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1- Introduction

Garnet has full resistance to weathering and regrowth on the nucleus of previous garnets is common during
metamorphic conditions (Manzotti and Ballevre, 2013). Four major processes have role in nucleation and growth
of porphyroblasts, are: 1- Dissolution of the source material providing the necessary nutrients. 2- Accumulation of
necessary materials in different places and /or from different sources and transitions from intergranular space to
nucleation sites. 3- Atomic-scale nucleation where chemical components result from the transfer of materials and
possibly the local reactant phases are deformed and transformed into a cumulative product phase in sufficient
dimensions and suitable and thermodynamically stable. 4- Sedimentation and further deposition of materials on
existing surfaces, is called crystal growth (Lanari and Engi, 2017). The overstepping of a reaction is very
important. Even if a product phase is thermodynamically and theoretically a stable phase, it is possible that the
nucleation of it is failed (Waters and Lovegrove, 2002). Microstructural properties may accelerate nucleation by
increasing the free energy, locally. For example, at the hinges of microfolds or at the border of grains, cracks and
fissures (Gaidies et al., 2011). Scientists believe that garnet growth at the intersection of ternary grains much
faster than the boundary of a dual grain (Spear and Daniel, 2001).

2- Material and methods

To study the garnet of Hall Hall Chaldoran amphibolites, dozens of random samples were taken from the area and
among them, 20 thin sections were examined. The halves of samples are analyzed at the Tehran Zar-Azma
Laboratory by XRD method. Three of them graphical results are brought at the paper. Also 16 samples are
analyzed in XRF to earn the major oxide elements and ICP to get trace and rare earth elements of the rocks. The
polished surface of the thin sections is put down image processing by Digimizer software and the results are
corrected by CSD Correction (Higgins, 2006).

3- Results and discussion

The major phases existed in the rocks are almanden-manganoan garnet and quartz. The minor phases are
hornblende, albite, pumpleiite, muscovite, illite, chlorite and chalcopyrite. It should be noted that the
samples are ortho-amphibolitic with tholeiitic basalt parent. The REE pattern of the rocks, normalized to
chondrite, is concave with decrease in MREE special in Eu and rise again in HREE with final fall in Lu
and Y. Such pattern seconder tholeiitic basalt prohtolite for these rocks (Storkey et al., 2005). The slope
of the CSD curves that equivalent with -1/Gt is -3 to -7. The linear CSD pattern means to uniform flow
of energy into the system and constant degree of overstepping degree in the rocks during regional
metamorphism. Intercept value of regression line of the illustrated CSD curve which is equivalent to J/G
factor, is4to 7.
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4- Conclusion

We illustrate the CSD pattern for garnet crystals of Hal Hal amphibolites and consideration and data
analysis, these results was obtained: garnet crystals are assign the quarter to half of modal volume of the
rocks which is explained suitable chemical composition of the rocks for crystal growth and appropriate
of the other factors such as transportation mechanism, sufficient overstepping due to receiving heat flux
and the small number of nuclei leading to significant mineral growth.
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Table 1. Whole rock XRF analysis results of the Hal Hal garnet amphibolites (in wt%).

Sample M-01 M-02 M-03 M-04 M-05 M-06 M-07 M-08
SiO2 3559 3348 3377 56.09 4242 3450 3122 47.66
TiO2 1.61 1.49 1.26 0.97 1.22 1.29 1.18 1.46
Al203 19.89 1918 2197 1437 17.04 1993 2268 17.02
Fe:Os 2789 3068 24.01 1978 29.73 3226 26.72 19.24
MnO 0.91 1.63 0.46 0.94 1.56 151 0.32 0.52
MgO 2.89 3.06 2.48 2.60 2.84 271 7.35 2.96
CaO 521 5.70 8.92 4.22 5.23 6.15 2.53 3.89
K20 1.07 0.23 141 0.76 0.43 0.74 3.13 2.37
Na.O 0.27 0.08 0.70 0.29 0.09 0.17 0.29 0.61
P20s <0.05 <0.05 <0.05 0.29 0.35 0.41 0.17 0.56
LOI 0.08 <0.05 2.04 <0.05 <005 <0.05 4.23 231
Total 100.53 100.79 99.62  100.44 100.94 101.31 100.60 100.23
Sample M-09 M-10 M-11 M-12 M-13 M-14 M-15 M-16
SiOz 5149 51.71 3593 5249 57.69 4059 5421 34.21
TiO2 0.97 1.00 1.60 1.10 0.80 1.66 0.97 1.52
Al20s3 1540 1497 2015 1507 1409 2033 1556 20.59
Fe:Os 2264 2215 2493 2272 1947 2450 21.09 26.63
MnO 0.83 0.92 0.42 0.65 0.55 0.79 0.62 0.41
MgO 2.79 241 4.38 2.76 2.59 3.26 2.53 3.75
CaO 3.87 4.47 6.27 3.68 3.44 6.05 3.94 5.74
K20 111 1.08 2.05 121 0.77 1.65 0.71 191
Na20 0.21 0.24 0.84 0.15 0.15 0.37 0.23 0.75
P20s 0.33 0.33 0.42 0.35 0.12 <0.05 0.28 <0.05
LOI 0.17 0.10 2.66 <0.05 <0.05 0.49 <0.05 255
Total 100.23 100.22 101.05 100.37 99.84 100.61 100.24 100.30

(32 PPM e 1 o) Sl Sl sl cdsesial 2,8 S35 yolic ICP-MS LT gl Y Jsasr

Table 2. The ICP-MS analysis results of the Hal Hal garnet amphibolites for trace elements (in ppm).

Sample M-01 M-02 M-03 M-04 M-05 M-06 M-07 M-08
Ag 2.3 11 4.7 0.4 0.7 2.2 0.1 1.9
Ba 221 46 256 163 83 163 494 412
Ni 5 5 6 6 4 5 44 5

Sc 33 36.2 198 201 301 275 34.3 21.4
Be 05 0.4 1 0.5 0.4 0.4 1 0.7
Bi 3.8 1 4.6 0.9 0.9 3.2 0.8 3.1
Cd 0.1 0.1 0.2 0.1 <0.1 0.2 <0.1 01
Cr 22 25 20 32 24 21 247 26
Co 32 288 64.2 284 294 436 123.7 40.8
Cs 1 0.8 0.9 0.9 0.8 0.9 2.3 11
Cu 14984 2113 28797 435 368 12111 1420 13104
Li 9 6 5 4 5 6 44 7
Mo 1.9 0.1 0.2 0.4 0.4 3 0.4 30.1
Nb 11.7 123 99 8.7 119 124 7.7 16.4
Pb 5 5 3 2 4 2 5 6
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Table 2. Continued.
Rb 29 8 29 15 11 15 87 46
S 14178 2881 3000 1411 460 14447 15458 17980
Sh 17 6.9 2.9 2.4 47 4.6 3.3 1.6
Se 7.55 333 1317 442 151  8.09 3.82 10.93
Sn 1.4 0.9 1.6 1.3 11 13 2.4 1.2
Sr 1082 402 2484 68 546 935 57.8 71.9
Ta 1.03 1.04 074 0.6 0.9 0.99 0.7 1.17
Te 0.5 0.1 1.46 0.1 0.1 0.45 0.21 0.52
Th 6.46 452 442 334 521 526 3.25 5.34
Tl 0.24 0.1 0.41 012 0.1 0.2 0.62 0.31
u 2.4 1.3 2.7 1.2 15 2.18 1.4 2.3
\Y 63 47 68 46 46 63 166 77
Y 132 161 87 117 150 126 25 80
Zn 67 40 110 33 34 56 55 57
zr 81 127 50 76 95 87 18 47
olo/-Y Jgox
Table 2. Continued.
Sample M-09 M-10 M-11  M-12 M-13 M-14 M-15 M-16
Ag 0.4 1.1 0.4 0.4 0.3 0.7 0.4 2.7
Ba 243 187 302 217 149 190 167 305
Ni 6 5 6 5 4 6 4 6
Sc 243 202 214 25.4 189 2738 224 18.7
Be 0.5 0.5 1.1 0.4 0.5 0.5 0.5 0.8
Bi 1.3 1.7 3.3 1.3 1.2 2.5 1.1 3.9
Cd <01 0.2 <0.1 0.1 <0.1 <0.1 <0.1 0.1
Cr 19 15 18 19 19 25 27 41
Co 351 306 70.2 342 257 58.6 31.1 413
Cs 1 0.8 15 1.2 0.9 1.1 0.9 1.4
Cu 2076 6670 3044 936 1372 3214 636 20745
Li 6 5 20 8 4 10 5 12
Mo 0.5 0.4 0.1 0.5 0.6 1 0.9 0.5
Nb 8.7 9 16.5 10.7 8.1 17.6 10.1 18.8
Pb 2 5 3 4 7 4 5 3
Rb 26 21 51 37 18 35 16 50
S 4300 8784 14147 1884 2339 11337 901 29385
Sh 2.3 0.9 3.9 0.5 0.5 0.8 15 2.9
Se 759 721 5.66 248 3.22 214 3.23 14.39
Sn 1.4 0.9 2.2 1.2 0.9 1.5 1.1 1.8
Sr 101 74 166 128 91 93 95 167
Ta 068 0.75 1.04 091 076 1.29 081 145
Te 0.1 0.3 0.5 0.1 0.1 0.33 0.1 2.12
Th 422 414 7.68 572 431 7.25 492 6.79
TI 0.18 0.17 0.33 0.22 014 0.28 0.12 0.82
U 1.6 1.8 3.5 2.1 141 238 1.85 3.3
Vv 54 48 102 61 40 64 45 74
Y 127 97 65 94 110 100 107 66
Zn 37 58 74 34 28 50 29 96
Zr 53 71 60 78 58 84 66 26
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Table 3. The ICP-MS analysis results of the Hal Hal garnet amphibolites for rare earth elements (REES) (in ppm).

sample M-01 M-02 M-03 M-04 M-05 M-06 M-07 M-08
La 22 20 35 17 17 19 10 29
Ce 51 49 76 40 42 44 15 64
Pr 7.14 5.57 9.79 4,78 6.01 6.28 2.74 8.04
Nd 26.8 20.3 37 17.7 22.1 23.4 10.2 29.5
Sm 7.18 4.7 10.08 4.22 5.43 5.85 2.12 7.61
Eu 1.39 0.91 2.06 1.48 1.18 0.89 1.11 1.34
Gd 10.92 7.74 12.93 6.74 9.39 8.77 2.83 10.27
Th 2.98 2.52 2.69 2.03 3.07 2.51 0.66 2.37
Dy 21.59 20.54 14.17 15.42 24.3 18.92 3.65 13.22
Er 22.24 23.42 10.82 15.49 26.27 20.97 2.54 9.48
Tm 4.77 5.03 2.19 3.19 5.55 4.35 0.5 1.77
Yb 35.9 44 20.2 27.5 37.8 31.8 5.2 14.6
Lu 3.85 4.1 1.7 2.5 4.42 3.29 0.39 1.23
Y REE 217.76 ~ 207.83  234.63 158.05 20452 190.03 56.94 192.43
(Pr/Yb)en 0.34 0.22 0.84 0.3 0.27 0.34 0.91 0.95
Ce/Ce* 0.9 1.1 0.9 1 1.1 0.9 0.7 0.9
Eu/Eu* 0.5 0.4 0.5 0.8 0.5 0.4 1.4 0.5
sample M-01 M-02 M-03 M-04 M-05 M-06 M-07 M-08
La 19 21 31 20 16 24 16 24
Ce 43 45 66 45 35 54 37 52
Pr 5.81 5.98 9.86 6.97 5.52 8.72 5.79 9.35
Nd 21.6 21.9 36.2 25.7 20.3 32.3 21.6 34.8
Sm 5.19 5.28 9.42 6.67 5.01 8.46 5.37 9.27
Eu 1.72 1.07 1.66 1.29 1.08 151 1.52 141
Gd 8.04 7.41 12.24 10.65 8.11 11.9 8.68 11.88
Th 243 1.91 2.6 2.97 2.57 3.04 2.75 2.72
Dy 17.94 13.11 13.3 18.64 18.55 18.7 19.24 14.31
Er 18.63 14.44 9.83 16.16 19.2 19.47 18.75 12.02
Tm 3.8 3.01 1.89 3.17 3.91 4.08 3.74 2.37
Yb 28.7 24 13.2 20.3 24.4 25.8 23.2 15.1
Lu 2.87 2.39 1.33 2.36 3 3.27 2.83 1.8
Y REE 178.73  166.5 208.53 179.88 162.65 21525 166.47  191.03
(Pr/Yb)en 0.35 0.43 1.3 0.59 0.4 0.6 0.43 1.07
Ce/Ce* 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.8
Eu/Eu* 0.8 0.5 0.5 0.5 0.51 0.4 0.7 0.4
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Fig. 3. Microscope photographs of the Chaldoran Hal Hal garnet amphibolites. For (a-c) the XPL photo are beside

the PPL. The others are taken in plain light, (b-c) and (e) are show zoned garnets, (h) and (i) are microphotographs
of green hornblende but (k-n) are taken from sodic blue-green alkali amphiboles. The abbreviations are after Kretz,

(1983).
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Fig. 4. The representative XRD analysis results from the studied rocks. The consisted minerals are almandine and
spessartine, quartz, amphibole, plagioclase, white mica, chlorite, epidote, and metal sulfides.
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Fig. 5. The ortho- and para-amphibolite discrimination diagrams, (a) from Misra (1971) and (b) from Walker et al. (1960).
From both the graphs, the studied amphibolites are considered as ortho-amphibolitic.
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Fig. 6. The prohtolith classification of the area rocks on the basis of trace elements. (a) From Winchester and Floyd (1977) and

(b) after Hayashi et al. (1997).
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Fig. 7. Determination of magmatic series for the basaltic protolith of the Chadoran Hal Hal amphibolites using trace element
contents (a) after Pearce (1982) and (b) from (Miyashiro, 1974). Both the diagrams show the tholeiitic affinity for the basalts.
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Fig. 8. The chondorit normalized REE pattern (McDonough et al., 1992) of the Hal Hal amphibolites. The normalization
values are after McDonough et al. (1992). The patterns are concave with enrichments in HREE and LREE and negative Eu
anomalies. The black pattern is related to garnet rich metabasites from Hartz Mountain at the Central Australia (Storkey et al.,
2005) formed from a tholeiitic basa prtolith. We use it for comparison with our rocks, which show considerable similarities.
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Fig. 9. The tectonic setting discrimination diagrams (a) after Vermeesch (2006) and (b) Shervais (1982). In both graphs within

plate setting for prohtolite basalts, are estimated.
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Fig. 10. Some other tectonic environment perception graphs from Bruand et al. (2011) which are displayed OIB setting with
crustal contamination. MORB=middle oceanic ridge basalt, OIB=oceanic island basalt, CC=continental crust.
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Table 4. The results of garnet crystals distribution at the determined size intervals for the Hal Hal amphibolites which are the

basis of the CSD curves illustration.

Size interval (cm)

Sample 0.100 0.158 0.251 0.398 0.631 1.000 1.58
M-02 0 2 4 13 8 1

M-03 0 1 4 3 3 1

M-05 0 2 0 7 2

M-07 0 1 4 3 1 1
M-09 0 3 7 7 3 3
M-10 0 5 7 2

M-14 0 1 2 2 12 4

M-15 0 2 6 5 1

23kl b 4 bgye dae jl 550 g cod Sldbl 5 S5 yoh (Sie 5 Job g Sl (Fabo S Jeld pgai (hilon 5l Jol> @it -0 Jsus
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Table 5. The results of image processing including roundness, area, length and width of garnet crystals are presented. Some
other data about the slope and intercept of the regression best fit line of CSD curve are added. The important calculated time

length of crystals growth, are at the last column.

Sample Total area of Average Average Average Average Slope of Intercept Average crystal
crystal (cm?) roundness  length width of  area which regression  of growth time on the
on the thin of crystal  of crystal crystal (-1/Gt) of  regression basis of estimated
section with 8 crystal (cm) covered CSD (cm ) growth rate 10 1°
cm? area (cm) (cm?) curve (cm/s)

M-02 2.05 0.74 0.34 0.27 0.07 -6.74 7.15 a7

M-03 112 0.75 0.35 0.29 0.09 -5.75 6.16 55

M-05 0.59 0.75 0.32 0.24 0.05 -7.25 7.79 44

M-07 151 0.70 0.50 0.34 0.15 -5.50 5.81 58

M-09 3.62 0.71 0.51 0.37 0.16 -3.48 4.66 91

M-10 1.80 0.76 0.49 0.37 0.13 -7.08 7.27 45

M-14 2.86 0.74 0.50 0.37 0.14 ——-- -

M-15 2.69 0.72 0.63 0.44 0.19 -2.95 441 107
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Fig. 11. Total picture is formed from microphotographs, illustrated sketches from garnet crystals, histogram graphs and CSD
curves of crystals, extracted for each samples.
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