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Abstract: Metasilicate-rich groundwater could meet the high demand of the international community
for high-quality water. In order to comprehensively analyze the genetic mechanism of metasilicate-
rich groundwater, and help human communities effectively exploit and utilize high-quality water
resources, taking the Ji'nan rock mass area as an example, this study carried out systematic research
on the spatial distribution and genetic mechanism of the metasilicate-rich groundwater Based on the
regional hydrogeological conditions, the influencing factors on the spatial distribution characteristics
of the metasilicate-rich groundwater in the study area were systematically sorted out by means of
petrogeochemistry, hydrochemistry, and chemical weathering index analysis, and the accumulation
mechanism of the metasilicate-rich groundwater was discussed from the perspective of water-rock
interaction. The results show that: (1) On the northwest side and part of the northeast side of Ji'nan
rock mass, the metasilicate content of the groundwater samples exceeded 25 mg/L; the metasilicate
content on the south, west, and east sides were relatively low; (2) Ji'nan rock mass is mainly composed
of gabbro easily weathered, with high SiO; content and high weathering degree showing obvious
characteristics of desilication. FeS, developing along the contact zones between the rock mass and
surrounding rocks was easily oxidized to form HpSO,4, which enhanced the solubility of silicate
minerals in the groundwater. Ji'nan rock mass was located in the low-lying position of the monocline
structure, which presented better water conservation and recharges conditions. The above factors
resulted in the metasilicate-rich groundwater accumulating in the area of Ji'nan rock mass and
showed different spatial distribution characteristics.

Keywords: Ji'nan rock mass; metasilicate-rich groundwater; water-rock interaction; solution of
silicate rock; human factor

1. Introduction

The global demand for water has grown approximately six-fold in the last century [1,2].
Continued population growth and climate change in the 21st century will have a severe
impact on global water resources [3,4]. Water scarcity occurs in many countries, particularly
in the Mediterranean, Middle Eastern, and African countries, and many of these countries
are confronted with a crucial combination of a severe lack of an increasing demand for high-
quality water [5]. Groundwater has significant advantages of spatial-temporal availability
compared to surface water, and it is the most important water resource for more than
half of the global population [6,7]. Consequently, high-quality groundwater has played
and will continue to play an essential role in social, economic, agricultural and industrial
development for the international community.
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The metasilicate-rich groundwater is one important kind of high-quality groundwater,
which has a significant effect on softening human blood vessels, and relieving arteriosclero-
sis and heart disease in medicine [8]. Because catering to the rapid demand for high-quality
groundwater and being beneficial for human health, metasilicate-rich groundwater has
become a hot topic in hydrogeology research.

The hydrochemical formation of metasilicate-rich groundwater is affected by multiple
factors, such as geological structure, lithofacies composition, hydrodynamic conditions,
and hydrochemical characteristics [9-11]. Due to its important economic and medical
value, its genetic mechanism has attracted the attention of many scholars. However, most
of the previous studies focused on the influence of extrusive rocks (especially basalt) on
the formation of metasilicate, or focused on the discussion about the metasilicate from
the perspective of hydrochemical evolution. The research on how the intrusive rocks,
geochemical characteristics, and weathering of surrounding rocks affected the metasilicate-
rich groundwater from the perspective of water-rock interaction was relatively few, which
has limited the effective exploration and utilization of metasilicate-rich groundwater. In the
Ji'nan rock mass area, parts of the groundwater are enriched with H,SiO3. Moreover, the
intrusive rocks are widely distributed, with various mineral types, structural and weathered
fractures, and metal sulfide deposits are widely distributed. These have determined the
water-rock interaction processes of the H;SiO3 enrichment in groundwater.

Taking the Ji'nan rock mass area as an example, this study discusses the distribution
characteristics and formation mechanism of the metasilicate-rich groundwater from the
perspective of analyzing the coupling relationship between rock weathering and water
chemical formation. It not only comprehensively considers the potential influencing factors
of the metasilicate-rich groundwater, but also contributes to the effective exploitation and
utilization of the metasilicate-rich groundwater, and helps meet the highing demand of the
international community for high-quality water.

2. Geological Background

Located in the northern wing of the Taishan Dome, Ji'nan is a north-dipping mono-
clinic structure dominated by Paleozoic carbonate strata. The southern is mountainous,
with exposed limestones distributing continuously, and acts as the recharge area of the
groundwater. The central hills become slope, and the main lithology includes Cambrian
limestone, shale, and middle and lower Ordovician limestone, and acts as the recharge-
runoff area of the groundwater. The northern is the Yellow River alluvial plain, which is the
buried limestone distribution area and the groundwater discharge area, where the Ji'nan
Rock mass area (study area) is located (Figure 1). Ji'nan is located in the mid-latitude inland
zone, and belongs to a temperate monsoon climate, with an average annual precipitation
of 669.91 mm.

In the Ji'nan area, the Ordovician limestone forms the main aquifer group, and the
groundwater flows from south to north. In the process of northward runoff, after encoun-
tering the barrier of Ji ‘nan rock mass, part of the groundwater flows out of the surface
along the faults and other weak zones to form famous Ji'nan spring groups, and part enters
the deep circulation to form the geothermal field on the north of the Yellow River [12].

The study area is based on the Archean Taishan Group (Art), which is overlaid by
Cambrian, Ordovician, Carboniferous, Permian, Cretaceous, Neogene and Quaternary
strata from bottom to up, and the lithology mainly includes limestone, dolomite, and
clastic rock. The faults in the area are mainly composed of three groups of NS, NNE, and
nearly NW trending faults, such as the Sangzidian Fault, Qianfoshan Fault, etc. In the early
Cretaceous, the Ji'nan rock mass was formed by the eruption of magmatic activities, mainly
composed of gabbro and pyroxene monzonite [13]. At present, most of the Ji ‘nan rock mass
is covered by the Quaternary system, and it only appears sporadically in Yaoshan, Huashan,
and Woniushan Mountains, etc. On the plane, it is roughly elliptical in the direction of EW,
and the spatial form presents giant rock falx.
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Figure 1. The geological background of the Ji'nan rock mass area. (a)—The location and hydrogeo-

logical conditions of Ji'nan rock mass area; (b)—Plane and longitudinal profile of Ji'nan rock mass.

3. Data Sources and Research Methods

Based on the collection of regional geological and hydrogeological data, 29 ground-
water samples in the study area were collected successively in July 2021 from Ordovician
limestone, which is a confined aqufier. The sampling points are distributed evenly in
the study area (see Figure 2 for the sampling locations). The Technical Regulations on
Groundwater Environmental Monitoring (2004) were strictly implemented for sampling
and analysis. Each groundwater sample was collected by using two polyethylene bottles,
which were cleaned, rinsed, and filtered before sampling. One bottle of the sample was
added 65% nitric acid to make the pH < 2, so as to test the cationic concentration, and the
other bottle of the sample was used to test anion concentration without adding nitric acid.
The samples were sent to the Ji'nan Mineral Resources Supervision and Testing Center of
the Ministry of Land and Resources for water quality analysis within 24 h after collection.
K* and Na* were tested by inductively coupled plasma emission spectrometry, and both
the detection limits were 0.01 mg/L. Ca?* and Mg?* were tested by ethylenediamine tetraac-
etate disodium titration, and the detection limits were 2 mg/L and 1 mg/L, respectively.
CI™ was tested with the silver nitrate volumetric method, the detection limit was 1 mg/L.
S0,42~ was tested with the barium sulfate turbidimetric method, the detection limit was
3 mg/L. HCO;~ was tested by acid-base titration with a detection limit of 5 mg/L. The
soluble S5iO; was tested by a UV spectrophotometer with a detection limit of 0.1 mg/L. The
error analysis of the tested results was carried out according to the principle of ion balance,
which was calculated to be less than 5%.

Rock samples of different lithologies in the study area were collected and thinly
sliced. According to the micropetrographic observation, 11 representative samples without
alteration were selected and broken under pollution-free conditions for testing the major
elements, including SiO,, Al,O3, Fe;O3, MgO, CaO, Na,O, KO, and P,0Os. Using an X-ray
fluorescence (XRF) spectrometer, the test was carried out at the Shandong Testing Center of
China Metallurgical Geology Bureau. First, 0.7 g of the sample was weighed, then boric
acid was added to melt the sample into a glass sheet at a high temperature, finally, the
oxide content was determined on XREF. The error of the total oxide content is 1-3%.
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Figure 2. The metasilicate content, hydrochemical types, and distribution of the groundwater in the
study area (The content of H,SiOj is the concentration unit mg~L*1).

4. Results and Discussion
4.1. Distribution of the Metasilicate-Rich Groundwater

Full analysis tests were conducted on the groundwater samples from 29 wells in the
study area. The results showed that the content of H,SiO3 in 12 water samples exceeds
25 mg/L, accounting for 41.38% of the total samples. There were six samples with more
than 20~25 mg/L of H,5i03, accounting for 20.69%. There were 11 samples less than
20 mg/L, accounting for 37.93% (Table 1). The samples with more than 25 mg/L of H,SiO3
are mainly concentrated in the northwest and northeast sides of the Ji'nan rock mass,
among which, nine samples are distributed on the northwest side and three samples are
on the northeast side. The content of H,SiOj5 is low in the south, west, and east sides of
the rock mass, indicating that the spatial distribution of the metasilicate-rich groundwater
presents regional characteristics. The content of H,SiO3 increased gradually from south to
north, which was consistent with the groundwater runoff direction (Figure 2).

4.2. Discussion on the Origin of H,SiO3 Enrichment

Previous studies have shown that, only when the silicate minerals in surrounding rocks
present wide distribution and strong solubility, the surrounding rocks become weathered
strongly, the water-rock interaction is intense, the groundwater conservation and recharge
conditions are well, then the H,SiO3 can be accumulated, and enriched in the groundwa-
ter [8,14]. The four above factors about the study area will be discussed in detail in the
following paper to clarify the genetic mechanism of the metasilicate-rich groundwater.

4.2.1. Geochemical Conditions of Surrounding Rocks

Due to the difference in the content and the weathering sensitivity of the silicate
minerals in the surrounding rocks, there are great differences in the supply degree and rate
of soluble SiO, to the groundwater from the surrounding rocks with different geochemical
characteristics [15]. The surrounding rocks of the groundwater in the study area mainly
include gabbro, diorite, and carbonate rocks. In this study, 11 rock samples were collected
for testing the major elements (Figure 3). The results shew that the gabbro contained large
5i0O, content, accounting for 50.1~58.5%, with an average of 52.9%. The main minerals
were plagioclase and pyroxene which were easily weathered, among which the plagioclase
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accounted for 42~70%, and the pyroxene accounted for 23~55%. In the diorite samples, the
content of SiO, was 50.14%, and the main minerals were plagioclase and amphibole, among
which the plagioclase, the amphibole and the pyroxene respectively accounted for 63-65%,
33-35%, and 2-3%. The carbonate rocks mainly included dolomite and limestone, and the
main mineral component was dolomite or calcite, accounting for about 90%, whereas, the
content of 5iO; accounted for about 0~22.4%, with an average of 15.4%. The content of
5i0; in carbonate rocks was low, and most of them were free quartz, which was less soluble
in water, so they cannot act as the main material sources of the H,SiOj3 in the groundwater
in the study area [15,16]. Therefore, the gabbro and diorite are the main lithologies of
Ji'nan rock mass, containing a large number of easily weathered silicate minerals such
as plagioclase, pyroxene, and amphibole, which constitute favorable potential sources of
H,Si0;5 in groundwater.

Table 1. The H,SiO3 content of the groundwater samples was collected from different sides of the
Ji'nan rock mass (See Figure 2 for the locations of the boreholes).

Position Borehole Number Content of H,SiO3 Borehole Number Content of H,SiO3
W d HR-5 19.76 HR-3 23.12
estside HR-4 19.72
East side SO 18.656 MH 19.53
LR-2 32.5 LR-6 229
. LR-3 33.8 LR-8 23.4
Northeast side LR-4 2145 PLS 57
LR-5 23.73
QS 13.4 SY-11 16.4
. QB 12.5 XSJ 16.58
South side XWZ 16.4 KLZ 16.73
SY-10 17.48
QR-2 30.72 QR-5 29.3
TR-5 28.87 SY-1 28.98
Northwest side TR-6 32.78 SY-6 23.5
TR-3 31.2 ZK3 30.66
TR-4 28.87 QR-4 25.98

Note: The content of H,SiO3 is the concentration unit mg-Lfl.

In the diagram of the water-rock interactions and the distribution of the sample points
in the study area (Figure 4), almost all the sample points with more than 25 mg/L content of
H,SiOj3 are located inside or near the end-member of silicate rock, and a few sample points
are located in the secondary end-member of amphibole, which proves that Ji'nan rock
mass is indeed the main source of the H,SiO3 in groundwater. The samples with less than
25 mg/L content of HySiO3 are located in the secondary end-member of amphibole or near
the silicate end-member, indicating that the geochemical characteristics of the groundwater
in the study area are mainly affected by silicate rocks, but less affected by carbonate rocks
or evaporites.

4.2.2. Weathering Degree and Mechanism of Surrounding Rocks

Weathering and desilication of the surrounding rocks act as the basic source of HySiOs3
in groundwater, and the weathering degree could affect the reaction equilibrium process of
the water-rock interaction [11,17]. As the source of the H,5iO3 in groundwater, the Ji'nan
rock mass developed abundant structural fractures and weathered fractures (Figure 5a—c),
and the main lithologies included easily weathered gabbro and diorite. The above two
aspects comprehensively caused the surrounding rocks of the groundwater to be easily
weathered, which can be proved by the spherical weathering phenomenon only formed by
strong weathering (Figure 5d).
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Figure 3. Microscopical features of the rock samples in the study area (a—e) are gabbros, (f) is
diorite, and (g-i) are carbonate rocks). (a)—Plagioclase: 48-50%; Pyroxene: 43-45%, cleavage
developed; Biotite: 3-5%; Opaque minerals: 1-2%; (b)—Plagioclase: 43—45%; Pyroxene: 53-55%;
Mica: 1-2%; Opaque minerals: 1-2%; (c¢)—Plagioclase: 50-53%; Pyroxene: 43-45%; Mica: 2-3%;
Opaque minerals: 1-2%; (d)—Plagioclase: 58-60%; Pyroxene: 38-40%; Biotite: 2-3%; Opaque
minerals: 1-2%; (e)—Plagioclase: 50-53%; Pyroxene: 43-45%; Biotite: 2-3%; Opaque minerals:
1-2%; (f)—Plagioclase: 63-65%; Hornblende: 33-35%; Pyroxene: 2-3%; Opaque minerals: 1-2%;
(g)—Dolomite: 95%%; Calcite: 3-5%; Quartz: 1-2%; Opaque minerals: less; (h)—Calcite: 90%=;
Dolomite: 3-5%; Quartz: 3-5%; Tremolite: 2-3%; Diopside: little; Opaque minerals: 1%; (i)—Calcite:
78-80%; Dolomite: 3-5%; Quartz: 2-3%; Goldmica: 13-15%; Opaque minerals: less. Pl—plagioclase;
Px—pyroxene; Hbl—amphibole; Cal—calcite; Dol—Dolomite.
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Figure 4. The relationship of Ca®* /Na* and Mg?* /Na* (a), Ca®* /Na* and HCO3~/Na* (b) in the
study area.
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Figure 5. Fracture development and spherical weathering of the Ji'nan rock mass. (a)—X type joint
and weathered fractures; (b)—Structural fracture zone; (c)—X type joint and weathered fissures;
(d)—Spherical weathering.

The weathering degree of rocks is often characterized by the chemical weathering
index, that is, the ratio of different specific major element oxides is used to indicate the
weathering degree of the surrounding rocks [18-20]. Based on the characteristics of main
lithology and major elements of the rock mass, and referring to the methods adopted by
predecessors in studying the weathering degree of magmatic rocks [21-23], this study
selected index of lateralization (IOL) and chemical alteration index (CIA) to quantitatively
characterize the weathering mechanism and degree of Ji'nan rock mass. The two weathering
indexes present high sensitivity to rock weathering, and the calculation formula is as
follows respectively:

IOL [(A1203 + F6203)/(Si02 + A1203 + F8203)] x 100 (1)

CIA [A1203/(A1203 + CaO* + Na,O + KzO)] x 100 (2)

note: The IOL index was calculated using the mass fraction of oxide; while the CIA index
was calculated using the molecular mole number of oxide; CaO* refers to the molar content
of the silicate minerals, excluding the CaO content of carbonate minerals. Since the molar
ratio of CaO and NayO in silicate is usually 1:1, when the molar number of CaO is greater
than the molar number of NayO, the molecular mole of CaO* is equal to that of Na,O to
carry out the calculation, and when the molar number of CaO* is less than that of NayO,
the molar number of CaO* is equal to that of CaO when used to calculate.

The IOL index indicates the process that Al,O3 and Fe,O3 replace SiO; in silicate
minerals, and the larger the value is, the lower the weathering degree will be. CIA index is
the mole percentage ratio between the oxides of alkali metal elements K, Ca, and Na, which
are easy to migrate, and the oxides of Al, which are difficult to migrate, during the process
of rock weathering. CIA is used to characterize the chemical weathering intensity of the
rocks, and the larger the index value is, the stronger the weathering effect will be [24].

By using the above two calculation methods, combined with the tested data of the
major elements of Ji'nan rock mass (Table 2), 8 groups of gabbro and diorite samples were
randomly selected to calculate the chemical weathering index of Ji'nan rock mass (Table 3).

The calculated IOL values range from 26.46 to 34.56, with an average value of 31.81.
As can be seen from the S-A-F diagram in Figure 6, the weathering is at the stage of
kaolinization, which shows obvious characteristics of desilication, iron-rich and aluminum-
rich, indicating a high degree of weathering. CIA values range from 48.68 to 57.26, with an
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average value of 53.18. The rock samples are all located near A-CN in the A-CN-K plot,
and the weathering process is at the stage of kaolinization, which is consistent with the
conclusion presented in the S-A-F diagram.

Table 2. Major elements of surrounding rocks.

No. Lithology K20 Al203 CaO TFe203 MgO Si02 TiO2 L.O.I FeO
1 Gabbro 1.13 16.34 8.51 4.71 2.66 58.50 0.99 0.69 2.80
2 Gabbro 1.45 17.21 7.54 8.30 4.74 55.86 0.75 0.31 4.57
3 Gabbro 1.27 16.21 9.07 10.06 6.33 51.81 0.84 0.65 6.43
4 Gabbro 0.76 14.70 10.22 10.26 9.75 51.40 0.49 —0.07 6.47
5 Gabbro 1.16 14.44 9.37 10.03 8.98 52.28 0.68 0.03 6.55
6 Gabbro 0.47 14.65 9.32 10.31 8.89 52.46 0.74 —0.23 7.67
7 Gabbro 0.80 13.42 11.00 10.06 11.20 50.73 0.48 —0.01 7.31
8 Diorite 1.12 17.39 791 9.09 6.59 50.14 0.84 2.52 4.86
9 Marble 0.24 3.96 32.40 1.33 10.10 23.86 0.17 28.09 0.08
10 Limestone  0.48 3.70 32.93 2.25 7.92 22.35 0.16 30.52 1.55
11 Domolite 0.05 0.60 31.49 0.16 19.19 413 0.03 44.74 0.15

Note: The unit is w(B)/1072.
Table 3. The calculation result of chemical weathering index in the study area.
No. 1 2 3 4 5 6 7 8
IOL 34.56 26.46 31.35 33.65 32.69 31.89 3224 31.64
CIA 56.83 50.75 57.26 54.16 52.10 52.13 53.48 48.72
@ OL(% S0, by CA (%) ALO;
0 100 A © S-A-F diagram 0 100 A O S-CN-K diagram
20 20 80 20
40 40 60/ 40
.h.
60 60 40 60
80 20, 80 [ 20, 80
100
ALO; 1% 20 60 40 20 0 C20 +I\II:)20 80 60 0 20 0 58

Figure 6. Ternary diagram of IOL and CIA indexes of the rock samples in the study area. (a): S-A-F
diagram; (b): A-CN-K diagram.

4.2.3. Water-Rock Interaction

The weathering and fracture development degree of Ji'nan rock mass present in-
tense, so it could obtain a wide contact area with groundwater and lead to strong water-
rock interaction to occur, together with the desilication weathering mechanism, which
jointly led the rocks could become intensively leached and supply the source of H,SiO3 in
the groundwater.

In the study area, the silicate minerals related to the groundwater runoff and occur-
rence are mainly pyroxene, feldspar, amphibole, etc., whose dissolution can provide not
only H,SiOj3 to the groundwater, but also Ca?*, Mg2+ and Na™, etc. It is commonly H,CO3
in groundwater that provides solubility, and may also be other acids formed by water-rock
interaction or groundwater pollution, such as H,SO4 and HNOj [25,26].

Correlation analysis between hydrochemical components is often used to reveal the
origin relationship between different components [27,28]. As can be seen from the corre-
lation matrix of each chemical component in the groundwater of the study area (Table 4),
H,S5i0O3 has a significant positive correlation with SO4~ (p < 0.01), and the correlation
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coefficient is 0.705, while the correlation coefficient with H;COs3 ™ is only 0.081, showing
no correlation, indicating that in the formation process of H,SiO3, it is mainly HySO4
involved in the dissolution of silicate minerals, but not H,COj3. During the intrusion of the
Ji'nan rock mass, the contact zones between Ji'nan rock mass and the previously deposited
Cambrian-Ordovician carbonate rocks developed skarn iron ores rich in FeS; [29]. In the
field, large amounts of pyrite nodules can be seen clearly at the outcrops of this kind of
contact zones (Figure 7). With the participation of groundwater, the FeS, can be easily
oxidized to generate HySO4, which has enhanced the dissolution ability of the groundwater
and increased the solubility of the main silicate minerals in Ji'nan rock mass. H,SiO3 also
presents a significant positive correlation with Ca?* and Mg?* (p < 0.01), and the correlation
coefficients are respectively 0.635 and 0.696, but poor correlation with Na™ or K* (p > 0.05),
indicating that the pyroxenes (silicate minerals containing calcium and magnesium) in the
study area are the main mineral components providing H,5iO3, and albite or potassium
feldspars are the secondary mineral components. TDS present a significant positive cor-
relation with HySiO3 (p < 0.05), but a negative correlation with HCO;3 ™, indicating that
the increase of TDS in groundwater is attributed to the dissolution of silicate rocks rather
than carbonate rocks. Cations and TDS are negatively correlated with HCO3 ™, indicating
that the production of cations inhibited the dissolution of carbonate rocks. As the main
carbonate minerals in the study are calcite (CaCO3) and dolomite (CaMg(COs),), it implies
that Ca?* and Mg?* produced during the formation of H,SiOj3 inhibited the dissolution
of calcite and dolomite due to the common ion effect. According to the Debye-Hiickel
Formula, borehole SY12 in the north of the study area was selected randomly to calculate
the saturation index of CaCOj3 based on the tested hydrochemistry data, the result was
Sl = 0.36 > 0, which indicated that groundwater in the north of the study area was satu-
rated with carbonate minerals, which proved that the carbonate deposits were generated
due to the common ion effect, and further the content of HCO3™~ became reduced. The
main reaction processes involved in these series of water-rock interactions are as follows:

Pyrite oxidizes to produce acid: 4FeS; + 150, + 8H,O—2Fe,O3 + 85042~ + 16H* (Sulfuric acid)
Pyroxene dissolution: H,SOy + Ca(Mg)AlL,SipOg + 2H,O—Ca?* (Mg?*) + SO42~ + 2H,Si03 + 2A100H

Table 4. Correlation coefficient matrix of hydrochemical parameters of the groundwater in the

study area.
H,Si0; TDS Ca?* Mgt Na* K* HCO3~ Cl- SO42-

H,SiO;3 1

TDS 0.463 * 1

Ca?t 0.635 ** 0.951 ** 1

Mg?* 0.696 ** 0.905 ** 0.986 ** 1

Na* 0.228 0.948 ** 0.806 ** 0.726 ** 1

K* 0.368 0.981 ** 0.881 ** 0.812 ** 0.986 ** 1

HCO;~ 0.081 —0.396 —0.31 —0.276 —0.431 —0.404 1

Cl- 0.2 0.939 ** 0.789 ** 0.708 ** 0.998 ** 0.979 ** —0.432 1
SO,%~ 0.705 ** 0.907 ** 0.991 ** 0.992 ** 0.730 ** 0.821 ** —0.259 0.708 ** 1

Note: ** indicates a significant precorrelation at 0.01 level, and * indicates a significant correlation at 0.05 level.

It is generally believed that with the participation of HyCOy3, if the H,S5iO3 in ground-
water is mainly sourced from the dissolution of silicate minerals such as feldspar, pyroxene,
and amphibole, then y[(Ca?* + Mg?* + Na?* + K?*)/HCO; ] = 1.0, which is called the
weathering line of silicate rock [30]. If there are other acids in the water to participate
in the dissolution of silicate minerals, the SO42~, C1~ can be provided to participate in
the anion balance, and the samples will deviate from the line of y[(Ca?* + Mg?* + Na?" +
K?*)/HCO;] = 1.0. According to the relationship diagram of y[(Ca?* + Mg?*)/HCO; ]
and y[(Na* + K*)/(HCO37)] (Figure 8), it can be seen that the groundwater samples in
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the study area are located near or above the weathering line of the silicate rock, indi-
cating that the chemical characteristics of the groundwater in the study area are mainly
controlled by the weathering of the silicate rocks and affected by other acids, which is
consistent with the conclusion presented in Figure 4. The samples with H,S5iO3 content
greater than 25 mg/L are located above the weathering line of the silicate rocks, and the
deviation from the weathering line is large, indicating that the metalicate-rich groundwater
is mainly formed by the dissolution of silicate minerals with the participation of other
acids. Considering the hydrochemical analysis data of the study area, it indicates that
the ionic balance of the groundwater is maintained by SO4%~. That is, H,SOy is mainly
involved in the leaching of silicate minerals. Amounts of samples are located in the region
of y[(Ca®* + Mg2+)/ HCO;7] > 1.0, indicating that the water environment of the samples
has been affected by human activities, which is presumed to be related to the participation
of SO4?~ and Cl~ in water ion balance provided by the mining of Zhangmatun Iron Mine
on the northeast side of Ji'nan rock mass [31]. The value of y[(Ca%* + Mg2+)/ HCO3 Jinall
samples was much higher than that of y[(Na*™ + K*)/HCO3 ], reflecting that the minerals
involved in the leaching process were mostly calcium and magnesia-containing minerals,
namely pyroxene in the study area, which was consistent with the above analysis results.

Figure 7. The pyrite nodules developed along the contact zones between the igneous rocks and the
surrounding carbonate rocks. (a): The contact zone between the igneous rock and the surrounding
carbonate rock; (b): The pyrite nodules developed along the contact zone.
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Figure 8. Relative contributions from silicate and carbonate weathering by H,COs.

4.2.4. Conservation and Recharge Conditions of the Groundwater

Influenced by the Yanshan Movement, the terrain of Ji'nan City is high in the south and
low in the north, presenting a monoclinic structure. As located in the north of Ji'nan City,
the groundwater in the study area can be rapidly recharged by the Wohushan Reservoir,
Jinxiuchuan Reservoir and atmospheric precipitation in the southern mountainous area [32].
In addition, the atmospheric precipitation can also rapidly recharge the groundwater
along the weak zones, such as the Sangzidian fault, especially the contact zones between
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Ji'nan rock mass and the surrounding rocks, along which the FeS, could be oxidized to
form H,SOy, leading the solubility of silicate minerals in groundwater is enhanced. So
in the study area, the interaction between atmospheric precipitation, surface water and
groundwater is intense, which provided better water source conservation and recharge
conditions for the groundwater. As a result, the groundwater runoff is relatively fast, the
regeneration rate is quick, and the surrounding rocks or minerals are pretty soluble, thus
guaranteeing the enrichment of H,SiO; in groundwater.

The main factors controlling the equilibrium between dissolution and precipitation of
the H»S5iO3 in groundwater are the supply source of metasilicate minerals (solid amorphous
5i0,) and the solubility of secondary minerals formed during weathering. Through the
equilibrium system of dissolution-precipitation of metasilicate minerals, not only can we
identify the source of H,SiO3, but also can indicate the relative saturation of metasilicate
minerals in the groundwater, and then help judge the solubility of metasilicate minerals in
the groundwater [30]. As shown in Figure 9, in the [Na*]/[H*]-H,SiO3 system (Figure 9a),
the groundwater sample points in the study area are generally located in the stable area of
kaolinite, indicating that the water-rock interaction is in the process of forming kaolinite by
the inhomogeneous dissolution of plagioclase, which is consistent with the above analysis
that the rock weathering is mostly at the stage of kaolinization (CIA, IOL) (Figure 6). In the
system of [Mg?*]/[H*]-H,SiO; (Figure 9b), the samples are generally located in the stable
end-member of chlorite, and some samples with SiO; < 25 mg/L are located in the stable
end-member of kaolinite. In the [Ca%*]/[H*]-H,SiO;3 system (Figure 9c¢), all the samples
are located in the stable end-member of kaolinite. All the groundwater samples did not
reach the saturation state of metasilicate minerals, indicating that all the samples have the
ability to continue to dissolve metasilicate minerals, which reflected that the groundwater
in the study area was rapidly recharged so that it could maintain the persistent ability to
dissolve the metasilicate minerals.
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Figure 9. Mineral equilibrium phase diagram for the groundwater in the study area. SLOQ =
saturation line of quartz; SLOAS = saturation line of amorphous SiO;. (a): the [Na*]/[H*]-H;SiO;
system; (b): the [Mg?*]/[H*]-H,SiO3 system; (c): the [Ca?*]/[H*]-H,SiO; system.

4.3. Genetic Model of the Metasilicate Enrichment

Based on the spatial distribution characteristics and hydrogeological conditions of
metasilicate-rich groundwater in the Ji'nan rock mass area obtained by the above research,
and combined with the genetic mechanism of the Ji'nan spring area analyzed by previous
scholars [33,34], the causes of the enrichment of H,SiO3 in groundwater in the study area
are summarized as the following: After the infiltration of atmospheric precipitation, the
water flew from south to north through the Ordovician limestone. During the runoff
process, parts of the water got blocked by the Ji'nan rock mass and then migrated upward
to form Baotu Spring, Heihu Spring, etc., and parts of the water entered the deep circulation,
and participated in the strong water-rock interaction along the weathering zones of the rock
mass, the weak zones of fractures, and especially the contact zones between Ji'nan rock mass
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and surrounding rocks, where the FeS, were oxidized to produce amounts of HySOj in
groundwater, making the groundwater in the study area present strong dissolution ability.
The metasilicate minerals such as pyroxene, plagioclase, and amphibole in the silicate
rocks were dissolved and desilicated, and the silicon elements entered the groundwater
and moved along the runoff direction of the groundwater, and finally accumulated in the
downstream of Ji'nan rock mass (i.e., the north side of Ji'nan rock mass), which led to the
enrichment of H,SiO3 in groundwater (Figure 10). However, on the northeast side of Ji'nan
rock mass, there are human production activities such as the mining of Zhangmatun Iron
Mine [31], which caused sulfur pollution to the groundwater and further inhibited the
dissolution of silicate minerals, so the water-rock interaction became weakened, resulting
only part of the sample sites developed the metasilicate-rich groundwater in this area. More
samples would be more beneficial to conclude the reliable genetic model.

2
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Figure 10. Genetic model of the metasilicate-rich groundwater around Ji'nan rock mass.

5. Conclusions

(1) The distribution of the metasilicate-rich groundwater in the Ji'nan rock mass area
was spatially different. On the northwest side and part of the northeast side, the content of
H,SiO3 in groundwater was large, forming metasilicate-rich groundwater. However, on the
east, west, and south sides of the rock mass, little metasilicate-rich groundwater developed.

(2) Ji'nan rock mass is mainly composed of gabbro and contains amounts of silicate
minerals that easily weathered. The weathering was at the stage of kaolinization showing a
high degree, and presented the desilication mechanism, which acted as the main source of
H,Si03 in the groundwater.

(3) FeS, developed along the contact zones between the Ji'nan rock mass and sur-
rounding rocks, which were easily oxidized to produce H,SO4 and enhanced the ability of
groundwater to dissolve silicate minerals. The study area is located at the low position of
the monocline structure, where the groundwater could be recharged and renewed quickly.
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(4) Lithology, structure and hydrochemical characteristics constitute the favorable
factors for the formation of metasilica-rich groundwater, whereas, sulfur pollution caused
by human activities acted as the negative factor. In the future, more samples are suggested
to be collected and tested, in order to verify the controlling factors and make up the
genetic model.
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