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Professor Zhaoli Shen, Emeritus Professor in the China University of Geosciences and Foreign Academician of the
Russian Academy of Engineering, was one of the greatest pioneers in hydrogeochemical studies in China and
beyond. He left us forever on April 4, 2020, at the age of 88. In this Zhaoli Shen Tribute Issue, twenty-three
submissions were accepted which focus on hydrobiogeochemistry of redox-sensitive components in ground-
water systems and can be classified into five themes: (1) Interaction among water, gas, rock, and microbes in
aquifer systems; (2) Natural organic matter and its role in redox-sensitive component mobility; (3) Isotopic
signatures of redox-sensitive component sources and biogeochemical processes; (4) Roles of hydrogeochemical

and hydrogeological processes in the distribution of redox-sensitive components; and (5) Removal of redox-
sensitive contaminants. This special issue thus highlights the importance of hydrobiogeochemical processes in
controlling the cycling of redox-sensitive elements in aquifer systems.

1. Introduction

Redox-sensitive components, including trace elements (such as As,
Cr, U, V, Mo) and major ions (such SO%’, NO3, NHY), are ubiquitous in
groundwater, and their mobility is highly dependent on redox condi-
tions of aquifer systems (Borch et al., 2010; Guo et al., 2014, 2016a,
2020; Wang et al., 2019, 2020; O’Connor et al., 2022). When they have
high concentrations in drinking groundwater, most of them pose nega-
tive impacts on human health. There are strict drinking water guidelines
for those components from international organizations and in relevant
regulations in different countries/regions. For example, both the WHO
and EU have set 10 pg/L of As as the drinking water guideline (Guo et al.,
2014). Therefore, distribution and mobility of those redox-sensitive
components in groundwater have received much concern from both
government agencies and scientific communities.

Redox-sensitive components can be reduced or oxidized with the
presence of reductants (such as organic matter, sulfides, CH4) or oxi-
dants (such as dissolved oxygen, NO3, MnO,) in aquifer systems. The
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reductants and the oxidants are either dissolved in groundwater or in the
state of solid or gas. Those redox processes are usually mediated by
specific microbes in groundwater systems (Xiu et al., 2022; Kappler
et al., 2021; Guo et al., 2015), which greatly increase the rates of the
redox reactions. Therefore, these processes usually involve interactions
among water, gas, rock, organics, and microbes in aquifer systems.
Although tremendous studies have been carried out on geochemical
interactions between groundwater and rock/sediments (Appelo and
Postma, 2005; Erban et al., 2013; Gillispie et al., 2019; Khan et al., 2019;
Radloff et al., 2017; Wang et al., 2021), our knowledge about the
hydrobiogeochemical interaction among water, gas, rock, organics, and
microbes in aquifer systems is still limited (Xiu et al., 2020, 2021).
Natural organic matter (NOM), generally including dissolved organic
matter (DOM) and sedimentary organic matter (SOM), widely occurs in
aquifer systems, and is crucial in triggering reduction of redox-sensitive
components (such as Fe oxides, As(V)) as an electron shuttle or an
electron donor (Islam et al., 2004; Rowland et al., 2007; Guo et al., 2019;
Kulkarni et al., 2017; Schittich et al., 2018). Characteristics of NOM are
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closely related to its capacity of providing electrons. Labile organic
matter, being considered as aliphatic/proteins and carbohydrates, is
readily metabolized by microorganisms and provides electrons for
reduction of redox-sensitive components (Rowland et al., 2007; Qiao
etal., 2020; Lawson et al., 2016; Yan et al., 2020). NOM is a complicated
component in aquifer systems, and its characteristics are poorly under-
stood. Optical and molecular techniques help us to better reveal the
characteristics of NOM and its roles in redox-sensitive component
mobility.

Understanding the sources and biogeochemical processes of redox-
sensitive components in groundwater systems is critical not only for
locating drinking groundwater resources with safer-level concentrations
of redox-sensitive components, but also for remediating sites contami-
nated by redox-sensitive components. Environmental stable isotopes
have been universally used to effectively trace sources and geochemical
processes of dissolved components (Guo et al., 2016b; Glok-Galli et al.,
2022; Frisbee et al., 2022; Ren et al., 2022; Wright et al., 2021).
Generally, there are two types of stable isotopes: one is conservative,
which inherits isotopes from the source (such as Sr); the other is easily
subject to fractionation during (bio)geochemical processes (including
redox processes, adsorption-desorption, dissolution-precipitation, and
so on) (such as, C, N, S, O) (Fritz and Fontes, 1980; Clark and Fritz,
1997). Especially, microbes would preferentially metabolize isotopically
light elements during redox processes, which produces heavy
isotope-depleted components (Clark and Fritz, 1997). Based on this
observation, stable isotopes are powerful tools in revealing biogeo-
chemical cycling of redox-sensitive components (Guo et al., 2013; Xiong
et al., 2022; Tao et al., 2022). Therefore, multiple isotopes are required
to evaluate sources and biogeochemical processes of redox-sensitive
components in aquifer systems.

Professor Zhaoli Shen, Emeritus Professor in the China University of
Geosciences and Foreign Academician of the Russian Academy of En-
gineering, was one of the greatest pioneers in hydrogeochemical studies
in China and beyond. He left us forever on April 4, 2020, at the age of 88.
His intellectual legacies are profound and pass on through generations of
hydrogeochemists. In this special issue as a tribute to Prof. Shen, twenty-
three submissions were accepted which focus on hydrobiogeochemistry
of redox-sensitive components in groundwater systems. The following
themes are included: (1) Interaction among water, gas, rock, and
microbe in aquifer systems; (2) Natural organic matter and its role in
redox-sensitive component mobility; (3) Isotopic signatures of redox-
sensitive component sources and biogeochemical processes; (4) Roles
of hydrogeochemical and hydrogeological processes in distribution of
redox-sensitive components; and (5) Removal of redox-sensitive con-
taminants. This article, prepared in the format and style of a Perspective,
also serves as an extended preface for this special issue, introducing the
highlights of the papers in this meaningful collection.

Zhaoli Shen in a field trip to the Yellowstone National Park.

2. Themes of this special issue
2.1. Interaction among water, gas, rock, and microbe in aquifer systems

Groundwater system is a complex system, which contains water, gas,
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rock/sediment, and microbes. Interactions among water, gas, rock, and
microbe largely determine evolution of groundwater quality. Although
water-rock interaction has been largely considered in hydrogeochemical
investigations (Appelo and Postma, 2005; Erban et al., 2013; Gillispie
et al., 2019; Khan et al., 2019; Radloff et al., 2017; Wang et al., 2021),
the involvement of microbes and gases in the interaction has been
dramatically underestimated.

Guo L. et al. (2022) investigated the co-variation of the exogenous
input of NO3 and the change of microbial community along a flow path
in the southern North China Plain. They found that, along the flow path,
relative abundances of Proteobacteria and Epsilonbacteraeota increased,
but overall microbial diversity decreased. Microbial community and
co-occurrence networks were dominantly regulated by concentrations of
NO3, NO3 and DOC, indicating that exogenous NO3 and organic carbon
played the dominant role in shaping microbial community. They suggest
that microbial community distribution is intimately related to exoge-
nous inputs of NO3 and DOC, and likely outweighs the effect of
groundwater circulation or water-rock interaction on biogeochemical
processes (Guo L. et al., 2022). The related biogeochemical processes
were evidenced by multiple isotopic and groundwater chemical data in
riverbank filtration systems (Chen Y.X. et al., 2022). By using 62H—H20,
5180-H,0, 5'°N-NO3, and 5'80-NO3 in groundwater and 8'°N-TN and
5'°N-IEF-NH, in aquifer sediments, they found that denitrification,
organic nitrogen mineralization, and dissimilatory nitrate reduction to
ammonium (DNRA) are the important biogeochemical processes con-
trolling N species in groundwater.

Nitrate - metal reducing bacteria - ferrihydrite interactions were
investigated with anaerobic simulation experiments to reveal migration
and transformation of dissolved As and Fe by Liu E.Y. et al. (2022), who
found that the presence of NO3 decreased the reduction rate of Fe(III),
but promoted biological reduction of As(V) due to the increase in bac-
terial growth. Nitrate decreased As release by inhibiting the reduction of
As-bearing ferrihydrite, indicating that the presence of NO3 alleviated
As contamination in groundwater.

Cao and Yu (2022) investigated gas-rock interaction affected by
geochemical properties and pore structure of shale. They observed that
clay had a great effect on the adsorption amounts of CH4 and COs.
Methane was more likely adsorbed in micropores, while CO3 was more
likely adsorbed in macropores. The amount of adsorbed CO, was 2-7
times higher than that of CHg4, indicating that CO; injection was prom-
ising for shale gas extraction in the study area.

Due to the complex nature, equilibrium of water-rock interaction
was not apparently reached even in paleo-groundwater hundreds of
millions of years old (Alexeev et al., 2022). In the brine-kimberlite
system, with groundwater salinity of up to 400 g/L and kimberlite
breccias mainly consisting of quartz, calcite, serpentine, chlorite, and
mica, equilibrium simulation showed that groundwaters remained un-
saturated with respect to almost all groups of kimberlite-forming min-
erals, in spite of the high salinity and a very long-term water-rock
interaction. One of the proposed reasons is that gases (CO2) and products
of deep genesis (e.g., HCl, H,SO4, HNO3, and HF) act as an acidic
neutralizing reagent, which leads to disequilibrium of groundwater with
aluminosilicates (Shvartsev, 2000).

2.2. Natural organic matter and its role in redox-sensitive component
mobility

NOM would act as an electron shuttle or an electron donor to trigger
hydrobiogeochemical processes in groundwater system. Molecular
characteristics of NOM determine its specific role. Zhao et al. (2022)
identified molecular characteristics of groundwater DOM and water
extractable SOM (WEOM) from aquifer systems by using Fourier
transform-ion cyclotron resonance-mass spectrometry (FT-ICR-MS).
They found a positive correlation between DOC in WEOM and DOC at
depth-matched groundwater and large proportion of common com-
pounds in DOM and WEOM, and proposed that WEOM is the key carbon
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source in groundwater. In comparison with DOM, WEOM contained
relatively higher abundance of low molecular weight and thermody-
namically favorable components for microbial oxidation (aminosugars
and carbohydrates), which is in line with the observation by Qiao et al.
(2020). Accordingly, Zhao et al. (2022) suggested that organic matter is
processed into stable components after being mobilized from aquifer
sediment into groundwater, and highlighted the synergic effects of
aquifer SOM and processing pathway on molecular compositions of
groundwater DOM.

DOM in groundwater varied with the recharge of surface water. Yu
et al. (2022) monitored variations in geochemical parameters in surface
water and porewater near a wetland for around one year. They found
that DOC of porewater obviously increased when levels of surface water
rose during waterlogging period. Fluorescence indices and PARAFAC
modeling indicated that porewater DOM mainly derived from SOM
during the drought period and from both surface water DOM and SOM
during the waterlogging period. Surface water infiltration introduced
DOM and stimulated the release of SOM into the porewater, which led to
higher concentrations of dissolved As and Fe in the waterlogging period
by triggering reductive dissolution of Fe(III) oxides.

As consequences of redox processes, degradation of NOM changes
geochemical parameters of groundwater. Li Y.P. et al. (2022) predicted
the spatial distribution of geogenic P in groundwater from
alluvial-lacustrine sedimentary aquifers in the central Yangtze River
basin by employing three machine learning-based regression models,
and found that NH4~N and Fe?* were the two most important factors
associated with P enrichment in groundwater. Since NH} was formed
during mineralization of nitrogen-containing NOM, and Fe?* was pro-
duced from the reductive dissolution of Fe(Ill) oxides (Huang et al.,
2021; Gao et al., 2020; Du et al., 2021), P enrichment in groundwater
would be related to both degradation of P-containing NOM and reduc-
tive dissolution of P-bearing Fe(III) oxides (Li Y. et al., 2022; Zhou J.
et al., 2022).

2.3. Isotopic signatures of redox-sensitive component sources and
biogeochemical processes

Multiple stable isotopes have been used to trace sources of redox-
sensitive components and evaluate biogeochemical processes of those
components in aquifer systems. Mao et al. (2022) employed multiple
stable isotopes (5'°N-NO3, 5'%0-NO3, and ®7Sr/%®Sr) and hydro-
chemical data to elucidate sources and biogeochemical evolution of NO3
in groundwater. They observed that the dissolved components in
recharge zones were mainly controlled by natural processes, while
human activities predominantly altered the natural background levels of
groundwater in transition zones and discharge zones, where ground-
water NO3 was mainly sourced from sewage and NHj fertilizer and
manure affecting the local groundwater quality. In addition to
5'°N-NO3 and §'®0-NO3, Cao et al. (2022) utilized 5'°>N-NH4 and
8'80-H,0 to identify nitrogen sources and elucidate the mechanisms of
nitrogen transformation in groundwater systems. Results showed that
the main sources of nitrogen in the watershed were from NHj fertilizers,
NOg3 fertilizer, and soil organic nitrogen. The volatilization and nitrifi-
cation were the main processes controlling changes of nitrogen isotopes
in the water.

Zhang et al. (2021) used hydrochemical data and multiple stable
isotopes (viz., 6348—80%’, 6180—8042{, 8D-H,0 and 6180—H20) to trace
sources of groundwater SO~ and to quantitively evaluate the contri-
bution of multiple potential sources to SOF~ pollution in karst water
being combined with a Bayesian isotope mixing model. Results showed
that SOZ~ in the surface water was mainly derived from evaporite
dissolution (33%), sewage (19%), soil sulfate (15%), and sulfide
oxidation (10%), while that in the groundwater was predominantly
sourced from soil SO?;_ (32%) and sewage (31%). From the recharge
area to the discharge area, the proportions of sewage and evaporite
dissolution to groundwater SO%’ increased, while those of soil SO‘Z( and
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sulfide oxidation decreased. In comparison, the source of SO%~ in karst
geothermal water was sole (Bao et al., 2022). Using multiple isotopes,
including %sr/%®sr, §*s-so%, §'®%0-s0%, §'%0-H,0, §2H-H,0,
§13C-DIC, and *C-DIC in geothermal water, they evaluated the origin
and evolution of dissolved SO3~ in the Tangquan Karst geothermal
system. They showed that geothermal water SO~ was mainly derived
from dissolution of gypsum and other evaporite minerals in the car-
bonate reservoir. They constrained the origin of SO3~ with §3*S-S0F
from 27.6%o to 34.2%o and 6'80-503 from 14.3%o to 18.4%, indicating
open karst geothermal systems (Bao et al., 2022).

Zhang et al. (2022) employed hydrochemistry and multiple stable
isotopes (i.e., 87Sr/86Sr, §°H-H,0, 6180—H20, and 6348—8042{) to eluci-
date groundwater salinization processes in a coastal area of Beihai,
China. They observed that variations in TDS of groundwater corre-
sponded to spatiotemporal variations in %Sr/%Sr, §?H-H,0, and
5%%5-S0%, and proposed that groundwater salinity resulted from
seawater intrusion and infiltration of high-productivity mariculture
pond water.

2.4. Roles of hydrogeological and hydrogeochemical processes

Hydrogeological and hydrogeochemical processes are two important
aspects of hydrobiogeochemical studies. Integrated water chemistry and
isotope methods were used to identify the recharge sources and migra-
tion paths of an intermittent karst spring in China (Guo X.L. et al., 2022).
Results showed that the karst water system consisted of an upper aquifer
system dominated by dolomite and a lower aquifer system dominated by
limestone. The base flow of the karst system exhibited the hydro-
chemical characteristics of the upper dolomite aquifer system, but the
groundwater after the rain and siphon period showed the mixed
hydrochemical characteristics of the lower limestone aquifer system.
Those two aquifer systems and three groundwater migration paths
formed complex hydrological dynamic characteristics with different
groundwater sources. Those hydrogeological characteristics would be
recorded by travertine of the karst water system. Sun et al. (2022) used
a230Th-dated travertine 5'0 record at Zhangjia Ravine on the eastern
margin of the Tibetan Plateau to characterize sub-
annual-biannual-resolved Asian Summer Monsoon dynamics. They
showed that §'80 sequence was characterized by high-frequency fluc-
tuations at decadal to centennial scales with several abrupt changes. It
indicated that the Preboreal oscillation event was triggered by a fresh-
water outburst, which led to/resulted in a sudden release of thousands of
cubic kilometers of meltwater to the North Atlantic Ocean.

The aquifer system and the groundwater flow path are dependent on
sedimentation sequences in sedimentary basins. Liu H.Y. et al. (2022)
employed rare earth elements (REE) as tracers to elucidate sedimentary
provenance and depositional processes. Results illustrated that sedi-
ments originated from greywackes and experienced an incipient to in-
termediate chemical weathering. During sedimentation processes, REE
fractionation occurred from the piedmont to the littoral of the plain,
reflected by the fact that LREE were preferentially enriched over HREE
with an accumulation of REE in the piedmont and the central plain.

Wang et al. (2022) used a multicriteria approach combining hydro-
dynamic, hydrochemical, and stable isotopic tools to investigate the
impact of karst medium heterogeneity (i.e., karst hydrogeology) on
groundwater hydrogeochemistry in a mountainous area of Hubei
Province, Central China. They showed that groundwater was typically
characterized by HCOs-Ca-Mg type in the shallow aquifer and by
SO4—Ca-Mg type in the deep aquifer. With increasing circulation depth,
water-rock interaction and the heterogeneity of the karst medium
increased Ca®*, Mg?", Sr?*, and SO~ concentrations in groundwater,
which mainly resulted from dissolution of calcite, dolomite, and
gypsum.

Zhi et al. (2022) employed ionic ratios to explore the hydro-
biogeochemical processes of high As groundwater. According to
hydrogeological conditions and ionic ratios in groundwater, three
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hydrogeochemical zones were recognized approximately along flow
paths (i.e., weathering—fresh water zone (Zone I), evaporation-saline
water zone (Zone II), and seawater mixing-reduction zone (Zone III)).
High As concentrations were mainly observed in Zone III with relatively
high concentrations of Fe?>, NH4 and TDS and low NO3 and SO4/Cl,
indicating that both reductive dissolution of Fe(IIl) oxides and high
salinity contributed to As enrichment in groundwater (Zhi et al., 2022).

Zhou Y.Z. et al. (2022) collected groundwater samples along
hydrogeological profiles in a high As groundwater area in the Manas
River Basin, Xinjiang, China, which were analyzed for inorganic As
species, DOC, DIC, major ions, 6180—H20 and 8D-H50. Results showed
significant positive correlations between groundwater As and phosphate
and between groundwater As and carbonate and significant negative
correlations between groundwater As and the sulfate/chloride ratio and
between DOC and the sulfate/chloride along the south-north ground-
water flow path. They suggested that both competitive desorption and
sulfate reduction mediated by microorganisms have been important
processes in mobilizing As in the groundwater system.

Both hydrogeological and hydrogeochemical processes regulate
distribution of redox-sensitive components (such as As) in groundwater.
In order to reveal their relative importance in As mobility in aquifer
systems, Feng et al. (2022) took groundwater samples from three
hydrogeological transects and different aquifer sediment samples from
the Yinchuan basin (China) for hydrochemical and isotopic analyses.
Results showed that the hydrogeochemical characteristics played a
leading role in controlling As concentrations in each transect, where
both reductive dissolution of Fe(Ill) oxides and desorption of As
contributed to As enrichment. However, at the basin scale, hydraulic
gradients and groundwater flow conditions were the dominant factors
controlling As distribution, where groundwater in aquifers with higher
hydraulic gradients generally had lower As concentrations (Feng et al.,
2022).

2.5. Removal of redox-sensitive contaminants

Hydrobiogeochemistry of groundwater systems affects efficiency and
duration of remediation of redox-sensitive contaminants. Barron et al.
(2022) explored the efficiency of nitrate-Fe(I) treatments in mitigating
dissolved As concentrations by using laboratory-scale experiments on
sediment and groundwater from a severely polluted coastal aquifer.
They showed that more than 99% of dissolved As was removed in
selected experiments. Pre- and post-experimental characterization of
iron (Fe) mineral phases indicated that more than 90% amorphous Fe
(III) oxides were transformed into increased crystalline, recalcitrant
oxide and sulfide phases, with the formation of limited magnetite. The
higher Fe(II) amendment induced a more complete transformation of
the amorphous Fe phases and more stable retention of As in the solid
phase, in which the addition of labile organic carbon (lactate) as a
reductant had no effect on As stability.

Barnie et al. (2022) investigated adsorption and reduction of Cr(VI)
by kerogen with different degrees of geochemical alteration using an
anaerobic thermal simulation technique. They found the molecular
characteristics transition of kerogen from aliphatic to aromatic and ar-
omatic to aliphatic at 300 and 600 °C, respectively. The adsorption,
which was controlled by the carboxylic groups, of Cr(VI) on kerogen
increased with an increase in ignition temperature, which was
controlled by the carboxylic groups. However, Cr(VI) reduction capac-
ities decreased with an increase in ignition temperature due to the
decreasing of phenolic moieties and hydroxyl groups, which were the
main electron donors for Cr(VI) reduction. After reduction, Cr(III) was
complexed by the oxidized phenol sites. It highlighted that the kerogen
with different functional groups, aliphaticity, and aromaticity can
sequestrate Cr by means of adsorption, reduction, and complexation.

Chen L.P. et al. (2022) monitored the long-term performance of a
zeolite permeable reactive barrier (PRB) for in-situ remediation of
ammonium-contaminated groundwater in riverside source fields.
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During the stable stage (from 2012 to 2015), NH4-N in remediated
groundwater decreased below the national standard limit of 0.5 mg/L
due to the strong adsorption capacity of the zeolite for NHJ. During the
semi-stable stage (from 2016 to 2017), the PRB system maintained a
relatively high NH4-N removal efficiency by means of strong nitrifica-
tion. However, during the unstable stage (2018-2019), NH4-N of
remediated groundwater exceeded 0.5 mg/L because of NHJ desorption
and weak nitrification, which was evidenced by gene analysis of
groundwater. This study highlighted time-dependent decay in the PRB
performance for NH4~N removal, which should be a matter for concern
and suggests the need for frequent monitoring in related field
applications.

3. Conclusions

Hydrobiogeochemistry of redox-sensitive components involves
coupling of biogeochemical processes with hydraulic dynamics in
groundwater systems. Interdisciplinary integration of hydrodynamic,
hydrochemical, molecular biological, molecular organic, and stable
isotopic tools is critical for understanding the hydrobiogeochemical
behavior and cycling of redox-sensitive components. Currently, studies
mainly focused on (1) Interaction among water, gas, rock, and microbes
in aquifer systems; (2) Natural organic matter and its role in redox-
sensitive component mobility; (3) Isotopic signatures of redox-
sensitive component sources and biogeochemical processes; (4) Roles
of hydrogeological and hydrogeochemical processes in distribution of
redox-sensitive components; and (5) Removal of redox-sensitive con-
taminants. To ensure sustainable and safe supply and effective protec-
tion of groundwater resources, catchment-scale and site-scale
investigations need to be combined with laboratory-scale experimental
and modeling works to better characterize the hydrobiogeochemical
processes controlling the fate and transport of redox-sensitive compo-
nents in aquifer systems which fundamentally affect the quality and
ecological service value of groundwater.
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