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Basic-intermediate volcanic rocks from the Karaj-Danesfahan area in the Neotethyan magmatic belt of Iran show
typical island arc geochemical signatures. The rocks demonstrate calcalkaline affinity with low abundances of “high field
strength elements” (HFSE) such as Nb, Ta, Hf and Ti, and highly distinctive spiked trace element patterns at “large ion
lithophile elements” (LILE) such as Ba, K, and Sr. Comparing the geochemical characteristics of two sets of the volcanic
rocks sampled from two parts of the study area 100 km apart, however, indicate subtle but significant geochemical differ-
ences which bear important petrogenetic implications. One set of the volcanic rocks is abnormally enriched in Pb and
shows consistently higher abundances of HFSE, particularly Ti, than the other set. These two series are called HTL series
(after high titanium and lead) and LTL series (after low titanium and lead), respectively. HTL series volcanic rocks are
further from the subduction axis, so they should have had a deeper descending slab contributing to their mantle wedge
magmatism. To be able to release Pb-enriched fluids, the subducting slab should not have undergone earlier dehydration.
It is because Pb is highly incompatible. It appears that in the early stage, subduction proceeded at a higher rate (cold slab),
so slab-dehydration occurred at greater depths triggering HTL series magmatism. Subsequently the subduction rate de-
creased which in turn raised isotherms and promoted partial melting at shallower depths leading to LTL series magmatism.
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The basic-intermediate volcanic rocks being studied
are part of a thick volcanosedimentary sequence referred
to as the Karaj Formation (i.e., 3.3 km thickness in its
type-section) that embrace the whole Eocene time span.
The Karaj Formation was formally introduced by Dedual
(1967) and its details can be found in Stocklin and
Setudehnia (1971). Volcanic rocks dominate the middle
part of the formation. At lower levels they are mainly of
basic compositions that grade into intermediate and felsic
varieties upwards. These basic to felsic volcanic rocks
collectively form consistent curvilinear arrays on Harker
variation diagrams (see Appendix), thereby confirming
the role of fractional crystallization in their evolution.
Index fossils reported from numerous lenticular bodies
of calcareous tuffs and numulitic limstones found embed-
ded in the middle part of the sequence confirm the Mid-
dle Eocene age for the volcanics being studied (Eghlimi
et al., 1999; Mehdizadeh-Tehrani et al., 1995).

Danesfahan-Karaj and adjoining areas were the sub-
jects of a few petrological studies in the last three dec-
ades. The studies were, however, limited to major ele-
ment geochemistry and only rarely were the samples ana-
lysed for Rb, Sr, and Ba. This set of analytical data is
available from the author on request. A critical review of
these data was utilised in selecting the study areas (south
Danesfahan and south Karaj) for sampling and further

INTRODUCTION

Volcanic rocks from the Danesfahan-Karaj area are
the northernmost part of a major tectonomagmatic unit,
the Urumieh-Dokhtar magmatic assemblage (UDMA; see
Fig. 1), interpreted to be the product of “island arc”
magmatism during subduction of the Neotethyan oceanic
realm in late Mesozoic and Cenozoic time (Alavi, 1996).
Berberian and Berberian (1981) considered the UDMA
as “active continental margin” type magmatism, however,
they reported Paleogene andesites from Natanz (also lo-
cated in the UDMA; Fig. 1-a) with trace element signa-
tures of island arcs. Controversy exists on the evolution
of the Neotethyan subduction zone, its boundaries and
interactions with neighbouring plates. This is mainly due
to a severe shortage of diagnostic geochemical data and
petrological studies on volcanic rocks from this
tectonomagmatic unit, the UDMA. Such data would help
draw a better picture of the make up of this important,
yet poorly understood magmatic belt of our planet ex-
tending almost 2000 km from northwest to southern Iran.
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geochemical studies (see Appendix). In the current study,
120 samples were collected as a result of 20 days field-
work in 2002. Eighty of the samples were selected for
thin sectioning. Amongst the least altered samples, 14
were used for chemical analysis. This is the first account,
based on a comprehensive major and trace element data
set, of petrology and geochemical characteristics of the
Eocene volcanic rocks from south Danesfahan and south
Karaj areas, Iran (Fig. 1).

ANALYTICAL TECHNIQUES

A representative set of 14 basic-intermediate volcanic
rocks from the study area was analysed for their major
and trace elements for the first time (Table 1). Whole rock
analyses for major elements, and the trace elements Pb,
Rb, Sr, Ba, Nb, Zr, Y and Th (Table 1) were obtained by
X-ray fluorescence (XRF) at the University of New South
Wales, Sydney following the procedures of Norrish and
Hutton (1969). The analyses were carried out on a Phillips
PW2400 XRF spectrometer using 40 mm glass disks and
40 mm pressed pellets for major- and trace-element analy-
ses, respectively. Instrumental neutron activation analy-
sis (INAA) was employed for REE, Ta, Hf, Cr, Sc and Th
analyses of the whole-rock samples at the Becquerel Labo-
ratories, ANSTO, Sydney, using the HIFAR reactor at
Lucas Heights (for the procedures used, see Gordon et
al., 1968).

In-house standards were also analysed to check the
accuracy of the methods. Table 2 includes the recom-
mended abundances and average abundances (for three
individual analyses) of trace element in the standards used.
Analytical reproducibility was also examined. For those

trace elements analysed by INAA, errors were evaluated
to be better than 2% with the exception of Nd (4%), Ho
(15%), Tb (20%) and Ta (30%). For those trace elements
analysed by XRF, errors were evaluated to be better than
5% except Nb (10%). Detection limits (DL) are presented
in Table 1. Duplicates run for the analyses indicate that
the errors for major elements are better than 1% except
alkaline elements (4%).

The whole rock analyses totals are in the range 99.02
to 100.73 with a mean of 99.62 wt.% (Table 1). Diagrams
depicted and figures (e.g., Mg# value) presented are based
on a major element analyses recalculation to 100%, on
an anhydrous basis.

ROCK CLASSIFICATION

On the TAS (total alkalis versus silica) diagram, vol-
canic rocks from the study areas fall on the boundary
between subalkaline and midalkaline fields (lower dia-
grams in Fig. 2), however, the most basic samples are
subalkaline. The calcalkaline character of the subalkaline
volcanic rocks is indicated by the AFM diagram
(Na2O+K2O-FeOt-MgO; Fig. 3). Geochemistry of the
volcanic rocks also conform to Peacock’s calcalkaline
character of igneous rocks (Peacock, 1931), recommended
by Arculus (2003) as a useful tool. On tectonomagmatic
discrimination diagrams for basaltic rocks (e.g., 2Nb-Zr/
4-Y; Meschede, 1986), volcanic rocks from both series
fall in the volcanic arc basalt field (not shown).

In Fig. 2 volcanic rocks are depicted on Harker dia-
grams. On most of these diagrams, data points from the
two areas overlap. However, south Karaj volcanic rocks
show distinctly higher TiO2 and Pb than the volcanic rocks

49
°3

0′

51
°0

0′

36°00′

35°00′

Fig. 1.  (a) The Urumieh-Dokhtar magmatic assemblage (UDMA) is shown in black on a map of Iran (after Alavi, 1994). Towards
the southwest, the UDMA is limited to the Zagros Suture (Z.S.). (b) Location of the study areas, S Karaj and S Danesfahan. The
stippled area indicates Tertiary magmatic rocks (after Saveh Geological map of Amidi, 1984).
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from south Danesfahan. Hereafter, they are called HTL
(high titanium, lead) and LTL (low titanium, lead) series,
respectively. The HTL series also show slightly lower
Al2O3 content. The genuinity of this classification is fur-
ther demonstrated by differences in REE abundances and
patterns of the volcanic rocks from these two series. Two
of the more primitive samples from each series (i.e., those
with lower total REE contents) are selected for compari-
son. Normalised REE abundances of the samples from
the HTL series show twice as much (La/Yb)N and (Ce/
Lu)N ratios as the LTL series (Fig. 4).

Rather coherent trends on Harker diagrams (Fig. 2)
indicate that fractional crystallisation has played a domi-
nant role in the evolution of these rocks. Decreasing trends
for Al2O3, FeOt, MgO, and CaO with increasing silica
and alkalis, in the basic-intermediate rock spectrum, sug-

gest that fractional crystallisation has played the major
role in evolution of volcanic rocks from the study area.
For identifying the minerals involved in fractional crys-
tallisation and evaluating their relative contribution, ma-
jor mineral types in equilibrium with a basaltic andesite
from a subduction setting were employed (run no. 85-44-
4 in Grove et al., 2003). The arrows demonstrated in Fig.
2 indicate differentiation trends produced by fractional
crystallisation of the minerals from a melt represented by
sample DS1 (i.e., the most basic sample from the study
area). Employing natural mineral types analysed in simi-
lar rocks from a subduction setting (e.g., Sajona et al.,
1996) would give rise to similar results. A careful exami-
nation of the arrows shown in Fig. 2 reveals that a min-
eral assemblage comprising Pl+Ol+Opaque(Sp) exerts the
major control on differentiation of the volcanic rocks.

S Danesfahan volcanic rocks S Karaj volcanic rocks

DS1 DS2 DS3 DS4 DS5 DS6 DS7 KJ1 KJ2 KJ3 KJ4 KJ5 KJ6 KJ7

SiO2 51.74 51.79 52.94 55.22 59.09 63.88 62.19 54.93 58.20 61.89 67.40 56.01 56.32 62.01
TiO2 0.58 0.72 0.72 0.76 0.70 0.67 0.53 1.14 1.05 1.01 0.65 1.01 1.05 1.11
Al2O3 20.64 19.68 16.79 20.15 18.55 16.44 17.92 19.16 17.05 16.27 15.21 17.17 18.22 15.56
FeOt 8.48 10.11 8.68 7.81 5.05 6.05 3.70 7.87 7.43 6.51 4.53 6.41 6.54 7.22
MnO 0.14 0.13 0.14 0.12 0.11 0.16 0.15 0.11 0.27 0.14 0.10 0.55 0.52 0.13
MgO 4.49 4.52 5.96 2.58 1.78 1.59 0.47 2.69 2.12 2.11 1.02 1.69 2.66 1.47
CaO 9.00 8.44 9.42 8.17 6.59 4.49 3.63 7.57 7.57 3.85 1.46 7.84 9.37 5.36
Na2O 3.31 4.02 2.70 3.25 3.24 3.82 4.39 3.54 3.73 3.52 3.84 2.73 3.02 3.04
K2O 0.85 0.40 2.29 1.69 4.48 2.62 6.76 2.54 2.17 4.26 5.57 6.25 2.05 3.74
P2O5 0.71 0.14 0.27 0.18 0.34 0.23 0.20 0.40 0.33 0.37 0.16 0.36 0.24 0.35
SO3 0.05 0.06 0.08 0.06 0.07 0.04 0.06 0.06 0.08 0.07 0.05 0.00 0.00 0.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

L.O.I. 1.65 3.83 2.00 1.54 1.89 1.12 3.54 1.63 2.95 1.83 1.56 4.93 4.91 4.15
Mg# 0.39 0.35 0.49 0.32 0.36 0.30 0.20 0.34 0.30 0.35 0.31 0.30 0.37 0.24

Trace elements (XRF, ppm)
Pb (2) 7.0 10.5 12.6 8.6 16.3 18.3 15.2 11.8 67.0 17.2 28.6 46.3 38.9 21.5
Rb (1) 24.7 7.4 52.2 34.6 149.6 62.9 185.8 75.1 50.5 141.5 176.5 206.4 51.2 112.8
Sr (0.9) 287.7 713.4 524.7 464.7 455.0 380.1 306.7 508.8 442.0 319.5 178.6 303.7 423.0 346.7
Ba (8) 298.0 291.8 575.0 445.8 729.5 826.8 871.9 437.2 526.5 759.1 1039.5 875.1 358.1 810.3
Nb (1) 3.1 4.5 6.3 6.7 11.3 7.6 15.8 12.0 1.5 17.9 21.7 13.3 8.1 14.4
Zr (1) 48.7 69.9 96.6 91.0 172.4 119.2 222.0 184.9 142.5 270.7 336.2 186.7 100.1 225.8
Y (1) 13.9 17.8 19.2 19.2 21.5 31.0 27.2 31.4 30.4 42.8 46.6 26.1 21.7 37.2

REE and Trace elements (NAA, ppm)
La (0.05) 5.61 7.54 16.00 15.60 24.30 19.40 38.40 26.10 25.20 37.10 43.70 26.70 16.00 30.50
Ce (0.5) 12.20 17.00 30.50 29.50 45.60 39.10 68.80 51.00 49.30 73.80 84.90 54.20 35.40 61.30
Nd (1.0) 6.59 9.64 14.80 15.00 21.10 19.30 30.00 24.20 24.70 36.10 39.40 26.20 18.20 30.90
Sm (0.01) 1.72 2.40 3.36 3.45 4.21 4.63 5.86 5.71 5.59 7.50 8.16 5.26 3.94 6.38
Eu (0.05) 0.70 0.81 1.10 1.09 1.11 1.22 1.58 1.55 1.56 1.71 1.60 1.16 1.19 1.28
Tb (0.2) 0.36 0.47 0.59 0.60 0.72 0.90 0.85 0.98 0.96 1.27 1.41 0.94 0.70 1.06
Ho (0.2) 0.49 0.67 0.75 0.79 0.94 1.28 1.11 1.26 1.27 1.74 2.01 1.18 0.89 1.48
Yb (0.03) 1.32 1.75 1.69 1.83 2.20 3.04 2.78 2.89 2.74 4.19 5.00 2.50 1.90 3.63
Lu (0.01) 0.20 0.25 0.24 0.26 0.32 0.43 0.41 0.41 0.39 0.59 0.70 0.35 0.25 0.50
Ta (0.5) b.d. b.d. b.d. b.d. 0.82 0.54 0.93 0.84 0.65 1.11 1.47 0.94 0.34 0.92
Hf (0.2) 1.30 1.66 2.65 2.53 4.66 3.52 6.02 5.12 4.06 7.83 9.79 4.91 2.61 6.66
Th (0.2) 1.85 1.90 5.62 3.59 11.40 6.09 14.20 8.19 6.29 13.70 17.30 7.50 2.30 8.90

Table 1.  Major and trace element (including REE) analyses of a set of basic-intermediate volcanic rocks from S Danesfahan (DS
1–7) and S Karaj (KJ 1–7)

Numbers in the brackets are lower levels of detections (LLD). Major elements are recalculated to 100% on anhydrous basis.
Thorium analyses in samples KJ 5, 6, 7 (in italic) are obtained by XRF technique. The term “b.d.” means below detection.
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Abundant plagioclase phenocrysts found in the volcanic
rocks confirm its role; however,  altered olivine
phenocrysts are rarely found, suggesting that olivine
should have effectively fractionated from the magma.
Clinopyroxene is a common phase both as phenocrysts
and also in groundmass. Contrary to olivine that appears
fractionated in the early stage of magmatic differentia-
tion, clinopyroxene looks to be a late crystallising phase
which was not fractionated to a significant extent. The
fact that clinopyroxene crystals are fresh, supports their
being in equilibrium with magma at the time of eruption.

Even the most basic rocks from the study area are dif-
ferentiated to some extent. The highest Mg# value of these
rocks is 0.48, significantly lower than those of the pri-
mary magmas (i.e., 0.69–0.76; see Jaques and Green,
1980) in equilibrium with mantle rocks. The samples are
also altered to some extent, implied in part by their high
L.O.I in some basic rocks (Table 1).

LTL SERIES; ISLAND ARC VOLCANIC ROCKS AND

THEIR SOURCE CHARACTERISTICS

Primitive mantle-normalised (Sun and McDonough,
1989) trace element abundances and patterns of the LTL

series volcanic rocks show remarkable similarities with
the calcalkaline island arc volcanic rocks (Fig. 5). These
include low Nb, Ta, and Ti abundances and high ratios of
LILE to LREE and HFSE (Saunders et al., 1980; Gill,
1981; Thompson et al., 1984; White and Patchett, 1984).
Arc basalts are known for their low abundances of in-
compatible trace elements with high ionic potentials; in
this respect they are even more depleted than NMORB

NAA GIT-IWG GIT-IWG S.D.
Recommended Analysed (average)

La 94.6 93.8 1.5
Ce 196 192 3.2
Nd 87 87.7 1.6
Sm 18.7 19 0.3
Eu 1.15 1.13 0.02
Tb 3.08 2.91 0.15
Ho 4.01 4.27 0.15
Yb 11.4 11.6 0.2
Lu 1.63 1.66 0.03
Ta 5.75 5.77 0.4
Hf 22.6 22.4 0.36
Th 22.8 22.3 0.36

XRF MD-1 MD-1 S.D.
Recommended Analysed (average)

Pb 21.3 21.7 1
Rb 255.5 254 3.9
Sr 531.5 525 8.2
Ba 700.3 687 14.1
Nb 20 19.2 2.4
Zr 363 364.6 4.7
Yb 21.5 23.8 3.6
Th 18.9 19.4 1.2

Table 2.  In-house standards measured by NAA and XRF
techniques at Becquerel Laboratory and UNSW respectively.
All numbers (including standard deviations, S.D.) are in
ppm.

Fig. 2.  SiO2 vs. major and selected trace elements for HTL and
LTL series rocks. Major element oxides are in wt.% and trace
elements are in ppm. Total alkalis versus silica diagram (TAS)
is after Le Bas et al., (1986) and the term ‘midalkaline suite’
on TAS is after Middlemost (1997). Arrows demonstrate the
differentiation trends likely to develop in the volcanic rocks
when fractional crystallisation (of the minerals shown) is the
responsible mechanism (see text for discussion).
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(BVSP, 1981; Pearce, 1982). MORB-normalised abun-
dances of <1 for these incompatible trace elements are
noteworthy in terms of the source of island arc basalts
since MORB itself is derived from a chemically depleted
source (i.e., oceanic upper mantle). Usually two source
components are accorded to explain the compositional
characteristics of island arc basalts. One component is a
Sr, Ba, and K-rich hydrous fluid or water-saturated sili-
cate melt presumably derived from a subducting
lithospheric slab. The other component is the convecting
mantle wedge lying above the subducting slab. The is-
land arc magmatism framework for the Danesfahan-Karaj
volcanic rocks is consistent with the Tertiary subduction
of Neotethyan oceanic slab under Central Iranian Plate.

Having emphasised its lower abundances in the LTL
series as compared with the HTL series, Pb content is
high enough in the former to be included in arc-related
volcanics based on a Ce/Pb vs. Ce plot (Fig. 6). Due to

FeOt

MgONa2O+K2O

LTL series
HTL series

Fig. 3.  Na2O+K2O-FeO-MgO ternary (AFM) diagram for dis-
tinction of calcalkaline from tholeiitic affinities of magmatic
rocks. The boundary is from Kuno (1968).
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Fig. 4.  Chondrite-normalised (Sun and McDonough, 1989)
trace element patterns for representative basic volcanic rocks
from HTL and LTL series.
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Fig. 5.  Primitive mantle-normalised (Sun and McDonough,
1989) trace element patterns for basaltic-andesitic volcanic
rocks from HTL and LTL series. For comparison, the typical
trace element pattern of ‘island arc calcalkaline basalt’ (IACA:
Sun, 1980) is demonstrated on diagram (a). The stippled area
on diagram (b) is the combined trace element pattern of three
basic rocks from northern, central and southern Andean active
continental margin (Thorpe et al., 1984).
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Sp peridotite Mode Melt mode Dol/Liq DOpx/Liq DCpx/Liq DSp/Liq

Ol 0.53 −0.06 Zr 0.0005 0.014 0.119 0.07
Opx 0.27 0.28 Nd 0.00007 0.009 0.178 0.0006
Cpx 0.17 0.67 Sm 0.0007 0.02 0.293 0.0006
Sp 0.03 0.11 Pb 0.0003 0.0014 0.0075 0.005

DO P CO C
HTL series LTL series

KJ2 KJ5 KJ6 DS2 DS3 DS4

Zr 0.0264 0.0913 11.2 142.5 186.7 100.1 69.9 96.6 91.0
Nd 0.0327 0.1218 1.4 24.7 26.2 18.2 9.6 14.8 15.0
Sm 0.0556 0.2019 0.4 5.6 5.3 3.9 2.4 3.4 3.5
Pb 0.0020 0.0059 0.5 67.0 46.3 38.9 10.5 6.0 8.6

Step 1.  Calculating F

HTL series LTL series

KJ2 KJ5 KJ6 DS2 DS3 DS4

Zr 0.06 0.04 0.09 0.15 0.10 0.11
Nd 0.03 0.02 0.05 0.12 0.07 0.07
Sm 0.03 0.04 0.07 0.16 0.10 0.09

Step 2.  Calculating mantle-derived Pb (ppm)

HTL series (assuming F = 5%) LTL series (assuming F = 10%)

KJ2 KJ5 KJ6 DS2 DS3 DS4

Pb 9.5 9.5 9.5 4.9 4.9 4.9

Step 3.  Calculating slab-derived Pb (%)

HTL series LTL series

KJ2 KJ5 KJ6 DS2 DS3 DS4

Pb 86 79 76 53 18 43

C

Table 3.  Partial melting trace element modeling reveals the proportion of fluid-mobile trace
element, Pb, contributed by the slab. Mantle mode, melt mode, and mineral partition coeffi-
cients for Zr, Sm and Nd are adopted from Johnson (1998). Ol and Cpx partition coefficients
for Pb are obtained from Hofmann and White (1983) and Halliday et al. (1995) while, for
Opx it is taken from Fitton and Dunlop (1985). Sp partition coefficient for Pb is not avail-
able in the literature possibly due to both the large ionic radii of lead compared to the size
of spaces avilable in Sp crystalline structure and low concentration of lead in the mantle.
However, a maximum value of 0.005 is assumed for Sp partition coefficient for Pb.

similar bulk solid/liquid partition coefficients of Ce and
Pb during mantle melting processes, they are not signifi-
cantly fractionated during mantle melting processes, and
melt compositions indicate the Ce/Pb ratio of their source
region (Hofmann et al., 1986). Pb is a highly incompat-
ible element which is being concentrated in the slab-de-
rived fluid in the course of subduction (Wilson, 1989).

HTL SERIES; PB-ENRICHMENT SOURCE AND

ITS CHARACTERISTICS

Distinguishing feature of the HTL series volcanic
rocks is their high Pb contents, one of the highest ever
reported in volcanic rocks. A few processes could account
for such high Pb abundances.
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Element Melting model Melt compositions (NMORB melt)

NMORB DCpx DGar DAmph Cpx(50%) and Gar(50%) Cpx(35%), Gar(35%) and Amph(30%)
(Eclogite) in the residue (Amph. Eclogite) in the residue

F = 0.02 F = 0.05 F = 0.02 F = 0.05

Ba 13.87 0.0003 7.E-05 687.3 276.4
Rb 1.262 0.0004 2.E-04 0.07 62.2 25.1 30.9 18.0
Th 0.1871 0.15 2.E-03 2.0 1.5
Nb 3.507 0.00054 6.E-04 0.2 170.7 69.4 44.3 32.7
La 3.895 1.E-03 2.9E-02 0.2 111.6 60.4 43.7 33.3
Ce 12.001 3.E-03 5.5E-02 248.1 154.8
Pb 0.489 3.E-03 8.E-03 19.4 8.9
Sr 113.2 2.E-03 0.11 0.32 1508.8 1095.4 741.8 634.0
Nd 11.179 3.E-03 0.14 124.1 94.8
Sm 3.752 0.18 0.23 0.8 17.0 15.3 9.5 9.1
Zr 104.24 0.12 4.3E-04 0.32 1319.3 972.3 670.8 575.1
Hf 2.974 0.07 7.3E-02 0.5 33.0 25.2 13.8 12.4
Eu 1.335 0.33 0.23 4.5 4.2
Y 35.82 3.9 2.4E-02 1 18.4 18.7 21.6 21.8
Ho 1.342 3.7 0.25 0.7 0.7
Yb 3.9 6.5 0.22 0.8 1.2 1.2 1.5 1.6
Lu 0.589 6.7 0.18 0.44 0.2 0.2 0.2 0.2

Table 4.  Trace element models of melting for NMORB. NMORB composition is taken from Hofmann (1988). Melting model
assumes batch melting and “F” represents the degree of melting. Partition coefficients forCpx and Gar are after Green et
al. (2000) except for Rb, Pb and Th which are taken from Halliday et al. (1995). Partition coefficients for Amph are after
Green (1994) except for La, Sm and Yb which are taken from Nicholls and Harris (1980).

Fig. 7.  NMORB-normalised (Sun and McDonough, 1989) trace
element patterns for basaltic-andesitic volcanic rocks from HTL
series are compared with trace element patterns of eclogite slab-
derived fluids and mantle (garnet peridotite) wedge-derived
fluids (Ayers, 1998).

Fig. 8.  NMORB-normalised (Sun and McDonough, 1989) trace
element patterns for basaltic-andesitic volcanic rocks from HTL
series are compared with trace element patterns of eclogite slab
partial melts and amphibole-eclogite slab partial melts. See
Table 3 for details.

Enriched mantle partial melting
The involvement of an enriched (plume) mantle is a

potential cause of Pb-enrichment in the volcanic rocks.
Compared to the normal mantle (McKenzie and O’Nions,
1995; Tatsumi and Kogiso, 1997), enriched mantle (Fraser
et al., 1986; McCulloch et al., 1983, Nelson et al., 1986)
shows much higher Pb abundances, 0.05–1.4 ppm and 41–
48 ppm, respectively. Enriched mantle seems, however,
unlikely to have contributed to the high Pb content of HTL

series rocks, since the HTL lack the geochemical signa-
ture of enriched mantle such as Nb-Ta peak on normal-
ised trace element patterns. Furthermore, enriched man-
tle magmatism such as carbonatitic or lamproitic materi-
als does not accompany HTL series volcanic rocks.

Higher fluid flux derived from subducted sediments
As noted above, the LTL series rocks show LILE-en-
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richment typical of island arc volcanic rocks. One might
consider the HTL series volcanic rocks as being the prod-
uct of similar magmatism that produced LTL series with
the only difference that the former has undergone a higher
degree of crustal contamination than the latter. The
Carpathian volcanic arc could be cited as an example
(Seghedi et al., 2001). The outer part of the Carpathian
volcanic arc is more enriched in LILE and particularly
Pb (up to 37 ppm) compared to the inner part of the arc.
Therefore one can conclude that the outer part of the arc
has undergone a higher degree of fluid flux than the in-
ner part. However, compared to the LTL series, HTL se-
ries rocks are not only enriched in Pb and other LILE,
but also in HFSE. Contamination by fluids derived from
subducted sediments is not expected to increase the abun-
dances of such incompatible trace elements as HFSE (e.g.,
Zr and Nb), since these elements are relatively immobile
under hydrothermal conditions (Thirlwall et al., 1994;
Davidson, 1996). Other processes are likely to have con-
tributed to the higher HFSE content of HTL series: one is
the lower degree partial melting in its mantle source and
the other is the rather enriched nature of its mantle source.
Higher Ti and Nb contents of HTL series volcanic rocks
are the likely indicators of “lower degree partial melt-
ing” and “enriched mantle source”, respectively. Grove
et al. (2002) believe that TiO2 abundances in a lava are
not contributed by a fluid and may be used to estimate
the fraction of silicate melting. According to Baker and
Stolper (1994) Ti behaves incompatibly so it concentrates
in near solidus parental melts of peridotite. The highly
incompatible element Nb which is considered as an ex-
tremely sensitive trace element to depletion events
(Munker, 2000), shows higher abundances in HTL series.
This is an indication of the rather enriched nature of the
HTL series mantle source. Reiners et al. (2000) pointed
out that low degree partial melting of a cold rather en-
riched peridotite and concurrent high fluid contribution
from a subducting slab are responsible for such atypical
signatures (i.e., high LILE and rather high HFSE abun-
dances) observed in HTL series volcanic rocks.

The amount of fluid-mobile trace element, Pb, con-
tributed by the slab-derived fluid is calculated quantita-
tively (Table 3). The modeling entails 3 steps as follows.
1- Assuming that fluid-immobile trace elements, HFSE
(e.g., Zr) and REE (e.g., Sm and Nd)) are totally contrib-
uted by mantle wedge, the degree of mantle partial melt-
ing can be calculated, 2- Using the calculated degree of
mantle wedge partial melting, it is now possible to calcu-
late the amount of fluid-mobile trace element, Pb, con-
tributed by the mantle, and 3- Where “a” is the quantity
of Pb contributed by the mantle wedge (obtained in step
2) and “b” is the total amount of Pb in the volcanic rocks,
[1 – (a/b)] represents the amount of fluid-mobile trace
element, Pb, contributed by the slab-derived fluid.

Nonmodal batch partial melting model is employed.
The model is discussed in Wilson (1989) and represented
by equation:

C

C D F P
L

O O

=
+ −( )

1

1

in which CL and CO are the concentrations of a trace ele-
ment in the liquid (i.e., partial melt) and original solid
(i.e., mantle rock), respectively. In the equation, DO rep-
resents bulk distribution coefficient for original solid and
P is the bulk distribution coefficient for “a combination
of phases entering the melt”. F is the degree of partial
melting. The mode of the rather fertile mantle used and
the proportion of minerals involved in partial melting are
adopted from Johnson (1998). The latter is consistent with
experimental studies on mantle rocks partial melting
(Pickering-Witter and Johnston, 2000). Details of the trace
element modeling for selected basic rocks from HTL and
LTL series indicate that they are produced by 2–7% (avg.
= 5%) and 7–16% (avg. =10%) partial melting, respec-
tively (step 1 in Table 3). The modeling also revealed that
at least 76% of Pb in HTL series volcanic rocks is intro-
duced by slab-derived fluid while, at most 53% of Pb in
LTL series volcanic rocks is introduced by slab-derived
fluid (step 3 in Table 3).

High pressure dehydration of subducted slab
Based on experimental work, Brenan et al. (1995)

suggested that high-Pb fluids coexist with the mineral
assemblage (garnet + clinopyroxene) produced by high
pressure dehydration of subducted basalts. The eclogite/
fluid partition coefficient for Pb is low (i.e., 0.06) since
garnet strongly rejects Pb (Hauri et al., 1994; Halliday et
al., 1995). These high-Pb fluids would transfer Pb to the
mantle wedge overlying the subducting slab. Ayers (1998),
used the modal abundances and trace element concentra-
tions of slab eclogite and wedge lherzolite to calculate
the trace element concentrations in aqueous fluids in equi-
librium with these lithologies. Despite being Pb-enriched,
the trace element abundances and patterns of the fluids
are fundamentally different from the HTL series rocks
(Fig. 7). This rules out the possibility of a major contri-
bution by slab-derived fluids in the derivation of HTL
series rocks. In other words, except for Pb, slab-derived
fluid is not the main source of the HTL series rocks.

High pressure melting of subducted slab
Slab melting alone is considered the least likely model

to account for island arc magmatism (Wilson, 1989). Ther-
mal models for subduction zones imply that substantial
melting of subducting oceanic crust is unlikely (Walker
et al., 2001). However, to cover all the possibilities on
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formation of the HTL series rocks, for completion it is
important to now examine the likelihood of their deriva-
tion by slab melting. Assuming that a subducted slab is
transferred to depths without significant geochemical al-
teration, we compare the geochemistry of slab partial
melts with HTL series rocks. In a recent study on the
geochemistry of high pressure metamorphic terrane com-
posed of garnet blueschist to eclogite facies rocks (i.e.,
analogue of an oceanic crust subducted to 60 km depths)
it was found that even fluid-mobile elements (i.e., LILE)
may be efficiently subducted to subarc depths (Spandler
et al., 2004). Assuming NMORB trace element chemis-
try for a subducting slab and the mineralogy of an eclogite
and an amphibole-eclogite residues, trace element com-
positions of partial melts are calculated (Table 4). Com-
pared to eclogite partial melt, partial melt compositions
derived from amphibole eclogite are more akin to the HTL
series volcanics (Fig. 8). By adding more amphibole to
the residue, the melt would further approach the trace el-
ement configuration of HTL series rocks. However, such
melts in equilibrium with substantial amount of amphibole
in the residue would be felsic (Rapp and Watson, 1995)
and lack the major element composition of HTL series
rocks.

Tectonomagmatic framework of volcanism
The presence of Eocene island arc volcanic rocks in

the study area (i.e., LTL series rocks) has not yet been
explained in the context of present tectonomagmatic mod-
els (see below). Island arc magmatism requires the pres-
ence of an oceanic plate (i.e., Neotethyan Ocean) overly-
ing a mantle wedge at the time of volcanic eruption. Earth
scientists are divided on the issue of the closure time of
the Neotethyan Ocean. One group believes that this has
happened in Late Cretaceous (e.g., Stocklin, 1974;
Berberian and King, 1981) while the others consider late
Paleogene coincided with the Neotethyan closure event
which leads to the continent-continent collision (e.g.,
Haynes and McQuillan, 1974; Sengor, 1979). Clearly our
finding, the presence of Neotethyan Eocene island arc
volcanism, is consistent with the latter rather than the
former. Berberian et al. (1982), based on Rb-Sr whole
rock isochron method dating of the calcalkaline plutonic
rocks (i.e., 24 ± 4.5 Ma) from Natanz area (also located
in UDMA; Fig. 1-a), concluded that the Arabian-Central
Iranian collision should have taken place during late
Paleogene or early Neogene time. In fact, in the Eocene,
Urumieh-Dokhtar would have been the site of island arc
volcanism. This volcanic arc was then thickened by the
combined effect of volcanism and plutonism which
evolved it into a mature arc and was finally developed
into a crustal profile while the collision process was go-
ing on.

South Danesfahan and south Karaj, our sampling sites,

lie, respectively at the western and eastern ends of a 100-
km long axis almost perpendicular to the subduction trend
(Fig. 1).  Since subduction has occurred east-
northeastwardly, it is expected that the slab deepened to-
wards south Karaj. This means that dehydration of deeper
slab contributed to HTL series volcanics (south Karaj
volcanics),  while the dehydration that triggered
magmatism of LTL series (south Danesfahan volcanics),
was rooted in the shallower slab. In general, mineralogi-
cal reactions that lead to dehydration of slab, evolve as
the slab descends to greater depths. However, this can
not explain the differences in chemistry of HTL and LTL
series volcanics. Since HTL series volcanics are the most
enriched in Pb, the slab supplying their source mantle as
a reservoir of LILE, should not have undergone earlier
dehydration at shallower depths. So, it is assumed that
the same dehydration reaction prompted partial melting
in the mantle wedge of both HTL and LTL series.

Evolution of geothermal gradients governing the
subducting slab might shed some light on the processes
that culminated in the petrogenesis of HTL and LTL se-
ries volcanics. The subducting slab undergoes dehydra-
tion reactions when it crosses a particular thermal limit,
which we term the “dehydration geotherm”. The dehy-
dration geotherm fluctuates depending on the rate of sub-
duction. The subducting slab is colder than its surround-
ing environment and its descent, at a constant rate, trans-
fers the dehydration geotherm to greater depths until a
thermal equilibrium is achieved. The increase and de-
crease in subduction rate move the dehydration geotherm
to deeper and shallower depths, respectively. It is sug-
gested that the subducting slab had not undergone dehy-
dration until it reached a depth corresponding to the slab
underlying south Karaj. This model helps to explain the
Pb-enriched nature of the HTL series volcanic rocks, be-
cause fluids were first released from the slab underlying
south Karaj. To explain the expansion of slab dehydra-
tion to shallower depths (i.e., expansion of magmatism
from south Karaj to south Danesfahan) it is proposed that
through time the “dehydration geotherm” shifted upwards
due to the slowing down of the descending slab. In the
other word, at the beginning the slab was subducting at a
rather high rate (i.e., cold slab) that stimulated dehydra-
tion at deeper levels. Subsequently the subduction rate
decreased (i.e., the slab became hot). This moved the de-
hydration geotherm upward and induced dehydration at
shallower levels.

A deeper mantle source for HTL series is also sup-
ported by major element geochemistry. Slightly lower Al
content of HTL series rocks, as compared with LTL se-
ries, might imply that its parental basic melt is rooted in
a deeper peridotite. Peridotite partial melts at higher pres-
sure, contain lower Al content at the same degree of par-
tial melting (Hirose and Kushiro, 1993).
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The high Pb content of HTL series rocks is compat-
ible with the finding of Miller et al. (1994) that explains
the preferential transport of Pb into arc magmas that even-
tually give rise to new continental crust. On the Ce/Pb
vs. Ce plot (Fig. 6) data points from HTL series rocks
deviate towards very low Ce/Pb ratios, extending the do-
main of arc-related magmatic material to a new-low Ce/
Pb ratio, thereby confirming the involvement of a high-
Pb, slab derived fluid in the genesis of these rocks from
the study area. In fact, south Karaj volcanic rocks are
likely to represent the transitional stage from an ‘island
arc’ volcanism to an ‘active continental margin’ one. I
note that low Ce/Pb ratios developed in HTL series rocks
are a consequence of high Pb abundances that are funda-
mentally different from low Ce/Pb ratios reported as a
consequence of low Ce abundances (e.g., Bohrson and
Reid, 1997). Oceanic intraplate volcanics contaminated
by sedimentary Fe-oxyhydroxides show negative Ce
anomalies as well as variable REE abundances (Calvert,
1978; Hekinian et al., 1982). However, none of samples
from the study area show such negative Ce anomalies
(Figs. 4 and 5).

CONCLUSIONS

Introducing the trace element abundances and patterns
of LTL series rocks for the first time, this study proves
that an island arc-type magma was involved in Eocene
magmatism in the study area. The major contribution of
this study is, however, the introduction for the first time
of a set of Pb-enriched volcanic rocks with transitional
geochemical characteristics of an island arc-active conti-
nental margin melt. Low degree partial melting of a rather
cold peridotite fluxed by Pb-enriched fluids emanating
from deeper part of Neotethyan slab, produced magmas
that evolved to HTL series rocks. A subsequent decrease
in subduction rate, moved isotherms upward and triggered
larger degree of partial melting at shallower depths, lead-
ing to LTL series rocks.
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APPENDIX

Figure A1 shows different parts of the Saveh quad-
rangle (see Fig. 1) covered by the former studies. Exami-
nation of Harker diagrams (major element oxides vs.

silica) for volcanic rocks from these studies, shown in
Fig. A2, leads to the conclusion that the volcanic rocks
from south Karaj and south Danesfahan show the most
extreme/significant chemical differences; for instance
very different K2O and Al2O3 contents at the same SiO2
contents of around 50 wt.%. It was thought that a com-
parative study of the volcanic rocks from these two areas
would elucidate the major magmatic components and
mantle rocks involved in their genesis.
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