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Abstract: Uranium ore concentrates(UOCs) are a kind of nuclear materials which can be traded legally in
the international market. Uranium ore concentrates have become attractive targets for nuclear forensic
because of the richness in characteristic signatures compared to other materials produced later in the fuel
cycle. The rich trace impurities of UOCs is an ideal object for nuclear forensic analysis, in which it reflects
the important information of uranium ore formation, mineral composition, process of uranium mining and
geolocation. As one of the important characteristic fingerprints, the rare earth elements(REEs) distribution
pattern of UOCs can be used as an attractive alternative to attribute the origin of uranium ore concentrates.
In this paper, several multivariate statistical methods in pattern recognition, including principal component
analysis(PCA), factor analysis(FA), cluster analysis(CA) and partial least squares(PLS) were compared and
the advantages and disadvantages of various methods were summarized. The results show that it is a tough

work to fully describe the characteristic fingerprint parameters of uranium ore concentrates by only one or
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two methods. The principal component analysis(PCA) method can reduce the dimension of the data and
retain the original characteristics of the data. However, the classification of the data is not taken into
account in the process of analysis and the results only show the difference between the samples. The factor
analysis(FA) method is essentially a process of extracting potential factors from dominant variables and the
form of factors is not unique. Cluster analysis(CA) can classify the origin of uranium ore concentrates.
However, there is no quantitative data to illustrate the difference in the same classification of uranium ore
concentrates. The partial least squares(PLS) method takes into account the difference between all the data
points from the algorithm, and PLS can also perform multiple iterations to identify the subtle difference of
uranium ore and uranium ore concentrates with the same origin, so that the precise geolocation of uranium
ore concentrate can be realized. It is generally used in regression studies with less sample size, so PLS can
show more detailed fingerprint features than PCA. To date, the scientists still face a great of difficulties to
attribute the geolocation of uranium ore concentrates, especially to those uranium ore concentrates mined
and milled in the countries or regions with vast territory and complex geological features. The combination
of several multivariate statistical methods might be an attractive avenue to accurately and effectively trace
the origin of uranium ore concentrates, but it still has a long way to go.
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Table 1 Content of rare earth elements in uranium ore and uranium ore concentrate around the world!'%!?]
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(HH5) La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Australial (A1) Australia 20.9 34 289 7.1 041 0.1 053 0.04 01 <0.01 <0.01 <0.002 <0.01 <0.001
Australia2(A2) Mary Kathleen 13.73  22.08 1.775 4.201 0.266 0.25 0.311 0.0141 0.027 0.0082 0.0039 <0.002 0.006 <0.001
Australia3(A3)  Kombolgie Basin Nabarlek 23 130 21 130 120 34 0 83 540 73 110 59 0 160
Australia4(A4) Kombolgie Basin Koongarra 53 51 19 150 210 92 0 140 1000 120 230 120 0 27
Canadal (CA1) Cigar Lake 11 120 25 130 91 25 0 67 450 62 140 15 0 11
Canada2(CA2) Eagle Point 0.48 35 11 74 83 37 0 59 500 74 160 22 0 15
Canada3(CA3) Mcarthur River 1.2 26 16 93 23 26 0 47 350 55 89 13 0 2.8
Canada4(CA4) Millenneum 2.2 19 53 35 57 23 0 78 510 55 98 19 0 13
Canada5(CAS) Moore Cake 600 2700 960 4900 1900 230 0 660 5000 1100 3400 530 0 150
Canada6(CA6) Sue Deposite 0.36 58 1.7 13 52 77 0 32 260 40 65 7.9 0 2
Canada7(CA7) Mistamisk 190 2400 470 2700 1300 270 0 340 1900 440 960 130 0 5
Chinal (CH1) Rk 24.7 358 3.82 1.62 3.02 097 26 42 263 0.51 1.5 0.27 1.69 0.24
China2(CH2) AHLL 46.3 89.6 13 535 24 222 38.1 10.1 867 329 86.6 19.9 1.27 20.8
China3(CH3) i 135 396 46.1 155 295 82 34 0.6 485 11.1 39.7 4.6 332 4.1
China4(CH4) GisR 239 51.7 3.82 17.7 3.1 0.682 3.12 0.56 3.31 0.646 2.27 0.77 1.93  0.352
China5(CHS) el 66.2 1850 194 781 162 3.7 183 28 134 24 6.3 0.8 4.7 0.7

Denmark(D1) Motrfeldcat Center Greenland ~ 1.02 16.1 1.1 133 21.6 273 862 27.7 328 106 431 73.6 650 97.8

Finland1(FI1) Luthi 4.1 2600 1100 6500 3000 320 O 660 460 1100 2100 290 0 32
Francel(FR1) Boris Noris 1600 3200 310 1100 170 21 180 17 90 15 37 4 30 5
France2(FR2) Ecarpire 360 300 25 79 10 4 17 133 74 1.1 3.8 0.6 32 0.7
Japan1(J1) Tono 335 1200 185 1210 202 32 181 193 126 31.8 90 135 826 152
Japan2(J2) Unazuki 1.53x10° 30 0.022 0.23 0.88 095 15 7.7 126 46 265 51 52.8 154
Nambial(N1) Rossing 270 3900 490 2600 1500 88 0 550 4300 890 2900 450 0 81
Russial (R1) Kola Peninsula 92 1500 350 3100 2200 220 O 570 3600 690 1800 200 0 120
Russia2(R2) Stretsovaka 0.63 056 0.1 097 74 9 0 031 1.4 033 062 0.13 0 0.1
Zambial (Z1) Kantaga System 160 350 120 540 250 48 0 62 290 55 100 14 0 33

T 1) £ At (0 R AR AR, KRR TI0 i 40 Ak T 2
2) ChinaS4ha 41 4y, Forb ARG o038 & B SOMBHE, BAR M R AN & 05 vk o3 SCR 355
3) FGB S ER A A AN BEAE15% AP (RCRLET BT )=1), 23 o0 A R 4 AR AR 15
4) XHFEOTRE R ARG TR BRI B, LOZOTR A A 1 R Ry

) BRGH AR TFHT BMBET /IR VAR AT TR R 4 BT, 12 e
EYMELTTESN RS FEmEEY RS RO A
4 21 EFEHAHHER
S T BRI G R R G R e R
HET AT A RGBT A AT ) IR R AR e e G IR, SR T AR A 3 BT A D i X 1
X, {1 SPSS B, AM B SRS E AN 0T BT 5 g 25 R0l 7 R Rl 7 e 4 b R R
ST BAAIHT R BN IR M L TS CE SRR AT T A, RS TR 1L 20 4



82

Bdes SO a1k

F2 A7 B MR B LA A AT 4 A AT R LAy
Oy AT — RO 3 A F A, RRIEAR R F 1,
3 F AT T 22 R4 U 45.17%. 32.84%
1 8.83%, F Ny 2 fiff B #8H 86.84%; H ML 3 4>
F A RN RS T 2% R R, BIALER AR IR
45.17/86.84=52.01%. 32.84/86.84=37.81%. 8.83/86.84=
10.17%, &1t 99%.

1.0 -
0.8 |
0.6 |
o4l «CH1 J_2 aD1 CA6
- FR2 A2 /
o Al = CH2 | CA3
o 021 CH4- LG AU3  FCA4
£ 00 FR1™ ® CH3 = NI ¥ 8-CA2
= : CAl \4
02 Jim ecp7 "CAS
—04+ 171 "RI1
—0.6 . "—R2
o8k FIl
_1 1 1 1 1 J

0
“12  -08 -04 00 04 08 12
Y3

B R ik o i (B 1) sl #
WA PR TR 5 R e R
Fig. 1 Relationship between origin and rare earth elements in
uranium ore and uranium ore concentrate analyzed

by principal component analysis with two factors

1.0

0.0 05

0.5 ﬁi’ﬁg

gy O 1.0 1.0
2 FW TR T () A
B e sy i LT R SR O R
Fig. 2 Relationship between origin and rare earth elements in
uranium ore and uranium ore concentrate analyzed

by principal component analysis with three factors

BT FE 2 A DUE S 87 b i e A
FVE D A Ve 45 ) A7 S 35 0 4328, X EDULS E Tl
AWy R OTR S &S AR
s ZU WA UR G &R, AT LAAE il A v 4 4 i U5
B 48 S0 F5AE . Hovb Finland1, Japanl, Zambial .

Russia. Denmark 1 Nambial £ 7= #b 19 45 4F B &,
[ 7 4l £7 Chinal, China3. China4 545" 11 ¥ 4
¥ China5 W W i A AH 28 LAY # + C 19 48 S0F
fE, AT LA B 3 Sl A7 45 ) Chinas 5 [ 7™
47 Chinal, China3 K China4 47 58 2\ i) ;= Hly G B¢,
1M 53 Ah— 4~ [ 7= 4l B 47 China2 W) 5 HAth = 4~ [
FEEH A7 ¥ 45 ) (Chinal . China3, Chinad) {48 £¢
FEAEW AN TR] o 1 A1, 38 ) S0 A o £ K A A 4
A1 43 ) 2R B B RS HE BURRAE . H R
A N TR 7= M B A RN Bl VR 48 R AR AL
FEAEAIT, 40 = =809 47 (Chinal, China3, China4)
FEh B 1 ¥ 45 9) Chinas 565 Australia 1% 2 4~ 4l 8~
AARMERT LLIX 43
22 AFHAMER

i FH P 0 A X 2% 1 B0 R 25 gl A
BT A 48 ) R o0 R S R AT T A T
i R F1& 3. & 3 AT J: Finlandl, Zambial |
China2. Russial. Denmark 5 Nambial 55 = #l i) 45
FEBY W, AT DL 3 X 43, B 7 Bl A7 Chinal |
China3 } China4 5 #ll " 41 ¥ 4i ¥) China5 W B &
AR AL £ 0 R BURRAE, BT v 4
¥ China5 5 E i # f1 Chinal. China3 &
Chinad {776 58 Z1 1% 7= b JC K, 1M 55 2h— A [ 7= 4l
WA China2 W] 5 H A = 4> [ = 4 #” & (Chinal
China3. China4) 15l 4" 47 ¥ 45 ¥ ( China5) 1Y 45§ £L
HEB] BORNE . I Ah, Canada2. Canada3. Canada4
1 Canada6 B AN A1t 7 1) 22 B0 B AH LAY #5 £ o0
F R BURRE .

1.2 :}1 CHS5
LOF A e
0.8 FR2 = CHI JI 2
8.2 L FIL " chd
*r NI o cas
o 02F RIS
L 00 .
= ok R2-h ca2 *A3
04 BRIt Lpy A6 A
A4r CA3
-0.6F
_08 -
_10 -
712 1 1 J

1 1 1 1
“14 -10 06 02 02 06 10 14
s

B3 B (P Sl i ik 4 9
M LICER 57 HI K F
Fig. 3 Relationship between origin and rare earth elements in
uranium ore and uranium ore concentrate analyzed

by factor analysis with two factors



st

#5149

b RS JE TN SR 4 B e DT 3R 3 A RS R W 2 TR g O R A AT

&3

fiff F R 43 B 6 26 1 8% 25 Fb sl A Al
A WGP B £ OT RS B AT = W T, A

1.2 1.0

SRR R T 40 4 AT, =R T
B W7o B i 25 R A ]

1.0

[(a) Al |A2 cha (b) 71 [(© =
08k i BT 081 " aca7 081 W,
: TR T 0.6 - J" 'RL']AS 0.6 RIfm gcps s
04k AN 0.4 F R e NI 04 F R2 N § CHd4
. > FR1 - g GH3 . ch3- -
« e SV cal o 02 JA AR acan o 02r caz M i B
Rl y w u |A2 wC m -
§ 0.0 o CAG- ;&4 <‘l§ 0.0 He AL =S 00 A(?Azl. = o
= P E LT 02} N D < gyl cakiens e
“04r ~04F 5 ~04F 5
—oslk 0.6 -0.6
-0.8 -0.8
712 1 1 1 1 1 1 J 71.0 1 1 1 1 1 1 J 710 1 1 1 1 1 1 J
-14-1.0-06-02 02 06 10 14 -1.4-1.0-0.6 -02 02 06 1.0 14 -1.4-1.0-0.6 02 02 06 1.0 1.4
J % JR52
(a) ——J853 1-53 2, (b) ——J53 1-57 3, (o) —— Lo 20053 3
4 BT (CET) T A M AR i L ooR 57 R
Fig. 4 Relationship between origin and rare earth elements in uranium ore and uranium ore concentrate analyzed
by factor analysis with three factors
23 BESHER Canada4, Canada6) U U= 2 — /285, iy (=7 gl

fifi SR 243 M X2 1 RY 25 Rl a A Al
ARG PR 1 IR E AT, 45 HOR TR 5.
Hi &l 5 AT 0. SR ZE A AR I AT LUK 25 Fhokt k53 R
NS -5 TN T ST o s i
— 5, [ 7= /) = A~ 7 (Chinal, China3, China4)
5 =M 4 W 45 4 Chinas & — 2851, &
K T A8l # 4 (Canadal . Canada2., Canada3.

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

%) Denmark

Japan2

Russia2
Chinal
Japanl

France2
Australial
Australia2
China3
China5
China4

Francel

Australia3
Canadal
Canada2
Canada4
Canada3
Canada6
Finland1
China2
Nambial
Canada7
Zambial
Canada5

Russial

S A R R A B SR AR
Fig. 5 Cluster dendrogram of uranium ore and

uranium ore concentrate

£1 China2 W 5 [ 7 f) H At Bl 8™ 4 Rk A 4 6 4
Yy N FE — 2800, T2 T Nambial (944 KHH
A —A~251 .
24 RE/NZFE (PLS) IDRER

it I A fe /s — e ¥k (PLS) #E MU SR 1 81 i /1)
13 Fofv st i A AV A A VR 4 ) RO OO0 R R E
18— Fr . LUED™ 88 41 Chinal #9 % + T
A (LA T o v ) o PR A2 &, Hof 12 Fl gl o
PR L RORVERT & R/ LR [l W Ive A ol = b 8
F186 — R BT, 5RO T 6. 4 — WM
/N3 vk (PLS) SE4& 0T U A £ 43, AT LLFE
Canadal, Nambial , Denmarkl, Zambial A Russial
U155 HAb A R A AR R 3280 A F1 B, i 2
A B 0 8 SURRAE AT DB R 7 M T AN R AT D

1.0
® Canadal
05h LA : China2—>5
ol ® Francel
m ° e Japar}l
xR ° @ Russial
= 00F "9 @ Zambial
B -4 @ Nambial
@ Denmark1
-0.5 @ Australial
-1.0 -0.5 0.0 0.5 1.0
A

F6 it/ "3k (PLS) X 4la™ £ FIhE™ £1 e 45 4 i W
FICRERE KB
Fig. 6  First iteration analysis of rare earth element content in

uranium ore and uranium ore concentrate by PLS



84

Btk Sty HaTE

/N 3 (PLS) B9 55, 780 4% 10 Bl 14 K k47
D fe /N — 3¢ 1 (PLS) 19 3H5, 43 M 45 R T 7.
IEE R B BT B 45 R F, AN E P £
(China2. China3. China4) . [ =4 " £ ¥ 45 ¥)
China5. Australial, Australia2, Canadal Fl Francel
AANE B FE L5 A B, T LA S X 43 AS [a] 4 7 b

10r T e Canadal
- e China2—S5
\ @ Francel
051 / \e Australial
@ ® e
= i °
= 00} | 8 ]
\\\ //
05} \ /
\\\\ -
-1.0 -0.5 0.0 0.5 1.0

FRSTA

B 7 e/ Z i (PLS) X A Al Ak 45 4 (¥
F G E AR R
Fig. 7 Second iteration analysis of rare earth element content

in uranium ore and uranium ore concentrate by PLS

25 BERFEITIMAELERIEE

FE 3L T AR 45 0 B R 1 o0 R o A B
7 b W IR Ay T eh, &R 2 T gE T O ik B R TR
(A5 a5 F2 843 4 T 7 2 (PCA 7 ) ol LA s %
TICE I i 4R 50, SRR T IR B 45 3 (HAE oy
B R B 2 25 SEBCHE 1) 43 25, 19 B0 245 2 HURg ik
PR A RE 2 B 25 55 70 0 (FA 7k ) 5
F AT T A AR 2 AR L2 Ab, (E AR A A B BN
W, o0 A AR Ji b 45 i) b B 2 I\ P AR o
PR AR T AR, B B 2R R —
W52 B4 5 S 284 M o] DUl 1 e 46 4 B4 7= bt
FT200 43 25, B W b B e = b 1) 5 B AR Bl b 5
A B U A ] — 2 14 25 ) A B TR) 25 00 1 22
B A d5e /N 3R (PLS) W NV 25 8 80 T RF
A o AT B S 2 Y 22 5, TR PLS 348 0] DL k47
Z R EAR T, 0T LR R R A A A e A
VAR ) 7 T 20 B 25 L P S I A A R 4
KK A B R R PR L PLS 2 LU AH 56 L 3 R4
M Z oMM H SR T ke E&, — AT
BEA R (/NT 100) #/0, HLAT 8 H 3036 28 1 ) f
B9 [RIE 5T, R Ik PLS 5 PCA AH Eb T 68 &7~ 41
WIS SURRE AR AL . RUR LR E, S FOR [ St
R TN EE S = AR P v

T 7 ik AN R G 52 4 1 3 BT 1 Ve 4 ) 14 R AR
RO R, W B L5 M BEAT VR Fs H

3 & it

b I RE Y (VA R A= IR N I A | N |
A B RS T AR 2 M S A R B R K, Bl
A 0 114 7 0 R T A A A 3 AR R Y AR
5B o TS [ A BT T R R A A LAY
ST PR 558 5 M 5 25 A, s (] — AN ] 7
A8 S A 358 3t Jo 245 K A T 8 2 e, A A
i fir 0 B o0 A QAT Z2 o0 e i o A ik, Wl RE
20 AN Ta] [ 520 5l B A ViR 4 1 5 26 S A ) Y 7
Mol B 52, ok H TR — B 5 A [ 7 Y
A % 28 W) A U 28 S AN TR B9 B 5 X el
7 75 0 1 v b o0 3R o0 A 88 5 g 2 T S T o
J7 15 T e 7 M B ) PR, S BE B AE — bl P R O
V5 R A A 7 v A ) B R R SR TR R
RLEH 2 Z TG Or ik B A5 R AT ) 3 )
U, F893 KA AT J5 1% B AL Ao

S % Lk

[1] Kristo M J, Gaffney A M, Marks N, et al. Nuclear forensic
science: analysis of nuclear material out of regulatory
control[J]. Annu Rev Earth Planet Sci, 2016, 44: 555-
579.

(21 Z/hle, 4201 00 S v 4 ) N R TR E 27 3t B VR T 5
BRI JEFRERFH AR, 2021,55(2):200-210.

[3] Keegan E, Wallenius M, Mayer K, et al. Attribution of
uranium ore concentrates using elemental and anionic
data[J]. Appl Geochem, 2012, 27(8): 1600-1609.

[4] Varga Z, Wallenius M, Mayer K. Origin assessment of
uranium ore concentrates based on their rare-earth
elemental impurity pattern[J]. Radiochim Acta, 2010,
98(12): 771-778.

[5] Reading David G, Croudace Ian W, Warwick Phillip E, et al.
Applying multivariate statistics to discriminate uranium ore
concentrate geolocations using(radio) chemical data in
support of nuclear forensic investigations[J]. J Environ
Radioact, 2016, 162: 172-181.

[6] Madzunya D, Uushona V, Mathuthu M, et al. Rare earth
elements in uranium ore deposits from Namibia: a nuclear
forensics tool[J]. J Environ Radioact, 2021, 237: 106668.

[7] Lin M, Zhao Y, Zhao L, et al. Tracing origins of uranium
ore concentrates(UOCs) by multidimensional statistical

analysis of rare-earth impurities[J]. J Anal At Spectrom,


https://doi.org/10.1146/annurev-earth-060115-012309
https://doi.org/10.7538/yzk.2020.youxian.0152
https://doi.org/10.1016/j.apgeochem.2012.05.009
https://doi.org/10.1524/ract.2010.1777
https://doi.org/10.1016/j.jenvrad.2021.106668
https://doi.org/10.1039/C4JA00354C

5513

b RS JE TN SR 4 B e DT 3R 3 A RS R W 2 TR g O R A AT 85

(8]

L9l

[10]

[11]

2015, 30(2): 396-402.

Varga Z, Krajko J, Penkin M, et al. Identification of
uranium signatures relevant for nuclear safeguards and
forensics[J]. J Radioanal Nucl Chem, 2017, 312(3): 639-
654.

DI ORI 55 T o P A Tie S 3 VI RPN ES 7ot 0 WS A IA
FHAWT[0] B S 5 1AI,2016,46(4):190-197.

TR E AL E I AR AW R e R TR
TE RoR BRI (0] 2R AR B T 225 24 412,2007,30(1):9-14.
Mercadier J, Cuney M, Lach P, et al. Origin of uranium

deposits revealed by their rare earth element signature[J].

[12]

[13]

Terra N, 2011, 23(4): 264-269.

McCreath J A, Finch A A, Simonsen S L, et al.
Independent ages of magmatic and hydrothermal activity in
alkaline igneous rocks: the Motzfeldt Centre, Gardar
Province, South Greenland[J]. Contrib Mineral Petrol,
2012, 163(6): 967-982.

Horie K, Tsutsumi Y, Cho M, et al. Crystallization of REE
minerals and redistribution of U, Th, and REE at contact
boundary between granite and gabbro during hydrothermal
alteration[J]. Phys Chem Earth Parts A/B/C, 2010, 35(6-8):
284-291.


https://doi.org/10.1007/s10967-017-5247-5
https://doi.org/10.1111/j.1365-3121.2011.01008.x
https://doi.org/10.1007/s00410-011-0709-1
https://doi.org/10.1016/j.pce.2010.03.035

	1 多元统计分析方法的原理和数据预处理
	1.1 多元统计分析方法的原理
	1.2 几种多元统计分析的计算步骤
	1.3 数据的预处理

	2 多元统计方法用于铀矿石和铀矿石浓缩物的稀土元素分布模式与产地溯源的分析
	2.1 主成分分析结果
	2.2 因子分析结果
	2.3 聚类分析结果
	2.4 偏最小二乘法（PLS）的分析结果
	2.5 多元统计分析方法结果比较

	3 结　论
	参考文献

