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Abstract: Coal seams are often enriched in various toxic and harmful elements such as F, As, Cd, Cr, Ni, Pb, Hg and Sb, so
the ecosystem might be faced with serious environmental threats when the co-produced water is brought to the surface in the

production of coalbed methane (CBM). In this paper, we present a systematic water chemistry study of co-produced water from

E4TH:HEAAR¥ILL T H (Nos.U1612442-6-7,41867050,41772122) 5 5 M 4 23 25 1k 5L Ak P4 b 57 T4 50 H (4 1] - %¢ b BF e [ 201423
By N A IR R AT AT (S AL A AR [201971096) 5 55 M K2 A A R B I B (B R4 F & A A [2017]5788) 5 5% Ml K2 A A B 55 B
(R AFEEF[2017]73 5 ) 3 5 M4 — W2 R H (No.GNYL[2017]007); 52945 A A JEH 55 H (No. RCID2018-21).

EZEB A AW 6(1984— ), 55 Wit EZNFHG I K TR 5 B 58 . ORCID :0000-0003-1289-1771. E-mail:leeqgl2@163. com

HEFAEE : 2%, ORCID:0000-0003-1083-3025. E-mail: pwu@gzu. edu. cn

SIS Ao, SR W S, 45, 2019, By VU RLIZ SOT R X He = th KA #5870 95 Qe R IE S LRS00, . Ha BR L2742 L 44(9):2862— 2873.



5% 9 ) 2 8 0 T T 5 K R KA A 7 T 2% 95 e RO S LR R 2865

Songhe coalbed methane development block in western Guizhou Province. The results show that, compared to Class III of
Groundwater Quality Standard (GB/T 14848-2017), Ba and Hg in co-produced water in the study area exceeded the standard
seriously, and the average concentrations were 10 621.6 pg/L and 16.5 pg/L, respectively. The Ba anomaly in co-produced water
was attributed to the dissolution of Ba-bearing carbonates and the depletion of sulfate induced by sulfate reduction, and Hg was
from sulfide minerals. The sources for Cr, Mo, Cd and Sb were sulfides and carbonates in coal seams. The high content of Mo is
associated with ion exchange reactions under high salinity, and molybdate and metallic sulfides are the main forms for Mo. Under
weak alkaline conditions, the hydroxide adsorption state of Al is the main occurrence form of Cr, Mo, Mn, Cd, Sb, Cd, Cu, Pb
and Ba in the co-produced water. The sources of Ni were obviously different from those of other elements, and it most likely came
from the mineralization of coal organic matters. The results of water quality evaluation showed that the pollution of the water co-
produced from coalbed methane wells in the study area is very serious, which is mainly due to the serious overstandard of Hg and
Ba. In SHY9, mercury is 27 times the legal limits and that is 23 times for barium in SHS.

Key words: coalbed methane co-produced water; toxic and harmful element; enrichment of barium; source; water quality

assessment; hydrogeology.

LA, W R AR H O35 A &P A 2
PR K B RE R B TR SR A S H R DUE R A
TU SR T Tl R AR 36 1 R 5 B BB VR 1Y) B8 R 0T &
H 2532 2 [ Ay F A0 . 6 [ 2 000 m BL & 2 S
Hi BT % R 30X 10" m®, Al SR ¥R R B ol 12.5X
10" m® (5K ¥ , 2007 ; 5K 38 5 4%, 2018).2017 4F , & [
HE 2R M T Al R B & Gk 50X10° m?, Bt A JF
17000 A . HHT, K EHEBESI K FLEDIENIREL
S 0 K F L | T I SR R YEC S M X S O e 0 R
B M XA R IE 2 S HER AR R AR
AT BT AR 2O AT K R, R R
AHER A R S RS SRR K E k.
DA 5% M A AT I 2 A R X e R ), B B e K
#HaL 2 100 m*(Wu ez al., 2018).

PR 10 55 [ 25 A0 B A JRE 2 K 00 Ak 2 21+
SRk RGN TR X A b 2 A R L g B
Be ) A A B A b 2 A R K PR S O TAE TR
] (2K P Na® (Cl I F 45 88 1 A9 Mk B 3t i3 T
iR K AR Jmy 8 b DXR T Ak B EE & i 94 000 mg/
LOEEWE 2014; Guo et al., 2017; Wu et al.,
2018). 3f H , 7E7K J7 He 240 1], YR A 5 M b )2 7y s 24
WA By AT VF 22 X6 TR BT A W A 5 ) 1) Ak 2 AR AR
SRMT, 2 07 HH 7K O IR 110 V8 7 £ 3 DA LR i
TEANGE L7 KR R B EE HE A 3 B ORI EE
FH T4l v 0E e R R Y 2 A0 KA AL 2
Xof A% T - M BAL M T AR N RIS e, K i AR
SE5 YL W 3 2 a0 B R 0l R OK R AR R R S
(Jackson and Reddy, 2007; Brinck, ez al., 2008;
Yang et al., 2013).

A G2 A7 K 1 G T, R AR R AR AR
77 KO IR B I 5 B2 S RE G R MBS i L

HH KB B 5 5 M D7 T A ASOAN A X o AR R 7 K
(4 5% U5 Ak R 7 1 (P AE 20105 Nghiem ez al.,
20115 Li ez al., 2018; Majee et al., 2018). 52Fx I,
[ VG R M XA R 2 D T 22 3 Uk o v Ak A
K HCF PE B 5w (Li es al., 2013; Tang et al.,
2016). A HE BE VER EY OR B Z M A E
JC R TE M ZE b 3w (R R AF 19985 Dai er
al., 2004; Feng and Qiu, 2008; Qi and Gao, 2008).
T2 STF K b R, 5 0 b 22 27 30 0 2 SCHER T
Bl 52 ), 3 X 2 0T 2K A RS AT K B &
Hi e, BTN Y AR SRR R G R A
M TR L 53— T, LA N KR H RN 2 94
S AR BN S R B T R AR T
srEE, R RMEIT & I BB AR (Li e
al., 2015; Sy [Al £ 45, 2018) . % F 5 JH B J2 K 4%
TF R b DX [ B 2 307 A A A i 5 DX, B2 S
KA A F T BTG Y R AE B I BRI A
o | e A

e IO 5 M G 0 A R AR 2 AR T R IX B
FWFFEIX W R SO A A FE LR
15 YRR AR HEAT R G 5E X R A A 8 A FE TR W
ok U5 BEAT AT 43 AT, SR F B DR O A R N g
F8 Bk X KA A FE TR TS KR T S
FEVE M A5 45 56 E 858 O 97 ) CUSEPA ) 475 1
J5RE DALy R TR Xof 77 i K it R IR 7K P E AT R A D
fili L DA SRy B2 S0 K R AR R B TS s B
R AR LR 2E KR

1 W5 XA B

IF 58 DAL T 5 M P S B T (18 1), K
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Fig.1 Location of the study area
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JZ A B 2% TR AL B LU BA E  T JRE RE AR A L AR
K NA I IEBE AR 3 Al B S 1, A8 o A
BE BTN PG B 7R 5% 7 4

XN B R LG 12 fCa A e A =
BRTE IKRAR AH G KE. —ER 5PN
M =B R T GK T A RR G KEN &, HER
T A R B, X R TR AN R L
Sh L XN IR 22 O B AR W )2 | TR] J8 & K 3 s &
JK BB AR W DRI S )R 5 s OK R A
B YK IR 2R H 5 Sk IXRE A KUAL 2B T K
B, e A R R AR B WE R X i A 9
HREZATF Sl ge 28 7 1 i3 RS HE 7K B
BB RUe , BUAL T2 IR H HER B B

2 FEA RS A I

4T 2018 4F 12 H w41 0 5% X k47 18 2 <0
HoKFER RE H TR X EZSFLRAEES
BEREMT L BZET K A1S 3~29 5 B2 %
B K TR & . ASHIF 58 7™ KRR i BB R B R AHE
SR H K T 3R G PR 5 s S M e T s T s A
KB e A AR AL FE SR AR T Y ST Pro Plus 7K it
Z AL I AL Eh . pH DO \Ec fI/K iR 45 5 48 &
BOOKRFER 045 ym B e BUENR LI , 2 F & T
50 mL JC i B0 P, T B RS - 003 09 A o A S

T A7 320550, BH 88— R 4 S D3k B9 R o 40 0 T A
g 4l e i iR, P81 pH/N T 3.0, B O N AR
TR FEIII] RE Y AE CAE DY BT UK U K Ve TR AR
HEAT VR, I8l 52 56 = LA 5% % 2 UKAR LL 4 °C - AF .
BEAN B4 il o BR v i 2 & (No. 1.11109.0001) %
KR 1 B0 B E AT 0 2 4 BT, R DR IE S5 A AT SR B
ASBE S D AE SR E 3 .CL SO, F kR
Dionex-500 B 2§ A, 3% 4 I 3 ; PE-5100 A Ji7 - 0
WA A B K™ Na™  Ca®" Mg* k¥ ; E 4R
(As.Cd.Cr.Pb,.Hg.Al.Fe .Mn,Cu.Zn,Sb,Ba,
Be. Mo Ni) 7 &t il o 8% HE A 55 5 1K I35 R
(ICP-MS, Agilent 7700X) i , R FHF478E .25 (1
FE AR AE X B4l o i AT 45 ], b RhAVE D AR,
Ml FAE 95% LA b o b3k I3 3 7 of [ R 2 B Hh
Bk AL 24 A 5 97 90 5% Hb K Ak 2 B 58 TR S 0 = E AT
M 25 2 0 2% 1.

3 BRI K E 4 R s g Rk
&I

ARG I 45 R (R 1), AR 58 DO 2 0™ ik
Ba 9 % & ¢ 5 (6 283.7~16 224.8 pg/L) , F ¥y
10 621.6 pg/L; H:¥k  Fe(59.5~2 831.9 nug/L) , F
Y1 458.7 pg/L; Mo JG % (6.9~1 318.4 pug/L) [ F 1y
Tk 376.2 pg/L, EEREH N SH7 . SHS Fl SHY
= AT Mo 195 8 80 5 A, Mn Fil Zn (971
o &3k #1435 pg/L M 140.7 pg/L, i Cr 1E
SH7 .SH8 #I SHY = F A v Y & 2 ¥l i 100 pg/
L ByE S, Hg(5.4~27.4 pug/L) 2 & &
ik 16.5 pg/L, " H o [ AR GB/T 14848-2017
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FSE B TIT 2K A o 1 pg/L AR E AR R
JK BB FRE(GB/T 14848-2017) , 1T 24 7K Ji i b
KA oy & A, FEEHFEP X AERKA
KRG B T4l K % TR 98 K Sk i £
TR 4 R 0™ K B K B B DA BG4 A AR
I ARG MR E , Ll He Ba #Ar Jy 1B 4R1E ;9
M2 S, SH7 . SHS fit SHY #7 76 Cr.Hg .Mn ,
Sb.Ba.Mo B9 # #5 Bl 4 5 As.Cd . NiFl Pb 7E A 7% X
77 B KR i v 3 3 AN

AN 5] T 4 Jm 22 [) (9 A OC OC & 3 i A B T R
HOR AT R 3 2 P f b ERfb 22 A7 o (B 2 5%,
2011; Zhou et al., 2014; FRR 5555 ,2017). N 2 7]
PLE H, Cr.Mo . Cd #1 Sb DU Ff 5 4 J& 19 A 56 56 R
i % W H SPSS 19.0 #£ 47 Pearson 5 28 73 Hr i 45
RAWERV(E 2), Bk 4R oo R AEBARMM EE FHA
Bt P AR ALME 2 T B AR B SR R A R A AR
Hb 2 A 0 B Ak AT RE R L 3 BOR IR (L er al.,
2018). 8k, K Hrik £ W ,Mn 5 Cr.Mo.Cd #
Shth A 8 4 B9 A 5 1 Finkelman(1980)A 4, Mn
FEWMAAEMRIREE T b L, B2 Pk R+
P ARA AT e R AR 4 JE ) EEORIE . 51k
[F] B}, Cr.Mo.Mn.Cd.Sb.Cd,Cu.Pb #1 Ba 55 £
ARG AR IR G0 AHSCOC R L 7E 59 M 5%
PR, AL F LLE R 8 2 AR AR B,
X L 4 Ji AR W] BE A LA BRI S AR AE T ok
I Ab 38 0T K T Mo 1Y P vk ALY

10.5 pg/L (4 Ak W #1 Lehmann, 2011) , 1fij 78 B 5% IX.
SHO F v Mo iy e B 15 31 1 367.7 pg/L. % & BN HF 5T
DX 22 S0 M K T Ak BE KT A e, Ak i 9 Mo
e FEAR T RE S B 3 4 S I 3 Y L AEJR 7R B0
1 Bt IR 36 JsLAE TR L i ARBH R £ (MoO,S, 7,
x=0~3) FHH 1Y 4 J& B AL ¥ (MoS,” ) AE 2 7 ik
s Wk FE Mo 19 ok 5 5 B 1 Ik 77 (Erickson and
Helz, 2000; %k #k K F1 Lehmann, 2011). 2448 , #k 4
A A s A I W VE T A RT RE  HTE A Y
FEEAEAEIE X (Goldberg e al., 2009).

As 5 Fe fF 16— & B AR SCC R L3 7l fig 5
JZ K 55 0PE S5 A O, BB R Bk I K R A T 2% G AR
& B pH 5 Fe 2 AR R (Liu et al., 2017) .3
WAL, As FE B LU R S W AF s AL P >
Hg i 7 R I8 T i, % T H 5 Cr.Mo 1 Cd (% #f
KR RB AW R AL % e 2 A" K b Hg
M EZERIE, 5 Fe fA7E— & M T 5C ¢ R W% 8k
149 7K fige A FH A3 0. 8 A 0 R Bl 1R R 0 W R RT RE 2
FEH K H Ph R IE (0 S Ba M LR B W B3,
PRI, 5 B R 6 7 400 7 22 F2 R R Ni 5 Cr
Mo . Cd . Sb 4§ Z fil H 43 J& 70 2 # A A7 16 i 35 19 A0 ¢
KFR MBS Sr.Ca Mg fFIETAHIKE K R . H BRI K
X B2 S0 K 7K BT 2 AU DL Na-CI-HC O, B 2R
F, B A Ry A AR B R A B A
P S E 2 5 A HLBTRE AR 7 A2 COL R IE B
XK A R A L, KT NS

x2 MRARBEESFHAEEREBEXXER

Table 2 Correlation matrix of different trace elements in coalbed methane co-produced water in the study area

pH Be Al Cr Mn Fe Ni Cu Zn As Mo Cd Sh Ba Hg Pb
pH 1.00
Be 0.03 1.00
Al 0.67 0.52 1.00
Cr 0.60 0.24 0.90 1.00
Mn 0.14 0.27 0.62 0.71 1.00
Fe -0.71 0.02  -0.34 -0.27 0.41 1.00
Ni -0.08 -0.19 -0.39 -0.40 -0.74 -0.32 1.00
Cu 0.41 0.84 0.83 0.60 0.52 -0.12 -0.43 1.00
Zn 0.52 -0.19 0.05 0.10 0.21  -0.10 -0.24  0.00 1.00
As 0.48 0.35 0.35 0.31  -0.05 -0.58 0.33  0.24 0.34  1.00
Mo 0.59 0.21 0.89 1.00 0.70  -0.27 -0.40  0.58 0.11  0.30  1.00
Cd 0.61 0.20 0.88 0.99 0.68 -0.29 -0.41 0.59 0.12  0.28 1.00  1.00
Sh 0.40 0.27 0.85 0.97 0.79 -0.08 -0.47 0.58 -0.03 0.18 0.97 0.96  1.00
Ba 0.51 0.53 0.73 0.62 0.69 -0.07 -0.44 0.64 045 0.55 0.60 0.55 0.56 1.00
Hg 0.32 -0.08 0.40 0.61 0.04 -0.61 0.04 008 -0.21 034 062 0.64 058 -0.02 1.00
Pb 0.59 0.57 0.86 0.67 049 -0.33 -0.22 0.73 0.03 045 0.64 0.60 0.59 0.82  0.15  1.00
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HAL TR AR EH B AR, IRETREDLAEIES N
F, FERIFEFHEAYLEMT L (Liesal., 2018).

4 EEARFH KPR EE % Ba
A ok 5

WF 5T XCOHE 2 A7 okt Bago R 19 & i ik
16 224.8 pg/L, X 7EHb T K BE S b Bl D L 28 F
A P AE AL (WHO) \USEPA, DL K 3k [ A 15 X
FH 7K T A AR M (GB5749-2006) #BR 5 44 FH 7K o Ba?'
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B ¥ R BE AR 3 700 pg /L, i 5% IX )2 A= K v
Wk R 1Y Ba® vk FE R g |k A Y EE A

X FEE GRS 1 BT R, SO 7 K
oA, U B B DX M 2 A = TR A AR I R
PESAETT |, M2 K v B R VR T R AT A5 3 IS
1M 3% A] g J2& Ba® W R W ) — > EEE R
(Torres et al., 1996 ; Mokrik, ez al., 2009). DL 13 #f
U, SEE YD e Wb A M X L &k i SO Bk
g Bat B W & 4 (Shaw et al., 1998; Marandi ez
al., 2004; Underwood, et al., 2009;
Forcada and Vega-Alegre, 2015). & [E U )I| % i
BB b = 8 5 0 52 20 b R K A AR ek 2SR 4
(ZEH 45 ,2009) . % TR 58 X e TR 41 7 08 b )2 3 A
AT Hb K Ba®t S A Sk HOH LS AL 1 kb
g B, AL ) B 5 Ba® T 0 A N %R
IZ R K h Ba® 19 2R YR IR H ,Ba® 5 Na |
Cl . Sr™ il TDS fA7EAR UF (1 AH DG OC &R (K 3) , iX 4l
TR WIS, K o A2 45 BN N 3% S8 7 K TDS I Na |
Cl™ \Ba™ %5 8§ 7 fm v B2 ) 22 A .

W OLT AR R B ARAL . RA T
R WS MY S5 T e ) A e i 2, &
oA A SRR R R (Torres et al., 1996) . /2 <72
K SO M BEARAIK , 7T B 2 4 R £6 348 I /R FH Y
255 B §VC-CH, M5 1 os , i 5 X2 SO0 E
AW PR, 7 B AR RO T L PR A A Y
VA AN % e 2 A K Ba® ' i R IA
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Table 3 Evaluation results of heavy metal quality of coalbed methane co-produced water in the study area

B DRI R X g R Eii
%5

As Cd Cr Pb Hg Al Fe Mn Cu Zn  Sb Ba Be Mo Ni  S{a  1FEME
SH1 0.05 0.01 0.01 0.15 540 0.16 9.44 245 0.00 0.03 1.66 12.95 0.03 0.13  0.03  9.29 W 2
SH2 0.07 0.04 0.00 0.14 22.65 0.23 0.20 0.68 0.00 0.02 0.95 8.98 0.00 0.17  0.00 16.10 W 2
SH3 0.16 0.01 0.00 0.14 21.25 0.14 0.22 0.20 0.00 0.11 0.82 12.99 0.03 0.12  0.50 15.13 e 2
SH4 0.11 0.01 0.01 0.37 18.00 0.21 0.20 0.36 0.00 0.05 0.60 9.48 0.00 0.10  0.54 12.81 e 2=
SH5 0.09 0.02 0.04 0.49 8.20 0.56 0.35 0.48 0.00 0.12 0.54 13.29 0.00 0.18 0.33  9.47 W 2
SH6 0.13 0.02 0.05 0.37 7.13 0.26 2.18 1.70 0.00 0.48 045 19.54 0.00 0.25 0.04 13.90 W 2
SH7 0.13 0.22 253 0.93 14.11 1.34 048 185 0.00 0.11 247 21.12 0.13 9.05 0.06 15.16 2
SH8 0.14 0.40 4.95 1.06 24.79 1.37 0.39 287 0.00 0.10 4.28 23.18 0.03 18.83 0.07 17.96 e 2
SHY9 0.10 048 494 0.38 27.38 1.16 0.32 232 0.00 0.24 4.17 1503 0.00 19.54 0.05 19.69 e 2

SR b B R R 28 Y A A A R A A,
R E R Z R Y E S Bagt R NBERR RS
B AR A BB TR 288 1 DL A A Bk TR 65 0 40 ik
2 B0 (75 8 ) 45 . 2R 4F (1998) M B 58 R 1T
IKIRAT X T VR A B b 2 b Ba o R Y e & B AT
ik 268 mg/kg. Wf 5% # W] (Mokrik ez al., 2009) , &
HAJE R L E A A S R R E Ba® BT M
PR BOT B 45 B th Bon |, BRI 2 A= oK o
T 2R e, (03 5 A AR 48 80 ST T e
Jp—0.67, 475 A 2 15 1 AR S L L, S 8 )E
Ba®" & 4 09 Bk R k55 0 W) 00 1S iRk I8 32 2 7 K
Ba®" 55 (1 5 2 A

5 M)A K 4 R 15 Bk O v
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Fig.4 The pollution degree of different heavy metals in co-produced water in the study area
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