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Abstract
As an element relevant to human health, iodine is highly worthy of researchers’ attention, especially the
mechanism of iodine migration and enrichment in groundwater systems. A total of 43 groundwater, 1
seawater, 107 sediment and 111 pore water samples from two boreholes (toward to Bohai Sea: BT, HH)
were collected along a groundwater �ow path at the North China Plain to investigate hydro-geochemical
processes controlling groundwater iodine. High iodine groundwater (> 100 µg/L) was characterized by
Na-Cl type, with high TDS values (827-2,400 mg/L) and high Cl (110–705 mg/L) and Br (416-1,180 µg/L)
concentrations, which may be related to marine in�uence. Borehole BT and HH had pore water I
concentration ranges of 1.4–132 µg/L and 3.6–830 µg/L, with high level occurred near to coastline and
corresponded to ancient transgression events. The results of sequential extraction of borehole sediments
indicate that the fractions of sediment inorganic iodine were mainly consist of exchangeable, carbonate
and Fe-oxides associated fractions. Fe-oxides associated iodine was the main occurrence state in
borehole BT far from the coastline, but high exchangeable iodine fractions (up to 92% of total extracted
iodine) were observed in a high salinity borehole HH located near Bohai Bay, corresponding to the
occurrence of high iodine pore water and groundwater. The analysis of iodine species indicates that
iodide with strong migration ability dominated high iodine groundwater, pore water and exchangeable
sediment iodine, re�ecting the occurrence of adsorption/desorption processes of iodine in groundwater
system. High iodine groundwater and pore water exhibited iodine enrichment relative to Cl and Br,
suggests that iodine adsorbed on sediment desorbed under suitable pH and high solution ionic strength
and subsequently released to pore water and aquifers. Inverse geochemical modeling stressed that ion
exchange play an important role in iodine enrichment of groundwater system.

1 Introduction
Iodine is a constituent of the hormones triiodothyronine (C15H11I4NO4) and thyroxine (C15H12I3NO4),
which mainly occur in the thyroid gland of mammals and play an important role in energy metabolism,
thermoregulation, and physical and mental development of the human body. Endemic thyroid diseases
are associated with excessive iodine intake from drinking water, and have become a serious and common
public health problem around the world (e.g. Kassim et al. 2014; Voutchkova et al. 2014). In China, the
national standard for the maximum concentration limit (MCL) of iodine in drinking water is 100 µg/L
(GB/T 19380 − 2016), and high iodine groundwater (> 100 µg/L) can be regarded as a vital factor
threatening residents’ health. Recent research veri�ed 12 provinces had excessive iodine in drinking water
and over 30 million people were exposed to the high iodine risk (Zhang et al. 2010; Wang et al. 2018).
Beijing, Tianjin, Hebei, and Henan provinces are the most concerning, and all are located on the North
China Plain (NCP). As one of the most populous regions in the world, the NCP has become a hotspot with
respect to groundwater resource depletion and water quality degradation in the past few decades. Some
studies conducted on high iodine groundwater of the NCP suggest reductive dissolution of iron oxides
(based on species analysis and geochemical modeling), degradation of organic matter (based on
hydrochemisty, biomarker and carbon isotopes), and sediment compaction (based on hydrochemisty and
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H, O, Sr isotopes) play roles in the enrichment of iodine in groundwater (Zhang et al. 2013; Li et al. 2017;
Xue et al. 2019a, b). These studies have concerned about complex biogeochemical or physical process,
but not conducted detailed analysis of the carrying form of active iodine loaded on sediments and the
effects of water-sediment interaction process on the iodine enrichment. Furthermore, inland and coastal
aquifer system has different geochemical characteristics, and it is of signi�cance to reveal the in�uence
of marine-affected sediment on iodine enrichment in groundwater system.

Iodine in the environment mainly exists in the ocean, which represents a critical reservoir of iodine on
Earth and the major source in its environmental cycle (Muramatsu and Wedepohl 1998; Fuge and
Johnson 2015). It has long been established that iodine is enriched in marine organisms, which can show
a general enrichment factor of over 30,000 relative to seawater (Fuge and Johnson 1986; Ar Gall et al.
2005; de la Cuesta and Manley 2009). Other studies have clearly shown that inshore soils contain high
iodine concentrations (about 10–60 mg/kg), while the iodine concentration in soils far from marine
in�uences is relatively depleted (about 0.5-3 mg/kg) (Johnson 2003; Fuge and Johnson 2015). This
indicates soils subject to marine in�uence are likely to affect the concentration of iodine in groundwater
after their burial and sedimentation. It is generally believed that the cycle of iodine is closely to the water
cycle, especially for the ground surface and atmosphere. But the transport of subsurface iodine is
neglected, and the behavior of iodine under the water-sediment interaction has not been revealed.

Recent research shows inorganic components can adsorb iodine and participate in the composition of
major minerals; for example, Nagata and Fukushi (2010) suggest iodine can adsorb onto metal oxides,
and Podder et al. (2017) show iodine can participate in the crystal structure of calcium carbonates.
Sorption to sedimentary minerals surfaces was supposed to impact iodine mobilization from conceptual
overview of underground biogeochemical processes conducted by Truex et al. (2017). Besides, Moore et
al. (2020) have reviewed that inorganic materials immobilized iodine by sorption or by redox process
coupled with sorption, such as apatite, sulfur-based, copper-based, bismuth-based materials, and etc.
This indicates the inorganic component should play an indispensable role in the iodine migration of
groundwater system. Iodine can be found in various oxidation states ranging from − 1 to + 7 and a range
of inorganic and organic forms including iodide (I−), iodate (IO3

−), elemental iodine (I2), and organic
iodine. Iodide and iodate are the most common species in natural aqueous systems and their adsorption
ability has a signi�cant impact on mobility. Iodate can sorb signi�cantly more than iodide (Nagata and
Fukushi 2010), with the latter widely used as a tracer in previous studies (Raza�ndratsima et al. 2015).
However, it has not been well-understood for the role of iodide and iodate with different geochemical
behavior in iodine-rich groundwater.

The objectives of this study were to (1) depict hydrochemistry evolution characteristics of groundwater
and pore water from sediments along the typical �owpath of the NCP, (2) investigate the loading of iodine
on marine-affected sediments, and (3) reveal the control of adsorption/desorption process on iodine
enrichment in the groundwater system. This was accomplished using sequential extraction, an effective
method to study the occurrence, state, and migration of elements that can be used to determine the
exchangeable iodine, iodine binding to carbonate, and iodine binding to Fe-oxides (Tessier et al. 1979).



Page 4/24

Combined analysis of sediment samples, pore water from two long boreholes and groundwater along the
�ow path were considered to evaluate iodine loaded onto sediments within Quaternary aquifers and
potential controlling processes on iodine mobilization in the groundwater system of the NCP.

2 Study Area
The NCP is located in the eastern part of China with a total area of ~ 140,000 km2 and an altitude of ≤ 
100 m asl. The NCP is covered by Cenozoic sediments that range from 50 to 2500 m thick and its
bedrock is mainly comprised of a suite of complicated strata of Pre-Cambrian metamorphic rocks,
Cambrian and Ordovician limestones, and Carboniferous and Permian sandstone shales. The Quaternary
strata are 20 to 600 m thick with a lithology of mainly clay, clayey silt, silt, and sand. Dispersed pebble
beds occur in the piedmont area and laminated �ne silt or clay mainly occurs in the coastal area. These
sediments are dominated by alluvial deposits with interbedded marine deposits in the littoral plain. The
three main rivers—the Yellow River, Hai River, and Luan River—along with their tributaries, play a role as
discharge channels for the groundwater system and variably act as sources of recharge to the
uncon�ned aquifer. Due to sea level �uctuations during the Quaternary, marine transgression and
regression events took place on the coastal plain sequentially from the Early Pleistocene to the Holocene,
including the Bohai, Haixing, Huanghua, Baiyangdian, Cangzhou, and Tianjin transgressions (Lin and Dai
2012). Representing a typical section in the middle of the NCP, the study area runs from the piedmont
regions of the Taihang Mountain in the west and drains into the Bohai Sea in the east (Fig. 1).

According to sedimentary characteristics and relative geographic positions, the NCP is traditionally
separated into three primary hydrogeological zones from west to east: the piedmont region, central plain,
and coastal plain (Wu et al. 1996). The three zones have special hydrogeological roles in the groundwater
�ow system as the main recharge (I), runoff (II), and discharge zones (III), respectively. Recharge for
shallow uncon�ned groundwater mainly occurs in the piedmont region because of the coarse soil texture,
and natural discharge occurs through evapotranspiration in the coastal plain. Precipitation, irrigation
return �ow, in�ltration of surface water �ow in rivers and canals, and lateral in�ow are potential sources
of shallow groundwater recharge (Zhang et al. 1997). Under pumping conditions, deep groundwater may
receive groundwater leakage from the shallow aquifers due to the enhanced downward hydraulic
gradient, compaction-released pore water, and inter-aquifer in the coastal area (Cao et al. 2013). Extensive
exploitation of groundwater for irrigation and drinking water has caused a more rapid decline in
groundwater levels, and resulted in regional land subsidence accompanied by compaction of
compressible clay and a large amount of pore water entering aquifers (Guo et al. 2015).

The Quaternary aquifers, composed of sandy gravel and medium �ne-grained sand with interlayers of silt
and clay, contain sediment under the in�uence of marine transgression in the coastal area. Four major
aquifer units are generally de�ned from top to bottom as Aquifers I, II, III, and IV, respectively (Zhang
2005). Aquifer I (formed in the Holocene) is an uncon�ned aquifer at a depth of 10 to 50 m, consisting of
medium sand in the piedmont and �ne-grained sand in the littoral plain. The depth to the groundwater
table is ∼2–3 m, and the speci�c yield is about 1–2.5 m3/hm. Groundwater is Ca–HCO3 type with TDS < 
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0.7 g/L in the piedmont and Na–Cl type with TDS > 2 g/L in the central and littoral plain (maximum value
9 g/L). Aquifer II (formed in the late Pleistocene) is located at a depth of ∼150 m and consists of �ne
sand and silt. The groundwater hydrochemistry is similar to Aquifer I. Aquifers III and IV (formed in the
middle and early Pleistocene) are hydraulically connected and are currently the main exploitation layers
for water resources. Aquifer III, at a depth of 250 to 350 m and with a thickness of about 25 to 60 m, is a
con�ned aquifer consisting of �ne sand. The speci�c yield is about 5–10 m3/hm. The groundwater is
Na–Cl–HCO3 type with TDS values 1–3 g/L. Aquifer IV, at a depth of about ∼550 m, has a thickness of

20 to 50 m and consists of �ne sand and silt. The speci�c yield is less than 2.5 m3/hm. The groundwater
is Na–Cl–HCO3 type with TDS values 1–3 g/L (Zhang et al. 2000; Chen et al. 2003; Kreuzer et al. 2009).

3 Methods

3.1 Sampling pro�les
For this study, one groundwater �ow path was selected that extended from Shijiazhuang, through
Hengshui and Botou, to Huanghua, with a total length of about 380 km. It was located in the north of the
NCP, starting from Taihang Mountain and ending in Bohai Bay. 43 groundwater samples were collected
from wells with depths between 50 and 600 m corresponding mainly to Aquifer III and IV along the
groundwater �ow path, which is the supply of local drinking water (Fig. 1). Shallow wells (depths < 100
m) were mainly in front of the mountain where the thickness of the Quaternary strata was less than 100
m. Groundwater was sampled from each well after pumping (usually 10 min). Groundwater �eld
parameters, including pH and redox potential (ORP), were measured in situ using a portable multi-
parameter meter (HACH, HQ40D). One seawater sample was collected from Bohai Bay at the end of
groundwater �ow path. Chemical and physical parameters, including pH and ORP, were measured on site
using Hach portable meters after stabilization. All water samples were collected in HDPE containers using
vacuum �ltration and �ltered through 0.45-µm membranes. Samples for cation analysis were acidi�ed
using ultra-puri�ed HNO3 to pH < 2, and samples for anion analysis were collected directly after being
�ltered. Samples for iodine species analysis were �ltered through 0.45-µm membranes when sampling
and collected in iodine-free brown plastic bottles without headspace.

Sediment boreholes BT (depth: 322 m) and HH (depth: 386 m) are distributed along the groundwater �ow
path (Fig. 1). Borehole BT is located in the runoff area, and boreholes HH are located in the coastal area,
with HH closer to Bohai Bay. Borehole sediments were collected in the area where groundwater had a
total iodine concentration transitioning from low (< 100 µg/L) to high (from 100 to 1110 µg/L). A total of
107 sediment samples were collected from three boreholes using vacuum packing after remove external
turbulent and stored at 4 ℃ to minimize the change in chemical composition.

3.2 Groundwater chemistry analysis
Alkalinity was determined using the hydrochloric acid titration method within 24 h of sampling.
Concentrations of major anions in unacidi�ed aliquots were determined by ion chromatography (IC)
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(Metrohm 761 Compact). The analytical precision of anion analysis was < 5%. Cations were determined
using inductively-coupled plasma optical emission spectroscopy (ICP-OES; iCAP 6300, Thermo) with an
analytical precision of 5%. Charge balance errors for all groundwater samples were < 8%. Trace element
analysis, including bromide and iodine concentration, was conducted using inductively-coupled plasma
mass spectrometry (ICP-MS; Agilent 7900). Iodine species (iodate and iodide) were separated and
measured by high performance liquid chromatography-ICP-mass spectrometry (HPLC-ICP-MS; Agilent
1260; Agilent 7900; AG 20 analytical column, ICS-1500, Dionex). The organic iodine concentration was
calculated by deducting the concentration of iodate and iodide from the total iodine concentration. All
samples subjected to iodine and bromide analysis had a precision better than 5%.

3.3 Sediment geochemistry analysis
One sample every 5 m from the borehole sediment was used to grain size analysis and performed by a
laser particle size analyzer (Mastersizer 3000, Malven Instrument Ltd. UK). All samples were then crushed
and ground to less than 200 mesh size in the laboratory. A portable multi-parameter meter (HACH,
HQ40D) was used to measure the electrical conductivity (EC) of sediment suspension with sediment to
water ratio of 1:5. Sediment total organic carbon (TOC) was analyzed by an element analyzer (Vario TOC,
Elementar) after the removal of inorganic carbon by hydrochloric acid. Major elements of sediments were
determined by ICP-OES (IRIS Intrepid II XSP) after digestion of HNO3 + HF + HClO4.

As proposed by Tessier et al. (1979) and modi�cated by Hou et al. (2003), a sequential extraction was
conducted to determine extractable iodine in sediments. Iodine in the organic fraction is discounted due
to the low total organic matter content in the sediments. To understand iodine mobilization in the
groundwater system, three fractions of extracted iodine were selected: 1) the exchangeable fraction,
extracted with 0.005 M KCl and then 0.1 M KCl; 2) carbonate associated, extracted with 0.44 M acetic
acid in 0.1 M KCl; and 3) Fe-oxides associated, extracted �rst with 0.01 M NH2HCl in 0.1 M HNO3 at room
temperature and then with 0.04 M NH2HCl in 0.1 M HNO3 at 96°C. After each extraction step, the slurry
was centrifuged at low speed (4000 rpm) to separate the aqueous phase with the extracted iodine from
the sediment, then the supernatant was �ltered through a 0.45-µm membrane to ensure the removal of
�ne particles. Iodine in the form of iodate and iodide in each extracted fraction was measured by HPLC-
ICP-MS. The total extracted iodine concentration reported is calculated by the total of the three fractions
(exchangeable, carbonate associated, and Fe-oxides associated). All samples subjected to iodate and
iodide analysis had a precision better than 5%, with a reproducibility of < 6%.

3.4 Pore water extracted from sediments
In order to better understand the chemical characteristics of pore water in aquitards (silty clay), a
squeezing method of extracting pore water was adopted and a schematic diagram of the mechanical
press apparatus was shown in Fig. A1. Detailed operating procedures have been addressed in our
previous study (Xue et al. 2019a). A total of 21 sediment samples were conducted on compaction
experiment and 111 pore water samples were obtained during the increase of pressure. Because of the
limited amount of samples, these pore water samples were only tested for anions, including Cl, Br. And
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Iodine and their species were performed the same as those in groundwater with a precision better than
5% and a reproducibility of < 6%.

4 Results

4.1 Evolution of groundwater chemistry
Geochemical characteristics of groundwater samples from along the studied �ow path in the NCP are
summarized in Table A1 and presented as three regions (I: recharge area; II: runoff area; III: discharge
area) according to the difference of hydrogeological conditions. In the region I and II, groundwater
samples exhibit a slightly wider pH range between 7.25 and 8.55 and a relatively positive ORP value
varying from 86 to 170 mV, indicating a weak reduction or oxidation condition (Fig. 2a and 2b). TDS
values range from 269 to 866 mg/L with a median of 661 mg/L and are relatively low, indicating fresh
water of recharge and runoff area. Groundwater samples have a Na+ concentration range of 14 to 350
mg/L with a median of 98 mg/L, a Ca2+ concentration range of 7.7 to 189 mg/L with a median of 39
mg/L and a Mg2+ concentration range of 3.1 to 31 mg/L with a median of 14 mg/L. Alkalinity expressed
as HCO3

− ranges from 92 to 478 mg/L with a median of 289 mg/L, SO4
2− ranges from 23 to 274 mg/L

with a median of 143 mg/L, and Cl− concentrations range from 7.2 to 263 mg/L with a median of 64
mg/L. These indicate groundwater from region I and II is mainly characterized by Ca-HCO3 and Na-HCO3

type, respectively (Table A1; Fig. 3).

In the region III, groundwater has a narrow pH range of 7.8 to 8.34 and a ORP range of -214 to 126 mV,
indicating weak alkaline and from reducing to oxidizing condition. Compared to region I and II, TDS
values of groundwater samples from region III had a high level of 892–2400 mg/L with a median of 1500
mg/L. Groundwater has a Na+ concentration range from 353 to 832 mg/L with a median of 525 mg/L, a
Ca2+ concentration range from 13 to 34 mg/L with a median of 17 mg/L and a Mg2+ concentration range
from 7.1 to 58 mg/L with a median of 12 mg/L. For groundwater anions, HCO3

− concentration varies

from 281 to 551 mg/L with a median of 418 mg/L, SO4
2− concentration varies from 87 to 278 mg/L with

a median of 158 mg/L, and Cl− concentration varies from 110 to 705 mg/L with a median of 389 mg/L.
The chemical types of groundwater are mainly Na-Cl (Table A1; Fig. 3).

Total iodine concentration in groundwater ranges from 3 to 1,106 µg/L, with an average value of 271
µg/L. More than 48% of the groundwater samples have an iodine concentration higher than the Chinese
MCL value for iodine in drinking water. As shown in Fig. 1, high iodine groundwater (> 100 µg/L) is mainly
concentrated toward the end of the �ow path and the region III, and presents an increasing trend along
the groundwater �ow path. The obvious increase occurs in the coastal area, where the groundwater
iodine concentration ranges from 110 to 1,110 µg/L (Fig. 2c). Iodide concentration ranges from 0.7 to
854 µg/L and is the predominant species in high iodine groundwater (Fig. 2d and A2). Iodate and organic
iodine range from < 0.1 to 695 µg/L and from < 0.1 to 296 µg/L, respectively. Groundwater had a Br−

concentration range of 233–2015 µg/L in region III, higher than the range 26–367 µg/L in the region I and
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II. The Cl/Br molar ratios of groundwater range widely between 133 and 3,680. The seawater sample has
a Cl/Br molar ratio of 1,231, higher than the average value of seawater (650).

4.2 Sediment geochemistry
As shown in Figs. 4 and 5, the lithology and grain size analysis of sediments showed that the aquifer
sediment is mainly composed of silty sand and interbedded with silty clay, and thick silty clay (�ne
particles) was prevalent among the three boreholes. The TOC value in sediments is generally low, with
0.021–0.485 (median: 0.064) % for borehole BT, 0.023–0.237 (median: 0.07) % for borehole CZ, 0.016–
0.765 (median: 0.059) % for borehole HH, and only relatively high value existed near ground surface. The
electric conductivity (EC) of sediment suspensions ranged from 99.6 to 934 µS/cm for borehole BT, 176
to 612 µS/cm for borehole CZ, and 310 to 5,680 µS/cm for borehole HH. Element analysis of the
sediments indicates that they contains abundant Fe2O3 and Al2O3, with 3.1–12 (median: 5.8) wt% and
8.8–17.8 (median: 14.6) wt% for borehole BT, 2.8–12 (median: 5.8) wt% and 7.9–18 (median: 14) wt% for
borehole HH, respectively.

The extracted iodine concentration for the three binding states (exchangeable, bound to carbonate, bound
to Fe2O3) in the borehole sediments is shown in Table A3 and A4. The total iodine concentration
extracted from the borehole sediments ranges from 0.053 to 1.7 µg/g for BT, 0.089 to 0.88 µg/g for CZ,
and 0.17 to 3 µg/g for HH. The highest extracted iodine concentration in sediments from borehole HH
occurs at a depth of 270–280 m, much higher than other values. Low exchangeable iodine
concentrations are observed in boreholes BT and CZ, ranging from < 0.001 to 0.094 µg/g and from 0.024
to 0.066 µg/g, respectively. High exchangeable iodine concentration occurs in borehole HH and ranges
from 0.015 to 2.85 µg/g. Note that the highest total extracted iodine concentration corresponds to the
highest exchangeable iodine. The iodine species analysis indicates the exchangeable iodine is basically
iodide. The concentration of iodine binding to carbonates ranges from 0.007 to 0.361µg/g for borehole
BT and 0.005 to 0.289 µg/g for borehole HH. There is no apparent difference in iodine binding to the
carbonate phase between the two boreholes. Of the chemically active fractions, abundant iodine is bound
to Fe-oxides in the sediments: 0.04 to 1.67 µg/g for borehole BT and 0.073 to 0.49 µg/g for borehole HH.

4.3 Pore water chemistry
As shown in Table A5, pore water had a range of 147-34400 mg/L for Cl− with a median of 959 mg/L,
115–69500 µg/L for Br− with a median of 1300 µg/L and 1.4 to 830 µg/L with a median of 16 µg/L for
iodine from the two boreholes. Individually, Cl− concentration of pore water had a range of 147–359
mg/L from borehole BT and 4190–34400 mg/L from borehole HH, presenting an increasing trend toward
to Bohai Sea. Similarly, Br− concentration of pore water had a range of 115–779 µg/L from borehole BT
and 6580–69500 µg/L from borehole HH. Borehole BT and HH had pore water iodine concentration
ranges of 1.4–132 µg/L, 4.8–80 µg/L and 3.6–830 µg/L, respectively. High iodine concentration of pore
water occurred at the speci�c depth of 150 m and 280 m from borehole HH. Pore water samples had a
range of < 0.1–11 µg/L with a median of 0.2 µg/L for iodate, 0.1–809 µg/L with a median of 8.3 µg/L for
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iodide and < 0.1–43 µg/L with a median of 3.2 µg/L for organic I, respectively. Iodide was the
predominant species of I in pore water, coexisting with iodate and organic iodine (Fig. A3).

Pore water had a Cl/Br molar ratio range from 590 to 3460 with a median of 1320 and difference existed
between two boreholes. The Cl/Br molar ratio of pore water changed from 591 to 3460 with a RSD
(Relative Standard Deviation) value of 691 for borehole BT, and from 694 to 2010 with a RSD value of
305 for borehole HH (Figs. 4 and 5).

5 Discussion

5.1 Loading of marine iodine on sediment
Sediments affected by different environment backgrounds (e.g. �uvial, marine) generally have unique
geochemical signals (Zhang et al. 1997). This is re�ected in the sediments from the two boreholes
located different distances from the coastline (Fig. 1; from far to near: BT, HH), showing high salinity
sediments from the borehole HH (Fig. 6). It is worth to note that the concentration of Cl− and Br− in pore
water behave similar to sediments’ salinity (Table A3). Seawater had a TDS value of 26300 mg/L, with
15500 mg/L Cl, 28400 µg/L Br (Table A2). It is known that that the Cl− and Br− of seawater present
signi�cant enrichment relative to general continental fresh waters (Channer et al. 1997). Trend can be
observed in two boreholes that higher Cl− and Br− concentration of pore water as closer to the Bohai Sea.
Cl− and Br− are widely used as tracer based on their ideal conservative characteristic (Davis et al. 2004;
Cartwright et al. 2006; Alcalá et al. 2008). Generally, they are highly soluble and do not undergo ion
exchange and adsorption on minerals, and thus some physical process (mixing or dilution) can change
their absolute amount but Cl/Br molar ratio. Marine-affected groundwater is considered to exhibit a stable
Cl/Br molar ratios, equal to or higher than 650 (Davis et al. 2004). In the Borehole HH, the relatively high
Cl− and Br− concentration and stable Cl/Br molar ratio of pore water is closer to that (1230) of seawater
sample in the coast of Bohai Sea, indicating the marine origin of Cl− and Br− (Table A3, Figs. 5 and 6). In
the coastal regions of the NCP, the Quaternary strata are comprised of �ne-grained �uvial sediments
showing high proportion of clay and silt, which are prone to waterlogging and serve as a reservoir of
seawater ions (Figs. 5 and 6). According to the paleo-environment reconstruction suggested by Zhang et
al. (2005) and Wang and Li (2008), past lakes and marshland could have retained seawater during
marine transgression-regression cycles, resulting in a large amount of salinity loaded on the sediments,
including Na+, Cl−, and Br− of marine origin (Kesler et al. 1996; Channer et al. 1997). The Na-Cl type
groundwater with high Br− concentration (214 to 2015 µg/L) and high TDS (1,100 to 2,400 mg/L) in the
coastal area was assumed to be the result of salinity leaching from such sediments (Table 1; Fig. 3).
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Table 1
Phase mole transfers of inverse geochemical modeling (in mol/L)

Mole
transfers

Initial solution NCP16-16 I:115 (µg/L) TDS:864 (mg/L)

Final solutions NCP16-03

I: 198
(µg/L)

TDS: 892
(mg/L)

NCP16-05

I: 367 (µg/L)

TDS: 1250
(mg/L)

CZ-10

I: 771 (µg/L)

TDS: 1820
(mg/L)

CZ-3

I: 1110
(µg/L)

TDS: 1800
(mg/L)

Albite NaAlSi3O8 -8.73E-04 4.48E-03 -9.39E-04 7.24E-03

Calcite CaCO3 -3.19E-02 2.89E-02 1.18E-02 8.58E-02

Fluorite CaF2 9.18E-04 2.67E-04 5.16E-04 5.15E-04

Halite NaCl 5.03E-02 2.58E-01 -9.33E-04 -1.06E-03

Kaolinite Al2Si2O5(OH)4 -1.05E-03 7.65E-03 -9.61E-04 1.13E-02

Chlorite(14A) Mg5Al2Si3O10(OH)8 1.78E-03 -1.02E-02 1.38E-03 -1.50E-02

K-feldspar KAlSi3O8 -5.96E-04 6.03E-04 1.01E-04 9.91E-05

CaX2 CaX2 4.37E-03 -5.44E-02 -5.34E-02 -1.18E-01

MgX2 MgX2 - 5.44E-02 - 8.18E-02

NaX NaX -8.75E-03 - 1.07E-01 7.15E-02

Gypsum CaSO4:2H2O 3.31E-02 3.27E-02 4.86E-02 3.88E-02

CO2(g) CO2 -5.75E-02 -1.20E-01 7.45E-02 -

“–“ data not available. Thermodynamic database used: phreeqc.dat. Positive values indicate
dissolution (mass entering water), and negative values indicate precipitation(mass leaving water).

The ocean is a repository for iodine, which is especially present in marine organisms. These iodine-rich
marine organisms are most likely to accumulate in sediments affected by seawater during marine
transgressions and their degradation during the long-term burial would release iodine (Xue et al. 2019b).
As a result of strong organic matter degradation, low levels of TOC and high concentration of inorganic
iodine species can be observed in sediment and groundwater, respectively (Tables S4 and S5; Fig. 4). It is
worth to note that the highest total inorganic-bound iodine occurred at the depth of 270–290 m,
corresponding to the horizon of Bohai transgression reported by Lin and Dai (2012). Similar to the
extracted inorganic-bound iodine in sediment, the iodine concentration in pore water exhibited relatively
high from borehole HH, with the super high iodine concentration corresponding to the horizons of Bohai
and Huanghua transgression (270–290 m and 130–165 m). These phenomena indicated the input of



Page 11/24

iodine to the groundwater system may be related to Quaternary marine transgressions accompanied by
paleo-climate change and sea level �uctuation. The marine transgression and regression events during
the Quaternary have been determined based on dozens of boreholes in the coastal area of the NCP, and
marine-affected sediments have accumulated in the study area (Lin and Dai 2012; Yao et al. 2012; Yi et
al. 2012).

Inorganic-bound iodine from sediment generally occurs in three main forms: exchangeable iodine, iodine
bound to carbonate, and iodine bound to Fe-oxides (Yamaguchi et al. 2010; Xu et al. 2015). Signi�cant
differences were observed with respect to extracted iodine concentration between the two boreholes. Fe-
oxides was believed as the important supporter of solid iodine from borehole BT (Fig. 5). However, for the
borehole HH, exchangeable iodine was the main occurrence state in sediments, with the highest
proportion of 92% in total extracted iodine (Fig. 6). Components in the exchangeable state are generally
adhered to the surface of minerals, such as metal (hydr)oxides which are abundant in sediment of the
NCP, and can migrate relatively easily during adsorption/desorption process. This indicates that marine-
affected sediments held considerable iodine easy to migrate, although some of iodine bound to Fe-
oxides.

5.2 Controls of adsorption/desorption on iodine enrichment
in groundwater

5.2.1 Insight from the relationship between iodine and Cl-,
Br-

Iodine belongs to the halogen group, which occupy group 17 of the periodic table and are characterized
by an S2P5 outer electron shell con�guration enabling their characteristic ability to form halide anions in
ionically bonded salts. F, Cl, Br, and I have some basic hydro-geochemical similarities and though exhibit
marked differences in behavior of mobilization and enrichment in sediments and their �uids. In
comparison with F, the heavier halogens (Cl, Br, and I) all have similarly strong incompatibilities in the
Earth’s environment (similar to K or Nb; Kendrick et al. 2013) and high solubilities in aqueous �uids. The
heavy halogens are however fractionated from each other by the evaporation of seawater beyond the
point of halite saturation, because Br and I are incompatible in halite, and Cl− substitutes for the OH-group
in many hydrous minerals more easily than the larger Br and I ions (Kendrick 2017). In this study, the
relative stable Cl/Br molar ratio of pore water excluded the effect of evaporation beyond the point of
halite saturation. Although the occurrence of some evaporation effects, the residual paleo-seawater from
marine transgression mostly undergone some dilution and desalination, according their lower absolute
concentration of Cl−. Whether evaporative concentration or dilution, halides changes in absolute
concentration, not relative concentration.

Br is a typical marine element and also found in organic compounds, similar to I. Previous studies
stressed that organic activity increased I and Br from meteoric water but could not change the Cl−
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concentration (Biester et al. 2006). Detailed geochemical studies have shown that organo-Br compounds
may be present in rich in organic matter or coastal environment, with Br possibly linked to amine groups
(Vassilev et al. 2000; Yudovich and Ketris 2006). This re�ected that Br concentration may be variable
during the process of organic matter decomposition. However, the obvious enrichment of iodine relative
to bromine may indicate a weak role from biological activity on iodine, at least from this study’s data. In
addition, biological activity in deep sediments was limited by low carbon sources (Table A3 and A4).

In addition to organic processes, some physicochemical processes are likely to affected element
migration and enrichment in groundwater system, such as adsorption and desorption processes (Mai et
al. 2014). As mentioned above, Cl− and Br− are generally observed as conserved anions and may not be
controlled by adsorption and desorption processes. As shown in Fig. 2c, iodide dominated the iodine form
in groundwater, which can adsorb onto mineral surface and exhibit strong migration ability (Nagata et al.
2009). This suggested that the relationship between iodine and Cl− or Br− might demonstrate the
adsorption and desorption process in the geochemical evolution of groundwater. I/Cl and I/Br weight
ratio of seawater were relative low, and thereby iodine enrichment relative to Cl− and Br− does not occur in
pore water and groundwater only under the marine in�uence. Due to the process of
adsorption/desorption, high I/Cl and I/Br weight ratios can be observed in high iodine groundwater and
pore water. The wide distribution of high iodine groundwater in coastal region indicates that iodine
enrichment may be associated with marine in�uence. From the vertical distribution of iodine (mainly
refers to sediment and pore water iodine at different depths), plaeo- transgression events may be the
main contributors to iodine enrichment. Thus, a theoretical iodine enrichment mechanism can be
proposed: In the events of paleo- transgression, iodine in seawater was adsorbed on sediments and
subsequently long-term adsorption/desorption process resulted in iodine enrichment of groundwater
system.

5.2.2 Insight from geochemical characteristics
As mentioned above, three main occurrence of iodine (exchangeable, carbonate and Fe-oxides
associated) showed that inorganic sedimentary iodine accumulated in the groundwater system, which
may act as origin of high iodine groundwater and pore water. Calcium carbonates, which are widely
found in sediments, are present as several polymorphs, including calcite, aragonite, and vaterite, as well
as amorphous phases (Kato et al. 2002). Elevated levels of iodine have been documented in both natural
and synthetic calcium carbonates and are considered to be present mainly as the IO3 group substituting
for CO3 (Podder et al. 2017). The mobility of iodine in the form of lattice structure is likely to be limited,
which also can be re�ected by the poor correlation between Ca and iodine in groundwater. Fe-oxides are
generally supposed to be adsorbed by large surface areas available for anions, especially for iodate
(Nagata and Fukushi 2010). In the borehole BT far from coastline, Fe-oxides were the major holder for
sedimentary iodine. Along the groundwater �owpath, the evolution of groundwater environment to
reducing environment supports the reductive dissolution of iron oxides. Therefore, the reductive
dissolution of iron oxides will inevitably release the loaded iodine, which is responsible for the enrichment
of iodine in groundwater with iodine concentration below 200 µg/L (Fig. 7a). It was interesting to note
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that exchangeable iodine presented high concentration and accounted for the most (up to 92%) of total
inorganic iodine from the borehole HH, where the groundwater iodine concentration higher than 200 µg/L.
And even, pore water from the borehole HH also had a high iodine concentration up to 830 µg/L. This
indicates that it should be desorption of exchangeable iodine from sediments controlling high levels of
iodine in groundwater and pore water.

As the main control process of high iodine groundwater, adsorption/desorption are mainly affected by pH
and ionic strength of groundwater (El-Bayaa et al. 2009; Hao et al. 2019). According to some studies
(Ledin et al. 1993; Venema et al. 1996; Nagata et al. 2009), pHZPC (ZPC: zero point of charge) for
common minerals, such as hydrous ferric oxide, hematite, α-Al(OH)3, were almost between 7.8 and 8.2,
corresponding to the range of high iodine groundwater (Fig. 2a). Iodide can be adsorbed onto minerals
under the groundwater pH < pHZPC, but desorbed from minerals under the groundwater pH > pHZPC. In
general, solution ionic strength can affect mineral surface reactivity, and in turn, impact trace element
adsorption. The increase in TDS in groundwater may result in impacts that act on exchangeable iodine
desorbed from minerals. According to recent research, two explanations are given for the effects of
solution ionic strength on mineral reactivity: competitive adsorption of solution electrolytes (e.g. Na+,
HCO3

−) with trace elements for adsorption onto minerals surface sites (Coppin et al. 2002; Bradl 2004),
and weakening of the mineral surface electrostatic �eld leading to a reduced capacity for trace element
adsorption (Bohn et al. 2002). As the most mobile species of iodine, iodide might be affected by both
processes. Therefore, high solution ionic strength may promote the release of iodide adsorbed onto
sedimentary minerals when high salinity sediments are leached by groundwater. The good linear
correlation (R2 = 0.70) between iodine and TDS in groundwater indicated that strong ion exchange play a
critical role in the high iodine groundwater (Fig. 7b).

5.2.3 Insight from inverse geochemical modeling
To further understand the effect of adsorption and desorption on the chemical composition of
groundwater, inverse modeling was used to describe quantitatively the water-sediment interaction along
the groundwater �ow path based on PHREEQC. According to previous studies conducted by Xing et al.
(2013), major mineral phases included albite, �uorite, halite, gypsum, K-feldspar, calcite, kaolinite,
Chlorite(14A), and CO2 (g) in aquifer sediments of the NCP. As an important reaction of groundwater

chemistry evolution, ion exchange was generally characterized by cation exchange between Ca2+ (Mg2+)
and Na+ and involved in this modeling. Initial groundwater sample was selected from the border of
coastal and central region, with iodine concentration of 115 µg/L. Final groundwater samples were
selected from coastal region, with iodine concentration of 198 µg/L, 367 µg/L, 771 µg/L, 1110 µg/L. The
results were showed in Table 1 and Fig. 8.

Although some minerals dissolution/precipitation occurred in coastal areas, the control of ion exchange
on iodine exhibited more prominently. The aquifer sediments were composed of medium and �ne sand in
central region, and gradually �ner in coastal region companied with clay mineral proportion (Figs. 4 and
5). The sediment of �ne particles also supports more ion adsorption sites, such as for Na+, Ca2+ and
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Mg2+. High ratios of Na/Cl would be supposed to arise from ion exchange between adsorbed Na+ and
Ca2+ and Mg2+ from solution, as following equation (Fig. A4):

Na2-sediment + (Ca2+ + Mg2+) (groundwater) = (Ca2+ + Mg2+)-sediment + 2Na+

In addition to cation exchange, competitive adsorption of anions is also very common in aqueous
environment (Violante 2013; Yang et al. 2015). As major anions in groundwater, both HCO3

− and SO4
2−

can adsorb onto minerals and present the competitive adsorption behavior with iodine. Due to
considerable amounts of exchangeable iodine (I−) on sediment, the competitive adsorption among
anions would cause the adsorbed iodide to be released into groundwater, as following equation:

I2-sediment + (2HCO3
− + SO4

2−) (groundwater) = (2HCO3
− + SO4

2−)-sediment + 2I−

As shown in Fig. 8, the increase of iodine concentration in groundwater was accompanied by elevated
proportion of ion exchange on water-sediment interaction, stressed again that strong ion exchange could
facilitate the desorption of iodide adsorbed on sediment.

5 Conclusions
A total of 43 groundwater samples, one seawater sample, 107 sediment samples and 111 pore water
samples were collected from the North China Plain to investigate iodine enrichment in the groundwater
system. Groundwater iodine concentration increased along the groundwater �ow path from Taihang
Mountain to Bohai Bay and increased greatly around the coastal area, with an overall range from 3 to
1,110 µg/L. More than 48% of the groundwater samples taken had an iodine concentration higher than
the value set by the Chinese government as the drinking water standard (100 µg/L). Active iodine
extracted from sediments from two long boreholes included exchangeable, carbonate associated, and Fe-
oxides associated fractions. Carbonates and Fe-oxides serve to store iodine, and no large differences in
two fractions were observed among the three boreholes. In contrast, exchangeable iodine was relatively
low in sediments from boreholes BT (inland) but high in borehole HH (coastal) (up to 2.85 µg/g). Past
marine transgression events have resulted in a large amount of marine iodine stored in sediments, likely
present as exchangeable iodide adsorbed onto mineral surface. As these marine-affected sediments
leach, the exchangeable iodine, existing as iodide adsorbed onto sediment, is desorbed and released into
pore water and groundwater. This mechanism is responsible for the widespread distribution of high
iodine groundwater in the coastal area of the North China Plain.
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