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ABSTRACT : Chemical composition, crystal structure, refractive index, specific gravity, color, and
luster were studied for pyrope-almandine series garnets. The main coloring agents determining the
reddish or brownish garnets were also investigated. It was also examined if there is any relationship
between mineralogical properties with respect to the various chemical compositions in the solid
solution, in the hope to figure out the existing classification values of R.I. and S.G. using gem-
testing facilities to distinguish pyrope from almadine. It was found that 17 out of the 24 specimens
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belong to pyrope and the rest almandine. R.1. of pyrope goes up to 1.77 and that of almandine is
higher than the value. S.G. of pyrope reaches to 3.88 and that of almandine is greater than the value
of pyrope. X-ray diffraction data revealed that pyrope-almandine garnets are isometric with space
group Ia3d, and also show that the variation of cell parameters are not significant enough to parallel
with the chemical compositions of the series. R.I. and S.G. increase with FeO content. Fe and Mn
are most responsible to the red-purple and orange coloration of the specimens, respectively. Both
zircon and rutile crystals are most common inclusions in the reddish stones.

Key words : garnet, gemological properties, pyrope-almandine, crystal structure, refractive index,

specific gravity
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Fig. 1. Crystal structure of garnet (sample #2) perpendicular to (100)

drawn by ATOMS 6.0.
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Table 1. Some mineralogical properties of garnets

in this study
NO Color R.I Inclusion S.G.
1 Dk. R 1.75 Ndl, Xtl, Ftr -
2 Dk. R 1.75 Xt -
3 Dk. R 1.75 Ndl, Xtl -
4 Dk. R 1.75 Lq.F 3.715
5 Med. It o-P 175 Zr. halo, Ndl 3.764
6 Dk. P-R 1.75 - 3.816
7 Med dk. P 175 Ndi 3.756
8 Med it P 1.75 Lqg. F 3.848
9 Med dk P 1.75 Lg. F 3.783
10 Med. P 1.76 Ndl -
11 Med. O-R 1.77 Lqg. F 3.836
12 Med. br-R 1.76 Lq. F, Ndl 3.846
13 Med. P 1.76 Ndl -
14 Med. br-R 177 Lg. F -
15 Med. o-R 1.76 Lqg. F, Xil -
16 Med. P 1.77 Ndl -
17 Med. dk br-P  1.77 Xtl, Zr. halo 3.882
18 Med. P 1.77 Lq.F, Zr. halo -
19  Med. P-R OL Zr. halo 4.106
20 Med. p-R OL Zr. halo, Xtl 4.112
21  Med. br-P OL Lgq. F, Zr. halo, Ndl -
22 Dk. r-P OL Bl. Xtl, Ndi 4.248
23 Med. p-R OL Lg. F, BL. Xtl, Ndl 4.268
24 Dk. p-R OL Lg. F -
Note: R.L; refractive index, I/A; isotropism/anisotropism,

S.G; specific gravity
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Fig. 2. Photomicrograph of inclusions in a pyrope-almandin garnet. (A) Zircon incusions. Plechroic halos

are developed around the crystal. (B) Rutile needles. They show anisotropic nature under the polarizing

microscope.
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Table 2. Electron micriprobe analyses of garnets in this study
Sample# 1 2 3 4 5 6 7 8
SiO, 42.12 41.91 41.96 41.46 40.64 41.65 41.49 41.63
AlLO; 22.51 21.16 22.37 22.66 23.34 23.39 22.96 23.33
TiO, - 0.36 0.15 0.54 0.04 0.01 0.05 -
Cry0;3 1.90 1.72 0.93 0.01 0.07 - 0.10 -
FeO 8.24 8.50 9.23 12.87 14.09 14.12 14.14 14.61
MgO 19.90 20.26 19.21 16.67 16.70 18.99 17.38 18.94
MnO 0.3 0.26 0.36 0.35 3.41 0.29 2.15 0.13
Ca0O 5.16 4.69 5.25 5.24 1.65 1.18 1.73 1.08
Total 100.14 98.85 9947 99.40 99.93 99.63 100.00 99.91

Number of cations on the basis of 24 O

Si 5.99 6.05 6.03 5.99 595 6.01 6.03 6.00
Al 3.78 3.60 3.79 3.90 4.03 3.98 393 3.97
Ti - 0.04 0.02 0.06 0.00 - 0.01 -
Cr 0.21 0.20 0.11 - 0.01 - 0.01 -
Fe 0.98 1.03 1.11 1.57 1.72 1.70 1.72 1.76
Mg 422 4.36 4.11 3.63 3.64 4.09 3.77 3.77
Mn 0.04 0.03 0.04 0.04 0.42 0.04 0.27 0.27
Ca 0.79 0.72 0.81 0.82 0.26 0.18 0.27 0.27
Alm(%) 18.72 18.94 21.06 29.97 29.79 29.26 29.89 30.11
Pyr(%) 80.58 80.47 78.11 69.19 62.91 70.13 65.51 69.62
Spe(%) 0.69 0.59 0.82 0.84 7.30 0.62 4.61 0.27

Note: Alm=almandine, Pyr=pyrope, Spe=spessartine

Table 2. contiued
Sample# 9 10 11 12 13 14 15 16
Si0, 41.87 41.22 39.98 40.70 40.53 39.83 40.67 40.03
ALO, 23.09 23.12 22.77 22.61 2326 22.54 22.88 22.91
TiO; 0.02 0.02 0.04 0.02 0.01 0.07 0.02 0.01
Cry0; 0.01 0.01 0.01 0.03 - 0.07 0.01 0.01
FeO 14.89 16.58 17.71 18.01 18.10 18.15 18.16 21.74
MgO 18.76 17.69 13.35 14.04 16.38 13.36 16.30 14.16
MnO 0.29 0.25 0.84 0.57 0.29 0.77 0.34 0.20
Ca0 1.16 0.69 3.75 4.07 1.24 3.84 1.39 0.74
Total 100.09 100.01 98.46 100.05 99.82 98.67 99.76 99.82

Number of cations on the basis of 24 O

Si 6.03 6.00 6.01 6.02 595 6.09 5.99 5.97
Al 3.92 3.97 4.03 3.94 4.03 4.06 3.97 4.03
Ti - - - - - 0.01 - -
Cr - - - - - 0.01 - -
Fe 1.79 2.03 222 223 222 2.32 2.23 2.71
Mg 4.03 3.84 2.99 3.09 3.59 2.60 3.58 3.15
Mn 0.04 0.03 0.11 0.07 0.04 0.12 0.04 0.03
Ca 0.18 0.15 0.60 0.64 0.20 0.63 0.22 0.12
Alm(%o) 30.61 3441 41.79 41.29 28.03 42.45 38.18 46.08
Pyr(%) 68.78 65.07 56.19 57.38 61.36 55.72 61.10 53.48
Spe(%o) 0.61 0.52 2.02 1.33 0.61 1.83 0.72 0.44




Table 2. continued
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Alm

Sample# 17 18 19 20 21 22 23 24
Si0s 39.76 37.76 37.53 37.78 36.67 36.86 36.82 36.90
ALO; 22.48 21.31 21.89 21.22 20.63 20.46 20.95 20.62
TiO, - 0.06 0.01 0.01 - - - -
CI‘203 - - - - - - - -
FeO 22.08 3221 32.77 33.61 36.49 36.60 37.00 37.90
MgO 13.37 7.00 7.15 6.26 222 3.04 2.70 2.60
MnO 0.32 0.07 0.14 0.36 2.86 0.74 1.78 1.20
Ca0 1.13 0.43 0.38 0.42 0.78 0.80 0.58 0.64
Total 99.36 99.19 99.87 99.66 100.06 98.87 99.81 99.86
Number of cations on the basis of 24 O

Si 5.99 5.98 5.91 5.99 5.97 6.02 5.98 6.00
Al 3.99 3.98 4.06 3.97 3.96 3.94 4.01 3.95
Ti - 0.01 - - - - - -
Cr - - - - - - - -
Fe 2.78 4.27 432 446 497 5.00 5.03 5.16
Mg 3.00 1.65 1.68 1.48 0.54 0.74 0.65 0.63
Mn 0.04 0.01 0.02 0.05 0.40 0.10 0.24 0.17
Ca 0.18 0.07 0.06 0.07 0.14 0.14 0.10 0.11
Alm(%) 47.76 71.94 71.78 74.48 84.17 85.57 84.84 86.63
Pyr(%) 51.55 27.89 2791 24,71 9.14 12.69 11.04 10.60
Spe(%) 0.69 0.17 0.30 0.81 6.69 1.74 4.12 2.77
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Fig. 3. Variation diagram of major element concentrations in pyrope-almandin
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Table 3. Trace element anayses of garnets in this study by LAM-ICP-MS (in ppm)

Sample# 1 3 8 10 17 18 21 22
Ti 539.46 247742 <59.94 <59.94 <59.94 <59.94 <59.94 <59.94
Sc 120.75 95.20 36.40 28.15 36.40 105.49 67.67 105.49
v 110.93 261.23 11.80 26.24 11.80 29.19 29.97 29.19
Cr 10144 18699 35.96 49.08 35.96 88.39 35.58 88.39
Co 46.30 53.45 9.00 21.98 9.00 35.93 27.28 35.93
Zn 72.69 27.42 82.21 53.86 82.21 149.93 93.85 149.93
Ga 5.69 8.87 9.13 6.20 9.13 3.04 432 3.04
Sr 0.77 0.35 0.53 0.92 0.53 0.45 0.63 0.45
Y 26.29 18.18 25.86 33.90 25.86 278.79 376.45 278.79
Zr 11.46 29.75 31.60 22.80 31.60 5.98 541 5.98
Nb 1.01 0.23 0.37 1.05 0.37 0.48 0.58 0.48
La 1.01 0.20 6.91 1.02 0.60 0.40 0.60 5.20
Ce 0.79 0.24 0.60 1.08 0.50 0.45 0.69 0.40
Tb 0.91 0.50 0.50 0.93 2.11 2.93 3.97 0.45
Lu 1.36 0.48 2.11 1.21 0.46 3.52 7.83 2.93
Hf 5.35 1.84 0.46 7.67 2.83 278 3.92 352
U 1.25 0.31 2.83 2.05 0.83 0.58 0.64 2.78

Table 4. Experimental details and final parameters of structure refinements for selected garnets by single

crystal X-ray diffractometer (MoK a)

Sample# 2 8 22

28 Scan Range 4.33~28.12 4.34~28.22 433~28.27

Space Group la3d

Z 4

Reflection Collected 1846 3978 4113

@i‘ystal Size irregular 02X02%x0.5 mm (plate) 0.1 X0.3X0.3 mm (plate)

Fe/Mg Content FeosMg24 FeooMga.i FexoMgo.t

Ri (%) 10.45 10.58 14.84

wR2 (%) 21.80 2329 28.34

S(Goodness of fitness) 1.252 1.344 1.364

a (A) 11.532 11.495 11.526

V(A 1533.69 1518.81 153125
Z17) W37} FeOo] 3o wale) =alg g (Table 1) WEE=E HEHEA 175 (#1, 2, 3,
BAE B2z gt olk oW aFd A} 45 6,7, 8,9), L.76 (#10, 12, 13, 15), 1.77
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Table 5. Atomic positions of selected garnets

.. . Sample#
Atom Position Coordinate > 3 7
X 0 3/4 1/4
Al l6a Y 0 1/4 1/4
Z 0 1/4 1/4
X / 3/4 0
Mg  24c Y 3/8 1/4
Z 1/4 0 1/8
X 1/8 3/4 0
Fe 24c Y 0 3/8 1/4
VA 1/4 0 1/8
X 3/8 3/4 0
Si 24d Y 0 178 1/4
V4 1/4 0 3/8
X 0.0338(2) 0.8005(4) 0.2008(3)
0 96h Y -0.0494(2) 0.2166(4) 0.2842(3)
Z -0.1533(2) 0.967(4) 0.0971(3)
sto| 2 Lol nf #1824 AWHAL & 5 Ut}
v 288 3719 HhLSH BH Alg #1997
T}o] 2 3L o +6'}D4 Yoz #1024 guide

g AHYE 95 E veh & itk od@ Ak
Ao JMEiJ %3«1—%3 1.73-1.7774 21 9] 3k
$ 744 & ddE ovjolth wEy Helzz
o} PG PEske V1F0] et wat
TEHojol gy FAEUo g AWIE AL

LHE WY £ dde 9ujot}
H &
AFAY HFe HYATA AL 3715~

3.882(#4~17)011, AR o] e AW AR
A(#19~23)2 4.106 o] Foldirt. dH ARe
aFEo] 0.06 g mgto)r] whFo HlF ZA
W& A F Aoz oty o] Hl%‘— 4 o/
oA Astgt duidoz HF i}fwév‘?—
4 JEEY T/ EL & 30 tﬂra‘r tﬂ%‘ F U
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xol A S Al E @ Bl gt F,
H]Fo0] 3.7~3.80|H Hoj2 X, 38~4.50|H <&
TtH oz gt o)|AS HlF X vjm
3l ofv] 3RO ZRE HolZ2XYS &1
Qe AE #178 HFo] 3.880]7) o] HA
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Table 6. Anisotropic thermal displacement(A”x 10%) of selected garnets

Sample# Atom Un Uxn Us; Uz Uis Ui

Al 4 A1) 4(1) ) (1) o(1)
Mg 9(2) 15(1) 15(10) 3(1) 0 0
2 Fe 92) 15(1) 15(1) 3(10 0 0
Si 9(2) (1) (1) 0 0 0

0 7Q2) 6(2) 5(2) o) 0(1) 2(1)

Al 502) 5(2) 5Q) ) 0(1) o(1)
Mg 02) 0(2) 0(2) 0 0 0
8 Fe 0(2) 0(2) 0(2) 0 0 0
Si 6(2) 0(2) 6(2) 0 -2(1) 0

0 3(2) 1Q2) 0(2) 0(2) 1(1) 1(1)

Al 8(2) 8(2) 8(2) ) o) (1)

Mg 11(2) 11(2) 5(2) 0 0 11

22 Fe 112) 11(2) 5(2) 0 0 1(1)
Si 5(2) 5(2) 5(2) 0 0 0

0 22) 0(2) 0(2) o(1) o(1) 2(1)
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Fig. 6. Diagram showing relationship of refractive index vs. FeO
content of the pyrope-almandine garnets.

Table 7. Interatomic distance (A) and angle (°) of 9]t}
selected garnets 1) A

Samplett 2 8 22 Bo)&d 9sldH AE #1~17L slo]lz=olH,
Interatomic distance #18~24 Uvitdd S & F g} gdolzz=
Al-O 1898 X 6 1.892 X 6 1.893 X 6 o 5
Si-0 1635 X 4 1.636 X 4 1633 X 4 %X‘d—g ] 1777]”@“%’ SRS 177 O]”o]cf
Mg-O 2219 X 4 2211 x 4 2223 x 4+ T sol 229l 75 3.887}7 9] tﬂjo
Mg-O 2360 X 4 2353 X 4 2370 x 4% ‘jﬂolfnq’ JME&F_ @Z%E 4'1; olf"}%] = 4
[nteratomic angle T MI:]- H‘}-E}]\‘] 5}6‘}/@?’:0” T’q—t‘ _‘J—]—O]i;‘iQ—]—
0-Al-01 8849 X 6 88.18 X 6 8872 x 6 LWL FHo| 7]& FHE(L.75) A
O-AL-02 9151 X 6 9182 X 6 9128 x 6  FEE 2= ¢lo] " oH, HEL 7]5‘—41-1
O-Si-O1 11441 X 4 1144 X 4 11424 x 4 MAA oA AIE3I= 7238 Aed &+
0-Si-02 99.99 X 2 1000 X 2 1003 X 2 oo o 2 9lqich,
O-Mg-OI 11504 X 2 1147 X 2 11516 X 2* 2) _L}-O]iu- oj_uha /\]Eoﬂ EH?_]_' E}_@;ﬁ X
OMg03 6873 X 2 690 x 2 6869 x 2* "oy g o oo] B T2
0-Mg-04 7042 X 4 704 X 4 7031 X 4% i = =4, = o =T o
O-MgO5 7365 x 4 734 x 4 7389 x 4¢  AA9 ladd Fhao] S5 AT —’F RO
O-Mg-O6  93.12 X 4 933 X 4 9304 x 4+ T, 3R Wl & GAX 5o W
O-Mg-07 12421 X 4 1242 X 4 12415 x 4% 3} =3 Mag%ﬁ] gl = %‘ o &
0-Mg-08  109.92 X 2 1098 x 2 11009 X 2* & ZAHLT B2 o] Z-Autt] 1L |
O-Mg-010 7237 X 2 725 X 2 7215 X 2* 9lo] E3] FeO a‘j-a]:oﬂ wg} AAE HEoRAS
" Me is replaced by Fe. L}Ewtcﬂ, UurH o8 FeOo] Fago) 371¥
£ A& vFo] FUHEE € 4 Unh 9
a2 B 74° Hl2lprt 89 chAA| W] X st Mgs
olRTt & YAFE THAL YUE Fed AFAE
o] AdTE Fa Ly 2 AES ¥& 5 o ©E A= HHEn
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Table 8. Miller index and d-spacing(A) of selected garnets by XRD

Sample# 1 2 8 13 14 16
ag (A) 11.601 11.552 11.525 11.572 11.580 11.568
4 0 0 2.906 2.890 2.882 2.897 2.899 2.899
4 2 0 2.596 2.585 2.577 2.590 2.592 2.589
3 3 2 2.474 2.461 2.456 2.466 2.466 2.464
4 2 2 2.368 2.358 2.351 2.361 2.366 2.360
4 3 1 2.274 2.266 - 2.266 2.271 2.266
5 2 1 2.115 2.107 2.104 2.108 2.111 2.109
5 3 2 1.880 1.872 1.868 - 1.876 1.873
4 4 4 - 1.667 - - - -
6 4 0 - 1.601 1.596 - - -
6 4 2 - 1.543 1.538 - - -
9 0 0 - - - - 1.288 -
8 4 2 - 1.260 - - - -
9 2 0 1.258 - 1.251 1257 - 1.257
9 2 2 - - - - - 1.227
4.3 : T - . - ?
L. .
4.1F o ]
; ]
o ' ]
o | ]
i o o ]
K :
3. 7 C n i " i s 7
10 20 30 40
FeO

Fig. 7. Diagram showing relationship of specific gravity vs. FeQO
content of the pyrope-almandine garnets.

3) WAL AT g, AN W Hge A AL

Fe'? de) o8] FH$Hu, e Mn?e

o e} FoHS ¢ 5 Uk A ASAY o] ATl +AHE B9 2F 2 Y 2 B4

o Solgle A4 WEE = 713 wwaA B Bl o B9 580 lAon, 53 Ar A

e Ao Aoy I AMo|Th 2w XA SARA So) asidl uusty A8

HAE AL ARt FE e 297 LAM ICP-MS $4% 8 24 BAusme
Aserd, A4 e 2SS A8 A 7239
A7 o) HF HANIA Ew3| ZAZaL o] EE



A4 NFY B9 BA - BELH 54

FEdga dEs 2593
9%

Z3ch

YA (1993) HAE, -4 F AL 562p.

L& (1982) R BEE K B, Rt 28
W5Eit, 840p.

2\ BFEE (1994) Gemmology, 2R Hily B15E
=, 120-121.

Amthauer, G., Kurtz, W., Rost, F. and Schloemer, H.
(1974) Chemismus und Genese ded Andrafits aus
dem Serpentinit des Val Malenco (Bernina-Gebiet,
Oberitalien). Schweiz. Min. Petr. Mitt., 54, 691-
706.

Barker, F. (1961) Anthophyllite-biotite-hypersthene-

rhodolite assemblage, Mason Mountain, North
Carolina. Prof. Paper US. Geol. Surv., 424-C,
336-338.

Brauns, R. (1907) Lichtschein bei Granat, Zirkon und
Saphir. Neues. Jahrb. Min., 1, p. 13.

Bridges, C.R. (1974) Green grossularite garnets
(“tsavorites”) in East Africa. Gems and Gemology,
14, 10, 291-296.

Clark, AM. (1993) Hey’s Mineral Index, 3rd ed.
Chapman & Hall, London.

Crowningshield, R. (1970) A rare alexandrite garnet
from Tanzania. Gems and Gemology, 13, 174-177.

Deer, W.A., Howie, R.A., and Zussman, J. (1992) An
introduction to the rock forming minerals, 2nd

Edition.

Deer, W.A., Howie, R.A,, and Zussman, J. (1982)
Rock-Forming Minerals, Vol. 1A, Ortho silicates,
Longman group limited, 467-616.

Gemological Institute of America (1990) GEM Re-
ference Guide, G.I.A.

Koibula, J.I. and Gubelin, E.J. (1986) PHOTOATLAS
of inclusion in Gemstone, 532p.

Meager, E.P. (1980) Silicate garnets, Reviews in
Mineralogy, 5. Orthosilicate(Ribbe Ed.). Chap. 2.
Mineral. Soc. Am., 25-66.

Menzer, G. (1926) Die Gitterkonstanten der Granate.
Centr. Min., Abt. A, 343-345

Novak, G.A. and Gibbs, G.V. (1971) The Crystal
Chemistry of the silicate garnets. Am. Mineral., 56,
791-825.

Stockton C.M. (1985) A proposed new classification
for gem-quality garnets. Gems and Gemology, 21,
4, 205-218.

Trumper, L.C. (1952) Rhodolite and the pyrope-
almandine series. Gemmologist, 21, 26-30.

Webster, R. (1980) GEMS, Butterworth & Co. Ltd,
939p.

Winchell, H. (1958) The composition and physical
properties of garnet. Am. Mineral., 43, 595-600.
Zwaan, P.C. (1974) Garnet, corundum and other gem
minerals from Umba, Tanzania. Scripta Geol., 20,

41.

20023 12¢ 23 91A<S 20039 39 149 AALl

— 3] —



