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Beijing, 12 February, 2018

To:

Prof. Hu Bill

Associate Editor

Hydrology and Earth System Sciences

Dear Prof. Hu,

We are submitting the revised manuscript titled “Delineating multiple salinization processes
in a coastal plain aquifer, northern China: hydrochemical and isotopic evidence” (HESS
-2017-617) to Hydrology and Earth System Sciences. Following the constructive comments
from two reviewers, the authors have completed revisions on the previous manuscript,
addressing each point raised by the reviewers. We gratefully acknowledge their generous
contribution and feedback.

Reply to the anonymous Referee #1:

We would like to thank you for the very valuable comments on our manuscript, we think these
comments will help to improve its quality greatly. We have attempted to address each of the
comments point-by-point:

Anonymous Referee #1:

General comments

The specific aims of the study are reasonably clear. However, what is not clear is what new
general information you hope to provide. There have been numerous studies of coastal
groundwater in China (many of which are referenced). What new information will come out
of this paper? There is the conceptual model, but is that different to what has been previously
proposed (i.e. does this paper provide some new understanding and if so what are the current
gaps in knowledge). Additionally, how does the paper inform our understanding of coastal
aquifers in general? Regional papers are useful, but to be published in International Journals
they need to convey some new understanding that ideally is applicable to other study areas.
The paper commences with a review of a range of topics and seawater intrusion in a number
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of settings. However, it is mainly a case study and while these are important, you need to
revisit those topics and explain in the conclusions the relevance to research elsewhere.
Response: Agree, changes made. We have revised the objectives of this paper as outlined in
Lines 104-120, as well as highlighting the relationship between previous work in the study
area, and the novel contribution made in this case (building on past work).

In China, there are 18,000 kilometers of coastline. Approximately 12% of the population
(>100 million people) are distributed in these low elevation coastal zones, which are highly
vulnerable to water supply stress caused by seawater intrusion. The most serious seawater
intrusion (SWI) in China occurs in the Circum-Bohai-Sea region, with the estimated area
affected being 2457 km? increasing at a rate of 6 km%a since the 1980s. This study
comprehensively delineates the interaction between marine surface water and groundwater as
well as mixing between low-temperature fresh groundwater and thermal waters in Quaternary
aquifers of the Circum-Bohai coastal plain. Few previous studies have examined cases
involving multiple hydrochemical end-members and salinization sources, including both
marine water and deep geothermal water. The study thus provides a novel case study, using a
series of geochemical/isotope indicators to separate the influence of these different
mechanisms. The additional aspect delineating anthropogenic pollution as a distinct process
contributing to salinization is also relatively rare in the literature.

The salinization processes occurring in coastal area around the Circum-Bohai Sea-Region
examined in this study are quite different from coastal carbonate aquifers in the Dalian area
(e.g., Han et al., 2015) and Quaternary aquifers with paleo-seawater residue (brines) Laizhou
Bay (e.g., Han et al., 2014). The study is therefore both novel, in that the contribution of
thermal water up-welling is delineated in addition to SWI influence and of great practical
significance, as similar processes may be occurring elsewhere in the Circum-Bohai or other
regions.

Lines 109-120: “In the past 30 years, many studies have investigated seawater intrusion and
its influencing factors in the region using hydrochemical analysis (Xu, 1986; Yang et al., 1994,
2008; Chen and Ma, 2002; Sun and Yang, 2007; Zhang, 2012) and numerical simulations
(Han, 1990; Bao, 2005; Zuo, 2009). However, these studies have yet to provide clear
resolution of the different mechanisms contributing to salinization, and have typically ignored
the role of anthropogenic pollution and groundwater-surface water interaction. This study is
thus a continuation of previous investigations of the region, using a range of hydrochemical
and stable isotopic data to delineate the major processes responsible for increasing
groundwater salinity, including lateral sub-surface sea-water intrusion, vertical leakage of
marine-influenced surface water, induced mixing of saline geothermal water, and
anthropogenic pollution. The goal is to obtain a more robust conceptual model of the
interconnections between the various water sources under the impact of groundwater
exploitation. The results provide significant new information to assist water resources
management in the coastal plain of Bohai Bay, and other similar coastal areas globally.”

Some aspects of the study are oddly placed. Notably, the changes to groundwater levels are
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discussed in Sections 2.2, 2.3 and 4.1, which makes it difficult to follow. Shortening it so that
only the key information is presented and adding a diagram to illustrate the trends would help
immeasurably. In a similar way, Section 5 has a lot of data presentation in it as well as
interpretation and much of that should be moved to Section 4.

Response: We agree and have made substantial changes in response to this comment, and
related subsequent comments (below), including a re-organisation of the paper to reduce
repetition and give it a logical flow between sections. Information relating to particular topics
(such as water level data, historic monitoring of saline intrusion etc.) has been removed from
the results section (4.1) and is now consolidated in a revised introductory section (2.3; Lines
170-219). As suggested, we have also included a new diagram (Supplementary Fig. S1) to
show the distribution of groundwater levels in 1986, 1998, 2004, and 2010:

Bohai Sea

Bohai Sea

Bohai Sea

(c) () 2 4xm

Fig. S1 Maps showing the distribution of groundwater level contours in shallow aquifers (a) in 1986 (from
Han, 1988), (b) in 1998 (from Zuo, 2006), (c) in 2004 (from Zuo, 2006), and (d) in 2010 (this study)

Additionally, we significantly reorganized the Discussion (section 5). Data previously
included within the Discussion (e.g. in section 5.2.1) has now been consolidated in the
introduction (section 2.3) and/or Results (4). Information in the previous version relating to
hydrochemical 'types' was deemed unnecessary to define the key end-members and derive
mixing trends (as suggested by the reviewer), and was thus removed.



The description of the groundwater drawdown and the geochemistry is overly long and the
reader gets lost in all the details. Both these aspects could be shortened considerably and
presented in a more logical order. There is a tendency to introduce concepts (eg explaining the
use of CI/Br ratios) and new data (the radioisotopes, nitrate, Br) in the discussion; Figure 10 is
explained in the discussion but used much earlier. The paper needs to be reorganised.
Perhaps explain in more detail how we understand geochemical processes in the introduction
(e.g., the general discussion of the use of Cl/Br ratios), describe all the data in one section,
and restrict section 5 to interpretations.

Response: Agree, changes made. As discussed above, a full-reorganisation of the paper has
been conducted in response to the reviewer’s recommendations. Much of the introductory
material has been significantly condensed and consolidated. We provide background about
use of various geochemical tracers (including ionic ratios) in studies of groundwater
salinization in the introduction (lines 88 to 103) and have condensed the description of the
data into two major sections — stable isotopes (section 4.1) and Water salinity/Dissolved ions
(section 4.2). The order of all figures (including Figure 10) has been revised such that these
are introduced in proper order, in conjunction with the relevant material discussed in the text,
and only those relevant to the major findings are included (e.g., Figures 1&2 have merged;
Figures 9, 11, 12 and 14 were removed, Figures 10 and 13 were moved to earlier in the
manuscript where they are relevant (now Figures 6 and 7).

I agree with most of the interpretations, although for reasons explained below, the
interpretation of the radioisotopes of the thermal waters (which look to come from another
study) cannot be correct. I may have missed it but I don’t see a clear explanation of the
seasonal variations in the stable isotope values of the shallow groundwater. It must be
recording seasonal recharge (?) but is that consistent with the rest of the geochemistry?

Response: Agree, changes made. We re-examined the radioisotope data, and decided to
remove this from the manuscript, as these were collected by another group some time ago,
and the data quality can’t be verified. We also looked closely at the stable isotopic data, in
particular seasonal variations in these in some of the wells. This is noted in the revised section
4.1 on stable isotopes (Lines 278-283):

“Slight seasonal variation was evident in the groundwater isotope compositions; shallow
groundwater from the dry season (n = 12) showed 8'*0 and §°H values from -7.2 to -4.2%o
(mean = -5.7%o) and 8°H values from -56 to -39%o (mean = -48%o); while during the wet
season (n = 31) 8'"0 and &H values ranged from -11.0 ~ -5.3%0 (mean = -6.9%o) and -76 ~
-43%o (mean = -51%o), respectively. Some variability was also evident in deep groundwater
compositions, although only three deep samples were collected during the dry season.”

Some of the observed variability (in shallow groundwater) is indeed interpreted as reflecting
seasonal recharge (Lines 363-372):

“The two fresh end-members were selected to represent a range of different groundwater
compositions/recharge sources, from shallow water that is impacted by infiltration of partially
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evaporated recharge (fresh but with enriched §'*0) to deeper groundwater unaffected by such
enrichment (fresh and with relatively depleted 8'*0). The narrower range and relatively
enriched stable isotopes in shallow groundwater samples collected during the dry season
compared with the wet season indicate some influence of seasonal recharge by either rainfall
(fresh, with relatively depleted stable isotopes) or irrigation water subject to evaporative
enrichment (more saline, with enriched stable isotopes and high nitrate concentrations; Currell
et al., 2010) and/or surface water leakage. While there is overlap in the isotopic and
hydrochemical compositions of shallow and deep groundwater (Fig. 3 & Fig. 4), this effect
appears to only affect the shallow aquifer.”

Finally, the English is difficult to read although the message is generally understandable.
There are numerous places that the English needs to be corrected and I have not attempted to
do this. It is not easy to write in a second language but careful proofreading of the final paper
is required, which would increase its accessibility and impact.

Response: The manuscript has been thoroughly revised and polished carefully for readability
and English language according to this recommendation.

Specific comments

Introduction

The introduction provides a comprehensive summary of the importance and threats to coastal
groundwater. The threat to coastal groundwater due to sea level rise could be expanded a little
as it is not just due to the interaction between seawater and the rivers, a rising sea level will
induce saltwater intrusion away from the rivers and could wipe out perched freshwater bodies
in some coastal aquifers.

Response: Partly agree, change made. Undoubtedly, sea level rise is one factor threatening
coastal groundwater, and this is now mentioned in the introduction (see line 60). However, we
are of the view (following that of Ferguson and Gleeson, 2012) that the effects of sea-level
rise on sub-surface saline intrusion are likely to be a relatively minor in comparison to
ingress/inundation of tidal water into surface estuaries and effects related to increasing
groundwater extraction in response to climate stress. In addition, because we are focusing on
characterization of current and historical salinization processes, and are not conducting any
modeling of future scenarios, we believe further in-depth discussion of sea level rise is not
warranted (this is covered by other recent studies cited in the introduction, such as Werner et
al., 2013).

Lines 63-70. This section does not convey much except that studies were done and the results
were different. Either add a few more details about the results or just shorten it. Lines 70-72.
The definition of the hyporheic zone is older than that study, sentence needs rephrasing.

Response: Agree. Most of this text was removed and the introduction condensed to focus on
background issues relevant to the topic (e.g. the discussion of processes in the Nile Delta, and
other modeling studies are not directly related to our study). See revised version of lines 62 to
74.



Lines 90-99. See the comments above on the aims of the study. This section needs to have a
clearly articulated statement of how this review improves our general understanding.

Response: Agree, changes made. We have rewritten the objectives of this study, as follows
(Lines 104-120):

“This study examines the Yang-Dai River coastal plain in Qinhuangdao City, Hebei province,
north China, specifically focusing on salinization of fresh groundwater caused by
groundwater exploitation in Zaoyuan well field and surrounding areas. The study investigates
groundwater salinization processes and interactions among surface water, seawater and
geothermal groundwater in a dynamic environment, with significant pressure on water
resources. Qinhuangdao is an important port and tourist city of northern China. In the past 30
years, many studies have investigated seawater intrusion and its influencing factors in the
region using hydrochemical analysis (Xu, 1986; Yang, 1994, 2008; Chen and Ma, 2002; Sun
and Yang, 2007; Zhang, 2012) and numerical simulations (Han, 1990; Bao, 2005; Zuo, 2009).
However, these studies have yet to provide clear resolution of the different mechanisms
contributing to salinization, and have typically ignored the role of anthropogenic pollution
and groundwater-surface water interaction. This study is thus a continuation of previous
investigations of the region, using a range of hydrochemical and stable isotopic data to
delineate the major processes responsible for increasing groundwater salinity, including lateral
sub-surface sea-water intrusion, vertical leakage of marine-influenced surface water, induced
mixing of saline geothermal water, and anthropogenic pollution. The goal is to obtain a more
robust conceptual model of the interconnections between the various water sources under the
impact of groundwater exploitation. The results provide significant new information to assist
water resources management in the coastal plain of Bohai Bay, and other similar areas in
China and globally.”

Study Area

The geology and hydrogeology are reasonably well described needs some attention. Section
2.3 is a long and repeats some of the previous section (the drawdown and water use). It is also
difficult to follow without illustrating on a Figure. Either add a map to show drawdowns or
shorten this section to retain only the key facts. I am not sure that the localities (eg Zaoyuan)
are on Fig. 1, which makes it difficult to follow.

Response: Agree, changes made. The structure of the manuscript has been reorganized, as
discussed above. Information about groundwater usage and drawdown has been significantly
condensed into a concise new section — 2.3 Groundwater usage and seawater intrusion history
(lines 170-219). The location of the Zaoyuan well field is now clearly shown using the legend
of the revised Fig. 1. Water level maps have now been produced to show changes in these
patterns through time (Figure S1).

Lines 122-124. Do you mean yield (abundance)

Response: Agree, change made. We re-wrote this sentence for clarity (Lines 143-145):
‘Groundwater in the area includes water in the Quaternary porous sediment as well as
fractured bedrock in the northern platform area. Fractured rock groundwater volume mainly
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depends on the degree of weathering and the nature and regularity of fault zones (Fig. 1).’

Lines 130-132. Not clear what a “complete” aquifer system is.

Response: Agree, change made. The text in question was deleted in the revised description of
the aquifer system (Lines 152-159).

Lines 140-143. More detail is needed here. By how much do the water levels vary? Is it
across all the area? Critically, does depletion occur near the coast? Perhaps you could show a
drawdown map or a few representative hydrographs.

Response: Agree, changes made. As discussed above, this information is now included in a
new section (2.3) along with a new figure showing drawdown patterns during four time
periods (Figure S1). Figure 2 also shows representative changes in groundwater levels
through time (continuous monitoring series) in three shallow monitoring wells, locations of
which are shown on the revised Fig. 1. This information gives a clear picture of where and by
how much water levels vary in the region with respect to groundwater usage.

Lines 184-188. I presume that these are depths? What depths do the production wells pump
from?

Response: Agree, changes made. We checked the previous investigation materials and
confirmed that the depths for the production wells in Zaoyuan well field are approximately 15
-20m, as noted in the revised text (line 184).

Fig. 1 would be improved by adding some hydrogeological information such as: 1)
groundwater flow paths and 2) indicating the zone where seawater intrusion is observed. Is
there any reason that the explanation of the colours/ symbols could not go on the key rather
than in the caption?

Response: Agree, changes made. We added arrows showing the groundwater flow direction
and major seawater intrusion zones — defined as areas with >250 mg/L of chloride (see
revised Fig. 1).

Fig. 2 uses a different set of symbols to Fig 1. Make sure that these are the same. You could
also merge Fig 2 into Fig. 1 as they are related and it would be easier to get the information
from these two figures if they are together.

Response: Agree, changes made. In accordance with the recommendation we have merged
Fig. 2 into Fig. 1, and all relevant legend symbols are now included on the same key.

Methods
Lines 194-201. Some more detail on the wells are needed. The Table lists a single well depth,
but both here and in the table information on the screen widths are needed as characterising
the geochemistry from short-screened bores is much easier than from those with longer
screens.



Response: Agree, changes made. We agree that understanding the well construction details,
including screened interval length, is important when interpreting groundwater geochemistry
data. Due to an absence of monitoring wells in the study, we unfortunately had no choice but
to utilize production wells for our sampling. The well depths provided in Table 1 represent
total well depths and in most cases the screened interval spans 5 to 15m above this depth (See
new text lines 225-227).

Lines 202-213. Quote the precision for all of the parameters and lower detection limits where
important.

Response: Agree, this information has now been supplied in the methods section (Lines
243-247).

Lines 221-238. This is a standard technique and the description of it could be shortened.

Response: Agree, changes made. While the ionic delta values and saturation indices are
potentially interesting, but now believe that (as the reviewer suggests below) the major
processes of interest can be determined without looking at these indicators. Hence these
methods and results were removed, to make the paper more concise and focused.

Results

Section 4.1 repeats some of the historical information that is section 2 (the description of the
cones of depression). Again, it is done without any illustration. As this is really background
material, it probably is better to merge it into Section 2 which would avoid some of the long
descriptions. It is difficult to understand the water level changes due to pumping as they are
written. Given that the paper is long and is mainly focused on geochemistry, it would be
worth presenting the changes to groundwater levels in a single section (currently there is
information in Sections 2.2, 2.3 and 4.1), shortening it so that only the key information is
presented, and adding a diagram.

Response: Agree, changes made. As discussed above, we have moved all of the information
about groundwater dynamics into the background section (2.3 Groundwater usage and
seawater intrusion history), updated Figure 1 and included a new figure showing spatial
changes in water levels (Fig S1). In addition, we also include a diagram (Fig. S2, below)
showing the seawater intrusion history (shown as chloride concentrations and SWI area)
along with historic rainfall variation, indicated by cumulative fluctuations in the monthly
average rainfall, and added the following text (Lines 205-208):

“As indicated in Figure S2, the severity of seawater intrusion (indicated by changes in Cl
concentration, and the total area impacted by SWI, as defined by the 250mg/L Cl contour)
correlates with periods of below average rainfall — indicated by monthly cumulative rainfall
departure (CRD, Weber and Stewart, 2004).”
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Fig. S2 Graph showing the temporal variation of the monthly cumulative rainfall departure (CRD, Weber
and Stewart, 2004), monthly precipitation, the average concentration of the chloride ion in groundwater of
the study area (dark blue) and surface area with >250 mg CI/L (yellow) between 1963 and 2008 (data from
Zang et al., 2010).

Section 4.2.

Lines 217-281. I am not sure that you have enough data to discern a seasonal variation. Is the
variation the same as in the local rainfall (I presume that there are data)? If so you could just
note that the rivers have stable isotope trends that follow those of the rainfall and shorten the
detail in this section.

Response: Agree, Changes made. This information has been revised into a dedicated section
on the water stable isotopes (4.1). We include a new diagram (Fig. S3, below) showing that
rivers have stable isotope trends that generally follow those of the rainfall, and have noted this
in the text (Lines 267 to 273):

“Stable isotope compositions for surface water appear to exhibit significant seasonal variation
(Fig. S3); for Yang River samples from the relatively dry season (June 2008, n = 3) had mean
8'*0 and &°H values of -3.0%o -3 1%, respectively; samples from the wet season (August 2009
and September 2010, n = 6) had mean §'*0 and 8’H values of -6.6%o -48%o, respectively. Dai
River samples showed similar results; the dry season mean 3'°0 and 5°H values (n = 3) were
-2.6%o and -32%o, respectively; wet season samples (n = 7), had mean §'*0 and 6°H values of
-6.6%0 and -49%o, respectively (Fig. 3).”



20

0 - ///‘]
] Ve .
!/ e
220 - m g BA LT
7 N F—swL:

6 *H (%)

< Y=6.6X+0.3
-40 - I%A
] A

‘)
-60 - {gﬁh

: 7
Y=6.6X20.3 %7
=0. <l LEGEND:
-80 4 /!.-!. B Rainfallin dry season
ol B Rainfallin wet season
Pt :
28 River water samples
-100 A //-" (] - collected in wet season
Ve ] A River water samples
collected in dry season
-120 T T T T
-20 -15 -10 -5 0 5

& "0 (%o)
Fig. S3 Graph showing 5°H vs. 8'*0 of water samples in rainfall and river water. Dry season- July to

October; wet season- November to June.

The description of the changes in isotopic values in groundwater sampled in different seasons
has been updated. We note that there is some variability in shallow groundwater indicating an
influence from differences in seasonal recharge mechanism and/or amount (Lines 278-283):

“Slight seasonal variation was evident in the groundwater isotope compositions; shallow
groundwater from the dry season (n = 12) showed 8'*0 and §°H values from -7.2 to -4.2%o
(mean = -5.7%o) and 8°H values from -56 to -39%o (mean = -48%o); while during the wet
season (n = 31) 8'"*0 and &H values ranged from -11.0 ~ -5.3%0 (mean = -6.9%o) and -76 ~
-43%o (mean = -51%o), respectively. Some variability was also evident in deep groundwater
compositions, although only three deep samples were collected during the dry season.”

Lines 294-302. Suggest presenting the rainfall data first as it is part of the general background
data against which you can compare your observations.

Response: Agree, change made. The section describing the rainfall isotopes has been moved
to the beginning of section 4.1 (lines 262 to 265):

“The local meteoric water line (LMWL, §*H=6.6 8180+0.3, n=64, r2=0.88) is based on 8°H
and 3'*0 mean monthly rainfall values between 1985 and 2003 from Tianjin station some 120
km SW of Qinhuangdao City (IAEA/WMO, 2006). Due to similar climate and position
relative to the coast, this can be regarded as representative of the study area.”

Line 302. Not clear what you mean by this.

Response: Agree, change made. We rephrased this sentence so the meaning is clearer (Line
288 to 291: “The local seawater plots below (more negative) than typically assumed values
(e.g. VSMOW = 0%o) for both 8°H and 'O, and this water appears to represent an
end-member involved in mixing with meteoric-derived waters in both ground and surface
water (Fig. 3).”

Section 4.3 & Section 5.1
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Section 4.3 does a good description of the major ion geochemistry. However, there is much
basic description in section 5.1 (e.g., lines 386-420). Also there are data introduced in Section
5 (nitrate and Br) that do not appear in Section 4.

Response: Agree, changes made. We have rewritten and condensed the results and discussion
section, so that the major ion geochemistry data is contained in the results (now section 4.2),
while much of the new data introduced and discussed in the discussion (section 5.1) has been
condensed or removed. The nitrate data were moved into the results section (Line 300), while
we have decided not to discuss the Br data, as these were not necessary for explaining the
observed salinization processes.

Overall splitting the data up in this way makes the paper long and convoluted. You need to
decide where information goes and be consistent. Presenting all of the descriptive material
(including water types) in section 4 and restricting interpretations of the data to Section 5
would make more sense. In which case the descriptive material on lines 386-420 could be
merged into section 4.3.

Response: Agree. The revised manuscript ensures that description and reporting of data is
confined to the results section (4), while interpretations are given in the discussion (section 5).
The only exceptions area where data were derived from other studies (see below) in which
case they are not reported as our results in section 4, but are rather introduced in the
discussion of interpretations as important/complementary evidence.

The amount of description is also long. It is good to present the data in the text and I get very
frustrated with papers that just refer to data in tables or figures without discussion, but there is
a lot of detail presented in this study. Both for the stable isotope and the major ion data I
would suggest cutting the detail down and presenting what you think is necessary. For
example, do you need to describe the water types or would an explanation of the variations in
salinity and general water chemistry be sufficient for this study? The Piper diagram does not
show the types in any case but the separation of the waters is clear.

Response: Agree, changes made. Some sections in the discussion have been completely
removed and/or shortened - e.g. sections 5.2.1 and 5.2.2 have now been integrated into a more
concise discussion of hydrochemical indicators of mixing processes (Section 5.1). We have
retained some basic discussion of water types and their relationship with different salinity
sources (e.g. Lines 394 to 402), however this is significantly shorter than in the original
manuscript. Discussion of saturation indices and ionic delta values has also been removed
from the manuscript, as most of the trends in hydrochemical evolution can be described
without reference to these techniques (see revised section 5.3). Overall the discussion has
reduced in length from 257 to 172 lines.

You also have a facies diagram (Fig. 8) and bivariate plots (Fig. 10). I am not convinced that
you need both as surely the processes of freshening and intrusion could be shown on the
bivariate plots?

Response: Disagree. In the revised version, we have retained both figures, as we think they
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are both important in explaining the role of thermal groundwater mixing (e.g. Na/Cl and
Ca/SO4 +HCO:3) as well as freshening and intrusion during seawater intrusion. We believe it is
not possible to represent all of the necessary trends related to these processes on each of the
diagrams alone, and there is value in inclusion of both (particularly with respect to
demonstrating the role of base exchange).

Discussion

Lines 362-368. If the thermal water has measurable tritium then it has some component with a
mean residence time of less than ~ 100 years. Given that it has old '“C “ages” it looks to be a
mix of old water (zero tritium, low '*C) and young water (high tritium, high '*C). In which
case the '*C ages are meaningless. The mixing will also affect the stable isotope ratios and the
interpretation of palacowaters (although the older component may still have a past climate
signal). I am not convinced that the thermal waters are important to this story, but if they are
going to be included, then they need to be interpreted correctly.

Response: Agree, changes made. After re-examination of the radioisotope data in the original
source document, we decided that the data cannot be verified, and as such we have removed
them from the manuscript. The associated discussion of '*C and *H data has been removed
from the manuscript. We believe the stable isotopes, major and minor ions — particularly
strontium - give sufficient insight into salinization processes without the need for these data. A
new section discussing the strontium data, including Sr/Cl ratios has now been included
which we believe provides the clearest evidence of thermal/low temperature water mixing
(lines 403 to 418):

“Stronger evidence of mixing of the geothermal water in the Quaternary aquifers (particularly
deep groundwater) is provided by examining strontium concentrations in conjunction with
chloride (Fig. 8). The geothermal water from Danihe geothermal field has much higher Sr
concentrations (up to 89.8 mg/L) than seawater (5.4-6.5 mg/L in this study), due to Sr-bearing
minerals (i.e., celestite, strontianite) with Sr contents of 300-2000 mg/kg present in the
bedrock (Hebei Geology Survey, 1987). Groundwater sampled from near the geothermal field
in this study has the highest Sr concentrations e.g., G9 with Sr concentrations ranging from
7.4 to 11.6 mg/L, and G19 from 4.9 to 7.1 mg/L.

The plot of chloride versus strontium concentrations (Fig. 8) shows that these samples and
others (e.g., G16, G20, G27, G29) plot close to a mixing line between fresh low-temperature
and saline thermal-groundwater. Mass ratios of Sr/Cl in these samples are also elevated
relative to seawater by an order of magnitude or more (e.g. Sr/Cl1>5.0 x 10, compared to 3.9
x 10" in seawater). Other samples from closer to the coast (e.g. G4) also approach the
thermal-low temperature mixing line, indicating probable input of thermal water. Samples
collected from the Zaoyuan well field generally plot closer to the Sr/Cl seawater mixing line
(consistent with salinization largely due to marine water — Fig. 8); however, samples mostly
plot slightly above the mixing line with additional Sr, which may indicate more widespread
(but volumetrically minor) mixing with the thermal water in addition to seawater.”
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Lines 386-405. See above, this is description and belongs earlier.

Response: Agree, changes made. This descriptive information about salinization trends in
response to pumping has all been consolidated into section 2.3 of the manuscript in
background information (Groundwater usage and seawater intrusion history).

Lines 406-409. Again, you are introducing new data. Collect all the descriptions of the data
into Section 4.

Response: Disagree, although changes made. The nitrate data we are reporting here (in
surface water from Bohai Bay) was not collected in our study but reported in other sources, so
we did not describe this in the results section as suggested. Our nitrate concentration data
collected for this study is reported in section 4 (lines 325-327). For improved readability and
structure, we have consolidated and condensed the discussion of nitrate data in a new section
of the discussion (5.2 Anthropogenic pollution of groundwater), which discusses our collected
nitrate data in the context of the Bohai bay surface water data published elsewhere, and
compares the ratios between the two.

Lines 441-458. This section describes some of the consequences of salinization, which would
be better discussed towards the end of the paper after you have discussed the processes.

Response: Agree, changes made. In the revised version we moved this and other information
regarding consequences of salinization to a new section at the end of the discussion; ‘5.4
Conceptual model of salinization and management implications’. See Lines 460-501.

Lines 459-470. It is confusing to only introduce Fig. 10 here as most of its use is to describe
water types, the presentation of which was much earlier in the paper. In any case, I am not
convinced that the details on the water types adds much of substance to the paper. It lengthens
the text and the salinization and freshening trends can be illustrated on the other diagrams.

Response: Partly Agree, changes made. As described above, the discussion of water types has
been significantly condensed in section 5.1. However, we still feel there is value in including
the hydrochemical facies diagram to discuss specifically the changes in major ion
composition due to salinization/freshening, with reference to Figure 11. This is now included
in section 5.3 under ‘Hydrochemical evolution during salinization’.

Section 5.2.2. See comments above. The interpretation of the radioisotopes cannot be correct.
In addition, the data is being re-presented here (lines 513-515).

Response: Agree. We deleted the text related to the interpretation of the radio isotopes.

Lines 530-544. There is a fair amount of introductory explanation in this section, which could
have been presented earlier. More importantly, more new data (the Br and the Cl/Br ratios) is
being introduced. It makes the paper very difficult to follow when data is described piecemeal
rather than in one section.

Response: Agree, changes made. The background information regarding ionic ratios was
13



moved back into section 1. We decided that the Br and CI/Br ratios were ultimately not
required to explain the salinization processes and did not add much additional insight into the
processes, therefore these data and the text referred to has been removed.

Section 5.3

The conceptual model is reasonable, but is it new? In this section or perhaps in Section 6, you
should outline more clearly how your study has improved the understanding of seawater
intrusion in this region (or how your model compares with conventional wisdom) and also
how it fits in with current global understanding. The paper commenced by discussing a range
of global issues and summarising a number of key studies, but it is not clear as to how the
paper informs that global research and what relevance it may have to researchers working
elsewhere.

Response: Agree, changes made. In the revised version of the manuscript we have tried to be
much more clear about the new contribution to understanding salinization processes our study
has made, as highlighted in the introduction section (lines 109 to 120). This study for the first
time clearly delineates between multiple competing processes responsible for salinization,
namely, marine water intrusion (by sub-surface and surface pathways), mixing with saline
thermal water due to intensive extraction, and anthropogenic pollution. We have highlighted
the value of the updated conceptual model in section 5.3 (Lines 473-489):

“A conceptual model of the groundwater flow system in the Yang-Dai River coastal plain is
summarized in Fig. 11. This model presents an advance on the previous understanding of the
study area, by delineating four major processes responsible for groundwater salinization in
this area. These are: 1. Seawater intrusion by lateral sub-surface flow; 2. Interaction between
saline surface water and groundwater (e.g. vertical leakage of saline water from the river
estuaries); 3. Mixing between low-temperature groundwater and deep geothermal water; and
4. Trrigation return-flow and associated anthropogenic contamination. Both the lateral and
vertical intrusion of saline water are driven by the long-term over-pumping of groundwater
from fresh aquifers in the region. The irrigation return-flow from local agriculture results
from over-irrigation of crops, and is responsible for extensive nitrate pollution (up to 340
mg/L NOs™ in groundwater of this area) probably due to dissolution of fertilizers during
infiltration. The somewhat enriched stable isotopes in shallow groundwater (more pronounced
in the dry season) also indicate that such return-flow may recharge water impacted by
evaporative salinization into the aquifer. The geothermal water, with distinctive chemical
composition (e.g. depleted stable isotopes, high TDS, Ca and Sr concentrations), is also
demonstrated in this study to be a significant contributor to groundwater salinization, via
upward mixing. The study area is therefore in a situation of unusual vulnerability, in the sense
that it faces salinization threats simultaneously from lateral, downward and upward migration
of saline water bodies.”

Additionally, we have attempted to draw out some of the key management implications for

this area and other similar areas globally, to increase the global relevance of the paper (Lines
490-501):

14



“According to drinking water standards and guidelines from China Environmental Protection
Authority (GB 5749-2006) and/or US EPA and WHO, chloride concentration in drinking
water should not exceed 250 mg/L. At the salinity levels observed in this study - many
samples impacted by salinization contain >500mg/L of chloride (Table 1) - a large amount of
groundwater is now or will soon be unsuitable for domestic usage, as well as irrigation or
industrial utilization. So far, this has enhanced the scarcity of fresh water resources in this
region, leading to a cycle of groundwater level decline — seawater intrusion — loss of
available freshwater — increased pumping of remaining freshwater. If this cycle continues, it
is likely to further degrade groundwater quality and restrict its usage in the future. Such a
situation is typical of the coastal water resources ‘squeeze’ highlighted by Michael et al.,
(2017). Alternative management strategies, such as restricting water usage in particular
high-use sectors, such as agriculture, industry or tourism, that are based on a comprehensive
assessment of the social, economic and environmental benefits and costs of these activities,
warrants urgent and careful consideration.”

Anonymous Referee #2:

General comment

The paper by Han describes the groundwater salinization processes and its inducement of a
coastal aquifer. In the paper, a database of chemical and isotopic data is discussed to evaluate
the hydrogeochemical processes governing groundwater flow in the aquifer and the overall
quality of the water resources. The paper is mainly descriptive, and applies some geochemical
processes to explain the behavior of the aquifer. Nevertheless, the way it has been focused is
constrained to a regional study. The introduction is overelaborated without giving a
straightforward idea of what the paper would like to present. The way how the geochemical
data is explained is pretty much like those papers that are cited in the references. Meanwhile,
it lacks new understandings of coastal auifers in general. The paper is organized in some way
but for a publication in a top Internation Journal, I consider that it does not constitute a
valuable scientific contribution.

Response: Partly agree, changes made. Significant changes have been made to the revised
version of the manuscript (see response to previous reviewer’s comments), which we believe
addresses the issues raised here by Reviewer #2. For example, the introduction has been
condensed, but now highlights the rationale and scope of this study and the new contribution
it makes to understanding salinization processes both in the study area, and more broadly (see
lines 104 to 120, and section 5.3 of the revised paper.
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Delineating multiple salinization processes in a coastal plain_aguifer, northern China:_
hydrochemical and isotopic evidence

Han Dongmei™®, Matthew Currell®

a Key Laboratory of Water Cycle & Related Land Surface Processes, Institute of Geographic Sciences and Natural Resources
Research, Chinese Academy of Sciences, Beijing, 100101, China

b College of Resources and Environment, University of Chinese Academy of Sciences, Beijing 100049, China

¢ School of Engineering, RMIT University, Melbourne VIC 3000, Australia.

Abstract
Groundwater is the-an important water resource for agricultural irrigation, urban and-teurism-development
and industrial utilization in the coastal regions of northern China. In the past five decades, coastal

groundwater salinization in the Yang-Dai River eeastal-plain has become mere-increasingly serious than

ever-before-under the influence of natural-elimate-change-and-anthropogenic activities_and climatic change.

It is pivotal for the scientific management of coastal water resources to accurately understand groundwater

salinization processes and its—inducementtheir causative factors. Hydrochemical (major ion and trace

clement) and stable isotopic (5'°0 and &°H) analysis for—of thedifferent water bodies (surface water,

groundwater, geothermal water, and seawater) were applied—conducted to previde—a—betterimprove

understanding of the-preecesses-ef groundwater salinization processes in_the the-plain’s Quaternary aquifers.

Saltwater intrusion due to intensive groundwater pumping is the-a major aspeet-process, and-eanbe-ecaused

by—cither by vertical infiltration along the-riverbeds which convey saline surface water inland, at-the

dewnstream-areas—of rivers-duringthe-tide/surgeperiod;-and/or direct subsurface lateral inflow-inte—fresh

. Trends in salinity with depth indicate that the

former may be more important than previously assumed. The Seawater—proportion of seawater in

groundwater is estimated to have eanreached up to ~13% in the-shallow groundwater of a local well field.

End-member mixing calculations also indicate that hHighly mineralized geothermal water (TDS of up to

10.6 g/L) with depleted stable isotope compositions and elevated strontium concentrations (>10 mg/L) with

also locally everflows

mixes with water inte the eetd-overlying Quaternary aquifers._This is particularly evident in samples with

elevated Sr/Cl ratios (>0.005 mass ratio). Greundwater-Deterioration of groundwater quality by salinization

ean-1s alse-be-also clearly exacerbated by the-anthropogenic aetivitiespollution. Nitrate contamination via

intrusion of heavily polluted marine water is evident locally (e.g. in the Zaoyuan well field); however, more
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widespread nitrate contamination due to other local sources such as —fe-g—irrigation—retora—flow—with

selation—offertilizers_and/or -domestic wastewater—_is evident on the basis of NOs/Cl ratiosdischarge).

the—development—of-saltwater—intraston—This study provides an example of how multiple geochemical

indicators can_delineate different salinization processes and guide the-future water management practices;

ustont in this-a

densely populated water-stressed coastal regionand-simiarregion.

Key words: Groundwater salinization; Stable isotopes; Coastal aquifers, Water quality

1. Introduction

Coastal regions is—are the—key areas for the world’s social and economic development.
Approximately 40% of the world’s population livess within 100 kilometers of the coast (UN Atlas, 2010).
Fhe-wWorldwide, eeastal-these areas haves become increasingly urbanized, with 14 of the world's 17
largest cities located along coasts (Creel-t=, 2003). China has 18,000 km of continental coastline, abext-and
around 164 million people (abeut-approximately 12% of the total Chirese-population) livinge in 14 coastal

provinces;;—and nearly 80% of these people inhabitem—distribute—in—the three coastal ‘economic

zones’economieregions, namely Beijing-Tianjin-Hebei-economie-region, the Yangtze River delta economie
regionand the Pearl River delta eeonomie—region—(Shi, 2012). The rapid economic development and the
growing population in these eeastal-regions have greatly increased demands for fresh water.; meanwhile

Meanwhile, been-they are also confronted with the—threatfrem—increased waste—and-sewage and other

wastewater discharge into coastal eeesystemsenvironments.

Ceastal-gGroundwater resources play crucial roles es-in the social, economic and ecologic function #
of the-global coastal systems (IPCC, 2007). Ceastal-groundwaterCoastal aquifers-system connect withs the
ocean and with the-continental hydro-ecological systems (Moore, 1996; Ferguson and Gleeson, 2012).
Groundwater-aAs an important freshwater resource, groundwater eeuld-may be over--extracted due-to-that

theduring periods of highest demand, which (e-g-agricultural irrigationand-tourist seasons)-are often the
periods of lowest recharge_and/or surface water availability rates-(Post, 2005). In-addition-to-eccurrence-of

erQver-exploitation of
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groundwater can_therefore readiby—result in seawater intrusion—in—the—eeastal-area, as well as related

environmental issues such as land subsidence. Seawater intrusion has become a global issue and the-related

studies can be found from the—coastal aquifers system—ofdifferent—eountriesaround the world, sueh

asincluding Israel (Sivan et al., 2005;Yechieli et al., 2009; Mazi et al., 2014), Spain (Price and Herman,
1991; Pulido-Leboeuf, 2004; Garing et al., 2013), France (Barbecot et al., 2000; de Montety et al., 2008),
Italy (Giambastiani et al.-, 2007; Ghiglieri et al., 2012), Morocco (Bouchaou et al., 2008; El Yaouti et al.,
2009), USA (Gingerich and Voss, 2002; Masterson, 2004; Langevin et al., 2010), Australia (Zhang et al.,
2004; Narayan et al., 2007; Werner, 2010), China (Xue et al.-, 2000; Han et al., 2011, 2015), Vietnam (An
et al., 2014), Indonesia (Rahmawati et al., 2013), India (Radhakrishna, 2001; Bobba, 2002)_and; Brazil
(Montenegro et al., 2006; Cary et al., 2015);—ete—. Werner et al. (2013) gave—an—-exeeHentprovides a

comprehensive review en-of seawater intrusion processes, investigation and management.

Seawater/saltwater intrusion is a complicated hydrogeological process, due to the impact of aquifer

properties, anthropogenic activities (e.g., intensive groundwater pumping, irrigation practices), recharge

rates, variable density flow, between-the-estaary-and-adjacentfresh-groundwater system;-tidal/surge activity

and effects relating to global climate change, such as sea level rise (Ghassemi et al., 1993; Robinson et al.,

1998; Smith and Turner, 2001; Simpson and Clement, 2004; Narayan et al., 2007; Werner and Simmons,

2009; Wang et al., 2015). Understanding the complex interactions between groundwater, surface water, and

seawater is thus essential for effective management of coastal water resources (Mondal et al., 2010).

2010)—There—was—a—vVastlyery different salinization patterns may arise as a result of diverse

interactionsresult—based—on—numerical—simulations— in coastal settings for—the—additional—distance—of

(Sherif

and Singh, 1999; Bobba, 2002; Westbrook et al., 2005)—Bebba—{2002)—also—employed—numerical
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—. MedelingModeling

ayhas shown that

pumping-the-effeetin comparison to ef-tidal fluctuation_and sea level rises-on—saltwater—intrasion—ean-be

negleeted (Narayan et al., 2007; Ferguson and Gleeson, 2012). However, most models of seawater intrusion

require simplification of the coastal interface zone. Relatively rare-few studies have focused on delineating

thecomplex interactions among the surface-ground-sea-water_continuums in estuarine environments, ase
including the effects of vertical infiltration of seawater into the-eff-shoere-aquifers —through river channels,

vs-as compared to —the-sub-surface lateral landward migration of the freshwater-saltwater interface. Recent

data indicate that such processes may be more important in causing historical salinization of coastal

groundwater than previously appreciated (e.g. Cary et al., 2015; Lee et al., 2016; Larsen et al., 2017).

Additionally, groundwater in coastal aquifers may be affected by other salinization processes, such as

input of anthropogenic contaminants or induced mixing with saline water from deeper or adjacent

formations, which may include mineralized geothermal water or brines emplaced in the coastal zone over

geologic history.

The data ef-from China’s marine environment bulletin released on March 2015 by the State Oceanic
Administration Peeple'sRepublie-of-China-showed that the major bays, including Bohai Bay, Liaodong
Bay_and ;-Hangzhou Bay, are peHuted-seriously polluted, with the-inorganic nitrogen and active phosphate
being tasthe major pollutants (SOA, 2015). Seawater intrusion in China is the-most serious areund-in the

Circum-Bohai-Sea region_(Han et al., 2011:Han-etal, 2016a); and- due to the heavy marine pollution, tFhe

esealating-impacts of anthropogenic activities on groundwater quality seawater-intrusion-in the-future may

be-not simply be a case of asimple-problemrelated-to-groundwater-salinization-simple salt-water intrusion.

This region is also characterized by deep brines and geothermal waters (e.2. Han et al.. 2014), which may

migrate and mix with fresher groundwater under due to intensive water extraction. Depending on the

specific processes involved, additional contaminants may mix with fresh groundwater resources in parallel

with seawater intrusion, and in-thisregion—ilt is thus likely to be more difficult to_mitigate and remediate

groundwater pollution-eaused-by-the-contaminated seawater.

A variety of approaches can be used to investigate and differentiate seawater intrusion and other

salinization processes, including time-series water level and salinity measurements, geophysical methods,
4
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conceptual and mathematical modeling as well as geochemical methods (see reviews by Jones et al., 1999:

Werner et al., 2013). Geochemical techniques are particularly valuable in areas where the dynamics of

saline intrusion are complicated and may involve long-term processes pre-dating accurate water level

records, or where multiple salinization processes may be occurring simultaneously. These techniques

typically employ the use of major ion ratios such as CI/Br and CI/Na, which are indicative of solute origins

(Edmunds, 1996; Jones et al., 1999). Other ionic ratios, involving Mg, Ca, Na, HCO; and SO,, and

characterization of water ‘types’ can also be useful in determining the geochemical evolution of coastal

groundwater, for example, indicating freshening or salinization, due to commonly associated ion exchange

and redox reactions (Anderson et al., 2005; Walraevens, 2007). Trace elements such as strontium, lithium

and boron can provide additional valuable information about sources of salinity and mixing between

various _end-members, as particular waters can have distinctive concentrations (and/or isotopic

compositions) of these elements (e.g., Vengosh et al., 1999). Stable isotopes of water (5'°0 and 5°H) are

also commonly used in such studies, as they are sensitive indicators of water and salinity sources, allowing

seawater to be distinguished from other salt sources (e.g., Currell et al., 2015).——

This study wil-takeexamines the Yang-Dai River coastal plain in Qinhuangdao City, Hebei province

of, north China, specifically focusing on salinization of fresh groundwater caused by groundwater

exploitation in the Zaoyuan well field and surrounding areas.; The study as-an-example—te-investigates

groundwater salinization processes and interactions among surface water, greundwater-and-seawater_and

geothermal groundwaters;and—_in a dynamic environment, with significant pressure on water resourcesthe

. Qinhuangdao is an important
port and tourist city of northern China. In the past 30 years, many sprevieus—studies had-done—tohave
investigated —distribution—ef—seawater intrusion and its influencinge factors in the region using

hydrochemical analysis efgroundwater-(Xu, 1986; Yang et al., 1994, 2008; Chen and Ma, 2002; Sun and

Yang, 2007; Zhang, 2012) and numerical simulations (Han, 1990; Bao, 2005; Zuo, 2009)._However, these

studies have yet to provide clear resolution of the different mechanisms contributing to salinization, and
have typically ignored the role of anthropogenic pollution and groundwater-surface water interaction. This
study is thus a continuation of previous investigations of the eeastal-plain-aquifersin-Qinhuangdaeregion,
using a range of -h-Hydrochemical and stable isotopic eempestions—ef—colected—watersamples—were
analyzedfordata to ma
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salinization—ofthe—coastal-aquifers—to—revealdelineate the major aspeets—processes responsible for the

increasing groundwater salinity—in—the—eceastalaquifers, including lateral sub-surface sea-water intrusion,

vertical leakage of marine-influenced surface water, induced mixing of saline geothermal water, and

anthropogenic pollution. The goal is to—and te—obtain a_more robust conceptual model medelfor
deeipheringof the interconnections between greundwaterthe various water sources under the impact of
groundwater exploitation.—lew—systemr—ofthestudy—area- The results will-be—helpfulforthefurther
numerical-simulations-of-coastal-groundwatersystem—ttisprovide very-significant new information ferto

assist water resources management in the coastal plain_of Bohai bay, and other similar coastal areas

globally.
2. Study area

The Yang-Dai River coastal plain (Fig. 1) covers approximately 200km” ia—of the west side of
Beidaihe District of Qinhuangdao City, the-northeastern Hebei Province. It eonneets-the-eastern-seetion-ofis

surrounded by the Yanshan Meuntainr-Mountains to the north and west, and and-surrounded-by-mountains:

tFhe southern boundary of the study area is_the Bohai Sea. The plain beecometow—fromdeclines in

topographic elevation (with an average slope of 0.008) from approximately 390m above sea-level in the

northwest to 1-25m in the southeast, forming and-a fan-shaped distribution of the-incised piedmont--eeastal

wehined-alluvial plain_sediments. Eleva

field, located in the southern edge of the alluvial fan, approximately 4.3km from the Yang River estuary,

was built in 1959 (Xu, 1986) as a major water supply for this-the region_—Jtis-4-3-km-from-the southeastern
2.1 Climate and hydrology

The study area is in a warm and semi-humid monsoon climate. On the basis of a 56-a-year record in
Qinhuangdao-area, the mean annual rainfall is estimated-te-beapproximately 640 mm, the average annual
temperature is-abeutapproximately 11°C, and mean potential evaporation e£-1469 mm. 75% of the total

annual rainfall falls in July-September (Zuo, 2006), during the East Asian Summer Monsoon. The average

annual tide level is 0.86m (meters above Yellow Sea base level), while the highest and low tides is-are
approximately 2.48m; and theJowestis—-1.43m.—

The Yanghe River and Daihe River, originateding from the Yanshan Mountains, are the major surface
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water bodiesy in theis area, flowing southward into the Bohai sSea (Fig. 1). The Yang River is

approximately 100 km long with a catchment area of 1029 km” and average annual runoff of 1.11x10°m’/a

(Han, 1988). Dai River has a length of 35 km and catchment area of 290 km®, with annual runoff of

0.27x10* m*/a. The rivers become searedfull during shen-heavyintense rain_eventss-happened-with-short

peak-duration, whereas-it-and revert tobeeame minimal flow er-drying-during the dry season — in part this is

related to impoundment of flow in upstream reservoirs.—Fhe—Yans Riveris-about100-kmtongwith-the
2 s 3

catehmentareno 20 ey sndthewrernseoppunbrono e HH M m -

length 35 km-and-catchment areaof 200 -km’—with-annual runoff of 0-27x10%m’/aand average sradient of

2.2 Geological and hydrogeological setting

Groundwater in this-the area mainby-includes water in Quaternary porous sediment fissure-as well as

fractured bedrock wa

water—is—distributed—in the northern platform area. Hs—water—abundanee—isFractured rock groundwater

volume mainly dependsed on the degree of weathering and the nature and regularity of fault zones (Fig. 1).

The strata outcropping in the west, north and eastern edge of the plain includes—the Archean—gneiss,

Proterozoic mixed-granite-and-and Jurassic_aged metamorphic and igneous rocks, which also underlie the

Fhe-Quaternary sediments of the plain (from which most samples in this study were collected)are-meostly

. The basement faults under the

ptedmont-to-the-coast{see PP eross-section-of Figure 2)--these Geologiealtechnies-structures control the

development and defermation-thickness of the overlying sediments;—, as well as the distribution of hot

springs and geothermal anomalies. Fault zones are alse-thought to be the main channel for deep-watereyele

andtransport of thermal eenveetionwater from deeper to shallower depths.

The Quaternary sediments are widely distributed in the area, with the thickness ranging from

approximately 5-80 m (mostly 20-40 m), up to more than 100 m immediately adjacent to the coastline. The
bottom of the Holocene (Q4) unit in most areas has-elay-erconsists of clay-tayers, which-make-making the
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groundwater in the coastal zone under-confined or semi-confined-status, although —Fthere are no regional,

continuous aquitards between several layers of aquifer-forming sediments (Fig. 21bB)aguifers—TFhe

the—eoasthne. The aquifer is mainly composed of medium sand, coarse sand and gravel layers with

thickness—of 10-20-m-anda water table depth of 1-4 m in the phreatic aquifer, and_deeper semi-confined

groundwater (where present and hydraulically separated from the phreatic aquifer)-thicknessef10-30-m

and hosted in similar deposits with a watertable-depth-potentiometric surface ef-1-5 m below topographic

elevation in-the-cenfinedaquifer-(Zuo, 2006).

The general flow direction of groundwater is from northwest to south, according to the topography. The

main sources of recharge are from infiltration of rainfall, river water and irrigation return-flow, as well as

lateral subsurface inflow from the piedmont area. Naturally, groundwater discharges into the rivers and the

Bohai Sea. Apart from phreatic water evaporation, groundwater pumping for agricultural, industrial and

domestic usage (including seasonal tourism) are currently the main pathways of groundwater discharge.

Fhe-gGeothermal water discharges into shallow Quaternary sediments near the fault zones,-discharges

mto—shallow—Quaternarysediments,—which—is—the—overlying strata—in_evident as geothermal anemaleus

areaanomalies (Hui, 2009). The temperature of thermal water water—ranges is—from 27-57-°C in this

low-to-medium temperature geothermal field (Zeng, 1991). Fhe-thickness-ofthe-overhying stratais—varied
Deeper thermal
water is stored in the Archaeozoic granite and metamorphic rocks;—which—are—composed—of—migmatite;
gneiss—and—amphibole—plagio-gneiss—{(Pan,—1990).; mMajor deep—fracture zones are—the—goodprovide
pathways pa
sones—eonkdupeardtrsportatoratheFaultand—mpostthinto the_overlving —eoldarommdventerin—the

Quaternary aguifers-sediments (Pan, 1990; Shen et al., 1993; Yang, 2011).
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2.3 EnvironmentabssaesGroundwater usage and seawater intrusion history

Fhe——sShallow groundwater pumped from the Quaternary aquifer occupies 94% of the—total
groundwater exploitation, and is whieh—is—used for agricultural irrigation (aeeeunts—for-52% of the-total
groundwater use), industrial —(32%) and domestic water (16%) (Meng, 2004). Many large and
medium-sized reservoirs were built in the 1960s and 1970s and-resulted-inmeaning that the surface water

was intercepted and the-downstream runoff dropped sharply, even beeame—causing rivers to dry_up in

drought years. With the intensification of human socio-economic activities and growing urbanization,
coupled with extended drought years (severe drought during 1976-1989 in north China) (Wilhite,1993; Han
et al., 2015), increased groundwater exploitation to meet the ever-growing fresh water demands has
resulted in groundwater level deehning-declines and seawater intrusion (SWI) in the-eeastal aquifers.

The pumping rate in the Zaoyuan well field swas-gradually increased from 1.25 million m’/a in the
carly 1960s to 3.5 million m’/a in the late 1970s, and beyond 10 million m*/a in the 1980s. During

1966-1989, the—major—agrientturalplanting n—this—region—isof paddy fields became common, with

bigresulting in significant agricultural water consumption._This caused formation of a cone of depression in

the Quaternary aquifer system. Fhe-gGroundwater pumping tirae-ts-in this region mainly_occurs fremMay

to-Oetoberin spring and early summer, —with typical pumping rates of f-7~80,000 m’/d. Pumping from

the Zaoyuan well-field occurs in wells approximately 15 to 20m deep. —which—was—ever-exploited—and

ton—Groundwater levels decline sharply and

reach their lowest level during May, before the summer rains begin, and recover to their yearly high in

January-February (Fig. 2). In May 1986, the groundwater level in the depression center, which is located in

Zaoyuan-Jiangying (Supplementary—Figure S1), was—decreased to below—2_—m.a.s.l.-(meters above sea

level)_swithand the depression-arca;~which-has with groundwater levels below the-sea level ;-covered 28.2

km?. The local government commenced reduction in groundwater exploitation in this area after 1992, and

groundwater levels began to decrease more slowly after 1995, even showing recovery in some wells.

However, during an extreme drought year (1999), increased water demand resulted in renewed

groundwater level declines in the region (Fig. 32). Since 2000, the groundwater levels have responded

seasonally to water demand peaks and recharge (Fig. 2: Fig. S1).

Sinee-From 1990, the rapid development of township enterprises in-the+980s-(mainly referte-paper

mills), also began to cause groundwater over-exploitation in the western area_of the plain. (The

groundwateri-e—the groundwater—_ pumping rate for paper mills developmentreached 55,000 m®/d in 2002.)
9
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resultinged in the-groundwater level depressions around Liushouying and Fangezhuang (Fig. 1). The lowest

groundwater level in the_western depression eenterassociated with this pumping ir+994-was-up-tereached

-11.6 m.a.s.l._in 1991; and -17.4 m-ast—in 2002. After the implementation of “Transfering Qing River

water to Qinhuangdao” project sinee—in 1992, the intensity of groundwater pumping_generally beeame

sloewed-dewnreduced, and the-The-depression-centermoved-to-Liushouying-area—The groundwater level of

thein the depression center was-recovered to -4.3 m.a.s.l. in July 2006.

Overall, the depression area (groundwater levels below mean sea level) was recorded as 132.3km” in

May 2004 and tFhe shape of the depression was—has generally been elliptical with the major axis ef

thealigned E-W-—direction. The—depression—area—developed—to—1323km” in—May—2004.In_addition to

groundwater over-exploitation, climate change-induced recharge reduction has also likely contributed to

groundwater level declines and hence seawater intrusion —(Fig. S2). The annual average rainfall declined

from 639.7 mm between 1954 - 1979 to 594.2 mm between 1980-2010; a significant decrease over the last

30 years (Zhang, 2012). As indicated in Figure S2, the severity of seawater intrusion (indicated by changes

in Cl concentration, and the total area impacted by SWI, as defined by the 250mg/L Cl contour) correlates

with periods of below average rainfall — indicated by monthly cumulative rainfall departure (CRD, Weber

and Stewart, 2004).

Fhe-gGroundwater quality of theis area has-beeome-gradually became more saliniezed sinee-from the

early 1980s, with- c€hloride concentrations increasinged year by year. As early as 1979, seawater intrusion
oceurred—was recorded in the Zaoyuan well field. The intrusion area with groundwater chloridae
concentration greater than 250 mg/L has-beendevelopedwas—to 21.8 km® in 1984, and-32.4 km”in 1991,
52.6 km® in 2004 _and; 57.3 km?® in 2007 (Zuo, 2006; Zang et al., 2010). The chloride concentration of

groundwater pumped from the a monitored well-field well (depth of 18 m, this—welfieldG10 in Fig. 1)

changed from 90 mg/L in 1963 to; 218 mg/L in 1978, 567 mg/L in 1986, 459 mg/L in 1995, and 1367 mg/L

in 2002 (Zuo, 2006), reducing to 812 mg/L in July 2007-¢this-stady). The distance of estimated seawater

intrusion into the inland area from the coastline had reached 6.5 km inland-in 1991, and developed-+to-8.75
km in 2008 (Zang et al., 2010). At-In the early 1990s, 16 of 21 pumping wells in the well field have
beenwere abundant-abandoned due to the salineized water quality (Liang et al., 2010). Additionally, 370 of

520 pumping wells were abandoned has-been—abundant-in the wider Yang-Dai River coastal plain during

1982-1991 (Zuo, 2006).
10
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3. Methods

Fotally-In total, 80 water samples were collected from the Yang-Dai River coastal plain, including 58
groundwater samples, 19 river water samples (from 12 sites); and 3 seawater samples, during three
sampling campaigns_s-#namely—(June 2008, September 2009 and August 2010). Groundwater samples were
pumped from 28 preduetive-production wells with weH-depths ef-between 6_and -110m, including 7 deep

wells_with;whieh-has-wel depths greater mere-than 60m_(Fig. 1). While ideally, sampling for geochemical

parameters would be conducted on monitoring wells, due to an absence of these, production wells were

utilised. In most cases, the screened interval of these wells encompasses aquifer thicknesses of

approximately 5 to 15m above the depths indicated in Table 1.

Fhewater sampling sites—ean-be-showninFiguret—In this study, we-sampling investigated-focused

predominantly on low temperaturceetd groundwater; —frem—the—productive—wels—Hhowever, the

geothermal water existing—from around Danihe eannet—be—ignoredwas also considered a potentially

important ongoing source of groundwater salinity. As such, while geothermal water samples were not

accessible during our sampling campaigns (as the area is now protected), —Therelated datacan beavatlable

and-referenceddata reported by frem-Zeng (1991) due-to-that-we-cannot-obtain-the-hot-water samplesfrom
the-current-geothermalfieldwere compiled and analyzed in conjunction with the sampled wells.

Measurements of seme—physiealphysico-chemical parameters (-e—pH, temperature, and electrical
conductivity (EC)) were conducted in situ using_a portable meter (WTW Multi 35001). All water samples
were filtered to-with 0.45-pm membrane filters before eeHeetionfor-analysis of hydrochemical composition.
Two aliquots in polyethylene 100mL bottles at each site were collected: for major cation and anion analysis,
respectively. Samples for cation analysis (Na*, K, Mg>" and Ca>") were added-treated with 6-N HNO; to
prevent precipitation. Water samples were sealed and stored at 4—°C until determinationanalysis.
Biecarbonates wasere determined by titration within 12_hours heurs-afterof sampling. Fhe-eConcentrations
of cations and some trace elements (i-e-B, and-Sr, Li) were analyzed by inductively coupled plasma-optical
emission spectrometry (ICP-OES) en—filtered—samples—in the chemical laboratory of the Institute of
Geographic Sciences and Natural Resources Research (IGSNRR), Chinese Academy Sciences (CAS). Only

the Sr data are reported here, as the other trace elements were not relevant to the interpretations discussed

(Table 1). The detection limits for analysis of Na*, K*, Mg”" and Ca*" are 0.03. 0.05, 0.009. and 0.02 mg/L.
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Concentrations of major anions (i.e. CI, SO4%, NOs™ and F*) were analyzed by-ausing a High Performance

Ion Chromatograph (SHIMADZU, LC-10ADvp) at the IGSNRR, CAS. The detection limits for analysis of

CI, 8042’, NO;_and F are 0.007, 0.018, 0.016, and 0.006 mg/L. The testing precision the cation and anion

analysis is 0.1-5.0%. Fhe—+ten-Charge balance errors ef-the—chemiealresults-were are-less than 8%. Fhe
hydrochemical-andphysical-data—areshowninTable1—ThesStable isotopes (5'°0 and 8°H) of water
samples were measured by-using a Finnigan MAT 253 mass spectrometer after on-line pyrolysis with a
Thermo Finnigan TC/EA in the Stable Isotopes Laboratory of the IGSNRR, CAS. The results are expressed

in %o relative to international standards (V-SMOW (Vienna Standard Mean Ocean Water)) and efresulting

880 and &°H values are shown in Table 1:—were—expressed—in—%o—relative—to—internationalstandards
O-SMOW-(Vienna-Standard Mean OceanWater)). The analytical precision for 8°H is +2%o and for 8'%0 is

+0.5%o. All hydrochemical, physico-chemical and isotope data are reported in Table 1.

calculations were also conducted on the basis of ealenlatedfrom—the-Cl” concentrations of the samples

under fer-a conservative freshwater-seawater mixing system (Fidelibus et al., 1993; Appelo, 1994). Fhe

w—The seawater contribution for

each sample eanbeis expressed by-as a fraction of seawater (f;,,), which-eanbe-—ealenlated-using (Appelo

and Postma, 2005):

C Ca s

f;w — Cl,sam - (1)
CCl,sw - CCl,f

where Ccpgam, Ccis and Cey, refer to the ClI' concentration in the sample, freshwater, and seawater,

respectively. Based-on-the/. ~vatuc—thetheoretical-coneentration (€. -t cach-on-ina-watersample-can
becntenlutedbe
C —f£ . C 11 £N\.C

o~
\®)
~

~omix — Jsw “sw T 5 Jsw) ML f
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4. Results
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4.2-1 Water stable isotopes (8°H and 3'*0)

The local meteoric water line (LMWL, §*H=6.6 §'*0+0.3, n=64, 1’=0.88) is based on 5°H and 5'*0

mean monthly rainfall values between 1985 and 2003 from Tianjin station some 120 km SW of

Qinhuangdao City JAEA/WMO., 2006). Due to similar climate and position relative to the coast, this can

be regarded as representative of the study area. +9-wSurface water samples collected from Yang River and
Dai River (n = 19) have 5'°0 and 8°H values ranging from -10.1 to -0.6%o (mean= -5.4%o) and frerm—-71

to~-11%o (mean = -43%o), respectively. H-seems—that-the-sStable isotopes compositions for surface water

appear to exhibithave significant seasonal variation_(Fig. S3):- fEor Yang River; 3-surface—water-samples

fromé-in the relatively dry season (June 2008, n = 3) were-charaeterized-byhad mean . 580 and &°H values
rangingfrom—5-5-to—-1%o-(mean—of -3.0%0) and-from—49~—15%(mean—-31%o), respectively; —Whereas
6-water-samples-ssampleds #-from the wet season (August 2009 and September 2010, n = 6) had meanve
8'"0 and 8°H values rangingfrom 101 to—2.4%(mean—of -6.6%0) and—from—T—21%,(mean—
-48%0)—%0, respectively. As—te-Dai River;—_samples showed similar results; the dry season mean in-dry
season3—surface—water samples—are—characterizedby—3'°0 and 8°H values_(n = 3) rangins from—3-9-to
-0-6%o(mean—were -2.6%o) and from—44~—H%o(mean—-32%o), respectively; and-in-wet season_samples
(n = 7),F-surface-watersamples have-had mean 8'°0 and 8°H values ransingfrom—9-7-to—-2%.(rean=of
-6.6%0} and frem—69~—12%0-(mean—-49%o), respectively_ (Fig. 43).

The 56 groundwater samples are-were characterized by 8'°0 and 8°H values ranging from -11.0 to
-4.2%o (mean= -6.5%o) and frem—-76_to ~-39%o (mean = -50%o), respectively. Among themthese, shallow

and deep groundwater samples showed similar mean values, although deep groundwater samples (n = 13)

showed relatively narrow overall ranges (43—shaloweroundwater—samples—have—8"O—and—8 H values
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sroundwaters-have-8" O-and-& Hvaluesransing from—-7.8 to -5.1%o and mean = -6.3%o jfor 8'°0; —and
from—58_to ~43%o and ¢mean = -50%o_for 8°H: Fig. 43} respectively). Slight seasonal variation was

evident in the groundwater isotope compositions; Eerthe-shallow groundwater from;-during the dry season
n = +12) watersamples-haveshowed §'°0 and 8°H values rangingfrom -7.2 to -4.2%o (mean = -5.7%o) and
8°H values from frem—-56 _to ~-39%o (mean = -48%o);respeetively; while during the wet season_(n =; 31)

watersamples—arefeatured by-5'°0 and 8”H values rangedwith-a—range—of from -11.0 ~ -5.3%o (mean =

-6.9%0) and -76 ~ -43%0 (mean = -51%o), respectively. Some variability was also evident in deep

groundwater compositions, although only three deep samples were collected during the dry season.Eerthe

EMWE-in-this-stady—From Figure 43, it can be seen that surface water have-exhibits a much mere-wider

range of 8'°0 and 8”H values relative to groundwater, with shallow groundwater in turn more spatially

variable than deep groundwater. Water samples collected in the wet season have-showed mere-wider ranges

of "0 and &°H values relative to watersampled-inthe dry season. Most ef-water samples-samples of all

types plot to the right of (below) the LMWL, with some surface water samples showing similar

compositions to the local seawater (Fig. 43). T—he local sSeawater plots below (more negative) than

typically assumed values (e.g. VSMOW = 0%o) for both 8°H and 5'®0, and this water appears to represents

ana end-member involved in mixing with meteoric-derived waters in both ground and surface water (Fig.

4.3-2 Water salinity and majer-dissolved ions

TDS (total dissolved solids) concentrations of the-surface water samples from Dai River have-arange
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from e£0.3g/L~31.4g/L with 22-78% Na"_and; Ca*" comprising 22-78% and 4-56-4% €a>-of total cations

and 36-919%-Cl" comprising 36-91% of total anions. The composition changes from; Ca*Na*Mg-Cl*HCO;

to Na-Cl water type from the-upstream_—to_—the-downstream locations_along with increasing salinity; CI°

concentrations vary from approximately 70 mg/L upstream to 16700 mg/L near the coastline, due to marine

influence. TheCl-

eoastline—Similar variation occurs along the Fer-Yang River, the-cellected-waterwhere samples havde TDS

concentrations ef-between 0.3-26.1 g/L. with increasing pereentages—concentrations and proportions

33-H%)of Cl coneentrations—(63.2-14953.5 mg/L) from the-up-reach-stream to the-down-reachstream

locations;—with—water—types—changed—from—CasNa-HCO;2Cl+SO ;- CasMeg-ClsSO,2HCO;—to-Na-Cl. The

aNitrate eentents-concentrations also range from 2.8 to 65.2 mg/L in the surface water samples, increasing

downstream.

hydrogeological-processes-and-anthropogenieactivities—In the early 1960s, groundwater pumped from the

Zaoyuan well field was—featured—by—theexhibited Ca-HCO; water type and chloride concentrations of

90-130 mg/L; this was followed by rapid salinization since the 1980s (see section 2.3). fa-the-early1970s;

1290-4-med—in-2005-(Zanget-al52040)—In this study, the-shallow groundwater is characterized by TDS
concentrations of 0.4-4.8 g/L with the-percentase-o£-Cl (34-77%), Na" (12-85%) and; Ca*’ (5-69%) being

the predominant major anion and cations, respectively. and-waterGroundwater hydrochemical types varied

vary from Ca-HCO;+Cl, Ca*Na-Cl, Na*Ca-Cl to Na-Cl_—which-can-been-seenfromPiperplot-(Figure 54).
Fhe-dDeep groundwater isfeatured-byhas TDS concentrations ef-between 0.3-2.8g/L, whieh-is-dominated

by Ca (up to 77%_of major cations) in the upstream area and Na (up to 85%_or major cations) near the coast,

with water type distributed-insertes-ofevolving from Ca-Cl*HCOj;_to; Ca*Na-Cl and Na*Mg-Cl (Figure 54).

At present, tFhe TDS of groundwater from the well field reaches 3.31 g/L with Na-Cl water type inthe(see

well G15). Therelative-highfractureThe highest observed—_mixing proportions of seawater occurs in the

shallow well G10 and deep well G2, respectively, with_calculated fsw values_(according to equation 1) of

12.95% and 5.35%, respectively.

Hydrochemical features of thermal water from the Danihe-Luwangzhuang area (Fig. 1A) are distinct
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from the normal/low temperature groundwater. Previous work by Zeng (1991) and Hui (2009) identified

geothermal water with high TDS in the fractures of deep metamorphic rock. The geothermal water was

characterized by TDS values between 6.2-10.6 ¢/L and Ca°Na-Cl water type, while CI” concentrations

ranged from 5.4 to 6.5 g/ and Sr concentrations from 6.73 to 89.8 mg/L. Some normal/low temperature

groundwater samples collected in this study from wells G8, G19. and G9 featured by CasNa-Cl water type

with relative high TDS ranges (0.8-1.4 ¢/L, 1.3-1.6 g/L. and1.5-2.8 g/L. respectively) and strontium

concentrations (1.1-1.9 mg/L, 4.9-7.1 mg/L. and 7.3-11.6 mg/L, respectively), showing similarity with the

geothermal system. Low temperature groundwater sampled in this study had Sr/Cl mass ratios ranging from

2.4 xx 10™ to 1.6 xx 107 with higher ratios in deep groundwater (range: 9.4 xx 10 to 1.3 xx 102,

median: 3.7 xx 107) compared to shallow groundwater (median: 3.1 xx 107), and groundwater generally

higher than seawater/saline surface water (range: 3.7xx 10™ to 5.8 xx 10™, median: 3.9 xx 10" Table S1).

Fhe-nitrateNitrate eontents-concentrations in groundwater have-a-range effrom 2.0-178.5 mg/L (mean

90.1 mg/L) for shallow groundwater, and 2.0-952.1 mg/L (mean 232.1 mg/L) for the deep groundwater,
respectively, with most ef—whichsamples serienshy—exceedings the WHO drinking water standard (50

mg/L).
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5. Discussions

5.1 Groundwater flew—systemisotopes and hydrochemieal—featareshydrochemistry as

indicators of mixing processes

GeneralbsThe Quaternary groundwater system in the Yang-Dai River coastal plain is—may be
recharged by precipitation, irrigation return flow, river infiltration and lateral subsurface runoff (e.g. from

mountain-front regions).

and-seawater-in-the-eoastal-area—The-gGroundwater geochemical features-characteristics are then controlled

by the—eemplex—hydrogeological conditions and thesehydrelogiealmixing processes, including mixing

induced by extensive groundwater pumping, as well as natural mixing and water-rock interaction. It is

evident from the geochemistry that mixing has occurred between groundwater and seawater in the coastal

areas, as well as between normal/low temperature groundwater and geothermal water in the inland areas

(e.g. near the Danihe geothermal field). Fhe-dDifferent sources of water bedies-are_generally characterized

by somewhat distinctivedifferent ef-stable isotopic and hydrochemical compositions;—, allowing mixing

calculations to aid understanding of determining-the groundwater salinization and mixing processes, as

discussed below-in-this-area.

Fhe-sStable isotopes of O and H_in groundwater and surface water —ean—be—used—to—deseribe-the

in Fig. 43) given-as-with slope of §"H=4.4x5'%0-21.7, which-is-significantly lower than either the local or

global meteoric water lines. Three processes are likely responsible for the observed range of isotopic

compositions: 1. Mixing between saline surface water (e.g. seawater or saline river water affected by tidal

ingress) and fresher, meteoric-derived groundwater or surface water; 2. Mixing between fresh

meteoric-derived groundwater and saline thermal water; 3. Evaporative enrichment of surface water and/or

irrigation return-flow, which may

has-evidenced-evaperativeprocesses—oceurred—during—water-infiltrateion_groundwater in some areas-and
surfaceruneff. A sub-group of surface water samples (e.g., S1 to S3, S7 and S12; termed ‘brackish surface

water’) show marine-like stable isotopic compositions and major ion compositions (Fig. 43 and Fig. 5). The

‘fresh’ surface water samples (e.g. EC values <1500 uS/cm) exhibit meteoric-like stable isotope

compositions, with some samples (such as S9 and S10) showing clear evidence of evaporative enrichment
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in the form of higher 5*H and particularly, 5'%0 values (Fig. 43).

Fresh groundwater has depleted 5'°0 and 3°H values relative to seawater and show a clear meteoric

origin, albeit with modification due to mixing. Theoretically, the mixing of meteoric-derived fresh

groundwater and marine water should result in a straight mixing line connecting the two end members:

however this is also complicated in the study area by the possible mixing with geothermal water. The

thermal groundwater has distinctive stable isotopic and major ion composition (Han, 1988: Zeng, 1991),

allowing these mixing processes to be partly delineated. Stable isotopes of thermal groundwater are more

depleted than low-temperature groundwater (e.g. 3'°0 values of approximately -8%o, Fig. 8), indicating this

likely originates in the mountainous areas to the north; Zeng (1991) estimated the elevation of the recharge

area for the geothermal field to be from 1200 to 1500 m.a.s.l. Based on a bivariate plot of 3'°0 vs. Cl” with

mixing lines and defined fresh and saline end-members, Fig. 65 shows the estimated degree of mixing

between fresh groundwater including shallow (G4) and deep (G25) groundwater end-members, and saline

water, including seawater and geothermal end-members.

The two fresh end-members were selected to represent a range of different groundwater

compositions/recharge sources, from shallow water that is impacted by infiltration of partially evaporated

recharge (fresh but with enriched 3'%0) to deeper groundwater unaffected by such enrichment (fresh and

with relatively depleted 5'°0). The narrower range and relatively enriched stable isotopes in shallow

groundwater samples collected during the dry season compared with the wet season indicate some

influence of seasonal recharge by either rainfall (fresh, with relatively depleted stable isotopes) or irrigation

water subject to evaporative enrichment (more saline, with enriched stable isotopes and high nitrate

concentrations; Currell et al., 2010) and/or surface water leakage. While there is overlap in the isotopic and

hydrochemical compositions of shallow and deep groundwater (Fig. 3 & Fig. 4). this effect appears to only

affect the shallow aquifer.34

Based on Fig. 5. the shallow groundwater samples (e.g. G15, G10, G11. G14) collected from or

around the Zaoyuan well field appear to be characterized by mixing between fresh meteoric water and

seawater (plotting in the upper part of Fig. 65); while some deeper groundwater samples (e.g. G13, G2,

G16, G14) collected from the coastal zone also appearing to indicate mixing with seawater. Groundwater

sampled relatively close to the geothermal field (e.g. G9, G19) shows compositions consistent with mixing

between low-temperature fresh water and saline thermal water (lower part of Fig. 5). This is more evident

in deep groundwater than shallow groundwater, which is consistent with mixing from below, as expected
19
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for the deep-source geothermal water. Other samples impacted by salinization show more ambiguous

compositions between the various mixing lines, which may arise due to mixing with either seawater,

geothermal water or a combination of both (e.g., G29).

The estimated mixing fraction (f;,,) of marine water for the shallow brackish groundwater ranges from

1.2~13.0% and 2.6~6.0% for the deep brackish groundwater. The highest fraction of 13% was recorded in

G10, located in the northerm part of the Zaoyuan well field, which is located near a tidally-impacted

tributary of the Yang River (Fig 1). Relatively higher fractions of marine water in relatively shallow

samples (including those from the well field) compared to deeper samples may indicate a more ‘top down’

salinization process, related to leakage of saline surface water through the riverbed, rather than ‘classic’

lateral sea water intrusion, which typically causes salinization at deeper levels due to migration of a salt

water ‘wedge’ (e.g. Werner et al., 2013); this is consistent with results of resistivity surveys conducted in

the region (Fig. 6). —The profile of chloride concentrations vs. depth indicates that salinization affects

shallow and deep samples alike, with the most saline samples being relatively shallow wells in the

Zaoyyuan well-field (Fig. 77).

In general, brackish and fresh groundwater samples show distinctive major ion compositions, with the

more saline water typically showing higher proportions of Na and Cl (Fig. 54). This contrasts with historic

data collected from the Zaoyuan well field, which showed Ca-HCO; type water with Cl concentrations

ranging from 130 to 170 mg/L. This provides additional evidence that the salinization in this area is largely

due to marine water mixing. More Ca-dominated compositions are evident in the region near the

geothermal well field further in-land (e.g., G5, G8, G19, G29, and G24); consistent with a component of

salinization that is unrelated to marine water intrusion. Plots of ionic ratios of Na/Cl and Mg/Ca vs. Cl also
20
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reveal a sub-set of relatively saline deep groundwater samples which appear to evolve towards the

geothermal-type signatures with increasing salinity (Fig. &8).

Stronger evidence of mixing of the geothermal water in the Quaternary aquifers (particularly deep

groundwater) is provided by examining strontium concentrations in conjunction with chloride (Fig. 99).

The geothermal water from Danihe geothermal field has much higher Sr concentrations (up to 89.8 mg/L)

than seawater (5.4-6.5 mg/L in this study), due to Sr-bearing minerals (i.e., celestite, strontianite) with Sr

contents of 300-2000 meg/kg present in the bedrock (Hebei Geology Survey, 1987). Groundwater sampled

from near the geothermal field in this study has the highest Sr concentrations e.g.., G9 with Sr

concentrations ranging from 7.4 to 11.6 mg/L, and G19 from 4.9 to 7.1 mg/L.

The plot of chloride versus strontium concentrations (Fig. 99) shows that these samples and others

(e.g.. Gl16, G20, G27, G29) plot close to a mixing line between fresh low-temperature and saline

thermal-groundwater. Mass ratios of Sr/Cl in these samples are also elevated relative to seawater by an

order of magnitude or more (e.g. Sr/CI >5.0 xx 10'3, compared to 3.9 xx 10* in seawater, Table S1). Other

samples from closer to the coast (e.g. G4) also approach the thermal-low temperature mixing line,

indicating probable input of thermal water. Samples collected from the Zaoyuan well field generally plot

closer to the Sr/Cl seawater mixing line (consistent with salinization largely due to marine water — Fig. 89):

however, samples mostly plot slightly above the mixing line with additional Sr, which may indicate more

widespread (but volumetrically minor) mixing with the thermal water in addition to seawater.

5.2 Anthropogenic pollution of groundwater

The occurrence of high nitrate (and possibly also sulfate) concentrations in groundwater in both

coastal and in-land areas also indicates that anthropogenic pollution is an important process impacting

groundwater quality and salinity (Fig. +010; Table 1). Eresh-sroundwater has-depleted-&'*O-and-5 H-values
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Fhe-sSeawater from Bohai Sea has-is heavily affected by nutrient contamination, showing relatively
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higher-NO3™ concentrations of (810 mg/L in this study, and up to 1092 mg/L in the-eeastal-seawater further

north of the bay near ef-Dalian_(-Han et al., 20155), primarily due to wastewater discharge into the sea.

The historic sampled NO5™ concentration of groundwater in the well field increased from 5.4 mg/L in May

1985 to 146.8~339.4 mg/L in Aug 2010, while the concentration ef-in seawater n-this-area-changed from

57.4 mg/L in May1985 to 810.1 mg/L in Aug 2010. The-diagramA bivariate plot (Fig—-of CI vs. NO3’

concentrations efin groundwater (Fig. $810) can_thus —be used to identify nitrate sources and the-different

mixing trends-in-this-study-area, including the-mixingproeess—withinfiltration with contaminated seawater,

and-and other on-land the-anthropogenic NOs-sources (e.g. domestic/industrial wastewater discharge_and/or;

NOj-bearing fertilizer input through preeipitation—infiltration-and-the-irrigation return-flow)-in-the-inland

area.

ft—ean—be-seen—fFrom Eig—7this plot (Fig. 910) it appears that that-the major source of NOj™ in

groundwater is-frem on-land anthropogenic inputs rather than mixing with seawater, which would result in

relatively large increases in Cl along with NO;. ;-with-the-exeeption-efSamples G10 and G15_(from the well

field) are exceptions to this trend,-mixing—_showing clear mixing with nitrate-contaminated seawater-in-the

well-field. The-dDeep groundwater (e.g. G9, G142) is also_extensively contaminated by-with higher NO;

concentrations;;_this—whieh is likely associated with leakage from the surface viathe poorly constructed or

abandoned wells_- a problem of growing significance in China (see Han et al., 2016b; Currell and Han,

2017). According to one investigation by Zang et al.(2010), 14 of 21 pumping wells in the Zaoyuan well
field have been abandoned due to the—salinizedpoor water quality, and 307 pumping irrigation wells

(occupied 2/3 of total pumping wells for irrigation) in the region have also been abandoned. Heweverthe

1Local department—authorities haves however not made—anyimplemented measures to deal with these

abandoned wells, meaning they are a future legacy contamination risk — e.g. by allowing surface runoff

impacted by nitrate contamination to infiltrate down well annuli.

5.2-3 Greundwatersalinization-preecessesHydrochemical evolution during salinization—

A hydrogeochemical facies evolution diagram (HFE-D) proposed by Giménez-Forcada (2010), was

used to analyze the geochemical evolution of groundwater during seawater intrusion and/or freshening

phases (Fig. 111). In the coastal zone, the river water shows an obvious mixing trend between fresh and

saline end members. Some shallow groundwaters (e.g., G2, G4, G10, G13, G15) are also close to the

mixing line between the surface-water end-members on this figure, indicating mixing with seawater
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without significant additional modification b ical water-rock interaction processes (e.g. ion exchange).

Most brackish groundwaters (e.g., G11, G16, G17, G20, G25, G28, G29) have evolved in the series

Ca-HCO;3; — Ca-Cl— Na-Cl, according to classic seawater intrusion. A relative depletion in Na (shown in

lower than marine Na/Cl ratios) and enrichment in Ca (shown as enriched Ca/SO, ratios) is evident in

indicating classic base-exchange between

roundwater with intermediate salinities (e.g.

Na and Ca during salinization (Appelo and Postma, 2005). Locally, certain brackish water samples (e.g.,

G1, G12, G26) appear to plot in the ‘freshening’ part of the HFE diagram (potentially indicating slowing or

reversal of salinisation due to reduced in groundwater use), although these do not follow a conclusive

trajectory. Water samples from the geothermal field (G5, G8. G9. and G19) plot in a particular corner of the

HFE diagram away from other samples (being particularly Ca-rich); a result of their distinctive

geochemical evolution during deep transport through the basement rocks at high temperatures.—
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53—4 Conceptual model of greundwater—flow—patternssalinization and management
implications—

Coastal zones encompass the complex interaction among different water bodies (i.e., river water,
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seawater and groundwater). The interactions between surface- and ground-water in the Yang-Dai River

coastal plain have generally been ignored in previous studies. However, the surface water chemistry data

show that the distribution of salt water has historically reached more than 10 km inland along the estuary of

the Yang River, and approximately 4 km inland in the Dai River (Han, 1988). The relatively higher

proportion of seawater-intrusion derived salinity in shallow samples in this study, along with the evidence

from resistivity surveys (Fig. X6; Zuo, 2006) indicate that intrusion by vertical leakage from these estuaries

is therefore an important process. The hazard associated with this pathway in recent times has been reduced

by the construction of a tidal dam, which now restricts seawater ingress along the Yang estuary to within 4

km of the coastline. This may alleviate salinization to an extent in future in the shallow aquifer by

removing one of the salinization pathways, however, as described, there are multiple other salinization

processes impacting the groundwater in the Quaternary aquifers of the region.

A conceptual model_of the groundwater flow system in the Yang-Dai River coastal plain eanbeis

summarized in Fig. $5122. This model presents an advance on the previous understanding of the study area,

by delineating fEour subsurfaece—major processes_responsible for groundwater salinization in this area.

These are: 1. ;ineludingsSeawater intrusion_by lateral sub-surface flow; 2. Interaction between saline

surface water and groundwater (e.g. vertical leakage of saline water from the river estuaries); 3. s

return-flow—ofagricultural drrigation,—mMixing with—between low-temperature groundwater and deep

geothermal water; and, 4. Irrigation return-flow and associated anthropogenic contamination—interaetion

this-area. Both the lateral and vertical intrusion of saline water are driven by the long-term over-pumping of

groundwater from fresh aquifers in the region. The —Fweo—aspeets—of seawater—intrusion—identified-by

aquifers—ifrrigation return-flow from local greundwater-agriculture ean-results from over-irrigation of crops,

and is responsible for eause—sreundwaterextensive nitrate pollution (up to 340 mg/L NOs™ in groundwater

of this arca) due—to-the—infitration—and-probably due to dissolution of fertilizers_during infiltration. The

somewhat enriched stable isotopes in shallow groundwater (more pronounced in the dry season) also

indicate that such return-flow may recharge water impacted by evaporative salinization into the aquifer.

The geGeothermal water, with distinctive chemical composition (e.g. depleted stable isotopes, high TDS,
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Ca E-—and Sr concentrations), is also demonstrated in this study to be a significant contributor to

groundwater salinization, via upward mixing. The study area is therefore in a situation of unusual

vulnerability, in the sense that it faces salinization threats simultancously from lateral, downward and

upward migration of saline water bodies.—

According to drinking water standards and guidelines from China Environmental Protection Authority

(GB 5749-2006) and/or US EPA and WHO., chloride concentration in drinking water should not exceed 250

mg/L. At the salinity levels observed in this study - many samples impacted by salinization

contain >500mg/L of chloride (Table 1) - a large amount of groundwater is now or will soon be unsuitable

for domestic usage, as well as irrigation or industrial utilization. So far, this has enhanced the scarcity of

fresh water resources in this region, leading to a cycle of groundwater level decline — seawater intrusion

— loss of available freshwater — increased pumping of remaining fresh water. If this cycle continues, it is

likely to further degrade groundwater quality and restrict its usage in the future. Such a situation is typical

of the coastal water resources ‘squeeze’ highlighted by Michael et al., (2017). Alternative management

strategies, such as restricting water usage in particular high-use sectors, such as agriculture, industry or

tourism, that are based on a comprehensive assessment of the social, economic and environmental benefits

and costs of these activities, warrants urgent and careful consideration.——

6. Conclusions

It-has-beenrecognized-that-gGroundwater in the Quaternary aquifers of the Yang-Dai River coastal

plain is the-an important water resource for agricultural irrigation, urban—-anddomestic use (including for

tourism) —teurism-development-and industrial uvtilizatienactivity. Natural-chimate-change(e-g-continnous
drought—overflow—of geothermal water)-and-Extensive groundwater utilization human—aetivitieshavehas

made the problem of groundwater salinization in this area increasingly prominent, evea-resulting in the

closure of theZaoyuan—welfieldwells in the area. Based on the analysis of hydrochemical and stable

isotopic compositions of different water bodies, inelading—surface—water—coldgroundwater,—geothermal
water,—and—seawates—we delineated the key greundwater—flow—system—and—groundwater salinization
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processes. Seawater intrusion is the main aspeet-process responsible for the-groundwater-salinization in the

coastal zene;zone; however this likely includesing-the vertical saltwater infiltration along the riverbed into

aquifers;-which-is-affected-by-the-tide/surge process;and as well as the-lateral seawater intrusion caused by

pumping for fresh groundwater_at the Zaoyuan wellfield. The everflow—upward mixing of the-highly

mineralized thermal water into the Quaternary aquifers along—thefault—zone—mixes—with—the—ecold
eroundwater-and-makes—it-salinizedis also evident, particularly through the use of stable isotope, chloride

and strontium end-member mixing analysis. Additionally, significant Fhe-thermal-water-has—charaeterized

salinization—or-nitrate pollution from the anthropogenic activities (e.g., agricultural irrigation return-flow

with dissolution of fertilizers)_and locally, intrusion of heavily polluted seawater, are also evident.

Groundwater salinization has become a prominent water environment problem in the coastal areas of

northern China (Han et al., 2014; Han et al., 2015; Han et al., 2016a), which-has-eaused-theand threatens to

create further paucity of fresh water resources, which may prove a significant impediment to further social

and economic —and-has-become-the-botteneckofurban-development_in these regions-te-a-eertainextent.
Since the 1990s, the local government has begun to pay attention to the development-problem of seawater
intrusion, and the-irrational exploitation of groundwater has been restricted_in some cases. The Zaoyuan

well field has-ceased to pump groundwater since 2007, while an—Fhe anti-tide dam (designed to protect

against tidal surge events) has-been-established in the Yang River estuary area—in—2002;may also reduce

saline intrusion e

future. However, due to the significant lag-time associated with groundwater systems, a response in terms

of water quality may take time to emerge, and in the meantime the other salinization and pollution impacts

documented here may continue to threaten water quality-These-actions—have-made-therate—ofintrusion

at-In this regard, we recommend Heowever;
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monitoring of groundwater quality and levels, and active programs to reduce input of anthropogenic

contaminants such as nitrate from fertilizers, and appropriate well-construction and decommissioning

protocols to prevent contamination through preferential pathways.
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Appendix for the paper titled “Delineating multiple salinization processes in a coastal plain aquifer,
northern China: hydrochemical and isotopic evidence” by Han and Currell

Bedrock

@\3

Fig. S1 Maps showing the distribution of groundwater level contours in shallow aquifer (a) in 1986 (from
Han, 1988), (b) in 1998 (from Zuo, 2006), (c) in 2004 (from Zuo, 2006), and (d) in 2010 (this study). The
depression area refers to the area enclosed by 0 m.a.s.l. contour line of groundwater levels.
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Fig. S2 Graph showing the temporal variation of monthly cumulative rainfall departure (CRD, Weber and
Stewart, 2004), monthly precipitation, average concentration of chloride in groundwater (dark blue) and
surface area with >250 mg CI/L (yellow) between 1963 and 2008 (data from Zang et al., 2010).
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Fig. S3 Graph showing 5°H vs. 8'°0 of water samples in rainfall and river water. Dry season- July to

October; wet season- November to June.



Table S1. NO3/Cl and Sr/Cl ratios in water samples

WaterType ID Sampiing cl NO: > NoJ/Cl sel
Time mg/L mg/L mg/L (x10®)
_Shallow groundwater samples:
G4 Aug.2010  124.3 92.6 0.67 0.745 5.41
G27 Aug.2010 1775 163.0 1.22 0.918 6.88
G12 Aug.2010  276.9 31.9 0.25 0.115 0.90
G17 Aug.2010  88.8 39.5 0.33 0.445 3.68
G18 Aug.2010  124.3 137.8 071 1.109 5.71
Gl Sep.2009  220.1 2.0 0.66 0.009 3.00
G4 Sep.2009 1243 1785 0.85 1.437 6.83
G5 Sep.2009  303.4 162.3 114 0.535 3.74
G23 Sep.2009  88.8 163.4 055 1.841 6.17
_ G7 Sep.2009  81.7 412 0.41 0.505 5.01
g G8 Sep.2009  334.6 85.4 1.19 0.255 357
3 G11 Sep.2009  222.9 74.5 0.84 0.334 3.75
3 G12 Sep.2009  174.0 46.0 0.53 0.264 3.06
e G28 Sep.2009  127.8 225 058 0.176 454
§ G18 Sep.2009  110.1 152.9 0.65 1.389 5.94
G20 Sep.2009  246.9 107.1 3.94 0.434 15.94
G17 Sep.2009 2435 126.4 0.71 0.519 291
G3 Jun.2008  315.0 0.46 1.47
G4 Jun.2008  74.6 75.8 0.47 1.017 6.29
G5 Jun.2008  310.9 1195 1.43 0.384 4.61
G8 Jun.2008  349.7 55.9 1.08 0.160 3.07
G12 Jun.2008  281.0 29.8 0.19 0.106 0.68
G17 Jun.2008  227.9 92.6 057 0.406 2.50
G18 Jun.2008 1155 144.2 0.41 1.249 3.55
... G20 Jun2008 2343 182 210 0078 8.95_
Gl Aug.2010  312.4 120.0 0.54 0.384 171
G3 Aug.2010  654.3 106.0 0.97 0.162 1.49
G15 Aug.2010  435.7 181.3 1.60 0.416 3.67
G26 Aug.2010  784.6 339.4 1.20 0.433 153
G11 Aug.2010  646.1 414.1 151 0.641 2.34
G20 Aug.2010  596.4 177.9 3.95 0.298 6.62
G5 Aug.2010  447.3 253.3 0.78 0.566 174
i G8 Aug.2010  596.4 141.4 1.87 0.237 3.3
E G7 Aug.2010  299.6 338.3 0.66 1.129 2.20
é G19 Aug.2010  600.0 211.9 7.10 0.353 11.84
© G24 Aug.2010  646.1 952.1 2.44 1.474 3.78
% G22 Sep.2009  408.3 2.0 0.70 0.005 1.72
@ G10 Sep.2009  2563.1 27.7 1.92 0.011 0.75
G14 Sep.2009  291.1 109.8 0.82 0.377 2.81
G24 Sep.2009  454.4 4415 0.93 0.972 2.05
G19 Sep.2009  622.0 915 4.87 0.147 7.83
Gl Jun.2008  717.1 87.7 0.17 0.122 0.24
G11 Jun.2008  451.2 1.00 2.21
G14 Jun.2008  372.8 267.3 0.93 0.717 2.48

G15 Jun.2008 1675.6 146.8 217 0.088 1.29




Deep Groundwater samples:

G25 Aug.2010  68.1 71.0 0.25 1.042 3.66

GroIL:J:](::ISVCater G16 Sep.2009 2144 2.68 12.51
G29 Sep.2009  255.6 26.3 0.20 0.103 0.77

629 Aug2010 8034 1430 695 0178 8.65

G16 Aug.2010  766.8 55 4.00 0.007 5.21

o G9 Jun.2008 823.6 47.4 7.40 0.058 8.98

g G9 Sep.2009 917.4 65.8 8.02 0.072 8.74

g G9 Aug.2010  1228.3 337.4 11.59 0.275 9.44

2 G14' Aug.2010  553.8 433.7 1.06 0.783 191

% G13 Aug.2010  908.8 210.6 0.26 0.232 0.29

@ G13 Jun.2008 945.4 0.55 0.58

G13 Sep.2009  882.0 0.35 0.39

G2 Jun.2008 1093.4 1.03 0.94

River water samples:

Fresh water samples

Dai River S9 Aug.2010  80.3 65.2 0.34 0.813 4.20
Dai River S12 Aug.2010 71.3 41.9 0.30 0.588 4.14
Dai River S8 Aug.2010 68.6 54.9 0.32 0.801 4.67
Yang River S6 Aug.2010 66.0 51.9 0.30 0.786 4.53
Yang River S2 Aug.2010 63.2 40.2 0.26 0.636 4.10
Yang River S5 Sep.2009 85.2 12.9 0.36 0.152 4.27
Yang River S4 Sep.2009  733.1 6.6 0.009
Yang River S6 Sep.2009 99.4 6.6 0.30 0.067 3.04
Dai River S9 Sep.2009  88.8 6.8 0.36 0.077 4.03
Dai River S8 Sep.2009 174.0 6.4 0.55 0.037 3.17
Yang River S6 Jun.2008 81.7 12.6 0.31 0.154 3.82
Dai River S10 Jun.2008 208.9 23.1 0.57 0.111 2.72
_DaiRiver S Jun2008 923 75 035 008 . 381
Brackish and salt water samples
Yang River S3 Sep.2009 11289.4 4.29 0.38
Dai River S12 Sep.2009  16766.3 7.64 0.46
Dai River S11 Sep.2009  1601.5 2.8 0.93 0.002 0.58
Yang River S1 Jun.2008 14953.5 5.55 0.37
Yang River S2 Jun.2008 8328.3 3.37 0.40
Dai River S7 Jun.2008 16677.1 6.36 0.38
Swi Aug.2010  14768.3 810.1 5.79 0.055 0.39
Seawater: Swi Sep.2009  16568.0 6.45 0.39
Sw2 Sep.2009  14484.8 5.43 0.37

Note: NO3/Cl and Sr/Cl — mass ratios
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Abstract
Groundwater is an important water resource for agricultural irrigation, urban and industrial utilization in the
coastal regions of northern China. In the past five decades, coastal groundwater salinization in the
Yang-Dai River plain has become increasingly serious under the influence of anthropogenic activities and
climatic change. It is pivotal for the scientific management of coastal water resources to accurately
understand groundwater salinization processes and their causative factors. Hydrochemical (major ion and
trace element) and stable isotopic (5'%0 and &°H) analysis of different water bodies (surface water,
groundwater, geothermal water, and seawater) were conducted to improve understanding of groundwater
salinization processes in the plain’s Quaternary aquifer. Saltwater intrusion due to intensive groundwater
pumping is a major process, either by vertical infiltration along riverbeds which convey saline surface

water inland, and/or direct subsurface lateral inflow. Trends in salinity with depth (chloride concentrations

locally reaching >2500 mg/L in shallow groundwater and <1250 mg/L in the deeper groundwater) indicate
that the former may be more important than previously assumed. The proportion of seawater in
groundwater is estimated to have reached up to 13% in shallow groundwater of a local well field.

End-member mixing calculations also indicate that highly-mineralizedthe geothermal water with high TDS

180 <-8%o) and elevated strontium

(FBS-efup to 10.6 g/L) with depleted stable isotope compositions
concentrations (>10 mg/L) also locally mixes with water in the overlying Quaternary aquifers. This is
particularly evident in samples with elevated St/Cl ratios (>0.005 mass ratio). Deterioration of groundwater
quality by salinization is also clearly exacerbated by anthropogenic pollution. Nitrate contamination via
intrusion of heavily polluted marine water is evident locally (e.g. in the Zaoyuan well field); however, more
widespread nitrate contamination due to other local sources such as fertilizers and/or domestic wastewater
is evident on the basis of NO3/Cl ratios. This study provides an example of how multiple geochemical
indicators can delineate different salinization processes and guide future water management practices in a

densely populated water-stressed coastal region.
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Key words: Groundwater salinization; Stable isotopes; Coastal aquifers, Water quality
1. Introduction

Coastal regions are key areas for the world’s social and economic development.
Approximately 40% of the world’s population lives within 100 kilometers of the coast (UN Atlas, 2010).
Worldwide, these areas have become increasingly urbanized, with 14 of the world's 17 largest cities located
along coasts (Creel, 2003). China has 18,000 km of continental coastline, and around 164 million people
(approximately 12% of the total population) living in 14 coastal provinces; nearly 80% of these people
inhabit three coastal ‘economic zones’, namely Beijing-Tianjin-Hebei, the Yangtze River delta and the
Pearl River delta (Shi, 2012). The rapid economic development and growing population in these regions
have greatly increased demand for fresh water. Meanwhile, they are also confronted with increased sewage
and other wastewater discharge into coastal environments.

Groundwater resources play crucial roles in the social, economic and ecologic function of global
coastal systems (IPCC, 2007). Coastal aquifers connect with the ocean and with continental
hydro-ecological systems (Moore, 1996; Ferguson and Gleeson, 2012). As an important freshwater
resource, groundwater may be over-extracted during periods of high demand, which are often periods of
low recharge and/or surface water availability (Post, 2005). Over-exploitation of groundwater can therefore
result in seawater intrusion, as well as related environmental issues such as land subsidence. Seawater
intrusion has become a global issue and related studies can be found from coastal aquifers around the world,
including Israel (Sivan et al., 2005;Yechieli et al., 2009; Mazi et al., 2014), Spain (Price and Herman, 1991;
Pulido-Leboeuf, 2004; Garing et al., 2013), France (Barbecot et al., 2000; de Montety et al., 2008), Italy
(Giambastiani et al., 2007; Ghiglieri et al., 2012), Morocco (Bouchaou et al., 2008; El Yaouti et al., 2009),
USA (Gingerich and Voss, 2002; Masterson, 2004; Langevin et al., 2010), Australia (Zhang et al., 2004;
Narayan et al., 2007; Werner, 2010), China (Xue et al., 2000; Han et al., 2011, 2015), Vietnam (An et al.,
2014), Indonesia (Rahmawati et al., 2013), India (Radhakrishna, 2001; Bobba, 2002) and Brazil
(Montenegro et al., 2006; Cary et al., 2015). Werner et al. (2013) provides a comprehensive review of
seawater intrusion processes, investigation and management.

Seawater/saltwater intrusion is a complicated hydrogeological process, due to the impact of aquifer
properties, anthropogenic activities (e.g., intensive groundwater pumping, irrigation practices), recharge

rates, variable density flow, tidal activity and effects relating to global climate change, such as sea level rise
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(Ghassemi et al., 1993; Robinson et al., 1998; Smith and Turner, 2001; Simpson and Clement, 2004;
Narayan et al., 2007; Werner and Simmons, 2009; Wang et al., 2015). Understanding the complex
interactions between groundwater, surface water, and seawater is thus essential for effective management of
coastal water resources (Mondal et al., 2010). Very different salinization patterns may arise as a result of
diverse interactions in coastal settings (Sherif and Singh, 1999; Bobba, 2002; Westbrook et al., 2005).
Modeling has shown that generally, seawater intrusion is more sensitive to groundwater pumping and
recharge rates in comparison to tidal fluctuation and sea level rise (Narayan et al., 2007; Ferguson and
Gleeson, 2012). However, most models of seawater intrusion require simplification of the coastal interface
zone. Relatively few studies have focused on delineating complex interactions among the
surface-ground-sea-water continuum in estuarine environments, including the effects of vertical infiltration
of seawater into aquifers through river channels, as compared to sub-surface lateral landward migration of
the freshwater-saltwater interface. Recent data indicate that such processes may be more important in
causing historical salinization of coastal groundwater than previously appreciated (e.g. Cary et al., 2015;
Lee et al., 2016; Larsen et al., 2017).

Additionally, groundwater in coastal aquifers may be affected by other salinization processes, such as
input of anthropogenic contaminants or induced mixing with saline water from deeper or adjacent
formations, which may include mineratized-high TDS-geothermal water or brines emplaced in the coastal
zone over geologic history. The data from China’s marine environment bulletin released on March 2015 by
the State Oceanic Administration showed that the major bays, including Bohai Bay, Liaodong Bay and
Hangzhou Bay, are seriously polluted, with inorganic nitrogen and active phosphate being the major
pollutants (SOA, 2015). Seawater intrusion in China is most serious in the Circum-Bohai-Sea region (Han
et al.,, 2011, 2016a); and due to the heavy marine pollution, the impacts of anthropogenic activities on
groundwater quality in future may not simply be a case of simple salt-water intrusion. This region is also
characterized by deep brines and geothermal waters (e.g. Han et al., 2014), which may migrate and mix
with fresher groundwater under due to intensive water extraction. Depending on the specific processes
involved, additional contaminants may mix with fresh groundwater resources in parallel with seawater
intrusion, and it is thus likely to be more difficult to mitigate and remediate groundwater pollution.

A variety of approaches can be used to investigate and differentiate seawater intrusion and other
salinization processes, including time-series water level and salinity measurements, geophysical methods,

conceptual and mathematical modeling as well as geochemical methods (see reviews by Jones et al., 1999;
3
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Werner et al., 2013). Geochemical techniques are particularly valuable in areas where the dynamics of
saline intrusion are complicated and may involve long-term processes pre-dating accurate water level
records, or where multiple salinization processes may be occurring simultaneously. These techniques
typically employ the use of major ion ratios such as Cl/Br and C1/Na, which are indicative of solute origins
(Edmunds, 1996; Jones et al., 1999). Other ionic ratios, involving Mg, Ca, Na, HCO; and SOs, and
characterization of water ‘types’ can also be useful in determining the geochemical evolution of coastal
groundwater, for example, indicating freshening or salinization, due to commonly associated ion exchange
and redox reactions (Anderson et al., 2005; Walraevens, 2007). Trace elements such as strontium, lithium
and boron can provide additional valuable information about sources of salinity and mixing between
various end-members, as particular waters can have distinctive concentrations (and/or isotopic
compositions) of these elements (e.g., Vengosh et al., 1999). Stable isotopes of water (8'%0 and 8°H) are
also commonly used in such studies, as they are sensitive indicators of water and salinity sources, allowing
seawater to be distinguished from other salt sources (e.g., Currell et al., 2015).

This study examines the Yang-Dai River coastal plain in Qinhuangdao City, Hebei province, north
China, specifically focusing on salinization of fresh groundwater caused by groundwater exploitation in the
Zaoyuan well field and surrounding areas. The study investigates groundwater salinization processes and
interactions among surface water, seawater and geothermal groundwater in a dynamic environment, with
significant pressure on water resources. Qinhuangdao is an important port and tourist city of northern China.
In the past 30 years, many studies have investigated seawater intrusion and its influencing factors in the
region using hydrochemical analysis (Xu, 1986; Yang et al., 1994, 2008; Chen and Ma, 2002; Sun and Yang,
2007; Zhang, 2012) and numerical simulations (Han, 1990; Bao, 2005; Zuo, 2009). However, these studies
have yet to provide clear resolution of the different mechanisms contributing to salinization, and have
typically ignored the role of anthropogenic pollution and groundwater-surface water interaction. This study
is thus a continuation of previous investigations of the region, using a range of hydrochemical and stable
isotopic data to delineate the major processes responsible for increasing groundwater salinity, including
lateral sub-surface sea-water intrusion, vertical leakage of marine-influenced surface water, induced mixing
of saline geothermal water, and anthropogenic pollution. The goal is to obtain a more robust conceptual
model of the interconnections between the various water sources under the impact of groundwater
exploitation. The results provide significant new information to assist water resources management in the

coastal plain of Bohai Bay, and other similar coastal areas globally.



123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

2. Study area

The Yang-Dai River coastal plain (Fig. 1) covers approximately 200km? of the west side of Beidaihe
District of Qinhuangdao City, northeastern Hebei Province. It is surrounded by the Yanshan Mountains to
the north and west, and the southern boundary of the study area is the Bohai Sea. The plain declines in
topographic elevation (with an average slope of 0.008) from approximately 390m above sea-level in the
northwest to 1-25m in the southeast, forming a fan-shaped distribution of incised piedmont-alluvial plain
sediments. Zaoyuan well field, located in the southern edge of the alluvial fan, approximately 4.3km from
the Yang River estuary, was built in 1959 (Xu, 1986) as a major water supply for the region (Fig. 1).

2.1 Climate and hydrology

The study area is in a warm and semi-humid monsoon climate. On the basis of a 56-year record in
Qinhuangdao, the mean annual rainfall is approximately 640 mm, the average annual temperature
approximately 11°C, and mean potential evaporation 1469 mm. 75% of the total annual rainfall falls in
July-September (Zuo, 2006), during the East Asian Summer Monsoon. The average annual tide level is
0.86m (meters above Yellow Sea base level), while the high and low tides are approximately 2.48m and
-1.43m.

The Yanghe River and Daihe River, originating from the Yanshan Mountains, are the major surface
water bodies in the area, flowing southward into the Bohai Sea (Fig. 1). The Yang River is approximately
100 km long with a catchment area of 1029 km? and average annual runoff of 1.11x10%m%a (Han, 1988).
Dai River has a length of 35 km and catchment area of 290 km?, with annual runoff of 0.27x10%m%a. The
rivers become full during intense rain events, and revert to minimal flow during the dry season — in part this
is related to impoundment of flow in upstream reservoirs.

2.2 Geological and hydrogeological setting

Groundwater in the area includes water in Quaternary porous sediment as well as fractured bedrock in
the northern platform area. Fractured rock groundwater volume mainly depends on the degree of
weathering and the nature and regularity of fault zones (Fig. 1). The strata outcropping in the west, north
and eastern edge of the plain include Archean, Proterozoic and Jurassic aged metamorphic and igneous
rocks, which also underlie the Quaternary sediments of the plain (from which most samples in this study
were collected). The basement faults under Quaternary cover are mainly NE-trending and NW-trending

(Fig. 1); these structures control the development and thickness of the overlying sediments, as well as the
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distribution of hot springs and geothermal anomalies. Fault zones are thought to be the main channel for
transport of thermal water from deeper to shallower depths.

The Quaternary sediments are widely distributed in the area, with the thickness ranging from
approximately 5-80 m (mostly 20-40 m), up to more than 100 m immediately adjacent to the coastline. The
bottom of the Holocene (Q4) unit in most areas consists of clay, making the groundwater in the coastal zone
confined or semi-confined, although there are no regional, continuous aquitards between several layers of
aquifer-forming sediments (Fig. 1b). The aquifer is mainly composed of medium sand, coarse sand and
gravel layers with a water table depth of 1-4 m in the phreatic aquifer, and deeper semi-confined
groundwater (where present and hydraulically separated from the phreatic aquifer) hosted in similar
deposits with a potentiometric surface 1-5 m below topographic elevation (Zuo, 2006).

The general flow direction of groundwater is from northwest to south, according to the topography.
The main sources of recharge are from infiltration of rainfall, river water and irrigation return-flow, as well
as lateral subsurface inflow from the piedmont area. Naturally, groundwater discharges into the rivers and
the Bohai Sea. Apart from phreatic water evaporation, groundwater pumping for agricultural, industrial and
domestic usage (including seasonal tourism) are currently the main pathways of groundwater discharge.

Geothermal water discharges into shallow Quaternary sediments near the fault zones, evident as
geothermal anomalies (Hui, 2009). The temperature of thermal water ranges from 27-57°C in this
low-to-medium temperature geothermal field (Zeng, 1991). Deeper thermal water is stored in the
Archaeozoic granite and metamorphic rocks; major fracture zones provide pathways into the overlying
Quaternary sediments (Pan, 1990; Shen et al., 1993; Yang, 2011).

2.3 Groundwater usage and seawater intrusion history

‘Shallow groundwater pumped from the Quaternary aquifer occupies 94% of total groundwater

exploitation, and is used for agricultural irrigation (52% of total groundwater use), industrial (32%) and

1970s meaning that the surface water was intercepted and downstream runoff dropped sharply, even
causing rivers to dry up in drought years. With the intensification of human socio-economic activities and
growing urbanization, coupled with extended drought years (severe drought during 1976-1989 in north
China) (Wilhite,1993; Han et al., 2015), increased groundwater exploitation to meet the ever-growing fresh

water demand resulted in greundwatertevelgroundwater table declines and seawater intrusion (SWI) in the

- #eE [11]: This sentence describes the water demands in this

area. This is noted again below at line 195.
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aquifers.

The pumping rate in the Zaoyuan well field gradually increased from 1.25 million m%a in the early
1960s to 3.5 million m*/a in the late 1970s, and beyond 10 million m*a in the 1980s. During 1966-1989,
planting of paddy fields became common, resulting in significant agricultural water consumption. This
caused formation of a cone of depression in the Quaternary aquifer system. Groundwater pumping in this
region mainly occurs in spring and early summer, with typical pumping rates of 7~80,000 m*/d. Pumping
from the Zaoyuan well-field occurs in wells approximately 15 to 20m deep. Greundwater
{evelGroundwater tables decline sharply and reach their lowest level during May, before the summer rains
begin, and recover to their yearly high in January-February (Fig. 2). In May 1986, the sreundwater
fevelgroundwater table in the depression center, which is located in Zaoyuan-Jiangying (Figure S1),
decreased to -2 m.a.s.l.(meters above sea level) and the area with greundwatertevelgroundwater tables
below sea level covered 28.2 km?. The local government commenced reduction in groundwater exploitation
in this area after 1992, and greundwatertevelgroundwater tables began to decrease more slowly after 1995,
even showing recovery in some wells. However, during an extreme drought year (1999), increased water

demand_ for agriculture and industrial usage (Meng, 2004). resulted in renewed sgreundwater

{evelgroundwater table declines in the region (Fig. 2). Since 2000, the sreundwatertevelgroundwater tables
have responded seasonally to water demand peaks and recharge (Fig. 2; Fig. S1).

From 1990, the rapid development of township enterprises (mainly paper mills), also began to cause
groundwater over-exploitation in the western area of the plain. The groundwater pumping rate for paper
mills reached 55,000 m%d in 2002, resulting in greundswatertevelgroundwater table depressions around
Liushouying and Fangezhuang (Fig. 1). The greundwatertevelgroundwater table in the western depression
associated with this pumping reached -11.6 m.a.s.l. in 1991 and -17.4 in 2002. After the implementation of
“Transfering Qing River water to Qinhuangdao” project in 1992, the intensity of groundwater pumping
generally reduced, and the groundwatertevelgroundwater table in the depression center recovered to -4.3
m.a.s.l. in July 2006.

Overall, the depression area (groundwater—levelgroundwater tables below mean sea level) was
recorded as 132.3km?in May 2004 and the shape of the depression has generally been elliptical with the
major axis aligned E-W. In addition to groundwater over-exploitation, climate change-induced recharge
reduction has also likely contributed to greundwatertevelgroundwater table declines and hence seawater

intrusion (Fig. S2). The annual average rainfall declined from 639.7 mm between 1954 - 1979 to 594.2 mm
7
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between 1980 _and- 2010; a significant decrease over the last 30 years (Zhang, 2012). As indicated in Figure
S2, the severity of seawater intrusion (indicated by changes in Cl concentration, and the total area impacted
by SWI, as defined by the 250mg/L Cl contour) correlates with periods of below average rainfall —
indicated by monthly cumulative rainfall departure (CRD, Weber and Stewart, 2004).

Groundwater quality of the area gradually became more saline from the early 1980s, with chloride
concentrations increasing year by year. As early as 1979, seawater intrusion was recorded in the Zaoyuan
well field. The intrusion area with groundwater chloride concentration greater than 250 mg/L was 21.8 km?
in 1984, 32.4 km?in 1991, 52.6 km? in 2004 and 57.3 km? in 2007 (Zuo, 2006; Zang et al., 2010). The
chloride concentration of groundwater pumped from the a monitored well-field well (depth of 18 m, G10 in
Fig. 1) changed from 90 mg/L in 1963 to 218 mg/L in 1978, 567 mg/L in 1986, 459 mg/L in 1995, and
1367 mg/L in 2002 (Zuo, 2006), reducing to 812 mg/L in July 2007. The distance of estimated seawater
intrusion into the inland area from the coastline had reached 6.5 km in 1991, and 8.75 km in 2008 (Zang et
al., 2010). In the early 1990s, 16 of 21 pumping wells in the well field were abandoned due to the saline
water quality (Liang et al., 2010). Additionally, 370 of 520 pumping wells were abandoned in the wider
Yang-Dai River coastal plain during 1982-1991 (Zuo, 2006).

3. Methods

In total, 80 water samples were collected from the Yang-Dai River coastal plain, including 58
groundwater samples, 19 river water samples (from 12 sites) and 3 seawater samples, during three sampling
campaigns (June 2008, September 2009 and August 2010). Groundwater samples were pumped from 28
production wells with depths between 6 and 110m, including 7 deep wells with depths greater than 60m
(Fig. 1). While ideally, sampling for geochemical parameters would be conducted on monitoring wells, due
to an absence of these, production wells were utilised. In most cases, the screened interval of these wells
encompasses aquifer thicknesses of approximately 5 to 15m above the depths indicated in Table 1.

In this study, sampling focused predominantly on low temperature groundwater; however, geothermal
water from around Danihe was also considered a potentially important ongoing source of groundwater
salinity. As such, while geothermal water samples were not accessible during our sampling campaigns (as
the area is now protected), data reported by Zeng (1991) were compiled and analyzed in conjunction with
the sampled wells.

Measurements of physico-chemical parameters (pH, temperature, and electrical conductivity (EC))
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were conducted in situ using a portable meter (WTW Multi 3500i). All water samples were filtered with
0.45pm membrane filters before analysis of hydrochemical composition. Two aliquots in polyethylene
100mL bottles at each site were collected for major cation and anion analysis, respectively. Samples for
cation analysis (Na', K*, Mg?" and Ca®") were treated with 6N HNO; to prevent precipitation. Water
samples were sealed and stored at 4°C until analysis. Bicarbonate was determined by titration within 12
hours of sampling. Concentrations of cations and some trace elements (B, Sr, Li) were analyzed by
inductively coupled plasma-optical emission spectrometry (ICP-OES) in the chemical laboratory of the
Institute of Geographic Sciences and Natural Resources Research (IGSNRR), Chinese Academy Sciences
(CAS). Only the Sr data are reported here, as the other trace elements were not relevant to the
interpretations discussed (Table 1). The detection limits for analysis of Na’, K*, Mg?" and Ca*" are 0.03,
0.05, 0.009, and 0.02 mg/L. Concentrations of major anions (i.e. CI', SO4*, NOs™ and F*) were analyzed
using a High Performance Ion Chromatograph (SHIMADZU, LC-10ADvp) at the IGSNRR, CAS. The
detection limits for analysis of CI', SO4>, NO3" and F- are 0.007, 0.018, 0.016, and 0.006 mg/L. The testing
precision the cation and anion analysis is 0.1-5.0%. Charge balance errors were less than 8%. Stable
isotopes (3'%0 and 8°H) of water samples were measured using a Finnigan MAT 253 mass spectrometer
after on-line pyrolysis with a Thermo Finnigan TC/EA in the Stable Isotope Laboratory of the IGSNRR,
CAS. The results are expressed in %o relative to international standards (V-SMOW (Vienna Standard Mean
Ocean Water)) and resulting 3'®0 and §°H values are shown in Table 1. The analytical precision for 52H is
£2%o and for §'%0 is £0.5%o. All hydrochemical, physico-chemical and isotope data are reported in Table 1.

Mixing calculations were also conducted on the basis of CI" concentrations of the samples under a
conservative freshwater-seawater mixing system (Fidelibus et al., 1993; Appelo, 1994). The seawater

contribution for each sample is expressed as a fraction of seawater (fsw), using (Appelo and Postma, 2005):

C -C
fsw — Cl,sam Cl,f (1)
C CCl,f

Clsw
where Ccisam, Ccif, and Ccisw refer to the Cl” concentration in the sample, freshwater, and seawater,

respectively.

4. Results
4.1 Water stable isotopes (6*°H and 8'30)

The local meteoric water line (LMWL, §°H=6.6 §'*0+0.3, n=64, r’=0.88) is based on &°H and §'*0
9
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mean monthly rainfall values between 1985 and 2003 from Tianjin station some 120 km SW of
Qinhuangdao City (IAEA/WMO, 2006). Due to similar climate and position relative to the coast, this can
be regarded as representative of the study area. Surface water samples collected from Yang River and Dai
River (n = 19) have §'®0 and §°H values ranging from -10.1 to -0.6%o (mean= -5.4%o) and -71 to-11%o
(mean = -43%o), respectively. Stable isotope compositions for surface water appear to exhibit significant
seasonal variation (Fig. S3); for Yang River samples from the relatively dry season (June 2008, n = 3) had
mean §'%0 and §°H values of -3.0%o -31%o, respectively; samples from the wet season (August 2009 and
September 2010, n = 6) had mean §'0 and §°H values of -6.6%o -48%o, respectively. Dai River samples
showed similar results; the dry season mean §'®0 and §?H values (n = 3) were -2.6%0 and -32%o,
respectively; wet season samples (n = 7), had mean §'*0 and §°H values of -6.6%o and -49%o, respectively
(Fig. 3).

The 56 groundwater samples were characterized by §'30 and §°H values ranging from -11.0 to -4.2%.
(mean= -6.5%0) and -76 to -39%. (mean = -50%o), respectively. Among these, shallow and deep
groundwater samples showed similar mean values, although deep groundwater samples (n = 13) showed
relatively narrow overall ranges (-7.8 to -5.1%o and mean = -6.3%o for 5'30; -58 to -43%o and mean = -50%o
for 5°H; Fig. 3). Slight seasonal variation was evident in the groundwater isotope compositions; shallow
groundwater from the dry season (n = 12) showed 3'%0 and &°H values from -7.2 to -4.2%o (mean = -5.7%o)
and §%H values from -56 to -39%o. (mean = -48%o); while during the wet season (n = 31) §'*0 and &°H
values ranged from -11.0 ~ -5.3%o (mean = -6.9%o) and -76 ~ -43%o (mean = -51%o), respectively. Some
variability was also evident in deep groundwater compositions, although only three deep samples were
collected during the dry season.

From Figure 3, it can be seen that surface water exhibits a much wider range of §'%0 and 5°H values
relative to groundwater, with shallow groundwater in turn more spatially variable than deep groundwater.
Water samples collected in the wet season showed wider ranges of 3'%0 and §?H values relative to the dry
season. Most water samples of all types plot to the right of (below) the LMWL, with some surface water
samples showing similar compositions to the local seawater (Fig. 3). The local seawater plots below (more
negative) than typically assumed values (e.g. VSMOW = 0%o) for both §°H and 5'30, and this water
appears to represent an end-member involved in mixing with meteoric-derived waters in both ground and

surface water (Fig. 3).
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4.2 Water salinity and dissolved ions

TDS (total dissolved solids) concentrations of surface water samples from Dai River range from
0.3g/L~31.4g/L with Na" and Ca®" comprising 22-78% and 4-56% of total cations and CI" comprising
36-91% of total anions. The composition changes from CasNasMg-Cl*HCO; to Na-Cl water type from
upstream to downstream locations along with increasing salinity; CI° concentrations vary from
approximately 70 mg/L upstream to 16700 mg/L near the coastline, due to marine influence. Similar
variation occurs along the Yang River, where samples had TDS concentrations between 0.3-26.1 g/L with
increasing concentrations and proportions of Cl° (63.2-14953.5 mg/L) from upstream to downstream
locations. Nitrate concentrations also range from 2.8 to 65.2 mg/L in the surface water samples, increasing
downstream.

In the early 1960s, groundwater pumped from the Zaoyuan well field exhibited Ca-HCO3 water type
and chloride concentrations of 90-130 mg/L; this was followed by rapid salinization since the 1980s (see
section 2.3). In this study, shallow groundwater is characterized by TDS concentrations of 0.4-4.8 g/L with
CI" (34-77%), Na" (12-85%) and Ca®" (5-69%) being the predominant major anion and cations, respectively.
Groundwater hydrochemical types vary from Ca-HCOj3+Cl, Ca*Na-Cl, Na*Ca-Cl to Na-Cl (Figure 4). Deep
groundwater has TDS concentrations between 0.3-2.8g/L, dominated by Ca (up to 77% of major cations) in
the upstream area and Na (up to 85% or major cations) near the coast, with water type evolving from
Ca-CI*HCOs3 to Ca*Na-Cl and Na*Mg-Cl (Figure 4). At present, the TDS of groundwater from the well
field reaches 3.31 g/L with Na-Cl water type (see well G15). The highest observed mixing proportions of
seawater occur in shallow well G10 and deep well G2, respectively, with calculated fsw values (according
to equation 1) of 12.95% and 5.35%, respectively.

Hydrochemical features of thermal water from the Danihe-Luwangzhuang area (Fig. 1A) are distinct
from the normal/low temperature groundwater. Previous work by Zeng (1991) and Hui (2009) identified
geothermal water with high TDS in the fractures of deep metamorphic rock. The geothermal water was
characterized by TDS values between 6.2-10.6 g/L and Ca*Na-Cl water type, while Cl" concentrations
ranged from 5.4 to 6.5 g/L and Sr concentrations from 6.73 to 89.8 mg/L. Some normal/low temperature
groundwater samples collected in this study from wells G8, G19, and G9 featured by Ca*Na-Cl water type
with relative high TDS ranges (0.8-1.4 g/L, 1.3-1.6 g/L, and1.5-2.8 g/L, respectively) and strontium
concentrations (1.1-1.9 mg/L, 4.9-7.1 mg/L, and 7.3-11.6 mg/L, respectively), showing similarity with the

geothermal system. Low temperature groundwater sampled in this study had Sr/Cl mass ratios ranging from
11
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2.4 x 10*to 1.6 x 102, with higher ratios in deep groundwater (range: 9.4 x 10%to 1.3 x 102, median: 3.7
x 10 compared to shallow groundwater (median: 3.1 x 107), and groundwater generally higher than
seawater/saline surface water (range: 3.7x 10 to 5.8 x 10, median: 3.9 x 10%; Table S1).

Nitrate concentrations in groundwater range from 2.0-178.5 mg/L (mean 90.1 mg/L) for shallow
groundwater, and 2.0-952.1 mg/L (mean 232.1 mg/L) for the deep groundwater, respectively, with most

samples exceeding the WHO drinking water standard (50 mg/L).

5. Discussion
5.1 Groundwater isotopes and hydrochemistry as indicators of mixing processes

The Quaternary groundwater system in the Yang-Dai River coastal plain may be recharged by
precipitation, irrigation return flow, river infiltration and lateral subsurface runoff (e.g. from mountain-front
regions). Groundwater geochemical characteristics are then controlled by hydrogeological conditions and
mixing processes, including mixing induced by extensive groundwater pumping, as well as natural mixing
and water-rock interaction. It is evident from the geochemistry that mixing has occurred between
groundwater and seawater in the coastal areas, as well as between normal/low temperature groundwater and
geothermal water in the inland areas (e.g. near the Danihe geothermal field). Different sources of water are
generally characterized by somewhat distinctive stable isotopic and hydrochemical compositions, allowing
mixing calculations to aid understanding of the groundwater salinization and mixing processes, as
discussed below.

Stable isotopes of O and H in groundwater and surface water fall on a best-fit regression line (dashed
line in Fig. 3) with slope of §?’H=4.4x5'%0-21.7, significantly lower than either the local or global meteoric
water lines. Three processes are likely responsible for the ebserved—measured range of isotopic
compositions: 1. Mixing between saline surface water (e.g. seawater or saline river water affected by tidal
ingress) and fresher, meteoric-derived groundwater or surface water; 2. Mixing between fresh
meteoric-derived groundwater and saline thermal water; 3. Evaporative enrichment of surface water and/or
irrigation return-flow, which may infiltrate groundwater in some areas. A sub-group of surface water
samples (e.g., S1 to S3, S7 and S12; termed ‘brackish surface water’) show marine-like stable isotopic
compositions and major ion compositions (Fig. 3 and Fig. 5). The ‘fresh’ surface water samples (e.g. EC
values <1500 pS/cm) exhibit meteoric-like stable isotope compositions, with some samples (such as S9 and
S10) showing clear evidence of evaporative enrichment in the form of higher 6°H and particularly, §'*0

12
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values (Fig. 3).

Fresh groundwater has depleted 5'%0 and 5°H values relative to seawater and show a clear meteoric
origin, albeit with modification due to mixing. Theoretically, the mixing of meteoric-derived fresh
groundwater and marine water should result in a straight mixing line connecting the two end members;
however this is also complicated in the study area by the possible mixing with geothermal water. The
thermal groundwater has distinctive stable isotopic and major ion composition (Han, 1988; Zeng, 1991),
allowing these mixing processes to be partly delineated. Stable isotopes of thermal groundwater are more
depleted than low-temperature groundwater (e.g. 8'*0 values of approximately -8%o, Fig. 8), indicating this
likely originates ifromsn the mountainous areas to the north; Zeng (1991) estimated the elevation of the
recharge area for the geothermal field to be from 1200 to 1500 m.a.s.1. Based on a bivariate plot of §'%0 vs.
CIl" with mixing lines and defined fresh and saline end-members, Fig. 5 shows the estimated degree of
mixing between fresh groundwater including shallow (G4) and deep (G25) groundwater end-members, and
saline water, including seawater and geothermal end-members.

The two fresh end-members were selected to represent a range of different groundwater
compositions/recharge sources, from shallow water that is impacted by infiltration of partially evaporated
recharge (fresh but with enriched 5'30) to deeper groundwater unaffected by such enrichment (fresh and
with relatively depleted 5'30). The narrower range and relatively enriched stable isotopes in shallow
groundwater samples collected during the dry season compared with the wet season indicate some
influence of seasonal recharge by either rainfall (fresh, with relatively depleted stable isotopes) or irrigation
water subject to evaporative enrichment (more saline, with enriched stable isotopes and high nitrate
concentrations; Currell et al., 2010) and/or surface water leakage. While there is overlap in the isotopic and
hydrochemical compositions of shallow and deep groundwater (Fig. 3 & Fig. 4), this effect appears to only
affect the shallow aquifer.

Based on Fig. 5, the shallow groundwater samples (e.g. G15, G10, G11, G14) collected from or
around the Zaoyuan well field appear to be characterized by mixing between fresh meteoric water and
seawater (plotting in the upper part of Fig. 5); while some deeper groundwater samples (e.g. G13, G2, G16,
G14) collected from the coastal zone also appearing to indicate mixing with seawater. Groundwater
sampled relatively close to the geothermal field (e.g. G9, G19) shows compositions consistent with mixing
between low-temperature fresh water and saline thermal water (lower part of Fig. 5). This is more evident

in deep groundwater than shallow groundwater, which is consistent with mixing from below, as expected
13
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for the deep-source geothermal water. Other samples impacted by salinization show more ambiguous
compositions between the various mixing lines, which may arise due to mixing with either seawater,
geothermal water or a combination of both (e.g., G29).

The estimated mixing fraction (fsw) of marine water for the shallow brackish groundwater ranges from
1.2~13.0% and 2.6~6.0% for the deep brackish groundwater. The highest fraction of 13% was recorded in
G10, located in the northerm part of the Zaoyuan well field, which is located near a tidally-impacted
tributary of the Yang River (Fig 1). Relatively higher fractions of marine water in relatively shallow
samples (including those from the well field) compared to deeper samples may indicate a more ‘top down’
salinization process, related to leakage of saline surface water through the riverbed, rather than ‘classic’
lateral sea water intrusion, which typically causes salinization at deeper levels due to migration of a salt
water ‘wedge’ (e.g. Werner et al., 2013); this is consistent with results of resistivity surveys conducted in
the region (Fig. 6). The profile of chloride concentrations vs. depth indicates that salinization affects
shallow and deep samples alike, with the most saline samples being relatively shallow wells in the Zaoyuan
well-field (Fig. 7).

In general, brackish and fresh groundwater samples show distinctive major ion compositions, with the
more saline water typically showing higher proportions of Na and CI (Fig. 4). This contrasts with historic
data collected from the Zaoyuan well field, which showed Ca-HCO; type water with Cl concentrations
ranging from 130 to 170 mg/L. This provides additional evidence that the salinization in this area is largely
due to marine water mixing. More Ca-dominated compositions are evident in the region near the
geothermal well field further in-land (e.g., G5, G8, G19, G29, and G24); consistent with a component of
salinization that is unrelated to marine water intrusion. Plots of ionic ratios of Na/Cl and Mg/Ca vs. Cl also
reveal a sub-set of relatively saline deep groundwater samples which appear to evolve towards the
geothermal-type signatures with increasing salinity (Fig. 8).

Stronger evidence of mixing of the geothermal water in the Quaternary aquifers (particularly deep
groundwater) is provided by examining strontium concentrations in conjunction with chloride (Fig. 9). The
geothermal water from Danihe geothermal field has much higher Sr concentrations (up to 89.8 mg/L) than
seawater (5.4-6.5 mg/L in this study), due to Sr-bearing minerals (i.e., celestite, strontianite) with Sr
contents of 300-2000 mg/kg present in the bedrock (Hebei Geology Survey, 1987). Groundwater sampled
from near the geothermal field in this study has the highest Sr concentrations e.g., G9 with Sr

concentrations ranging from 7.4 to 11.6 mg/L, and G19 from 4.9 to 7.1 mg/L.
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The plot of chloride versus strontium concentrations (Fig. 9) shows that these samples and others (e.g.,
Gl6, G20, G27, G29) plot close to a mixing line between fresh low-temperature and saline
thermal-groundwater. Mass ratios of Sr/Cl in these samples are also elevated relative to seawater by an
order of magnitude or more (e.g. St/Cl >5.0 x 107, compared to 3.9 x 10* in seawater, Table S1). Other
samples from closer to the coast (e.g. G4) also approach the thermal-low temperature mixing line,
indicating probable input of thermal water. Samples collected from the Zaoyuan well field generally plot
closer to the Sr/Cl seawater mixing line (consistent with salinization largely due to marine water — Fig. 9);
however, samples mostly plot slightly above the mixing line with additional Sr, which may indicate more

widespread (but volumetrically minor) mixing with the thermal water in addition to seawater.
5.2 Anthropogenic pollution of groundwater

The occurrence of high nitrate (and possibly also sulfate) concentrations in groundwater in both
coastal and in-land areas also indicates that anthropogenic pollution is an important process impacting
groundwater quality and salinity (Fig. 10; Table 1). Seawater from Bohai Sea is heavily affected by nutrient
contamination, showing NO;3™ concentrations of 810 mg/L in this study, and up to 1092 mg/L in seawater
further north of the bay near Dalian (Han et al., 2015), primarily due to wastewater discharge into the sea.
The historic sampled NO3™ concentration of groundwater in the well field increased from 5.4 mg/L in May
1985 to 146.8~339.4 mg/L in Aug 2010, while the concentration in seawater changed from 57.4 mg/L in
May1985 to 810.1 mg/L in Aug 2010. A bivariate plot of Cl" vs. NO3™ concentrations in groundwater (Fig.
10) can thus be used to identify nitrate sources and mixing trends, including infiltration with contaminated
seawater, and other on-land anthropogenic NOs-sources (e.g. domestic/industrial wastewater discharge
and/or NOs™-bearing fertilizer input through irrigation return-flow).

From this plot (Fig. 10) it appears that the major source of NO; in groundwater is on-land
anthropogenic inputs rather than mixing with seawater, which would result in relatively large increases in
Cl along with NOs. Samples G10 and G15 (from the well field) are exceptions to this trend, showing clear
mixing with nitrate-contaminated seawater. Deep groundwater (e.g. G9, G14) is also extensively
contaminated with high NOs™ concentrations; this is likely associated with leakage from the surface via
poorly constructed or abandoned wells - a problem of growing significance in China (see Han et al., 2016b;
Currell and Han, 2017). According to one investigation by Zang et al.(2010), 14 of 21 pumping wells in the

Zaoyuan well field have been abandoned due to poor water quality, and 307 pumping irrigation wells
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(occupied 2/3 of total pumping wells for irrigation) in the region have also been abandoned. Local
authorities have however not implemented measures to deal with abandoned wells, meaning they are a
future legacy contamination risk — e.g. by allowing surface runoff impacted by nitrate contamination to

infiltrate down well annuli.
5.3 Hydrochemical evolution during salinization

A hydrogeochemical facies evolution diagram (HFE-D) proposed by Giménez-Forcada (2010), was
used to analyze the geochemical evolution of groundwater during seawater intrusion and/or freshening
phases (Fig. 11). In the coastal zone, the river water shows an obvious mixing trend between fresh and
saline end members. Some shallow groundwaters (e.g., G2, G4, G10, G13, G15) are also close to the
mixing line between the surface-water end-members on this figure, indicating mixing with seawater
without significant additional modification by typical water-rock interaction processes (e.g. ion exchange).
Most brackish groundwaters (e.g., G11, G16, G17, G20, G25, G28, G29) have evolved in the series
Ca-HCOs3; — Ca-Cl— Na-Cl, according to classic seawater intrusion. A relative depletion in Na (shown in
lower than marine Na/Cl ratios) and enrichment in Ca (shown as enriched Ca/SOj4 ratios) is evident in
groundwater with intermediate salinities (e.g. Fig. 8; Fig. 11), indicating classic base-exchange between Na
and Ca during salinization (Appelo and Postma, 2005). Locally, certain brackish water samples (e.g., G1,
G12, G26) appear to plot in the ‘freshening’ part of the HFE diagram (potentially indicating slowing or
reversal of salinisation due to reduce in groundwater use), although these do not follow a conclusive
trajectory. Water samples from the geothermal field (G5, G8, G9, and G19) plot in a particular corner of the
HFE diagram away from other samples (being particularly Ca-rich); a result of their distinctive

geochemical evolution during deep transport through the basement rocks at high temperatures.
5.4 Conceptual model of salinization and management implications

Coastal zones encompass the complex interaction among different water bodies (i.e., river water,
seawater and groundwater). The interactions between surface- and ground-water in the Yang-Dai River
coastal plain have generally been ignored in previous studies. However, the surface water chemistry data
show that the distribution of salt water has historically reached more than 10 km inland along the estuary of
the Yang River, and approximately 4 km inland in the Dai River (Han, 1988). The relatively higher
proportion of seawater-intrusion derived salinity in shallow samples in this study, along with the evidence
from resistivity surveys (Fig. 6; Zuo, 2006) indicate that intrusion by vertical leakage from these estuaries
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is therefore an important process. The hazard associated with this pathway in recent times has been reduced
by the construction of a tidal dam, which now restricts seawater ingress along the Yang estuary to within 4
km of the coastline. This may alleviate salinization to an extent in future in the shallow aquifer by
removing one of the salinization pathways, however, as described, there are multiple other salinization
processes impacting the groundwater in the Quaternary aquifers of the region.

A conceptual model of the groundwater flow system in the Yang-Dai River coastal plain is
summarized in Fig. 12. This model presents an advance on the previous understanding of the study area, by
delineating four major processes responsible for groundwater salinization in this area. These are: 1.
Seawater intrusion by lateral sub-surface flow; 2. Interaction between saline surface water and groundwater
(e.g. vertical leakage of saline water from the river estuaries); 3. Mixing between low-temperature
groundwater and deep geothermal water; and, 4. Irrigation return-flow and associated anthropogenic
contamination. Both the lateral and vertical intrusion of saline water are driven by the long-term
over-pumping of groundwater from fresh aquifers in the region. The irrigation return-flow from local
agriculture results from over-irrigation of crops, and is responsible for extensive nitrate pollution (up to 340
mg/L NOs™ in groundwater of this area) probably due to dissolution of fertilizers during infiltration. The
somewhat enriched stable isotopes in shallow groundwater (more pronounced in the dry season) also
indicate that such return-flow may recharge water impacted by evaporative salinization into the aquifer.
The geothermal water, with distinctive chemical composition (e.g. depleted stable isotopes, high TDS, Ca
and Sr concentrations), is also demonstrated in this study to be a significant contributor to groundwater
salinization, via upward mixing. The study area is therefore in a situation of unusual vulnerability, in the
sense that it faces salinization threats simultaneously from lateral, downward and upward migration of
saline water bodies.

According to drinking water standards and guidelines from China Environmental Protection Authority
(GB 5749-2006) and/or US EPA and WHO, chloride concentration in drinking water should not exceed 250
mg/L. At the salinity levels observed in this study - many samples impacted by salinization
contain >500mg/L of chloride (Table 1) - a large amount of groundwater is now or will soon be unsuitable
for domestic usage, as well as irrigation or industrial utilization. So far, this has enhanced the scarcity of
fresh water resources in this region, leading to a cycle of sreundwatertevelgroundwater table decline —
seawater intrusion — loss of available freshwater — increased pumping of remaining fresh water. If this

cycle continues, it is likely to further degrade groundwater quality and restrict its usage in the future. Such
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a situation is typical of the coastal water resources ‘squeeze’ highlighted by Michael et al., (2017).
Alternative management strategies, such as restricting water usage in particular high-use sectors, such as
agriculture, industry or tourism, that are based on a comprehensive assessment of the social, economic and
environmental benefits and costs of these activities, warrants urgent and careful consideration.

6. Conclusions

Groundwater in the Quaternary aquifers of the Yang-Dai River coastal plain is an important water
resource for agricultural irrigation, domestic use (including for tourism) and industrial activity. Extensive
groundwater utilization has made the problem of groundwater salinization in this area increasingly
prominent, resulting in the closure of wells in the area. Based on the analysis of hydrochemical and stable
isotopic compositions of different water bodies, we delineated the key groundwater salinization processes.
Seawater intrusion is the main process responsible for salinization in the coastal zone; however this likely
includes vertical saltwater infiltration along the riverbed into aquifers as well as lateral seawater intrusion
caused by pumping for fresh groundwater at the Zaoyuan wellfield. The upward mixing of highly
mineralized-TDS-geothermal water into the Quaternary aquifers is also evident, particularly through the use
of stable isotope, chloride and strontium end-member mixing analysis. Additionally, significant nitrate
pollution from the anthropogenic activities (e.g., agricultural irrigation return-flow with dissolution of
fertilizers) and locally, intrusion of heavily polluted seawater, are also evident.

Groundwater salinization has become a prominent water environment problem in the coastal areas of
northern China (Han et al., 2014; Han et al., 2015; Han et al., 2016a), and threatens to create further paucity
of fresh water resources, which may prove a significant impediment to further social and economic
development in these regions. Since the 1990s, the local government has begun to pay attention to the
problem of seawater intrusion, and irrational exploitation of groundwater has been restricted in some cases.
The Zaoyuan well field ceased to pump groundwater since 2007, while an anti-tide dam (designed to
protect against tidal surge events) established in the Yang River estuary may also reduce saline intrusion in
future. However, due to the significant lag-time associated with groundwater systems, a response in terms
of water quality may take time to emerge, and in the meantime the other salinization and pollution impacts
documented here may continue to threaten water quality. In this regard, we recommend continued
monitoring of groundwater quality and levels, and active programs to reduce input of anthropogenic

contaminants such as nitrate from fertilizers, and appropriate well-construction and decommissioning

18



534

535

536
537
538
539
540
541
542

543

544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575

protocols to prevent contamination through preferential pathways.
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Figure 1. Location map (A.) for showing geological background and water sampling sites in the study area,
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The surface area covered from >250 mg CI/L contour line to coastline refers the seawater zones.

24



773
774
775
776
777

778
779
780
781

400 —— &
recipitation|
= O o l2 &
5300 \\j NWWW'U %
§250 2 2
%200 b-4 3
— o
g 150 - z
o L.a £
100 3
\l F-10 &
50 F-12
o | H |J, | Il . “ l[ 1 J[l II Ill ||l 1 J]ll |‘| [T 1 .01 s 14
1995 1996 1997 1958 1999 2000 2001 2002 2003 2004
year

Figure 2. Distribution of precipitation and dynamics of greundwaterwater table in the study area. Locations
of the monitoring wells (W1, W2 and W3) can be seen from Fig. 1.

20
Legend: GMWL: y=8x+10 /"'
Ly=8x+ -
0 e shallow groundwater y= -
gg @ deep groundwater X
"5:' A surface water e Pl A
A 20 e seavater ol S -7
W - P -
© thermal groundwater - s -
40 mwLves.6x+0.3 A 0% oWLiy=d.4x-217
(°=0.88) V) (r=0.79)
-60 o
ﬁsﬁ' SWL: y=5.9x-11.1
£ ?5590 (r'=0.93)
Gl?’d 81
-80 L 1 1 1 L
-12 -10 -8 -6 -4 -2 0
5 "0(%s)

Figure 3. Stable isotope compositions of different water samples collected from the study area
LMWL - local meteoric water line; GMWL — global meteoric water line (Craig, 1961); GWL —
groundwater line; SWL — surface (river) water line.
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Figure 12. Conceptual model of groundwater flow system in the Yang-Dai River coastal plain

Explanation: 1- Land surface; 2- Bedrock; 3- Boundary between Quaternary sediments and bedrock;
4-Fault; 5- Permeable fracture zone; 6- Concentrated groundwater pumping zone; 7- Pumping wells; 8-

Zone affected by upflow of geothermal fluids; 9- GreundwaterWater table; 10- Potential interface between

fresh- and salt-water; 11-Groundwater flow direction in Quaternary aquifers; 12- Groundwater flow in

bedrocks; 13- Geothermal groundwater flow direction; 14- Irrigation return-flow.
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