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The felsic intrusive rocks in the Piranshahr plutonic complex consist of three
groups: syenite, nepheline-syenite, and alkali-feldspar granite. They are co-genetic
and formed approximately 40 million years ago. Textural relationships, major oxides,
and trace element composition of the selected felsic rock samples were studied using
SEM, EPMA, and LA-ICP-MS methods. In the studied samples, apatite appears as
euhedral to subhedral crystals with prismatic forms and has a homogeneous texture
without zonation. The low amounts of MnO and the REE pattern of apatites confirm
their magmatic nature, indicating that post-crystallization processes did not affect the
composition of apatites. All apatite crystals fall into the fluorapatite category. The
amounts of fluorine and chlorine vary in different felsic rocks, and the F/CI ratio
decreases from granites towards syenites and nepheline-syenites. The determination
of the apatite saturation temperature indicates that alkali feldspar granites have a
higher crystallization temperature range (858-844°C) than both syenites (818-783°C)
and nepheline syenites (668-610°C). Analyzing the manganese levels in the
examined apatites suggests a consistent oxidizing setting with minimal fluctuations
in fO, conditions (logfO,= -8 to -9.8). Trace elements in different apatites show
significant differences; for instance, apatites in granitic samples are enriched with
HFSE and rare earth elements (REE), while apatites in nepheline-syenites have a
higher concentration of components such as silica, Cr, Ni, and V. The composition
of trace elements and the F/ClI ratios in apatites demonstrate consistent variations and
alignment with the host rock composition. The results of the apatite mineral
composition confirm previous petrological findings regarding the impact of volatile
phases separation on magmatic evolution in the Piranshahr felsic rocks.

Introduction

are sensitive to melt and fluid evolution.

Apatite is a common minor mineral found
in a wide range of rock types and is considered
the most abundant phosphate mineral in the
Earth's crust. This mineral contains significant
amounts of elements with different
geochemical behaviors such as halogens, rare
earth elements (REE), Sr, Y, Th, and U, which

Previous studies indicate that apatite can serve
as an effective tool for understanding complex
magmatic processes and post-magmatic
transformations  (alteration, hydrothermal
activity, and metamorphism) (e.g. Bruand et
al., 2017).
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The Piranshahr massif is one of the
numerous intrusive bodies located in the
northwestern part of the Sanandaj-Sirjan zone.
Detailed geochemical, isotopic, and dating
studies on this massif indicate the presence of
two types of magmas: felsic and mafic,
displaying compositional diversity. The felsic
portion of this massif consists of various rock
occurrences formed under undersaturated
nepheline syenite, saturated (syenite), and
oversaturated  (alkali  feldspar  granite)
conditions. These are co-genetic and have
evolved through complex petrological
processes (Mazhari et al., 2009). In this study,
the composition of major and trace elements in
apatite crystals in various felsic rocks of the
Piranshahr massif (along with their other
geochemical and isotopic characteristics) is
examined better to understand the magmatic
evolution processes of this massif.

Material and methods
Analytical methods

Based on previous data from the Piranshahr
intrusive assemblage, eight samples of felsic
rocks were selected to investigate the
composition of apatite. For this study,
polished thin sections prepared from the
samples were initially carefully examined
using SEM, and the characteristics of the
apatite crystals were investigated. The
composition of the major oxides of apatite was
determined by EPMA (Electron Probe Micro-
Analysis) using the CAMECA SX100 electron
microprobe.

The composition of trace elements in
apatites was measured using LA-ICP-MS. For
this purpose, a 193 pum Analyte Excite laser
ablation system connected to a quadrupole
ICP-MS of the Agilent 7500c type (with a
plasma power of 1100 W) was utilized. The
analysis of trace elements was performed at
the same points where their major oxide
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compositions had previously been determined
by EPMA. The analyses were conducted under
conditions of an 8 Hz repetition rate, a spot
size of 43 um, and a laser energy of 80 mJ. The
NIST SRM 610 was used as an external
standard, while the Ca level was calibrated
using the laboratory's internal standard. The
NIST SRM 612 was also utilized as an
auxiliary reference. The error estimation for
measuring trace elements in this study is less
than 10%. All analyses were done at the
Chinese Academy of Science, Guangzhou,
China.

Results and discussion

Apatites, in terms of their morphology,
appear as prismatic to sub-prismatic crystals
with various dimensions. These crystals
exhibit a homogeneous texture and often
appear without zoning, and the presence of
wide inclusions or pores is rarely observed.
The morphological characteristics and the
absence of significant inclusions indicate that
apatite in the felsic rocks of the Piranshahr
intrusive complex has not been significantly
influenced by post-crystallization processes
(such as hydrothermal alteration or
metamorphism).

All apatite crystals in the felsic rocks of the
Piranshahr intrusive complex fall into the
category of fluorapatite. The apatite in alkali
feldspar samples, on average, contains 2.3
wit% fluorine, whereas the amount of F in the
apatites of syenites (average wt% 2.6) and
nepheline syenites (average wt% 1.5) is lower.
On the other hand, the apatites in the nepheline
syenite samples have higher chlorine content
compared to those in the syenites and alkali
feldspar granites. Apatite crystals in alkali
granite samples exhibit enrichment in many
high field strength elements (HFSE) such as
Ga, Y, Nb, Zr, Hf, U, Th, and rare earth
elements (REE), while apatites in nepheline
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syenites are relatively depleted in these
elements. Apatite crystals in nepheline syenite
samples have the highest concentrations of
metallic elements such as V, Cr, and Ni. The
amounts of these metals are minimal in
apatites of alkali feldspar granites, while
apatites in syenites exhibit intermediate
compositions.

The REE patterns in apatites show a good
correlation with the whole-rock patterns.
However, the abundance of REE in apatite is
several times higher than that in whole-rock.
In all samples, light rare earth elements
(LREE) are enriched compared to heavy rare
earth elements (HREE), but the ratios vary
among different types of felsic rocks.
Generally, the LREE/HREE ratio in apatites
increases from syenites towards nepheline
syenites and alkali feldspar granites.

The calculation of the apatite saturation
temperature suggests a higher crystallization
temperature in alkali feldspar granites (858-
844°C) compared to syenites (818-783°C) and
nepheline syenites (668-610°C). The results of
calculations using the manganese content in
the studied apatites indicate an oxidizing
environment with limited variations in fO2
conditions (logfO.= -8 to -9.8) during their
formation.

Conclusion

The investigation of variations in trace
elements, whose concentrations in apatite are
typically influenced by melt oxidation
conditions (such as Ce, Eu, and Ga), suggests
that fO2 has not played a significant role in the
compositional changes of the studied apatites.
The distribution coefficients of trace elements

between apatite crystals and the host rock

show pronounced and irregular variations,

indicating the influence of various factors

(such as initial melt and temperature) on these

distribution coefficients.

The variations in the composition of apatite
trace elements in the felsic rocks of Piranshahr
show good consistency with the compositional
changes in the host rocks and align well with
the proposed trends in magmatic evolution
from petrological studies. The results of this
research indicate that the examination of
changes in the composition of apatite trace
elements can contribute to understanding
magmatic developments, especially where
complex magmatic differentiation and
separation of volatile phases have occurred.
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Fig. 2. a) General view of the microscopic texture of felsic rocks in the Piranshahr plutonic assemblage. (a,b)

syenitic samples, (c) alkali-feldspar granite, and (d) a nepheline syenite sample. Ap: apatite, Cpx:
clinopyroxene, Kfs: alkali feldspat, Nph: nepheline, Qz: quartz.
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Fig. 3. Back-scattered electron (BSE) images of some felsic samples of the Piranshahr pluton indicates major
properties of the morphology and texture of apatite crystals. Afs: alkali feldspar, Amp: amphibole, Ap:

apatite, Cpx: clinopyroxene, Mag: magnetite.
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Table 3. The results of apatite major oxides (wt%) and trace elements (ppm) analyses of the studied samples.
GR: alkali-feldspar granite, PU: nepheline syenite, SY: syenite.

Sample N33G-ap- N33G-ap- N33G-ap- N72G-ap- N72G-ap- N72G-ap- N72G-ap- N67G-ap-
No 1 2 3 1 2 3 4 1

ID GR GR GR GR GR GR GR PU
SiO2 0.04 0.03 0.03 0.02 0.02 0.04 0.02 0.11
TiO2 0.00 0.02 0.00 0.00 0.00 0.06 0.01 0.04
Al203 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
FeOt 0.03 0.05 0.06 0.12 0.09 0.07 0.06 0.01
MgO 0.00 0.06 0.00 0.03 0.03 0.05 0.03 0.00
MnO 0.05 0.06 0.06 0.09 0.08 0.07 0.05 0.01
CaO 53.74 54.16 54.02 54.16 53.78 54.25 53.92 54.32
Na20 0.01 0.01 0.01 0.03 0.02 0.03 0.02 0.00
K20 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
P20s 41.72 40.95 41.44 41.19 41.68 41.36 415 42.07
Cl% 0.45 0.39 0.43 0.13 0.18 0.25 0.2 1.02
F% 293 3.15 3.16 3.52 3.37 3.22 3.35 1.37
Total 98.97 98.88 99.22 99.29 99.25 994 99.17 98.95
Rb 30.53 34.02 43.17 49.26 49.77 32.12 45.11 42.39
Cs 0.16 0.13 0.12 0.14 0.18 0.16 0.17 0.13
Sr 21.54 20.17 27.36 22.88 22.65 23.66 16.52 19.45
Ba 91.55 69.65 74.07 43.63 54.28 46.44 72.12 12.9
\Y 0.83 0.72 0.81 0.64 0.73 0.76 0.68 3.35
Cr 0.55 0.86 0.75 0.53 0.69 0.37 0.47 2.57
Ni 0.51 0.72 0.35 0.76 0.47 0.63 0.91 1.79
Ga 5.87 6.75 6.51 7.04 6.92 6.07 6.34 4.16
Y 315.81 850.09 896.89 1429.41 1375.23 1205.5 1159.68 72.1
Nb 1.08 2.53 2.89 4.35 4.13 3.78 3.61 0.2
Zr 75.5 160.17 268.08 218.47 171.29 263.54 197.86 8.87
Hf 10.72 19.12 19.94 34.13 25.26 28.79 28 0.83
U 42.13 68.19 50.74 74.73 71.07 53.21 77.82 11.9
Th 352.3 10735 1107.8 1717.2 1699.1 1588.9 1455.3 27.81
La 398.45 907.06 866.27 1393.78 1313.29 1150.9 1202.62 34.46
Ce 873.36 2457.16 2319.56 3940.43 3557.6 3117.69 3257.81 114.89
Pr 99.64 279.46 263.82 447.92 404.62 354.59 370.52 9.23
Nd 363.7 1126.35 1063.28 1835.61 1630.79 1429.14 1493.37 40.05
Sm 69.66 245.97 236.92 418.11 349.37 312.44 313.75 8.14
Eu 8.1 19.57 17.15 26.02 25.39 20.26 24.74 0.97
Gd 55.86 220.71 208.35 372.02 319.56 280.04 292.63 7.68
Th 8.99 34.31 32.39 57.59 49.68 43.54 45.49 1.25
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Dy 53.64 202.34 191.01 339.11 292.96 256.73 268.27 7.79
Ho 10.63 39.46 37.25 65.99 57.13 50.07 52.32 1.6
Er 27.28 98.4 94.25 140.79 134.64 124.76 127.46 4.19
Tm 3.76 12.83 12.72 18.49 17.56 16.14 16.67 0.62
Yb 21.85 72.19 68.17 105.64 102.92 90.82 95 3.47
Lu 2.55 7.24 6.91 9.14 8.87 8.83 8.56 0.52
Sum REE  1997.47 5723.05 5418.05 9170.64 8264.38 7255.95 7569.21 234.86
SEu 0.42 0.28 0.26 0.22 0.25 0.23 0.27 0.40
8Ce 1.05 1.17 1.17 1.20 1.17 1.17 1.17 1.55
log fO2 -8.9 -8.68 -8.68 -8.46 -8.9 -8.24 -8.02 -10
T°C 858.15 858.15 858.15 844.38 844.8 844.8 844.38 610.43
Sample N67G-ap- N67G-ap- N67G-ap- N68G-ap- N68G-ap- N75G-ap- N75G-ap- N75G-ap-
No 2 3 4 1 2 1 2 3
SiO2 0.10 0.11 0.08 0.09 0.09 0.05 0.04 0.05
TiO2 0.02 0.03 0.00 0.04 0.00 0.00 0.01 0.00
Al203 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00
FeOt 0.02 0.00 0.02 0.02 0.02 0.02 0.03 0.03
MgO 0.01 0.00 0.01 0.00 0.00 0.02 0.01 0.00
MnO 0.01 0.00 0.04 0.03 0.02 0.03 0.03 0.05
CaO 54.68 54.63 53.84 53.9 54.23 54.17 53.51 53.86
Na:0 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01
K20 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01
P20s 41.66 41.8 42.47 42.31 41.75 41.72 42.21 41.65
Cl% 0.95 1.18 0.91 0.89 0.93 0.75 0.68 0.62
F% 1.35 1.22 1.63 1.82 1.52 2.25 2.36 2.54
Total 98.8 98.99 99 99.1 98.57 99.02 98.9 98.81
Rb 48.75 36.88 41.87 41.34 43.63 7.64 9.59 10.94
Cs 0.15 0.11 0.12 0.1 0.16 0.02 0.02 0.03
Sr 22.37 16.92 22.58 25.71 24.6 20.41 17.65 16.97
Ba 13.36 12.52 12.17 21.44 13.67 65.43 81.2 67.33
\ 3.18 3.49 3.2 3.22 3.37 1.98 1.57 1.56
Cr 232 2.46 2.48 2.24 211 1.4 15 1.61
Ni 2.18 2.13 2.26 2.06 1.95 1.49 1.33 13
Ga 4.28 4.72 4.47 4.83 4.71 5.13 5.11 5.26
Y 72.87 62.65 86.61 91.17 91.16 137.61 194.97 251.3
Nb 0.23 0.18 0.24 0.28 0.26 0.43 0.40 0.49
Zr 7.00 5.56 13.36 12.58 11.71 14.45 18.85 22.19
Hf 0.96 0.72 2.03 2.23 1.05 1.47 1.58 2.65
u 13.66 10.35 11.8 11.72 15.05 2.38 2.88 3.63
Th 35.97 24.19 36.57 43.35 31.18 6.47 9.08 9.79
La 39.51 29.89 63.91 93.47 43.46 58.34 79.47 93.21
Ce 132.12 99.95 184.48 254.07 145.33 160.85 224.99 266.06
Pr 10.62 8.03 20.71 32.2 11.68 24.26 34.34 40.76
Nd 46.06 34.85 85.8 131.54 50.67 1114 161.49 193
Sm 9.31 7.082 18.95 29.76 10.22 27.52 39.15 46.66
Eu 1.22 0.93 1.7 2.81 1.29 11.05 11.21 11.73
Gd 8.83 6.68 16.52 25.36 9.72 2554 38.54 46.58
Th 1.44 1.09 2.59 3.93 1.59 4.09 6.01 7.21
Dy 8.96 6.78 15.62 23.45 9.86 23.76 339 40.32
Ho 1.84 1.39 3.01 4.42 2.02 4.47 6.3 7.47
Er 4.89 3.56 7.57 8.97 5.28 10.25 15.43 18.63
Tm 0.74 0.49 1.02 1.35 0.77 141 221 2.69
Yb 3.99 2.93 7.62 11.75 4.37 8.03 13.55 16.85
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Lu 0.61 0.43 0.95 1.48 0.64 0.93 1.85 2.38
SumREE 270.14 204.082 430.45 624.56 296.9 471.9 668.44 793.55
S6Eu 0.44 0.44 0.32 0.34 0.42 1.36 0.96 0.84
6Ce 1.55 1.55 1.22 111 1.55 1.03 1.04 1.04
log fO2 -9.78 -9.78 -9.56 -9.12 -9.34 -9.34 -9.34 -9.12
T°C 610.43 610.43 668.25 610.43 668.25 782.93 782.93 817.76

Sample N60G-ap- N60G-ap- N29G-ap- N29G-ap- N29G-ap- N71G-ap-

No 1 2 1 2 3 2 et
ID 3% 3% SY 3% 3% SY SY
Si0z 0.04 0.06 0.03 0.05 0.04 0.03 0.02
TiO2 0.02 0.00 0.01 0.04 0.02 0.01 0.01
Al,Os 0.01 0.00 0.00 0.00 0.00 0.01 0.01
FeOt 0.03 0.03 0.04 0.04 0.04 0.03 0.04
MgO 0.04 0.06 0.03 0.00 0.04 0.05 0.05
MnO 0.05 0.04 0.04 0.04 0.05 0.04 0.07
Ca0 53.99 537 53.95 54.19 53.87 53.91 53.73
NazO 0.00 0.01 0.01 0.00 0.00 0.00 0.00
K20 0.00 0.00 0.00 0.01 0.00 0.00 0.00
P20s 41.62 41.77 41.33 41.49 4131 416 41.38
Cl% 0.64 0.69 057 0.54 0.55 051 0.41
F% 256 233 2.63 2.69 276 2.80 2.95
Total 98.99 98.69 98.64 99.09 98.68 98.99 98.67
Rb 123 9.67 19.62 20.66 21.69 2451 2376
Cs 0.03 0.02 0.03 0.04 0.04 0.05 0.07
Sr 16.29 18.35 16.63 19.14 201 22.70 23.56
Ba 53.42 84.44 39.08 58.35 61.26 69.22 83.44
v 1.62 1.73 1.34 1.55 212 227 1.19
cr 1.73 1.56 1.15 1.16 1.22 1.38 1.29
Ni 151 1.70 1.23 1.56 1.18 1.30 1.44
Ga 5.42 5.27 557 5.35 5.61 5.34 553
Y 219.75 186.45 388.75 428.1 40851 484.12 468.23
Nb 0.59 0.51 0.72 0.93 0.89 1.06 1.14
zr 1555 20.11 29.65 34.11 25.32 28.61 32.66
Hf 274 2.26 3.69 7.07 7.43 8.39 12.16
U 3.25 3.01 3.24 12.76 15.16 13.43 18.60
Th 12.42 10.44 15.92 66.23 69.53 78.58 83.17
La 106.96 82.65 162.42 204.81 215.05 243.00 267.68
Ce 307.13 233.99 484.88 621.87 652.97 737.81 821.06
Pr 47.18 35.72 72.79 83.04 87.19 98.52 101.59
Nd 2245 167.95 360.16 377.18 396.04 4475 431.91
Sm 54.08 40.62 84.92 88.79 92.23 104.34 101.54
Eu 12.26 11.65 9.95 9.49 9.96 11.06 9.98
Gd 54.62 40.08 80.76 83.08 87.23 98.56 93.70
Tb 8.42 6.25 11.8 12.66 13.29 15.02 14.78
Dy 4675 35.25 70.96 76.03 79.83 90.2 88.7
Ho 8.63 6.55 14.01 15.01 15.76 17.81 1751
Er 21.84 15.74 35.4 39.54 4.4 45.79 47.41
™™ 3.18 227 5.98 6.45 6.72 73 7.47
Yb 20.15 13.89 41.02 42.65 44.67 49.48 48.33
Lu 201 1.92 5.75 6.09 6.29 6.70 6.82
SumREE  918.61 694.53 1440.8 1666.60 174864  1973.09  2058.48
5Eu 0.75 0.96 0.41 037 0.37 0.37 0.34
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5Ce 1.04 1.04 1.07 1.15 1.15 1.15 1.20
log fO2 -8.90 -8.90 -9.12 -9.12 -8.90 -9.12 -8.46
T°C 782.93 817.76 797.73 797.73 797.73 807.35 807.35
™
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Fig. 4. Plot of apatite composition of the studied samples on the F-CI-OH (a) and fluorine vs. chlorine (b)

diagrams.
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Fig. 5. Binary diagrams of F/CI vs. trace element composition in apatite grains of the studied samples. The

symbols are similar to Fig.4.
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Supplementary Table 1. The results of major oxides (wt%) and trace elements (ppm) analyses of the studied
samples. GR= alkali-feldspar granite, PU: nepheline syenite, SY: syenite. TAS is apatite saturation temperature
(°C) (Harrison and Watson, 1984).

Sample No. N33G N72G N67G N68G N29G N60G N71G N75G
1D GR GR PU PU SY SY SY SY
SiO2 69.60 67.75 57.39 59.07 61.51 62.10 64.66 63.32
TiO2 0.18 0.31 0.06 0.15 0.61 0.45 0.44 0.86
Al203 16.22 14.04 23.66 22.30 16.92 17.25 17.22 18.43
FeOt 1.88 5.29 2.20 2.56 4.98 4.93 3.81 2.83
MgO 0.22 0.25 0.04 0.10 0.22 0.30 0.22 0.09
MnO 0.05 0.16 0.02 0.04 0.12 0.17 0.13 0.06
CaO 0.83 0.26 0.41 0.46 1.24 1.62 0.54 1.02
Na20 5.19 6.55 9.01 8.51 6.38 6.22 7.00 6.22
K20 4.93 4.40 5.95 5.65 5.16 5.26 4.65 5.75
P20s 0.07 0.07 0.02 0.03 0.09 0.10 0.07 0.06
F 0.25 0.75 0.08 0.03 0.14 0.14 0.13 0.12
L.OL. 0.44 0.50 0.67 0.55 2.49 0.26 0.33 0.29
Total 99.85 100.33 99.51 99.45 99.86 98.80 99.19 99.05
Li 5.44 200.08 17.95 27.82 13.16 9.75 68.21 4.74
Rb 152.63 248.84 211.97 206.70 98.10 61.48 118.82 38.22
Cs 3.27 2.73 2.54 2.09 0.43 0.55 1.36 0.23
Be 3.53 14.99 2.02 2.33 1.29 0.27 3.84 0.19
Sr 67.52 17.06 13.90 18.37 11.88 11.64 16.83 14.58
Ba 425.67 96.95 6.45 47.64 86.86 118.80 185.42 256.51
Sc 1.67 0.60 0.17 0.36 3.56 3.17 1.48 2.53
\ 14.16 9.74 5.90 6.10 6.70 5.35 4.57 4.88
Cr 14.28 7.68 8.38 9.70 5.73 8.63 6.45 7.01
Co 1.83 1.86 0.31 0.37 1.66 1.67 0.65 0.97
Ni 6.77 4.48 2.65 0.26 0.57 3.76 2.83 1.96
Cu 5.65 5.68 3.58 2.01 5.49 5.05 4.06 5.49
Zn 30.73 198.84 19.77 38.04 73.01 53.48 98.21 44.49
Ga 19.35 37.04 27.33 27.37 28.51 2211 27.62 20.66
Y 17.88 110.25 412 6.92 22.22 14.36 26.76 7.86
Nb 21.56 113.06 4.07 5.70 14.51 5.88 24.92 6.57
Ta 1.92 6.72 4.85 0.42 0.85 0.30 131 0.32
Zr 314.00 1579.60 54.50 167.80 146.20 47.40 528.80 32.60
Hf 7.62 58.84 1.11 4.30 3.59 0.98 16.22 0.63
Mo 0.57 2.62 1.16 1.00 0.61 0.82 0.97 1.15
Sn 1.83 18.82 1.03 2.21 1.78 0.29 4.99 0.17
Tl 0.42 0.32 0.89 0.77 0.25 0.15 0.31 0.11
Pb 13.50 12.90 5.46 6.35 4.62 3.76 10.59 3.36
U 1.69 3.39 0.48 0.47 0.13 0.15 0.94 0.10
Th 15.32 105.09 1.21 1.97 0.69 0.54 5.36 0.28
La 33.20 145.19 2.86 7.79 13.54 8.91 2231 4.86
Ce 58.22 328.37 7.66 16.94 32.33 20.48 54.74 10.72
Pr 5.86 32.94 0.54 1.89 4.28 2.78 5.98 1.43
Nd 19.14 120.76 2.11 6.92 18.96 11.82 22.73 5.86
Sm 3.48 26.13 0.41 1.49 4.25 2.70 5.08 1.38
Eu 0.70 2.60 0.08 0.22 0.77 0.94 0.77 1.70
Gd 2.79 23.25 0.38 1.27 4.04 2.73 4.69 1.28
Th 0.47 3.79 0.07 0.21 0.62 0.44 0.78 0.22
Dy 2.98 23.55 0.43 1.30 3.94 2.60 4.93 1.32
Ho 0.63 4.91 0.10 0.26 0.83 0.51 1.04 0.27
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Er 1.76 13.45 0.26 0.77 2.28 141 3.06 0.66
Tm 0.27 1.98 0.04 0.13 0.42 0.22 0.53 0.10
Yb 1.68 11.60 0.26 0.93 3.16 1.55 3.72 0.62
Lu 0.26 1.52 0.05 0.18 0.58 0.29 0.68 0.09
TAS 858 844 610 668 798 817 807 783

Supplementary Table 2. Age (Ma) and Sr-Nd isotopic ratios of the studied samples (Mazhari et al., 2009).

Sample No. Age (Ma) &Nd 87Sr/86Sri TDM (Ga)
N33G 41 4.24 0.7048 0.475
N72G 41 2.89 0.7048 0.739
N67G 41 2.29 0.7048 0.662
N68G 41 4.44 0.7048 0.562
N29G 41 4.41 0.7048 0.731
N60G 41 4.50 0.7047 0.585
N71G 41 3.37 0.7048 0.631
N75G 41 3.68 0.7048 0.728



