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Abstract The present state of iron (Fe) and manganese
(Mn) concentration in groundwater of Changchun city
located within the Songnen Plain of northeastern China
was evaluated in this study. Heavy metal sources, as
well as triggering mechanism, were analyzed using a
physicochemical, statistical and spatial approach. Re-
sults revealed that out of the 2600 samples analyzed,
214 (representing 8.24%) for Fe and 606 wells
(representing 23.34%) for Mn exceeded the water stan-
dard. Organic matter—rich sediments and Fe-Mn nod-
ules in aquifer and soil serve as sources of Fe and Mn.
Organic and inorganic complex formations, as well as
long residence time, were found to foster the release of
Fe and Mn into groundwater. Additionally, pH and well
depth was important in triggering Mn dissolution while

O. Adeyeye - C. Xiao - Z. Zhang - X. Liang

Key Laboratory of Groundwater Resources and Environment,
Ministry of Education, Jilin University, Changchun 130021,
China

0. Adeyeye - C. Xiao * Z. Zhang - X. Liang

National-Local Joint Engineering Laboratory of In-situ
Conversion, Drilling and Exploitation Technology for Oil Shale,
Changchun 130021, China

0. Adeyeye - C. Xiao - Z. Zhang - X. Liang (D<)
College of New Energy and Environment, Jilin University,
Changchun 130021, China

e-mail: lax64@126.com

0. Adeyeye
Global Geosolutionz, Typesetters Biz Complex, Department of
Geology, Ahmadu Bello University, Zaria 810107, Nigeria

®

Check for
updates

3 September 2020

groundwater mineralization, depth to the water table and
well proximity to the river were found to have minimal/
negligible effect on heavy metal mobilization. The re-
moval of Fe and Mn from the water before use was
proposed along with the sinking of deeper wells for
groundwater exploitation to limit the use of polluted
water.

Keywords State - Source - Triggering mechanism - Iron -
Manganese

Introduction

Changchun is a large city in Jilin Province, northeastern
China, hosting within it a 3.68 million-strong population
of Changchun and a total of about 7.534 million people
in the ten counties that constitute the study area
(Changchun Bureau of Statistics 2017). Groundwater
in Changchun constitutes 37% of the total drinking
water supply for the vast majority of the population in
decentralized water supply areas (Changchun Water
Conservancy Bureau 2017). Studies have shown the
presence of elevated iron (Fe) and manganese (Mn) in
groundwater from the area (Gui-shan 2011; Xi-Jun
2015). The national standard qualities for groundwater
are 0.3 mg/l and 0.1 mg/l for Fe and Mn, respectively
(National Standardization Administration 2017). The
problem of Fe and Mn in groundwater has been exten-
sively studied (Carretero and Kruse 2014;
Kshetrimayum and Hegeu 2016; Le Luu 2017; de
Meyer et al. 2017). The concentration of Fe and Mn in
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groundwater is usually related to geology, well depth,
proximity to rivers (anthropogenic sources), groundwa-
ter age (residence time), the thickness of overburden,
groundwater flow pattern and sometimes well age
(Beqiraj and Beqiraj 2011; Achary 2014; Demlie et al.
2014; Moyosore and Coker 2014; de Meyer et al. 2017).

Ingestion of water with elevated Fe and Mn can cause
chronic intoxication, lung embolism, bronchitis, impo-
tence, nerve damage and parkinsonism (Zoni 2007).
Excessive Mn intake has also been observed to influ-
ence the intellectual function of children, hyperactive
behavior and in other cases causing impaired intellectual
development (Wasserman et al. 2005; Bouchard et al.
2007; Bouchard et al. 2010) resulting in health and
economic cost (sometimes fatal cost) to consumers of
such untreated water (Howard et al. 2006). Despite these
effects and the fact that Fe and Mn are notable water
quality parameters, studies on these metals are fewer
than other trace metals (Huang et al. 2015). Consequent-
ly, source water management, as well as treatment, is
important for the control of Fe and Mn water intake
(Demlie et al. 2014; Tobiason et al. 2016). This is
because prevention and remediation strategies for
groundwater can successfully be carried out with accu-
rate knowledge of the source of pollution (Huang et al.
2018). Additionally, other heavy metals are usually
incorporated in the Fe and Mn oxide matrix as impuri-
ties. When oxides are precipitated, it can serve as indi-
cators of conditions that would be conducive to high
concentrations of trace elements that have similar chem-
ical characteristics acting as surrogates for other more
toxic, trace elements which are released when the Fe and
Mn are reduced and dissolved (Berg et al. 2001; Martin
2005; Zachara et al. 2001). In parts of the Songnen Plain
of northeast China, some studies have postulated
geogenic sources of Fe and Mn pollution (Jia et al.
2018, Zhang et al. 2020). However, anthropogenic con-
tributions have also been identified in large cities
like Harbin (Guo et al. 2018). Consequently, the
objective of this research is to (1) investigate current
levels of Fe and Mn pollution in groundwater; (2)
delineate its source (including probable anthropo-
genic signatures); and (3) examine several factors
(HCO3, NH,y, turbidity, total hardness, total dis-
solved solids, depth to the water table, well proxim-
ity to river and well depth) that can trigger its
dissolution in groundwater. The result is aimed at
providing data for better remediation strategies as
well as protecting the health of the city’s residents.
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Study area

Changchun is located between latitude 43° 05’ N to 45°
15’ N and longitude 124° 18’ E to 127° 05" E covering
an area of about 20,565 km?. Mean annual temperature
in the study area is 6.1 °C ranging from 39.5 to —39.8 °C
in summer and winter, respectively, with a large tem-
perature difference between day and night. Mean annual
precipitation is 577.3 mm with 80% concentrated within
May to September. July has the highest precipitation
(169.3 mm) while January has the least (3.9 mm). Mean
annual humidity, air pressure and evaporation are
61.9%, 986.7 hPa and 62.7 mm respectively
(Changchun Water Affairs Bureau 2018).

The study area is located in the east of Songliao Plain.
Due to the neo-tectonic movement, the land surface rises
slightly and the terrain is higher in the southeast and
lowers in the northwest. The overall terrain varies by
about 200 m. Geomorphic types in the study area can be
divided into three categories, namely low hills, platform
plain and valley plain. Low mountains and hills are
mainly distributed in the southeast of the study area,
and the elevation is 100-200 m higher than that of the
northwest river valley as the terrain fluctuates greatly.
The table and plain are distributed in most areas of the
study area, which is undulating or hilly. The river valley
plain is mainly composed of the flood plain and first-
level terraces, which are distributed along both sides of
Yitong river, Yinma river and Songhua river, and the
terrain is relatively flat.

Geologically, the study area is underlain by Holocene
sediments which include humus and subclay (Q,4), allu-
vial clay (Q;, Guxiangtun Formation) and loess (Q,,
Huangshan Formation); Lower Pleistocene fluvioglacial
sandy gravel and clay (Q;, Baitushan Formation); Early
Cretaceous glutenitic sandstone, siltstone and mudstone
(K, including Quantou, Qinshangkou, Yaojia and
Najing Formations). Other rock formations in the area
include Jurassic tuffs, sandstones, clays and pyroclastics
grouped as (J3), (J,) and (J;); Early Triassic glutenite
with clay (T3) and clastic rock (T;); Permian sandstones
and glutenites (P,) and (P;); a transitional rock (CP);
limestone (C,, Mopanshan Formation); sandstone with
limestone (C;, Lujuantun Formation); and older crystal-
line rocks which include diorite (85), syenite (&), gran-
ite (y4, Varisan), granite (y 3, Caledonian) and New
Proterozoic (Pt3) (Fig. 1). Unconfined aquifers formed
from the various geological formations occur in the area,
although the silty rock, fine sandstone and gravel stone
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of Quantou and Qingshankou Formations (K;) often
occur as a stratified confined aquifer (Xiao et al., 2009).

Methodology
Sample collection and analysis

A total of two thousand six hundred (2600) groundwater
samples were used with data sourced from the Water
Resources Bureau of Changchun city. Groundwater sam-
ples from different well locations were collected during
the fourth quarter in 2018 using plastic bottles. At each
location, the bottle was rinsed with the water to be sam-
pled before the water was collected. Sampling was done
following the National Environmental Protection Stan-
dard (2009) where two water samples each was collected
from the two thousand six hundred wells. One sample
was acidified for cation analysis in the field by adding a
few drops of concentrated HNO; to achieve a pH of
about two, thereby keeping the ions in solution and
reduce reaction with the container wall. Both samples
were transported to the Laboratory. The non-acidified
water samples were used for the determination of anions.
Coordinates of each of the wells were taken during the
fieldwork. The water samples were tested by Pony Test-
ing International Group in Changchun (http://www.
ponytest.com). All analysis was done using standard
procedure approved in China (National Standardization
Administration of China 2007a; National Standardization
Administration of China 2007b; State Environmental
Protection Administration 2004). Temperature and pH
were measured in situ using EC/pH meter (HANNA,
HI99131). TDS was measured by an electric blast-
drying oven and an electronic analytical balance
(vapor-drying method) while turbidity was deter-
mined via formazine scatterometer method (Xinrui,
WGZ-200) with detection limit determined to be
0.5NTU. Total hardness (TH) was measured by
Na,EDTA titrimetric method; the detection limit
was determined to be 1.0 mg/L. Fe and Mn were
tested by inductively coupled plasma atomic emis-
sion spectrometry (Agilent, 5100ICP-OES) with
detection limits determined to be 0.0045 and
0.0005 mg/L respectively. Ammonia nitrogen was
analyzed using an ultraviolet-visible spectropho-
tometer (UNICO, UV-2800) with the detection
limit determined to be 0.025 mg/L (National
Standardization Administration of China 2007c).

The reliability of the water sample analysis data
was checked by the relative error of the anion and
cation milliequivalent, and the error of all water
samples was less than 10%.

Computation of thickness of overburden

Depth to the water table (DTW) often referred to as the
thickness of overburden in the literature (Hossain et al.
2015) was estimated from the relationship between the
high-resolution (2 m) digital elevation model (DEM)
image from National Aeronautics and Space Adminis-
tration (accessed using BIGEMAP software) and
groundwater contours drawn from monitoring 188 ob-
servation wells using eq. (1)

T, = T.~GW, (1)

where T, is overburden thickness (m), T is the topo-
graphic elevation above mean sea level (m) (from high-
resolution DEM) and GW,, refers to groundwater eleva-
tion above mean sea level (m).

Statistical and spatial analysis

One thousand eighty-four (1084) well measurements for
Fe (representing 41.69% of the wells) and one thousand
four hundred sixty-three (1463) wells for Mn
(representing 56.27%) were found to be below detection
limit of the measuring instruments. Thus, the two thou-
sand six hundred (2600) data points were reduced to one
hundred ninety-seven (n = 197) for correlation and fac-
tor analysis. Median and 75th percentile values of whole
data were used for comparison as they are least subject
to variation amid many non-detects data (Helsel, 1990,
Ayotte et al. 1999). Correlation and factor analysis were
carried out between Fe, Mn and some related physical
and chemical parameters using Microsoft Excel and
Statistical Package for Social Sciences (SPSS) software
version 20. Varimax rotation was applied to principal
components during factor analysis (FA) using Kaiser’s
criterion (Kaiser 1960). The well proximity to rivers
(WPR) was estimated using the measurement tool in
ArcMap 10.2. Data reduction was manually carried out
because only distance of wells in the valley of the third-
order river (Songhua), fourth-order river (Yinma) and
fifth-order rivers (Yitong, Mushi and Wukai) was mea-
sured totalling four hundred twenty-two (n=422)

(Fig. 1).
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Fig. 1 Location map of the study area showing sample locations, rivers and geology

A total of 2596 well data was employed in spatial
analysis because four wells had their location coordinates
missing. The procedure involved placing Fe and Mn
concentration on thematic maps of geomorphology,

@ Springer

geology and soil. The total numbers of wells located on
the different features of thematic maps were determined.
The percentage of Fe and Mn exceedances (concentration
in wells above the standard) was subsequently compared.
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Results and analysis
Physiochemical parameters

Data obtained from laboratory and fieldwork is present-
ed in Table 1. In terms of Fe concentration in ground-
water, 214 samples representing 8.24% out of the 2600
samples of the data were above the 0.3 mg/L national
standard, while for Mn, 606 wells (23.34%) were above
the 0.1 mg/L standard (National Standardization
Administration 2017). Fe concentration had a median
of 0.03 mg/L (75th percentile of 0.1 mg/L) while Mn
concentration had a median of 0.01 mg/L (75th percen-
tile of 0.08 mg/L). Other measured parameters relating
to Fe and Mn occurrence and concentration had median
values of 7.63 for pH (75th percentile of 7.83), 0.05 mg/
L for NH4 with 75th percentile of 0.07 mg/L, 0.5 NTU
for turbidity with 75th percentile of 0.95, 313.86 mg/L
for TH (75th percentile of 478.78 mg/L) and 405.55 mg/
L for TDS with 75th percentile of 613.21 mg/L. Median
depth to water table (DWT) and 75th percentile were,
respectively, 7.5 m indicating the phreatic sources of
most wells in the area. The measured median proximity
of wells in the river valley to the respective rivers was
1265 m while the median depth of wells in the study
area was 22.00 m.

Table 1 Summary of physiochemical and field measurements

Correlation matrix

Pearson’s correlation results are shown in Table 2. A weak
significant relationship is seen between Fe and Mn in
water (r=0.145, p<0.05). The weak relationship be-
tween Fe and Mn has similarly been observed in ground-
water in Xiangjiang watershed in China (Huang et al.
2015) while Carretero and Kruse (2014) working in Ar-
gentina found a negligible correlation between Fe and Mn
in groundwater. This weak relationship may be due to the
influence of multiple factors on the occurrence of both
ions in groundwater or the fact that Fe and Mn contents in
the aquifer or soil mineral are not homogenous (Langmuir
1997). Fe has a significant moderate correlation with NH,4
and turbidity (»=0.419 and 0.637 respectively, p < 0.01).
Fe relationship with NH, may be indicative of the redox
state of the aquifer system as it infers reducing conditions
(Rotiroti 2013; Luu 2017). Fe has a weak significant
negative correlation with TH (»=— 166, p <0.05).

Mn has a weak significant correlation with HCO;
(r=0.149, p <0.05) highlighting the effect of organic
decomposition on Mn in groundwater (Mapoma et al.
2017). Mn has a weak significant negative correlation
with pH (»=— 0.195) indicating that acidic conditions
foster Mn dissolution (Jenne 1968; Gilkes and
McKenzie 1988; Yamanaka et al. 2011). As was the

Sample ID 'N Median 75th percentile Maximum Percentage above standard® (%)
Fe (mg/L) 2600 0.03 0.10 12.78 8.24
Mn (mg/L) 2600 0.01 0.08 14.17 23.24
NH;-N (mg/L) 2600 0.05 0.07 2.46 -
pH 2600 7.63 7.82 9.01 -
HCO; (mg/L) 2600 162.80 283.12 1484.07 -
Turbidity 2600 0.50 0.92 126.2 -
3TH (CaCOs, mg/L) 2600 313.86 478.78 2016.03 -
TDS (mg/L) 2600 405.55 613.21 2545.21 -
‘DWT (m) 2597 7.50 7.50 25.00 -
SWPR (m) 424 1257.50 1981.25 7080.00 -
WD (m) 2584 22.00 33.00 128.00 -

"N refers to the number of samples

2 Chinese Standard for drinking (Fe = 0.3 mg/L; Mn = 0.1 mg/L)

*TH refers to total hardness

“DWT refers to depth to the water table

> WPR refers to well proximity to the river
SWD refers to well depth

@ Springer
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Table 2 Correlation of physiochemical parameters and field observations with Fe and Mn concentration

Parameters Fe Mn NH4 Turbidity HCO; pH TH TDS DWT WPR  Well depth
Fe 1

Mn 0.145% 1

NH4 0419+  0.181* 1

Turbidity ~ 0.637*%  0.111 0.313% 1

TH —-0.166%  0.143* —0.046 —0.107 1

pH 0.009  —0.195% —0.056 0.005  0.04 1

HCO; 0.029 0.149" 0.156" 0.031 0.235%*

TDS -0.137 0.008 —0.044 —008  0376* 0.014 0.859% 1

DWT -0.112 —0.004 —0.168% -0.135 —0254** 0.163* —0.032 -0.093 1

WPR -0.121 0.034 —0017 —0.029  0.185% —0232% 0.034 0.019 —0.209%* 1

Well depth —0.031  —0.113 -0.072 -0.087  0.105 0.310%* —0.056 0.017 —0.02  0.062 1

*Correlation is significant at p <0.05

*#*Correlation is significant at p < 0.01

case with Fe, a weak significant positive correlation of
Mn with NH, was observed (= 0.181, p < 0.05 respec-
tively). Mn has a weak significant positive correlation
with TH (r=0.143, p < 0.05) indicating the influence of
inorganic complexes (Weng et al. 2007).

Factor analysis

The results indicate four factors account for 66.83% of the
variation within the data (Table 3). Factor 1 which ac-
counts for 20.13% of the variance has strong loadings of
Fe and turbidity, moderate loadings of NH, and minor
loading of Mn. This factor is related to the redox state of
the water. Factor 2 explains 18.64% of the variance having

Table 3 Varimax-rotated R-mode factor loading matrix

1 2 3 4
Fe 0.861 -0.110 —0.051 —0.008
Turbidity 0.798 —0.068 —0.008 —0.042
NH4 0.674 0.029 0.143 —0.107
Mn 0.268 0.181 0.035 —0.468
HCO3 0.183 0.502 0.491 0.177
pH 0.079 0.088 - 0333 0.764
Well depth —0.047 0.005 0.200 0.755
TDS —0.087 0.941 0.036 0.007
TH —0.121 0.918 —0.040 -0.139
WPR —0.186 —0.053 0.760 -0.112
DWT -0.214 —0.061 -0.677 —0.004

Factor loadings greater than 0.25 are italicized
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high loadings of TDS and TH and moderate loadings of
HCOs and is related to the mineralization of the water as
earlier shown by the correlation matrix. Factor 3 with
moderate and strong positive loadings of HCO; and
WPR respectively as well as weak negative loading of
pH, and a strong negative loading of depth to water table
explains 13.07% of the variance. This factor displays the
effect of surface-groundwater interaction and how it affects
pH and alkalinity. Alkalinity has been used to distinguish
acidic organically enriched soil water (surface water) from
more alkaline groundwater (Soulsby et al. 2003, Rodgers
et al. 2004). In general, when nearness to stream corrobo-
rates with shallower DWT, it infers an influent stream
(losing stream) regime as it contributes groundwater to
the wells. In this study, nearness to stream is negatively
loaded with DWT implying that streams that are closer to
the river have deeper DWT. Such a scenario implies an
effluent stream (gaining stream) regime as wells/aquifer
contributes to the streamflow regime which is consistent
with field observations of rivers in Changchun (Qiao 2016;
Hao 2017). Factor 4 which accounts for 11.78% of the
variance has high positive loadings of well depth and pH
with moderate negative loadings of Mn indicating the
relationship between deep aquifers and pH and its effect
on Mn dissolution.

Spatial statistical results

The summary of Fe and Mn concentration distribution
as related to the geomorphology, geology and soil of the
study area is shown in (Table 4 and Fig. 2). The
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percentage of water samples above the Fe standard as
distributed on respective geomorphological features of
the area is in the order alluvial valley plain (13.98%) >
erosional hills (10.78%) > denudation accumulation ba-
sin (7.28%) > alluvial lacustrine high plain (5.43%) >
platform high plain (4.35%) (Fig. 3, Table 4). Mn con-
centration distribution over the standard in terms of
geomorphology is of the order platform high plain
(66.67%) > alluvial valley plain (37.28) > denudation
accumulation basin (23.34%) > alluvial lacustrine high
plain (20.53%) > erosional hill (18.81%) (Fig. 3).

In terms of geology, the percentage of water samples
above the Fe standard as distributed in the study shows
tuff, clay and sandstone (J,) to be the most abundant
(22.22%). Syenite and diorite which have higher per-
centages (33.30% and 50% respectively) are considered
as outliers because of their smaller sample population.
Other higher Fe concentration percentages of samples
above Fe standard have sandstone and glutenite (P,)
(15.22%) > alluvial humus subclay (Q4) (11.33%) > al-
luvial clay(Qs) (8.41%) > mudstone and siltstone (K;)
(6.82%). Mn concentration distribution over the stan-
dard (excluding the outliers of syenite and diorite
33.33% and 0.0% respectively) is of the order alluvial
humus subclay (Q4) (38.4%) > alluvial clay (Q3)
(22.6%) > sandstone and glutenite (P,) (21.7%) > tuffs,
sandstone and clays (J,) (22.22%) > mudstone and silt-
stone (K;) (15.5%). It is worthy to note that lithological
formations with the higher Fe and Mn exceedances are
analogous to both Fe and Mn, although ranks vary
between them (Fig. 4).

The relationship of percentage exceedances of Fe
concentration in groundwater to the soil is of the order
umbrisols (10.48%) > chernozems (7.63%) >
kastanozems 7.55%) > albic soils (5.91%) > arenosols
(1.85%) >> solonchaks and solonetzs (90%). In the
case of soil relationship to Mn concentration in ground-
water, percentage exceedances is of the order arenosols
(53.70%) > albic soils (35.86%) > umbrisols
(29.64%) > solonchaks and solonetzs (28.57%) > cher-
nozems (18.05%) > kastanozems (10.07%) (Fig. 5).

Source of Fe and Mn in groundwater

The association of elevated Fe with Mn in groundwater
in northeastern China has previously been reported
(Zhang et al. 2012), and though mobilization mecha-
nism varies, Fe and Mn sources are mostly related to

soils, iron-manganese nodules in aquifer clay layers as
well as anthropogenic sources (Guo et al. 2018; Zhang
et al. 2020). A similar Fe-Mn association is observed in
this study as revealed by correlation and factor analysis.
The principal factor that affects Fe and Mn occurrence
in the groundwater of Changchun is related to the or-
ganic matter content of the groundwater as evidenced by
the relationship of these ions with ammonia and turbid-
ity both in the correlation and factor analysis results.
Reducing conditions at near-neutral pH is known to
trigger the dissolution of iron oxides and enrichment in
groundwater (Lindsay 1991; Chen et al., 2003; Pezzetta
et al. 2011; Molineri et al., 2014). These redox condi-
tions are fostered by a relatively high content of organic
carbon and fine-grained sediments because organic mat-
ter favor conditions that mobilize Fe and Mn into
groundwater (Roychoudhury and Merret 2006;
Palmucci 2016) which may be released from soil or
aquifer matrix (Erikson and Barnes, 2005; Zachara
et al. 2001; Beqiraj and Beqiraj 2011). Spatial distribu-
tion of Fe and Mn exceedances on the thematic map of
geology and soil corroborate this position.

In the case of geology (excluding the outliers of
syenite and diorite which are themselves rich in pyrox-
enes and amphiboles that may release Fe and Mn into
groundwater), the major rocks/aquifers with the highest
percentage of Fe and Mn above the standard are rich in
organic matter. The tuffs, sands and clays (J,) of
Xiajiajie Formation are rich in organic matter to the
extent of being interbedded with coal (Annals of
Changchun 1995). Other lithologies with high Fe and
Mn exceedances like sandstone glutenite (P,), alluvial
humus subclay (Q,4), alluvial clay (Qs) and mudstone
siltstone (K») are all associated with high organic matter
content with some containing loess-like clay with large
number Fe and Mn tube nodules. The reductive disso-
lution of Fe (and Mn) oxides driven by the degradation
of peat is thus believed to affect the mechanism of Fe
and Mn mobilization in groundwater as has been ob-
served in other aquifer systems (e.g. Caschetto et al.
2014; Rotiroti 2013; Rotiroti et al. 2014).

Additionally, the soil type developed within the study
area is also an important source of Fe and Mn in
groundwater. Umbrisols, chernozems and kastanozems
are usually characterized by the pronounced accumula-
tion of organic matter (IUSS Working Group WRB
2015) which enhance anoxic conditions that promote
Fe and Mn mobilization. This is similar to observations
in the study area as average humus contents of soils

@ Springer
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Table 4 (continued)

Mn

Fe

Thematic Map Feature

Percentage >  Sample number < Sample number > Total sample Percentage >
0.1 mg/l

0.3 mg/l

Sample number < Sample number > Total sample

0.3 mg/l number

0.3 mg/l

0.3 mg/l number

0.3 mg/l

0.00%
23.34%
53.70
35.86

0.00%
8.24%
1.85
591
7.63

6
2382

New Proterozoic (Pt3)

Subtotal

2596

606

1990

2596

214

54
237
1180

29
85
213

25

54
237
1180

53
223
1090

Arenosols

Soil

152
967

14
90

Albic soils

18.05

Chernozems (black

soils)
Kastanozems

10.07
29.64

28.57

278

28
249

278 7.55 250
591

21

257

840

10.48
0.00

88 840

752

Umbrisols

Solonchaks and

solonetzs

Subtotal

606 2596 23.34

1990

8.243451

214 2596

2382

*Data considered as outliers because of few sample number within the geologic formation

range from kastanozems (2.76%), umbrisols (2.73%),
chernozems (2.50%), albic soils (2.08%), arenosols
(1.89%), to solonchaks and solontzes (1.82%) (Annals
of Changchun 1995). Alternate reducing and oxidizing
environments caused by (1) repeated cycles of water
logging due to summer rains and permaftrost, followed
by dry spring period, and (2) alternating oxidation and
reduction in soil caused by seasonal rise and fall of
groundwater (water level fluctuation) have, respective-
ly, led to the formation of Fe-Mn nodules in soil sub-
surface layer. This water level fluctuation also serves to
trigger Fe and Mn dissolution in groundwater (Hossain
etal. 2015; Zhang, 2020). A similar scenario is common
with umbrisols as high groundwater level in the valley
plain being the main geochemical feature of umbrisol
formation (Jenco et al. 2018).

Anthropogenic influence on Fe and Mn mobilization
in groundwater has been inferred from a positive rela-
tionship between the proximity of groundwater wells to
rivers in some studies (Luu 2017; De Meyer et al. 2017).
The negligible correlation observed in this study implies
minimal anthropogenic influence on the heavy metal
mobilization in contrast to results found elsewhere in
northeast China (Guo et al. 2018). Jia et al. (2018)
observed wide spread human-influenced mobilization
of geogenic groundwater pollutants in parts of China;
however, the Fe and Mn concentration in groundwater
of Changchun area appears to be mainly geogenic in
origin.

A qualitative comparison of the spatial distribution of
Mn on the thematic map of geology and soil displays the
dual role of geology and soil as sources of Fe and Mn.
Mn exceedances in the northwestern portion of the study
area are here thought to be as a result of the alluvial
humus subclay geology rather than the arenosols
(Fig. 3). Alluvial aquifers are at times the most sensitive
to contamination as observed from Fe and Mn distribu-
tion because of the peculiar characteristics in terms of
low permeability and long residence time, for the pres-
ence of organic matter (Caschetto et al. 2014; Rotiroti
et al. 2014; Kim et al. 2014; Yadav et al. 2015).

Effect of pH and bicarbonate (HCO;) on Fe and Mn

The influence of pH on Fe in the study area is negligible
because of the insignificant correlation of Fe to pH.
Back and Barnes (1965) noted that little/no correlation
between pH and elevated Fe in groundwater is possible
and Fe dissolution is lower than Mn at pH of greater

@ Springer
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(78)

Percentage Fe > 0.3mg/l

(88)

(90)

(21)
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Geomorphology Geology Soil
EXPLANATIONS
20, Number of samples
@0 i g; gand_)t/ QF(G:VT' :nd_ clay c1 Sandstone with limestone
Geomorphology Pt3 Nglr;“ (rec(teraotzeoi?:man) J1 Pyro;lastlcs i
AL Alluvial lacustrine/proluvial high plain 55 Sand‘s’tone and glutenite (Mid Permian) Q3 AIIuv@I{ lacustrine clay
AV Alluvial valley plain ) P1 Sandstone and glutenite (Early Permian) CcP Transitional rock
DB Denudation accumulation basin K1 Mudstone and siltsone
ER Erosional hills T3 Glutenite with clay Soils
PP Platform high plain J3 Tuff, sandstone and clay (Late Jurassic) Ars Arenosols
T Clastic rock Als Albic soils
Geology c2 Limestone Chz Chernozems
Q2 Loess ) J2 Tuff, sandtone and clay (Mid-Jurassic) Ksz Kastanozems
G4 Granite (Varisan) Q4 Alluvial grey and black subclay sS Solonchaks and solonetzes

Fig. 2 Bar chart showing percentage spatial exceedances of Fe and Mn in the study area

N 1:1,000,000

(a)

10K

Legend

Boundary

Alluvial lacustrine/proluvial high plain,
Alluvial valley plain
Denudational accumulation basin

I crosional hills

I Piantform high plain

Sampling points
* Fe Below the standard(0.3mgL)
A Fe Over the standard(0. 3mg/L)

N 1:1,000,000

105 0 10K

(b)

Legend
Alluvial lacustrine/proluvial high plain
Alluvial valley plain
Denudational accumulation basin

I Ecosional hills

I Piantform high plain

Sampling points

+ Mn Below the standard(0.1mg/L)

4 Mn Over the standard(0. 1mg/L)
Boundary

Fig. 3 Spatial distribution of Fe (a) and Mn (b) concentration over geomorphology
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than 4.8 (Hem 1963). Mn dissolution decreases with conditions favor Mn dissolution (Martin 2005; Rao
increase in pH (increased alkalinity). This is consistent 2006; Moyosore et al. 2014; Kshetrimayum and
with other studies which have found that acidic Hegeu 2016). Since HCO3 concentration often defines

Legend Legend
Aeolian sandy soils Aeolian sandy soils
Albic soils Albic soils.
Black soils Black soils
Chernozems Chermozems
Dark brown earths Dark brown earths
Meadow soils Meadow soils
Solonchaks and solonetzes Solonchaks and solonetzes
Sampling points Sampling points
a * Fe Below the standard(0.3mg/L) * Mn Below the standard(0.1mg/L)
A Fe Over the standard(0.3mg/L) (b) A Mn Over the standard(0. 1mg/L)
—— Boundary Boundary

Fig. 5 Spatial distribution of Fe (a) and Mn (b) concentration over the soil types
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groundwater alkalinity (Groschen et al. 2009), the sig-
nificant positive correlation between HCO; and Mn
may be due to the formation of MnHCO;" complexes
which increase Mn solubility (Hem 1963). Factor anal-
ysis display of a positive relationship between well
depth and pH implies alkalinity increases with the depth
of well. This is believed to be related to the lithological
composition and groundwater conditions of most of the
study area as aquifers are characterized by organic-rich
alluvial formations (Demlie et al. 2014). At near surface
(shallower depth), availability of dissolved oxygen leads
to the oxidation of Fe** to ferric form Fe** (or Mn** to
Mn +**) state which produces H* that contributes to
acidity (Hem 1985).

Effects of TH on Fe and Mn

TH has strong significant correlation with TDS in this
study. It is believed to be related to the mineralization
and sometimes salinization associated with alluvial
aquifers of the study area (Fan et al. 2011; Wang et al.
2018). However, TDS has no significant effect on Fe
and Mn concentration implying that samples affected by
Fe and Mn contamination are the minority with respect
to the dataset (Palmucci et al. 2016). Positive correlation
of TDS with Fe and Mn usually indicates inorganic
complex formations as a source of elevated concentra-
tions in groundwater (Kshetrimayum and Hegeu 2016,
Zhang et al. 2020). Thus, the significant correlation of
Fe and Mn with TH may suggest the slight influence of
inorganic complex formations related to CO; ion be-
cause it was CaCO; hardness that was determined. The
significant relationship of Fe and Mn (to a lesser extent
Mn) with NH, and turbidity emphasizes the strong
influence of organic complexes on heavy metal disso-
lution because Fe-binding natural organic matter favors
dissolution of Fe in water (Pham et al. 2004; Gerringa
et al. 2016; Krupinska 2017). Microbial metabolism of
organic carbon in sediments is also known to drive
reduction of both Fe hydroxides and Mn oxides
(Chapelle 2000).

Effect of geomorphology on Fe and Mn

The prolonged residence time of groundwater in aqui-
fers may result in increased Fe and Mn concentration in
groundwater because it tends to be released progressive-
ly from the geological materials (Gruett, 1999;
Minnesota Pollution Control Agency 1999; Beqiraj

@ Springer

and Beqiraj 2011; Moyosore et al. 2014). The relation-
ship between groundwater age and geomorphology has
been conceptually shown to be limited in arid regions
(Maxwell et al. 2016); however, it has been severally
shown to affect groundwater residence time
(Hrachowitz et al. 2009; Mcguire et al. 2005; Tetzlaff
et al. 2009a; Tetzlaff et al. 2009b). Residence times are
estimated on the basis of its inverse proportionality to
the gradient of groundwater flow which is dependent on
the geomorphic characteristic of the area. Consequently,
with a strong influence of geomorphology (inferred
residence time) on Fe and Mn concentration in ground-
water, it is expected that ideal order of Fe and Mn
exceedances should be alluvial valley plain >
denudational accumulation basin > alluvial lacustrine
plain > platform high plain > erosional plain. Compar-
ison of this assertion with results from this study shows
that erosional hills in the case of Fe and platform high
plain in the case of Mn are the only odd occurrences to
this hypothesized ideal situation. Thus, it is thought that
residence time as inferred from geomorphology has an
influence on Fe and Mn concentration in groundwater in
the study area.

Conclusion

This study determined the present state of Fe and Mn in
groundwater Changchun area. Within the 2600 samples
analyzed, 214 (representing 8.24%) for Fe and 606 wells
(representing 23.34%) for Mn were found to exceed the
water standard.

The main source of these heavy metals was found to
be related to reducing environments created by organic
matter—rich aquifers and soils, along with the Fe and Mn
nodules present in them. Mobilization of Fe was en-
hanced by formation of organic complexes which trig-
ger Fe dissolution. Mn dissolution on the other hand was
mostly controlled by pH and formation of inorganic
complexes. Long residence time as inferred from geo-
morphology was found to foster release of Fe and Mn
into groundwater. Groundwater mineralization, depth to
water table and well proximity to river were found to
have minimal/negligible effect on heavy metal mobili-
zation while anthropogenic contribution to heavy metal
concentration was also precluded.

Since heavy metal exceedances is spatially spread,
the following recommendations are made: (1) The
source water removal of Fe and Mn prior to use is
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advocated to ensure safety of drinking water; (2) sinking
of deeper wells is also encouraged as a means of
exploiting less polluted water especially in terms of Mn.
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