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Abstract The hydrochemical characteristics of ground-
water in Songnen Plain’s agricultural area were ana-
lyzed based on aquifer types and topography classifica-
tion to evaluate irrigation suitability and factors
influencing groundwater quality. Samples of different
groundwater types and topographical conditions within
the research area were collected and chemical indices,
such as sodium adsorption ratio, %Na*, residual sodium
carbonate, and magnesium hazard values, were calcu-
lated to assess the groundwater suitability for irrigation.
The results indicated that groundwater was generally
neutral, with low total dissolved solids and slightly high
hardness; the dominant anion in groundwater was
HCO;, while Ca®* was the relatively stable primary
cation found in water samples from the high plain and
river valley plain. The nitrate in groundwater signifi-
cantly exceeded WHO drinking water standards, espe-
cially in the unconfined water of the high plain, which
was due to the large-scale agricultural production activ-
ities in the eastern regions. The main reactions in the
groundwater system were weathering and dissolution of
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carbonates and sulfates and ion-exchange reactions.
Horizontal zoning in water chemical characteristics
was prominent; from the high plain to river valley plain
and low plain, the hydrochemistry gradually
transitioned from HCO;-Ca-Na to HCOs-Na-Ca and
HCOs-Na. Based on the chemical indices, the majority
of samples were suitable for agricultural irrigation ex-
cept for some in the western area with high salinity and
sodium hazards. Treatment measures to groundwater
and soil should be taken to reduce the possibility of soil
salinization and promote crop growth in these latter
regions.

Keywords Hydrochemical characteristics -
Groundwater quality - Irrigation suitability - Songnen
Plain

Introduction

The Songnen Plain is located in the Northeastern region
of China (121° 21'-128° 18" E, 43°36'-49° 26' N), with
a total area of 18.7 x 10" km?. This region is an impor-
tant base for large-scale commercial grains and animal
husbandry; the fertile black soil that runs through the
Eastern high plain in a North-South direction is one of
the three major black soil regions in the world; and the
Central plain with vast pastures that are rich in forage is
an important livestock and dairy production base in
China (Wang et al. 2009; Chen et al. 2013; Wang et al.
2004). In the Songnen Plain, groundwater also plays a
significant function in the social and economic
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development (Chen et al. 2011; Bian et al. 2016). At
present, 46% of the economic and social water con-
sumption in Songnen Plain is drawn from groundwater,
and in the central region, the proportion of groundwater
exceeds 65%.

With social and economic development, increase in
water consumption and advances in groundwater extrac-
tion technologies, problems such as decrease in the
water level and the yield of groundwater as a result of
long-term over-exploitation cannot be ignored (Wen
et al. 2005). For example, the over-exploitation of
groundwater in the city of Harbin has turned its confined
groundwater into unconfined interlayer water, which
also caused its groundwater level to be 1018 m lower
than the aquifer roof; as for the Daqing Oilfield, the
long-term over-exploitation of groundwater has resulted
in a groundwater depression cone of 5560 km* (Zhao
et al. 2009). Furthermore, water pollution has caused
reduction in available resources. Increases in the amount
of industrial wastewater, municipal solid wastes, domes-
tic wastewater, and frequent agricultural activities have
led to the expansion of non-point source pollution,
further aggravating groundwater pollution caused by
the “3-Nitrogen” (ammonia, nitrite, and nitrate); and
significant increases in the total dissolved solids
(TDS), total hardness, chlorides, and sulfides in the
groundwater in some regions caused further reductions
in available groundwater resources (Salama et al. 1999;
Sun et al. 2011; Xiao et al. 2014). Additionally, under
the influence of factors such as climatic conditions,
groundwater burial and cycling conditions, and human
irrigation activities, the Songnen Plain has become one
of the three centralized distribution areas of soda saline
soil in the world, with saline land area accounting for
16.8% of the Plain’s total area. The agricultural devel-
opment in the area has been severely affected (Yang
etal. 2011a, b).

Using mathematical statistics analysis and water
chemical analysis methods, this study investigated the
evolution of water chemical characteristics in the vast
central and eastern region of the Songnen Plain. Because
the research area is an important base for grain produc-
tion, where agriculture is the primary use for water
resources, large amounts of groundwater need to be
exploited for agricultural irrigation; therefore, the qual-
ity of groundwater will directly affect the permeability
of soil and crop yield. Therefore, we selected suitable
hydrogeochemical indicators to evaluate the suitability
of groundwater for irrigation. In past studies, researchers
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have mainly classified groundwater resources into phre-
atic water and confined water based on the aquifer types
while evaluating water chemistry (Zhang et al. 2007,
Chen et al. 2011; Yang et al. 2011a, b). However, here,
because the research area is vast and there is a gradual
slope from the eastern region towards the central region
in topography, there are multiple hydrogeochemical
processes at work. Groundwater leaching, evapo-con-
centration, and ion-exchange reactions are significantly
influenced by changes in topography, and there are
corresponding changes in water chemical types.

To reveal the interaction mechanisms between
groundwater and external environment, both in the ver-
tical and horizontal directions, this study conducted
water chemical analyses based on aquifer types and
topography classification, respectively, reflecting the
current groundwater conditions of the study area com-
prehensively. The research conclusions can be used as
the scientific basis for developing and utilizing ground-
water, ensuring a sustainable supply of groundwater
resources while preventing soil salinization.

Study area
Geographic location

The research area comprises of 24 cities (counties) with
a total area of 65,732 km? including Harbin, Daging
City, Suihua City, and the cities and counties under their
jurisdiction (Fig. 1). The topography within the area
includes the high plain, the low plain, and the Songhua
River valley plain. The high plain is located to the east
of the research area, with an altitude of 180—400 m; the
differences in topography are relatively large, with a
gradual slope running from the eastern region towards
the central region. The low plain is distributed to the
west of the high plain, with altitudes generally between
130 and 160 m; and the topography is flat and open,
with a gentle tilt running from the north to the Songhua
River valley. The Songhua River valley plain is distrib-
uted in a zonal pattern along the Songhua River and its
tributaries. The research area is characterized by tem-
perate continental monsoon climate, exhibiting semi-
humid and semi-arid characteristics, where rainfall de-
creases gradually from East to West, with multi-year
average precipitation between 450 and 550 mm and an
evaporation rate between 1200 and 1600 mm.
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Hydrogeology

Quaternary unconfined water of the study area is not
developed and has poor water quantity. Lithology of
the aquifer in the high plain consists of the middle-
Pleistocene sand and gravel, while in the low plain
consists of the upper-Pleistocene silty sand. The
aquifer consists of fluvial sand and gravel layers
containing large amounts of sediment, clay, and
lens. The recharge and discharge relationship among
the aquifers is complex. The high plain mainly com-
prises of the Quaternary and Cretaceous confined
aquifers, where the Quaternary confined aquifer is
the main aquifer. The Quaternary aquifer lithology is
characterized by sand and gravel in either middle-
Pleistocene or lower-Pleistocene, with multiple
layers of clay layer sandwiched in-between, and
the particle size is coarse with good psephicity. In
the south region, the aquifer is rich in water re-
sources, while the thickness of aquifer decreases in
the Suihua, Hailun, and Zhaodong in the North. The
aquifer is surrounded by Cretaceous mudstone and
argillaceous sandstone which are also buried at the
bottom; therefore, the recharge condition is poor as
the water resource can only be replenished via
leaking recharge when precipitation seeps through
the overlying clay layer.

As for the low plain, Quaternary, Tertiary, and Cre-
taceous multi-layer confined aquifers are distributed
within the region, lithology of the Quaternary confined
aquifer is mainly characterized by gray gravel of medi-
um gravel psephicity. The lowermost Cretaceous aquifer
is generally not significant in water supply, except for
the Zhaodong and Dagqing City, where it serves as one of
the main aquifer for Daqing Oilfield, as the burial depth
of the aquifer is relatively shallow, with relatively great
cumulative thickness and good water-richness.

Agricultural irrigation

Agriculture, the main consumer of water resource, gen-
erally consumes more than 70% of all groundwater
exploitation. In terms of the layer of exploitation in the
research area, groundwater is mainly extracted from the
unconfined water and Quaternary confined water; more-
over, for the position of exploitation in the Songnen
Plain, the region with the most intense groundwater
extraction is at the Songhua River groundwater system
in the Southeast of the research area, the groundwater

extraction modulus is 5.31 x 10*/ (km? a), mainly due to
the high water consumption by agriculture in the region
(Zhao et al. 2009). Not only does irrigated water affect
the salt and water absorption of crops by means of
osmolality, it also affects the content of exchangeable
sodium and residual sodium carbonate in soil. There-
fore, the quality condition of groundwater being
exploited and used in large quantities is a key factor
influencing agriculture production and soil properties.

Materials and methods
Sampling and chemical analysis

Taking into account the actual distribution of aquifer
and current status of topography, 94 unconfined
wells and 113 confined wells were collected with
500-mL polyethylene bottles in August of 2013
(Fig. 1). After being washed by deionized water
and distilled water, prior to sampling, the bottles
were thoroughly rinsed for two to three times using
the groundwater to be collected. Immediately fol-
lowing the collection of a sample, conductivity me-
ter and pH meter were used to determine the elec-
trical conductivity (EC) and the pH value of the
sample, through these processes all pH values and
170 EC data (including 79 unconfined water and 91
confined water) were obtained; the remaining water
samples were transported to laboratory immediately
after being sealed and labeled, the water samples
were stored at 4 °C for testing other basic parame-
ters. Of the major cations, potassium (K*) and sodi-
um (Na®) were analyzed using atomic absorption
spectrophotometry, the total hardness (the sum of
Ca®* and Mg®*) and calcium (Ca®*) were deter-
mined using the EDTA titration method, then the
magnesium (Mg”*) was determined by the differ-
ence of total hardness and calcium, and ammonium
(NH4") was analyzed by spectrophotometry. Of the
anions, sulfate (SO,>7) was analyzed using ionic
chromatography, chloride (Cl) was measured by
AgNO; titration method, carbonate (CO5%") and bi-
carbonate (HCO;3 ) were determined using double
indicator titration, and nitrate (NO3 ) and nitrite
(NO, ) were analyzed by spectrophotometry. The
total dissolved solids (TDS) were determined by
105°°C weight method.
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Fig. 1 Location map of study area and sampling sites

Methods for water quality assessment

Ion balance can be used to determine the reliability of
water analysis data. Formula is as follows:

_ 2NNy

E(%) = Sy,

x 100 (1)
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where F is relative error and n. and n, respectively
represent the milligram equivalent of cation and anion.

In the experiment, assuming no errors, the total
amount of anionic milligram equivalent in water is
very close to that of cation. If Na* and K" are
measured values, their relative error value E should
be <5%. If Na* and K* are calculated, E should be
zero or near zero; if the value of E exceeds this
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range, the data of the water analysis is unreliable
and must be re-collected and re-measured.

This paper selected key irrigation water quality pa-
rameters for conducting the suitability evaluation of
groundwater for irrigation.

Sodium adsorption ratio (SAR) is calculated as

+
SAR = Na 2)

V(a2 + M) /2

As the interaction between Na' and soil reduces the
permeability of soil, calculation Na" percentage is also a
common method for evaluating the suitability of water
for agricultural irrigation (Singh et al. 2011; Raju 2011;
Kshetrimayum and Bajpai 2012).

Percent sodium (%Na*) is calculated as

(Na* +K™)

%Na' =
0 (Ca” + Mg + Na* +K+)

x 100% (3)

When the concentration of carbonate is higher than
the concentration of alkaline earth metal in agricultural
irrigation water, the excess carbonate would bind Na* to
form NaHCOs, and affect the structure of soil. Therefore,
the contents’ relationship between carbonate and alkaline
earth metal can be calculated to evaluate the suitability of
agricultural irrigation water. The concentration of exces-
sive carbonates is termed as residual sodium carbonate
(RSC), which is an indicator that reflects the alkaline
hazards in irrigation water (Eaton 1950).

Residual sodium carbonate (RSC) is calculated as

RSC = (HCOs™ + CO3*)—(Ca*" + Mg*") (4)

Szaboles and Darab have proposed a magnesium
hazard to assess the suitability of agricultural irrigation
water. Under normal conditions, a high level of Mg** is
caused by exchangeable Na* in irrigated soils; when the
content of Mg”* in irrigation water reaches a certain
level, magnesium alkalizing effects may take place in
soil, thereby affecting the structure of soil and producing
poisonous effects on crops.

The magnesium hazard is expressed in terms of mag-
nesium hazard (MH), which is calculated as

Mg2+

where all ionic concentrations are expressed in
milliequivalents per liter and figures of USSLS and

Wilcox were discussed to evaluate the groundwater
irrigation applicability in the study area.

Results and discussions
Descriptive statistics

Statistical analysis results of the chemical parameters of
the water samples collected are shown in Tables 1 and 2.
The tables are based on aquifer types (94 unconfined
water samples and 113 confined water samples) and
topography conditions (52 samples in low plain, 102
samples in high plain and 53 samples in river valley
plain), respectively. Apart from pH values, the measure-
ment unit for the concentration of all other chemical
parameters is milligrams per liter (mg/L). SD and CV
are short for standard variance and coefficient of varia-
tion, respectively.

According to the ion balance, the relative error range
for 94 confined water samples varied as 0.43-3.14 and
the mean value is 1.24. The range in error for 113
unconfined water points is 0.34-2.11, with an average
value of 0.97. In terms of topography, the maximum
relative error of the valley plain is 2.44, minimum
relative error is 0.61, and mean is 1.06. The error range
for high plain samples is 0.29-3.3 and the mean value is
2.12. The relative error range for valley plain samples is
0.43-2.67 and the mean value is 2.04. The ion balance
relative errors are within 5%, so the water quality data is
reliable.

The following conclusions are drawn from the results
presented in Table 1.

i.  Groundwater pH in the study area is generally neu-
tral, with low TDS and slightly high hardness. A few
slightly alkaline water samples were found in con-
fined water; while the total hardness and TDS values
of unconfined water were significantly higher than
those of confined water, which may have been
caused by more common mineral dissolution and
salinization in unconfined water under the influence
of topography, climate, and human activity.

ii. The chemical composition of anions in groundwater
was primarily HCO;~ while Ca** was the relatively

stable primary cation, with the highest average val-
ue and relatively small coefficient of variation.

iii. Compared to HCO;3 and Ca?*, the coefficient of

variation of Mg®* was relatively small, indicating
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Table 1 Univariate statistics overview of the hydrochemical parameters under different aquifer types (mg/L, except pH)

Hardness TDS pH Ca** Mg?>* K* Na* NH,” CI' SO HCO; COy> NO; NO,
Unconfined Min 58.3 1593 6.1 183 3.1 0.2 10.1 0 05 0 36.2 0 0 0
water Max 1091 2782.6 7.8 360.5 1357 148.6 531.2 6.2 353 620.7 1073 0 7779 1.9
Mean 411.5 8674 72 1106 329 4 744 0.7 74.3 74 3874 0 96.5 0.1
SD 268 517.7 04 76 274 157 799 1.2 80.1 89.3 2259 O 167.2 0.2
CV (%) 65.1 59.7 52 68.7 835 393 107.4 172.8 108 120.6 583 - 173.3 3224
Confined Min 10.3 1779 58 33 0.5 0.2 7.5 0 05 0 66.9 0 0 0
water Max 1098 2820.1 8.8 390.5 109.1 362 5584 5 425 7049 1199 327 5455 10
Mean 295 6158 73 832 213 19 764 0.4 444 535 387.7 1.5 326 02
SD 169.2 4129 0.5 503 158 35 107.3 0.8 68.6 98 191 5.6 78.6 1
CV (%) 574 67.1 64 60.5 743 1893 140.5 2129 155 1832 493 379.2 240.8 436
stable concentrations. As for Na*, C1”, and SO427, The analyses presented in Table 2 reveal the
although their average values were slightly lower, following.

their contents in some local areas were high, and
the coefficients of variation were relatively large.
For example, in confined water, the average value
of Na* was close to that of Ca>*, but the maximum
value was significantly greater than that of Ca®*.

These conclusions indicate that Na*, CI”, and SO427
are ions sensitive to changes in the external environ-
ment, and were the main variables contributing to the
evolution in hydrochemistry.

i) The mean total hardness values for groundwater in

different regions were generally similar; however,
the average value of TDS in groundwater samples
from the low plain was significantly higher than
those from the high plain and river valley plain,
possibly as a result of more intense evapo-
concentration effects in the low plain.

i) HCO; remained the primary anion in groundwater

across different topographies; however, compared

Table 2 Univariate statistics overview of the hydrochemical parameters under different topographical conditions (mg/L, except pH)

Hardness TDS pH Ca®* Mg** K* Na® NH,* CI° SO HCO; COs> NO; NO,
The low plain ~ Min 103 1779 68 33 05 02 185 0 19 0 1883 0 0 0
Max 9464  2820.1 88 239 1357 5 5312 62 4246 7049 1073 272 2445 4
Mean  323.1 8888 7.5 729 343 15 1384 1.1 695 788 5209 23 237 02
SD 2186 5544 04 442 298 09 1072 1.6 873 1407 188 68 592 07
CV (%) 61.7 624 53 606 869 573 774 144 1256 1784 36.1 2931 2497 283
The high plain ~ Min 91.4 167 58 259 35 02 81 0 05 0 362 0 0 0
Max  1097.6 22181 8.1 390 130.6 402 522.5 2.1 3532 345 1027 91 7779 13
Mean  377.8 6804 7.1 111 243 25 472 02 55 577 3249 01 968 0.
SD 2459 4462 04 76 189 55 712 03 704 714 1851 1.1 166.1 0.2
CV (%) 65.1 656 59 682 77.8 218 1509 205 128.1 123.6 57 7259 1716 276
The valley plain  Min 19.8 1593 65 79 06 04 75 0 05 0 446 0 0 0
Max 10519  2537.7 85 242 108.6 147 5584 48 3373 3812 1199 327 3431 10
Mean 3146 670 72 879 233 47 682 07 525 568 3774 06 311 03
SD 189.1 4328 04 485 193 202 976 09 72 756 2073 45 738 14
CV (%) 60.1 646 5 552 828 429 1431 136 1373 133 549 728 2374 548
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to the high plain and river valley plain, the average
HCO;  in groundwater in the low plain was signif-
icantly higher.

iii) Ca®" was the primary cation with relatively stable
content in groundwater samples of the high plain
and river valley plain. In contrast, in the low plain,
the average value of Na* was significantly higher
than that of Ca®*, and its coefficient of variation
was also lower.

These statistical results all indicate a distinct hydro-
geochemical evolution process in the low plain.

The nitrogen speciation statistical results, i.e., ammo-
nium, nitrate, and nitrite, in Table 1 indicate that the
concentrations of nitrogen compounds in groundwater
significantly exceed the standard; the maximum content
of nitrate in unconfined and confined water samples
were as high as 777.9 and 545.5 mg/L, respectively. In
particular, the average concentration of NO;  in uncon-
fined water was 96.5 mg/L, which was also significantly
higher than the threshold provided in World Health
Organization’s (WHO) Drinking Water Quality Stan-
dards (50 mg/L). Of the water samples tested, 32 sam-
ples exceeded the standards, accounting for 34% of all
unconfined water samples. Due to non-artesian water
pollution infiltration, nitrate pollution of confined water
was obvious, as 17.7% of confined water samples did
not meet the standards. The statistical results in Table 2
indicate that locations with high content of NO;  were
more concentrated in the high plain in the eastern re-
gion, causing the average NO;  content in groundwater
in the area to be as high as 96.8 mg/L, with an over-limit
ratio of 38.2%. In the low plain and valley plain, the
respective average concentrations of NO3~ were 23.7
and 31.1 mg/L, and their over-limit ratios were 9.6 and
15.1%, respectively. In addition, two samples of con-
fined water taken from groundwater in the low plain and
valley plain, respectively, also indicated over-limit
NO, concentrations (3 mg/L). Although NO, is a
minor component, whose average content is also within
the threshold value indicated in the WHO Drinking
Water Quality Standards, its high environmental toxicity
poses significant threats to human health, and is there-
fore an important nitrogen pollution indicator to be
monitored closely.

In conclusion, the statistical results indicate relatively
severe nitrate pollution in the research area groundwater.
The nitrogen in the water is sourced mainly from the
metabolism of organisms, corruption, loss of nitrogen

fertilizer, and discharge of industrial wastewater and
domestic sewage. The study area is a major grain-
producing region, with a large range of crops and high
fertilizer usage. The infiltration coefficient of rainfall is
0.3-0.7 and the permeability is high. The fertilizer ni-
trogen applied to the farmland is vulnerable to precipi-
tation or water leaching into groundwater, which caused
the nitrate content of groundwater to rise. Human activ-
ity is the direct cause of the groundwater nitrogen pol-
lution. Therefore, effective management and control
should be prioritized to address this problem.

Factor analysis of ion ratios

According to groundwater flow system theory and hy-
drogeochemical principles, groundwater chemistry field
is the real “record” of groundwater flow system. To
understand and illustrate hydrogeochemical processes,
concentrations of different major elements and their
interrelationship were studied. If the groundwater facies
formed in different causes or conditions, the ratios of
certain ions may have clear differences, which can be
used to infer groundwater evolution (Reddy and Kumar
2010).

Dominant dissolution reactions of calcite, dolomite,
and gypsum in a system will result in samples plotted in
(Ca®* + Mg®") versus (HCO; + SO4>") space close to
the 1:1 line; in areas where Ca* is the main cation, those
that fall below the 1:1 line would result from the effects
of ion-exchange reactions. In addition, the Na-Cl rela-
tionship has often been used to identify the mechanisms
for acquiring salinity in semi-arid regions. The ratio of
Na* versus CI” will be 1 if halite dissolution is respon-
sible, whereas if the ratio is greater than 1, it is typically
interpreted as Na* released from a silicate weathering
reaction or ion-exchange reactions. Furthermore, studies
of Ca**/Mg?** ratios in groundwater have suggested that
ratios close to 1 indicate dissolution of dolomite, a
higher ratio indicates greater calcite contribution, and
ratios larger than 2 indicate significant the silicate min-
eral dissolution (Maya and Loucks 1995). Figure 2
shows the ion ratio relationships under different burial
and topographical conditions. The oblique lines in
Figs. 2a—d are 1:1 equilibrium lines, while the lines in
Fig. 2e, fare the 1:1 and 2:1 lines, respectively.

As shown in Fig. 2a, a majority of groundwater
points are distributed along or near the 1:1 line, which
implies that the primary reactions in the groundwater
system were weathering and dissolution of carbonates

@ Springer



382 Page8of16

Environ Monit Assess (2018) 190: 382

30
v unconfined water o
© confined water S
24 .
//
s ©
g
£ v
oL
=
%
o
-]
v
26 32
HCO3+504 (meq/l)
(a)
28
v unconfined water
© confined water
]
v ) i
21 - 2 e
— v °
g 14 - 2 .-
- e
2 v ; |
.-/‘.
.»/
v
//"'
>
v
Yv
s
T
8 12 16
Cl (meg/l)
(c)
24 o
v unconfined water 7
© confined water &
7
° d
18 v v K-
w
= vv w / H
° H
I M— ;
= i v
< % >
v
° 1 e i v
R :
v t
= i
; i
6 9 12
Mg (meg/l)

(©)

@ Springer

Na (meq/l)

Ca (meg/l)

24

Cat+Mg (meq/l)
=

/| o 10w plain

. o 4 high plain
/ © valley plain
a ./
7 o
/"
,.'/ A a

i 0
A
6 g
A
0 L2 ;
18 27 36
HCO3+S04 (meg/l)
30
3 low plain
4 high plain
© valley plain
24 o
o A
© =]
18
A o
a > GAT
o g
12 B T
a "
&
. i, 2
-
% /’ ©
A Oa
PaAOHARA
2R At
0 . + .
0 4 8 12 16
Cl (meg/l)
20 i
» / \
/ 1 low plain
A,y / A p!
/ © valley plain
A /
A
15 y ;
/ /
A s // .
° 14
P-4
= 8 -
T {
8 12 16
Mg (meg/l)

9]



Environ Monit Assess (2018) 190: 382

Page 9 of 16 382

<« Fig. 2 Tons scatter diagrams. a [Ca*+Mg**] versus [HCO; +
SO4>7] under different aquifer types. b [Ca® +Mg>*] versus
[HCO; +S04>7] under different topographical conditions. ¢
[Na*] versus [CI ] under different aquifer types. d [Na*] versus
[CI] under different topographical conditions. e [Ca*] versus
[Mg?*] under different aquifer types. f [Ca*] versus [Mg?*]
under different topographical conditions

and sulfates, with additional ion-exchange reactions. In
Fig. 2c, most water points lie above the 1:1 line, which
indicates that the groundwater had ion-exchange reac-
tions during runoff. Silicates, such as granite, are widely
distributed in the lower strata; therefore, it is very likely
that Na* was released through the reaction expressed
below:

2NaAlSi;Og + 2H,CO;
+ 9H,0—A1,Si,05(OH), + 2Na* + 2HCO;
+ 4H,Si0, (6)

The above reaction would lead to an increase in Na*
concentrations in the aquifer, and would have produced
the kaolinite that is widely distributed as lenses in the
lower strata of the research area. In addition, the rock-
soil Na* of some points would have exchanged with
Ca’* in the water, leading to a larger Na* concentration
than CI" concentration. Statistical results in Fig. 2e
indicate that the ion ratio conditions for Ca>* (meq/L)
and Mg?* (meg/L) were complex in the unconfined
water due to relatively larger differences in the nature
of the subsystems. In comparison, the figure indicates
that dissolution of silicates was a key reaction process in
the confined water, which is consistent with the previous
discussion.

The differences become more prominent based on
the ion ratio analysis performed based on different to-
pographical conditions. Figure 2b shows that ground-
water samples from the high plain mainly are distributed
above or near the equilibrium line, while river valley
plain samples are primarily distributed near the 1:1 line,
and low plain samples are primarily below the equilib-
rium line. Flow alternation is more active on the high
plain and river valley plain, and the main reactions were
weathering and dissolution of carbonates and sulfates;
for samples in the high plain with ratios greater than 1,
silicate dissolution would also have taken place (Azaza
et al. 2011; Kumar et al. 2009). As a result, Ca** and
Mg?* components in the groundwater could fully ex-
change with Na* in the soil during the runoff process,

thereby leading to a decrease Ca”* and Mg®* concentra-
tions and an increase in Na*. As also shown in Fig. 2d,
due to the effects of ion exchange, the ratios of Na*
versus Cl in most water samples in the low plain were
greater than 1. In the river valley plain, precipitation has
a significant impact on groundwater due to its shallow
burial, and groundwater is also influenced by the dis-
charge of high plain groundwater and dissolution of
carbonates. As a result, the Na* and Cl” concentrations
in river valley plain groundwater were low. Further-
more, it can be inferred from Fig. 2f that the rock
minerals undergoing weathering and dissolution in the
low plain were likely dolomite and calcite, whereas
groundwater in the high plain indicates some dissolution
of silicates (Fig. 2b).

Groundwater is an open system. According to Toth
(Toth 1963) proposed by that in the groundwater flow
system, the groundwater was continuously carrying out
material exchange with the aquifer medium and the
external environment in the flow system. In the process,
ion exchange, dissolution and precipitation would oc-
cur, resulting in the evolution of water chemical com-
position. It is an important aspect of groundwater system
evolution research. According to the water chemistry
characteristics of aquifer types and hydrogeological
conditions, the specific hydrogeochemistry processes
in local or regional systems should be studied using
isotopes, microorganism, and other methods, which
would help to provide direction for future research.

Groundwater types

Expressions of groundwater types are were calculated
by using the Shoka Lev groundwater classification
method, and the results of greater frequency results are
shown in Tables 3 and 4. The Piper trilinear diagrams in
Fig. 3 were constructed using AquaChem Scientific
Software to illustrate the relative contents of the major
ions; Fig. 3a, b represents Piper diagrams based on
aquifer types and topography condition classifications,
respectively.

As shown in Table 3, in terms of anionic compo-
nents, the bicarbonate type dominated both confined
and unconfined water, whereas sulfuric, chloride, and
nitrate types were distributed locally. As for cations,
calcium type, followed by sodium type dominated.
HCO5-Ca was the chemical type with the highest fre-
quency of occurrence, accounting for 18.09 and 30.97%
of' unconfined and confined water samples, respectively.
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Table 3 Statistical results of hydrochemical types under different aquifer types in the study area

Unconfined water

Confined water

Water type Number Percentage Water type Number Percentage
HCO5-Ca 17 18.09 HCO5-Ca 35 30.97
HCO3-Na 8 8.51 HCO;-Ca-Mg 16 14.16
HCO;-Na-Ca 8 8.51 HCO3-Na-Ca 16 14.16
HCOs-Ca-Na 8 8.51 HCO;-Ca-Na 12 10.62
HCO;-Ca-Mg 5 5.32 HCOs-Na 9 7.96
HCO;-Cl-Ca 5 5.32 HCO;-Cl-Ca 3 2.65
HCO;-S0O4-Ca 5 5.32 NO;-Ca 3 2.65
HCO;-Mg-Ca 3 3.19 HCO5-SO4-Na 2 1.77
NO;-Cl-Ca 3 3.19 HCO3-S04-Ca 2 1.77
HCOs-CI-Ca-Na 2 2.13 HCO;-C1-SO4-Na 2 1.77
Cl-HCO5-Ca-Mg 2 2.13 CI-NO;-Ca 2 1.77
Cl-HCO;-Ca 2 2.13

HCO3-SO4-Na 2 2.13

NO;-Ca 2 2.13

NO;-HCO3-Ca 2 2.13

Based on statistics, there were 35 hydrochemical types
of unconfined water and 22 types of confined water in
the study area. Unconfined water is comprised of com-
plex and diverse chemical components under the direct
influence of factors such as topography, climate, soil and
vegetation, and forms nitric acid type water under the
influence of long-term agricultural activities. In addi-
tion, in cities and towns with dense population and
developed industries, human production and living ac-
tivities, in particular the impacts from industrial waste
discharge, has resulted in an increase in chloride ion

content in unconfined water and even the formation of
chloride type of water (Table 3). The confined water
hydrochemical type remained dominated by HCO;-Ca,
as unconfined water resources is relatively scarce in the
study area, and the top layer of confined aquifer is
shallow, thereby a semi-open weak reduction environ-
ment has formed (Zhao et al. 2009). However, under the
influence of a deep geological environment, confined
water exhibited a more prominent increase in the ratio of
HCO;-Ca-Na, HCO3-Na-Ca, and HCO5-Na types com-
pared to unconfined water.

Table 4 Statistical results of hydrochemical types under different topographical conditions in the study area

High plain Valley plain Low plain

Water type Num. % Water type Num. % Water type Num. %
HCOs-Ca 36 35.29 HCO;-Ca 13 24.53 HCOs-Na-Ca 17 32.69
HCOs-Ca-Mg 14 13.73 HCOs-Ca-Na 10 18.87 HCOs-Na 12 23.08
HCO3-Ca-Na 7 6.86 HCO3-Na-Ca 5 943 HCO;-Ca-Mg 4 7.69
HCOs-Cl-Ca 5 4.90 HCOs-Ca-Mg 3 5.66 HCOs5-Ca 3 5.77
HCO5-SO4-Ca 4 3.92 HCOs-Cl-Ca 3 5.66 HCOs-Ca-Na 3 5.77
NOs-Ca 4 3.92 HCO3-SO4-Ca 3 5.66 HCO3-Na-Mg-Ca 2 3.85
HCOs5-Na 3 2.94 HCOs-Na 2 3.77 HCOs5-SO4-Na 2 3.85
NO;3-HCOs-Ca 3 2.94 HCOs-Ca-Na-Mg 2 3.77

NOs-Cl-Ca 3 2.94 CI-HCO;-Ca-Mg 2 3.77
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Table 5 Remarkable samples for groundwater quality for irrigation in the study area, following the USSLS diagram

Areano. Wellno. Water types % of total samples City/county Areano. Well no. Water types % of total samples City/county
C2-84 C-21 Confined 0.6 Daqing C3-S3 C-57 Confined 0.6 Zhaodong
C3-82  U-19 Unconfined 4.7 Daqing C3-S4 C-111 Confined 0.6 Suiling
U-24 Unconfined Daqing C4-S1 U-21 Unconfined 1.8 Dagqing
u-47 Unconfined Lanxi U-32 Unconfined Anda
C-11 Confined Lindian U-44 Unconfined Wangkui
C-22 Confined Daqing C4-S2 U-20 Unconfined 1.2 Dagqing
C-25 Confined Daqing C-9 Confined Lindian
C-42 Confined Anda C4-S3  U-37 Unconfined 1.2 Anda
C-56 Confined Zhaodong C-37 Confined Zhaozhou

A relatively prominent horizontal zoning phenome-
non was also observed in the water chemical charac-
teristics of groundwater in the study area. Groundwater
where is from the high plain drains into groundwater in
the river valley plain and low plain. During this pro-
cess, hydrology alternation gradually changes from
active to slow, and the main hydrochemical reactions
transitioned from lixiviation to evapo-concentration and
ion-exchange. Additionally, hydrochemical types
also gradually changed from HCOj3;-Ca and HCO;-Ca-
Mg types to HCO;-Ca-Na, HCO5-Na-Ca and HCOs-
Na types of groundwater. Compared to groundwater in
the river valley plain, groundwater in the low plain was
characterized by gentle inclining topography and con-
tinuous subsidence, which created a more conducive

environment for soda saline reactions in sediments and
groundwater (Zhang et al. 2007). As a result, the com-
mon water chemical types in the region are HCO;-Na-
Ca and HCOs;-Na, which jointly accounted for 55.77%
of all groundwater samples taken from the low plain.
The Piper trilinear diagram (Fig. 3) (Piper 1944)
and the previous analysis indicate that the water
sample points in the study area were primarily dis-
tributed in the 5th zone in the diamond-shaped area,
where carbonate hardness exceeds 50%. In contrast,
groundwater samples distributed in the 4th zone
resulted from pollution from human activity. Gener-
ally, the groundwater chemical components in the
high plain and river valley plain were alkaline earth
metal > alkali metal and weak acid radicals > strong

Table 6 Summary sheet of unconfined water samples unsuitable for irrigation, with respect to values of %Na*, RSC, and MH

Wellno. %Na>60% RSC>25 MH>50% City/county Wellno. %Na>60% RSC>25 MH>50% City/county
U-6 - - 76.1 Lindian U-24 60.8 - 61.5 Dagqing
U-7 - - 60.1 Lindian U-25 - 2.9 - Zhaoyuan
U-8 - 4.2 - Lindian U-28 - 4 - Zhaoyuan
U-9 - 6.3 - Duerbote U-30 - - 50.2 Zhaozhou
U-15 - 4.6 - Daging U-33 64.3 42 - Anda
U-16 - - 50.2 Dagqing U-36 - 2.7 - Anda
U-17 - 4.1 - Dagqing U-37 - - 53.6 Anda
U-18 - 34 - Dagqing U-47 74.3 11.2 57.1 Lanxi
U-19 - 43 56.2 Dagqing U-55 - - 53.1 Zhaodong
U-20 - 6.8 - Dagqing U-81 - 34 - Hulan
U-21 - - 50.3 Dagqing U-82 - 2.7 - Hulan
U-23 - - 523 Dagqing U-87 - 3.7 - Suihua
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Table 7 Summary sheet of confined water samples unsuitable for irrigation, with respect to values of %Na*, RSC, and MH

Wellno. %Na>60% RSC>25 MH>50% City/county Wellno. %Na>60% RSC>2.5 MH>50% City/county
C-8 - 3.6 - Lindian C-33 62.4 5 - Zhaoyuan
C-9 - - 504 Lindian C-37 73.9 11 57.9 Zhaozhou
C-10 - 6.2 - Lindian C-39 65.7 3.5 - Anda

C-11 73.7 7.8 - Lindian C-40 62.1 42 51.8 Anda

C-13 - 2.8 - Duerbote C-41 - 33 - Anda

C-16 60.4 2.8 - Duerbote C-42 - 29 - Anda

C-18 - 29 - Duerbote C-43 - 2.8 - Anda

C-19 60.3 4.1 - Daqing C-44 70 37 - Anda

C-21 97.2 7.3 - Dagqing C-47 - - 59.8 Qinggang
C-22 84.9 6.2 - Daging C-52 - 2.8 - Wangkui
C-24 - 4.1 - Dagqing C-56 66.6 32 - Zhaodong
C-25 61.2 - - Dagqing C-57 82.1 5.1 - Zhaodong
C-27 92.8 4.6 - Daqing C-64 - 3.1 - Shuangcheng
C-30 76.6 45 - Zhaoyuan C-111 95.3 12.8 62.8 Suiling
C-32 - 4.1 - Zhaoyuan

acid radicals, which are key characteristics of low-
salinity water formed through lixiviation. This find-
ing also shows that in natural environments, the
concentration effects in these regions were not
strong and continental salinization was at the early
stages. However, with the transition from recharge
and runoff areas to discharge area, the relative Ca®*
and Mg”* concentrations decreased and Na* in-
creased in the low plain, and the chemical

components gradually evolved into primarily alkali
metal and weak acids.

Evaluation of agricultural irrigation suitability
Salinity hazard versus sodium hazard

Salinity has significant impacts on soil alkalization and
normal crop growth; when groundwater with high
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salinity is used for irrigation, it can cause the soil to
harden and inhibit crop growth. For assessing the suit-
ability of irrigation water, salinity hazard can be
expressed using the water EC values.

The measured EC values for unconfined water
ranged between 362 and 3080 pS/cm in the study area;
the calculated SAR values were between 0.31 and 9.71.
The measured EC values in the confined water ranged
between 216 and 3140 uS/cm, while the calculated SAR
values were between 0.27 and 29.61. To facilitate a
more intuitive assessment of irrigation water quality,
groundwater points were plotted in the USSLS diagram,
which provides a comprehensive reflection of salinity
and sodium hazards (Fig. 4).

The USSLS diagram classifies water quality into 16
zones based on the suitability of water for irrigation; the
salinity hazard is then subdivided into low-salinity (C1,
<250 uS/cm), medium-salinity (C2, 250-750 pS/cm),
high-salinity (C3, 750-2250 puS/cm), and very-high-
salinity (C4, >2250 puS/cm) hazards, which are consid-
ered good, moderate, poor, and very poor water classes,
respectively. Similarly, the sodium hazard can also be
subdivided into low-sodium (S1, < 10 uS/cm), medium-
sodium (S2, 10-18 puS/cm), high-sodium (S3, 18-
26 uS/cm), and very-high-sodium (S4, >26 uS/cm)
hazards, or good, moderate, poor, and very-poor classes,
respectively.

The statistical results indicate that approximately
26.6% of unconfined water samples and 57.1% of con-
fined water samples were in the C2-S1 zone, indicating
medium-salinity hazard (C2) and low-sodium hazard
(S1), which can be used for irrigation on most soil types.
In comparison, 60.8% of unconfined water samples and
28.6% confined water samples were in the high-salinity
(C3) and low-sodium (S1) hazard zones. Groundwater
samples in this zone were unsuitable for irrigation of
soils with restricted drainage; soils with good drainage
systems and special management for salinity control can
use water from this zone if crops are selected with a
certain level of salt tolerance. Most water samples from
the study area fall in zones C2-S1 and C3-S1, which
indicates that the hazard level for exchangeable sodium
in groundwater is low. However, the saline content of
groundwater in the study area should be managed care-
fully, especially when unconfined water is used for
irrigation, some saline filtering should be performed.

Figure 4 shows that all other water samples, exclud-
ing four C1-S1 water samples in the Southwest, have
relatively high irrigation hazards and should be
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monitored closely (Table 5). These hazardous ground-
water samples were primarily from the low plain to the
western study area, e.g., the Daqging, Lindian, and Anda
regions. As explained in the previous analysis, these
zones are located in the groundwater discharge zones,
and the hydrological cycle in these regions is relatively
slow while the evaporation are intense, resulting in
relatively high saline-alkali concentration groundwater.
When using these groundwater samples for irrigation,
specific soil management measures should be put in
place based on different saline contents, such as good
drainage systems, saline filtering, and increasing organ-
ic matter; in addition, for regions where the saline-alkali
hazard in groundwater has reached to very high level,
measures should be taken in advance to prepare for
likely adverse effects on crops.

Percent sodium

The sodium value ranges in unconfined and confined
groundwater were 5.79~74.31% and 4.93~97.2%, re-
spectively. Generally, when SSP >60%, the water be-
comes unsuitable for agricultural irrigation. Statistical
results indicate that 3.2% of unconfined water samples
and 14.2% of confined water samples in the study area
were unsuitable for irrigation, as shown in Tables 6 and 7.

The relationship between percent sodium (%Na™)
and total salt concentration (EC) is shown in terms of
Wilcox diagram for classifying groundwater irrigation
quality (Wilcox 1981). Results indicate that 29.1% of
unconfined water samples and 58.2% of confined water
samples were in the excellent to good zone, and 50.6%
of unconfined water samples and 30.8% of confined
water samples were in the good to permissible zone;
based on these results, the groundwater in the study area
was generally suitable for agricultural irrigation. How-
ever, due to high EC values and sodium contents in
some unconfined water and confined water points, four
unconfined water samples and four confined water sam-
ples fell within the permissible to doubtful zone, ten
unconfined water samples and four confined water sam-
ples fell within the doubtful to unsuitable zone, and the
remaining four water points fell within the unsuitable
zone, as shown in Fig. 5 and Tables 6 and 7.

Residual sodium carbonate

Irrigation suitability is classified based on residual sodi-
um carbonate (RSC) calculation results. An RSC <
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1.25 meq/L indicates water quality is suitable for irriga-
tion; 1.25 meq/L < RSC <2.5 meg/L indicates water
quality is relatively suitable for irrigation; and RSC >
2.5 meq/L indicates water quality is unsuitable for irri-
gation. An increase in the RSC value indicates an in-
creased Na* absorption by soil and decreased soil per-
meability, which is unsuitable for normal crop growth.

The RSC values for unconfined water were between
—18.2 and 11.2 meq/L and between —16.1 and
12.8 meq/L for confined water, showing that the ground-
water study area varies significantly, and different regions
are under the control of various factors, which contribut-
ed to significant differences in ionic components across
different zones. Approximately 16.0% of unconfined
water samples and 23.0% of confined water samples
had an RSC > 2.5 meg/L, which is unsuitable for irriga-
tion (Tables 6 and 7). Smaller percentages, 8.5% of
unconfined water samples and 12.4% of confined water
samples, were within the critical range (1.25-2.50 meq/
L). The majority of the RSC values, 75.5% of unconfined
water samples and 64.6% of confined water samples,
were < 1.25 meq/L, indicating suitability for agricultural
irrigation. Furthermore, 47.3% of the groundwater sam-
ples showed negative RSC values, as the carbonates were
less than alkaline earth, and calcium and magnesium also
bond with other ions in addition to carbonates (Jasmin
and Mallikarjuna 2016).

Magnesium hazard

Szaboles and Darab proposed a magnesium hazard
to assess the suitability of agricultural irrigation
water. Under normal conditions, a high level of
Mg®* is caused by exchangeable Na* in irrigated
soils; when Mg** concentrations in irrigation water
reach a certain level, magnesium alkalizing effects
may take place in soil, thereby affecting the soil
structure and poisoning crops.

Groundwater with MH > 50% is generally unsuitable
for irrigation purposes. In the groundwater samples
analyzed, the MH variation range in unconfined water
was 11.07-76.08 and 6.21-62.79% in confined water;
both exceeded the limit, by 11.7 and 4.4%, respectively.
The unsuitable water samples were mainly distributed in
cities or counties in the western study area, such as
Lindian, Daqing, and Zhaozhou (Tables 6 and 7); these
areas have potential for magnesium alkalization in the
soil from irrigation.

Conclusions

This study has conducted water chemistry analysis
based on the aquifer types and terrain characteristics,
to examine the current groundwater conditions. The
following conclusions were drawn.

(1) The groundwater in the study area was generally
neutral, with low TDS and slightly high hardness.
The main anion in groundwater was HCO; , while
Ca** was the primary cation in the high plain and
river valley plain. Na*, CI™, and SO427 were the
main variables contributing to the evolution of the
hydrochemical type. Nitrate concentrations in
groundwater significantly exceeded WHO stan-
dards, especially in the unconfined water of the
high plain, which was due to the large-scale agri-
cultural production activities in the eastern regions.

(2) The main reactions in the groundwater system were
weathering and dissolution of carbonates and sul-
fates, and ion-exchange reactions were prevalent
throughout the system. Groundwater samples were
primarily bicarbonate type in both confined and
unconfined water, whereas sulfuric, chloride, and
nitrate types were distributed locally. Under the
influence of topography, groundwater from the high
plain drains into groundwater in the river valley
plain and low plain resulted in horizontal zoning
in water chemical characteristics across the study
area. The hydrology gradually changes from being
active to slow, which resulted in the main
hydrochemical reactions transitioning from lixivia-
tion to evapo-concentration and ion-exchange.

(3) HCOj3-Ca was the chemical type with the highest
frequency of occurrence. With the transition from
recharge and runoff areas to discharge area, the
relative concentrations of Ca®* and Mg®* de-
creased and Na* concentrations increased in the
low plain, and the chemical components gradually
evolved to being primarily alkali metal and weak
acids. Hydrochemical types gradually changed
from HCO;-Ca and HCO3-Ca-Mg types to
HCO;-Ca-Na, HCO3-Na-Ca, and HCO5-Na types.
The regional variation in groundwater chemical
type contains important information on the ground-
water circulation evolution.

(4) According to EC, SAR, %Na*, RSC, and MH
values, the majority of samples are suitable for
agricultural irrigation; however, some samples
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from the low plain in the western study area, e.g.,
Lindian, Daqing, and Zhaozhou, had levels of
salinity and sodium that reached relatively high
hazard classes, and there is a possibility of magne-
sium alkalization in the soil. Therefore, different
treatment measures in groundwater and soil should
be taken to reduce the possibility of soil saliniza-
tion and promote crop growth.
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