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Groundwater denitrification intensity based on an integrated analysis method
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(1.Chinese Research Academy of Environmental Sciences, State Environmental Protection Key Laboratory of Simulation and Control of
Groundwater Pollution, Beijing 100012, China; 2.Guangdong Geological Bureau, Guangzhou 510080, China; 3.China University of Geosci-
ences, Beijing 100083, China)

Abstract: An understanding of the denitrification process of nitrate in groundwater is vital because it can dissipate groundwater nitrate pol-
lution. In this study, in order to the determine the intensity and factors affecting denitrification in aquifers, an integrated analysis method
was adopted to summarize the ranges in denitrification intensities in different aquifer mediums. Then, the vertical distribution of denitrifica-
tion intensities was revealed along the sampling depth. Finally, the factors affecting denitrification intensity were determined in the differ-
ent grades of sampling depths and DO concentrations. Additionally, the uncertainty of the statistical results of denitrification intensities was
analyzed. The results showed that the denitrification intensities of nitrate in the groundwater generally ranged between 107'~10” pg kg™ -
d™, and could reach 10° wg+-kg™'+d™ in the sand and gravel mediums. No significant correlation between the pore size and denitrification in-
tensity was found. The denitrification intensities increased gradually and then decreased significantly along the sampling depth from the
ground surface. The distinction of the depths that corresponded to the peak value of denitrification intensity was significant at different

sites. The denitrification intensities in the shallow and deep aquifers were affected by organic carbon and Eh, respectively. When the DO
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concentrations ranged between 0.2~2.0 mg+ L', the denitrification intensity had a non—significant negative relationship with the sampling

depth, groundwater depth, NO3—N concentration, and Eh. When the DO concentration ranged between 2~6 mg- L™, it was negatively corre-

lated with sampling depth and positively correlated with temperature. When the DO concentration was greater than 6 mg- L™, it was nega-

tively correlated with Eh. The uncertainty of the statistical results of denitrification intensity mainly resulted from the experimental meth-

ods, calculation methods, and statistical processes. Our results could supply a theoretical basis for the fate of nitrate in aquifers and for the

prevention, control, and restoration of groundwater nitrate pollution.

Keywords : groundwater; denitrification intensity; aquifer medium; sampling depth; dissolved oxygen; integrated analysis
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Figure 1 Technical flowchart
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Table 1 Statistics of the data related to denitrification

ZH FEA & ¥E PE brif2E SEPNI: o ME
Parameters Sample size Mean Median Standard deviation ~ Maximum Minimum
F A4k 58 FE Denitrification intensity/pg kg™ +d™ 80 55.74 9.20 100.88 538.00 0.00
IRETR £ Sample depth/m 80 7.98 4.20 10.53 66.50 0.30
T KA HEYR Groundwater depth/m 17 1.58 0.92 1.71 5.10 0.03
I8 Temperature/°C 14 16.30 15.50 3.10 21.40 12.00
NO;-N/mg-L™! 52 5.59 1.35 7.86 40.90 0.00
Fe*/mg-L"! 5 14.78 4.80 19.09 48.00 2.70
S0%/mg-1."! 28 26.08 22.87 14.88 59.87 4.67
DO/mg-L"! 58 2.87 1.80 2.75 9.51 0.06
pH 41 5.60 5.43 1.03 8.90 4.10
Eh Redox potential/mV 7 149.41 134.00 173.24 387.00 -175.00
T LL Carbon nitrogen ratio 29 12.21 13.05 6.90 31.34 0.10
A L% Organic carbon/mg- L™ 27 561.69 545.91 338.07 1488.87 17.00
H1 5K Electrical conductivity/p.S«cm™ 24 402.13 436.00 253.61 1 100.00 100.00
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Table 2 Groundwater denitrification intensity measured by laboratory experiment
; - , , T EE N WILRINO;-N Ak B T
B WM AOKARRTE BORRRE WE ety PAINOSN SRR
Ref . Sample locati Aquif dium t Samnle denth/ Temperature/ Duration/h Initial nitrate nitrogen/ Denitrification intensity+
elerences ample location Aquifer medium type Sample depth/m € uration. mg-L! deviation/pg kg +d”
[32] P17 Herlfmagle e ez + 8.0.12.1 10 1080 & 124 1000 440+340
A Je i+ 17.6 25 1080 & 1E 4 1000 1050+170
F17 Bramminge btk 6.5.11.6 10 1080 E1E 4 1000 5045
i 15.9 25 1080 & 1E K 1000 1160+350
F}H Skaelskor HEfr Ik 1 9.9.15.9 10 1080 & 1E 4 1000 1000=1
25 1080 & 1E 4 1000 17043
[33] FKHEANY N.R.* 4 N.R.* 195 5 3.8+0.1, & 1F 150+65
H52
[34] P E R W A KA 5.9.17.32.47, 22 528 BIEH 14 48+50
88.125.185
[35] eS| WA )2 KA 2.1.7.0, 22~25 48 WH7.3+0.7 82+71
Massachusetts 14.4.21.3
ABURE A,
B IR WAz KR 1.5.6.1,  22~25 48 W 15.7+10.6 3315
11.0.16.4
CIURE WA )z KR 21,91, 22~25 48 W 1.12+2.24 15211
14.9.21.0
D BURE WA )2 KA 24,104, 22~25 48 5 0.49+0.98 412
16.8.27.1
[36] F [ Carolina B> i+ > APJE 31~289 m 141> 24 72 5 <0.21£0.36 15+33
Bt AT fEIE R 4.2 730+290
h<50% HEE > 75~278 miy 114> 24 72 {1 0.1520.23 0
30% AR IE1E % 4.2 600+310
[37] 5[ Falmouth oA 2 IKDBLF 4.7 12 40.08 11 36
[8] ] i D 3~18.8~68 10 8760 & 1E K 200 20.51+0.07
[9] 1 ] WHRA 1.5~4 10 10 800 32 35.16+0.22
kA I 1 6.5~7 10 10 800 15 283.56+30.30

T AR Korom™ g5 285 L 5g 38+ R Ui, TE.

P WA = FH AR/ LB (R 2 50 pm) A2 Ak
W0 A= A 3 R M T M R A ) A
AR IR R, Bt R )L B X T S A Ak i B Y 5
Wl AN A , B KA B2 TR 5 R i Aok B 22 ) oA S 31
B S R A
22 AEBRERETHRELEESITSH

AN TRV EBORE R BT b 7K b S A i B SE T3
SRR 4, GERFW, SR (EAE 12~22 m X
) P 3k B 0441 107.69 pg-kg'-d™, BH T 0~12 m FI1>22
m DX B PN ) S A AR R R, SRR Ak i R U 5 /K2 S )
S R E RN, TE TR AL AAAEVE(E . Jah-
angir P KOS AL RIS A 515 0 T 2 b S A ik
AT K SRS AR R BE v TR IR R 2 - AR T
TR W 55 I 0 0L 1) SRS A58 B 5 Weymann S5

JE B 2 I SR B B FR X (HLITE LR 6.5~7 m) /Y
NO;Z: B B2 B i 5 T2 XK (HB TR LR 1.5~4 m) .
X S AHF I IR IEA—F
23 GKBERBUEENZMEZSHT

K 2 RS AR 8 B 1 52 i PR3 AL HE NOS-N ¥k
FE DO WRJE CEFY MR ICER (Eh pH R E &
IKA B FLBR B A T P R R R A R A,
IKJZ H SRR BE () 7K SCHBER fh 2 PR AN ], ot 2
fils LA & A= 1 DO ¥ B BR A A9 TA 3R 1 9 R —
gl PR A SRR AS [ ORE R B A DO ¥R
SRR T IS PSR (s R R, S IR —
A A A 3 b B 5 D0, BRURE TR B 43 0~6,6~12
12~22 m F1>22 m PUANSE LR . 254 R BIFGR LR
DO #¢ J¥ 43 18,0~0.2,0.2~2 . 2~6 mg- L™ F1>6 mg- L™ U
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Table 3 Groundwater denitrification intensity measured by field experiment
Ly - L Rinac
RGBS bH Ak Hekpvp DOAINOND RIRRCIREE ) s e HEE
e 3 e X ) Initial nitrate Denitrification . Rt a)
Sample A Aquifer medium Sample . . . Reagent adding . Affect
References location  Soil tvne e denth/m nitrogen/ intensity/ condition Duration factor
oca yp yp p mge L we-kg - d o
[11] Tl Ak e 3.4.6.7.8. 0~41.47 9.10+14.20 ZRUNIS0 LI HEATTERIRS  IEAHC:
Hanover 9.10.14 (0.057~51.47) JK;EMEEMIE220L  1h, 7 HEA05~3  SO5. A
wE M BA8T 83.9.228.  0-3.98 1835202 OPK(E10mg- LT b 72h(E - BLEK
Bremen 26.5.293. (0.009~6.192) KBr 10mg N-L" "N R3~4h-CL 8 i
[23] TR H WERACE . 5 47 10.9+3.5 20 LIFAK(FEASFAR A 1~2h(10~  FAfE:
VKHEY) K, %20 mg-L" KBr, 15L-h™),}%3 DO .Eh,
B i 12 2 4704111 20 mg N-L™ "NAzic. 6 h,ililli 1~2h  Ks NO3;
s * i) KNO,) (10~151L-h™")  IEAMI:
(EENEePS 22 29 92428 e
AP
FRE O B WG 5 12.8 3.8+0.7
F)Z KHEY)
KAk A 12 10.4 6.4x1.8
A hAE (AR 22 12.6 1.40.4
[16] Kl R gilerd GRUe P 0.03~0.25 0.1~11 0.1~193 0L FAR(E32mg FALTh(16 L. fRIE Hi
bS] N-L"'SNARICAIKNOs, b)), 1% 4~5h,  1b¥)
100 pg-L" SFo) 291 h(6 L
h™)
[21] ¥ 15 i RMELE HDE 065,153 0.6-~1.4 1~330 IOLHAAR(E32mg  FEAZLTh(160  IEAH:
N-L" "NA#icH mL-min™), ¥ DOC
KNOs, 100 pg-L'SFs)  22~24 h, f#iil 24
1h(0.5 L-3%™)
[15] FH  BEEE Henb+ 0.65 0.4 96.7+19.7 10 LHK(EH32mg  HAZTh(10~  N.R*
Tanyard N-L' "NFRiCH) 12 L-h™"), 55
Brook KNOs,32mg N-L" 72 h flith& 1 h
KBr, 100 pg-L'SFs) (9~13 L-h™")
EH R 4iiab 1.25 0 123.2+63.8  10LIPK(%32mg  {EAZ1h(10~
Brushneck 135 N-L' NFRiCH) 12 L-h"), 5555
Cove KNO;, 100 pg-L™ S5hfilithZy1h
SFs) (9~13 L+h™)
[38] P17 N 5 i 3(HF AR AL 13 190~3100 200 LIF/K (% 13.0 356 h IEAHD
Rodney A 1m) mg- L™ KNO;,5.06 DOC
mg-L™"' NaBr)
[39] FEEPEH NR: MRS 26 2.10.2 120~200 3%x10° m*7K 7a N.R.*
44 2.1+0.2 90~150 3%10° m*7K 7a N.R.*
[40] DIIIE -/ N 5} ) R 1 m(£E 6.4 580 R BRI 10d AR
Rodney i KA LA B NOs =N, 5 A DOC
) CHe
[41] FEE Utah N.R*  Zht+ Btde 350FK 125,237 730 N.R.* N.R.* N.R.*
ey iba) 91 m)
NER LR B MR, H5EE(12.0~21.4 C)FMAHL

2.3.1 AN[RIBOREGR B B A AV P 5 B 0 5 i IR 3R
SR AN [FITR BE T A b T 7K S il fh i B Ay = 2L
R IR 25, >R Spearman 55 2 AH JC M R AL T T 48
oM RS R L 5. S5 R R BUREURE N 0~6
m i, SR AR5 B 5 b R K738 (0.03~4.2 m) (NO-N
" i (0.40~27.59 mg - L) . DO ¥ Ji (0.60~9.51 mg -

R EE B 0 2 IEATSR G R o HEDN X TRIZ &K, D
S-SR SR AR IR 32, A LB A S5 M S A A 56t
14 325 DA A BILBR O S AL AR A R A AR R
Rt T R R RS, JLAE R R T RO
HO R AL BRBRR , K8 AT K AT BB 5
M6, AF T BCAHACAE A o NOS-N ¥ ad iy ik,
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Table 4 Statistical of groundwater denitrification intensity under different sampling depths (pg-kg™'-d™")
95% EfF X 1]

F38EFE TH

R FAMC WM ROk RME bk Pt 2z B
Sample depth/m Sample size Mean Max Min Standard deviation  Standard error
TR Lower limit ~_E-BR Upper limit
0~6 43 51.37 538.00 0.00 99.57 15.18 20.73 82.01
6~12 23 71.23 283.60 0.43 87.63 18.27 33.33 109.13
12~22 5 107.69 470.00 1.40 203.52 91.01 -145.01 360.40
>22 8 2.19 6.19 0.01 2.12 0.75 0.42 3.96

K5 ARBERET RAELEE B/ MR Z 8 /) Spearman 18 X M5 #7

Table 5 Spearman correlation analysis between denitrification intensity and physicochemical properties at different sampling depths

JAE Ak B 5 3L BT Spearman AHC R 5L

BT Correlation coefficient of denitrification intensity and physicochemical property
Index KAEVRE Sample depth KAEVRE Sample depth KAEUR B Sample depth RAEVRE Sample depth
0~6 m 6~12m 12~22m >22 m
R K7 HEYR Groundwater depth -0.618+%(13) NA NA NA
% Temperature 0.583*(14) NA NA NA
NO3>-N -0.523%(16) -0.089(12) -0.900%(5) -0.577(8)
Fe NA NA NA NA
SO% NA 0.473(13) -0.200(5) -0.119(8)
DO -0.436*(32) 0.046(13) -0.800(5) -0.554(8)
pH 0.036(17) 0.564(11) -0.718(5) 0.566(8)
Eh Redox potential -0.400(4) -0.353(10) -0.500(5) -0.857*#(8)
5% Lt Carbon nitrogen ratio 0.036(15) 0.100(11) 0.894(4) NA
H LK Organic carbon 0.785*#(16) 0.645%(11) NA NA
i 5% Electrical conductivity NA 0.176(10) NA 0.595(8)

A E A R OB ) 24 0.05 B, R DGR 25 119 o B0 8 UGN 27 0.01 B, ARG 2 2811 s NA o Bt it /b JEvk i AR DG 15 5
BUHAFORREA R, T,
Note: * The correlation was significant when confidence coefficient was 0.05. ** The correlation was significant when confidence coefficient was 0.01.

NA indicates no correlation calculation due to lacking of data. The value in the bracket indicates sample number. The same below.

S N R AR BT S 30 NLO A B, A F) T R Ak
YEF R HEATH . 2 DO W BE 3 R B, 0 F s
NO-N BY5E e 2 AR A i A UL AR T I
TEALVE R EA T T 32 3 o 5% ) S A Ak 2
) T3 1 Ok 5 ) S RS A5 L 12.0~21.4 ChE F 1A
A A IS B L. BOREUR FE Oy 6~12 m ), A5 BILAR MR
J£ (437.95~1 488.87 mg - L) AT J2 52 M) K2 Ail £k 5 & 114

SR, Z5AREH, DOV R 0.2~2 mg- LB SR Ao
PR, AE T35 90.94 pg- kg™ - d™ s W JE A 2~6 mg -
LB S A5 R 2, AT 35 51.26 pg-kg'-d ™' DO H
FERKF 6 mg - L0 s il Ak 5t B {8 BH S B AIG, Y94
10.60 pg-kg'+d'o X =4~ DO ¥ B 7 Bl 1 [z fitg £k ik
FERFG P Z 18] Ry 7R G 56 R 1 3 ML . {H 4 DO
W /NTF 0.2 mg - LB, S il Ak 5 BB AR, Y (E

FRER, HREEEEMHXER, BEEHRE N 12~
22 m I, R Al AL 58 5 NOS—N ¥ J# (0.63~12.6 mg -
LR BEGAE, MIBFERE KT 22 mi), Eh(-24~
276 mV ) 3f 3 5% M b T 7K R] S R AR AETE X
PR R S A B ) R SR R, R B UG
2.3.2 AN[A] DO W B S50 S A A FH a8 BE 0 s il DX 2%
F6GIT T AF DO W B SN i T /K S A 4k

5.91 wg kg -d™, HHT AT B2 0 T 1
B Ao 2 5 oh FRAR A 258 A — B R DO YR I
7 0~0.2 mg- L7 10 FEA I RAE GRS 1t 5 m B L E
66.5 m, 5 FEA R, B AR F 1k T REAN A

W2 TREAR TR DO MR T |, 5200 S Al 4k 3
R FEZREE R 3R, A SOt 1 HAB A 5T 5 B A
O B AR DG Bt o P25 R L3R 7. 25 5L 3R,
DO ¥ & 4 0~0.2 mg - L™ B Ji2 il fb 58 5 5 SO (5.10~
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52.03 mg- L) AR EIEM R, W RELL A I A
A FH o 3 s DO e 4 0.2~2 mg- L I R ik 5 5
HUREIREE M R /KA \NOS—N ¥ il Eh 35 52 A8 i
FRAL KR ; DOWREA T 2~6 mg- LB, S fifb i
FE S BUREIRE (0.65~3 m) 2 B & IR R, SR
(12~18.6 °C) £ B IEAHOC s DO VK EE KT 6 mg - L' I
i K R A A PR B, S AL SR 5 Eh (163~387
mV)Z [ 5 B E TR
24 GITERMATEES T

KRR G35 RAAE— A ETE, FLk A
FARE ik SR RGBS 1

(AN [R5 DX >R ) s i e s B 00 g AN
[l o ASCRTGETE ) B il Ak i B Ee ok B F = ik
FEFAMAES . o, % N8 2 1 A 1 DR AR AR
T {687 52 i A 5 B2 40 o ik, A EL R i, BT A il 3 A5 3
PR S T A 5 JBE 5 SR B e 3 LS . TS W] K ST
JoT AT M 7KK I R ) 22 5, AN R 2R R S i Ak
A KT T IR R VA R 385 L RE T AN ], R %2
B A6 4 T R T 36 L o i A 1 0 9 VA
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Table 6 Statistics of groundwater denitrification intensity under different DO concentrations (pg-kg'+d™")

DO ¥ i X 7] REAEL Pl FrifE2E FREIR 2 95% A7 X.[6] 95% Confidence interval
Interval of DO concentration/mg- L™ Sample size Mean Standard deviation Standard error TR Lower limit [ BE Upper limit
0~0.2 10 5.91 7.32 2.32 0.67 11.14
0.2~2 20 90.94 155.10 34.68 18.36 163.53
2~6 14 51.26 81.48 21.77 421 98.31
>6 13 10.60 19.62 5.44 -1.25 22.47

F7 TE DO WRE T RAH L3R B AN E AL IR L MR 2 1889 Spearman 1136 1

Table 7 Spearman correlation between denitrification intensity and other physicochemical properties at different DO concentrations

$eh ST AL 3 B Denitrification intensity (g kg™ -d™)
Index DO(0~0.2 mg-L™") DO(0.2~2 mg-L™) DO(2~6 mg-L™") DO(>6 mg-L™")
HUFER Sample depth -0.280(10) -0.309(20) -0.601%(14) 0.095(13)
iR KA R Groundwater depth NA -0.345(7) -0.415(8) NA
¥ Temperature NA 0.188(7) 0.778%(7) NA
NO;-N 0.175(10) -0.187(17) -0.174(12) -0.229(13)
Fe? NA NA -0.06 NA
SO% 0.576(10) 0.082(11) NA 0.600(5)
DO 0.261(10) 0.371(15) NA 0.595(7)
pH -0.142(9) -0.236(11) NA -0.900%(5)
Eh Redox potential NA NA NA 0(4)
% kb Carbon nitrogen ratio NA NA NA NA
A HLEK Organic carbon 0.427(9) 0.555(11) NA 0.500(3)
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Figure 2 Concentration breakthrough curve for calculating the

denitrification intensity
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