2008). Moreover, even if clinopyroxene and hornblende fractionations
show similar effects in calc-alkaline magmas, Cpx-Kp << Hbl-Kp (e.g. Davidson et al., 2007).
Therefore hornblende fractionation is expected to play a major role in the FC-process (Lucci et
al., 2016 and references therein).

Increasing of Ba/Sr (Fig. 11A, Klimm et al., 2008) and decreasing of Dy/Yb (Fig. 11B, e.g.
Davidson et al., 2007; Rossetti et al., 2014), together with Eu-Ti-Nb-Ta negative anomalies (e.g.

Moghadam et al., 2016) point to a fractional crystallization dominated by Pl + Hbl + Ttn = Cpx,

12



in agree with the model proposed by Moghadam et al., (2016) and Lucci et al., (2016) for similar
calc-alkaline rocks.

Figure 11

5.2. Magma genesis

Three distinct petrogenetic models for magma genesis are discussed to explain the petrological
and geochemical features of I-type intrusive rocks: (i) fractionation of mantle—derived magma,
(if) reaction of mantle—derived magma with crustal rocks and (iii) partial melting of crust
(Wilson, 2007).

Arc magmas are characterized by a distinct trace element pattern, with LILE enrichment over
HFSE, moderate LREE/HREE fractionation and negative anomalies of Nb, Ta and Ti (e.g.
Defant and Drummond, 1990; Martin, 1999; Rossetti et al., 2015). There is a general consensus
that the described pattern is mainly controlled by fluid and element partitioning from the slab to

the mantle wedge (e.g. Tatsumi, 2005; Pichavant and Macdonald, 2007; Zhang et al., 2011).

The Kajan subvolcanic rocks, with negative anomalies in Nb-Ta-Ti-P-Eu and strong enrichment
in incompatible elements (e.g. Th, U, K, Rb and LREE), show a strong affinity with calc-alkaline
arc magmas, confirmed by REE fractionation (Lan/Yby = 4.5-6.4) with moderate HREE
fractionation (Smn/Yby = 1.08-1.57).

The negative Eu anomaly (Eu/Eu* < 1), the low to moderate Sr content (< 400 ppm) and the
Dy/Yb values reflect plagioclase and hornblende (+clinopyroxene) fractionation from a calc-

alkaline melt (e.g. Moghadam et al., 2016).

13



The Kajan intermediate rocks shows Sr-Nd isotopic composition very similar to island arc-
basalts, implying that Kajan intermediate rocks derived, through magmatic differentiation, by
partial melting of the mantle wedge (e.g. Moghadam et al., 2016). The kajan felsic rocks,
integrating the bulk geochemistry and Sr-Nd isotopes, instead could represent more

differentiated melts that experienced interaction with the crust (e.g. Moghadam et al., 2016).

6. Geodynamic implications

It is generally accepted that the subduction of the Neo-Tethys oceanic lithosphere under the
Central Iranian microcontinent continued until the late Oligocene—early Miocene (e.g. Berberian
et al., 1982; Ricou, 1994; Mohajjel et al., 2003; Alavi, 2004). The subsequent collision of the
major plates resulted in thickening and shortening of the continental crust accompanied by
folding, thrusting and uplift of the Iranian plateau (e.g. Ricou, 1994; Moradian—Shahrbabaky,
1997; Mohajjel et al., 2003). The Neogene subvolcanic and granitic rocks of UDMA are the
subject of considerable controversy regarding the history and chronology of the Neotethys final
closure and of the Arabian— Central Iranian continental collision. The timing of this collision is
highly debated most likely due to the lack of precise geochronology; however, it has been
inferred that the collision probably took place during Miocene - Pliocene (Berberian and King,
1981).

The contribution of subduction components in the genesis of the Kajan rocks has been shown in
a Th/Yb vs. Ta/Yb diagram (Pearce, 1982) (Fig. 12), where the rocks show high Th/Yb content.
An increase in the Th/Yb ratio alone is predominantly related to the addition of a subduction-

derived component to the arc wedge mantle (Pearce, 1983). The higher Th/Yb ratios of the Kajan

14



samples could indicate a lithospheric mantle source enriched by subduction components (Dilek

etal., 2010).

Figure 12

In a study by Arjmandzadeh and Santos (2014) based on the eNdi-(3"Sr/**Sr); diagram they found
that their rocks have Sr and Nd isotopic composition very similar to those of normal island-arc
basalts, pointing to melting in a mantle wedge followed by magmatic differentiation
(Arjmandzadeh and Santos (2014)). Our eNdi-(®"Sr/%°Sr); diagram (Fig. 13) also shows that the
Kajan Intermediate rocks have Sr and Nd isotopic composition very similar to those of normal

island—arc basalts.

Figure 13

7. Conclusions

In the present work field observation, petrological, geochemistry and isotopic studies were
performed to understand the relationship between the petrogenetic processes and the geodynamic
situation of the Kajan subvolcanic rocks in the Urumieh—Dokhtar magmatic arc. The main results

of this work are summarized as follows:

Q) Kajan subvolcanic rocks present intermediate to felsic composition with
metaluminous Middle-K calc-alkaline signature, typical of arc magmatism.
(i)  Whole rock and Sr-Nd isotopic geochemistry both pointed to a co-magmatic origin

for the Kajan subvolcanics.
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(i)~ Major and Trace elements trends (such as enrichment in LILE and LREE opposite to
progressive relative depletion of HFSE and negative anomalies of Eu, Sr, Nb, Ti),
moreover, indicate a progressive melt evolution controlled by fractional
crystallization processes dominated by progressive extraction of plagioclase +
hornblende (+Cpx + Ti-phases).

(iv)  An important contribution of subduction component to the mantle wedge source is
recognize throughout Th-Ta-Yb geochemistry in all studied samples, while crust
contribution is invocated only for the most evolved felsic rocks as suggested by Sr-

Nd isotopic values.
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Figure captions
Fig. 1: A shaded topographic relief map that displays major structural units of Iran (Ahmadian et
al., 2009). Simplified geological map of the West Nain area derived, from the geological maps of

Kajan (Amini and Amini Chehragh, 2003).

Fig. 2: Field photographs of the Kajan subvolcanic intrusion: A) outcrops of monzodiorite in the
western sector of the intrusion; B) sharp contacts between monzodiorite and quartzdiorite; C)

dikes cutting the subvolcanic body; D) mafic xenolith enclosed by a granitoid rock.

Fig. 3: Petrographic features of different rocks from the Kajan rocks. A) quartz-diorite, B)

quartz-monzodiorite, C) granite, D) syenogranite (granophyric).

Fig. 4: (A) AFM diagram proposed by Irvine and Baragar (1971); (B) Total alkalis vs. silica
diagram, with the fields defined by Middlemost, (1994); (C) Plot of K,O vs. SiO, showing
subdivision of the calc-alkaline series (Peccerillo and Tayor, 1976); (D) molar A/NK vs. molar
A/CNK (Shand 1943), where A, C, N and K are the molar proportions of Al,03;, CaO, Na,O and

K20, respectively.

Fig. 5: Harker diagrams for major elements, SiO, as differentiation index. Symbols as for figure

4.

Fig. 6: Harker diagrams for selected minor and trace elements. SiO, as differentiation index.

Symbols as for figure 4.
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Fig. 7: (A) Primitive Mantle normalized trace element patterns (Sun and McDonough, 1989) and

(B) Chondrite (Nakamura, 1974) normalized REE patterns for Kajan magmatic rocks..

Fig. 8: “*Nd/***Nd (t) values vs. initial Sr isotopic ratios indicating the source for the magma

from the Kajan.

Fig. 9: Rbvs Y+ Nb and Y vs Nb diagrams (Pearce et al. 1984) for Kajan magmatic rocks.

Fig. 10: Rb/Zr vs Nb diagram (Brown et al., 1984) for Kajan magmatic rocks.

Fig. 11: (A) Ba/Sr vs SiO, diagram (Rollinson, 1993) and (B) Dy/Yb vs SiO, diagram (after

Davidson et al., 2007) for Kajan magmatic rocks suggest an evolution via fractional

crystallization mainly controlled by plagioclase + hornblende + titanite.

Fig.12: Th/Yb vs. Ta/Yb diagram (Pearce, 1982). A volcanic array from subduction zone is

highlighted for Kajan magmatic rocks.

Fig. 13: eNdi—(®’Sr/%°Sr); diagram for the Kajan subvolcanic rocks. The field of subducted
oceanic crust—derived adakites was defined after Defant et al., (1992), Kay et al., (1993) , Sajona
et al., (2000) and Aguillon—Robles et al., (2001). MORB: Midocean ridge basalts; DM: Depleted

mantle; OIB: Ocean—island basalts; IAB: islandarc basalts.
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Table captions

Table 1: Bulk rock major and trace elements compositions for Kajan magmatic rocks.

Table 2: Sr-Nd isotope data for Kajan magmatic rocks.
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