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Table 1 Operating parameters for ICP-MS measurements.
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Table 2 Comparison of precision results of REEs in reference materials for different methods.
GBW07448(n=12) GBW07454(n=12)
| Y HL AR . AL HL AR
(g/e) | payfti(ugle) RSD(%) | TH(ti(ugle) RSD(%) (g/e) | ayfti(pgle) RSD(%) | TH(fi(ng/e) RSD(%)
La 30+1 30.8 2.45 31.2 4.49 35+1 36.0 1.74 36.5 2.74
Ce 57+2 56.0 221 57.0 4.82 71£3 71.0 1.90 73.0 2.80
Pr 6.9+0.3 6.6 227 6.70 4.18 8.0+0.5 7.90 1.83 8.15 2.27
Nd 25+1 25.5 2.44 25.8 4.55 31+l 31.8 2.37 30.9 3.49
Sm 4.7+£0.2 4.77 2.63 4.84 3.83 5.840.3 5.98 2.97 5.66 4.09
Eu 1.00+0.05 1.00 1.14 1.01 2.44 1.20+0.06 1.19 1.52 1.23 4.03
Gd 4.2+0.2 4.17 2.56 4.29 3.83 5.3+0.3 5.34 2.38 5.52 4.65
Tb | 0.69+0.03 0.66 2.99 0.67 3.20 0.86+0.06 0.84 2.60 0.86 3.52
Dy 3.8+0.2 3.80 2.89 3.88 4.27 5.0£0.4 5.00 1.90 5.00 2.99
Ho | 0.77+0.04 0.76 3.76 0.77 5.03 1.02+0.08 0.99 1.58 1.00 2.51
Er 2.2+0.2 2.15 3.90 2.11 5.13 2.8+0.3 2.66 1.69 2.68 231
Tm | 0.35+0.03 0.34 3.98 0.34 4.52 0.46+0.04 0.47 1.99 0.44 4.68
Yb 2.2+0.2 2.15 4.27 2.14 5.96 3.3+0.3 3.20 2.21 3.16 4.67
Lu | 0.35+0.02 0.34 3.61 0.36 6.97 0.45+0.04 0.47 1.79 0.43 5.28
Y 21+1 20.2 3.79 20.5 5.95 2742 25.9 1.35 25.8 3.63
GBWO07456(n=12) GBW07308(n=12)
TR | NEH TH AL LR PN AL LR
(ng/g) | F¥fE(ng/g) RSD(%) | F¥{E(ug/g) RSD(%) (ng/g) | F¥fE(png/e) RSD(%) | FH{E(ng/g) RSD(%)
La 43+1 44.1 1.39 45.1 3.44 30+4 28.8 1.51 28.9 3.01
Ce 82+4 82.4 1.68 83.9 3.71 54+£5 53.0 0.97 52.0 2.60
Pr 9.8+0.8 9.51 1.29 9.75 3.52 5.8+0.7 5.66 1.43 5.66 3.28
Nd 4442 45.4 1.58 46.1 3.75 2142 20.6 1.54 20.6 3.16
Sm 6.9+0.3 7.12 2.00 7.17 3.22 3.8+£0.3 3.70 1.57 3.70 3.41
Eu 1.50+0.05 1.50 1.98 1.51 2.24 0.56+0.07 0.54 1.36 0.57 3.91
Gd 6.2+0.3 6.25 1.47 6.36 3.50 3.5+0.6 3.39 1.51 3.65 3.37
Tb 1.00+0.04 0.99 1.95 1.00 2.11 0.54+0.10 0.52 1.20 0.55 4.65
Dy 5.7+0.2 5.71 1.75 5.74 2.98 2.6+0.5 2.72 1.33 2.69 3.56
Ho | 1.13£0.07 1.13 1.68 1.12 3.23 0.7+0.02 0.86 1.54 0.94 2.63
Er 3.2+0.2 3.13 1.55 3.07 2.95 1.8+0.3 1.72 2.37 1.78 3.63
Tm | 0.51£0.03 0.49 2.17 0.49 5.48 0.33£0.06 0.32 2.25 0.34 4.00
Yb 5.8+0.5 5.66 2.05 5.61 3.48 2.1+0.3 2.04 2.53 2.03 3.79
Lu | 0.50+0.02 0.48 2.15 0.49 3.04 0.38+0.07 0.37 1.46 0.37 3.11
Y 31£2 29.5 1.51 29.6 2.68 18+2 17.2 2.20 18.7 4.31
GBW07359(n=12) GBWO07312(n=12)
E | EM TH AL LR INEE TH X HL AR
(ng/g) | P (ug/g) RSD(%) | FHMl(ug/g) RSD(%) (ng/g) | FHME(ng/g) RSD(%) | F{H(ug/g) RSD(%)
La 13.9+£1.0 13.6 4.09 13.8 5.74 32,714 30.9 1.38 32.5 4.67
Ce 24+2 22.8 3.95 232 4.16 61+4 61.5 0.98 59.0 4.91
Pr 2.9+0.3 2.79 3.66 2.79 4.94 6.9+1.1 6.58 1.20 6.83 4.32
Nd 9.8+0.4 9.49 3.68 9.98 4.72 26+3 26.9 1.08 253 4.53
Sm 1.9+0.1 1.82 3.23 1.88 4.40 5+0.4 4.79 1.04 5.08 3.49
Eu | 0.62+0.03 0.61 2.47 0.62 3.73 0.61+0.03 0.58 2.39 0.61 2.64
Gd 1.7+0.1 1.63 2.23 1.71 4.28 4.4+0.4 4.19 1.54 4.60 4.99
Tb | 0.29+0.02 0.28 1.73 0.28 4.10 0.82+0.06 0.84 1.88 0.80 5.17
Dy 1.7+0.1 1.67 322 1.67 4.40 4.8+0.2 4.59 2.85 5.04 5.06
Ho | 0.33+0.02 0.33 3.06 0.33 6.99 0.94+0.07 0.97 3.42 0.99 6.08
Er 0.93+0.09 0.89 3.77 0.89 5.21 3.1£0.3 2.98 1.72 3.06 591
Tm | 0.16+0.02 0.153 3.69 0.165 6.98 0.53+0.06 0.55 1.91 0.55 5.68
Yb 1.0£0.1 1.02 3.40 1.01 5.78 3.7+0.4 3.84 2.00 3.81 5.55
Lu | 0.16+0.02 0.155 4.62 0.166 6.05 0.58+0.06 0.59 2.16 0.56 5.82
Y 9.7+0.7 9.64 3.04 10.14 4.82 2943 27.7 1.88 27.9 5.89
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Table 3 Accuracy results of REEs in reference materials by ICP-MS.

GBWO07402 GBWO07446
JBE
NEHE (ug/g) M E(H (ug/g) AlgC RE(%) INEME (ng/g) WEAE (ng/g) AlgC RE(%)
La 164=£11 173 0.023 5.49 14+0.3 13.9 —0.003 —0.71
Ce 402+16 421 0.020 4.73 25+2 24.8 —0.003 —0.80
Pr 57+6 59.3 0.017 4.04 3.2+0.2 3.15 —0.007 -1.56
Nd 210+14 220 0.020 4.76 12.4+0.4 124 0.000 0.00
Sm 18+2 18.4 0.010 2.22 2.4+0.1 2.44 0.007 1.67
Eu 3.0+0.2 3.10 0.014 3.33 0.66+£0.05 0.67 0.007 1.52
Gd 7.8+0.6 8.00 0.011 2.56 2.2+0.1 2.17 —0.006 -1.36
Tb 0.97+£0.26 0.98 0.004 1.03 0.37+£0.03 0.36 —0.012 —2.70
Dy 4.4+0.3 4.61 0.020 4.77 2.3+0.2 2.29 —0.002 —0.43
Ho 0.93+0.12 0.90 —0.014 -3.23 0.46+0.04 0.46 0.000 0.00
Er 2.1+0.4 2.16 0.012 2.86 1.3+0.1 1.31 0.003 0.77
Tm 0.42+0.11 0.41 —0.010 -2.38 0.23+0.02 0.22 —0.019 —4.35
Yb 2.0+0.2 2.10 0.021 5.00 1.5+0.1 1.48 —0.006 -1.33
Lu 0.32+0.05 0.31 —0.014 -3.13 0.24+0.02 0.23 —0.018 —4.17
Y 2242 21.4 —0.012 —2.73 12.7+£0.8 12.3 —0.014 —3.15
siz GBWO07304a GBWO07361
NEH (ug/g) M E(H (ug/g) AlgC RE(%) NEME (ng/g) WMEE (ng/g) AlgC RE(%)
La 44+1 45.6 0.016 3.64 11.8+0.6 12.0 0.007 1.69
Ce 90+3 91.3 0.006 1.44 3242 31.6 —0.005 -1.25
Pr 9.9+0.2 9.90 0.000 0.00 2.5+0.4 2.51 0.002 0.40
Nd 3642 36.9 0.011 2.50 8.9£1.0 8.92 0.001 0.22
Sm 6.6+0.2 6.79 0.012 2.88 1.6+0.1 1.62 0.005 1.25
Eu 1.30+0.03 1.33 0.010 2.31 0.54+0.05 0.57 0.023 5.56
Gd 5.9+0.2 6.16 0.019 4.41 1.4+0.1 1.46 0.018 4.29
Tb 0.92+0.04 0.95 0.014 3.26 0.22+0.02 0.22 0.00 0.00
Dy 5.3+0.4 5.60 0.024 5.66 1.3+0.1 1.29 —0.003 —0.77
Ho 1.05+0.06 1.12 0.028 6.67 0.26+0.03 0.25 —0.017 —3.85
Er 3.0+0.3 3.08 0.011 2.67 0.8+0.1 0.76 —0.022 =5.00
Tm 0.50+0.03 0.49 —0.009 -2.00 0.13+0.02 0.125 —0.017 —3.85
Yb 3.24+0.3 3.20 0.000 0.00 0.83+0.04 0.81 —0.011 —2.41
Lu 0.50+0.03 0.47 —0.027 —6.00 0.14+0.03 0.135 —0.016 —3.57
Y 29+2 29.2 0.003 0.69 7.0+0.6 6.61 —-0.025 —5.57
F4 BRI
Table 4 Detection limits of the method.
g AT R BT A T B P A J7 ke R FRifE T A B
(ng/g) (ng/g) (ng/g) (ug/g)
Y 0.04 0.03 Tb 0.02 0.03
La 0.05 0.05 Dy 0.01 0.02
Ce 0.06 0.05 Ho 0.02 0.03
Pr 0.009 0.01 Er 0.01 0.01
Nd 0.04 0.05 Tm 0.01 0.03
Sm 0.01 0.02 Yb 0.01 0.01
Eu 0.01 0.01 Lu 0.02 0.02
Gd 0.02 0.05

- S TR - 1o SRR Ve (IR TR R G B IR 1o e e o P AR + U0k, A et e e
L HEACHTCRE, X H L& B AR, ISR S ORI R P AR5 B9 TURR A 2 (R IR-AHR- =
A%, JUHRE R AR S AL A T W R BRR URR- e SRR B ) T AR i, BB AR A (¥ % 1
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Table 5 Resolution program of automatic graphite digestion instrument.
BT MR AR TS THfRRE T ISRy e
2mL SR, 1mL MR,
. i . 60mi
1 A 0.5mL £ 48, 0.5mL Bl 9 g 230°C, 60min
2 = lmin 10 2| 0.5min
3 Jngk 200°C 60min 11 T 230°C, 30min
4 = 0.5min 12 JInAGEFH 20% JX E/KZ1 10mL
5 Jngk 210°C, 60min 13 T 180°C, 7min
6 = 0.5min 14 BH 10 min
7 Jin#A 230, 60min 15 ER IKEZE 50mL
8 RA] 0.5min
TEGEH, AU HIRIR R ILR L, dE— DA IERR-  BORESY I R, RS F- R s TR Byl i it iy v, i

AR AR A TRIA R . XS 14+
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3 SIS )R A T e, 2 B ik R 0 ot I I
THEAEXT 1R 22 (RE), Z5 3 W3 6, MHXT 1R 2 RE E’Jfr
B EMAFIRZRZS% DZ/T 0130.4—2006(55
WA X I ER AL 2 AT AL S22 3T o ‘JE‘/E.*
% & 3.5mL B, KER4r 02 I 158 25 78 SR P PR
Rl PN TRA TR FHLLE 4mL B, A0 Z @ M xHR 2255
/N, HARTE SRVFR2ZBR 12% 2 N; B INR AR A &,
FHXT IR Z AR . R RN R, 256
&, MR R amL IR SR . & H3A
B TH A 7 VR R e W AT AOTR A 1R AR 7
fige kU R P (8mL) . T RESE IR AT MR A LA,
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Table 6 Comparative data of REEs in reference materials with different amounts of mixed acid by ICP-MS.

GBWO0745 Il (AHXT R 2E (%) GBW07307a Il 5E AN IR ZE (%)

JLE
3mL 3.5mL 4mL SmL 3mL 3.5mL 4mL SmL
La -12.56 11.00 4.60 2.78 -15.22 -7.07 5.19 0.67
Ce -15.63 10.15 3.74 3.08 -10.00 -8.08 537 2.96
Pr -14.67 8.45 0.91 -3.00 -16.82 -12.60 3.28 2.93
Nd -15.83 8.33 2.33 -0.42 -18.63 -12.69 5.43 2.38
Sm -13.44 10.00 2.30 -0.25 -18.00 -12.62 4.62 1.84
Eu -14.26 6.52 2.90 122 -14.00 -17.20 2.15 1.79
Gd -12.45 10.00 3.03 3.71 21.11 -20.00 5.29 0.86
Tb -13.85 -16.64 0.00 -2.86 -20.00 -13.25 1.92 -1.85
Dy -10.63 9.85 222 -0.81 —24.74 -5.29 241 6.54
Ho -9.62 7.90 1.57 1.30 -7.50 -10.29 1.69 —-1.11
Er -11.15 -7.73 -1.08 -3.75 21.11 -8.04 -1.76 —-1.11
Tm -22.56 -10.00 -3.33 -4.88 -17.50 -4.19 -3.70 —6.06
Yb -22.63 -15.74 -0.83 -5.36 21.11 —6.67 1.76 -2.86
Lu -19.76 -9.76 -5.08 -4.76 -20.53 -9.87 -3.70 -5.26
Y -12.60 -16.05 -2.35 -3.81 -17.86 -8.50 -2.50 -7.22
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Table 7 Determination results of REEs in soil and stream sediment samples for different methods.
A190350001 A190350018
JLHR
PR (ng/g) B IASEIER (ug/e) HRRAR 2 (%) PR (ng/g) 2 HEA AR (hg/e) AFX 22 (%)
La 37.9 36.1 —4.86 16.2 17.8 9.41
Ce 68.8 69.5 1.01 27.2 29.7 8.79
Pr 7.36 6.85 =7.18 3.90 3.64 —6.90
Nd 26.8 27.5 2.58 17.1 18.2 6.23
Sm 4.46 4.20 —6.00 4.45 4.14 =7.22
Eu 1.26 1.15 -9.13 1.59 1.51 -5.16
Gd 3.84 3.94 2.57 4.28 4.67 8.72
Tb 0.53 0.57 7.27 0.72 0.79 9.27
Dy 2.40 2.33 -2.96 4.15 3.97 —4.43
Ho 0.46 0.43 —6.74 0.75 0.73 -2.70
Er 1.18 1.23 4.15 1.84 1.89 2.68
Tm 0.18 0.18 0.00 0.26 0.25 -3.92
Yb 1.15 1.11 —3.54 1.63 1.57 -3.75
Lu 0.17 0.16 —6.06 0.21 0.21 0.00
Y 10.9 11.5 5.36 16.8 17.6 4.65
. A221060001 A221060008
R PR (ng/g) 2 B3IARER (ug/e) A 22 (%) PRETTE: (ng/g) R HINAETHERE (hg/e) A 22 (% )
La 44.2 453 2.46 34.8 33.7 -3.21
Ce 84.6 86.5 222 66.1 63.2 —4.49
Pr 8.93 9.18 2.76 7.16 6.97 -2.69
Nd 28.5 29.3 2.77 233 22.6 -3.05
Sm 5.08 5.07 -0.20 4.40 4.26 -3.23
Eu 0.84 0.80 —4.88 0.70 0.70 0.00
Gd 4.22 4.16 —1.43 3.62 3.63 0.28
Tb 0.62 0.62 0.00 0.59 0.61 3.33
Dy 3.42 3.30 -3.57 3.69 3.93 6.30
Ho 0.66 0.64 -3.08 0.76 0.82 7.59
Er 1.79 1.69 —5.75 1.96 2.13 8.31
Tm 0.28 0.26 -7.41 0.36 0.39 8.00
Yb 1.87 1.75 —6.63 242 2.60 7.17
Lu 0.26 0.24 —8.00 0.28 0.30 6.90
Y 18.2 16.8 —8.00 19.6 21.2 7.84

AU S £ oT R, B S aT A B R SC 56 Ak
0 2 1 T A R T R T AR R TR 1528, Y
6 ~ 7h, 2T A5, #5702 00 (8 5 AR e —
B, R AT AR . O R T R A - U
MR- AR - IR IR A R IR &R, &N 4mL, T
F1R) R AR 71 AR s s RS20 e A H BRI T A v
D7 B, X R o R BRI
SRR SR E SR AT RE RS RE L EA E FAG
HH B S5 A 2 (b o 7 S 56 2 0 3 o
i )(DZ/T 0130.4—2006) FHEEK .
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Determination of Rare Earth Elements in Soil and Stream Sediment by
Inductively Coupled Plasma-Mass Spectrometry with Automatic Graphite
Digestion

ZENG Meiyun, HE Qisheng, SHAO Xin, YANG Xiaoli
(Wuhan Center, China Geological Survey, Wuhan 430205, China)

HIGHLIGHTS

(1) The digestion procedure optimized from soil and stream sediment samples consists of 15 steps, and the running
time is 6h to 7h. The whole pretreatment process is controlled by software and completed automatically

(2) The precision of this method is better than the electric plate digestion method. The amount of mixed acid used in
the method is 4mL, which is much lower than that in the electric plate digestion method.

(3) The key for the automatic analysis of sample pretreatment lies in the digestion procedure, where sample
characteristics, digestion time, reagent consumption and other aspects should be considered when setting the

program.
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ABSTRACT

BACKGROUND: Rare earth elements were used as geochemical tracers usually to provide important information

for revealing the genesis of rocks and minerals, geochemical conditions of diagenesis and mineralization, material
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sources and magmatic differentiation and evolution, due to their stable chemical properties and high degree of
uniformity. Therefore, it was very important to develop a method for rapidly and accurately determining the
contents of rare earth elements in geological samples. In addition, due to the complex matrix of geological samples,
most samples needed to be acid-dissolved in pre-treatment, and the amount of acid-dissolved reagents was large.
The acid mist generated in the process of sample dissolution was harmful to the experimental personnel and the

labor intensity of batch sample pretreatment was high.

OBJECTIVES: To establish a rapid and accurate method for batch determination of rare earth elements in

geological samples.

METHODS: A method was developed to measure 15 rare earth elements such as La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu, Y in soil and stream sediment by inductively coupled plasma-mass spectrometry with Rh
and Re as the internal standard, in which the pre-treatment process of “acid addition—digestion—acid
removal—constant volume—shaking” was controlled by software and completed with an automatic graphite
digestion instrument. The digestion procedure, the effects of digestion mixed acid, precision, accuracy, and detection
limit of the method were studied by soil and stream sediment reference materials including GBWO07402,
GBWO07446, GBW07448, GBW07454, GBW07456, GBW07457, GBW07304a, GBW07307a, GBWO07308,
GBWO07312, GBW07359 and GBW07361.

RESULTS: The results showed that the amount of mixed acids was 4mL consumed by soil and stream sediment
digestion according to optimized digestion procedure. The absolute values of relative error and AlgC of rare earth
elements were 0-6.67% and 0-0.028, respectively. Therefore, the measured values were consistent with certified
values. The relative standard deviation (RSD) of rare earth elements was 0.97%-4.62%, which is lower than the

RSD of the electric plate digestion method.

CONCLUSIONS: The precision, accuracy and detection limit of the method meet the requirements of the
specification of testing quality management for geological laboratories-part 4 “Analysis methods for regional
geochemical sample”. The precision of the method is better than electric plate digestion method. The amount of
mixed acid used in the method is 4mL, which is much lower than that in the electric plate digestion method, the
corresponding environmental pollution is also reduced. The detection limit of most rare earth elements in the method
is lower than that in the standard method. The pre-processing of the automatic digestion method only requires the
experimental personnel to weigh the sample and place it in the digestion tube in the automatic graphite digestion
instrument and the whole process of dissolution is then automated. The automation degree is high, which guarantees

the safety of experimental personnel to the greatest extent and can be applied to the testing of batch samples.

KEY WORDS: automatic graphite digestion; digestion procedure; inductively coupled plasma-mass spectrometry;

soil; stream sediment; rare earth elements
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