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ARTICLE INFO ABSTRACT
Article history: The Marphioon pluton in the southwest of Neyasar city and central part of Urmia-Dokhtar magmatic
Received: 2023 August 09 arc is among the Neotethyan oceanic lithosphere subduction-related intrusions. We used field
Accepted: 2023 December 15 evidences, petrography, geochemistry and U-Pb geochronological and aeromagnetic data to suggest a
Available online: 2024 June 21 tectonomagmatic scenario for the intrusion. The composition of this circular pluton that has intruded
into the Eocene volcano-sedimentary units changes from intermediate rocks to more tonalitic ones.
I;Z);::;ds'. The Marphioon granitoid gives rise to contact aureole zone with different peripheral thicknesses.
Neotethys U-Pb geochronology of a sample from southern part of the pluton suggests that these rocks have
Early Miocene crystallized at 18.89+0.20 Ma in Early Miocene (Burdigalian). The rocks belong to medium-K calc-
Calk-alkaline alkaline series and are metaluminous with I-type affinities. In terms of geodynamic setting, this

I-type granitoid intrusion is classified as volcanic arc granites and active continental margin granites. Qualitative
Aeromagnetic data interpretation of aeromagnetic data suggested a dioritic to gabbroic composition due to high
Active continental margin magnetic susceptibility. The Marphioon intrusion is strongly tectonized due to faulting. Basement
dextral strike-slip faults and their sinistral conjugates are potential mechanisms for its exposure. The
pluton appears as two or three segmented bodies due to the presence of minor faults. Based on the
aeromagnetic data this intrusion has a dip towards the northeast. It seems that the Marphioon magma
in an active continental margin, originated from the partial melting of the lower continental crust with
the involvement of mantle-derived melts, where mafic magma in mantle wedge has provided optimal
temperature and fluids for this melting in the lower crust. Collectively, the Marphioon intrusion
seems to be emplaced during the transition time from subduction to collision in the Urmia-Dokhtar

magmatic arc contemporaneous with the closure of the Neotethyan Ocean.
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1. Introduction

The Zagros orogenic belt, as a part of the long Alpine-
Himalayan orogeny, resulted from the collision between
the Arabian and Eurasian plates, which has recorded the
opening and closure of the Neotethyan ocean in its history
(Ricou et al., 1977; Berberian and King, 1981; Sengor et al.,
1988; Dercourt ef al., 1993; Agard et al., 2005; Alavi, 2007;
Mohajjel and Fergusson, 2014). There is no consensus on
the exact time of this approximately northern-southern
collision (e.g., late Cretaceous: Alavi, 1994; Berberian and
King, 1981; Eocene: Braud, 1987; Sengér et al., 1993;
Oligocene: Gholami-Zadeh et al., 2017; Neogene: Berberian
and Berberian, 1981; Berberian ef al., 1982; Agard et al.,
2011; Ballato et al., 2011; Verdel et al., 2011; middle to
late Miocene: Jackson et al., 1995; Sen et al., 2004; Chiu
et al., 2013; Pliocene: Stocklin, 1968). The Urmia-Dokhtar
magmatic belt with NW-SE trend is a part of this orogen
which has ca. 1500 km long and about 80 km width
(personal communication, Mansour Ghorbani, 2018). This
arc consists of broad and thick series of volcanic rocks
and associated pyroclastics. Volcanic rocks have different
compositions from rhyolite to basalt belonged to Eocene-
Oligocene till Quaternary volcanism (Darvishzadeh, 1984;
Ghorbani, 2003). Different intrusive rocks with granite to
gabbro composition belonged to Paleocene-Pliocene have
intruded older units in this belt (Ghorbani, 2014). The
persistent debate over the origin of these rocks has eluded
consensus for decades. Some researchers believed that these
rocks resulted from oblique northeast ward subduction
of Neo-tethyan floor beneath Iran (e.g., Berberian and
Berberian, 1981; Berberian et al., 1982; Emami, 2000).
Others suggested continental rift (e.g., Sabzehi, 1974;
Lescuyer and Riou, 1976; Amidi, 1977; Caillat et al., 1978;
Emami, 1981) or island arcs (Shahabpour, 2007) as their
tectonic setting. In this paper we report petrographical, and
whole-rock elemental features, and U-Pb zircon age of one
granitoid pluton located in the central part of the Urmia-
Dokhtar magmatic arc to understand the magmatic history
of granitoids within this arc and their significance in the
geodynamic evolution of the area, specifically its origin and
evolution in subduction or collision-related settings during
the Zagros orogeny. Interpretations of aeromagnetic data
compatible with surface geological evidence are also used
to determine the overall geometrical shape of this intrusion
in the depth, as well as trends of the faults responsible for
the space accommodation for it. So far, many researches
have been done on the intrusive masses of the central part
of the Urmia-Dokhter magmatic arc. Amidi (1977) studied

the stratigraphy and petrology of the Natanz-Surk region
and believed that metamorphism gave rise in a horst-graben
basin along with gradual subsidence of the sedimentary
basin associated successive magmatic manifestations during
several stages from Cretaceous to Miocene time. This process
made fluid pressure increases. Under these conditions,
multiphases auto metamorphism has occurred. According to
his report, Karkas granitoid pluton (west of Natanz) has 17-
19 Ma absolute age. Hassanzadeh (1977) studied the geology
and petrology of the Qamsar region in his master’s thesis and
divided the magmatism of the region into three categories,
including the Eocene volcanic series, the middle Miocene
plutonic series, and the upper Miocene-Pliocene lava series
and dykes. Simultaneously, Mahdavi-Zafarghandi (1978)
has studied the petrology of igneous rocks in the north west
of Natanz in the Abianeh valley in his master thesis. Amidi
and Zahedi (1980) have prepared geological quadrangle of
Kashan at scale 1:250000. Pourhosseini (1981) determined
the age of the Natanz pluton by the Rb/Sr method to be
24+5 Ma and considered that the magma must be resulted
from melting of the crust or mantle, through subduction of
the oceanic lithosphere under central Iran. Honarmand et
al., (2011) considered that the origin of the northwest and
west Natanz granitoids must be mantle-derived and crust-
derived magmas mingling and mixing. Tahmasbi-Namaki
(2003) and Maleki (2007) considered the formation of the
granitoid bodies west of Neyaser city in connection with the
differentiation of a basaltic magma resulting from the melting
of the subducting oceanic crust or mantle wedge. Honarmand
(2012) identified 2 main magmatic phases in this region. First
phase with diorite and monzodiorite composition belonged
to lower Eocene which intruded Eocene volcanic series. This
magma related to the subduction of Neo-Tethyan oceanic
crust under central Iran microplate. The second phase has
taken place in late Miocene with quartzdiorite to tonalite
composition. She suggested that these granites are related
to post-collisional magmatism. The Marphioon pluton with
almost circular outcrop has intruded into the middle and
upper Eocene volcano-sedimentary units. These rocks have
granular structure in macroscopic observations and give
rise a contact metamorphic aureole with different peripheral
thicknesses due to different composition of the rocks on
both sides. Based on interpretation of acromagnetic data this
pluton has a dip toward northeast in depth. This subject can
also increase the thicknesses of contact aureole in west side.
The Marphioon pluton contains semi-angular to generally

rounded microgranular mafic enclaves with different sizes.
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2. Research methodology

We studied 46 thin-section of the rock samples under optical
microscope. 6 fresh samples were selected for chemical
analysis. Whole-rock analyses were performed on laboratory
of the Geological Survey, Iran. A Thermo Scientific Element
2 high-resolution sector field ICP-MS coupled to a 193 nm
ArF excimer laser (Teledyne Cetac Analyte Excite laser) at
the Institute of Geology of the Czech Academy of Sciences,
Prague, Czech Republic, was used to measure the Pb/U
and Pb isotopic ratios in zircons. The aeromagnetic data
used in this research is a part of the data were collected by
Aero-Service Company using aircraft in 1975-1977, at a line

spacing of 7.5 km and a height of 500 meters.

3. Results

3.1. Petrography

Petrographic study of 46 samples indicates that the
Marphioon intrusion is dominantly composed of
granodiorite to tonalite and its southern outcrop has quartz
monzodiorite-monzodiorite composition. Heterogranular
and hypidiomorphic textures are major textures in these
rocks and poikilitic texture is subordinate texture. The major
mineral assemblages of tonalites are felsic minerals such as
plagioclase and quartz and in low amount alkali-feldspars.
The mafic minerals, in order of abundance are amphibole
and biotite. Enclave composition changes from quartz diorite
to quartz monzodiorite and it seems they are similar to the

host rock.

3.2. Zircon U-Pb ages

For the one quartz monzodiorite sample from the southern
outcrop, approximately 21 zircon grains were successfully
separated. It can be seen from the CL image that most of
the zircon grains are subhedral to euhedral crystals and have
prismatic habit. As an internal feature, the zircon grains
show well-developed zoning texture (igneous growth zoning
or oscillatory zoning), due to the heterogenous distribution
of the elements. These samples contain no inherited zircon
grains. The Concordia ages of the zircon grains obtained
from a Ni-37D sample is 18.89 + 0.20 Ma. This pluton was
formed in early Miocene (Burdigalian).

3.3. Whole-rock geochemistry

The Marphioon intrusive rocks plot in the granodiorite and
tonalite fields and the southern outcrop in monzodiorite and
diorite areas of the RI1-R2 classification diagram. These
rocks belong to medium-K calc-alkaline series and are

metaluminous with I-type affinities. In terms of geodynamic
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setting, this intrusion is classified as volcanic arc granites
(VAG) and active continental margin granites. Primitive
mantle-normalized rare earth element (REE) patterns and
chondrite normalized REE abundance patterns (Sun and
McDonough, 1989) show enrichment in large ion lithophile
elements (LILEs) and light rare earth elements (LREEs)
relative to high field strength elements (HFSEs) and heavy
rare earth elements (HREEs). These features, combined with
arelative depletion in Nb, Ti are characteristic of subduction-

related magmas.

3.4. Qualitative interpretation of the aeromagnetic data

The qualitative interpretation of the aeromagnetic data in
parts of the existing 1:100000 geological maps of Kashan
(Emami and Radfar, 1993), including the study area in this
research, was reported by Akhavan-Aghdam (2022). Due
to high magnetic susceptibility qualitative interpretation
of aeromagnetic data suggested a dioritic to gabbroic
composition for Marphioon intrusion. Based on the RTP
map, the maximum, minimum, and average magnetic field
intensity in the investigated area are 40020 nT, 39399 nT
and 39606 nT, respectively. In the upward continuation map
for changes up to 4000 meters, the trace and sign of the deep
body may still be seen. Based on the aeromagnetic lineaments
and the first derivative vertical map of the study area, the
Marphioon intrusion is strongly tectonized. Basement
dextral strike-slip faults and their sinistral conjugates are
potential mechanisms for its exposure. This pluton looks as
two or three segmented bodies due to the presence of minor
faults placed near the surface. The studied intrusion has a dip

towards the northeast.

4. Disscusions

4.1. Magma origin

Based on the field evidence, Marphioon intrusion with an
area of about 70 km? is considered as a massive pluton which
could not be resulted only from the fractional crystallization
ofabasic magma. Felsic magmas resulted from subtraction of
basalts usually form small and scattered outcrops. According
to geochemical results these rocks have low concentration
of V, Co, Cr, Ni elements in contrast to melts resulted from
fractional crystallization of basalts. In addition, samples
show high amount of SiO, with Mg# below 60 which is
not compatible with felsic fractionated melts (Kuster and
Harms, 1998). According to spider diagrams normalized
to chondrite and primitive mantle (Sun and McDonough,
1989), Marphioon rocks exhibited depletion in Nb, Ti and
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enrichments in LREEs and LILEs which suggests typical
features of crustal melts. Molar A1,O,/(MgO + FeOt) (AFM)
versus molar CaO/(MgO + FeOt) (CFM) diagram (modified
after Altherr et al., 2000) showed the metabasaltic source for
Marphioon granitoid.

Mafic microgranular enclaves in these rocks are obvious
evidence for magma mixing/mingling. In addition,
Marphioon southern outcrop has intermediate composition
which is consistent with mantle-derived and crust-derived

magmas mingling and mixing.

4.2. Tectonic setting

Marphioon pluton that is located in the central part of
Urmia-Dokhtar magmatic arc, has chemical characteristics
such as enrichment in LREEs and LILEs and negative
anomalies in Nb, Ti, P, Ta. These features are characteristic
of subduction-related magmas. Based on field evidence
and microscopic observations, these rocks exhibit some
of the active continental margin characteristics such as the
presence of amphibole with accessory minerals (zircon,
apatite, titanite and magnetite), the presence of mafic
microgranular enclaves, and the absence of aluminosilicate
minerals (muscovite, garnet, andalusite, sillimanite and
cordierite). These are pronounced characteristics of
amphibole-rich calc-alkaline granitoids associated with a
subduction-related, active continental margin (Barbarin,
1999). According to the primitive mantle normalized spider
diagram a negative slope from LILE (Cs, U, Th, K and Pb)
to HFSE (Zr, Nb, Ti) on the primitive mantle normalized
spider diagram indicate their I-type features and association
with active continental margin (Barbarin, 1999; Pearce et
al., 1984). As mentioned before, crystallization age of a
sample from southern outcrop is 18.89+0.2 Ma. This age is
similar to the one obtained from main pluton by Honarmand
et al. (2013). Several geochronological studies have been
carried out in the central part of Urmia-Dokhtar magmatic
arc so far which indicate Tertiary calc-alkaline dominated
magmatism culmination has been developed during
Neo-Tethyan oceanic crust subduction under central Iran at
ca. 53-17 Ma. Chiu et al. (2013) indicated that the majority
of the calc-alkaline magmatism of Miocene occurred in the
central and southern part of Urmia-Dokhtar magmatic arc.
Verdel et al. (2011) attributed the Paleogene magmatism
and subsequent extension in the Urmia-Dokhtar magmatic
arc to flare-up asthenosphere mantle following flat-slab
in Cretaceous time simultaneously with Laramide and
post-Laramide orogeny of western of north America.
Ghorbani ez al. (2014) suggested that the Oligocene-Miocene

basaltic magmatism in this region is related to the upwelling
of the asthenospheric mantle. Agard et al. (2011) considered
the Oligocene time as a magmatic quiescence period and
believed that during this time magmatism is greatly reduced
or not observed. They believed that slab break-off in middle
Eocene is a major reason for arc migration from Sanandaj-
Sirjan zone to Urmia-Dokhtar magmatic belt. Shahsavari-
Alavijeh et al. (2019) indicated that Nodoushan Plutonic
Complex in the central part of the Urmia—Dokhtar Magmatic
Belt was assembled incrementally over ca. 5 Ma during two
main episodes in the early Oligocene (middle Rupelian) and
the late Oligocene (latest Chattian). They believed that lower
crust and mantle interaction processes played a significant
role in the genesis of these hybrid granitoid bodies, where
melts undergoing fractional crystallization along with minor
amounts of crustal assimilation could ascend to shallower
crustal levels and generate a variety of rock types ranging from
diorite to granite. Based on the field evidence, petrography,
geochronology and geochemistry, it seems that the studied
calc-alkaline pluton with pre-collision characteristics has
been formed during the transition time from the subduction
to collision in the Urmia-Dokhtar magmatic arc along with
the closure of the Neotethyan ocean closure which indicates
there is no evident for the Arabian-Eurasian continental
collision in this part of Urmia-Dokhtar magmatic arc earlier

than this time (Bourdigalian).

5. Conclusion

Marphioon granitoid in the central part of Urmia-Dokhtar
magmatic arc with a circular outcrop has intruded into the
mid to upper Eocene volcano-sedimentary units. Based
on petrographic observations the predominant modal
composition of studied rocks changes from granodiorite
to tonalite, and microgranular mafic enclaves with the
same composition as the host rock are present inside
the intrusion which are important evidence for magma
mixing. U-Pb geochronology of a sample from southern
outcrop showed that these rocks have crystallized at
18.89+0.20 Ma in early Miocene (Burdigalian). According
to geochemical characteristics, Marphioon granitoids
have sub-alkaline affinity which belongs to medium-K
calc-alkaline series and are metaluminous with I-type
affinities. In terms of geodynamic setting, this intrusion
is classified as volcanic arc granites (VAG) and active
continental margin granites. Based on the the primitive
mantle normalized trace element variation diagram and
chondrite normalized REE patterns studied rocks show
enrichment in large ion lithophile elements (LILEs, e.g.,
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Rb, Ba, Sr) and light rare earth elements (LREEs) relative
to high field strength elements (HFSEs) and heavy rare
earth elements (HREEs). These features, combined with
a relative depletion in Nb, Ta, Ti and P, are characteristic
of subduction-related magmas. Qualitative interpretation
of aeromagnetic data suggested a dioritic to gabbroic
composition due to high magnetic susceptibility. Marphioon
intrusion is strongly tectonized. Basement dextral strike-slip
faults and sinistral conjugates are potential mechanisms for
its exposure. This pluton looks as two or three segmented

bodies due to the presence of minor faults placed near the
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surface. Based on the aeromagnetic data this intrusion has
a dip towards the northeast. It is reasonable to assume that
this magma in an active continental margin originated from
the partial melting of the lower continental crust with the
involvement of mantle-derived melts, where mafic magma
in mantle wedge has provided optimal temperature and
fluids for this melting in the lower crust. Collectively,
Marphioon intrusion seems to be emplaced during the
transition time from subduction to collision in the Urmia-
Dokhtar magmatic arc along with the closure of the

Neotethyan ocean.
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Figure 1-a) Simplified map of structural-sedimentological zones of Iran (modified after Aghanabati, 1998) overlain on the 30 m SRTM
elevation data. The small black quadrangle shows the location of study area.The faults on the map are adopted from Hessami ez al. (2003),
b) Geological map of the study area, showing the location of the Marphioon intrusion within mid-upper Eocene volcano-sedimentary units and

its contact metamorphic aureole, modified from Kashan 1:100,000 geological map (Emami and Radfar, 1993).
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Figure 2. Outcrop of milky tonalite and Eocene meta-andesites

in contact metamorphic aureole, west of Margh village.
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Figure 4. Southern outcrop of Marphioon pluton among Jurassic shale and sandstone units, Oligo-Miocene limestones are also

visible.
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Figure 5. Thin-section photomicrographs of Marphioon tonalitic rocks: a) heterogranular texture as a

major texture. b) heterogranular, hypidiomorphic texture. c) poikilitic texture as subordinate texture

(small laths of plagioclase in large green hornblende). d) plagioclase zoning.
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Figure 6. Thin-section photomicrographs of quartz monzodioritic outcrop, south of the marphioon pluton: a) heterogranular texture,

plagioclase margins replacement by albite is also present. b) euhedral amphibole and its alteration to actinolite needles, plagioclase

replacement by epidote is also visible.
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Figure 7. Thin-section photomicrographs of micro-monzodiorite and micro-diorite enclaves in Marphioon host
rock and its southern outcrop: a) porphyritic texture with intergranular groundmass, replacement of plagioclase
margins by albite is also present. b) phenocryst of green hornblende with simple twinning, porphyritic texture with

microgranular and intergranular groundmass are also visible.
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Figure 8. Cathodoluminescence (CL) image of selected zircon grains for a quartz monzodiorite

sample (Ni-37D) from the Marphioon southern outcrop.
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Table 1. Results of the U-Pb isotopic analysis of zircon grains from a quartz monzodiorite sample of Marhioon southern outcrop.

(BDL=bellow detection limits).

Pb Th U 2U7Pb/235U 106Ph/2}8U 207Ph/2061)b
Name THh/U | ™PbP“Pb | PbSU | 26 | ™Pb/™U | 26 | 2PbPh | 20 26 2 2
(ppm) | (ppm) | (ppm) age(Ma) age(Ma) age(Ma)
Ni-37D-1 6 192 308 | 062 1700 0019 | 0.002 [ 0003 [0000]| 00507 | 00048 19 2 18 1 20 180
Ni-37D-2 4 117 233 | 050 BDL 0.018 [ 0002 | 0003 | 0000 | 00481 | 0.0060 18 2 19 1 -170 200
Ni-37D-3 5 157 262 | 059 5800 0.019 [ 0002 | 0003 | 0000 | 00502 | 0.0047 19 2 19 1 30 160
Ni-37D-4 6 195 294 | 066 BDL 0020 | 0002 | 0003 [ 0000 | 00501 | 0.0047 20 2 19 1 50 170
Ni-37D-5 4 116 284 | 040 3700 0.021 | 0003 | 0003 | 0000 | 00543 | 0.0072 21 3 19 1 100 240
Ni-37D-6 5 165 383 | 043 BDL 0.018 | 0.001 [ 0003 | 0000| 00468 | 0.0036 19 1 19 1 -60 140
Ni-37D-7 4 152 250 | 0.60 BDL 0.019 | 0002 | 0003 | 0000 | 00500 | 0.0061 19 2 19 1 -10 220
Ni-37D-8 5 167 412 | 040 BDL 0.019 | 0001 | 0003 [ 0000 | 00471 | 0.0035 19 1 19 1 -70 130
Ni-37D-9 | 15 416 861 | 048 BDL 0020 | 0002 | 0003 | 0000 | 0049 | 0.0042 20 2 19 1 180 180
Ni-37D-10 | 4 121 249 | 048 1000 0019 [ 0002 | 0003 | 0000 | 00485 | 0.0056 19 2 19 1 -80 200
Ni-37D-11 | 4 127 | 444 | 028 BDL 0019 | 0002 [ 0003 |0000]| 00476 | 0.0038 19 2 19 1 0 150
Ni-37D-12 | 4 135 262 | 051 BDL 0.019 | 0002 | 0003 | 0000 | 00500 | 0.0052 19 2 19 1 -60 180
010032 data-point error ellipses are 26
0/0031
0/0030
o
&
S 00029
&
0/0028
Concordia Age = 18.89 £0.20 Ma |
0/0027 (20, decay-const. errs included)
MSWD (of concordance) = 2.0,
Probability (of concordance) = 0.16 |
Feokaify ol Cotondince =016
0/0026
0/014 0/016 0/018 0/022 0/024 0/026
207pp/235)
U-Pb ) b i 51 odeT Cawsas o313 1Y 31 concordia i 5 -4 Ko
. ey e - .. .. . e é. . .
.(N1-37D4J)u)u}:3)babf&ﬁgw;w‘)x:}j}ajj‘;&éu;ﬂ)
Figure 9. Concordia, median age for a quartzmonzodiorite
sample (Ni-37D) from the Marphioon southern outcrop.
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Table 2. Whole-rock chemistry of the Marphioon granitoid samples. Major oxides are in wt.% and minor

and trace elements are in pg/g.

Samples Ni-30 Ni-31 Ni-34 Ni-35 Ni-36 Ni-37
Sio, 733 65.1 740 67.9 57.8 62.1
ALO, 14.0 15.9 13.6 16.8 17.3 16.8
FeOt 1.08 423 0.54 2.07 5.94 3.33
Fe,0, 1.2 47 0.6 23 6.6 3.7
MnO <0.1 0.1 <0.1 <0.1 <0.1 <0.1
MgO 0.4 1.6 03 0.6 3.2 2.7
Ca0 28 53 2.8 49 5.8 5.5
Na,0 48 3.8 4.1 4.1 49 49
K,0 1.4 22 2.1 22 12 0.9
TiO, 0.2 0.5 0.2 0.3 0.7 0.5
P,0, 0.19 0.27 0.16 0.13 0.25 0.28
LOL 0.4 0.4 0.2 0.5 1.8 25

v 20.60 195.0 15.40 40.60 160.0 84.50
Ba 611 647 580 598 635 668
Sr 208 332 271 330 318 402
Y 19.4 204 18.9 19.1 19.9 20.5
Zr 67.9 84.1 503 57.6 80.7 92.1
Cr 104 101 91.7 863 117 104
Co <5 237 <5 7.9 18.7 13.4
Ni 545 414 453 499 632 457
Cu 5.14 9.28 5.41 14.1 <5 <5
Zn <10 73.6 <10 289 17.8 13.7
Ga 14.4 20.8 133 16.6 219 16.8
Rb 712 823 64.1 69.4 78.5 91.1
Nb 8.01 7.71 8.51 7.03 6.74 5.56
Cs 3.91 421 3.39 3.61 4.02 456
La 285 314 237 25.6 297 326
Ce 57.1 62.1 502 55.6 59.8 64.8
Pr 6.21 7.11 5.31 5.68 6.89 7.21
Nd 23 26.1 19.6 20.1 24.8 285
Sm 3.94 471 3.51 3.68 420 5
Eu 0.95 1.00 0.90 0.93 0.98 1.05
Gd 3.87 424 3.39 3.51 4.09 441
Th 0.54 0.60 0.48 0.51 0.58 0.61
Dy 3.29 3.62 3.02 3.12 3.41 3.87
Ho 0.69 0.85 0.63 0.67 0.76 0.89
Er 2.28 2.64 2.09 2.16 2.51 2.78
Tm 031 035 0.28 0.30 0.34 0.38
Yb 2.20 2.36 1.94 2.05 229 254
Lu 0.328 0.349 0310 0.319 0332 0.359
Hf 2.11 2.23 2.00 2.04 217 236
Ta 0.5) 0.48 0.56 0.4¢ 0.41 0.39
Ti 1131 2001 1256 1946 1923 1818
Pb <20 <20 <20 <20 <20 <20
Th 18.6 211 16.9 174 19.8 238
U 8.61 9.08 8.19 8.46 8.94 9.20
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