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Fig. 1 The study area and distribution of sampling points.
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AR E=(EZm—3m,)/(EmAEm,)*x100% 115 A X
W E, R RSeEnt, E—BRN /N F+5%, 5
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AHXTIERZETEL10% LA BYRE S 7 90%, BT840 i
TE N R R A, 7 IR IR 22 R B 3y

JE PR AT Bl il K75 5%
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3.1 WK BT S FHIE

AFE 2 H KA LIRSS R AT E H, TR IXOR
[ R ) M /KRR pH BEHFE 6.25 ~ 10.42 Z [H],

F 1 HSSTPEERRIIE A, 35, KBRS %S
Table 1 Measurement method, instrument, detection limit and precision of analysis indicators for samples.
ViRilE =t VR RE IV E i TR R T A % % (RSD)
pH I E (G DZB-712 B, IR A SR R A IR A W) 0.01 1.0%
HS™, NH;-N I (DR2010 %, S5[E HACA A#]) 0.0001mg/L 1.0%
LB 5 B IR S itk
i , . _ 0.001mg/L 0.5%
(Optima 8300 %Y, 32[F PerkinElmer /A 7] )
] R LB A B TR 2 Sk
& M. . 8. (Optima 8300 4, 32 [ PerkinElmer 23 ) 0.00001me/L 0:3%
) LB 55 B TR ok
. (NexION 300X Y, 35 [F PerkinElmer /A ] ) 0.00001mg/L 10%
HL R & S5 B T A T
L (NexION 300X %!, 5[ PerkinElmer A #]) 0.00Img/L 1%
A AR BT (1CS-900 %, 35 [F ThermoFisher /A ) ) 0.01mg/L 1.0%
YER AT SIERETE (722G BIRT WLAMEGEET, IR oA (R4 FRA ) 0.0003mg/L 0.5%
2 HWNAOKIE 2 SRR
Table 2 Hydrochemistry indicators in groundwater at different depths.
. " ST RE TDS R i il B el YE R
TREE SR pH
(mg/L) (mg/L) (mg/L)  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
FRIE 9.55 25414 91017 020272  3.84536  0.34050 0.37555 32.94465 0.0146
%2 F/ME 6.83 60 333 - 0.00069 - - - -
FHIME 7.66 2537 8746 0.00243  0.89456  0.00832 0.02864 1.87106 0.0018
FRIE 9.91 25324 106387 0.01386  6.08105  21.49463 1.19925 18.97229 0.0626
g F/ME 6.25 18 417 - 0.00293 - - - -
FHIME 8.04 2219 8112 0.00103  0.65594  0.18282 0.06215 1.47228 0.0032
FRME 10.42 9359 39360 241837  7.38455  0.23792 0.93538 7.20163 0.0278
w2 F/ME 7.25 5 372 - 0.01223 - - - -
FHIME 8.75 1300 5080 0.05886  0.70026  0.00834 0.06693 0.60395 0.0038
- o A Ak e R fif Y T BT HET
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
= YN:] 8.10 3.78 1.920 0.07320  0.03789  0.04437 1078.67 5872.91 969.98
%2 5 ZN(EN - 0.13 - - - - 2.75 12.21 0.32
SFHIH 0.29 1.25 0.332 0.00146  0.00140  0.00260 204.95 488.41 23.84
S PNEN 9.14 13.71 1.708 0.09990  0.01193  0.67751 1117.98 5628.00 771.97
R 5 ZN(EN - - - - - - 1.40 331 0.24
FEE 0.25 1.35 0.396 0.00127  0.00060  0.00779 188.22 421.61 20.49
= YN ] 14.26 5.28 4.601 029170  0.01309  0.07461 1679.83 1830.37 50.69
w2 5 ZN(EN - - - - - - - 0.16 0.57
SFHIH 0.44 1.92 0.581 0.00464  0.00107  0.00248 159.83 217.25 6.71
Kk 2¥ S TR fi AR TERRIRAR s TR fF AR RN
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
w2 FHE E# 1342.48 12.94 598.50 [ 2055.44 1.42 670.43
FHE )z E# - - - [ 1513.44 1.25 381.24
FAME w2 IEH 543.98 457 229.15 fR it 780.41 1.65 351.70
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A A, 5 HUTE 10% ~ 20%, A /C R A Haf
A /N 10%. WF5E X R 7K 203758 43 30
2 0.0137cm/d, F1)2 0.0133cm/d, )2 0.0127cm/d.,
3.2 SR el KRS B R E
3.2.1 ERIEHITIK

ARTON 132 AN ZHL T KRS T T 18 47K
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Table 3 The content of each component in sediments at different depths in the two holes.

A W o . AR £ A TR i B £ BRIRIR  EERRARAR
’ -7 P (mgL) (mgl) (mgL) (mgL) (mgL) (mgL) (mgL) (mgL)  (mgL)
BAMHE 8.07 000272 0.02896 2.02 1.65 0.03649  0.20337 1.84 0.12 0.51
G09 ®E mME 740 - 0.00078 0.01 0.01 0.00417  0.00471 0.02 0.33
PEME 762 0.00095  0.00599 0.80 0.57 0.01428  0.08170 0.73 - 0.42
wARME 9.00  0.00077  0.01616 1.04 1.26 0.07529  0.07982 1.03 0.29 0.92
wZE BME 760 - 0.00280 0.09 - 0.00159  0.00457 0.20 - 0.21
SFHMH 819 0.00043  0.00745 0.46 0.56 0.00857  0.02838 0.57 0.09 0.41
BARME 944 0.00042  0.0226 0.96 0.96 0.02731  0.04673 1.06 0.32 0.67
ZKO02 T2 RME 740 - 0.00187 0.11 0.10 0.00007  0.00427 0.21 - 0.15
PHEIE 849  0.00028  0.01033 0.39 0.26 0.00563  0.01391 0.47 0.13 0.40
wARMH 883 0.0006 0.02946 0.29 0.21 0.03516  0.03258 0.43 0.21 0.90
W2 B/ME 723 - 0.00122 0.01 0.02 0.00181  0.00239 0.07 - 0.19
FHMH 789 0.00037  0.01099 0.09 0.07 0.00928  0.01271 0.27 0.06 0.60
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Fig. 2 The tree map of shallow groundwater samples (the red dashed line Y=7.5 and green dashed line Y=1.5 are phenon lines).
Shallow groundwater can be divided into high TDS area and low TDS area, and the number of clusters with high fluoride and
high iodine characteristics is the largest, among which S2, S3, S4, S6, S8, S13, S17, S18 are high fluorine and high iodine
clusters in the low TDS group.
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WEAR, Sk i BT 20 1) 5 K R 28 Y RRAIE , A SC 2 1l
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IEHEHEARMG, M8), HZH T K F e Kk &
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Fig.3 The tree diagram of S1 clusters (the red dashed line Y=5.5 is phenon line), the results of the maximum cluster S1 cluster of

shallow groundwater showed that S1-2, S1-3, S1-8, S1-10 and S1-12 are high fluorine and high iodine clusters.
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Fig. 4 The tree diagram of M1 clusters (the red dashed line ¥=5.5 and green dashed line Y=1.5 are phenon lines). The largest cluster

of mesopelagic groundwater M1 has the largest number of high-fluoride and high-iodine clusters (M1-2, M1-3, M1-4, M1-5,
M1-6, M1-7, M1-8, M1-9, M1-10, M1-12, M1-14, M1-15, M1-16, M1-17).
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Fig. 5 The tree map of medium groundwater samples (the red dashed line Y=5.5 and green dashed line Y=1.5 are phenon lines). Deep

groundwater has the largest number of clusters of high fluoride and high iodine (D1, D2, D4, D5, D6, D7, D10); the maximum

fluorine concentration is 5.3 mg/L (D7), and the maximum iodine concentration is 4.6 mg/L (D1).
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Fig. 6 Correlation diagram of fluorine, iodine and other

elements in groundwater. The groundwater was
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Fig. 7 Piper diagram of high F and high I groundwater. The hydrochemical types of shallow, middle and deep high-fluoride

groundwater are HCO;- SO, Cl-Na- Mg type, SO,- Cl-Na- Mg type, and HCO;-Na type, respectively. The main cations in

high-iodine groundwater are Na" and Ca”", and the main anions are Cl” and HCO;.
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Fig. 9 Spatial distribution of F and I in groundwater. The high fluoride and iodine areas are mainly located in the coastal plain area of
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Mobilization Mechanisms of High Fluorine and Iodine Groundwater in the
Northwest Shandong Plain

WU Guangwei', LI Haolin®, WANG Qingbing', GU Sha®, GUO Zifeng*, LIU Zhongye’
(1. Shandong Provincial Space Ecological Restoration Center, Jinan 250014, China;
2. College of Resource and Environment, South-Central Minzu University, Wuhan 430074, China;
3. 801 Institute of Hydrogeology and Engineering Geology, Shandong Provincial Bureau of Geology & Mineral
Resources, Jinan 250014, China;
4. Shandong Haorun Automation Technology Co., LTD., Binzhou 256209, China;
5. Shandong Institute of Geological Survey, Jinan 250014, China)

HIGHLIGHTS

(1) High fluorine groundwater and high iodine groundwater are usually associated with each other and have a
similar distribution. The former is mainly concentrated in the depth of 0-40m, 50-110m and 225-305m below the
ground, and the latter is mainly concentrated in the depth of 0-10m, 55-65m and 225-285m below the ground.

(2) Leaching and ion exchange are the main causes of high fluorine and high iodine groundwater.

(3) The favorable conditions for fluorine and iodine enrichment are strong evaporation concentration and a weak
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ABSTRACT

BACKGROUND: Groundwater is the main water source in the Northwest Shandong Plain Province. It is necessary
to find out the causes and connections of high fluorine and high iodine groundwater, which can provide reference for
local drinking water safety and solving endemic diseases. At present, there is a lot of research on shallow high
fluorine ground water in northwest Shandong, but little research focuses on the cause of deep high fluorine ground

water, and the relationship between high fluorine groundwater and high iodine groundwater.

OBJECTIVES: (1) To reveal the spatial distribution characteristics of fluorine and iodine in groundwater in the
Northwest Shandong Plain; (2) To speculate the formation mechanism of high fluorine groundwater; (3) To identify
the key hydrogeochemical processes of iodine enrichment in the groundwater system; (4) To explore the relationship

between high fluorine and high iodine in groundwater.

METHODS: Sediment samples were collected to investigate the lithology, mineral composition and elementary
composition of the Northwest Shandong Plain. A total of 326 shallow (0-55m), middle (55-225m) and deep
(>225m) groundwater samples were also collected. Hierarchical clustering analysis was applied to classify
groundwater based on 18 water chemical parameters (pH, dissolved total solids, sulfate, chlorine, iron, volatile
phenols, iodine, fluorine, arsenic, lead, calcium, magnesium, potassium, bicarbonate). The correlation analysis of
water chemical parameters and sediment compositions was executed to investigate the causes of high fluorine and
iodine groundwater. Furthermore, the calculation of the saturation index of fluorite further helped to determine the
main formation mechanism of high fluorine groundwater. The water chemistry type of groundwater was obtained by
drawing the piper three-line diagram, and combined with pH and other indicators, the main mechanism of the
enrichment of deep high fluorine groundwater was studied. The piper three-line diagram and TDS relationship
diagram were drawn to confirm the evaporation concentration mechanism of shallow high iodine groundwater. In
addition, the hydrogeological conditions of the study area were analyzed, and the strong reducing environment of
deep groundwater in the study area was judged by combining redox environmental sensitive factors, and the main

reason for iodine enrichment in deep groundwater was obtained.

RESULTS: The groundwater samples are divided into high fluorine groundwater, high iodine groundwater, and
high fluorine and high iodine groundwater by hierarchical clustering analysis. High fluorine groundwater and high
iodine groundwater have great similarities, and they are primarily the largest cluster. The high fluorine groundwater
is mainly distributed at a depth of 0-40m, 50-110m and 225-305m below the ground surface, with the maximum
value (13.7mg/L) occurring at a depth of 110m underground. The high iodine groundwater enriches at 0-10m, 55-
65m and 225-285m deep, with the maximum value (4.6mg/L) appearing at 234m underground. Fluorine and iodine
in groundwater are often associated, i.e., high fluorine groundwater also has higher iodine content. This is because
the enrichment environmental conditions conducive to the two are similar. Strong evaporation concentration and
leaching are the main processes leading to high fluorine and high iodine groundwater in the Northwest Shandong
Plain. The fluorine-containing minerals and iodine-containing sediments in the shallow groundwater were
continuously dissolved, which increased the content of fluorine and iodine in the groundwater. When rainfall occurs,
fluorine and iodine in the soil dissolve or leach into the groundwater, resulting in its enrichment. In addition, the
alkaline groundwater environment and high HCO; content can promote the dissolution of fluorine-containing
minerals and the enrichment of iodine. The strong reducing groundwater environment and slow flow rate of deep
groundwater can be conducive to fluorine enrichment. High fluorine groundwater and high iodine groundwater have
similar chemical types, with the main anions of HCO; and Cl, and the main cation of Na. In a weakly alkaline
— 805 —
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environment (pH=7-10), high fluorine and high iodine groundwater is formed through leaching and ion exchange.

CONCLUSIONS: The dissolution of fluorine-rich minerals such as fluorite (CaF,), evaporation and ion exchange

might be the dominant processes controlling fluorine mobilization in groundwater. The iodine in groundwater

mainly comes from marine organisms and organic matter in sediments in the Northwest Shandong Plain.

Evaporation, leaching and the reduction dissolution of ammonia nitrogen and sulfide are likely the primary

processes leading to iodine enrichment. The weakly alkaline and reducing groundwater environment and the

presence of organic matter are all important factors in the formation of high iodine groundwater. Generally, high

fluorine groundwater also has high iodine content due to the similar formation mechanisms.

KEY WORDS: Northwest Shandong Plain; groundwater; fluorine; iodine; inductively coupled plasma-mass

spectrometry; hierarchical clustering analysis
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