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Abstract

   Mineralogical, petrological and geochemical investigations of rock samples from the Pasa Kuh ore deposits reveal a large variety of mineralization styles. The deposit is characterized by magnetite and hematite concentrations with distinctly low titanium contents (<2% TiO2) and contain copper sulfide minerals (e.g. pyrite and chalcopyrite). The mineralization at Pasa Kuh field is a combination of melt/rock interactions, intermediate intrusions plus interaction of hot hydrothermal fluids. These processes lead to significant gains and losses of major and trace elements. 

   Due to the formation of clinopyroxene, dioritic intrusions act as a sink for MgO during alteration. Interaction between diorites and hydrothermal fluids leads to significant redistribution of SiO2, TiO2, CaO, and Na2O as well as numerous trace and rare elements. The different kinds of alteration and their associated element changes reveal that samples from the Pasa Kuh field have been influenced by some hydrothermal fluids. Therefore, the hydrothermal fluid-dominated alteration of the intermediate rocks is a sink for many trace and rare elements which were provided by intermediate intrusions and mobilized by hydrothermal fluids and melt-rock interaction. 
   The mineralogical and petrological studies have revealed four major factors which appear to control the polymetallic mineralization in the Pasa Kuh ore deposits: I) magmatic emplacement involving immiscible iron-rich melts, II) syngenetic exhalations, III) hydrothermal activities and IV) faulting. Hydrothermal circulation has taken place throughout faults and joints, altered the rocks and formed some hydrothermal deposits.
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Introduction
   The Pasa Kuh ore deposit is located in the northeastern part of the Saadat Abad (Khorasan Razavi, northeastern of Iran). A large number of magnetite-copper deposits occur in the province and are mainly characterized by a magnetite-hematite-chalcopyrite assemblage. These deposits consist of low-titanium iron ore that contains variable amounts of copper, gold, and rare earth elements.
   The dominant rock types are tholeiitic with subordinate alkaline rocks. The extent of alteration of the samples varies from slight to intense, where primary igneous minerals are replaced entirely. In this research, we present new major and trace element data of 25 of the least altered samples. These data are used for geochemical modelling to provide evidence for a relationship between magmatic regions. 

   As the origin of the deposit is still uncertain and remains a controversial issue, we systematically study the geology and geochemistry of the Pasa Kuh ore deposits in order to provide some clues on the genesis of mineralization and the relationships between dioritic porphyries and associated Fe mineralization.
Geological setting

   The Pasa Kuh ore deposits is part of an intermediate to acidic-hosted hydrothermal system situated around 35°44′N, 34°55′W. The area is located on a mountain range and extends 1500 m in a NW–SE and 400 m in a SW–NE direction (Fig. 1). 
   Intrusive rocks are widespread throughout the area and the largest percentage is found adjacent to the Pasa Kuh in the eastern part of the area. The unit consists of deformed and metamorphosed rocks that experienced greenschist metamorphic conditions during the orogeny. The unit is intruded by peraluminous granite, quartz monzonite and diorite plutons which may have contributed to local deformation and contact metamorphism of the surrounding rocks. The granitoids range in composition from granodiorites to biotite granites, some displaying the local development of a pegmatitic facies. Pegmatites associated with the plutonism are presently concentrated marginal to the granitic plutons. The pluton is composed of mica granite that is both texturally and chemically hetrogenous. 

   The oldest rocks in the area mainly comprise meta-sedimentary pelitic schists and meta-igneous rocks. The higher pressure-high temperature event is recorded in some facies rocks. This was followed by higher T, lower P evolution in monazites. The late evolution was dominated by extensional tectonics and retrograde metamorphism of upper crust.

   Daruneh faulting played a crucial role in the emplacement of major batholiths. These granitods generate typical contact aureoles in the surrounding wall-rocks, indicating their allochthonous character and high emplacement level. 
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Fig. 1. Geological map (1:100000) of Pasa Kuh ore deposits (Alavi Naini)
Analytical methods
   Eighty samples of the unweathered granitoide and 15 samples from monzonite and dioritic rocks were collected for petrological and chemical analyses. Three specimens were extracted at each sampling level. Fresh samples were slabbed, reduced to 0.7 cm sized pieces, and crushed in a steel jaw-crusher. After the crushed rock was quartered, a representative split was pulverized to a 0.074 mm powder. The powder was analyzed for major and trace elements by X-ray fluorescence (XRF). K-feldspar and mica-group minerals were collected from the core–margin or cores of zoned pegmatites. Samples were pulverized, sieved to 0.074 mm, made into pressed pellets and analyzed using an automated Phillips X-ray fluorescence spectrometer. K-feldspar, plagioclase and mica-group minerals were analyzed for Cs, Ni, Pb, Rb, Sr, Ta, Th and Zn. 

   Each sample was analyzed for major and some trace elements by conventional X-ray fluorescence (XRF) techniques. Each elemental analysis was fully corrected for line interference and matrix effects. Total iron is expressed as Fe2O3. Repeated analysis of well-characterized standards suggests that precisions for major-element data, as measured by one-standard-deviation values, are 1 per-cent, whereas precisions for trace-element data are less. Major element data were obtained by XRF analysis. Total loss on ignition (LOI) was measured on powders that had been pre-dried at 105 C for at least 8 h. Powders were ignited at 1100 C in air for 1 h, before cooling and reweighing. Trace element data were obtained on powder by XRF. Rare-earth elements were determined by ICP-MS method. Calibration was carried out using internal geochemical reference material. 
Results

Petrological characterization
   Petrographically, there are three main type rocks in the area: quartz-diorites, granitic masses and diorites. The compositional variation found in these stocks range from diorites to leucogranites. These rocks have variable modal proportions of quartz, orthoclase and zoned plagioclase. The main ferrornagnesian phases are biotite, amphibole and pyroxene. Accessory phases include magnetite, hematite, chalcopyrite, goethite, calcite, clinochlore, limonite and Jarosite.
   Representative whole-rock analyses of plutonic rocks from the Pluton are given in Table 1. In the QAP and Ab–An–Or diagrams, all samples plot within the granite, monzonite and diorite field. The majority of rocks are metaluminous (A/CNK varies from 0.14 to 0.52) and display a tholeiitic trend on the diagram (Fig. 2). The trace-element data for the granites of the pluton show similar levels of Rb, Cs, Ba, Sr, Ga, Pb and Nb enrichment (Table 2). 
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Fig. 2. Tholeiitic trend in the igneous rock of Pasa Kuh ore deposit
   A number of diagrams have been used to discriminate the tectonic environment of granitic rocks. Figures 4 and 5 show that the granites of the Pluton largely in the volcanic arc and syn-collisional granite field of the Nb vs. Y and Rb vs. Y + Nb tectonic diagrams (Pearce et. al., 1984). The granites show uniform depletion of LREE and HREE, with LREE being more enriched relative to HREE. 

   Magnetite is concentrated in certain beds of varying thickness. Some of the hematite-rich beds do not contain any magnetite. Magnetite deposition and sodium-rich alteration zones predominate in the deeper parts of the ore deposit, whereas hematite and copper-sulfide minerals are more prevalent in shallower parts. The distribution of trace elements in magnetite (Si, Al, Mg, Ca, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Pb, P, Mo, W, Sn and Zr), were characterized using ICP-MS. The partitioning behavior of trace elements between magnetite, the melt/fluid, and co-crystallizing phases were characterized using a multi-element diagram. The diagram reflects the composition of the melt/fluid, which in magmatic and hydrothermal systems varies with temperature. Thus, it is possible to distinguish chemical zonation of magnetite in hydrothermal deposits as the mineral records the changing conditions and composition of the fluid during crystal growth. 
   The abundance of TiO2 varies between 0.07 and 3.38 wt.%, and P2O5 is in the range 0.02–0.45 wt.%, with both oxides showing enrichment with increasing MgO. 

Both TiO2 and Fe2O3(tot) increase slightly with increasing MgO, indicating that magnetite or titanomagnetite were major fractionating phases and magnetite was fractionating at an early stage of magmatic evolution. SiO2 varies between 57 and 66 wt.%. A release of SiO2 to the fluids is one important factor for the later formation of silicified veins. Al2O3 for most samples is not uniform and varies between 0.84 and 11.67 wt.%,. An andesite with 57.44 wt.% SiO2, and relatively high P2O5 of 0.45wt.% was observed in the area.
   Mineralogical, petrological and geochemical investigations of rock samples from the Pasa Kuh ore deposits reveal a large variety of mineralization styles. The deposit is characterized by magnetite and hematite concentrations with distinctly low titanium contents (<2% TiO2) and contain copper sulfide minerals (e.g. chalcopyrite).
Table 1. Representative chemical analyses of intermediate and granite rocks from the Pasa Kuh area
	Oxides
	S9125
	S9126
	S9127
	S9128
	S9185

	SiO2
	65.84
	64.67
	59.13
	64.32
	57.44

	TiO2
	0.11
	0.07
	0.3
	0.37
	3.38

	Al2O3
	1.26
	0.84
	4.19
	5.39
	11.67

	Fe2O3
	23.62
	25.59
	15.93
	11.11
	11.94

	MnO
	0.06
	0.07
	0.15
	0.13
	0.07

	MgO
	0.5
	0.37
	1.47
	1.79
	1.92

	CaO
	5.25
	5.91
	10.43
	7.85
	1.61

	Na2O
	0.1
	0.11
	0.24
	1.32
	2.29

	K2O
	0.11
	0.01
	0.71
	1.17
	4.98

	P2O5
	0.04
	0.02
	0.14
	0.16
	0.45

	L.O.I
	2.77
	1.98
	6.68
	6.54
	4.03

	Total
	99.66
	
	
	
	

	A/CNK
	0.23

metaluminous
	0.14

metaluminous
	0.40

metaluminous
	0.52

metaluminous
	1.31

peraluminous


   The range in Cu (117–24199 ppm) reflect the high mobility of this element during hydrothermal alteration although the highest altered samples display the highest concentration (35800 ppm). This suggests that the variation in Cu is not related to alteration but may reflect the influence of sulphide separation. Due to the formation of clinopyroxene, dioritic intrusions act as a sink for MgO during alteration. Interaction between diorites and hydrothermal fluids leads to significant redistribution of SiO2, TiO2, CaO, and Na2O as well as numerous trace and rare elements. The different kinds of alteration and their associated element changes reveal that samples from the Pasa Kuh field have been influenced by some hydrothermal fluids. Therefore, the hydrothermal fluid-dominated alteration of the intermediate rocks is a sink for many trace and rare elements which were provided by intermediate intrusions and mobilized by hydrothermal fluids and melt-rock interaction. 
   Ni and Cr abundances are generally low, with averages around 11 ppm, consistent with the evolved nature of these samples indicated by the generally low Mg. Samples. However, the former sample displays both the high Ni (153 ppm) and Cr (360 ppm) consistent with a primitive magma composition, whereas the latter has high-Cr (394 ppm) but low-Ni (44 ppm) concentrations. The correlation between Ni, Cr and MgO indicates that pyroxene fractionation have occurred. 

   Cu ranges between 117 and 24199 ppm but is high in most samples with an average of 8060 ppm. Y (1–21 ppm) and Zn (24–211 ppm) all show increases with decreasing MgO, by fractionation of plagioclase and pyroxenes. All samples are light-REE-enriched relative to chondrite ((La/Sm) C1=1.1–4.0 and several show negative Eu anomalies. 
Table 2. Trace and rare elements of intermediate and granite rocks from Saadat Abad area
	Element
	S9291
	S9292
	S9293
	S63
	S50

	Ag
	0.59
	0.45
	0.31
	0.2
	0.23

	As
	6.2
	107.4
	21.45
	2.6
	8.7

	Cd
	0.2
	0.36
	12.1
	0.23
	0.2

	Ce
	12
	11
	2
	51
	36

	Co
	10
	35
	8
	111
	22

	Cr
	2
	28
	15
	115
	4

	Cu
	946
	24199
	12446
	117
	709

	La
	12
	11
	2
	40
	32

	Li
	13
	29
	5
	5
	13

	Mo
	4.7
	16.9
	18.4
	1.32
	2.3

	Ni
	3
	16
	12
	11
	8

	Pb
	42
	50
	6
	18
	29

	S
	66
	48.31
	6280
	475
	71

	Sb
	12.2
	1.59
	646
	1.14
	1.82

	Sc
	7.4
	7.8
	2.3
	4.2
	10.2

	Th
	5.3
	5.2
	5.4
	27.7
	8.9

	V
	78
	154
	76
	53
	97

	Y
	6
	11
	1
	21
	16

	Eu
	0.9
	0.8
	0.2
	1.2
	0.9

	Zn
	70
	211
	48
	24
	39


   Fractional crystallisation has controlled some of the chemical variation of the microdiorites. However, distinctive features of the basalts include high La/Nb (2– 7), high La/Ti and high large ion lithophile element concentrations, combined with low-Ti/Zr ratios (~35) and negative Nb and Ti anomalies. These features may be associated with crustal contamination. The mineralization at Pasa Kuh field is a combination of melt/rock interactions, intermediate intrusions plus interaction of hot hydrothermal fluids. These processes lead to significant gains and losses of major, trace and rare elements. The process within the magmatic field proceeds mainly isochemical for the major elements (Fe, Cu) but the concentration of the trace elements increases significantly in the altered rocks. 
   The mineralogical and petrological studies have revealed major factors which appear to control the polymetallic mineralization in the Pasa Kuh ore deposits are as following: I) magmatic emplacement involving immiscible iron-rich melts, II) syngenetic exhalations, III) hydrothermal activities, IV) faults and V) hydrothermal circulation throughout faults and joints.
Conclusions
   The mineralogical, petrological and geochemical investigations of felsic and intermediate samples from the vicinity of the Pasa Kuh hydrothermal field revealed that the alteration of intermediate rocks in the area of Pasa Kuh was isochemical. 

   The physicochemical environments and faulting mainly control the increase of trace and rare elements in rocks. Strong hydrothermal input to the host-rocks at Pasa Kuh leads to a significant enrichment of Cu and the LREE. Intermediate and felsic intrusions play a major role in providing major elements as well as numerous trace elements to the circulating fluids. MgO and FeO are the only element oxides that show distinct increases in intermediate rocks, which is related to the formation of Mg-rich silicates like clinopyroxenes. The significant loss of SiO2 from intermediate rocks and the enrichment of SiO2 in the felsic rocks at Pasa Kuh field may indicate that intermediate intrusions are possible heat sources to drive the hydrothermal activity at Pasa Kuh field. In addition an interaction between felsic melts and intermediate hostrocks lead to an increase of the relatively immobile elements in the altered rocks. Therefore, during the hydrothermal fluid alteration, the intermediate rocks are a sink for many trace elements which were provided by intermediate intrusions and mobilized by hydrothermal fluids and melt-rock interaction.
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