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Abstract: The granitoids of Dehnow in NE Iran are part of a calc-alkaline plutonic series (diorite-to-
nalite-granodiorite) that intruded the remnants of the Paleo-Tethys oceanic crust during the Triassic. 
New major and trace element data together with isotopic compositions elucidate their I-type nature 
and a deep magma origin. P-T calculations based on amphibole and plagioclase suggest crystalliza-
tion stages in the upper lithosphere at an approximate pressure of 6.4 kbar and temperature of 708 
°C. The Dehnow granitoids are characterized by high concentrations of LILE, LREE, HFSE and 
low concentrations of HREE, similar to some worldwide I-type granites, including examples from 
Harsit (along the Alpine-Himalayan suture zone), Iberia and the Martins Pereira plutons. The new 
geochemical data in combination with mineral parageneses and field observations suggest that the 
origin of the low temperature, Caledonian-type, arc-related granitoids of Dehnow resulted from the 
subduction of the Paleo-Tethys oceanic slab beneath the Turan block (along the Alpine-Himalayan 
suture zone) and involved the contribution of lower crust and mantle melts in this collisional setting. 
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Introduction

As a major component of the continental crust, grani-
toids provide important clues on lithospheric evolution 
and tectonics. They originate from a wide range of 
source settings from mantle to upper crust and show 
various magma evolutions. For many years, genesis 
and classification of granites were the main themes of 
many publications (e.g. Chappell & White 1974; Bar-
Barin 1999; Frost et al. 2001, etc.). A fundamental 
subdivision between I- and S-types was proposed by 
Chappell & White (1974) on the basis of petrographic 
and geochemical characteristics of the Lachlan Fold 
Belt (LFB) granitoids, southeastern Australia. S-Types 
are interpreted to result from partial melting of meta-
sedimentary source rocks, a process called anatexis. 
I-type granites are produced either directly by frac-

tional crystallization of mantle-derived liquids, direct 
partial melting of mantle-derived source rocks in the 
crust, or melting of mantle modified by silicic melts 
(pyroxenitic veins). Therefore, the source materials 
for I-type granites are broadly basaltic to andesitic in 
composition (Chappell & White 1992; pitCher 1993). 
Characteristics of I- and S-type granites are available 
in Table 8.3.1 in Gill (2010). One important contrast-
ing feature of S-type granites is that they are always 
peraluminous with excess Al hosted in Al-rich biotite, 
cordierite, or muscovite. In comparison, the least felsic 
I-type granites are metaluminous (some weakly pera-
luminous) while their excess Al is a function of the 
melting process, and unrelated to the bulk composi-
tion of the source (Chappell et al. 2012). Chappell & 
White (1984, 1992) and Chappell et al. (1998) con-
firmed the I- and S-types subdivision and proposed 
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that I-type granites occur as two distinct groups, high- 
and low-temperature, based on the absence or presence 
of inherited zircons, respectively. The “high-tempera-
ture” I-type granites are the most primitive and form 
by partial melting of mafic rocks in the deep crust, 
or perhaps in subduction-modified mantle at tempera-
tures higher than 1000 °C (Chappell et al. 1998), and 
are dominantly high-Ca tonalitic to low-K granodior-
itic rocks. These granites, called Cordilleran I-type, 
occur in younger subduction-related continental mar-
gins (pitCher 1993). The “low temperature” granites 
formed by partial melting of quartzo-feldspathic crust 
at low magmatic temperatures of ~700-800 °C (Chap-
pell et al. 1998). Low-temperature I-type granites, 
known as Caledonian I-type, are commonly associ-
ated with S-type granites (pitCher 1993).

Plutonic rocks of diverse compositions crop out 
in Iran (BerBerian 1981, haGhipour & aGhanaBati 
1989), particularly in the Central Iran Plate (CIP) and 
the Sanandaj-Sirjan Metamorphic Zone (in the NW to 
SE of Iran) (Jamshidi-Bahr et al. 2013). Distinct grani-
toid suites, i.e., monzogranite, granodiorite, tonalite, 
and diorite, occur in the Mashhad area. While the 
large granodiorite and monzogranite intrusions make 
up the Mashhad batholiths, an isolated heterogeneous 
pluton comprising Diorite, Tonalite and Granodiorite 
(DTG) occurs in the Dehnow area. This pluton in-
truded pre-Late Triassic metamorphosed rocks and is 
characterized by a narrow contact aureole. Previous 
works considered the Mashhad granites to be part of 
the CIP (e.g. soltani 2000), but ZanChi et al. (2011) 
included them in the Turan Platform. NE Iran is a key 
location for studying the Cimmerian Orogeny, which 
is the result of the Late Triassic collision between the 
CIP and Eurasia, and the closure of the Paleo-Tethys. 
Although recent analyses of the Cimmerian evolution 
have been performed in the Alborz Belt, studies in 
NE Iran are scarce (ZanChi et al. 2011). The Mash-
had granitoids are a part of the Mashhad-Pamir Arc. 
natalin & senGor (2005) and mirneJad et al. (2013) 
considered them as a part of the so-called Silk Road 
arc that extended for 8300 km along the entire south-

ern margin of Eurasia from North China to Europe 
and formed as the result of north-dipping subduction 
of the Paleo-Tethys. 

This study fills the missing gap of geochemical data 
of I-type granitoids from the Mashhad-Pamir arc in 
NE Iran. Here, we present new insights and reconsider 
the source and genesis of the Dehnow granitoids based 
on electron probe micro analyses (EPMA), X-ray fluo-
rescence (XRF), and inductively coupled plasma mass 
spectrometry (ICP-MS) data. We also reevaluate the 
whole rock and isotope data of previous studies. In ad-
dition, a geochemical comparison was made between 
the granitoids of the Dehnow pluton and those I-type 
granite suites from Harsit, in the western portion of 
Alpine-Himalayan fold-and-thrust belt, Martins Perei-
ra, Iberia and the Lachlan Fold Belt to better constrain 
the plutonic events related to the collision of the Turan 
and CIP via the closure of Paleo-Tethys in the center of 
the Alpine-Himalayan Orogen.

Geo-tectonic background

Iran is located in the middle of the Alpine-Himalayan 
Orogen and was produced by collision between the 
Eurasian Plate to the north, and the Afro-Arabian 
Plate to the southwest. The Alpine-Himalayan Oro-
gen forms a continuous range of suture zones from 
the eastern Mediterranean to the NW Himalayan belt 
(Fig. 1A). The Binaloud Mountains that extend along 
the Paleo-Tethys suture of northern Iran are located 
in the southern part of the Kopeh Dagh zone (Turan 
Plate) and form a transition zone between the Alborz 
and Central Iran zones (Fig. 1A). During Mesozoic 
time, the convergence occurring between the CIP and 
Turan plate continued with NE trending compression 
that caused folding of older rocks in the Kopeh Dagh 
area. In the Binaloud area this deformation generated 
several SE to SW vergent thrust fault systems, resulting 
in the imbrication of Paleozoic and Mesozoic succes-
sions and Neogene sediments at the southern border 
of the Binaloud Mountains (sheikholeslami & kouh-

Fig. 1. A – Simplified main tectonic and orographic units from the Black Sea to Iran and the Pamir (modified after natalin 
& senGor 2005) (DZ: Dzurila massif, EAAC: East Anatolian Accretionary Complex (Late Cretaceous to Early Oligocene), 
SSZ: Sanandaj Sirjan Metamorphic Zone, ZTZ: Zagros Thrust Zone, GRZ: Gorgan Rasht Zone, CIP: Central Iran Plate). B 
– Geological map of the Mashhad area. C – Locations of the samples on the Dehnow geological map, NW of Mashhad city.
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peyma 2012). The Paleo-Tethys suture zone includes 
meta-ophiolites and meta-flysch sequences. Tectonic 
reconstructions suggest that the Silurian opening of 
the Paleo-Tethys in northern Iran was followed by 
northward subduction beneath the Turan Plate (the 
southern part of Laurasia) in the Late Devonian, sub-
sequent Cimmerian collision between the Iranian 
Microcontinent and Turan Plate, and obduction dur-
ing the Late Triassic (alavi 1991; natalin & senGor 
2005; karimpour et al. 2010). maJidi (1981) compared 
the meta-flysch with similar, but less metamorphosed, 
fossil-bearing rocks exposed 150 km southeast of 
Mashhad and suggested a Devonian-Carboniferous 
age for them. The meta-ophiolites and granites in the 
Mashhad area are surrounded by metamorphic rocks, 
consisting of well-layered slate, phyllite, schist, horn-
fels, marble, quartzite, and skarn (samadi et al. 2012, 
2014). The Paleo-Tethys remnants (meta-ophiolite and 
meta-flysch) were intruded by granitic rocks in Trias-
sic times (karimpour et al. 2010).

The Mashhad granitoids have been the focus of 
many studies (e.g. alavi & maJidi 1972; alBerti & 
moaZeZ-lesCo 1974; maJidi 1978; mirneJad et al. 
2013). The Dehnow granitoids have been partly inves-
tigated by samadi (2009, 2014), valiZadeh & karim-
pour (1995), karimpour et al. (2010) and mirneJad 
et al. (2013). The Mashhad granitoid suites intruded 
a metamorphic complex. valiZadeh & karimpour 
(1995) suggested that these intrusives belong to the 
S-type granites, and originated from the lower conti-
nental crust in the early stage of collision. Neverthe-
less, chemical analyses of different granitoid suites 
from the Mashhad area indicate metaluminous I-type 
and peraluminous S-type components (iranmanesh 
& sethna 1998). mirneJad et al. (2013) classified 
the granitoids of the Mashhad area into I- and S-type 
granites, related, respectively, to subduction and colli-
sion settings.

The Dehnow pluton intruded along the Paleo-
Tethys suture and the outcrop is approximately 1 km 
by 2 km in size (Fig. 1A-B). This pluton is cross-cut 
by NW-SE trending shear zones exhibiting intense 
ductile deformation. Rocks along these shear zones 
include protomylonite, mylonite and ultra-mylonite 
with a steeply dipping mylonitic foliation and a gen-
tly plunging stretching lineation. These fabrics formed 
during the Cimmerian Orogeny between Late Trias-
sic and Early Jurassic (rahimi & aliZadeh 2010). The 
main lithological units in this area are diorite, tonalite, 
granodiorite, hornfels and micaschist. These litholo-
gies are part of the NW-SE trending granitoid-meta-

morphic complexes cropping out in the west to south 
of the Mashhad area. The Dehnow granitoid was em-
placed in the axial zones of second generation folds in 
low to medium grade metamorphosed pelitic, psam-
mitic and carbonate rocks (moaZeZ-lesCo & plimer 
1979). samadi et al. (2012) indicate that the already-
metamorphosed flysch and garnet micaschist of Deh-
now have undergone metamorphic P-T conditions of 
~5.3 kbar, ~569 °C under lower amphibolite facies 
conditions prior (to synchronous) with intrusion. Re-
cent work by karimpour et al. (2010) proposed that the 
source of the Dehnow granitoids was continental crust 
(S-type granitoid), including metagreywacke to me-
tapelite. maJidi (1983) dated the Dehnow granodiorite 
by the K-Ar method and reported ages of 211-215 Ma 
(Late Triassic, Norian). Later work by lammerer et al. 
(1984) and alavi (1991) suggested an Early Permian 
age (~256-245 Ma, based also on K-Ar geochronol-
ogy). However, recent U-Pb dating of zircon yielded 
an age of 215± 4 Ma for the Dehnow granitoids (kar-
impour et al. 2010). 

Analytical methods
Major oxide analyses of minerals were carried out using a 
wavelength-dispersive electron probe micro analyser, JEOL 
JXA-8800, at the Japanese Agency for Marine-Earth Sci-
ence and Technology (JAMSTEC). The operating con-
ditions were 15 kV accelerating voltage and 15 nA beam 
current. Standard corrections of atomic (Z) number fac-
tors ( = ZAF) were performed. Natural and synthetic min-
erals of known composition were used as standards. The 
structural formula of epidote, biotite and plagioclase and 
ilmenite are calculated on the basis of, respectively, 12.5, 
22, 8 and 12 oxygen atom per formula unit. The structural 
formula of amphibole is calculated based on 23 atoms of 
oxygen and 13-CNK (CaO+Na2O+K2O) cation normaliza-
tion and charge balance. The average compositions and for-
mula units of minerals in the Dehnow granitoids are given 
in Table 2 (see Appendix). Whole rock major element con-
centrations including nine major oxides (SiO2, TiO2, Al2O3, 
MnO, MgO, CaO, K2O, Na2O, P2O5) were measured on 
pressed powder tablets by X-ray fluorescence (XRF) using 
a Philips PW 1480 wavelength dispersive spectrometer with 
a Rh-anode X-ray tube and a 3 MeV electron beam Van de 
Graaff Accelerator, at the Geological Survey of Iran. The 
analyses have an uncertainty of 0.1 wt% and some selected 
trace elements have an uncertainty of 0.1 ppm. The quality 
of the analytical results was assessed by comparison with 
certified standard reference materials of GSP-2 prepared 
by the USGS. The trace element data were measured at the 
Activation Laboratories, Ontario, Canada (ActLabs). The 
whole rock samples were digested by lithium metaborate/
tetraborate fusion and analysed with a Perkin Elmer Sciex 
ELAN 6000, 6100 or 9000 ICP/MS. Three blanks and five 
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controls (three before each sample group and two after) 
were analysed per group of samples. Duplicates are fused 
and analysed every 15 samples. The instrument is recali-
brated every 40 samples. The error for standards BIR-1a, 
W-2 and J-1 run with the samples is better than 5% relative 
to the certified values for the trace-elements and better than 
1% for major element data (with the exception of Na2O and 
MnO, which are better than 3%). The blanks ran with the 
samples were below the detection limit for all the elements 
reported. Whole-rock compositions of representative sam-
ples from Dehnow granitoids and surrounding micaschist 
are given in Table 3 (see Appendix).

Data and results

Mineralogy and mineral composition

The Dehnow pluton is medium-grained with a het-
erogeneous compositional range of diorite, tonalite to 
granodiorite. It is surrounded by micaschist and horn-
fels for which the protolith is interpreted to be shale. 
A narrow layer (~200 m) of hornfels developed in the 
contact aureole of this pluton. Following the emplace-
ment of the pluton, low grade regional metamorphic 
activity led to the formation of a weak foliation in the 
intrusive rocks. The granitoid outcrops are dispersed 
in the area and the pluton is mostly covered by Qua-
ternary gravel fan deposits (Fig. 1C). However, sam-
pling was done from micaschist and hornfels at the 
contact zone, toward the inner outcrops of pluton in 
the south, east and west. After ~200 meters from the 
contact zone, diorite, tonalite and granodiorite were 

sampled. The granodiorite samples are mostly from 
the inner portions of the pluton that are selected from 
~3 kilometers from the contact zone in the south. Sam-
ples from other locations are mostly tonalite (Fig. 1C). 
The DTG are dominated by a granular texture (Fig. 
2). Sedimentary enclaves and metamorphic minerals 
(e.g. cordierite, sillimanite) are not found in the stud-
ied granitoid pluton. The modal composition of DTG 
is presented in Table 1 (see Appendix). Diorites and 
tonalites are composed of quartz, plagioclase (andes-
ine to labradorite, Table 2; see Appendix), amphibole 
(ferro-hornblende to ferro-tschermakite hornblende, 
Fig. 3A), biotite (Fig. 3B) and alkali-feldspar as major 
igneous mineral phases, ilmenite, epidote and garnet 
as minor minerals, and smaller amounts of muscovite 
and chlorite as secondary minerals. Granodiorite is 
composed of quartz, plagioclase, alkali-feldspar and 
biotite as main mineral phases, and ilmenite, musco-
vite, garnet and amphibole as minor minerals. The bi-
otites are characterized with average Fe/(Fe+Mg) of 
0.60 and AlIV of 2.51 a.p.f.u (Table 2). Some biotites 
formed at the expense of amphibole through the later 
metamorphism. Garnet has a widespread but rare oc-
currence through the pluton. 

The hornfels consists of quartz, feldspar (albite 
to oligoclase), muscovite, biotite (with average Fe/
(Fe+Mg) of 0.35 and AlIV of 2.59 atom per formula 
unit), almandine-spessartine garnet, andalusite, chlo-
rite, tourmaline, fibrolite and ilmenite. It has a por-
phyroblastic texture in which porphyroblasts of garnet 

Fig. 2. A – Amphibole (Amp), biotite (Bt), quartz (Qtz) and plagioclase (Pl) in tonalite. Amphibole is replaced by biotite 
around the rims and fractures. B – Back-scatted image of amphibole and biotite with inclusions of quartz and ilmenite.
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Fig. 3. Composition of: A – Amphibole based on the classification of haWthorne & oBerti (2007). B – Biotite based on the 
classification of deer et al. (1992), in Dehnow DTG. 

Fig. 4. 
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and andalusite are scattered through the fine-grained 
matrix. To the northwest of the margin of the Dehnow 
pluton, an outcrop of micaschist with a considerable 
topographic relief relative to the granitoid is present. 
The micaschist contains fewer felsic minerals than 
the hornfels and it is composed of quartz, alkali feld-
spar, plagioclase (albite-oligoclase), muscovite, biotite 
(characterized by average Fe/(Fe+Mg) of 0.32 and AlIV 
of 2.68 atom per formula unit), almandine-spessartine 
garnet, andalusite, small euhedral to subhedral tour-
maline, chlorite and ilmenite with a porphyroblastic 
texture. 

Whole-rock geochemistry

The SiO2 contents of Dehnow granitoids range from 
55-59 wt% in diorite, 60-64 wt% in tonalite and 65-
67 wt% in granodiorite. The modal composition indi-
cates a diorite to tonalite and granodiorite composition 
(Fig. 4A). The alkali vs. silica diagram of middlemost 
(1994) for the plutonic rocks suggest chemical compo-
sitions that range from diorite to tonalite and granodi-
orite (Fig. 4B). On the basis of the igneous spectrum 
of huGhes (1973) they are partially K-altered, thus 
showing a medium to high K-calc-alkaline affinity on 
the magmatic series K2O versus SiO2 discrimination 
diagram (Fig. 4C). According to the MALI index of 
Frost et al. (2001), the tonalite and granodiorites are 
calcic, whereas diorites are calc-alkalic (Fig. 4D). The 
major elements show variations from the granodiorite 
and tonalite towards diorite in the margin of the plu-
ton with a negative correlation between the SiO2 con-
centration and Al2O3, FeO, MnO, MgO and CaO con-
tents. The Dehnow pluton shows enrichment of light 
rare earth element (LREE) and large ion lithophile 
elements (LILE) (Fig. 5A-B). It differs from the lower 
crust composition in Cs, Rb, Th, U, Nb, Ta, K and Pr 
concentrations (Fig. 5B). The samples lack concave-
upward REE patterns, suggesting that amphibole and 
garnet were not involved in magma generation and 
segregation. The Ti, Pb and Y contents suggest dif-
ferentiation from granodiorite, to tonalite and diorite. 
In addition, the LREE are more enriched in granodi-

orite and tonalite, whereas the heavy REE (HREE) are 
more enriched in the diorite (Fig. 5). Dehnow diorite 
has a (La/Yb)cn of 13.52-14.36, (Tb/Yb)cn of 1.54-1.64, 
(La/Sm)n of 4.02-4.20 and negative Eu anomalies (Eu/
Eu* = 0.78-0.88), whereas the tonalite is characterized 
by higher (La/Yb)cn of 24.85, higher (Tb/Yb)cn of 2.17 
and similar (La/Sm)n of 4.46 and negative Eu anoma-
lies (Eu/Eu* = 0.88). 

karimpour et al. (2010) reported Sr and Nd ra-
diogenic isotope compositions of Dehnow diorite as 
87Sr/86Sr = 0.707949, 143Nd/144Nd = 0.512059, and εNd 
= -5.9 and mirneJad et al. (2013) obtained 87Sr/86Sr = 
0.710905, 143Nd/144Nd = 0.512195, and εNd = -6.1 for a 
tonalite sample (sample VA) and 87Sr/86Sr = 0.709889, 
143Nd/144Nd = 0.512234, and εNd = -5.5 for a diorite 
sample (sample VR). The (87Sr/86Sr)I values increase 
from diorite to tonalite whereas εNd and 143Nd/144Nd de-
crease (Fig. 7). 

Although the composition of the pluton is not ho-
mogenous, it drastically differs from the metapelites 
in composition. For example, the Fe2O3, Al2O3, and 
K2O contents are higher in hornfels and micaschists, 
whereas CaO, MgO, Na2O and P2O5 are lower in com-
parison. The hornfels have a (La/Yb)cn of 12.519, (Tb/
Yb)cn of 1.423 and negative Eu anomalies of 0.732. The 
micaschist samples have lower (La/Yb)cn of 10.464 and 
9.969, and similar (Tb/Yb)cn of 1.457 and 1.274 and 
negative Eu anomalies of 0.694 and 0.703. In contrast, 
Dehnow micaschists and hornfels have REE patterns 
that resemble those of the North American shale com-
posite and the average upper crust, with the exception 
of their being depleted in Ba and Sr, and enriched in 
Sm and Y (Fig. 5C). 

Discussion

P-T conditions of magma crystallization

The Al-in-hornblende geobarometer is based on the to-
tal Al-content in magmatic hornblende buffered by the 
eight-phase assemblage plagioclase+K-feldspar+ 
quartz+biotite+epidote or magnetite+rutile+ilmenite+ 
melt (sChmidt & poli 2004). The calculated pressures 

Fig. 4. Discrimination diagrams for the Dehnow granitoids. A – Modal QAP diagram of streCkeisen (1974). B – Total alka-
lis vs. silica (TAS) vs. SiO2 classification diagram for plutonic rocks (after middlemost 1994). C – K2O vs. SiO2 magmatic 
series diagram from riCkWood (1989) and peCCerillo & taylor (1976). D – Na2O+K2O-CaO vs. SiO2 diagram of Frost et 
al. (2001).
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are 6.2, 6.6 and 6.6 kbar using the calibrations of ham-
marstrom & Zen (1986), hollister et al. (1987) and 
sChmidt (1992), respectively. Amphibole-plagioclase 
thermometry of DTG based on the calibration by 

Blundy & holland (1990), based on the reaction of: 
edenite+4quartz = tremolite+albite, indicates a tempe-
rature of ~700 ± 7 °C. The average calculated P-T va-
lues correspond to emplacement and crystallization in 

Fig. 5. A – Chondrite-normalized trace element patterns for Dehnow granitoids. B – Primitive mantle-normalized patterns. 
C – North American composite shale-normalized patterns for Dehnow micaschist and hornfels. The average lower crust 
values are from Weaver & tarney (1984) and taylor & mClennan (1985, 1995), average middle crust values are from 
Weaver & tarney (1984) and rudniCk & Gao (2003), and average upper crust from taylor & mClennan (1985, 1995) and 
rudniCk & Gao (2003). 
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the upper lithosphere and they confirm that the equili-
brium condition of amphibole and plagioclase crystal-
lization was ~6.4 kbar, ~700 °C at a depth of ca. 22 km. 
Experimental petrology (rutter & Wyllie 1988; 
skJerlie & Johannes 1996; sinGh & Johannes 1996) 
reveals that partial melting of dry tonalitic rocks in the 
upper lithosphere (~20 kbar) leads to the production of 
tonalites. The heat required was caused by crustal thik-
kening as intrusives cool (i.e. latent heat of fusion) or 
by thermal conduction from mafic magmas from the 

mantle wedge that underplated, or were emplaced 
within the continental crust (e.g. huppert & sparks 
1988). On the basis of P-T diagrams of Ti-bearing pha-
ses of liu et al. (1996), the presence of ilmenite in the 
Dehnow DTG indicates emplacement conditions of 
P<12 kbar and T>750 °C. This is also confirmed by the 
occurrence of epidote. Its average pistacite component 
(Ps = 0.18, Table 2) and low TiO2 contents (<0.17%) 
suggest that epidote is a primary mineral according to 
the criteria of evans & vanCe (1987). The presence of 

Fig. 6. Discrimination diagrams for the Dehnow granitoids. A – A-B diagram (deBon & le Fort 1983) with fields of vari-
ous types of peralkaline rocks as outlined by villaseCa et al. (1998). Boundary line of I- and S-type granitoids is drawn 
based on data from the Lachlan Fold Belt (White & Chappell 1989). FP = highly felsic peraluminous granitoid, HP = 
highly peraluminous granitoid, MP = moderately peraluminous granitoid, LP = low peraluminous granitoid. B – Molecu-
lar Al2O3/(Na2O+K2O) vs. molecular Al2O3/(CaO +Na2O+K2O) diagram (maniar & piCColi 1989). C – Molecular Al2O3/
CaO+Na2O+K2O vs. SiO2 diagram. D – (Na2O+K2O)/(FeO+MgO+TiO2) vs. Na2O+K2O+FeO+MgO+TiO2 plot (almeida et 
al. 2007).
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such magmatic epidote inclusions in magmatic amphi-
bole endorsed the primacy of epidote crystallization. 
According to sChmidt & poli (2004), the appearance 
of epidote before hornblende during the crystallization 
history of a cooling DTG magma may occur below 10 
kbar. The temperature calculated by amphibole-horn-
blende thermometry is not the highest temperature li-
mit at which melt crystallized, but it is the temperature 
at which plagioclase and hornblende have simulta-
neously formed and equilibrated. Therefore, during 
magma ascent and emplacement of the pluton, the cry-
stallization succession epidote, amphibole, plagioclase 
occurred over an approximate pressure range that de-
creased from >12 to ~6 kbar and at temperatures decre-
asing to an average temperature of 700 °C, i.e. the equi-
librium temperature of plagioclase and hornblende.

I-type affinity

As Chappell & White (2001) suggested, the I- and 
S-type subdivision is not simply one that reflects dif-
ferent compositions, but also refers to source rocks 
of fundamentally different origins involving prior in-
fracrustal and supracrustal origins. For both I- and S-
type granites, melting of the source rocks at minimum 
temperatures results in a slightly peraluminous com-
position known as the “minimum-melt” composition 
(Chappell & White 1992). In this case, the magma 
or “minimum-melt” plus restite will initially have the 
same composition as that of the crustal source mate-
rial. As the mantle is the ultimate source of all I-type 
granites, with fractional crystallization and/or restite 
separation, a range of compositions between “mini-
mum-melt” and mantle-derived material is produced 
(Chappell et al. 1998; Chappell 1999). Partial melt-
ing of metapelitic and upper crustal sources is not ad-
missible for the Dehnow magma, because no minera-
logical or geochemical correlation was found between 
Dehnow granitoids and surrounding metapelites. The 
higher amount of Ca-bearing minerals (e.g. plagiocla-
se, amphibole, epidote, etc.) in the granitoids led to 
lower alumina saturation indices (A/CNK) ( = molar 
Al2O3/(CaO+Na2O+K2O), Na2O/CaO and Rb/Ba ratios 
compared to those of the metapelites. While the me-
tapelitic samples are mostly enriched in K-rich feld-
spars and micas, Rb/Ba, Zr, Zn, V, Rb, and Y values 
also show a smooth decrease toward the granitoid mar-
gins but distinctly increase in the hornfels and schists 
(Table 3, see Appendix). The I-Type affinity and mag-
matic source of the Dehnow granitoid is discussed in 
the following paragraphs.

The presence of magmatic amphibole is an indica-
tor of I-type magma by BarBarin (1999) and amphib-
ole in the Dehnow pluton is within the compositional 
range of hornblendes in I-Type granites studied by 
Zen (1986). Based on the MgO-Al2O3 discrimination 
diagram (Fig. 2 in villaseCa et al. 2009), the biotite 
composition (MgO~8.33 and Al2O3~16.50) supports 
an I-type affinity of the host rock as well. 

The aluminum saturation index of the Dehnow 
samples is 0.47 and that of the I-Type granite of Zen 
(1986) is 0.33-0.70. There are no large, discrete apa-
tite crystals, which are known to be common in S-type 
granites as described by Chappell & White (1974). 
The lack of enclaves of supracrustal origin in those 
granites, apart from xenoliths of local country rock, 
is further evidence that the source rocks of the Deh-
now granitoids were infracrustal I-type granites Chap-
pell & White (2001). While the S-type granites are 
restricted to higher SiO2 contents (>60 wt%), Dehnow 
granitoids have a broad spectrum of compositions 
from diorite to tonalite and granodiorite that can be 
attributed to an I-type granitoid sequence (Chappell 
& White 1974). The compositions of the Dehnow 
granitoid samples lie in the metaluminous to peralu-
minous field, with an A/CNK of 0.93-1.05, indicating 
their I-type nature as do the discriminant diagrams 
of Al-(K+Na+2Ca) vs. Fe+Mg+Ti, molecular Al2O3/
(Na2O+K2O) vs. molecular Al2O3/(CaO+Na2O+K2O) 
and Al2O3/CaO+Na2O+K2O vs. SiO2 (Fig. 6A-B-C). 
According to the (Na2O+K2O)/(FeO+MgO+TiO2) vs. 
Na2O+K2O+FeO+MgO+TiO2 diagram, the Dehnow 
granitoids may derive by partial melting of amphibo-
lite (metabasalt) in the source (Fig. 6D). Experimental 
studies of Chappell et al. (2012) showed that clinopy-
roxene and other Ca components in the source can 
dissolve in the melt at higher temperatures of partial 
melting, with the melt eventually becoming metalu-
minous. The later K-alteration effects may have par-
tially caused the high potassium content of these rocks 
(Fig. 6C) as we mentioned before. However, even if the 
source rocks contained less than 50% of the current 
K2O content (~1 wt%), the A/CNK ratio did not sig-
nificantly increase, as is common for S-type granitoids 
(i.e. A/CNK>1). Following Chappell et al. (2012), the 
absence of older, inherited zircon in the Dehnow sam-
ples support the high temperature I-type character of 
the granitoid. Chappell & White (1992) suggested 
that I-type granites have initial 87Sr/86Sr ranging from 
0.704 to 0.712 and εNd ranging from -3.5 to -8.9. For 
batholithic S-type granites the corresponding values 
are 0.708 to 0.717 and -5.8 to -8.8. However, there is 
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a large overlap between the initial Sr and Nd isotope 
compositions of I- and S-type granitoids, with con-
tinuity in 87Sr/86Sr from 0.704 to 0.720. Chappell & 
White (2001) concluded that the cause of overlap is not 
known, but proposed that it was the result of deriva-
tion from a range of source rocks comprising various 
proportions of igneous and sedimentary material. The 
87Sr/86Sr and εNd value of the Dehnow diorite and to-
nalite samples plot within the I-type granitic field (Fig. 
7A), with an affinity closer to the lower crust rather 
than upper crust (Fig. 7B). 

On the other hand, apart from the typically medi-
um-grained and equigranular textures, the presence of 
mafic minerals such as amphibole and biotite and the 
metaluminous and calc-alkaline compositions connect 
the Dehnow granitoids to Cordilleran and Caledonian, 
both I-type, granites. Although the Dehnow pluton is 
partially zoned from a basic margin of diorite or tonal-
ite to an acid core of granodiorite, as is known for the 
I-type Cordilleran granites (CoBBinG 2000), it shows 
some other features of Caledonian I-type granites. For 
instance, their distribution is scattered and the volume 
is small, they have a high K metaluminous and calc-
alkaline composition and moderate 87Sr/86Sr values 
(from 0.707 to 0.710) suggesting a crustal component 
in the melt source (CoBBinG 2000). In addition, the 
low temperatures obtained by amphibole-hornblende 
thermometry (~708 °C) are similar to the Caledonian 
granites or the low-temperature I-type granitoids of 
Chappell et al. (1998).

Magma genesis and tectonic setting

Petrography and geochemistry of the samples show 
that the Dehnow pluton is an amphibole-rich calc-al-
kaline granitoid (ACG). Tectonic reconstructions and 
geochemical evidence also suggest that the setting in 
which these granitoids were generated was one of oce-
anic-continental lithosphere convergence, where man-
tle melts interacted with the overriding lithosphere. 
On the ternary plot of maniar & piCColi (1989), it is 
ascribed to a POG (post-orogenic granitoid) tectonic 
setting (Fig. 8A) within a normal continental arc (Fig. 
9B). The Nb vs. Y and Rb vs. Yb+Ta discriminant dia-
grams of pearCe et al. (1984) suggest a volcanic arc 
granitoid nature for the Dehnow granitoids (Fig. 8C-
D). On the basis of the geological scheme by ZanChi 
et al. (2011), the Mashhad granitoids were emplaced in 
the Turan Plate, within the Mashhad-Pamir Arc, dur-
ing the Late Triassic collision of the Central Iran Plate 
with Eurasia and during closure of the Paleo-Tethys. 

Williams et al. (1992) noted that “zircons with in-
herited cores are rare in I-type granites, but virtually 
every zircon in the S-types contains an older core”. 
The U-Pb results of karimpour et al. (2010) also sug-
gest an igneous origin for the dated zircons and a non-
sedimentary origin for their host rock, because they 
did not report any inherited cores. Furthermore, if the 
zircons originated from the surrounding Paleo-Tethys 
metasedimentary rocks, they must have yielded much 
older ages. 

Fig. 7. A. Plot of εNd versus initial Sr isotope ratios by keay et al. (1997) in diCkin (2005). B – 143Nd/144Nd vs. (87Sr/86Sr)i plot 
of Dehnow diorite (data for sample “a” is from karimpour et al. (2010) and samples “VR” (diorite) and “VA” (tonalite) data 
are from mirneJad et al. 2013).
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Fig. 8. A. Diorite, Tonalite and Granodiorite samples on the AFM discriminant ternary diagram of maniar & piCColi 
(1989). B – Rb/Zr versus Y discriminant diagram of (BroWn et al. 1984). C – Nb versus Y discriminant diagram of (pearCe 
et al. 1984). D – Rb versus Yb+Ta discriminant diagram (after pearCe et al. 1984). E – Na2O vs. K2O plot showing com-
positional data of S-type and I-type granites from the Lachlan Folded Belt (LFB). The data of the I-type granites are from 
Harsit, Iberian and Martins Pereira areas are from karsli et al. (2010); villaseCa et al. (2009) and almeida et al. (2007), 
respectively.
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Global comparison with other I-type granitoids

I-type granitoids are orogenic granites of mixed origin 
(mantle plus crust) and are chemically consistent with 
collisional metaluminous potassic calc-alkaline gran-
ites, post-collisional metaluminous potassic calc-alka-
line granites and metaluminous calc-alkaline granites 
in subduction zones (BarBarin 1990). The two main 
tectonic environments envisaged for high-K magma 
generation are (a) continental arc (Cordilleran- or An-
dean-type) (roBerts & Clemens 1993), and (b) post-
collisional (Caledonian-type) settings (almeida et al. 
2007). Cordilleran I-types granitoids are generally 
considered to be subduction-related, occur at the bor-
ders of major continents and are more highly evolved 
than M-types (mantle derived granite). Although they 
are principally tonalitic and granodioritic, they also 
contain a proportion of monzogranite. However, post-
collisional I-type granitoids provide a bimodal asso-
ciation consisting predominantly of monzogranites 
and granodiorites in association with minor basic in-
trusives, and may also occur in close association with 
S-types which may be structurally separated, as in the 
Lachlan Fold Belt and the Scottish Caledonides (CoB-
BinG 2000). In this section we compare the trace ele-
ments of the Dehnow granitoids with some examples 
of orogenic (I-type) granites from elsewhere: 
(1) Metaluminous to peraluminous, high K - low Ca, I-
type granitoids from a collisional setting from Martins 
Pereira in southeastern Roraima State, Brazil (almei-
da et al. 2007). almeida et al. (2007) pointed out that 
an ancient plutonic collisional magmatic event (1.97-
1.96 Ga) was represented by I-type high-K calc-alka-
line granitoids. These were probably generated from 
crustal sources by partial melting, most likely during 
amalgamation of the tonalite-trondhjemite-granodior-
ite (TTG) -like Anaua magmatic arc with the Transa-
mazon and Central Amazonian terranes.
(2) Peraluminous to metaluminous, high K - low Ca, 
I-type granites from the post-collisional setting of the 
Variscan Iberian Belt in southwestern Europe (vil-
laseCa et al. 2009). For the Iberian terranes, villase-
Ca et al. (2009) proposed that oceanic lithosphere and 
therefore, metabasic or related rocks were involved in 
the genesis of post-tectonic granitic melts. However, 
they suggested that the presence of I-type granites 
could be related to differences in composition of the 
protoliths involved in the partial melting processes. 
(3) Metaluminous, high K, I-type granitoids from a 
pre- plate collisional, subduction zone setting in Harsit, 
in the western portion of the Alpine-Himalayan fold-
and-thrust belt (karsli et al. 2010). The Harsit magma 

is known to have formed in a back-arc extensional en-
vironment resulting in the opening of the East Black 
Sea Basin. The geochemical data show that assimila-
tion of upper crustal material appears plausible during 
the generation of this pluton (karsli et al. 2010).

The Dehnow granitoids, as well as these grani-
toids, are clearly excluded from the S-type granites 
of the LFB (SE Australia), but are comparable with 
I-type granites of the LFB (Fig. 8E). Dehnow grani-
toids also differ from S-type granites from Serra 
Dourada (in Brazil) (almeida et al. 2007) by having 
higher concentrations of HREE, Th, U, Pr and Eu and 
lower concentrations of LREE, Y and Ti (Fig. 9A-B). 
The compared granitoids share similar trace and rare 
earth element signatures on the chondrite- and primi-
tive mantle- normalized diagrams (Fig. 9). The general 
pattern similarity of these elements for the Dehnow 
granitoids and the I-type granitoids from Harsit, Mar-
tins Pereira and Iberia, characterized by high LREE 
contents, high field strength element (HFSE) depletion 
and flat HREE, are due to their I-type affinity (Fig. 
9C-H). A negative Eu anomaly is common for Har-
sit, Martins Pereira and Iberia granitoids, but Dehnow 
samples show no Eu anomaly. The Dehnow granitoids 
contrast with the Harsit pluton in having lower Th and 
HREE and higher LREE, Pb, Ti, Nb, U, Ta contents. 
It also shows some negligible differences with Martins 
Pereira pluton in having lower Th, U, Ti, Hf and lack-
ing a Eu anomaly, and with the Iberian plutons in hav-
ing lower Th, U and HREE and higher Pr, Sr, U, Nb, 
Ta, Zr and Ti contents. Chondrite-normalized REE 
patterns confirm that the Dehnow granitoids geo-
chemically most resemble the collisional I-type tonal-
ite to monzogranite of Martins Pereira (Fig. 9A-C-E-
G). Bulk rock compositions of the Mashhad granitoids 
suggest an arc-related setting that developed on a con-
tinental crust and finally ceased due to the collision of 
the Iranian and Turanian micro-plates in early Jurassic 
times. ZanChi et al. (2011) interpreted these units as 
remnants of a suprasubduction arc-related complex, 
grown during the Permian along the active Eurasian 
margin above a north-dipping subduction zone, where 
the Paleo-Tethys Ocean was consumed. 

Conclusions

1. Based on major and trace element compositions in 
combination with published isotope data; the Dehnow 
granitoids are metaluminous and I-type calcalkaline 
and formed in a subduction setting, with a close affin-
ity to the lower crust and mantle melts.
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Fig. 9. Dehnow diorite, tonalite and granodiorite compositions plotted as: A, C, E, G, C1 chondrite-normalized pattern, B, 
D, F, H primitive mantle normalized. The data for I-type Martins Pereira tonalite to monzogranite and S-type Serra Dour-
ada granite are from almeida et al. (2007). The data of I-type granites from the Harsit and Iberian areas are from karsli et 
al. (2010), and villaseCa et al. (2009), respectively.
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2. The whole rock and mineral compositions as well 
as the lack of sedimentary enclaves and absence of 
metamorphic minerals (e.g. cordierite, sillimanite) in 
the studied granitoid pluton indicate that the magma 
source may not be related to the metasedimentary 
country rocks.
3. The chemistry of the Dehnow granitoids is simi-
lar to some worldwide high-K, calc-alkaline, I-type 
granites as, for example, from Harsit along the Alpine-
Himalayan suture zone, Martins Pereira, and Iberia, in 
that all are characterized by high LREE and low HFSE 
contents and flat HREE patterns. It is most analogous 
to the metaluminous to peraluminous high K-low Ca I-
type granitoids from the collisional setting of Martins 
Pereira and is least analogous to metaluminous high K 
I-type granitoids from pre-plate collisional setting of a 
subduction zone from Harsit pluton. 
4. A subduction-related origin of the Dehnow grani-
toids is also supported by its 215 ± 4 Ma, Late Trias-
sic U-Pb zircon crystallization age (karimpour et al. 
2010) in combination with the Devonian-Carbonifer-
ous age of deposition of the protoliths of the metaflysch 
country rocks (maJidi 1981). Therefore, the absence of 
inherited, sedimentary zircon in the studied granitoids 
indicates that the magma was not generated by partial 
melting of Paleozoic flysch and other clastic sediments 
in the area. 
5. P-T calculations using amphibole-plagioclase ther-
mometry and hornblende barometry reveal crystal-
lization stages within the upper lithosphere at an ap-
proximate pressure of 6.4 kbar and an approximate 
temperature of 708 °C. Such low P-T conditions char-
acterize them as Caledonian-type granitoids, which is 
supported by petrographical and geochemical features 
such as the small size and scattered distribution of the 
plutons, their high-K metaluminous and calc-alkaline 
compositions and moderate 87Sr/86Sr ratios. 
6. The geochemical data suggest that the Dehnow plu-
ton is an arc-related granitoid that developed along the 
active Eurasian margin, above and on a north-dipping 
subduction zone that finally ceased due to the colli-
sion of the Iranian and Turanian micro-plates in Early 
Jurassic times.
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Appendix

Table 1. Modal mineralogy of the Dehnow granitoids (Qtz = quartz, Pl = plagioclase, Amp = amphibole, Bt = biotite, Ep1 
= epidote replacing plagioclase, Ep2 = epidote replacing biotite, Ep3 = magmatic epidote, Ms = muscovite replacing am-
phiboles, Myr = myrmekite, Cpx = clinopyroxene, Sph = sphene, Ap = apatite, Zr = zircon, Ala = alanite, other = sum of 
muscovite, zircon, garnet, apatite, chlorite, opaque etc in some samples).

Rock Type Thin Section Qtz Pl Kfs Amp Bt Ep1 Ep2 Ep3 Ms Myr Cpx Sph Ap Zr Ala other
Granodiorite GD2.1 23.5 40.3 13.9 6.9 13.0 - - - - - - - - - - 2.4

GD2.2 21.3 43.1 12.2 10.1 12.0 - - - - - - - - - - 1.8
GD1.1 23.0 39.7 14.1 5.7 15.0 - - - - - - - - - - 2.9
GD1.2 20.6 35.0 11.2 9.2 21.0 - - - - - - - - - - 3.8
TD-4 24.4 42.4 10.6 10.9 8.8 - - - - - - - - - - 3.0
H12* 16.6 54.1 11.4 - 16.5 - - - 0.4 0.2 - 0.5 0.3 - -
H8* 29.5 45.0 16.8 - 6.1 - - - 1.9 0.1 - 0.1 0.5 - - -
H21* 23.0 46.0 12.5 - 15.8 - - - 0.7 0.6 - 0.6 0.5 0.1 0.2 -
H27* 30.6 41.8 14.0 - 12.8 - - - - - - 0.2 0.2 0.1 0.2 -
N43* 21.0 49.2 9.2 - 15.1 - - - 0.1 3.9 - - 1.1 0.3 - -
R23* 18.5 47.2 17.6 - 12.8 - - - - 2.7 - 0.1 0.6 0.3 0.2 -
H23* 26.2 44.9 14.9 - 13.1 - - - - 0.6 - - - 0.1 - -
H34* 28.2 41.4 17.8 - 10.1 - - - - 0.6 - 1.2 - 0.3 - -
H40* 21.0 39.8 17.7 - 17.5 - - - 0.1 3.5 - - 0.2 0.2 - -
R17* 24.5 41.8 17.1 - 16.0 - - - 0.2 - - 0.1 0.2 0.1 - -

Tonalite T-1* 15.3 43.8 1.0 22.0 17.0 - - - - - - - - - - 1.8
T-3* 13.0 47.0 2.0 15.0 18.3 - - - - - - - - - - 4.9
T2* 27.3 41.2 10.0 0.1 15.5 1.2 1.4 1.1 0.4 1.9 - - 0.6 0.2 - -
T5* 38.2 38.5 4.6 - 13.0 2.1 1.7 1.0 0.6 - - - 0.2 - - -
T6* 28.1 38.3 9.1 - 22.0 1.2 0.3 0.2 0.6 - - - 0.1 - - -
T12* 28.9 38.3 9.6 0.6 17.2 2.8 1.6 0.1 0.8 - - - 0.1 - - -
M2* 30.1 37.9 6.4 - 22.9 1.3 0.8 0.1 0.1 0.3 - - - - - -
M41* 32.7 40.2 6.2 - 18.3 1.1 0.3 0.7 0.4 - - - 0.1 - - -
W17* 31.3 39.4 8.1 1.0 17.1 1.6 0.8 0.2 - 0.5 - - - - - -
W31* 34.6 38.8 5.1 - 16.8 1.6 2.2 0.2 0.8 - - - - - - -
L21* 27.6 44.3 6.5 - 16.6 2.9 0.2 0.2 0.9 0.6 - - 0.1 - - -
L12* 35.1 35.2 7.3 - 15.3 3.2 1.8 0.7 1.4 - - - - - - -
L42* 25.5 34.7 11.1 - 14.6 1.1 2.1 0.1 1.3 0.4 - - 0.1 - - -
T41* 30.0 30.3 4.6 1.5 29.0 1.6 0.9 0.1 0.1 - 1.0 - 0.1 0.1 - -
T46* 28.5 39.4 5.2 0.9 23.2 1.3 0.4 - 0.4 0.3 0.3 - - - - -
T52* 17.2 39.6 4.2 9.0 25.2 1.2 1.3 0.2 - - 2.0 - - 0.1 - -
T71* 20.2 49.1 1.3 2.1 25.4 0.6 1.2 - 0.1 - - - - - - -

Diorite DH-2011a 11.0 48.5 9.5 9.0 16.0 - - - - - - - - - - 4.0
DH-2011b 12.0 48.3 10.1 10.0 15.2 - -  - - - - - - - 4.5

* data from mirneJad (1991)
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Table 2. Averages of representative mineral compositions from Dehnow DTG, hornfels and micaschist (n: Analytical 
points for each mineral, Mg# = Mg/(Mg+Fe2+), Fe# = Fe/(Fe+Mg), Ps = Fe3+/(Fe3++Al)).

Rock Type DTG Hornfels Micaschist

Mineral Type Pl Amp Ep Bt Ilm Pl Bt Grt Ilm Pl Bt Grt Ilm

Sample no. 9 2 2 10 9 4 4 9 4 4 4 13 8
SiO2 54.69 42.71 38.76 35.64 0.36 64.38 37.32 37.07 2.58 64.63 33.82 36.93 4.77
TiO2 0.01 1.03 0.12 2.52 52.19 0.00 1.02 0.14 51.24 0.03 1.93 0.13 46.93
Al2O3 28.27 11.19 27.61 16.50 0.24 21.81 26.72 21.44 2.03 21.49 19.73 21.38 7.58
Cr2O3 0.00 0.01 0.00 0.01 0.00 0.00 0.06 0.01 0.02 0.00 0.03 0.02 0.01
FeO 0.11 20.62 6.79 21.86 43.73 0.20 15.58 34.91 41.17 0.35 23.34 36.54 38.48
MnO 0.00 0.65 0.42 0.38 2.43 0.00 0.13 4.85 0.91 0.01 0.07 3.22 0.72
MgO 0.01 7.27 0.03 8.33 0.18 0.03 4.85 1.85 0.10 0.03 6.20 1.90 0.19
CaO 10.52 11.42 22.87 0.06 0.16 1.79 0.04 0.38 0.00 1.94 0.19 0.41 0.03
Na2O 5.53 0.99 0.12 0.08 0.02 10.18 0.65 0.03 0.03 10.47 0.31 0.02 0.02
K2O 0.08 1.10 0.01 9.12 0.01 0.26 7.38 0.00 0.07 0.11 7.28 0.01 0.09
Total 99.23 97.01 96.74 94.50 99.33 98.65 93.75 100.66 98.15 99.04 92.90 100.55 98.82
Oxygen 8 23 13 22 12 8 22 12.00 12 8 22 12.00 12
Si 2.48 6.51 3.03 5.50 0.04 2.87 5.41 1.62 0.25 2.88 5.33 1.72 0.44
Al 1.51 2.01 2.54 3.00 0.03 1.15 4.53 0.24 0.23 1.12 3.66 0.85 0.82
Al iv - 1.49 - 2.50 - - 2.59 0.13 - - 2.68 0.44 -
Al vi - 0.52 - 0.50 - - 1.94 1.01 - - 0.99 1.01 -
Ti 0.00 0.12 0.01 0.29 3.97 0.00 0.12 1.86 3.82 0.00 0.23 1.66 3.36
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.00 2.63 0.44 2.82 3.69 0.01 1.93 3.31 3.42 0.01 3.07 3.00 3.07
Fe3+ - 0.50 0.44 - - 0.01 - 0.34 - 0.01 - 0.18 -
Fe2+ - 2.13 - - - - - 2.50 - - - 2.56 -
Mn 0.00 0.08 0.03 0.05 0.21 0.00 0.02 0.22 0.08 0.00 0.01 0.15 0.06
Mg 0.00 1.65 0.00 1.92 0.03 0.00 1.08 0.12 0.01 0.00 1.46 0.13 0.03
Ca 0.51 1.86 1.91 0.01 0.02 0.09 0.01 0.02 0.00 0.09 0.03 0.02 0.00
Na 0.49 0.29 0.02 0.02 0.00 0.88 0.18 0.00 0.01 0.90 0.10 0.00 0.00
K 0.00 0.21 0.00 1.80 0.00 0.02 1.38 0.00 0.01 0.01 1.46 0.00 0.01
Sum 5.01 15.37 7.98 15.41 7.99 5.00 19.31 7.80 7.83 5.02 15.44 7.84 7.79
Mg# - 0.44 - - - - - 0.05 - - - 0.05 -
Fe# - 0.49 - - - - - - - - - - -
Ps - - 0.15 - - - - - - - - - -
Albite 0.48 - - - - 89.74 - - - 90.16 - - -
Anorthite 0.51 - - - - 8.75 - - - 9.25 - - -
Orthose 0.00 - - - - 1.52 - - - 0.59 - - -
Almandine - - - - - - - 71.76 - - - 83.76 -
Pyrope - - - - - - - 6.69 - - - 7.67 -
Grossular - - - - - - - 0.57 - - - 1.13 -
Spessartine - - - - - - - 20.98 - - - 7.39 -
Andradite - - - - - - - 0.00 - - - 0.00 -
Uvarovite - - - - - - - 0.02 - - - 0.06 -
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Table 3. Comparative XRF and ICP-MS data of Dehnow granodiorite, tonalite, diorite, hornfels and micaschist. 

Rock Type Granodiorite Tonalite
Sample no. TD4 GD2.2 GD1.1 GD2.1 GD1.2 T5* TD1 TD-1* TD-3* VA* TD3
SiO2 65.37 65.98 66.25 66.50 66.60 63.07 63.12 63.12 63.31 64.01 64.18
Al2O3 13.21 14.74 15.02 14.54 14.32 16.49 15.18 15.76 16.65 16.92 14.25
Fe2O3

(T) 7.37 5.21 4.68 5.09 4.98 5.61 7.07 7.02 7.21 5.17 7.07
FeO 5.28 3.34 2.86 3.23 3.13 3.70 5.01 4.97 5.14 3.30 5.01
Fe2O3 2.09 1.87 1.82 1.86 1.85 1.91 2.06 2.05 2.07 1.87 2.06
MnO 0.14 0.11 0.11 0.10 0.12 0.21 0.13 0.12 0.15 0.11 0.13
MgO 2.56 2.28 2.12 2.28 2.29 2.31 2.14 2.32 2.34 1.32 2.52
CaO 4.61 4.62 4.81 4.52 4.80 4.28 5.86 4.70 5.43 4.64 5.29
Na2O 1.62 2.22 2.29 2.09 2.03 3.86 1.85 1.98 1.98 2.72 1.71
K2O 2.93 2.63 2.65 2.71 2.62 2.84 2.35 2.45 2.51 2.91 2.54
TiO2 0.72 0.50 0.43 0.49 0.46 0.73 0.69 0.67 0.62 0.48 0.69
P2O5 0.21 0.16 0.16 0.14 0.16 0.27 0.23 0.21 0.26 0.17 0.23
LOI 1.15 0.96 1.25 1.08 1.09 1.12 1.22 1.29 1.28 1.44 1.19
Total 99.9 99.4 99.8 99.5 99.5 100.8 99.8 99.6 101.7 99.9 99.8
Na2O/CaO 0.35 0.48 0.48 0.46 0.42 0.90 0.32 0.42 0.36 0.59 0.32
A/CNK 0.9 1.0 1.0 1.0 1.0 1.0 0.9 1.1 1.1 1.1 0.9
A/NK 2.3 2.3 2.3 2.3 2.3 1.7 2.7 2.7 2.8 2.2 2.6
V 65 117 99 110 115 - 76 76 71 28 71
Cr 3 4 6 - 8 8 - 54 -
Co 9 29 33 31 24 - 13 - - - 9
Ni 2 18 4 40 - - 3 3 2 4 2
Rb 82 150 126 151 132 - 86 86 83 120 83
Sr 335 734 687 734 727 487 486 486 441 420 441
Y 18 31 31 27 28 - 21 21 19 15 19
Zr 140 236 196 241 226 - 172 - - 178 153
Nb 23 27 22 31 - - - 32
Mo - - - - - - - - - - -
Cs - - - - - - - - - - -
Ba 509 513 605 619 625 624 475 475 518 574 518
La - - - - - - - - - 43.53 -
Ce - - - - - - - - - 88.87 -
Pr - - - - - - - - - 9.37 -
Nd - - - - - - - - - 34.58 -
Sm - - - - - - - - - 6.09 -
Eu - - - - - - - - - 1.50 -
Gd - - - - - - - - - 4.39 -
Tb - - - - - - - - - 0.58 -
Dy - - - - - - - - - 2.99 -
Ho - - - - - - - - - 0.52 -
Er - - - - - - - - - 1.38 -
Tm - - - - - - - - - 0.19 -
Yb - - - - - - - - - 1.19 -
Lu - - - - - - - - - 0.17 -
Hf - - - - - - - - - - -
Ta - - - - - - - - - 2.00 -
Pb 21 68 65 51 52 - 23 - - - 31
Bi - - - - - - - - - - -
Th 14.0 10.0 7.0 4.0 - - - - 14.0 -
U 5.00 - - - - 1.00 - - 2.00 -
Sr/Y 18.611 23.677 22.161 27.185 25.964 23.143 23.143 23.211 28.000 23.211
Rb/Ba 0.161 0.292 0.208 0.244 0.211 0.181 0.181 0.160 0.209 0.160
Eu/Eu* - - - - - - - - - 0.884 -
(La/Yb)cn - - - - - - - - - 24.850 -
(La/Sm)cn - - - - - - - - - 4.464 -
(La/Lu)cn - - - - - - - - - 26.578 -
(Tb/Yb)cn - - - - - - - - - 2.174 -
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Table 3. Continued. 

Rock Type Diorite
Sample no. T2* V-6** V5** V-2** V-1** DH-2011-1 VR* TD- 2* TD- 4*
SiO2 64.37 55.12 55.10 58.16 59.32 58.02 60.31 62.23 62.39
Al2O3 17.17 19.02 18.65 18.14 17.59 18.07 17.45 14.89 16.57
Fe2O3

(T) 4.30 8.59 8.65 7.44 6.36 7.51 6.68 7.32 6.87
FeO 2.52 6.38 6.43 5.34 4.37 5.41 4.66 5.24 4.83
Fe2O3 1.78 2.21 2.22 2.10 1.99 2.10 2.02 2.08 2.04
MnO 0.16 0.20 0.16 0.16 0.14 0.15 0.13 0.14 0.14
MgO 2.11 2.70 3.01 2.32 2.60 2.31 2.20 2.54 2.51
CaO 4.19 7.25 6.99 6.13 5.69 6.50 5.10 5.23 5.67
Na2O 2.49 1.90 2.46 2.71 2.48 2.53 2.55 2.01 2.09
K2O 2.95 2.07 2.02 2.76 2.62 2.63 2.91 2.84 2.79
TiO2 0.46 0.92 0.96 0.76 0.62 0.77 0.69 0.83 0.72
P2O5 0.22 0.23 0.32 0.22 0.20 0.21 0.21 0.27 0.22
LOI 1.01 2.05 1.86 1.55 1.50 1.37 1.82 1.32 1.26
Total 99.4 100.1 100.2 100.4 99.1 100.1 100.1 99.6 101.2
Na2O/CaO 0.59 0.26 0.35 0.44 0.44 0.39 0.50 0.38 0.37
A/CNK 1.2 1.0 1.0 1.0 1.0 1.0 1.1 0.9 1.0
A/NK 2.4 - - - - 2.6 2.4 2.3 2.6
V - - - - - 102 70 78 65
Cr - - - - - 20 35 - -
Co - - - - - 9 - - -
Ni - - - - - 20 4 8 2
Rb 178 76 75 102 96 87 113 72 82
Sr 564 537 533 540 514 520 540 378 335
Y - 22 24 - 19 19 22 17 18
Zr - 177 178 205 154 187 154 - -
Nb - 31 32 29 22 24 22 - -
Mo - - - - - 2 - - -
Cs - - - - - 3 - - -
Ba 567 470 466 594 576 613 597 529 509
La - - - - 28.06 39.10 41.59 - -
Ce - - - - 58.90 75.80 83.42 - -
Pr - - - - 6.22 8.06 9.20 - -
Nd - - - - 22.31 31.60 33.91 - -
Sm - - - - 4.83 6.07 6.19 - -
Eu - - - - 1.37 1.38 1.61 - -
Gd - - - - 3.85 4.75 4.98 - -
Tb - - - - - 0.68 0.72 - -
Dy - - - - 3.66 3.73 4.06 - -
Ho - - - - - 0.69 0.79 - -
Er - - - - 2.27 1.95 2.24 - -
Tm - - - - - 0.29 0.33 - -
Yb - - - - 1.77 1.85 2.09 - -
Lu - - - - - 0.31 0.31 - -
Hf - - - - - 4.90 - - -
Ta - - - - - 1.50 2.00 - -
Pb - - - - 14 - - -
Bi - - - - - 0.1 - - -
Th - - - - - 11.3 12.0 - -
U - - - - - 1.79 1.00 - -
Sr/Y 23.970 22.020 - 27.490 26.804 24.545 22.235 18.611
Rb/Ba 0.314 0.160 0.160 0.170 0.170 0.142 0.189 0.136 0.161
Eu/Eu* - - - - - 0.783 0.884 - -
(La/Yb)cn - - - - - 14.358 13.518 - -
(La/Sm)cn - - - - - 4.023 4.196 - -
(La/Lu)cn - - - - - 13.177 13.926 - -
(Tb/Yb)cn - - - - - 1.639 1.536 - -
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Table 3. Continued. 

Rock Type Hornfels Micaschist
Sample no. DH-2011-4 Sch-D DH-2011-2 DH-2011-3
SiO2 56.91 52.28 62.88 59.91
Al2O3 21.57 20.56 18.64 19.31
Fe2O3

(T) 10.04 15.57 9.09 11.58
FeO 7.68 12.66 6.83 9.07
Fe2O3 2.36 2.91 2.26 2.51
MnO 0.14 0.16 0.21 0.16
MgO 1.59 1.69 1.58 1.77
CaO 0.32 0.59 0.36 0.35
Na2O 1.19 0.66 0.99 0.59
K2O 2.20 2.58 2.42 1.74
TiO2 0.86 0.90 1.06 0.95
P2O5 0.07 0.09 0.13 0.09
LOI 3.66 4.09 3.37 3.11
Total 98.6 99.2 100.7 99.6
Na2O/CaO 3.72 1.12 2.75 1.69
A/CNK 4.4 4.2 3.8 5.5
A/NK 5.0 5.3 4.4 6.8
V 103 127 136 128
Cr 110 116 100 120
Co 21 27 31 25
Ni 60 47 50 80
Rb 121 138 132 104
Sr 154 207 134 101
Y 21 26 25 21
Zr 115 166 147 142
Nb 19 - 22 22
Mo 2 - 2 2
Cs 6 - 6 6
Ba 305 463 319 202
La 38.70 - 38.20 33.90
Ce 86.90 - 78.10 89.30
Pr 7.90 - 8.26 7.08
Nd 30.60 - 32.30 27.30
Sm 5.88 - 6.48 5.35
Eu 1.24 - 1.35 1.12
Gd 4.53 - 5.43 4.41
Tb 0.67 - 0.81 0.66
Dy 3.86 - 4.80 4.01
Ho 0.73 - 0.92 0.75
Er 2.11 - 2.55 2.18
Tm 0.32 - 0.36 0.33
Yb 2.10 - 2.48 2.31
Lu 0.34 - 0.37 0.36
Hf 3.00 - 3.80 3.70
Ta 1.29 - 1.44 1.62
Pb 22 27 25 32
Bi 0.3 - 0.2 0.3
Th 15.8 - 13.8 16.8
U 1.77 5.00 1.85 1.87
Sr/Y 7.512 7.962 5.296 4.856
Rb/Ba 0.397 0.298 0.414 0.515
Eu/Eu* 0.732 - 0.694 0.703
(La/Yb)cn 12.519 - 10.464 9.969
(La/Sm)cn 4.110 - 3.681 3.957
(La/Lu)cn 11.920 - 10.775 9.856
(Tb/Yb)cn 1.423 - 1.457 1.274
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