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Abstract

Green gemstones are popular because of their beautiful color, but high-quality high-grade green
gemstones are rare, while lower and middle-grade green gemstones of a slightly lower quality are
produced in high quantity and are of various Kinds. In recent years, with the improvement of the
material living standard, people pay more and more attention to the middle and low-grade gems.
However, the value of many gems is greatly affected because the color is not good enough. If we
can properly change the color of middle and low-grade gems and improve their quality, we can
obtain huge economic benefits and significant social benefits. The important premise of gem color
change is to understand its color mechanism. In this paper, five green varieties of common middle
and low-grade gemstones, opal, grape, fluorite, apatite and tourmaline, were selected as the re-
search objects, and their color mechanism was explored through UV-visible light spectrum and
X-ray fluorescence spectrum. Studies have shown that the main chromogenic ions of green gem-
stones are Cr3+, Fe2+, Fe3+*, V3+, Ni2* and some rare earth elements. There are three main chromo-
genic mechanisms of green gemstones studied in this paper: 1) Electron transition: Opal is Ni2*
electron transition chromophoresis; Tourmaline is the electron transition chromaticity of Mn3+
and Fe?+; The grape stone is colored by Fe2+* electron transition. The color formation of fluorite
may be caused by Cu?+ electron transition. 2) Charge transfer color: Tourmaline is the charge trans-
fer chromaticity of Fez* and Fe3+. 3) Color-centric color: Apatite is F--V-¢-F- electronic color center;
Chromophores are caused by fluorite rare earth elements. In addition, the color of gemstones is
usually a mixture of colors determined by a variety of color mechanisms. The color mechanism of
several green gemstones is preliminarily discussed, which provides a theoretical reference for the
color mechanism of green gemstones.
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Figure 1. Green gem sample. (a) Opal sample; (b) fluorite sample; (c) grape stone sample; (d) apatite sample; (e) tourmaline
sample
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Table 1. Basic characteristics of five middle and low-grade green gem samples
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Figure 2. UV-vis absorption spectra of opal stone, grape stone and fluorite stone
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Figure 3. UV-vis absorption spectra of apatite and tourmaline
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Table 2. Results of X-ray fluorescence spectrum analysis of opal stone, fluorite stone and grapestone stone samples (mass %)

F2 EBA. BA. AEAEMEE X SFEIOLRIED LR (mass %)

Bt 5 AT & Si Mg Al S 0 Cl K Ca Na
1(a) 42.400 0.339 0.018 0.009 56.900 0.059 0.037 0.022 0.099
1(b) 0.0190 0.039 0.091 0.014 - 0.023 0.016 52.100 0.328
1(c) 39.700 0.017 7.300 0.006 56.400 14.700 - 15.400 -
Na Sr Zn Ni Cu Re Fe P F
1(a) 0.0987 - 0.015 0.069 - - - - -
1(b) 0.376 0.014 - - 0.015 0.173 - - 47.200
1(c) - 0.018 - - - - 6.220  0.008 -
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Table 3. Results of X-ray fluorescence spectrum analysis of apatite stone and tourmaline samples
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WA EBEEE RSN CaFy, RIS (R 2), fEEARMTEES F S8R 47.0%, & Ca
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&4 P S, Sr&,
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Tz PR S, HEARAD Fe Oy H oz, HEMNZFESC ARBEAK A . RIS IT 4 REE 3), BERAFE
S HEREZI Ca, WANESA /DR Zn, Sty Y. BERSTEA Feo Mn IRSIITR, IEANES
H/LE Ni. Ca. As. Sr. Zn.
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e 5 2 5 B (R IR SO s S AR — B30 7 S5 N[O 4T3 2 B o N R (R I EL P 4R RRIA, R EPMA R4
Ab = AL LIRSS v, R T R AL BEAURE, HEa R T AR, — BT A
THRIE, Fe* i d-d FFRRIEA Crr i d-d ML FBRIE. B T IM i, OF Al Fe* Z A s i i A5 77
A, (HRFEAMBIEA—E R —ME2ONE SR, M2 2 ayELRERMSER. fl
n, SEEAATURSE Fe otk W OF M Fe a1 AT 2 A Fe¥ i d-d Ha T-RRAT K 3k R v g 2R
A 9]

AR IZAE S R AR SO 15 I 456 BTN T (GE 4), ARIRSEEE 8L A A R il HRZE 600 nm~780 nm (1R
A NPT TR AR, X SR OO (XRF) S5 R (5 1), BoRiZbefh&H Niok, #—5
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Table 4. Peak position and color genesis of UV-vis absorption spectrum of green opal stone

F 4 FEEAAEIN - WIS IEIERL R B e R E

8, g PR S 2 W AT IR A e A b S/
O il Fe®* . [ ) L i 3 7% Wi : 335 nm [9]
Cré* i B TR R OF Fil Fe** 2 a1 WS . WS SEIX, B 380 nm F) 430 nm KA (9]
HLR T R L AR A WU 373 nm. 450 nm

MUy 630 nm AL, [9]
52 O M Fe™ Z [l (R LT RS RS (RS, £ 1) KT R 3

Cri'ff) d-d H1 T iRiE Wi 420 nm. 683 nm [9]
Ni* i) f 7 BRI WYkl : 400 nm. 660 nm Al 740 nm [8]

Fe** ) d-d L FERE
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A ISR E B DL A =2 RO, XA R A O LR R . E
R Na'. KR REE* 4 AR [FM A 0B 7 AR Ca® M M 28 /X (80 [10] [11], Herh i g 47 ] g2 Sm™
A Na B Ca® /i i o B8 [10] [11] [12] [13]8k = fs t e & Y3, Ce® i ta[11], T H A
MR E RS BRSO PEL N EE R K1) bz SNE RN I 7738 R & b Sk b s i 473
MR, FEA RO[14]. ZRAPURBE . B HER I A O R R 2 R S S A P 1
A, EREXAEENE N IR EE AR, SO A — R XA R A [10] [11]. =R RAREE S
o, WEFER U@ TR N #EE T S (4 B DAL (T NAR AR 5 A (1 b R g5 # vk, AT (6 3 2 4,
AR — ROz St R 2 A A 8 6, 75 A P 2 A FRIERY) 560 nm~580 nm (1R [10] [11] -

X BTG T (XRF) 2R (6 1), BoRiZFEm & A S I0R Cu, R SCHR, A6 T8 5 75
AT, WNEEFA AT CuP* RIS T % 432 nm A 460 nm; B ML A7t Cu® [l U7 £E 540 nm~580 nm [7],
X5 H A RE S 422 nm R 586 nm (ISR ML, BT AN Z B A RE L 1 S LR CuTt R HL T
POES, MANNE AR ECRIAEE R, SO A MBI RE S Y. Ce. SmEM LG RA K,
R b 422 nm (ORI S BT T 77 A 10 €O 7 51 7S P R HAC B AR BL( 5), (LR IR T XRF 4348
FEEAGE, RAERMH Sm. Y. Ce %50k, FrLAHBUE R FE WA &M Lon g im s Em o, i
WA T E I — P A

Table 5. Peak position and color genesis of UV-vis absorption spectrum of green fluorite stone

5 FRBEEAKEI - AT RSB IEIE LK & R E

P PR 2 2 WSt RS e o7 Sl

5 Na"™ kit Wi ige: 570 nm. 305 nm [11] [15]

5 SmP BT R AR By WRIYLIE: 425 nm. 440 nm. 450 nm. 600 nm. 611 nm. 694 nm [15]
Ce® [ 4f — 5d HiL T-BRIT Wi : 306 nm [13]
Cu” [y L BRAE WA : 422 nm. 586 nm AL
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PRI AOEIL, FEARSERE FEA =M, —RdESEE TN TIRE, FERHTEE
A B AR S F R S TN BE S T R AR R FMG IR, dneh Cr** . Fe® Rl Fe® Br AR 4 A i A 45 A 7E 1)
AP, RO SEE TR R TR EL Al PR K, BT DAE AR AP G 2t ios 4 f R 4 i
0\ T, 2 SRR BB 5, 2R AR B8 1 I s RRIE, BEIM = A BREA[16]: A2 B8 7 [A] H A
¥, 1 Fe* Rl Fe® 2 IR i B i 2> AR & A P2 AR R [17] [18]; =R g, REACE T4M0 S B
T RAKIREUGIURES, W14 Fe® fl Fe? 2508 Ca¥ il AT, S TBRLAS Iy, HEMI AR BiEa17].

Bribz 4k, Fe BT HIMRISA BB 73 76 400~600 nm /245 [17], T HAE# & A, 24 Fe* BACH AL
t AP, 5 OH A1 OF T\ TR A, Wicie £ 100 B e B 5 TR0 RS, i 55 A0 I 6 S B0 e X P T £
BBt RS o, 24 Fe® BRI & 0 S iR d5 b AP, 55 OH R OF TR J I AR, IR A 1) 20 % 1) 7 1
B, AP 2506 B, RISEE s G16].

R 28 SN I 7 AW TE(E 6), TEAR VS Hh 18 45 4 FE S FE 544 nm~705 nm FRMRISCHS & Fe™
L BRI AR, XA OEGIE AT (XRF)E5 R (6 1), Ronittai & Fe ok, - PRIE 1%
R A I DR B AR 5 R R B AR AP Fe? B BT RRAT
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Table 6. Peak position and color genesis of UV-vis absorption spectrum of green grape stone
7 6. FEEEAMNEIS - 7] AR IZIE LR ER € K E

B B R 2 7Y W ATty LR S o 7 S
Fe**-0% — Fe**-O% i 567 WYL 260 nm [14]
Fe®* — FeX* [y s i 5 5% Wi 600 nm fftix [14]
Fe?* — Fe* [y L fri i i WS UE: 375 nm. 400 nm [14]

4.4. ZEBRkAOEREERE

TEBER A BRI 5 O 0F R, —BUElT F Ao i1 S s i 5 ol . SR E B KA )
S SARAER B T0 Ve (AD)FI 2V (B L) K. ALARFREAL, WIS 7O ERIHAE
THARR, 058 F -V F f1 0 -V F Wifl; B OREE L, WINERES TAR, 158 F -2V -F

O™ -2V -F Wi fl . R B GO R e, S A2 b 18] B 1 €0 9] 52 2% 1 0 A 18]

R S R R 485 15 BT AT FE (52 7), DA R S5 B o], REmER M TR S
FHABRIPIAS PSR I 7ot THHERT AL, iZGOARRE, W HIAE G 210 R LR,

MRS 2 Tl KB T 180 % Sl i A A A A2 9 [19] [20]

Table 7. Peak position and color genesis of UV-vis absorption spectrum of green apatite stone

7. REBKANRI - W RARECIEIE R &k E

e PR e 7Y W AT s LR A W A7 HIH
s F -V -F WA . 430 nm 24 [19]
it O -V -F WA : 470 nm. 385 nm ZE A [19]
il F-2V eF WAy : 570 nmm~580 nm. 340 nm [19]

iy 07 -2V -0 WAy : 625 nm. 340 nm [19]
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Figure 4. Apatite stone sample
B4 #xAER

Figure 5. Apatite stone sample after heat treatment
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SOEEMBORAEEE LI AR —RETHBAETIRE, B8P0 2Matt 22N
N Fe*. Fe¥'. Mn®. Mn**, Cr*& BRI FEGES A M[21]. —RETRBmEE. Ho8sges
PLEE ] B 2 (Kl Fe R Fe® 2 IR (R FEL AT B R 72 AL 115 3543 35 48 i S LA (6 T BB A2 R A Fe 1 T 2 T
M A2[22]; A B EHE RIS AT REZR N O &R & T2 [/ K1 AT S 822

15 5% Fe JCER IWLISCHE I, F 720 nm AR 4 248 VO IR D Fe® BT R4 RS, 1 HL
BA Fe* IAEAESAE e K BT A2 5, 40 760 nm (MR B Y Fe¥ HIAEAE[23], (HRE A 2
HIN 720 nm AR S N Fe® Al Fe* 2 IAI I B A #4754 Y BIL I [24] -

AR S AN SO HE IR 455 F0 AT FE (32 8) I AR Yk S B R il £ 525 nm YL L 369 nm~414 nm
(I ACH A 580 nm FA) 2 WIS 3 B IR A Mn®* BLFERIE s LA 745 nm g rfrC (MBSO 7T A DRl Fe® Al
Fe¥ Z AR L 6%, 801 nm M ISCIA L (R )y Fe? [l HL T RRIE . X S £R 99 6 63 0 (XRF) 45 B (4% 3),
BRZFER P Fe JLEA Mn JoER, BT BIR IR S EIE R Mn® Rl Fe® () B FERIT Al Fe Al
Fe® ff) e 5 R S ) s 7 2

Table 8. Peak position and color genesis of UV-vis absorption spectrum of green tourmaline

8. RBEBENZIN - AT WIS LK B & AR E
Pt B P 2 7Y WA R A e £ R

Mz lé: 580 nm. 490 nm

3tmb o y
M) d-d 1 PR Wiy : 395 nm. 450 nm LA 520 nm g0 ff A 510 nm~530 nm [261 (27]
MRPH G0 BFEE g oo IS [27]
Fe® [ L F BRI Wi : 665 nm. 850 nm ALy, LLAMAFIX FI 670 nm Ak [25] [27]
Cr*ff) d-d HLFBRIT Wil : 650 nm it ix [27]

5. &
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