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Abstract

The Qarhan salt lake has the largest potassium reserves in China, and its westernmost end is Bieletan. At

present, solid potassium resources are being extracted by liquefaction technology in Bieletan. This paper studied

the characteristics of halite and sylvite minerals before and after liquefaction by such means as field sampling, in-

door mineral identification, X-ray diffraction analysis, scanning electron microscopy and chemical composition

analysis. As a result, the main and trace elements were determined. Some conclusions have been reached: The

main sylvite minerals are potassium salt, carnallite and polyhalite, and the most important sylvite mineral is

polyhalite; as for trace elements before and after liquefaction, the most enriched elements are I, B and Li, which
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suggests that these elements have potential exploitation value; calculations show that the average concentration is
2.15% before liquefaction and 1.68% after liquefaction, indicating that the dissolved potassium chloride re-
sources amount to about 53.74 million tons above the depth of 22.42 m; the average concentration is 2.23% be-
fore liquefaction and 1.71% after liquefaction, implying that the dissolved potassium chloride resources reach
10.87 million tons or so above the depth 4.1 m, which also proves that the liquefaction technology is economical
and workable in the exploitation of solid potassium in Bieletan area.

Key words: geochemistry, solid sylvite, before liquefaction, after liquefaction, Bieletan, Qinghai
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Fig. 1 The section division of the Qarhan salt lake
1—Water Lake 2—Dry salt lake 3—Salt lake with solid and liquid 4—River 5—Road 6—Railway 7—Fieldwork site
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1
Table 1 Sampling locations
m m m
S2T1-C S2T3-D S2T3-D
1 H;j01 0.00~0.30 H;j20 4.00~4.20 10 H;j80 16.63~17.13
4 Hj10 2.70~2.90 Hj25 5.00~5.20 H;j85 18.98~19.48
7 H;20 5.70~6.00 7 Hj30 6.00~6.20 H;j90 21.48~21.98
10 H;j30 9.57~10.07 H;35 7.10~7.30 S2T5-C
13 Hj35 11.49~11.99 Hj40 8.10~8.30 1 Hj01 0.00~0.30
15 Hj40 13.99~14.62 Hj45 9.10~9.30 4 Hj10 3.00~3.20
Hj45 12.99~13.50 Hj50 10.20~10.40 8 Hj20 6.40~6.80
S2T3-D H;j55 11.20~11.40 10 H;30 11.17~11.67
1 Hjo1 0.00~0.20 8 Hj60 12.49~12.69 12 Hj35 13.32~13.82
Hj05 0.80~1.00 9 Hj65 13.59~13.79 Hj40 10.6~11.1
Hj10 2.00~2.20 H;70 14.59~14.79 Hj45 12.95~13.45
Hj15 3.00~3.20 H;j75 15.59~15.79
Hj17 3.40~3.60
3° min 0.02°
K* Na*
Ca®* Mg?t ClI- SO~ CO%3 3a
Li Sr Br B I “ DZG 93-08
" 3a - 3b
K" Na' Ca®”"
Mg?* Cl™ 3c
SO;~ CO3~ 3d
Li Sr Br B ICP-MS I 3e
3f
3 3
92.62% 3
2 4 3
F, Na*-Cl - | | - F, Ca*
2.1 SO Fy; K'-Mg?" K" Mg' F
X
2 4 8
S2T1 0~5.70 m 2 11 Mg2+ K*
5.70~11.99 m SO, Ca2t 1 Cl Na*
S2T5 14.04 m Mg2® K° Cl-
S2T3 3.00~3.20 m 21.48~21.98 Na*t Cl- Nat 1
m 0~22.41 m
X
Mg2+ K*
X

13
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Fig. 3 Morphology of potassium minerals before liquefaction in Bieletan

a. Halite H and carnallite Car b. Granular carnallite c. Flaky polyhalite d. Radial polyhalite aggregate e. Sylvite f. Sylvine aggregate
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Table 2 X-ray diffraction semi-quantitative analyses of solid potassium minerals w B %

%

before liquefaction in Bieletan

S2Tlexl 83.9 1.6 3.7 2.9 1.4 4.5 2.0
S2T1ex10 25.6 37.5 13.8 2.7 4.7 11.2 2.0 2.5
S2T1cx20 89.7 3.7 1.5 1.0 4.1
S2T1ex30 89.6 1.5 1.8 0.6 1.8 4.7
S2T1ex35 82.3 5.0 2.5 2.1 0.7 5.5 1.4 0.7
S2T1cex40 71.5 16.9 6.9 0.9 1.5 2.4
S2T1cx45 98.5 0.4 0.3 0.8
S2TS5cex1 86.0 1.2 2.5 2.2 0.5 4.0 0.7 2.2 0.8
S2T5ex10 79.9 9.2 2.3 1.9 5.0 1.0 0.9
S2T5cx20 89.8 1.2 0.9 1.0 3.4 0.8 3.0
S2T5cex30 94.3 0.5 0.8 0.8 3.6
S2T5cx35 90.7 1.3 0.8 0.5 5.6 1.1
S2TS5cx40 70.8 8.7 4.3 2.6 1.9 7.7 1.1 1.8 1.2
S2T5cx45 44.5 11.7 7.6 5.7 4.9 16.1 1.9 2.9 4.8
S2T3cx1 82.7 1.6 3.3 0.7 6.6 0.9 4.3
S2T3cexS 91.7 0.8 1.5 1.6 0.4 1.3 2.6
S2T3cex10 10.0 43.4 11.5 3.4 3.0 11.6 1.8 4.7 7.7 2.9
S2T3cx15 45.7 16.3 11.1 2.2 1.4 2.9 3.5 1.2 4.0 10.9 0.9
S2T3cx17 3.1 1.6 5.5 5.6 1.6 82.6
S2T3ex20 80.6 1.7 1.8 1.4 3.8 0.4 10.3
S2T3cx25 63.0 3.3 5.9 3.3 1.5 13.2 1.8 8.0
S2T3cex30 71.8 1.6 3.2 2.0 11.8 2.0 7.7
S2T3cx35 89.9 1.0 1.3 3.8 4.0
1S2T3cex40 70.2 9.5 2.7 2.6 0.9 9.2 1.1 2.1 1.6
S2T3cx45 60.5 4.2 3.9 3.4 1.9 13.7 1.6 0.8 10.0
S2T3cex50 69 0.8 5.6 3.4 2.0 11.5 1.4 1.0 4.9
S2T3cx55 51.8 8.3 2.5 4\ 1) 22.4 2.4 8.8 0.8
S2T3cex60 35.6 6.3 4.3 3.1 23.0 2.1 14.6 11.1
S2T3cx65 96.8 0.8 0.9 1.5
S2T3cex70 95.4 1.7 0.6 1.3 1.0
S2T3cx75 81.6 2.9 1.7 6.8 2.9 4.2
S2T3ex80 42.9 9.2 2.5 1.5 28.7 2.7 5.6 4.3 2.6
S2T3c¢x85 52.9 3.4 6.1 4.9 4.1 17.3 2.2 .1 4.4 2.4
S2T3cex90 1.6 0.4 16.1 5.0 13.5 32.9 3.0 .8 16.5 5.1
3 4
Table 3 Eigenvalues of orthogonal rotation factors Table 4 Orthogonal rotation factor solution in Bieletan
in Bieletan
% % Fy F, F3

1 55.208 55.208 K 0.862
2 19.291 74.498 Na*t 0.963
3 18.120 92.618 a2 0.974
4 6.021 98.639 Mg2* 0.840
5 1.007 99.646 - 0.970
6 0.240 99. 886 SOt~ 0.977
7 0.101 99.987 -0.972
8 0.01266 100. 000 0.990
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Fig. 5 Morphology of solid potassium minerals after liquefaction in Bieletan

a. Polyhalite b. Carnallite among grains c. Carnallite film on the wall of hole d. MgCl, film between halites
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5 X wB %
Table 5 X-ray diffraction semi-quantitative analyses of solid potassium minerals w B % after liquefaction in Bieletan

S2T1exl 94.3 1.5 0.5 0.7 1.1 0.8 0.4 0.2 0.4
S2T1ex10 74.7 21.4 1.4 2.5
S2T1ex20 90.6 4.2 0.7 1.4 3.2
S2T1ex30 59.0 14.4 1.4 7.9 11.4 2.0 3.8
S2T1cex35 77.6 4.9 3.9 3.4 6.9 1.2 2.0
S2T1cex40 72.8 4.4 11.5 5.6 2.6 2.3 0.8
S2T1cex45 96.6 0.3 0.4 0.7 0.8 1.3
S2T5dx1 70.7 13.3 1.8 10.4 1.5 1.2 1.0
S2T5dx10 72.2 13.6 1.8 11.0 1.4
S2T5dx20 72.7 4.9 9.7 4.1 3.3 1.6 3.7
S2T5dx30 26.6 16.1 19.7 14.3 7.7 4.5 2.8 4.9 3.5
S2T5dx35 83.1 3.8 2.6 2.6 3.3 1.8 2.9
S2T5dx40 85.0 0.7 3.6 2.9 1.4 .8 2.2 1.9 0.6
S2T5dx45 82.5 2.9 3.7 1.6 3.7 1.8 0.9 2.2 0.7
S2T3cex1 92.4 0.7 1.5 1.5 2.3 1.0 0.5
S2T3cx5 93.4 0.6 2.9 1.1 0.3 1.4 0.3
S2T3cex10 21.0 36.6 15.5 8.5 10.2 3.5 4.7
S2T3cex15 98.6 0.6 0.2 0.5 0.2
S2T3ex17 76.7 9.3 3.5 2.2 1.0 6.8 0.4
S2T3cex17-1 28.2 6.6 8.2 3.2 5.8 48.0
S2T3cex20 97.3 0.8 0.9 0.3 0.7
S2T3ex25 87.8 7.4 0.9 1.2 0.9 0.6
S2T3ex30 92.7 1.7 2.0 2.2 1.3
S2T3cx35 57.8 2.1 16.0 5.9 8.6 2.8 7.0
S2T3cx40 82.4 6.1 3.2 1.9 %2 1.6 1.4 0.1
S2T3cx45 81.5 2.0 3.4 3.1 0.4 1.5 8.2
S2T3ex50 96.3 2.3 0.4 0.7 0.4
S2T3cx55 93.1 3.5 0.8 0.7 1.8
S2T3ex60 76.3 0.7 6.1 2.0 3.3 1.3 1.7 3.3 4.8 0.4
S2T3cex65 94.9 3.0 0.6 0.7 0.5 0.4
S2T3cex70 83.8 4.8 3.3 1 .3 2.1 2.0 0.5
S2T3ex75 66.6 9.7 2.2 8 2.5 2.7 10.6 0.9
S2T3ex80 94.9 0.6 0.9 2.7 0.9
S2T3cx85 68.6 5. 8.1 5.0 4.1 .2 2.8 0.7 2.8
S2T3ex90 77.6 3.6 3.2 .9 2 3.9 3.7
w KCI 1.82% S2T4 w KCI 3.2
2.39% S2T5 w KCl 2.47% S2T1 S2T3 S27T5 KCl
KCl K* PDT3 S2T1 w KCI
DTS 4 3% 5.60~6.25m 6.75~7.25m
6 S2T3 w KCl
9.60~10.60 m 7 S2TS
) w KCl 0~
S2T1 S2T3  S27T5 Li Sr
_ 0.40 m 0.90~1.90 m 3.60 ~3.80 m 7.50 ~
Br B I Li wp 8.00 m ]
58.48x 10 % Sr 204.88 X 10 ° Br DT1 LT3 DTS5
6.62x10 ¢ B 158.46x10 ° I 2.34

X106 8 w KCl 1.68% 4m



29 4 677

6 X wB %

Table 6 A comparison of X-ray diffraction analyses of mineral salts before and after liquefaction w B %

S2Tlexl 83.9 94.3 2.9 0.7 0.4
S2T1ex10 25.6 74.7 2.7
S2T1ex20 89.7 90.6 1.5 4.1 3.2
S2T1ex30 89.6 59.0 1.8 1.4 4.7 3.8
S2T1cex35 82.3 77.6 2.1 0.7 2.0
S2T1cex40 71.5 72.8
S2T1cex45 98.5 96.6
S2T5cex1 86.0 70.7 13.3 2.2 10.4 2.2
S2TS5ex10 79.9 72.2 13.6 11.0 1.4
S2T5¢x20 89.8 72.7 3.0 3.7
S2T5ex30 94.3 26.6 0.8 3.6 4.9
S2T5cx35 90.7 83.1 0.8 1.1 2.9
S2T5cx40 70.8 85.0 2.6 1.8 2.2
S2T5cx45 44.5 82.5 5.7 4.8 2.2
S2T3cexl 82.7 92.4 3.3 2.3
S2T3cxS5 91.7 93.4 1.6 1.1 2.6
S2T3cex10 10.0 21.0 3.4 7.7
S2T3cex15 45.7 98.6 16.3 1.4 10.9 0.2
S2T3cex17 3.1 28.2 5.5 82.6 48.0
S2T3cex20 80.6 97.3 1.8 10.3 0.7
S2T3cex25 63.0 87.8 3.3 1.2 8.0 0.6
S2T3cex30 71.8 92.7 32 7.7 1.3
S2T3c¢x35 89.9 57.8 1.3 4.0 7.0
S2T3cx40 70.2 82.4 2.6 1.6 1.4
S2T3cx45 60.5 81.5 3.4 10.0 8.2
S2T3cex50 69. 96.3 3.4 4.9 0.4
S2T3cx55 51.8 93.1 2.5 1.8
S2T3cx60 35.6 76.3 4.3 14.6 3.3
S2T3cx65 96.8 94.9 0.9 0.5
S2T3cex70 95.4 83.8 1.3 2.0
S2T3cx75 81.6 66.6 1.7 2.9
S2T3cx80 42.9 94.9 2.5 2.7 5.6
S2T3cx85 52.9 68.6 4.9 4.4
S2T3cx90 81.6 77.6 0.4 5.0 16.5
7 S, 4.3 m KCl
Table 7 KCI concentrations before liquefaction in whole holes and above 4.3 m along S, line in Bieletan
w KCl % w KCl %
m m

S2T1 14.62 6.11 0.42 1.93 S2T1 3.90 6.11 0.42 2.06
S2T3 22.41 9.55 0.36 1.82 S2T3 4.00 4.20 0.53 1.83
S2T4 8.00 4.97 0.80 2.39 S2T4 4.10 4.96 0.80 2.19
S2TS 14.02 10.12 0.69 2.47 S2TS 4.00 10.12 0.76 2.87

2.15 2.23
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Li Sr Br B 1

S,

Sr Br B and I before liquefaction along S, line in Bieletan

The whole hole concentrations of Li

Table 8

wp 10~ 6
Sr Br

Li

m

18.60 158.05 0.48 0.26 0.36
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Fig. 6 KCI content changes with the depth in S2T1 drill hole after liquefaction
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Fig. 7 KCI content changes with the depth in S2T3 drill hole after liquefaction
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Fig. 8 KCI content changes with the depth in S2T5 drill hole after liquefaction
9 S, 4.3 m KCl1
Table 9 KCI concentrations after liquefaction in whole drill holes and above 4.3 m along S, line in Bieletan
w KClI % w KCl %
m m
S2T1 14.70 4.41 0.17 1.24 S2T1 3.90 1.70 0.23 0.78
S2T3 22.42 5.42 0.25 1.47 S27T3 3.80 2.82 0.25 0.97
S2T5 14.40 9.73 0.53 2.32 S2TS 3.80 9.73 0.90 3.38
1.68 1.71
10 S, Li Sr Br B 1
Table 10 Concentrations of Li Sr Br B I after liquefaction in whole drill holes along S, line in Bieletan
wp %
m Li Sr Br B I
S2T1 13.50 54.5 10.9 29.40 445 49.9 187.33 4.08 2.44 3.28 329 53.9 149.54 0.43 0.30 0.36
S2T3 21.98 74 13.3 44.01 720 63.1 228.49 5.53 2.27 3.90 270 43.5 127.11 0.50 0.25 0.39
S2TS 13.45 101 14.6 50.10 367 84.2 211.50 4.73 2.42 3.53 481 123.0 211.00 0.45 0.40 0.41
41.17 209.11 3.57 162.55 0.39
LiSrBr BT 5 Li KCl w B
wp 41.17x10°% Sr 2T1 2T3 S27T5 KCl
209.11 X 107° Br 3.57 % 11
10°°B 162.55x10°° 1 S, 22.41m KCl
0.39%107° 10 2.15% 1.68%
3.3 0.47% 4.1 m KClI
3.3.1 2.23% 1.71%
KCl 0.52% 12 4.1m K*
KCl 4.1m K*
KCl KCl S2T4
S, S2T1 S2T3 S2T4 S2TS 2T1 0.69%
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S2T3 0.35% S2T5 0.15% 273 Li 58.48x10°° 41.17x10°°
S2T5 K* S2T3 Br 6.62x10 ° 3.57x10°°¢

S2T5 I 2.34x10°° 0.39 X
10°°
K* KCl
S2T3 4
11 12 K*
4.1
3.3.2
21.98 m Li Br I KCl KCl MgCly
3 Sr B 8 6H,0 K,Ca,Mg SO, 4 2H,0O
10 21.98 m
Sr 204.88x 10 ° 209.11x10
B 158.46x10° 162.55x10°¢
11 S, KCl

Table 11 A comparison of KCI concentrations before and after liquefaction in whole drill holes along S, line in Bieletan

w KCl %
m
S2T1 14.70 6.11 4.41 0.42 0.17 1.93 1.24
S2T3 22.41 9.55 5.42 0.36 0.25 1.82 1.47
S2T4 8.00 4.97 0.80 2.39
S2TS 14.40 10.12 9.73 0.69 0.53 2.47 2.32
2.15 1.68
12 S, 4.1m KCl1
Table 12 A comparison of KCI concentrations before and after liquefaction in drill holes above 4.1 m
along S, line in Bieletan
w KCl %
m
S2T1 3.90 6.11 1.70 0.42 0.23 2.06 0.78
S2T3 4.00 4.20 2.82 0.53 0.25 1.83 0.97
S2T4 4.10 4.96 0.80 2.19
S2T5 4.00 10.12 9.73 0.76 0.90 2.87 3.38
2.23 1.71

2000

1996
Worley et al. 1979

2007
2008
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0.47% 4.1 m KCl
2.23% 1.71%
1994 0.52% 11 12
2008 Q=sXhXpXc Q
KCl s h
1997 ¢ KCl o
2003 2004 2007 2008 o=1.7tn’ KCl
2008 1 500 km?
1993
KCt MgCly 6H,0 300
KCI 2 km? 22.41 m
NaCl KCl 5374 2009 3 14
1995 3 500
1 881 4.1 m KCI
4.2 1 087 381
2003 2004 2007 5
2009 Li
1
Li Sr Br B 1
13
1994 1999 2008
Li B I 2 2
Br 1-2 Sr I B Li Br
<1 B Sr
2 Li T 12 B Li I Sr  DBr
Sr Br <1 I B Li
I B Li 3 S 22.41 m
4.3 KCl 2.15%
S, 22.41m KCl 1.68% 0.47%
2.15% 1.68% KCl 5374
1 881 4.1m KCl
13 2.23% 1.71%
Table 13  Statistics of enrichment factors before and after 0.52% KCl
liquefaction in Bieletan 1 087 381
1076 %
Li 2.25 1.58 26
Sr 0.62 0.63 330
Br 1.84 0.99 3.6 X
B 2.30 2.36 69
I 10.17 1.70 0.23
* 1994 1999 2008
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