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Abstract Water-rock interaction of the groundwater in aquifer system has been analyzed and inferred with hydrochemical
and isotopic datum in Laizhou Bay, eastern China. 32 samples of groundwater from three boreholes (96-5#, 96-6#, 112-
1#), couples of seawater, saline water, fresh water, surface water and rainfall are obtained in study area for hydrochemical
and isotopic analyses. The origin of groundwater is generally concluded by stable isotope (5'°0 and 8D) and the analytic
results of Na’, Ca2+, Mg2+, Cr, SO42', HCOj;™ changing with depth, combined with total dissolved solids (TDS), electrical
conductivity (EC), can be apparently proofs for serious water-rock interaction. The conclusion reveals that the origin of
96-5#, 112-1# is most likely saline water different from that the groundwater of 96-6# which is possible originated from
fresh water, surface water or mixing of both. Compared the ion content of same borehole at different depth and different
boreholes with same depth, the optimal area for building main well and mining area is determined eventually is around

96-5#.
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1. INTRODUCTION

It is significant to understand the mechanism of water-
rock interaction in mining area because it greatly changes ion
content in the groundwater, reduces the strength of surround-
ing rocks and relates intimately with life and property securi-
ty, especially in developed and densely populated place. Var-
ious techniques have been used in the study of groundwater
movement and its interaction with rock in order to improve
security in mining activities. Environmental isotopes and
hydrochemical data, combined tightly hydrogeology, geo-
chemistry and geology, have been widely used in studying
process of water-rock interaction. Many more papers on wa-
ter-rock interaction based on isotopic and hydrochemical
evidence have been published, such as reported by Frape [1],
J.B. Fisher [2], Kronfeld, J [3], Abdelkader, R [4], Adabi, M.
H. [5].

Groundwater chemical and isotopic compositions which
belong to the same origin, influenced severely by water-rock
interaction, are remarkable difference as depth increases.
Therefore, the degree of water-rock interaction can be almost
determined from the different composition in groundwater.
Previous studies indicate that quantities of efficient methods
are available and widely applied to actual water-rock interac-
tion problems. The total dissolved solids (TDS), electrical
conductivity (EC) and PH have also been characteristic fac-
tors [4], combining environment isotopic and hydrochemical
datum, to analyze occurrence process of water-rock
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interaction. The multivariate statistical analysis, based on
geochemical and isotopic datum, is adopted to investigate
the water-rock interactions and hydrologic mixing in North-
east Tunisia [6] and it is suggested Jurassic limestone suf-
fered from serious water-rock interactions. Stable isotopes,
such as O and *H (deuterium, D), as the typical characteris-
tics of groundwater had been already used by James R.
O’Neil and Thomas C. Hanks [7] and obtained the evidence
about water-rock interactions along the San Andreas and
Garlock Faults of California. A. Bath holds that the chemical
conditions and rock properties, which is called water-rock
interactions, determine the groundwater quality to a great
extent [8].

2. STUDY AREA AND BACKGROUND SETTING

The study area is located at Northwest of Jiaojia Village,
Laizhou Bay, eastern China, from 120°06'46"E to 120°10'E
and 37°23'N to 37°26'N, (Fig. 1) [9]. This paper provides
analytic expression the process of water-rock interaction by
applying geochemical and isotopic data. Therefore, the dis-
tribution, formation and movement of various geologic fac-
tors, for example, climate, hydrology, fault, geomorphology
and paleogeography, must be investigated clearly. Due to the
complicated tectonic movements, the Yi-Shu fault belt is
approximately 30km from the mining area and the east side
is Mou-Ji fault belt, accompanied with small fault fracture
(Fig. 2), and the eastern terrain is totally different from the
western side. The eastern side is a hilly region, mostly domi-
nated by denudation, with average elevation 40-60m. How-
ever, it is pre-mountain alluvial-proluvial plain with lower
elevation about 23-25m in the western side. The Jiaojia

2015 Bentham Open



Study of Water-rock Interaction with Hydrochemical

The Open Chemical Engineering Journal, 2015, Volume 9 91

Bohai Sea T
. \
© ngk )
1
A |
- /'/
®Dongying <
/7
. ./.
Laizhou Bay §
[ | A'u(»jim MingW\g Area
©® Layahou
/
pGtangrao 2

.. !

R 1

.\' ’

= i

“‘\.\ .I.
| SO sl e 0 20  40km

Weifang@

Fig. (1). Map of the Study Area.
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Fig. (2). Small Fault Fracture Around Study Area.

mining area is exactly in the boundary between the hilly re-
gion and coastal plain, which suffered from serious erosion
and was suitable for gold enrichment. There are three mainly
sources of groundwater in Laizhou region: meteoric water,
surface water and saline (seawater). According to previous
study, the surface water hardly exist except Zhuqiao River
and Matang River which are mostly used in irrigation and
industrial production. Compared with surface water, the

annual average rainfall about 600-700mm, concentrate in
three months (July, August, September), is extremely con-
siderable because of the area of the monsoon climate. The
investigation results reveal that three mainly aquifers, qua-
ternary aquifer, phreatic aquifer and confined aquifer, are the
basis of water-rock interaction.

The pores and fracture structures are the main place
through which groundwater flows. Thus, groundwater flow
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Table 1. Chemical and Isotopic Composition (in mg/l) of Groundwater from 96-5# Borehole.

Sample No. | 8"0(%0) | 8D(%0) | 6"C(%0) PH EC(uS/cm) | TDS(g/) Ccr SO, | HCOy Na* Ca™ Mg**
965-100 -2.776 -41.783 -17.123 7.37 52900 45.2 26318.1 1452.9 1051.2 13350.0 352.7 1778.8
965-300 -2.750 -22.869 | -18.475 7.35 54200 48.5 27500.3 1825.1 1139.1 14550.0 340.7 1859.0
965-500 -3.194 -26.138 | -19.444 7.54 51000 43.8 24878.8 1741.1 1343.4 12800.0 180.4 1616.0
965-700 -3.075 -22.209 -2.857 6.57 58900 57.2 34131.3 1464.9 408.8 16687.5 1811.6 | 2546.6
965-1000 -3.040 -21.062 -5.616 6.47 59200 57.6 34439.7 1512.9 412.4 16687.5 1803.6 | 2588.0
965-1500 -3.074 -20.261 -4.441 6.47 58800 57.7 34439.7 1537.0 408.8 16812.5 1747.5 | 2605.0
965-2000 -3.186 -25.108 -3.277 6.42 58900 57.6 34645.3 1428.9 350.2 16687.5 1731.5 | 2590.4
965-2500 -2.155 -28.691 8.05 42300 325 17579.7 1272.8 1482.5 11580.0 66.1 178.6
965-3000 -2.446 -25.211 8.01 42500 322 17322.6 1320.8 1482.5 11580.0 70.1 179.8
965-3500 -2.225 -26.242 7.98 42300 32.6 17579.7 1301.6 1482.5 11725.0 70.1 176.2
965-3950 7.54 38700 28.7 14906.7 1589.8 1282.4 10500.0 36.1 352

965-XHY-1 -3.144 -25.955 -23.641 8.25 48800 39.6 22308.7 1118.1 1799.2 11700.0 34.1 1204.1

965-XHY-2 -3.854 -26.172 -6.183 6.94 41200 33.8 20149.8 768.5 350.2 9900.0 1074.1 1341.4

965-XHY-3 -2.471 -32.067 7.98 43200 332 17990.9 1392.9 1367.8 11900.0 84.2 189.5

965-XHY-4 7.46 39600 28.7 15215.1 1849.2 1168.3 10000.0 84.2 40.1

velocity, to a great extent, is influenced by the development
degree of void ratio. However, previous studies proved that
groundwater flow speed is extremely slow, compared with
streams or rivers, in order to provide enough time for the
process of water-rock interaction. Jun Liu, Zongyu Chen etc.
used chlorofluorocarbons (CFCs) and tritium (*H) to esti-
mate the groundwater flow velocity in Hohhot Basin, China
[10] and it was suggested that the mean regional flow veloci-
ty of the shallow groundwater is about 0.73km/a. Based on
the Darcy’s law and field data, namely combined theoretic
formulation and practical data, Stephen H.Hall suggested
that the groundwater velocity can be equal to 3.0ft/day [11].
Two characteristics, the changed ion content of groundwater
and weakened rocks, can be powerful evidence for the pro-
cess of water-rock interaction. Tang Liansheng, Wang Sijing
implied that rocks strength reduced, even though be de-
stroyed, after water-rock interaction which mainly influenced
by PH, hydrolysis, dissolution, ion-exchange action, temper-
ature, pressure [12].

Therefore, the geochemical (Na®, Ca”", Mg2+, Crl, SO42',
CO5>, NOy) and isotopic (D, *0) datum, combined with
other information (PH, EC), can be useful method to prove
existence of water-rock interaction and infer strength param-
eters of surrounding rock and provide a secure exploitation
mode to protect life and property from damage.

3. SAMPLING

Three boreholes (96-5#, 96-6#, 112-1#) were drilled in
order to obtain representative groundwater samples for inter-

preting the process of water-rock interaction and determining
safety mining conditions in study area. As the depth of drill-
ings increased, two rounds of 32 groundwater samples were
collected from 21 discrete intervals in August-September
2011 and August-September 2012. These include 15 samples
from 95-5# borehole, 10 samples from 96-6# borehole and 7
samples from 112-1# borehole.

Totally samples from three drillings collected at different
depth, which related tightly with lithologic features, were
analyzed at Laboratory for Stable Isotope Geochemistry,
Institute of geology and Geophysics and Institute of Geolo-
gy, China Earthquake Administration to obtain isotopic and
geochemical datum. D and O were analyzed by the mass
spectrometry and the results were expressed as SMOW per
mill (3) [9]. To deeply analyze the process of water-rock
interaction, the hydrochemistry and ion content must be in-
vestigated clearly. PH, EC, CI', SO4, HCO5, Na‘, Mg*",
Ca’" are also analyzed for the research plan. The result are
reported in Table 1, Table 2, Table 3. The sample number
965-100 and 965-XHY-1 represents it is obtained from 96-
5# borehole at approximately -100m depth and liquid circu-
lation, respectively, the rule is suitable for 96-6# and 112-1#
boreholes as well.

4. RESULTS AND DISCUSSION

The datum in Table 1, 2, 3 suggested that 6D of ground-
water samples from three boreholes was -19.645 to -
51.741%o and 8'%0 -2.155 to -8.114%o. In addition, seawater,
saline water, fresh water, surface water and rainfall samples
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Fig. (3). 3'%0 versus 8D for the water samples in the study area.

were also collected, analyzed and eventually acquired the
value of §'*0 and 8D, listed in Table 4. The average 8'°O of
seawater, saline water, fresh water, surface water and rainfall
was -0.205, -2.370, -7.957, -7.098, -10.090%0 and 6D -5.405,
-24.462, -56.865, -54.040, -75.240%o, respectively. Kendall
and McDonnell agreed that the origin of groundwater can
generally be confirmed by 3D-5'°0, because the stable iso-
tope is simply related with temperature [13]. Therefore, to
obtain the origin of groundwater in the study area, diagram
(Fig. 3) of relationship about §'*0 and 8D was drawn from
the data in Table 1, 2, 3, 4, it can show concretely the
groundwater of 96-5# and 112-1# more likely originated
from saline water, in turn, the groundwater of 96-6# is possi-
ble invaded by fresh water or surface water. Compared the
origin of 95-5#, 112-1# and 96-6#, it inferred that the crack
developed more abundant in 96-6# borehole, in other words,
the 96-6# was more vulnerable by water inflow and caused
enormous loss of life and property. Besides, it was reasona-
ble believe that all the samples should be located in the low-
er right of the global meteoric water line (GMWL) defined
by Kendall and McDonnell [13], because of the evaporation
of the saline water or fresh water. There are still some excep-
tional samples yet located in the left upper from 96-6# bore-
hole due to the unexpected mixing between the groundwater
and surface water or rainfall, but it almost has no effect on
the analytic of water-rock interaction.

Based on above analysis which provided strong evidence
that the same borehole different depth with the same origin
and the ion contents are different in different depth, the de-
gree of water-rock interaction and whether it occurred or not
can be distinguished obviously. In addition, the groundwater
of 96-5# and 112-1# belongs to the same water source, com-
paring the ions content at the same depth can be a proof to
judge the place where the water-rock interaction is more
serve and in is helpful to select a relatively safe area for min-
ing activities.

From the anal;tic datum listed in Table 1, 2, 3, the con-
tents of CI, SO,~, Na" which dominated the groundwater
qualities were increasing or reducing drastically as drilling
depth increases. To distinguish the hydrochemistry type and
quality of groundwater, the Piper diagram (Fig. 4) usually
used to determine the property of groundwater was drawn
from Table 1, 2, 3. Although different depth with different
ion contents, CI, SO42', Na' contents take account for more
than 90% in almost samples, such as 965-100 they take ac-
count for 90.9%, and the mostly hydrochemistry type is Na-
CI-SO4, Na-CI-HCO; or Na-Mg-Cl. The hydrochemistry
type, combined with TDS datum in the table, indicates that
groundwater in study area hardly flows and is seldom sup-
plied by surface water and meteoric water which provided
advantage conditions for water-rock interaction. In order to
vividly demonstrate the hydrochemistry type related with
property of rock, the diagram (Fig. 5, Fig. 6) of ions content
changed with depth is drawn from Table 1, Table 2, Table 3,
respectively. With regard to 96-5#, 96-6# and 112-1# bore-
holes, the contents of Na*, CI', Mg+, Ca* changed with better
consistent, namely they increase or reduce apparently at the
same depth. The regular changing of HCOs opposites to
Na', CI, Mg+, Ca2+, it may be a sign of water-rock interac-
tion, consuming HCO5', obtaining the other ions. It was easy
to observe that the SO,* varied extremely irregular with
degth increasing and had hardly relative with Na*, CI, Mg",
Ca*", HCOy', hence SO42' can’t be characteristic for water-
rock interaction in Laizhou Bay area.

Involving the water-rock interaction, lithological charac-
teristics must be investigated immediately to interpret the
changing of ions content. For 96-5#, the groundwater sam-
ples were obtained discrete intervals at 100, 300, 500, 700,
1000, 1500, 2000,2500, 3000, 3500, 3950m and so were the
rock specimens. Fig. (5) reveals clearly that at 100, 300,
500m the ions content of Na', CI, Mg’ Ca*', HCOy
varied little and the results can be inferred the lithological
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Table 2. Chemical and Isotopic Composition (in mg/l) of Groundwater from 96-6# Borehole.

Sample No. | 8"0(%0) | 6D(%0) | 6"C(%0) PH EC(uS/cm) | TDS(g/) Ccr S0, | HCOy Na* Ca™ Mg**
966-100 -7.998 -51.741 -13.349 7.85 24700 18.1 10023.5 696.4 5259 5425.0 969.9 383.9
966-300 -8.114 -47.200 | -13.705 7.76 24700 17.4 9972.1 720.5 379.5 5000.0 969.9 359.6
966-500 -7.980 -51.734 | -13.556 7.82 24700 18.3 9972.1 744.5 555.2 5700.0 957.9 366.9
966-700 -8.006 -49.619 -3.462 7.56 25900 18.0 9972.1 738.2 467.3 5450.0 953.9 366.9

966-1000 -7.170 -44.291 -21.967 7.5 28300 19.5 9972.1 328.1 2395.3 5900.0 360.7 437.4
966-1500 -6.290 -43.528 -22.166 7.51 30800 21.8 11258.9 552.3 2453.8 6489.9 320.6 607.5
966-2000 -4.048 -39.558 8.06 21200 15.1 4934.6 893.4 4045.6 4950.0 24.0 80.2
966-2700 -4.877 -39.110 8.15 21500 15.1 5140.3 446.7 4444.6 4700.0 134.3 68.0
966-XHY-1 -7.512 -51.123 -14.287 7.42 26900 18.4 9972.1 792.5 817.5 5450.0 913.8 393.7
966-XHY-3 -3.615 -34.849 8.41 20700 13.9 4934.6 120.1 4102.9 4500.0 10.0 12.2
Table 3. Chemical and Isotopic Composition (in mg/l) of Groundwater from 112-1# Borehole.

Sample No. | 8"0(%o) | 6D(%0) | 6"C(%0) PH EC(uS/cm) | TDS(g/l) cr S0, | HCOy Na* Ca™ Mg**
1121-1000 -4.098 -23.699 -11.871 7.56 38400 29.1 13673.1 | 4322.7 502.1 9287.5 400.8 631.8
1121-1500 -3.924 -23.440 | -12.037 7.51 38600 31.1 14906.7 | 46109 615.6 9600.0 416.8 670.7
1121-2000 -4.138 -25.981 -12.575 7.46 38300 31.0 15101.7 | 41594 649.8 9750.0 400.8 639.1
1121-2500 -4.612 -39.788 6.82 34900 25.8 13364.7 | 2641.7 433.2 7650.0 953.9 612.4
1121-2700 -4.789 -41.067 6.64 34500 25.7 13364.7 | 2737.7 399.0 7550.0 921.8 607.5

1121-XHY-1 -3.184 -19.645 -12.585 7.61 39400 31.4 14906.7 | 4514.8 729.7 9800.0 400.8 729.0

1121-XHY-2 -2.557 -27.712 6.83 39200 29.6 14906.7 | 3314.1 626.6 9050.0 649.3 809.2

HCOs ~

Fig. (4). Piper diagram of groundwater samples from three boreholes in the study area.
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Water type No. 0180 (%) 0D (%o)
1 -0.181 -5.180
Seawater
2 -0.228 -5.630
1 -3.585 -32.030
2 -2.636 -25.690
Saline water 3 -1.850 -21.070
4 -1.421 -19.520
5 -2.360 -24.000
1 -7.543 -53.440
2 -8.032 -57.820
Fresh water
3 -7.983 -57.160
4 -8.269 -59.040
Surface water 1 -7.098 -54.040
Rainfall 1 -10.090 -75.240
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characteristic is likely same or similar. Investigation about
rock properties indicate that they possess identical character-
istic and comprise mainly plagioclase, quartz and biotite. At
700, 1000, 1500, 2000m depth Na®, CI', Mg", Ca*" increase
and HCO; decrease sharply, it means the water-rock interac-
tion is more serious for the changing of rock properties and
the results in this area are biotite adamellite which include
KAlSi30g, NaAlSi308, CaAlzsizog, K(Mg,Fe)3AlSi3010
(F,OH), and is more likely erosion by HCO;. As for the
2500, 3000, 3500, 3950m depth of 95-5# drilling, the rock is
also biotite adamellite which is more difficult to erode be-
cause of seriously mylonization. In the same way, the other
two pictures in Fig. (5) announced the reason of ions con-
tents changing in 96-6# and 112-1# boreholes was partially
affected by the surrounding rocks just like 96-5#. Except for
comparison between different depths in the same borehole,
the optimum area for the main well can be determined by
comparison between different drillings at same depth, such
as 1000, 1500, 2000, 2500m of 96-5# and 112-1# boreholes
with same water source through above analysis. For the pur-
pose of this paper, Fig. (6) which involved Na" CI,, Mg’,
Ca’”HCO5™ from Table 1, 3 only was drawn simply and it
shows the content of Na“Mg", Ca’"is higher in 96-5# than
112-1# boreholes and the content of HCO5s was lower in 96-
5# than 112-1# boreholes , namely the water-rock interaction
is more serious in 96-5# area.

Above discussion focus on the hydrochemistry type, the
origin of groundwater, the mechanism of water-rock interac-
tion, it is helpful to select a safe area for mining activities.

CONCLUSION

The geochemical and isotopic methods were effective to
judge the origin of groundwater all the time, however it was
scarcely applied to analyze the process or the degree of the
water-rock interaction. This article concentrates on under-
standing the possibility of ions contents varying influenced
by water-rock interaction and then chooses an optimal place
for the main well.

1. The analysis of groundwater samples collected in
mining area, Laizhou Bay reveals that the hydro-
chemistry type is Na-Cl-SO,, Na-Cl-HCO; or Na-Mg-
Cl and seepage flows and water cycle seldom occur,
which provide an ideal environment for sufficient wa-
ter-rock interaction.

2. The stable isotopes (8 °O and §D) are used to dis-
tinguish the origin of groundwater, only related with
temperature, and the groundwater of 96-5#,112-1#
more likely originated from saline water and fresh
water or surface water infiltrate into the fracture or
leakage of 96-6# forming groundwater.

3. Compared the origin of 95-5#, 112-1# and 96-6#, it
inferred that the crack developed more abundant in
96-6# borehole, in other words, the 96-6# is more
vulnerable by water inflow and caused enormous loss
of life and property. In addition, based on the same

Feng et al.

origin of groundwater, similar rock properties and re-
sults of ions contents comparing, the hypothesis wa-
ter-rock interaction in 112-1# is least serious was
proposed.

4. The ion content in different depth is different suggests
that the groundwater in different depth never or hard-
ly linked. Although surrounding rock of 96-5# is
eroded more seriouly than 112-1# at 1000, 1500,
2000, 2500m depth, the optimal place for main well is
around 96-5# because of more detailed geological,
geochemical and isotoptic data. However, special pro-
tection measures, such as retaining, must be adopted
at 700, 1000, 1500, 2000m depth where strength de-
crease sharply.
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