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Abstract: This paper is the result of mineral exploration engineering.

[Objective] Zirconium is a rare metal and one of the key metal minerals. Because of its high temperature resistance, corrosion
resistance, easy processing, good mechanical properties and stable chemical properties, zirconium metal and zirconium compounds
have key applications in military industry, refractories, ceramics and other industries, and zircon is widely used in geological dating
and tracing magma source areas. [Methods] By collecting and summarizing the previous research data, this paper studies the
distribution of zirconium ore resources, the characteristics of zirconium deposit types and the key applications of zirconium metal
and its alloys in China. [Results] Zirconium deposits in China are mainly distributed in Inner Mongolia, Hainan, Guangdong,
Yunnan and Guangxi provinces, and the sum of the zirconium deposits in these five provinces accounts for 97.6% of the national
reserves. Zirconium mine in China has a poor resource endowment, with a reserve of about 500000 tons (calculated by ZrO,),
accounting for only 1% of the global reserves. China's annual demand for zirconium ore is about 1.2 million tons, but China's annual
imports of zirconium ore are about 1.1 million tons, and the degree of external dependence of zirconium ore is as high as 90%.
Zirconium deposits in China can be divided into endogenetic deposits and exogenetic deposits, among which endogenetic deposits
can be divided into four types: alkaline granite, pegmatite, alkaline rock and granulite, while exogenetic deposits can be divided into
three types: coastal deposit, river impact, weathering crust and eluvial deposit. [Conclusions] Based on previous research data,
endogenetic deposits are closely related to alkaline rocks, alkaline granites and pegmatites, and the northern margin fault zone of
Tarim—North China Craton and the southern section of Daxing'anling Mountains have great prospecting potential. Exogenous
deposits are mainly sand deposits, which are mainly distributed in the coastal zone of Hainan Island, the southeast coastal zone and
the Bohai Sea—Yellow Sea zone. The eastern sea area of Hainan Island, the mouth of Changhua River in the west and the southeast

coastal zone of Jiaodong Peninsula have great prospecting potential.

Key words: zirconium deposit; type of deposit; endogenous deposit; exogenetic deposit; characteristics of ore deposits; development
utilization; ore—searching prospects; mineral exploration engineering

Highlights: (1) The types and characteristics of typical zirconium deposits in China are summarized; (2) The key applications of
zirconium—containing minerals and zirconium alloys are summarized; (3) New prospecting areas for endogenous and exogenous
zircon deposits are proposed.
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Table 1 Global zirconium resource reserves (10* t) (after

USGS, 2023)

e R R Mz
WKF I 50 50 4800

ES 32 32 590
FEMA IR 6.4 7 260
B 10 10 180

i 14 14 50

e <10 <10 50
ENEIEVIRIA 5.5 6 NA
oA E %K 15 16 850

ME 130 140 6800

e SRR R, FFEBAD &2 0 S hrdE el [R5
fEE B E B N2400/5t; NARERATH; BEAEIEER.

i EET R 67%, I ARIRZ, itk 12.3%, K5
JER AT, 20 H 8.2% 1 5.6%:; B A1 AT
A 64, FEEPTENG N (& 2 FE S
1 99.3%), /&R 43 W) 434 FULVE . PUAR) P (CF
FiT5, 2015)

HR 4 2022 45 E 7 ARSI A WoR, hE
BB 7.16 J7 t(BL Zr0, 1), Horp T di gk a™
i 1.94 J7 t, MG E5 0 61 5.22 7 t, (e EkEs AT
fitr & A LA 2 1%

2.3 FEHT RRHFERE

#2025 I il ) E AT Bh AN 4R 2035 B
St XL 5 BARHE S T, hE 2
Tl A 15 1 TR e R Rk RN A ) 7 SR AR
BT R A AT BT R T R SRR 2 |
A CTERAK L ARSI R, T EE D D B A Y
e BT R By 22— 2), HitbH EA4ET
ZONE S AR R ESSBEIR . T EA 90% UL R
BRI EE T, PE O AR RS B R S
FIES B R OL 65% DL EERET . dREdEgit
(USGS, 2023), 2021 4EEREE W /Y P78 R 120 T ¢,
HE 2021 4EE O ES T RD IR 128.46 7 t, Hi P E
R IR B AL, I LARE R E AR R A 2 O
s 100 7 (& 3) . 2021 4 [ R KH] T
HEOEER RS R HORE 71.73 7 t, SR —, ik n
SR 55.84%, HRMNmIAE . SR LT FERF]
HE O R HRE T, S 0 s O R
15.23%. 6.17% 5 4.29%. 1 E £ 7> K HoRG 0t
AR A, FEE O E ML HAS R
BV ORI S5 M X, 2021 4F HY 45005 T
68.48%. 6.39%. 5.64% 5 5.31%.

http://geochina.cgs.gov.cn F1 E M1 5T, 2024, 51(6)


http://geochina.cgs.gov.cn

551 4 5 6 ) T A PR ES T GEIRRAE | 67 PRISEY  SCHEN ] AR 5 1933

FBIX(12.5%

1 F15(0.7%)
HE(0.7%)

0.9 SR (2.6%)

ZENIN 7R (3.8%)
7 E(8.7%)—

-— -8

BWRMW A EMAR ERME RE *XH HoAtn

P 1 2022 4R AR fif RS0 I (4 USGS, 2023)
Fig.1 Global distribution of zirconium reserves in 2022 (after USGS, 2023)
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Fig.2 Production of zirconium concentrate and supply and demand of zirconium ore in China from 2014 to 2021 (Data source: China Customs)
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Fig.3 Import and export quantity of zirconium ore in China during 2014 to 2022 (Data source: China Customs)
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Fig.4 Distribution map of zirconium deposits in China (base map is zirconium geochemical map, after Wang Rucheng et al., 2020)
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Table 2 Main types of zirconium deposits in China (Data source: Wang Rucheng et al., 2020; Reserves of mineral resources

in China)
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Fig.7 Geologic sketch map of the distribution of alkaline pegmatites in the Yilanlik area, Xinjiang (modified from Xie Mingcai et
al., 2020)
1—Quaternary fluvial sediments; 2—Square—stone marble, marble interbedded with leptynite rocks and schists; 3—Marble interbedded with schist and
leptynite; 4-Marble interbedded with quartzite bands; 5—Strips of diorite—bearing marble and hornblende; 6-Hornblende and plagioclase gneiss
interbedded with marble; 7-Late Hercynian granite pegmatite; 8—Late Hercynian black mica granite; 9-Gem-quality tremolite—bearing chrysoberyl
calcite pegmatite; 10-Alkaline pegmatite veins; 11-Alkaline anorthosite; 12—Carbonate rocks; 13—-Geologic boundaries; 14-Faults;
15-Unconsolidated surfaces

1995) . ML F b $R A T H AR g
HIES AR ™ i, SRS 7 ) T IR
VMG IE B KA S R AR
LS A E RS B A R S R At BOR IR, 3
WARTE W51 5 AT R R 2R, INRERE S, B2
WA AT LR AR 6 32 42 P i e O 1 05, AR LAY
Fi B 12wl XU 7P - (Force and Rich, 1989) . #MMATE
A T RN T TRl T =B\ B | RL D I B

W IR 2 F AR AR R 15 A 38 /NI AR S AS (] B 855 1) 2 fin
ARG, 5 IR b (8 ) JURL Sy v 45 28 4R 1Y)
WhRE, 4318 R AT, — M2 ¥ (Force, 1991) . IR
R A A 2 (R FE A0 1) B AR AR AR K, B0 1
SRR AR 1% B2 25% N5, fERZH
PR, B A ARG VEE W BT b7 0 LB XD,
PRI A7 BT R MG 2L A0 B R R
VTR EE AT 2 vh B A R BB R
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Fig.8 Cross section of geological line 88 of the Yushishan
Nb-Ta—Zr—Hf-REE deposit in Gansu Province, northwestern
China (modified from Jiang et al., 2020)

PRI (P24 90% L L), EEAM M FILT . 48
LR IR M ETEA X, KA e
] ] ORI B DR 1) s R L it S A Y 19%,
R F NS . R R i T T 3

B BB, A S h e E R, N
805~7096 g/m’, 14 2144 g/m*( T ¥l %%, 2020) .
T 7 AR i S b 2 BRI T rh 40—k
R E T, §REAT Tl R AR, 9 A
YNBSS L BT RN (0 A B, S A h
Zr0, -3 5 R 65.73%, B RIS RN 5 v T AR R
FRYEFRRRD A", B B R Bl B 2R, ™ B[]
R A 4e A I (R 2245, 2017)

42 Z R B S R R AR S A —E Y
BRIRAE L, TLIORARMIAE LT i 8500 0 R 2 AT
JEARMEAT T rp FE s AR TR A B3, B Rk
i T, I, MANIVE 4 25 R 9), VS
WS VEIRAT, 55 A E AR 0.21%, B A4 K
R PR AT B A KR, B A R
WL WIR, 854 2r0, SEX &N 65%. HRIE
AN B U-Pb AR5 F o ml g £k
IR EA Z WM. 2 RIS A U b
({2471, 2020)

3.6 AR BYEERD A

Tl AR B S b 22 7 1 Pt /N gRE, R
HUTAI A Ry T oA e 0 0, 7 ) R E L = A
TEWA K. TEVREHT, S50 R 2 B 5 T rh il
TAJ L A A 11, I RE BEAE TR AR TTORR 5 AR AR T AR
TERG AT, B0 1A 2 5 A T /N R AR
RUT 3 BT A A, (0 IR B RO, ik 2 2 )20k
SRR, AR B AR AR A K (0.5~95 m), {HE™
PRI (0~85 m), &y THFK o Il s AR AL g5 1

0 50m
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oo R
X |Middle Cambrian
Xuzhuang Formation
=T & g e K
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Fig.9 Geological profile of No.0 exploration line of Huashanzi deposit (modified from Feng Xuezhi, 2020)
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1939

W 2T 8 SN e DL ORG AH
DX, PR Hp s Y T KU R 1l R s B 42
SN GE B . A ALA e A Tk
JEA B BT R BT AE . R ETR
TET 2R )P0, o/ MR AT UL, AR AT IR
NN S R A T N T - AT | B NN K
TR BTN LR LLAR T (5, 2020) 6
3.7 R EERIFEFABERY

IR Ak 7 R 3 AR R D A o [ o A o
B, 7= H I35 22 o0 XU S ok e B0 P T ot o b | 96 2
Frobi . 0 S b B L L o] 3L R e 4P e o R ke
BUIEI 20 m X, B 2 R R TS . 6K
BEA L AE A FRA A E o nas A R A & 5
Y. hEKEBE TR RA S PE LR
520 B, VLV R RIS TR IR VTR E LA AR
FEME W M T T KW 4 (i 5, 2020)

LV R RS0 0 R 2 L2 RIRFEFRa
A8 B IE A 1 2 ARt v, otk g A
1, FeEnik 8493.5 g/m?, & RLZIRE 6~10 m, AUk
JZm T 2R, #E REAR R IR
RIES S AR SRR EY), BB =AY
R TR AN R, TR ARG . A A 32 HUE
2y, — W 2 Wb TE A AR AN K b5 B T (AR RS 5
R, IR R B B A AR ) AR, KRR TR, 1
RJEL BE AR (5142, 2009) o

4 BEEYRRIE K O HE N

4.1 SERIT MM R FHIE
FAR b B0 B9 L D F2 2oy 90 ml o3

32 (D) VIEAIE A TE, RS A (2) LS Y
FERRETE UAFAE, B (3) A ek, 88 BATHA T
RIS DL A, kA B AL 854045
(£3),

RS A (ZeO,) & —FA KE WS A 01,
FEAFE TS | JEPE R SR L S — S8R
R EL A, BAEREAR BRI FIR RN, S85A .
BRap A SR AR o RS A R R UL T R Ik
BT I B RS 43 Ak 2% 3 1 43 ( Heaman and
LeCheminant, 1993), Jf H'E SRk H 1) £ 2 & 85
W, OMBRFR A IR ) SiOo, 1Ml w L. 5
B —FE, RS A S R HUE AR AR K, i E
RHES A O 9O B RS R T 2 B ok, RS2
TE bk 2 5 2 42 P (Scharer et al., 1997; Klemme and
Meyer, 2003) . A}k 7] 4053 A B i B RHES A A i
SRR AT PR, BT S A SR Y Si0,. Fe,05. TiO,
Al H,0, J5 &4 i & Hf, Fe, REE, Sc fil U, 7EJ&
mEME A A, BHES A R AGE O RS 0 R RS
o, 5 I R R, H B A0k i, RS A
B/, TE R H /N T 30 um,

B A (ZSi0,) XA EE e, R i W R &
B Y . KRB AHIR KUE A W4
=8 TERZ B A, 85 A e R LT Y M
A9 48 ¥4 i 77 (Hoskin and Schaltegger, 2003) , K%
BORSRES A S B LB 2R 33.6, X SETT R Y13
b 5¢ 3 B H R A [F] ( Taylor and McLennan, 1995)
SRT, B A1 P Y HE SR AR (6000%107°~11600%
10°%), X BT s A 195 9% 53 (Heaman et al.,
1990) . KRARFEAMBIEAICE, HA ., e, 5%

R3I EEMSETY (FEEWHIIE, 2015)

Table 3 Important zirconium—bearing minerals (after Wang Ruijiang et al., 2015)

R/EAS b 222 AT RE RHEE P 7r0,/% HfO,/Zr0,
Foryal Zr0, 556  6~6.5 . 3. 4 80~98 0.02
Liya ZrSio, 42~49 75 . . WAL E. BR. BE 61~67 0.015~0.04
BREEEERT (Ca,Fe)(Ti,Zr,Th),05 4.7 5.5 52 0.01~0.027
AR Mn,CaZs (LS B R #h 4.8 6.5 H. BiE 20~30 0.006
REANART”  Na,0-2(Ti,Zr)0,-2Si0, 3.4 6 B, K 12

BB A K,CaZrSi,0,, 3.1 ¥ 21

A H,(Na,Ca)ZrSi;0,, 2.75 6 RI. I 30~40 0.01
BN HNa,Zr(Si0;), 2.54 7 A, R4 21 0.002
FEERFEERE  Ca(Zr,Ti),05 HHALTIO, e 22

EREET 37r0,-2Ti0,-2H,0 S

JKEEANERA  Na,Fe,Mn,CaRRE(ER, 58 & 2~3 %

[y Zr,Fe,Ca,Ce,Na%s M RAEIR &, &Cl, U KECN 2030 555 . 4. W . 001

(Na,Ca),ZrSi,0,,(0,0H,Cl)
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o ARt B EMSRES . IRK/NIUECKEDL
JRORANEE, 285 AR R G A B A A AR 28 U 5 AR
U5 AUHER o B A 09 Z RIS T DL A5G R:
) I W 2% 4F B W 18 Ak 19 26 2R ( Pupin, 1980;
Corfu et al., 2003) . TE KA W8S A 5 DL 45
I BN AR A AE, B A R TR )
o (AR O TS AW TTIE R B RAFIKR
i, R A MEAIERK S, A B4
I B, eSS M T L BB e A G S 3A vh
FREAEAE . IORES A 7EAS A KOs TR UL, wT LA
S T B UKL, A T DL AR R 0 B A A R
W . FEAR A T, B A AT DL 34T R P45
SCHT IR AERKIE B . A8 B A 2 B A A
o3 5% A A B B, FE B BB AR T
MELUE L. TE SR UM AR BT R, BB A T4
5 FE V. [ AH 26 45 18 T LA K AR 3 40 0 dl 3 ) T8
(Schaltegger et al., 1999; Rubatto et al., 1999), T
A HAETER AT 1Y H AETURRES A (Saxena, 1966), {HITT
RS A FBRIE T e BRI L . DUBVA AR
Fa KA E T o ORI LR v R S 5 A
BAHER RS i W B AL A o, DR AT DATE DU R
BRrh 257 Z2 IR s FiR.

5P 1 (Na,,CaFe,Zr,Si,0,,(OH),Cl,) j& — Ff
XA ST, 27 TEAERS . SR
KA SR A T o B RN OB T ol B
HAEKRAEMEAERMSGS AT LFmT Y. =
MA A RARE 2%, % & K. Y. Fe, Mn, Ti. Nb %
A= AR = R AR, et I
 Fe. Mn. Nb B FR1 S04, T8 =5 dh & AR}
i F ) SRR 2R SR A
4.2 EU YRR ENA

[l Sh X B BT ST 46 T 18 fHh4D, 1789 4R 1k
2 e PR 57 T DL R R N ORI T B
MIAETE; 1824 4F- S Ak 2% GEMR A1) 2 17 FH 43 J@ B i
Jer G PR R ) R & SRS A5 1914 AFfar == YR A7 FRLT
AT N B3 SRR ARG GBHF A% FH FRL S A T 7K Y S 4k
R A R AN AR 2l 4 Jm AL 1944 4F, EED 5
Jry FF U A BB R A 5, O S v R ) il 4 S
(Syre FI5kF 4, 1987)

T 20 28 50 AEARTT Id o 8 19 I & 1
HATHFSE . 1957 4F, At A (A8 @ Ao e H R E i

P WIS 4 B B 5 1973 4R A AR A5 F i — 48 Ak
B RSy o) R O P LS B (VLA 2015),
Wit s 4 S A i & ok, )z T A
1lbo

4.2.1 B KB 5 R

oA R S N i) Iz B Tk A L,
FE RN KR, WFESRORE . TR P B
BECBEE RN A RRL . AT B R AR
2o BB RS S RGN T, 2 R
YA THFER Z AT, 859 (ZeSio,) & HIVER &
M B F AR 2 —, FF R iR . SRR €k
SRR 3 AR, IR A S O ROR (TSR 52, 1997
HOOZL AT T, 2010) o WAk A B B R H: v i
BE L R AP R S R R R RE
Rf a5, TE R RS IR He | Tt KRt FRAR M R FIAZ 4%
il A ek 5 4 A7 B FE O I N (2 kR AR,
2006) o Tif KA BB S A 5 — FEE TR H, &
BRI KA AL EL AR v A BT E | AR (A TR IS ot
PERPUIGEYE, o MBEOR A Ko s, Pig
164 Tl FH T IO (I 4245, 2004) .

AT AR SR B 5 40 4 NS S AR B R A X A
MR HE A ) % 2, BR Pk Ak IS T £ B R
PR, 1548 A0 1 b SR B 40 1) 3 s P A e
FoE P A 25 28, P X SE B4 A I8 AN £k
Bl MOk k22 BT AT 32 A BT RS 4 s 1]
(Poitrasson et al., 2002) ., B T%5 A K9P 224 il
FaE, WEAT A RAL, B UM Th oK, B9t
HORA, BFPAREE &, s A S U-Th e 4
FHAR TG, 3 1 X447 A9 U-Th & 4F 0] LIS 3
FA A R AR L b R AL DT R A L R
( Poitrasson et al., 2002; 4 & 7% %%, 2006) . #5 A1
Hf [R)7 2 FERFIE bR P D s | 52O L eig A
HAER . KRR e K A 207z W, B A
A TR 2 AL R AR G- Hh 249 AR5 e A B A RN S B
FIRVRIX (B E555, 2006) .

TREALES R S — R e 2 AT Az BTz N
FIEIE A . FERER Tl o, S5 R8s DU A
TEARES VUG, TAEAFarResE s 4~8 15 (EHm VLA,
2015), FEMKARHIUR, A e A,
fiif T4 | SRS 2 A R R HN 2
i KA Rk FE B MR R AT, KR A A
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JHCHE T A B0 €5, U A8 S 28 52 X, A s AN TE ]
FREAZT o RSB T A BRI AT IR K
M (T E A, 2008) o A ALES &4 H i i 8 A
SRR I RS B, DR LT, T 2 N H TR
RS FMRBFES, B3 Had A8 rh =R W
S B B B SR B A S R AAHRCE (T
LT, 2004)

HAbEE A e G AR Z T, ETER & 5, N
HTENMTI(E 4)
4.2.2 #55 JB BAE S KB

& B S N R — a8, &R
FHIE 5 R IR F REGUES AN Tl G A o) (VL it
8, 2018; AL, 2019) o JRFREBES F5 76 =0t
b o B B G A B rh AR B i <0.01% MBS, X
FROTCER S "al " i ME G, ", T AR I g HE AR
AR ST R S HE S G5 R AL | 45 T 4 2 ]
B RS M — St bR (AR T A, 2018; BT
BEAE, 2022) o AT 1R 455 Tl S o7 o B i
A, BT — BB & 8 2.5% 2245 FOES Rl ok < Tl 2%
B o BB A B RS . R A 4 TR B
AT LI i B ok ) Ak T 5 A8 R F K BRI 7 2, 1k
HE L AR 24 | 24 f AVEE A TS M SR & A L &
HRIAR R F B (A LRSS, 2015) o BEFEHL T4 Tl
Fe A Bz F AR Tz HHAERR A, 38 R H LA
AR MY . SR T K i
W AR A, e TV T F i AE s i (54

oo WEFENIRIE D B3 i s e & 4 B
L - 36 0 G 4 A A AR R S L 2 AR
R B SRR, D& — R I 2 R ML G
TGS, A AN RE IR 25 o = i e 4
FEARANE B (V04 2018) 6
5 EEED TS

H ] VR T FE I, R A A A
fiti & /> ORI 2K 1%) , B4 15 #E 19 £ 58 I 1
90% LA LA 1, H OB g L R, 55
G2 FE RIS TR IR T, v S B IR A
N4w 28 HMER - RET . HIL SR
AR, PR B IRA L

FH T SCRT L, 8587 IR 53 A N A IR A AT IR
PR, AT RS 5 [R) S 5 A 4 1) 8~ At
WS B L EAER S, FES T (DR
ARt sehim AL S Qg ek 22 L5 ; (2) K%t
U AT R 2 (AN N ST LR )5 (3) 3 F b vl
SN 230 (F i i 5, 2020) . WAET IKEZ 5
PR A L BCPE AL B A AT A e B A OG,
AR—Ae b B b % W7 24445 F14% 1 va o0 7 20 28 Y
S5 2 P Ab T TR R, AR LR
UG 247 Kk 5000 2T K B9 5 B4 S s b4y
A5 20 117 AP AR 31 AT 5 5 A 4 b
X, AL O R TR A s A A L A S B v AR
IR AR FCHE AN 52 L JRT 801 WA, I 75 b

®4 SBUSYRERAE (BEHRIE, 2015)
Table 4 Zirconium compounds and applications (after Wang Ruijiang et al., 2015)

wEY [iR=c5:¢ Fi&

AR 710, Mif KAHAL . RFBEATRL, BFARl. Pkl

A fbss ZrH, SSEHEDE T IR R R Y SR

WAL ZiC PR KRR, AR 7 AR SRR

RS ZIN & R T 110 8 R B

AR ZrOClL-8H,0 AFEBURHA R, BRI, EBAEN, EE SR AN R
VU S A ZrCl, TG B RAL AR R, A AT

SALES ZtF, SRR M. #AF, SEREk

SR A K,ZtF, EJRRMGIF), EF=. BEIRINF, A= SR ok
AT Z1F, PR

TR A 7r0-S0, FLE R IR, SRR AT

Tl s K,ZrO(CO,), H#Y

R4S CaZrO, P& A AR IS NFR), A AL R

Tk 2 A Y Na,ZrSiO, PR JERE, R BB

A, ZrO(OH), fif KA R B ZrO,BIJEARL, BREF, W7

a7l Zr(CH,COO0), LUK ABIKR, SRR, AR
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AN IR AP IR o B2, B TR L
50% LA b pyghGtiaE, A 95% DL BRSSOk
W IR h IR 250 A0 T rE 5 i X,
FUAR VG S AR U M DX DA R A T VA VA M X
T S S DA O . MR, CRIE R e
it 1Y 60% LA b #2555 (2010) 38 12 X0 15 7 48 B
AT 11 R o Vg RO R A v s v 52 o0, R IS
a8 23k Tolk oz, P B AT H R i R 5
DX E AL Y] AT Az 5 X A A A S X
RFHA(2021) X R 5 2R F i Sl i) 26 JR TTURR
PIRE S AT AR IR AT, THER R S e AT R Y
7, AR B A o0 A AR o3 S DX, L s
FEXR PGER AR A S e T -2 s IR 1 -1 4%
S X BAA B W 1, 2 R — 2 TR AT
(K110),

LI ZR 45 T R 2R 3T 3000 km, 18 4K 119 30T 1 15 Ml A
WA FE T =5 0E, SRR Rk 42 Fh,
Hrpg R, A8 B 8ha. sl eka. A
BRSNS . BRI AE(2001) 45 T 1
TRAATEME ™ B FEEIE R 43 0 4 A 85 0 A i
5L i —A B s X, FLI—I T R X,
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Fig.10 Abnormal distribution area of zircon (modified from
Song Jiawei et al., 2021)
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Fig.11 Coastal placer metallogenic prospect zoning map of
Shandong Province (modified from Chi Hongji et al., 2001)
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