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Abstract The activity of the Damavand volcano
(Central Alborz, northern Iran) began 1.8 Ma ago and
continued up to 7 ka BP. Although the volcanic suite is
clearly of shoshonitic affinity, only two petrographic
types can be distinguished in the studied lavas: (1)
weakly differentiated absarokites (49 < %SiO, < 51),
scattered around the volcano but with a regional
extension, (2) highly differentiated banakites (59 <
%Si0, < 63), which form the bulk of the 4,000 m thick
volcanic pile. All lavas are alkalic (3.7 < %K,0 < 5),
REE and LILE-rich (e.g, 85 < La < 148 ppm;
9 < Th < 32 ppm) and show highly fractionated REE
patterns (69 < La/Yb < 115) and pronounced Nb-Ta
negative anomalies. The absarokites are characterised
by Sr (0.7045-0.7046) and Nd (0.51266-0.51269) isotope
compositions close to the Bulk Earth values, and
distinct from those of the banakites (0.7047 <
87Sr/%0Sr < 0.7049, 0.51258 < *3Nd/™Nd < 0.51262).
The Pb isotope ratios are also slightly lower in
the absarokites than in the banakites (18.71 <
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20pp2MPh < 18.77,15.62 < *YPb/*™Pb < 15.63,38.85 <
2%pb/**Pb < 3891, and 18.77 < **Pb/***Pb < 18.84,
15.62 < *”"Pb/**Pb < 15.64,38.94 < **Pb/*™*Pb < 39.06,
respectively). Overall, there is a clear tendency towards
higher Sr, Pb and lower Nd isotope ratios with
increasing degree of differentiation. This study suggests
that the absarokites result from a low degree of partial
melting (~5%) of a highly metasomatized mantle
source, which inherited its characteristics from an old
subduction setting. The initiation of volcanic activity
1.8 Ma ago results from variations in the lithospheric
thermal regime, probably related to lithospheric
delamination as proposed for Anatolia (Pearce et al.
1990). The banakites are mainly generated by extensive
fractional crystallisation (~70%) of the absarokitic
magma, with a limited amount (a few percents) of
assimilation of an old crustal component, in the form of
bulk assimilation or AFC processes, which both can
explain the Sr, Nd and Pb isotope data.

Keywords Absarokite - Banakite - Trace elements -
Sr - Nd - Pb isotopes - Damavand - Iran

Introduction

Damavand is a young dormant strato-volcano (Fig. 1)
located 50 km north of Tehran in the internal part of
the Central Alborz, a polyorogenic mountain belt
surrounding the South Caspian basin. The almost
symmetric volcanic cone (400 km?) reaches an altitude
of 5,670 m (4,000 m above the substratum). Its volume
is estimated between 240 and 300 km® and consists of
pyroclastic breccias and lahars interbedded with thick
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Fig. 1 Geological sketch map
of Damavand volcano and
location of samples DA P1,
DA P2 and DH 23 to DH44.
The references of the other
samples (DA 2000-DA 5400)
correspond to their height of
collection along the path A-B

to the summit

= Lava ﬂow‘s and Ifis‘s_ef. pzqsg ;.:
pyroclastic rocks N 27 8
“S~<Faults 5 km T e A

lava flows (Allenbach 1966; Brousse and Vaziri 1982;
Davidson et al. 2004).

A detailed description of the geodynamic setting of
the Alborz Mountains is given in a recent article of
Davidson et al. (2004). The Damavand volcano is
located in a peculiar zone where the trend of defor-
mational structures rotates from NW-SE to SW-NE.
According to the seismological data, the deformation
in Alborz is partitioned along range-parallel thrusts
and left-lateral strike-slip faults (Jackson et al. 2002;
Allen et al. 2003). A recent GPS study accounts for a
NS shortening of 5 +2 mm/year and a left-lateral
shear of 4 + 2 mm/year across the Alborz (Vernant
et al. 2004). The left-lateral strike-slip movement may
be concentrated on internal structure such as the
Mosha fault along which a minimum Holocene left-
lateral slip rate of 2 + 0.1 mm/year has been esti-
mated (Ritz et al. 2003a, b). The volcano outcrops
20 km northwards from the Mosha active fault and
lays unconformably upon folds and thrusts affecting

@ Springer

sedimentary deposits ranging in age from Paleozoic to
Cenozoic.

This volcano, although geographically isolated, be-
longs to the northern Cenozoic volcanic line, which
streches from Turkish Anatolia and Iranian Azer-
baidjan (with the Ararat, Sahand and Sabalan volca-
noes) in the West to the Quchan volcanic area (Kopeh
Dag) in the East. Three magmatic series have been
identified along this line: “‘calk-alkaline” in the Sahand
and Ararat, “high-K calk-alkaline” in Sabalan (Inno-
centi et al. 1982) and ‘‘alkaline” in the Anatolian dis-
tricts of Tendurek and Nemrut as also in the West
Iranian district of Bijar and in the East Iranian district
of Quchan (Berberian King 1981; Aftabi and Atapour
2000).

Due to their high SiO, and alkali contents, the Da-
mavand lavas were previously considered as interme-
diate alkaline latites, trachyandesites and trachytes
by Jérémine (1942), Bout and Derruau (1961) and
more recently by Davidson et al. (2004). From major
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element analyses, Brousse et al. (1977) and Brousse
and Vaziri (1982) concluded that these lavas belong to
a shoshonitic association. According to these authors,
the Damavand volcano would be related to the sub-
duction of an old oceanic crustal segment coming from
the Zagros zone after the Miocene collision. Shos-
honitic lavas are common in Iran with ages ranging
from Eocene to Miocene (e.g., Aftabi and Atapour,
2000). The Damavand volcanics are the only one of
Quaternary age. Therefore, understanding their origin
and formation is a key to a better knowledge of the
present-day geodynamic evolution of Northern Iran.

In spite of the lack of shoshonitic lava s.s., the
shoshonitic character of the Damavand magmatic ser-
ies was demonstrated in a previous paper of our group
(Mehdizadeh et al. 2002). In the present contribution,
sampling was extended by addition of five lavas col-
lected between 2,000 m and the volcano summit and 3
from the peripheral volcanic area (Fig. 1). New K/Ar
ages have been obtained for two samples and U-series
disequilibria measured in two recent lava flows. Pb, Nd
and Sr isotope compositions have been analysed in 12
lava samples. These new data are used to characterise
the magma source and to propose a petrogenetic
model for the volcano formation.

Analytical techniques

Major and trace element concentrations are given in
Table 1. Major element concentrations were deter-
mined by XRF at the SARM (CRPG, Nancy) and
trace elements concentrations by ICP-MS at the IS-
TEEM (University of Montpellier II) following the
analytical techniques outlined in Tonov et al. (1992). Sr,
Nd and Pb isotopes were separated at the Laboratory
of Tectonophysique (University of Montpellier II). Sr
and Nd isotope compositions were measured on a
Finnigan Mat mass spectrometer at the Paul Sabatier
University (Toulouse). *’Sr/*Sr ratios of four NBS987
standards analysed during the course of this study
yielded an average of 0.710245 + 15 (20) (n = 6).
13N d/"*Nd ratios of “Rennes” standards yielded an
average of 0.511987 + 6 (20) (n = 3). Pb isotope com-
positions were determined by multicollector magnetic
sector inductively coupled plasma-mass spectrometry
using the VG model Plasma 54 in ENS (Lyon) (White
et al. 2000). Samples were bracketed between NIST
981 standard splits and corrected according to values
reported by Todt et al. (1995). K-Ar analyses
have been performed at LSCE, CEA-CNRS, Gif sur
Yvette. Age calculations are based on the decay
and abundance constants of Steiger and Jéger

(1977): ip =4.962 x 107 a!; e = 0.581 x 107 a™;
YK/K = 1.167 x 10~ mol/mol. ***U-***Th-**’Ra->'"Pb
and *¥U->'Pa disequilibria were all measured
through gamma spectrometry following the method
described by Condomines et al. (1995). Due to the
relatively high U and Th contents of the Damavand
samples, it was also possible to measure (although with
a lower precision) **°Th, using the 67.7 keV gamma
peak and **'Pa (via the 236 keV peak of its daughter
227Th).

Results
Age of eruptions

According to Allenbach (1966) and Davidson et al.
(2004), Damavand volcano is constituted of two
superimposed edifices. An “Old Damavand”, active
between 1.8 and 0.8 Ma, subsequently eroded, is lo-
cated slightly to the North and East of the present
cone. A “Young Damavand”, active between 0.4 Ma
and 7 ka, corresponds to the migration of activity
centres towards the South and West. The “Old Da-
mavand’’ activity was probably preceded and accom-
panied by regional basaltic emissions south and south/
east of the volcano.

During this work, two flows have been dated by the
K-Ar method (Table 1). The first one (DA2000), a
differentiated lava collected near the village of Reynes
at the foot of the volcano (point A, Fig. 1), belongs to
the “Young Damavand”. It provides a K-Ar age of
410 = 6 ka (Table 1). The second flow is a basalt (DH
44) outcropping near Nava (Fig. 1) and belongs to the
regional basalt suite of the southeastern piedmont. It
yields a K-Ar age of 1,480 + 20 ka (Table 1). These
two new ages are in good agreement with the recently
published ages of Davidson et al. (2004).

In order to constrain the timing of the most recent
activity of Damavand, we carried out a preliminary
investigation of U-series disequilibria in two banakite
samples (see Table 1). These samples come from two
young lava flows: the first one (DA P1) outcrops at
around 2,000 m asl in the Haraz River (SW Damav-
and), near Polour (Fig. 1). The second one (DA 4800),
collected at 4,800 m asl, close to the summit of the
volcano, belongs to the main volcanic pile (Fig. 1). The
fact that ?°Ra and *°Th are in radioactive equilib-
rium, whereas the (**°Th/?*U) and (**'Pa/**’U) ratios
are both different from unity, suggests that the age of
these banakites range between 8 and 160 ka (the latter
corresponds to about five half-lives of **'Pa). The age
of these two banakites can be estimated at a few tens of
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+ T g 2 ka, given that the (**'Pa/>*U) ratio is still rather high.
sl % 39 g g = g It is in agreement with previously published ages for
§ T 2 3 & =z S 2 the young Damavand (Davidson et al. 2004).
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Table 2 Average major

element compositions of the Absarokite Banakite
ﬂhzfgocrysts in the studied Cpx Ol Cpx  Opx Pl Bi Amp Ap  Ti-Mt Ilm
v
N 5 6 10 2 16 11 2 4 9 2
Percentage
SiO, 4930 4028  52.64 55.20 5970 35.05 4218  0.38 0.72 0.08
ALO;  4.09 0.03 1.29 1.54 2498 1334 1094 0.02 1.93 0.09
FeO 6.57 12.76  7.57 12.32 0.37 16.17 1115 026 80.32 47.64
MnO 0.14 0.44 0.35 0.35 0.00 0.11 0.16 0.08 0.34 0.94
MgO 14.66  46.09 14.96 28.78 0.01 1494 1374 0.14 1.47 421
CaO 2264 019 2212 1.50 6.50 0.04 1128 5396 0.16 0.03
Na,O 0.51 0.02 0.58 0.04 6.62 0.77 2.78 0.21 0.08 0.01
K,O 0.01 0.00 0.01 0.01 1.53 9.25 1.29 0.01 0.04 0.06
TiO, 1.45 0.02 0.35 0.25 0.05 6.38 4.65 0.01 6.30 43.81
P»Os 0.04 0.10 0.04 0.00 0.03 0.02 0.00 42770 0.09 0.00
Cr,05  0.27 0.01 0.10 0.07 0.01 0.01 0.05 0.00 0.23 0.06
> 99.67 99.94 10001 100.06 99.81  96.08 9822 97.76  91.66 96.94
5 . and the Nb/Ta ratios are heterogeneous as well in the
banakite o w@ absarokites (45.4 < Nbypm < 60.8, 16.4 < Nb/Ta < 21.0)
4 " *¢ | o oshonite % as in the banakites (47.3 < Nbppy, < 66.6, 13.9 < Nb/
/ Ta < 17.3). Such Nb/Ta values have been yet estab-
8\1 3 absarokite lished in subduction related magmas from island arcs
< 2] and continental margins (Green 1995). Compared with
the typical mantle value (Nb/Ta = 17.5+2.0), the higher
1 Nb/Ta may would result from fractionation of titanate
minerals (such as rutile), while the lower would indicate
0 ' ; ' contamination by collision zone granites with 5<Nb/
45 50 0/5;0 60 % Ta<12 (Green, 1995). The incompatible element pat-
( 2

Fig. 2 K,O versus SiO, diagram from Peccerillo and Taylor
(1976). Data from Mehdizadeh et al. (2002) and this study

for this series. These ratios are not correlated with
the SiO, content. Compared to the banakites (see
Table 1), the absarokites are enriched in P,Os
(11 < P2050/0 < 124)

All samples are highly enriched in incompatible
elements (e.g., 9 < Thypm < 32.5; 85 < Lappm < 148).
The most incompatible elements display two con-
trasted behaviours : Rb and U are positively correlated
with Th, that suggests a classical fractionation process ;
Ba and La show weakly negative correlations with Th,
that would result from fractionation of accessory min-
erals with high partition coefficient values for LREE
and Ba, such as apatite and K-feldspar. The Primitive
Mantle-normalized incompatible element diagrams
(Fig. 3a, b) show the enriched character of all lavas but
with variable degree (from several times for HREE to
more than hundred times for Rb, Ba, Th, U, Pb). The
REE are strongly fractionated (69 < La/Yb < 115).
Significant negative anomalies are observed in the
absarokites for Nb, Ta, and Ti. The Nb concentrations
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terns of the absarokites are also characterized by posi-
tive anomalies for Ba, and, to a lesser extent, for La, Pb
and Sr. Negative anomalies in Nb, Ta, and Ti are also
present in the banakites, with a significant positive
anomaly for Pb (Fig. 3b). These features compare well
with the data of Davidson et al. (2004) (Fig. 3c). How-
ever, these authors argued that their lavas are devoid of
significant Nb-Ta anomalies and consequently have an
alkalic affinity. This discrepancy is related to the lack of
Th and U data in the diagrams presented by Davidson
et al. (2004). Although the Nb-Ta anomaly of the Da-
mavand lavas [i.e. (Nb/Th)/(Nb/Th)py; = 0.58 and (Ta/
Th)/(Ta/Th)py = 0.54 for the absarokites] is less pro-
nounced than in sudbuction-related calk-alkaline series
(i-e., Davidson et al. 1990), it still remains significant. In
any case, the incompatible element distributions of
absarokites are quite different from OIB (Fig. 3a),
which display positive Nb-Ta anomalies [(Nb/Th)/(Nb/
Th)py = 1.44; (Ta/Th)/(Ta/Th)py = 1.40] (Sun and
MacDonough 1989). Morever, the banakites have
incompatible element patterns distinct from the differ-
entiated terms of continental alkaline series (i.e., Maza
1998, Fig. 3b).

On a regional scale, the comparison between the
Damavand banakites and the Ararat calc-alkaline
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Fig. 3 Spidergrams of absarokite (a) and selected banakite (b)
samples (data from Mehdizadeh et al. (2002) and this study).
OIB sample, normalizing values of primitive mantle and
incompatibility sequence are from Sun and MacDonough
(1989); Tral and Tra2: trachytic samples from Ahaggar (Algeria)
from Maza (1998), (¢) Comparison between the Damavand
banakite analyses of Davidson et al. (2004) and our data; Ararat
lavas from Pearce et al. (1990)

lavas (Fig. 3c) shows significant differences which
probably correspond to variations in the source
composition (the Damavand banakites display a

strong enrichment in the most incompatible elements
and a depletion in HREE). However the Nb/Ta
anomalies observed both in the Ararat and Damav-
and lavas are quite similar.

The two petrographic groups display distinct isotope
characteristics. The banakites show a restricted range
of %Sr/%Sr and *Nd/'"Nd ratios (0.70470-0.70489
and 0.51258-0.51263, respectively), distinct from the
absarokites, which have lower ®’Sr/*°Sr ratios (0.70447—
0.70455) and higher **Nd/***Nd (0.51266-0.51269)
isotopic compositions. In the Nd-Sr isotope diagram
(Fig. 4a), the Damavand lavas plot close to the bulk
earth composition and define a restricted domain lo-
cated on the mantle array. Compared to other high-K
series, they show similarities with Java and Aeolian
island arc lavas (Edwards et al. 1991; De Astis et al.
2000; Ellam et al. 1989), but are clearly different from
collision domains such as Tibet and Central Italy
(Turner et al. 1996; Gasperini et al. 2002; Vollmer and
Hawkesworth 1980; D’Antonio et al. 1996). Reported
in the Pb-Pb isotope diagrams (Fig. 4b, c), the banak-
ites (18.766 < “Pb/*™Pb < 18.843; 15.623 < *”’Pb/***Pb
< 15.638; 38.943 < 2*Pb/***Pb < 39.061) and absarok-
ites (18.711 < 2°Pb/*™Pb < 18.770; 15.615 < *7’Pb/**Pb
< 15.627; 38.846 < **Pb/***Pb < 38.907) define two
limited but distinct domains located outside the mantle
array (see insets). They define a trend similar to that of
the Andean lavas and are intermediate between the
Java and Aeolian Island domains. The two banakite
samples analysed for U-series disequilibria have the
same Th/U ratio (4.1), and both display similar
BO0Th-238U disequilibria, with a (*°Th/?*®U) activity
ratio of 1.17, and (***Th/***Th) ratio of 0.86. It is worth
noting that these values are close to those of the
present-day shoshonitic basalts erupted at Stromboli
volcano in the Aeolian Islands [Th/U =3.83;
(P°Th/*®U) = 1.135; (**°Th/***Th) = 0.90, Gauthier
and Condomines 1999].

Discussion

Shoshonitic associations occur in various geological
environments, often above subduction zones in intra-
oceanic (Sun and Stern 2001, De Astis et al. 2000) or
continental settings (Bourdon et al. 2003). However,
they also occur in postcollisional geodynamic settings
such as in Central Italy (Beccaluva et al. 1991;
Gasperini et al. 2002), Tibet (Turner et al. 1996) and
Anatolia (Innocenti et al. 1982). Whatever the setting,
the geochemical characteristics of this magmatism
(peculiarly the Nb, Ta and Ti negative anomalies) are
classically considered as resulting from partial melting
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of a highly metasomatized mantle associated with
present or fossil slab sinking.

Origin of the absarokites

It is commonly admitted that absarokites result from
low degree of partial melting 2 <f<5%) of a
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«Fig. 4 Sr, Nd and Pb isotope diagrams for Damavand lavas. a

Plot of "*Nd/***Nd versus ¥’Sr/*®Sr. Literature data sources are:
Marine sediments (Ben Othman et al. 1989); Aeolian islands (De
Astis et al. 2000; Ellam et al. 1989); High-K Java lavas (Edwards
et al. 1991); Italian K-rich rocks (Gasperini et al. 2002; Vollmer et
Hawkesworth, 1980; D’Antonio et al., 1996); Marianas lavas
(Woodhead 1989; Sun and Stern 2001); Tibet (Turner et al. 1996);
Andean lavas (Bourdon et al. 2003; Hickey et al. 1986); Ararat
lavas (Giilen 1984). The mantle array is shown by grey sticks and
comes from numerous literature data. Symbols: black diamond
absarokite sample; black square banakite sample; b Plot of
208pp294Ph  versus 2°°Pb/”**Pb ratios. Same references and
symbols as in Fig. 4a. The inset is the enlargement of the
Damavand sample field. ¢ Plot of 2’Pb/***Pb versus 2*°Pb/***Pb
ratios. Same symbols as in (a)

highly metasomatized mantle (e.g. Tatsumi and
Koyaguchi 1989; Edwards et al. 1994; Turner et al.
1996). The high K,O content of the Damavand abs-
arokites (>4%), higher than the K,O crustal average
(Rudnick 1995), can only be explained in terms of a
primary, source-related feature. This may reflect the
presence of a potassic phase, most likely phlogopite,
in the mantle source (Tatsumi and Koyaguchi 1989;
Turner et al. 1996). This magmatic source is also
characterized by low HREE abundances and high
La/Yb ratios (69-115), that implies garnet as a
residual phase. These very high values, much higher
than OIB averages (La/Yb =17, Sun and MacDon-
ough 1989), suggest that the melting proportion of
garnet in the absarokite source is lower than in the
OIB source.

The K and trace element composition of the mantle
source has been computed by assuming: (1) a metaso-
matized lherzolite composition for the source
(01=0.7, Opx=019, Cpx=0.05 Gt=0.04,
Phl = 0.02), (2) a melting degree f of 5%, (3) a non-
modal melting model where the proportions p of liquid
formed by melting of the above minerals are the fol-
lowing (Ol =0, Opx =0.01, Cpx =0.58, Gt=0.01,
Phl = 0.40): note that the phlogopite is totally con-
sumed in this process, and (4) mineral-melt partition
coefficients for most trace elements from the GERM
data base (Geochemical Earth Reference Model:
http://www.earthref.org). The calculated source com-
position is reported in Fig. 5a. As expected, the source
is enriched in incompatible elements, with enrichment
factors (in the source compared to the primitive man-
tle) for strongly incompatible elements (Th, La) and K
of 6.6, and a Nb negative anomaly. Only Ba has a
significantly higher enrichment factor of around 13.
Such features are commonly explained in terms of
mantle source modifications by addition of slab-de-
rived aqueous fluids leading to fluid-mobile LILE-
enrichment and HFSE-depletion (e.g. Babaie et al.
2001).
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Fig. 5 a Average composition of absarokites, and calculated
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composition. This curve is compared to the field defined by the
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Thus, the Damavand lava genesis implies the pres-
ence of a mantle source enriched by fluids/melts de-
rived from a subduction event. The age of this event is
debatable: it could be recent and related to the initia-
tion of subduction of the oceanic-like Caspian crust
(Boulin 1991; Priestley et al. 1994); or it could be older
than the late Neogene and related to the Zagros Belt
formation (Brousse and Vaziri 1982; Aftabi and Ata-
pour 2000). Unfortunately, the lithospheric structure
beneath the Alborz Montains is poorly documented
and the few available seismic data prevent any defini-
tive conclusion about the presence of a slab and its
depth (for references see Davidson et al. 2004).
Nevertheless, the geochemical characteristics of the
Damavand magmatism associated with the present
post-collisional tectonic setting of Alborz rather
suggest a situation similar to Tibet (Guo et al. 2005)

and Carpathians (Seghedi et al. 2001; Mahéo et al.
2002), where the presence of an ancient slab has been
proposed. In the Damavand case, the paleotethyan
subduction from southwest to northeast induced by the
Zagros formation would be responsible for the meta-
somatism of the mantle source. The initiation of the
volcanic activity (1.8 Ma) is not directly related to this
subduction event. However, it suggests a recent change
of the lithosphere thermal regime in this part of Al-
borz, probably in relation with the lithospheric
delamination (e.g., Pearce et al. 1990).

Origin of the banakitic group
Major and trace element

Major element compositions suggest that the banakites
could be derived from the absarokites through frac-
tional crystallisation. The most incompatible elements
(e.g., Th, U, Rb) strongly increase from the most
primitive absarokite (DH 30) to the least evolved
banakite (DH 26). If we apply the basic equation
C/C, = 1/F for Th, the observed variation (from 9.0 to
21.9 ppm) would imply a crystal fractionation amount
of at least 60% without significant or only small vari-
ations of Na,O, K,O and Nb, Ta contents. The sys-
tematic discrepancy between the behaviour of the
usually incompatible LREE (decreasing from the abs-
arokites to banakites) and that of Th, U, Rb (increas-
ing from the absarokites to banakites) suggests
fractionation of mineral phases with contrasted parti-
tion coefficients for these two groups of elements
(much higher values for the first one than for the sec-
ond one). Apatite might be such a mineral. Its presence
in the fractionating assemblage is corroborated by (1)
the high P,Os amount (>1%) measured in the abs-
arokites compared to the lower values in the banakites
(0.4-0.7%) (2) the occurrence of large apatite grains in
the crystal aggregates observed in several banakites.
The sharp decrease of HREE from absarokites to
banakites suggests the additional fractionation of gar-
net and/or zircon. Garnet has not been identified in the
present study, nor in the previous petrographic studies
(Mehdizadeh et al. 2002). The Zr decrease from abs-
arokites to banakites (from 457 in one absarokite to
234 ppm in one of the most differentiated banakites)
and the occurrence of zircon inclusions in the minerals
of aggregates favours the hypothesis of zircon frac-
tionation (Table 3).

A detailed quantitative modelling of crystal frac-
tionation is difficult, because of (1) the compositional
variability in the analysed absarokites (probably due to
variable melting degrees from 4 to 6%), (2) the fact
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Table 3 Modelling crystal

fractionation, mineral Percentage Averaged Averaged Recalculated Standard F=0.26
percentages in the cumulate, Banakite Absarokite Absarokite Deviation
;aall‘;‘;fj‘;equl}:t?ﬁf et $i0, 6134 5033 50.41 ~0.08 Segregate
residual melt proportion Al O3 16.28 15.7 15.8 0.1 Ol = 6.9%
Fe,O; 4.66 7.49 7.48 0.01 Cpx = 14.3%
MgO 2.55 7.75 7.68 0.07 Pl =45.4%
CaO 429 7.35 7.21 0.14 Bi =27.5%
Na,O 4.9 4.57 3.7 0.87 Ap =3.8%
K,O 4.47 4.00 3.61 0.39 Ti-Mt = 2%
TiO, 0.96 1.6 1.8 -0.20
P,0Os 0.54 12 1.38 -0.18 S 12 =1.014
> 99.99 99.99 99.07 0.91 SD = 0.507

that these latter might not strictly represent the
parental absarokitic magma at the origin of banakites,
and (3) the absence of intermediate products between
absarokites and banakites. A rough calculation has
nevertheless been made, using average compositions of
both the absarokites and banakites. Major element
modelling through classical least-square mass balance
calculations shows that the average banakite compo-
sition could be derived from that of the average abs-
arokitic magma after 74% fractionation of a cumulate
composed of olivine (6.9%), clinopyroxene (14.3%),
plagioclase (45.4%), biotite (27.5%), Ti-magnetite
(2%) and apatite (3.8%)(Table 2). The main differ-
ences between the recalculated absarokite and the
average starting absarokite composition concerns
Na,O and K,O, and they suggest that the parental
absarokitic magma was indeed poorer in Na and K
than the analysed samples.

Table 4 Distribution coefficients of trace elements used in
Rayleigh fractionation modelling. Most partition coefficients
are taken from the GERM database. D is the bulk partition
coefficient for a segregate composed of 46% plagioclase, 27 %

Of course, the mineral percentages calculated
through this model refer to the bulk cumulate, and it is
likely that crystal fractionation took place in several
stages, each characterised by its own mineral assem-
blage. A knowledge of these various stages would be
necessary for a precise modelling of trace element
using a Rayleigh fractionation equation. It should be
noted however that all the analysed trace elements
have an incompatible behaviour (D < 1) in early
crystallising mafic phases, like olivine, and clinopy-
roxene, so that their bulk partition coefficients will
probably increase if successive stages of crystallisation
are assumed, with an increasing proportion of plagio-
clase, biotite and accessory phases (Table 4). It can be
shown that, in that case, the trace element contents of
the differentiated magma calculated by using a single-
stage model would represent maximum values. The
trace element evolution has thus been modelled

biotite, 14% clinopyroxene, 7% olivine, 4% apatite, 2% magne-
tite and 0.1% zircon (proportions deduced from major element
modelling cf. Table 3)

Distribution coefficients D

Cpx Bi Apat Pl Ol Zr Mt
Ba 0.031 4 0.05 0.36 0.03 0.01 0.03 1.25
Th 0.019 0.16 2.76 0.004 0.014 22 0.05 0.18
U ~0 0.06 1.96 ~0 ~0 132 0.5 0.24
Nb 0.025 3.6 0.05 0.008 0.009 45 2.3 1.07
La 0.056 0.272 23 0.19 0.0067 5.25 0.22 1.10
Ce 0.092 0.318 28 0.11 0.006 349 0.12 1.27
Sr 0.25 0.672 24 2.4 0.053 ~0 0.11 1.42
Nd 0.23 0.29 30 0.09 0.0059 3.8 0.25 1.36
Hf 0.014 0.2 0.03 0.36 0.0005 977 0.71 1.24
Sm 0.445 0.26 33 0.07 0.007 5.16 0.29 1.50
Eu 0.474 0.237 26 0.443 0.0074 2.39 0.22 1.38
Dy 0.582 ~0.3 30 0.063 0.013 314 0.44 1.35
Er 0.583 ~0.3 23 0.057 0.0256 64.6 0.24 1.10
Yb 0.542 0.44 20 0.056 0.0491 128 0.24 1.16
Lu 0.506 0.33 14 0.053 0.0454 196 0.32 0.95
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through a single stage Rayleigh fractionation process,
using the mineral proportions calculated from major
elements. An amount of 0.1% of zircon has been added
to take into account the decrease of Zr . Indeed, the
maximum proportion of zircon in the cumulate can be
calculated by assuming that zircon is the only Zr
bearing phase. The Zr variation from the absarokite
with the highest Zr content to the banakite with the
lowest Zr content would require 0.12% of zircon in the
cumulate (a similar calculation using the average Zr
contents of absarokites and banakites would give
0.08% of zircon). The mineral/liquid partition coeffi-
cient values are taken from the GERM website data-
base (http://www.earthref.org). The calculated trace
element distribution of the melt after 70% crystal
fractionation is reported in Fig. 5b. For almost all
elements, the calculated maximum concentrations are
in the range of the banakitic compositions or slightly
above it (Fig. 5b).

Sr, Nd and Pb isotopes

The existence of significant differences in Sr, Nd, Pb
isotope compositions between absarokites and banak-
ites, and within the banakites cannot be expained by
crystal fractionation alone. The tendency towards
higher Sr, Pb and lower Nd isotope ratios with
increasing differentiation suggest that the Damavand
magmas might have assimilated a radiogenic compo-
nent during their storage and crystallisation in the
crust. We have thus tested an assimilation-fractional
crystallisation model (AFC), involving a Precambrian
granitic basement as contaminant. The parameters
used in these calculations are given in the caption of
Fig. 6. Although Precambrian terranes do outcrop in
Central Alborz in the vicinity of the Damavand (Sa-
handi and Soheili 2005), their geochemical and isotope
characteristics are unknown, so the values chosen for
the crustal component are simply reasonable values for
upper crust granitoids, and the model is only intended
to test the AFC hypothesis.

It can be seen from Figs. 6a—d, where Sr, Nd and Pb
isotope ratios are plotted versus Th contents (i.e., dif-
ferentiation), that an AFC process can indeed explain
the Damavand data. With the assumed parameters,
and an R value of 10 (R = M /M, is the ratio: mass of
cumulates/assimilated mass) the banakites would re-
quire f values between 0.4 and 0.3 (f= M/M, is the
ratio: total mass of residual banakitic magma /initial
mass of absarokitic magma). These values would cor-
respond to a percentage of contamination x = M,/
My + M, (x = (1-)/(R—f)) of 6-7%. An alternative
model is also illustrated in Fig. 6: it involves contami-

nation of the absarokitic magmas by a simple assimi-
lation (binary mixing M) of a crustal component, and
then crystallisation (CF) of this magma in an upper
crustal magma chamber, where it differentiates into a
banakitic magma. In this case, small percentages of
contamination are still possible, but the high Sr, Nd
and (to a lesser extent) Pb contents of the absarokitic
magma require a crustal component with much higher
Sr, Pb and lower Nd isotope ratios, compared to the
AFC model. Such characteristics can be found in Ar-
chaean granitoids (e.g., Bickle et al. 1989). Whatever
the genetic model, it is clear that such low percentages
of assimilation would not affect major or trace element
composition in a significant manner (especially if the
uncertainties in partition coefficients of trace elements
are taken into account). Thus, the proportions of
crystallising minerals calculated above remain valid.

Conclusion

The Damavand volcano is essentially composed of K-
rich differentiated lavas (banakites) belonging to the
shoshonitic series. They were emitted between 1.8 Ma
and 7 ka and were accompanied, during the first phase
of activity, by a peripheral absarokitic volcanism. The
two types of lavas are strongly LILE enriched and
display Nb-Ta negative anomalies generally consid-
ered as geochemical indicators of subduction.

The Damavand absarokites are primitive magmas
as suggested by their mineralogy, geochemistry and
isotope ratios. Their trace element compositions sug-
gest they result from a low degree of partial melting
(~5%) of a garnet and phlogopite-rich lherzolite (with
an isotope composition close to the Bulk Earth) me-
tasomatized by slab-derived fluids and melts derived
from an older subduction episode. The initiation of
volcanic activity might result from variations in the
lithospheric thermal regime related to lithospheric
delamination as proposed for Anatolia (Pearce et al.
1990).

The banakites probably result from extensive frac-
tionation (F~0.3) of a mineral assemblage
(P1 + Cpx + Biot + Ol + Ti-Mt + Ap + Zircon) cor-
responding to the observed phenocryst paragenesis.
The presence of accessory minerals like apatite or
zircon in the cumulates explain some of the peculiari-
ties of the banakites (i.e., their lower REE and Zr
contents compared to the absarokites). The Sr—-Nd-Pb
isotopic compositions of these lavas, slightly but sig-
nificantly different from the absarokites, and the vari-
ations within the banakite group can be accounted for
by a small percentage (<10%) of assimilation of a

@ Springer



100 Int J Earth Sci (Geol Rundsch) (2008) 97:89-102
a 0.70520 F T T T T b 0.51270 [ '.I T T T T
L M pe
0.70510 | i E [ x= b o ]
: : ] USELE s ]
C 010 & - ] C } 2 0- ]
L ! = - > [ ]
0.70500 | on . . °=i‘3 CF ° ]
- i CF 35 0.51260 | 006 b .“*.{. ° .
- —_— E s : 3 ]
o 070490 [ ® _AFC p L L 3 o .. AFC 1
P - 5 * . oy - : CF T 02 ]
€. 0.70480 | 006 & o o0 3 B 0.51255 [ 010 b .l .
& s Dol g ; ]
S 0.70470 | _—, 804 i < . M ]
C i o 3 0.51250 [ : .
r O" =0.5 ] L H ]
070460 £, 40 § . . ] ]
C i, 1 0.51245 [ : 7
0.70450 ' = [ : ]
L L4 ) ] H 4
0.70440 Lo o 5 o PRRET S N [ ST T ST S R PR " 0.51240 N e | L !
0 10 20 30 40 50 0 10 20 30 40 50
Th (ppm) Th (ppm)
c19,100:............,........... d39'400:"""?"" . .
19.050 | 4 3 L ]
: i ] 39.300 [ i .
19.000 F ] . M ]
~ E M i s9.200f ]
O 18.950 i - o) [ ! ]
o L : 4 o H
3 b E g C 010 §
qQ - H . & - H .
& 18.900F 010 5 ] § 39100 ; CcF . g
o i ! CF a [ ! ]
g 18850 > AFC .3 ] . 006 ARG
< b P T e o ] <L 39.000 i CF PO 0.2 7
C 006 & e 02 ] [ —— g6 e ]
18.800 | iocr 0.5 %0 o . [ ; L
: ] L { Lo 805
: e »,—»%&0_5 ° 3 38.900 F 0% ¢ g .
18.750 I 002 PO 7 L S
s R 1 1)
18.700 La—ms . 1 A A R 38.800 1 I L L 1
0 10 20 30 40 50 0 10 20 30 40 50
Th (ppm) Th (ppm)

Fig. 6 Assimilation-fractional crystallisation (AFC) and assimi-
lation (mixing M) followed by crystal fractionation (CF) models
to explain Sr (a), Nd (b) and Pb (¢, d) isotope ratios, plotted
versus Th contents. For AFC models, the parameters used in the
calculations are the following: Sr, Nd , Pb and Th contents of the
assimilated crustal component are 350, 30, 20 and 30, respec-
tively. The isotope compositions of this contaminant are :
®7Sr/%0sr) = 0.716; (M*Nd/***Nd) = 0.5112; (**°Pb/?*Pb) = 19.4;
(*7Pbl22Pb) = 15.75; (*°**Pb/2**Pb) = 39.7. Bulk partition coef-
ficients of 1.4, 1.4, 0.6 and 0.23 have been assumed for Sr, Nd, Pb
and Th, respectively, and the ratio R (mass of cumulates/

crustal granitic component. Assimilation may be
achieved either through a continuous AFC process or
by simple assimilation in the absarokitic magma fol-
lowed by crystal fractionation at an upper level.
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assimilated mass) is equal to 10. The f values reported on the
curves correspond to the ratio mass of residual magma/initial
mass of magma. Note that our AFC models have been calculated
to fit both Sr, Nd, Pb isotope ratios and contents of the analysed
samples. For simple assimilation (M), the crustal component has
the following characteristics: Sr, Nd , Pb and Th contents of
350, 50, 20 and 30 ppm, respectively. (¥’Sr/%%Sr) = 0.736;
(**Nd/'**Nd) = 0.5104;  (°Pb/*Pb) = 19.9;  (*“’Pb’%Pb) =
15.85; (*%Pb/2**Pb) = 40.6. The x values reported on the curves
indicate the proportions of assimilated component
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