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The abundance and mobility of minor and trace elements
and the thermodynamic considerations on water-rock inter-
action processes are important in order to characterize the
weathering processes affecting the rock masses. The tectonic
conditions play a key role for the water circulation in the
ground. Thus, the combination of the tectonics of an area
with its climatic conditions (in terms of rain amount and
types) influences the chemical, mineralogical, and physical
transformations of rock masses occurring during weathering
processes [1-4]. These changes further affect the stability of
rock masses with a considerable decay of their physical-
mechanical properties and, thus, can result in the onset of
adverse geomorphological consequences [5]. In particular,
pedogenetic alteration processes weaken the rock producing
thick sequences of weathered materials (residual soils such
as saprolites) and a reduction of mechanical properties—due
to cycles of wetting-drying, softening, and infiltration of dif-
ferent aqueous solutions—making slopes vulnerable to land-
slides [6-8]. An in-depth characterization of geotechnical
properties and soil thickness may lead to correct decisions
in land management, soil erosion estimation, shallow land-
slide susceptibility assessment, and the design of risk mitiga-
tion countermeasures [9, 10]. Moreover, when weathering
affects rocks, some naturally occurring potentially harmful
elements (e.g., Cr, Ni, Co, and V) become enriched in soils

[11, 12]. In turn, these elements may be extracted from soils
and may be concentrated in plant tissues, leading to either
their further dispersion in the environment or possible phy-
toextraction uses. The qualitative interpretation of these phe-
nomena is often insufficient for understanding pedogenetic
processes and other processes of interest. Consequently, it
is advisable to simulate these processes by geochemical
modeling [13, 14], thanks to the availability of both labora-
tory measurements of dissolution rates for several minerals
including silicates, oxides, hydroxides, carbonates, sulphates,
phosphates, and sulfides and sufficiently complete and accu-
rate thermodynamic data for numerous minerals, aqueous
species, and gases.

This special issue solicits methodological contributions
and multidisciplinary case studies on all the aspects of
water-rock interaction in soil formation and specifically on
the analysis and modeling of pedogenetic alteration pro-
cesses, also in relation to the chemical characteristics of per-
colating waters feeding groundwater reservoirs, authigenic
solid phases, and the underlying bedrock.

Given the above scenario, the call for papers for publica-
tion in this special issue, which was launched in October
2017, is aimed at considering methodological contributions
and multidisciplinary case studies on all the aspects of
water-rock interaction in soil formation and specifically
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on the analysis and modeling of pedogenetic alteration
processes, also in relation to the chemical characteristics
of percolating waters feeding groundwater reservoirs,
authigenic solid phases, and the underlying bedrock.

Potential topics of this special issue included but were not
limited to

(i) geochemical modeling of soil processes
(ii) groundwater and soil water geochemistry
(iii) environmental geochemistry
(iv) climatic variations

(v) rock-forming minerals
harmful elements

containing potentially

(vi) weathering formation processes and rates and
landscape evolution

(vii) soil erosion
(viii) weathering profile characterization and mapping

From mid December 2017 to late June 2018, a total of
10 papers have been submitted to be considered for publi-
cation in the special issue. After rigorous editorial check
and peer-review processes which involved external and
independent experts in the field, 1 paper was rejected, 1
paper has been withdrawn, and 8 papers have been
accepted, with an acceptance rate of 80%. 39 authors from
3 different continents (South America, Europe, and Asia)
contributed to the special issue.

In the paper “Groundwater-Mixing Mechanism in a
Multiaquifer System Based on Isotopic Tracing Theory:
A Case Study in a Coal Mine District, China,” P. Huang
and X. Wang through a geochemical and isotopic study
evaluate the mixing characteristics of various types of
groundwater and determine the sources of groundwater
and their mixing mechanism in the main aquifers in an
environment where the degree of coal mining is becoming
increasingly serious.

In the paper “Study of the Corrosion Characteristics of
Tunnel Fissures in a Karst Area in Southwest China,” Y. Zhao
et al. establish the numerical model of the Wulong tunnel
(study area) to quantitatively analyze the corrosion range,
corrosion ratio, and changes in the permeability and porosity
of the fissures in soluble rock of karst areas of the tunnel over
the past 100 years. The obtained results, verified by field
experiments, show that the main controlling factor of the fis-
sure corrosion of the tunnel in the karst area is the flow rate.
The opening of the dead-end pores greatly enhanced the per-
meability and slightly increased the porosity, which caused
the differential corrosion of fissures in the karst area. The
simulation model can be used to quantitatively predict the
corrosion evolution of a fissure zone within the acceptable
range of error.

In the paper “Study on the Law of Membrane Effi-
ciency of Unsaturated Shale and Its Application,” L.
Chang et al. highlight that the microscopic interaction
mechanism between working fluids and shale reservoirs
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is the key basic issue for the efficient development of shale
gas. In this paper, the characteristics of shale water satura-
tion are considered. The model calculating membrane effi-
ciency is obtained, and the shale membrane efficiency of
the reservoir studied, based on the triple-layer model of
clay mineral-water interface electrochemistry. Membrane
efficiency of unsaturated shale depends on the excess
charge density of the surface of the solid in different water
saturations. The analysis of factors influencing shale mem-
brane efficiency in unsaturated reservoirs shows that the
shale membrane efficiency decreases with the increase of
water saturation under unsaturated conditions. The parti-
tion coeflicient of counterion in the Stern layer, cation
exchange capacity, and solute concentration in pore fluid
will affect the membrane efficiency of unsaturated shale.
The membrane efficiency of the reservoir section shale in
Fuling area is calculated and analyzed, and the water-
absorbing capacity by chemical osmosis of the reservoir
interval shale is evaluated based on the membrane effi-
ciency model of unsaturated shale.

In the paper “Effects of Initial Porosity and Water Pres-
sure on Seepage-Erosion Properties of Water Inrush in
Completely Weathered Granite,” L. Jinquan et al. used a
self-designed large-scale triaxial testing system in order to
investigate the effects of water pressure and initial porosity
on the mass transfer and flow properties in completely
weathered granite. The results indicate that the particle
transfer could cause an increase in porosity, permeability,
and water inflow, which is the essential reason for water
inrush in completely weathered granite. Moreover, due to
the effect of particle transfer, the flow properties may
change from a Darcy to non-Darcy flow, which is a key
signal for water inrush. Finally, with the increasing of
water pressure, the transfer mass, permeability, and water
inflow increased gradually, and a critical value that caused
the water inrush was obtained. Furthermore, with the
decreasing of initial porosity, the mass transfer and flow
properties were suppressed rapidly, and a critical porosity
to anti-inrush was observed.

In the paper “Feldspar Dissolution and Its Influence on
Reservoirs: A Case Study of the Lower Triassic Baikouquan
Formation in the Northwest Margin of the Junggar Basin,
China,” M. Xiao et al. investigated feldspar dissolution in
the Baikouquan Formation in the northwestern margin
of the Junggar Basin (China). Results show that the con-
tent of feldspar is high in the conglomerate reservoir of
the Baikouquan Formation and that feldspar dissolution
in the subaqueous distributary channel of a fan delta plain
significantly improves the properties of the reservoir. The
authors also evidenced that the strength of feldspar disso-
lution increases with depth but varies in different sedimen-
tary environments and that in the subaqueous distributary
channel, the content of rigid particles, such as quartz and
feldspar, is high and has better sorting and higher original
physical properties.

In the paper “Geochemical Characterization of Spring
Waters in the Crati River Basin, Calabria (Southern
Italy),” S. Gaglioti et al. showed the results of a qualitative
analysis on about 200 samples of spring waters collected in
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the largest catchment of the Calabria region (southern
Italy). In particular, several physical and chemical parame-
ters were analyzed and the Langelier-Ludwig diagram was
built to evaluate the hydrochemical facies of the sampled
waters. Results showed a good quality status of the spring
waters in the Crati basin, with a predominant Ca-Mg type
hydrochemical facies. Moreover, some peculiarities have
been highlighted, in particular, in the Pollino Massif and
Mt. Cocuzzo areas which showed high concentrations of
almost all the investigated parameters. Finally, through
the application of a geostatistic approach, the sampled
data were spatially distributed, thus allowing a global over-
view of the hydrochemical state of natural water springs in
the basin.

In the paper “Geothermal and Mineralogic Analysis of
Hot Springs in the Puracé-La Mina Sector in Cauca,
Colombia,” D. A. Torres-Ceron et al. through a geochem-
ical study of several thermal sources at the Puracé-La
Mina sector (Cauca, Colombia) strengthen and determine
the potential applications of those thermal waters also in
order to contribute to enhance the continental tourism
in Colombia. In this work, the authors develop a broad
study of several characteristics that allows classifying a
great quantity of thermal sources in the Puracé-La Mina
sector (Cauca, Colombia) in order to find more suitable
applications. The physicochemical analyses show that most
of the sources have a sulfated-acid nature which makes
them heated vapor waters and volcanic waters, whereas
the mineralogical analyses of the rocks exposed to water
interaction are mainly characterized by high content of silica
isomorphous minerals. This work further shows that these
thermal sources are immature waters and still do not reach
chemical equilibrium, indicating that the sources have not
sufficiently interacted with the rocks.

In the paper “Research on Stability of an Open-Pit Mine
Dump with Fiber Optic Monitoring,” T. Zhigang et al.
propose monitoring the stability of Dump II within the
Nanfen Open-Pit Iron Mine, located in Northeast China,
using the fiber optic sensing technology. To pursue this
aim, the authors firstly propose a physical model similar-
ity ratio according to the on-site engineering geological
survey data. The governing principles of deformation in
the shallow dump layers in terms of different heaped
loads and rainfall were then determined using fiber optic
sensing to conduct an experimental study on the monitor-
ing of the dump stability with an indoor physical mode.
Finally, the FLAC3D method was used to simulate the
deformation features in the shallow part of Dump II
under different heaped load conditions and verify the
experimental results of the indoor physical model. The
obtained results provide the scientific basis for stability
monitoring of similar dumps by detecting the early warning
signs of instability phenomena.
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Thermal waters are natural resources of great value to geothermal sciences, the tourism industry, and health. In this work,
geochemical classification of physicochemical results of 17 sources at the Puracé-La Mina (Cauca, Colombia) sector was
implemented in order to strengthen and determine their potential applications and enhance the continental tourism in
Colombia. The analyzed parameters were developed following the Standard Methods 22nd edition, at Universidad Nacional de
Colombia-Manizales. According to the results obtained by means of a geochemical classification, it was found that most of the
sources have a sulfated-acid nature which makes them heated vapor waters and volcanic waters. Likewise, it was observed that
all the sources are immature waters and still do not reach chemical equilibrium. On the other hand, mineralogical and chemical
characterization by means of XRD and XRF showed a high content of silica isomorphous minerals with a low concentration. In
addition, the presence of Fe,O, was observed, which is insoluble at pH > 5 and remains in the rock. Nevertheless, considering
that mine sources possess pH +2 and temperatures of 40°C, leaching is possible for iron justifying its presence in the water.
Instead, elements like Na*, K, Mg2+, and Ca?* have high mobility at the conditions of mine sources (low pH) as a consequence

of hydrolysis processes, which produce variations in water composition.

1. Introduction

Geothermal processes are directly related to the composition
of hot springs giving useful information about the compo-
nents that affect these hot springs and allowing the evaluation
of their applications [1], such as heating, medicinal applica-
tions, and bathing [2]. Hot springs can be located around
the world in different countries and regions. These different
locations make hot springs exhibit a great diversity of geo-
physical, geochemical, and biological properties depending
on the region and the origin of the waters. In this way, rock
and mineral chemistry is important in hot spring studies tak-
ing into account that information about water-rock interac-
tions can be obtained [3].

These differences make hot springs an interesting area of
research for specific biotechnological or ecological applica-
tions [4]. For this reason, several studies of hot springs placed

in different countries have been reported in the literature as it
is the case of Chabaane et al. [5] who developed a work that
attempted to enhance and optimize the potential exploitation
of the Hammam Sayala thermal spring in NW Tunisia. Using
several electrical techniques, new information of the hydro-
thermal system in this region was obtained helping to create
a therapeutic center for encouraging the regional thermal
tourism development [5]. Kikawada et al. [6] performed a
geothermometric study of hot spring waters in the Manza
area near the Kusatsu-Shirane volcano. These studies might
be meaningful for geochemical monitoring of active volca-
noes through the changes in the calculated equilibrium tem-
peratures of appropriate minerals for volcanic hot springs.
Apollaro et al. [7] carried out chemical and mineralogical
characterization studies in Calabria, south Italy, which were
aimed at evaluating the risks posed by pure amianthus (asbes-
tos) tremolit rocks found in Unidad Gimigliano-Monte
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Reventino to human health. Results showed high contents of
Mn, V, and Cr and a minimal presence of Fe. Traces of Sr, Cu,
As, Pb, and Ba were also found in low concentrations. These
element contents are in accordance with reports in literature,
and some trace metals present in tremolit samples are highly
harmful for the human health.

Marini et al. [8] carried out a route model of a reaction
focused on simulating exchanges in the water-rock interac-
tion between rain water sediments and local currents during
the generation of Ca-HCOj waters. This model was made by
Marini and Ottonello [9] from data obtained in springs
located in Bisagno valley (Italy) in 1996. From these results,
the role that calcite plays can be highlighted, which absorbs
trace elements of Mn, Zn, Cd, and Co. This is due to the pre-
cipitation of calcite which is faster compared to the oxides
and hydroxides of clays. Al adsorption of these elements
from calcite can present a damper in the long term, which
can disturb other processes.

Several reports on hot spring studies in Latin America
have been found in Argentina, Brazil, and Mexico. Guido
and Campbell [10] developed a study of Jurassic hot spring
deposits of the Deseado Massif (Patagonia, Argentina),
where they conducted a detailed geological mapping and
sample analyses in five different sites that represented the
variety of hot spring deposits in the region. With the purpose
of observing the possibility of harvesting minerals from Rio
Grande (Brazil) volcanic rocks, Ramos et al. [11] carried
out studies in chemical and mineralogical characterization.
They found that the availability of P, K, and macronutrients
like Zn, Cu, Fe, and Mg, was evaluated by means of XRD,
XRF, and ICP-MS. On the other hand, a low concentration
of Al in aqueous media was evidenced, which is favorable
for plants due to the toxicity of this element at high concen-
trations. Prieto-Barajas et al. [4] explored the diversity of
bacterial culture communities residing in hot springs from
Arar6, México. They also analyzed the effect of seasonality
and related changes in physicochemical parameters of spring
waters. Physicochemical parameters, measured every season,
showed slight variations except for the temperature and arse-
nic concentration. Then, taking into account that each hot
spring has its own characteristics, there is a great interest in
performing studies of hot springs in Puracé-La Mina (Cauca,
Colombia) to identify their peculiarities.

With this objective in mind, Megyesi [12] reported stud-
ies regarding sulfur deposits in the Puracé sector in order to
corroborate that mineralization occurs in the porous rocks
of andesite and dacite tuffs through fractures impregnated
and filled with cold sulfur. On the other hand, in the INGEO-
MINAS (for its acronym in Spanish: Instituto Colombiano de
Geologia y Mineria) report, Garzén [13] reported studies of
geochemical analysis in the Puracé sector, including sources
in several sites like Piscina Tabio, La Mina, and Pilimbala,
among others and registered the type of water according to
the cations and anions. This study was performed around
20 years ago and, since then, the studied sources could have
been affected by several causes such as changes in the weather
and the influence of the inhabitants of this region, among
others. Consequently, it is necessary to updated these studies
and add other sources.

Geofluids

It is also of great importance to classify hot springs.
Thermal fluids, for instance, can be classified as primary
and secondary types. The primary thermal fluids are deep
deposits originating from magmatic waters that can undergo
changes during their rise to the surface. The secondary ther-
mal fluids are shallow fluids that generally come from the
primary fluids. Such fluids can be of several types, including
chlorinated, sulfated acid or carbonated fluids [14-18].
Mineral waters emerge to the surface in a natural way [19].
During the rise of the water to the surface, it undergoes com-
positional changes [17] due to cationic exchange processes,
hydrolysis [20], boiling, cooling, and leaching with rocks
[16,21]. The elemental and chemical compositions have been
studied by analyzing the mineralogy, finding the water alter-
ation, and observing rocks such as pyrite, elemental sulfur,
zeolites, and clays. Chlorite, among others, produces changes
in the fluids [16]. Although a classification was carried out to
some of these waters and sources, it is necessary to develop a
broad study of several characteristics that allows classifying a
great quantity of sources in this area in order to find more
suitable applications.

It is well known that territories like Puracé-La Mina can
have huge potential applications in tourism and sulfur and
other mineral harvesting. As a consequence, it is important
to consider all the variables in order to evaluate the possibil-
ities of industrial applications in this sector. One of these
variables is the quality of water and the presence of minerals
in rocks from a physicochemical analysis and mineralogical
characterization. The study was divided into three parts,
according to the location in the region of Cauca. In this
work, geochemical classifications of physicochemical results
are carried out in order to strengthen the mineralogical
characterization of thermal water in 17 sources of Puracé-La
Mina (Cauca, Colombia, South America) to acquire informa-
tion that contributes to enhancing the continental tourism
in Colombia.

2. General Geological Setting

Colombia is located in South America, between the Pacific
and Atlantic oceans. Colombia has a wide diversity of geo-
thermal systems (approximately 300) located in the zones
of Paipa, Azufral, Ruiz, Chiles, Cumbal, Galeras, Sotara,
Dofia Juana, Huila, and Puracé UPME (for its acronym in
Spanish: Unidad de Planeacién Minero Energética) [22, 23].
Puracé is located in the Andean Region of Colombia, south-
east of the city of Popayan, Department of Cauca, in the
Cordillera Central mountain range (Figure 1). According to
Simkin and Institution, the study area is close to the Puracé
volcano, which has presented volcanic activity in the last cen-
tury [24]. According to the reports by Sturchio et al. [25], a
detailed geological map of the area has not been made. How-
ever, Oppenheim [26] mentions that this volcanic area is a
dacitic shield and rises on a metamorphic basement from
2600 to 3800 meters above sea level, covered by a pyroclastic
lava andesitic cone [27].

The 17 sources included in this study are shown in
Figure 2. In this figure, the studied sites are described
according to the reports developed by INGEOMINAS as



Geofluids 3
COLOMBIA
75°0'0"W 70°0'0"W
Legend
10°0'0"N - I Cauca [ 10°00N
La Mina
sector
5°0'0'N 5°0'0"N
P
0°0'0" 0°0'0"
N Scale: 1:7.500.000
A 050100 200 300 400
s e (km),
DANE - Direccion de G - GIT (E: 6n Ce
I
75°0'0"W 70°0'0"W

F1GURE 1: Colombian map and location of La Mina sector.

follows: COMI (upwellings in La Mina) (Figure 3(a)),
COPU (Pululé sector upwellings), COCI (natural waterfall
of Ichiago) (Figure 3(b)), COPT (natural upwelling of Puente
Tierra (Pilimbala), COTA (upwelling of Piscina Tabio),
COPV (water birth of Plan del Vinagre), COSA (waterfall
of San Antonio) (Figure 3(c)), and COGU (upwellings of
Guarquelld) [13]. Their respective classifications, georefer-
ences, and codifications are listed in Table 1.

3. Sampling and Analysis Methodology

3.1. Sampling. Twelve representative samples of surface
manifestations were collected on May 2017 from the geo-
thermal systems of the Puracé-La Mina sector (Table 1) for
the analysis of the physicochemical properties of interest.
The type of sampling performed was simple or timely. The
sampling was carried out in 10-liter containers, with 1-liter
graduations. The vessel was purged two or three times, and
it was then placed in the flow, measuring the time with a
timer. In this way, the parameter Q= V/t was obtained.
The flow, Q is given in L/s, where V and ¢ represent the vol-
ume and time, respectively. During the sampling, HNO, was

Map of the Agustin Codazzi Geographic Institute [54].

added until pH < 2 for hardness and metal analyses; pH,
temperature, and conductivity parameters were measured
for all samples. Titanium and ORP analysis was not carried
out in this study.

The seven representative solid samples of the sector were
taken on November 2017 in the sources P1-A, P1-B, P2-A,
P2-B, P3-A, P3-B, and P10-A for the XRD and XRF analyses.

3.2. Analysis Methodology

3.2.1. Physicochemical Characterization of the Sources. Phys-
icochemical characterization of the sources was carried out in
the Water Laboratory at Universidad Nacional de Colom-
bia-Manizales, based on Standard Methods 22nd edition
[28], and the laboratory is accredited by IDEAM (for its acro-
nym in Spanish: Instituto de Hidrologia, Meteorologia y
Estudios Ambientales) through the ISO standard 17025.
Some of the methods of analysis are described as follows:
The total hardness was determined by means of the 2340-C
EDTA method, with an aliquot of 15mL at a concentration
of 0.01 M of EDTA. Then, 2mL of ammoniacal buffer solu-
tion and 2 drops of eriochrome black indicator were added
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(a) (b) (c)

FIGURE 3: (a) Upwelling of the mine placed at approximately 1700 m inside the sulfur mine, (b) waterfall of Ichiago, and (c) waterfall of
San Antonio.
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TasLE 1: Points of the Puracé-La Mina sector.
Code Cod. Source N w
P1 The mine upwelling 22122« 624’307
P2 Water jet of rock 2 mine ' ’
COMI P3 Outside of carpentry 221'06.8" 076°24'36.1"
P4 Water jet of soda mine 221'2.2" 26-24'32.7"
. * . *
P5 Water jet of rock 1 mine
P6 Upwelling of soda water 221'22" 76724'32.7"
COPU
P7 Waterfall of Pulul6 village 223'42.5" 076°25'54.0"
COCI P8 Waterfall of Ichiago 2°23'38.5" 076725'23.7"
T P9 Intake tank of natural water of Puente Tierra 221'36.9" 07624'4.9"
COP
P10 Pool of Puente Tierra 221'46.6" 076724'12.0"
P11 Tabio, lateral upwelling of pool 223'7.1" 076725'49.5"
COTA
P12 Tabio, behind the pool 223'6.8" 076725'49.7"
COPV P13 Before the bridge of Rio Vinagre 2°22'55.4" 76°26'17.5"
COSA P14 Waterfall of San Antonio 2°230.6" 76727'2"
P15 Upwelling of rock 1 in Guarquey6 223'26.3" 76726'21.0"
COGU P16 Upwelling of rock 2 in Guarqueyd 223'26.8" 7626'24.6"
P17 Upwelling of rock 3 in Guarqueyd 2°23'26.8" 76°26'25.0"

*It is located inside the sulfur extraction mine about 1800 m from the entrance. In the interior, no coordinates were taken; then, the coordinates of the entrance
are recorded at a height of 3607 MAMSL (meters above mean sea level). Code, codification (Cod.), source, coordinates refer to 17 sources.

and, finally, it was labeled. The nitrates were determined by
means of the 4500-NO,-B method. The sample was filtered
and acidified with 1 mL of HCI, at a concentration of 1.0 M.
Afterwards, a calibration curve was obtained plotting the
absorbance as a function of the concentration with standards
prepared from a certificated NOj nitrate standard in a range
between 0 and 7 mg-N/L. Finally, the measurement was made
using a UV spectrophotometer (Perkin Elmer UV-Vis Spec-
trometer Lambda 20) with a lambda =220 nm. The (SO,)*~
ions were determined by means of the 4500 (SO4)2_—E
method with 20mL of buffer solution to a sample of
100 mL. Later, the sample was agitated, and afterwards, BaCl,
was added and the measurement was made using a turbidim-
eter. For the Cl ions, the 4500-CI-B method was used, where
a sample of 100 mL was taken. For those which were too col-
ored, 3mL of AI(OH), was added. Then, it was filtered, the
pH was fixed between 7 and 10, and finally, it was labeled
with AgNO,, using K,CrO, as an indicator. Atomic absorp-
tion by flame was employed for metal detection using the
iCE 3000 (Thermo Fisher Scientific) equipment; the limits
of detection are shown in Table 2. Turbidity was determined
by means of the 2130-B. A Metrohm Swiss-made device was
used for the pH-L measurements, pH=4. A Merck buffer
solution (citric acid/sodium hydroxide/hydrogen chloride)
and Merck pH =7 buffer solution (disodium hydrogen phos-
phate/potassium dihydrogen phosphate) were used. Metrohm
Swiss-quality titration equipment was used for the multip-
robe analysis, and the charge imbalance is carried out using
PHREEQC software.

TABLE 2: Atomic absorption by flame.

Metal Detection limit (ppm)
Fe 0.0043
Al 0.0280
Zn 0.0037
Na 0.0037
K 0.0009
Ca 0.0037
Mg 0.0022
Mn 0.0016

3.2.2. Mineralogical Characterization. The mineralogical
characterization was carried out in the GMAS™ Laboratory,
Bogota, Colombia. For the XRD and XRF analyses, the
samples were pulverized and sieved with 63 ym nets at
an approximate weight of 2g.

The mineralogical composition and structural parame-
ters of the rocks were evaluated by XRD with an X-ray dif-
fractometer (Bruker D8 Advance-series I) that was operated
at 20kV and 30mA, with an X-ray source emitting CoK
(1.7890 A) radiation. The measuring range was from 5 to 70
with a scan speed of 0.3 s/step and a step size of 0.015; a nickel
filter was used. The analysis was carried out using the EVA
[29] and TOPAS software [30].

For the XRF measurements, the samples were dried at
105°C for 12 hours. Then, spectrometry wax (Merck) was
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TABLE 3: Major element concentrations of the geothermal waters from the Puracé-La Mina sector, Cauca, Colombia. Units are in ppm, total
hardness (CaCo,), less than detection limit (<DL), not detectable (ND), and charge imbalance (CI).

Sample SO, cr Na K Ca Mg Fe Mn Al HCO; CO¥  CaCoy; F CI

P1 3242 949 405 72.5 367 286 64.6 8.3 79.4 0.0 0.0 1653 0.1 5:8
P2 3356 1056 348 132 178 240 76.4 11.0 113 0.0 0.0 1890 0.1 16:3
P3 3162 903 260 79.6 283 270 80.4 4.8 119 0.0 0.0 1593 0.1 9:5
P4 3633 1129 375 103 543 377 75.5 12.4 188 0.0 0.0 1930 0.1 5:8
P5 3809 1153 268 87.8 457 316 75.9 13.2 171 0.0 0.0 1930 0.1 8:3
P6 950 218 69.4 16.4 56.3 82.5 5.1 3.0 35.7 0.0 0.0 485 0.1 4:3
pP7 969 362 81.1 21.5 62.2 97.6 12.2 3.6 38.8 0.0 0.0 544 0.1 18:2
P8 36.4 1.3 2.3 1.8 3.6 1.9 <IDL <IDL IDL 15.2 0.0 19.8 0.0 39:8
P9 7.8 1.3 1.3 1.1 0.9 0.6 0.6 <IDL IDL 14.0 0.0 10.9 0.0 70:9
P10 156 36.4 18.9 4.8 34.5 13.3 <IDL 0.4 3.1 0.0 0.0 128 0.1 0:3
P11 964 355 110 25.7 74.0 85.2 22.0 3.4 37.4 0.0 0.0 702 0.1 13:6
P12 131 56.5 6.0 5.7 38.6 15.4 3.2 0.7 5.6 0.0 0.0 150 0.1 6:3
P13 117 76.5 23.3 8.1 14.0 26.1 1.8 1.3 15.7 0.0 0.0 178 0.1 16:9
P14 2058 462 128 36.1 104 90.5 92.1 4.6 51.6 0.0 0.0 830 0.1 29:2
P15 934 274 76.2 17.4 61.3 67.9 7.3 3.3 41.2 0.0 0.0 530 0.1 20:4
P16 907 266 70.8 18.8 62.3 81.2 6.7 3.2 40.0 0.0 0.0 470 0.1 16:4
P17 911 256 67.0 18.6 96.4 87.3 8.2 32 27.8 0.0 0.0 475 0.1 13:8

added in 10:1 ratio and the samples were homogenized by
means of a hydraulic press at 120kN for one minute until
pills of 337 mm diameter were obtained. The XRF semiquali-
tative analysis was done with the SemiQ 5 software, scanning
11 times with the purpose of detecting all the elements pres-
ent in the sample excluding H, C, Li, Be, B, N, and O, and the
transuranic elements.

4. Results

4.1. Physicochemical Analyses. The physicochemical compo-
sition of the 17 sources of the Puracé-La Mina sector are
shown in Tables 3 and 4. The sources present mostly acidic
pH, but ions of sulfates (up to 3809 ppm) and chlorides (up
to 1153 ppm) and a total hardness of up to 1930 ppm are
the most predominant. The concentrations of some metals
such as Zn and Cr are low or very low and were below the
limit of quantification. The sources exhibited maximum
and minimum temperatures of 48°C and 9.7°C, respectively.

Table 4 shows that pH values measured in the laboratory
were lower than those measured on the site, finding decre-
ments of 2.1 pH units for P8 and P9 sources and +0.3 pH
units for the other sources. This change is attributed to the
temperature variations due to transport from the sampling
site to the laboratory. As a consequence of this decrease of
temperature, a dissociation of (HSO,)*” ions [31] and sec-
ondary ion precipitation were produced [32].

The chemical classification of the 17 sources of the
Puracé-La Mina sector, based on the majority of the ions,
was represented by Piper (Figure 4) and Stiff diagrams
(Figure 5).

Table 5 shows that most of the waters are partially equil-
ibrated with 13 sources (76%), while 3 sources (18%) of

waters were magnesium type, and only one source (6%)
was calcium type. Likewise, in the classification of the anions
(Table 5), it was observed that 16 sources (94% of waters)
were of sulfated type and one source (6%) of partially bicar-
bonated type, corresponding to the natural water source.

The classification of the 17 sources analyzed in this work
was developed according to water type with the following
percentages: 4 sources (24%) of sodium chloride and potas-
sium, and sulfate magnesium; 6 sources (35%) of sodium
chloride and potassium sulfated magnesium; 2 sources
(12%) of sodium chloride and magnesium; 2 sources (12%)
of chloride and sulfated calcium, and one source (12%) of
mildly sulfated bicarbonate, chloride-type calcium, and sul-
fated magnesium, respectively.

Taking into account the previous classification, it was
observed that the majority of the waters in the Puracé-La
Mina sector are of sulfated nature. The sulfated water has
an acidic nature with a pH lower than 4. In the studied cases,
it was observed that most sources have a pH between 2.15
and 3.93, discarding the sources of COCI and COPT. These
waters would correspond to acidic waters heated with vapor,
which occurs after the boiling of the thermal waters.

le/(SO4)27correlation showed R?=0.98. This ratio of
salinity of the COMI source is relatively high in comparison
to other sources. Sources with lower salinity are Guarquell6
sources (P15, P16, and P17) that possess similar features
and moderate salinity. Finally, P8 and P9 are sources with
low salinity [33] as is shown in Figure 6(a). Likewise, ratios
of CI7/(SO,)*” under 0.65 indicate that La Mina sector waters
are not developing during a long period of time and at a
depth enough to react with rock [34]. On the other hand,
considering the total ionic salinity [35, 36] (Figure 6(c)), the
following observations were made:
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TABLE 4: Major element concentrations of the geothermal waters from the Puracé-La Mina sector, Cauca, Colombia. Units are in ppm;
laboratory (pH-L), on site (pH-S), suspended solid totals (SST), conductivity (C) (in uS/cm), flow (F) (in L/s), dissolved oxygen (DO), not
detectable (ND), less than detection limit (<IDL).

Sample t (°C) pH-S pH-L F C SST Cr NO, NO, DO Si Zn
P1 47.0 2.21 1.99 22.4 9790 0.5 <IDL 0.3 ND 0.0 454 1.0
P2 48.0 2.14 1.89 22.3 11,230 5.0 <IDL 0.3 ND 0.0 48.9 1.2
P3 40.6 2.17 1.93 — 9780 4.0 <IDL 0.3 0.5 0.0 60.6 1.0
P4 40.0 227 1.92 0.15 11,650 22.0 <IDL 0.3 ND 0.0 53.7 1.2
P5 36.0 2.15 1.86 10.7 11,710 19.0 <IDL 0.5 0.1 0.0 50.4 1.2
P6 24.4 2.88 2.52 1.8 2660 5.5 <IDL 0.8 0.2 0.0 34.5 0.3
pP7 21.3 2.72 2.36 13.7 3160 4.5 <IDL 1.8 0.1 0.0 38.7 0.4
P8 15.3 8.08 5.98 98.3 50.3 1.5 <IDL 0.2 0.5 7.5 7.7 <IDL
P9 9.7 7.81 5.68 11.9 26.2 3.0 <IDL 0.1 1.2 55 IDL <IDL
P10 16.7 393 4.16 34 391 4.0 <IDL 0.1 ND 1.2 21.5 <IDL
P11 26.6 2.72 2.35 12.1 3900 2.0 <IDL 2.2 2.1 3.0 41.4 <IDL
P12 14.2 3.39 3.15 40.3 604 6.5 <IDL 0.3 ND 6.7 10.8 0.0
P13 16.7 3.70 3.40 3.3 755 2.5 <IDL 0.6 ND 0.0 27.5 0.1
P14 16.9 2.37 2.05 69.3 6490 8.5 <IDL 12.0 2.9 4.6 354 0.5
P15 21.7 2.77 2.54 0.1 3010 6.5 <IDL 1.0 0.3 0.0 38.0 0.3
P16 22.3 2.81 2.59 0.9 2710 1.5 <IDL 0.9 1.6 0.0 38.1 0.3
P17 22.0 2.81 2.57 0.7 2830 2.0 <IDL 0.9 ND 0.0 39.3 0.3
100

A COMI @ COTA
B COPU @® CoPV
O cocI © COSA
@® COPT @ COGU

FIGURE 4: Piper diagram showing the hydrochemical compositions of some hot springs in the Puracé-La Mina sector.
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FIGURE 5: Representative Stiff diagrams of the sources of the Puracé-La Mina sector.

(1) For COMI sources, a TIS between 200 and 250 meq/L
is observed, which supposes that chemical features
were acquired to depth levels by means of
water-rock interaction with smooth rocks and dolo-
mite, although Na/K ratios do not exceed 10 equiva-
lent units

(2) For the case of other sources, their majority present
a TIS between 0 and 100meq/L, and Na/K ratios
are below the COMI ones and do not exceed 7
equivalent units. This low salinity indicates that
waters from these sources come from low-depth
wells and can be a product of a mixture of cold
and warm waters

The high correlation value R?* =0.83 between Cl/Ca®"
ions confirms the strong presence of chloride-calcium waters.
Similarly, high correlations were obtained for Cl7/Na,
CI'/K*, and ClI'/Mg*" with R*>=0.919, R*=0.917, and
R?=0.954, respectively, as shown in Figure 6(b). These
relationships indicate that soluble salts prevail in most of
the sources of the area and that Ca>* and Mg”" are causing
hardness in the samples [34, 37].

For the classification of hardness, the following parame-
ters were established by the World Health Organization
(WHO): soft type, 0-60; moderately hard, 61-120; hard,
121-180; and very hard, >180 ppm of CaCO;, respectively.
Based on the results of Table 3, sources in the Puracé-La
Mina sector contain two soft-type sources, three hard-type
sources and, twelve very-hard-type sources. From this

classification, COMI sources stand out, which have values
between 1653.3 and 1930 ppm of CaCO;. According to
the literature, the mobile elements such as Na, K, Mg,
and Ca are the product of the lixiviation of clay minerals
such as rhyolites [16, 38], which may be responsible for
the high presence of these ions, in the sources in the
Puracé-La Mina sector.

4.2. CI', (S0, and (HCO,)” Giggenbach Diagram. In
Figure 7, all the samples were classified according to
the ternary diagram Cl —(SO,)*"-(HCO,)” described by
Giggenbach in 1988 [39]. In this type of sources, HCI is
assumed to be derived from HCl of magmatic origin,
(S0,)°” from the oxidation of magmatic SO,, and HCO,
from CO,. This anions are generally associated with the acid
immature waters of fluids originally magmatic [32, 40].
Most of the sources are sulfated-acid type as it is observed
in Figure 4 and Table 5. In Figure 7, the sources are grouped
in the volcanic origin sections, which are typical of volcanic
geothermal systems associated to volcanos. These sources
have low pH value, caused by the Cl™ and (SO,)* ions which,
in turn, form a HSO;/(SOP)*~ buffer. During the water-rock
interaction process, this system produces higher rock disso-
lution, generating higher conductivity [14, 41]. In the case
of the COMI sources (Figure 5(a)), higher metal concentra-
tions were observed, such as Fe and Si, which in turn produce
oxides such as SiO, (from minerals like cristobalite, quartz,
tridmite, among others) and Fe,O, (pyrite). Those minerals
have covalent bonds which are very difficult to break;
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TaBLE 5: Chemical classification of waters of the Puracé-La Mina sector, according to cations, anions, and water type.

Sample Cations Anions Water type

. - Chlorinated sodium and calcium
P1 Partially equilibrated Sulfated type Sulfated sodium and potassium

. - Chlorinated sodium and calcium
P2 Partially equilibrated Sulfated type Sulfated sodium and potassium

. - Chlorinated sodium and calcium
P3 Partially equilibrated Sulfated type Sulfated sodium and potassium

. - Chlorinated sodium and calcium
P4 Partially equilibrated Sulfated type Sulfated sodium and potassium

. - Sodium chloride and potassium
P5 Partially equilibrated Sulfated type Sulfated magnesium
P6 Magnesium type Sulfated type Sodium chloride and magnesium
P7 Magnesium type Sulfated type Sodium chloride and magnesium
P8 Partially equilibrated Slightly sulfated Mildly sulfated
P9 Partially equilibrated Slightly bicarbonated Mildly bicarbonate
P10 Partially equilibrated Sulfated type Chloride and sulfated calcium

. s Sodium chloride and potassium
P11 Partially equilibrated Sulfated type Sulfated magnesium
P12 Calcium type Sulfated type Chloride and sulfated calcium

. Sodium chloride and potassium

P13 Magnesium type Sulfated type Sulfated magnesium

. - Sodium chloride and potassium
P14 Partially equilibrated Sulfated type Sulfated magnesium

. - Sodium chloride and potassium
P15 Partially equilibrated Sulfated type Sulfated magnesium

. - Sodium chloride and potassium
P16 Partially equilibrated Sulfated type Sulfated magnesium
P17 Partially equilibrated Sulfated type Chloride-type calcium and sulfated magnesium

however, since they are sulfated acid with pH < 2, they would
favor this dissolution and their high presence, as it is
observed in Tables 3 and 4.

On the other hand, the vapors of geothermal systems,
which flow through the fractures, heat the underground
waters. In this case, it is observed that the P8 (COCI) source
is located in heated vapor waters and, as a consequence, it has
low concentrations of (SO,)* as it is observed in Figure 5(b).
Finally, the P9 (COPT) source belongs to the peripheral
waters which are characterized for being waters that,
although they have interacted with the rocks, have not
reached the equilibrium with these rocks, and they are char-
acterized for having a low contribution of HCO; and a neu-
tral pH, as it is observed in Figure 5(c).

The HCOj and other ionic species originated from the
mixture between CO, and H,O. Based on the above, values
of 15.2 ppm and 14.0 ppm of HCOj for the P8 and P9 foun-
tains are observed in Table 3. This is because this species is
stable at pH between 5.5 and 8.0, and this is the reason why
only these two fountains present values of HCO;. In the
other fountains, values of 0.0 ppm of HCO; are observed,
due to the high temperatures and to the fact that at pH
between 3 and 1, the formation of HCO; is inhibited [32].
However, some fountains like P10, P12, P13, and P14 present
temperatures below 20°C (Table 4).

4.3. Na*-K"-Mg** Diagram. This diagram allows establish-
ing a physicochemical equilibrium between the water-rock
interaction and temperatures of the geothermal reservoirs
[42], thus allowing the study of the maturity of the waters
by means of the principal cations Na -K*-Mg>" [39].

Figure 8 shows that all the sources tend to be close to
Mg**, which indicates that the upwellings of the Puracé-La
Mina sector are immature waters and that they have not
reached the chemical equilibrium. Likewise, Giggenbach
mentions that this type of waters is not suitable for evaluating
the temperature by means of the Na/K relationship [39]. This
indicates that these waters do not interact with the rocks for a
sufficient amount of time.

According to the K/Mg geothermometer [39] (equation
(1)), it is indicated that, for the sector of COMI and P14,
the temperature oscillates between 71.61 and 91.61°C.

. 4410
© 13.95-1log (K*/Mg)

~273.15. (1)

For subsequent studies, it is recommended to measure
the geothermal gradient in order to establish the depth of
the reservoir in such a way that more information can be
found about the recharge area and the main structures that
control the ascent to the surface, since some sources have
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FIGURE 9: Sample P1-A (a) XRD patterns and (b) rock sample of crystalline tuff.
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F1GUre 10: Sample P1-B (a) XRD patterns and (b) rock sample of crystalline tuff.

been little studied and this type of studies have not been
reported in the literature.

4.4. Mineralogical characterization. XRD results and the
analysis of the macroscopic description of the samples show
that the P1-A sample (Figures 9(a) and 9(b)) is a
dark-gray-colored rock with inlays of white minerals, white
subtranslucent, somewhat tabular, light yellow crystals, and
lithic black volcanic rock type (crystalline tuff). The P1-B
sample (Figures 10(a) and 10(b)) is volcanic ash composed
of silica with high sulfur mineralization of volcanic rock type
(crystalline tuff). The P2-A sample (Figures 11(a) and 11(b))

is a medium gray to dark-gray-colored rock with silica iso-
morphs such as cristobalite, tridymite, and sulfur of volcanic
rock type (crystalline tuff). The P2-B sample (Figures 12(a)
and 12(b)) is a volcanic rock (crystalline tuff) with white
and yellow crystals. The P3-A sample (Figures 13(a) and
13(b)) is a volcanic rock (crystalline tuff) with titanium min-
eralization (black). The P3-B sample (Figures 14(a) and
14(b)) is a volcanic rock (breccia). The P10-A sample
(Figures 15(a) and 15(b)) presents a variety of minerals such
as cristobalite, tridymite, and albite; the latter being the
one present at the highest proportion, and the rock type
is a crystalline weathered tu with iron oxides.
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FIGURE 12: Sample P2-B (a) XRD patterns and (b) rock sample of crystalline tuff.

In samples P1, P2, and P3, the presence of a TiO, anatase
phase is observed. Ramos et al. [43] relate Ti- and Fe-based
compounds with the titanomagnetite mineral whose Fe
leaching is not favored at pH above 5. However, in sources
P1, P2, and P3, with pH values under 2:21 and temperatures
0f 40°C (Table 4), iron leaching is favored as a consequence of
water-rock interaction, generating an increase in the TiO,
phase in the form of anatase and rutile.

Tables 8 and 7 show that the samples are mostly
composed of SiO,, Al,O;, and SO;. On the other hand,
Ti and Fe oxides are observed with concentrations lower

than 81 ppm in the P1, P2, and P3 fountains, and lower
than <IDL in P10. As mentioned earlier, Fe solubility is
subjected to temperature and mainly to the pH [43]. Tita-
nium analysis was not carried out in this study.

5. Discussion

5.1. Changes in pH and Error Charge Imbalance. Taking
into account that the zone of study considered in this
work (Puracé-La Mina) presents sources with pH between
2 and 4 for the majority of sources and (SO,)*” ion as the
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major component, error in charge imbalance can be attrib-
uted to the oxidation of compounds and elements as Fe,
H,S, and S,0;, and the degassing of CO, and the decre-
ment of temperature. In this case, it is important to con-
sider that during hydrolysis and oxidation reactions
processes, free H" ion can be considered as a main cation
with pH < 2.5. In order to verify the abovementioned
results, Nordstrom carried out a test related to how
(8203)2’ oxidation affected the water chemistry [44]. Dur-
ing this process, it was also observed how the oxidation
of thiosulfate would produce considerable amounts of
(80,)*” ion, which can result in an important imbalance
in ion balance. On the other hand, the increment in tem-
perature can cause a major difference in pH. Additional

70

(b)
FIGURE 14: Sample P3-B (a) XRD patterns and (b) rock sample of crystalline tuff.
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to this, it is important to consider the next chemical reac-

tions [44, 45]:
HSO, & H' +S05"
Fe’* + %OZH* o Fe + %HZO
Fe** + H,0 & FeOH*" + H"
AP* + H,0 < Al(OH) gH+
AIOH?* + H,0 < Al(OH) %H

0

(K = 1.98)
(PK =7.77)
(K, =2.19)
(K, = 6.93)

(pK, =5.10)

Al(OH) g +H,0 > AOH)H'  (pK, =6.70)
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TABLE 6: Minerals in samples from the Puracé-La Mina sector.
Minerals Chemical formula P1-A P1-B P2-A P2-B P3-A P3-B P10-A
Cristobalite Sio, 48 45 69 43 58 62 —
Tridymite Sio, 32 16 27 32 — — —
Sulfur N 20 39 — 25 — — —
Pyrite Fe, 0, — — 4 — — — —
Gypsum CaSO,*2H,0 — — — — 24 25 —
Anatase TiO, — — — — 18 13 —
Quartz Sio, — — — — — — 4
Halloysite Al,Si,05(OH),*2H,0 — — — — — — 10
Koalinite AlLLSi,05(OH), — — — — — — 27
Biotite K(Mg, Fe); AlSi;O,,(OH,F), — — — — — — 8
Albite NaAlSi,O — — — — — — 51

Finally, when pH < 3, ion H" percentage in meq
increases in a such a way that at pH < 2.2, it can represent
the 50% in moles of the total ions. In addition, this can
lead to an increment in (SO,)*” concentration approaching
the pure H,SO, line and Fe and Al ions are dominant.

Some sources were compared with more recent records
reported by INGEOMINAS in the case of the La Mina 1
source, and similar values are observed in pH (difference
of +0.2), concentration of (SO,)*”, Cl~ with sources PI
and P2, with a difference of +140 ppm, and similarity in
the Piper and Stiff diagrams. The Guarquellé source pre-
sents similarity (Pipper and Stif diagrams) with the sources
P15, P16, and P17. However, an increase in the (SO4)2’ ions
is observed, which indicates that during the time elapsed
from the taking of the sample and the measurement in the
laboratory, there was an increase in the concentration of

(S0,)°", thus generating an imbalance in the ion charge.
Finally, the sources P8 and P9 showed a charge imbalance
>20%, which was due to the addition among ions that was
less than 1.5 meq/L.

5.2. Thermal Water. The absorption of magmatic volatile
products that prevails in groundwater leads to the formation
of reactive substances. In the magmatic vapor phase, SO, is
one the main components that, when interacting with H,O,
is transformed into H,S and (SO4)2_ (equation (3)). Then,
the oxidation of H,O to (SO,)*” by atmospheric CO, and
gas vapors present in the surface waters lead to the formation
of sulfated-acid waters with high concentrations of (SO,)*~
(equation (4)) [32] and CI” ions [16, 46]. Another issue to
take into account, concerning the high concentration of
(804)2_ ions in the Puracé-La Mina sector, is the closeness
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TaBLE 7: XRF analysis of La Mina samples (a) P1-A, (b) P1-B, and
(c) P2-A.

(a)

Element compound P1-A (%) wt
SiO, 56.15
SO, 41.30
Fe,0, 1.74
TiO, 0.42
Ba 0.11
ALO, 0.07
Cl 0.06
Ce 0.03
Na,O 0.02
MgO 0.02
CaO 0.02
Cr 0.02
Zr 82 ppm
K,O 81 ppm
MnO 70 ppm
P,04 51 ppm
Nb 48 ppm
Cu 40 ppm
Se 18 ppm
(b)
Element compound P1-B (%) wt
SO, 72.14
Sio, 26.47
Fe,0, 0.91
TiO, 0.33
Ba 0.07
AL O, 0.03
Cl 0.02
Ce 98 ppm
CaO 77 ppm
W 69 ppm
Zr 46 ppm
Bi 43 ppm
Pb 35 ppm
Cu 22 ppm
Se 20 ppm
Sr 15 ppm
Nb 10 ppm
(c)
Element compound P2-A (%) wt
Si0, 85.56
SO, 9.27
Fe, O, 3.50

Geofluids

TaBLE 7: Continued.

Element compound P2-A (%) wt
TiO, 0.86
Ba 0.25
ALO, 0.22
Cl 0.08
MgO 0.05
Na,O 0.04
CaO 0.03
Cr 0.02
Zr 0.02
Nb 0.02
MnO 0.01
P,0, 0.01
K,O0 0.01
Pb 80 ppm
Cu 51 ppm
Sr 29 ppm

of the thermal sources to the Puracé volcano, which has been
the source of S exploitation.

4802(111?) + 4H20(1) ad HZS(ac) + 3HZSO4(aC) (3)

2—

HZS(uc) + 202(g) < 2H(+ac) + (504)(ac) (4)

Taking into account the high solubility of magmatic gases

like HCI and HF [47], it can be inferred, based on Table 3,

that there is a higher presence of magmatic gases of the
HCI type, since the amount of CI™ ions are high.

5.3. Minerals. Considering the results shown in Table 6, a
great variety of minerals composed of mainly Si, Fe, Ti,
Al and S are observed. In this way, rocks exposed to water
can react under several agents being involved with physical
and chemical alterations due to water absorption and
resulting in the rupture of ionic bonds and hence in rock
expansion. Similarly, hydrolysis processes lead to transfor-
mations in rocks giving special characteristics to the water.
This is the reason why elements like Na, K, Mg, and Ca
exhibit high mobility and high concentration due to the
leaching of minerals as igneous rhyolite [16, 38]. An exam-
ple of water-rock interactions is expressed in the following
chemical reaction [48]:

drolysis
KAISi, O, + H,0 2 HAISi,0, + K +OH™  (5)

Some metals which can be considered as health haz-
ards are found in very low concentrations in both water
and rocks including Cr, Zn, Rb, Sr, Ba, Ce, and Se. Some
metals are not found in elementary form such as Cr. This
element is generally found in the form of chromite
(FeCr,0O,), in the oxidation state Cr®* (most toxic form),
and in crocoite (PbCrO,). At pH < 4, its dominant form
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TaBLE 8: XRF analysis of La Mina samples (a) P2-B, (b) P3-B, and
(c) P10-A.

(a)

Element compound P2-B (%) wt
Sio, 62.34
SO, 36.38
TiO, 0.63
ALO, 0.19
Fe,0; 0.16
Ba 0.09
Na,O 0.06
Cl 0.03
MgO 0.03
CaO 0.02
K,O 0.02
Ce 0.02
Cr 0.01
Zr 0.01
MnO 0.01
P,04 86 ppm
Nb 83 ppm
Sr 22 ppm
Se 13 ppm
(b)
Element compound P3-B (%) wt
Sio, 93.44
TiO, 3.05
ALO, 1.25
SO, 0.97
Fe,0, 0.66
Ba 0.23
CaO 0.08
K,O 0.07
MgO 0.06
P,0, 0.06
Na,O 0.03
Zr 0.03
Ce 0.02
w 0.02
Cl 0.02
Cr 93 ppm
Pb 64 ppm
Sr 60 ppm
Nb 39 ppm
Cu 38 ppm
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(c)
Element compound P10-A (%) wt
Sio, 53.26
ALO, 35.34
Fe,0O, 3.42
TiO, 221
Na,O 1.98
CaO 1.92
K,0 0.66
SO, 0.36
Ba 0.33
P,0, 0.21
MgO 0.10
Sr 0.06
\% 0.05
Zr 0.04
MnO 0.02
Cl 0.02
Cu 0.02
Zn 52 ppm
Nb 37 ppm
Rb 23 ppm

is Cr’* (its less contaminating form). This element gener-
ally forms complexes with ClI-, OH", F~, and (SO,)*".
However, the Cr concentration in waters was below IDL
(Table 4) [49].

For the sample P10-A, XRD results showed a high con-
centration of albite (Table 6). This mineral is mainly com-
posed of Na, Al Si, O, and traces of Ca. According to the
report of Apollaro et al. [50], albite presents high concentra-
tions of metal traces as Sr, Fe, Ba, and Rb, among others;
meanwhile, other elements are present in concentrations
lower than 10 ppm. In this manner, for the analyzed sam-
ples, these metal traces measured by XRF are present in
concentrations lower than those reported by Apollaro
(Table 8), except Fe, which is present in the form of oxide
(3.42%).

Only for a sample corresponding to the P2-A source
(Table 6) can the presence of pyrite (Fe,O;) be observed
as determined by XRD analysis, corresponding to the
results obtained from XRF analysis (Tables 7 and 8). On
the other hand, in other sources, there is a low percentage
of the (Fe,0;) phase, as shown in the XRF analysis. Nev-
ertheless, there is no evidence in the results of the XRD
analysis of this compound, being an indication that it
can be in a low concentration or in an amorphous phase.
Pyrite generally reacts with water and oxygen allowing the
formation of sulfates [51] as evidenced in the following
equation [52, 53]:

4FeS, + 150, + 2H,0 < 4Fe™ +4(S0,)*"

. (6)
+4HSO; (pH = 2)
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The alteration of the minerals, considering the mobil-
ity when reacting with the reported water, would be
described as follows: Cl>SO,>Ca>Na>Mg>K> SiO, > -
Fe,0;> ALO;. This would explain the high presence of
Cl™ and (SO,)*” ions in the fountains of the mine (P1, P2,
and P3). For example Cl~, which is in low concentrations
according to the XRF analysis, would have higher values in
the water analyses [49].

6. Conclusions

The physicochemical characteristics of 17 sources of the
Puracé-La Mina sector were analyzed by means of ternary
diagrams allowing their classification based on the most rep-
resentative ions. In this way, it was possible to classify the
sources, observing that most of the water analyzed is of sul-
fated chloride type. These results are consistent with the
interpretations of the Piper and Stiff diagrams since most of
the sources have an acidic pH due to the high concentrations
of (SO4)2’ and Cl ions.

The sources of the Puracé-La Mina are immature waters,
and they have not reached the chemical equilibrium yet. This
indicates that the sources have not interacted for a sufficient
time with the rocks, and the sources have a volcanic origin,
which is typical of volcanic geothermal systems associated
with volcanoes. The P8 source is placed in heated vapor water
with low thermal contributions, and the P9 source belongs to
peripheral waters with low thermal contribution.

The correlations of Cl vs Na, K, Mg, and Ca present values
of R* > 0.82, indicating that the soluble salts prevail in the
sector and that chloride-calcium type waters also prevail.
The correlation of Cl vs SO, contains values of R*>>0.98
, and the ratio of Cl/SO, is less than 0.65, indicating that
the waters of this sector do not interact with sufficiently
deep regions to react with the rocks, which is consistent
with the diagram of cations that show the immaturity of
the waters.

Taking into account the characteristics such as low pH,
temperatures ~ 30°C, high concentration of (SO4)2_, and the
geographical location near the Puracé volcano, in the La
Mina sector, the error in the charge balance of the sources
exceeding 10% is a product of the oxidation of compounds
such as Fe, H,S, and §,0;, the degassing of CO,, and the
decrease in temperature that generates an increase in H"
ions, which must be included as the main cation because,
according to [44], H" ions can represent up to 50% by mole
of total ions.

Chemical and mineralogical characterization showed the
presence of TiO, and Fe,Oj that can be associated to the tita-
nomagnetite phase which has no solubility at pH > 5. Never-
theless, some sources of the analyzed territory have pH values
in the order of 2 and temperatures of 40°C, which favor iron
leaching, justifying the presence of this metal in water for
these sources. In this way, the hydrolysis processes are
favored at low pH and high temperatures (>30°C), producing
transformations in rocks, and hence, elements like Na, K, Mg,
and Ca have high mobility and are present in high concentra-
tions in water.

Geofluids

The composition of minerals and lytic oxides of volcanic
type rock, crystalline tuff, and breccia are represented by the
presence of several isomorphous minerals of silica SiO, with
accessories like Ti, Zr, and Cr, which are at low concentra-
tions and are not that important to determine the name of
the rock.
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The characterization of the spatial variation of geochemical parameters in spring waters, especially the ones used for drinking
purpose, is essential to identify potential risks to humans. In this work, results of a qualitative analysis on 190 samples of spring
waters collected in the largest catchment of the Calabria region (southern Italy) are shown. Several physical and chemical
parameters were analysed and the Langelier-Ludwig diagram was built to evaluate the hydrochemical facies of the sampled
waters. Additionally, the relationships between water temperature and altitude and electric conductivity (EC) and altitude were
assessed. Geostatistical methods were used to map the physical and chemical parameters. Results showed a good quality status
of the spring waters in the Crati basin, with a predominant Ca-Mg-type hydrochemical facies. Then, a connection between EC
and temperature with elevation has been detected in some area of the basin. Finally, the spatial analysis allowed identifying the
distribution of the concentration of the several parameters.

1. Introduction

Water is the most essential element for the existence of life on
Earth, which is becoming increasingly precious during the
last decades. In fact, water quality issues are one of the major
challenges that humanity is facing in the twenty-first century
considering safe drinking water the basic need for every citi-
zen. About 80% of the diseases in the world and one-third of
the deaths in the developing countries are caused by contam-
inated water [1]. In particular, the groundwater is the main
source for drinking purposes, sanitary uses, irrigation, and
industrial processes. A good management of this resource is
very important especially in some areas such as the Mediter-
ranean basin, which is located in a transition zone between
North Africa (arid climate) and central Europe (temperate
and rainy climate), which is affected by the interaction
between midlatitude and tropical processes and which can
be considered as potentially vulnerable to climatic changes
[2]. In fact, groundwater quality is getting deteriorated also

due to climate changes which cause low rainfall and high
evapotranspiration [3]. Groundwater quality in a region
largely depends on natural processes, like dissolution and
precipitation of minerals, groundwater velocity, quality of
recharge waters and interaction with other types of water
aquifers, and weathering and catchment erosion [4, 5], and
on anthropogenic inputs including urbanization, agricul-
tural, and industrial activities. Among the natural factors,
geology of the catchment area, degree of chemical weathering
of the various rock types, and inputs from sources other than
water-rock interaction play a significant role in controlling
the chemistry of the water [6-9]. In the last decades,
numerous studies have been published about major ions,
trace elements, and potentially harmful elements in the water
[10-12], giving information about the possible geological and
anthropogenic influences on aquifers [13-20]. In fact, by
analysing different physical and chemical parameters it is
possible to understand the behaviour of groundwater in rela-
tion with the lithologies present in each area. High pH and
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EC values characterize waters coming from carbonate
aquifer where the long-time contact with limestones, dolos-
tones, gypsum, and anhydrite make them alkaline as well as
for those from the siliciclastic rocks (in particular calcium-,
magnesium-, or iron-rich reservoirs) which present high
capacity of CO, mineral trapping [21]. Erosion of rocks
(e.g., limestone and dolomite) and minerals (e.g., calcite
and magnesite) is the most common source of calcium and
magnesium [21]. More precisely, calcium is a widespread
refractory lithophile element forming several common
minerals including calcite CaCO;, gypsum CaSO,-2H,0O,
dolomite CaMg(CO;),, anhydrite CaSO,, and fluorite CaF,.
Calcium is also widely distributed in other minerals such as
teldspar, amphibole, and pyroxene and is often associated with
clay minerals such as illite, chlorite, and Ca-montmorillonite.
In igneous rocks, calcium is enriched in anorthosite, which
is composed predominantly of calcium-rich plagioclase feld-
spar, and in mafic rocks. However, rocks such as granite
and sandstone, and their metamorphic equivalents, have
relatively low total CaO contents. Magnesium is a litho-
phile metallic element and a major constituent of many
mineral groups, including silicates, carbonates, sulphates,
phosphates, and borates. It forms several important minerals,
including magnesite MgCO,, dolomite CaMg(CO,),, pyrope
garnet Mg, Al,(SiO,),, and kieserit MgSO,-H,0. It is a major
component of many mafic rock-forming minerals, such as
olivine, e.g., forsterite Mg,SiO,, pyroxene, amphibole, spinel
MgAlLO,, biotite mica, chlorite, serpentine, and talc, and
clay minerals, such as montmorillonite, as well as less com-
mon mineral groups, such as arsenates, halides, nitrates,
and oxalates. In magmatic systems, Mg is concentrated in
high-temperature minerals like olivine and pyroxene.

Sodium and potassium generally come from main sili-
cates of magmatic and clay rocks [21]. Minerals containing
Na are numerous, the most common being the silicates, i.e.,
feldspar and Na-mica. However, Na forms a major and/or
minor component of many phosphate, halide, carbonate,
nitrate, borate, and sulphate minerals.

Potassium is a major constituent of many rock-forming
minerals, including important silicate minerals such as alkali
teldspar, leucite, biotite, muscovite, phlogopite, and some
amphiboles. It is also a component of many phosphate,
halide, and sulphate minerals.

Chlorides constitute approximately 0.05% of the Earth’s
crust and, usually, they come from rock salt dissolution or,
in coastal areas, from saltwater aquifer, sea spray, and
coastal flooding [21]. The main factors affecting sulphate
concentration are decomposition and oxidation of sub-
stances containing sulphur (fossil fuels and dissolution of
sulphur-bearing minerals such as pyrite, anhydrite, and
gypsum) and human activities [15, 22]. Finally, nitrate con-
centration in spring water deserves particular attention
because it can be a clear marker of anthropic activities
affecting the aquifer (agriculture, farming, and landfilling)
above all for those aquifers lying below soils without vege-
tation covering. Indeed, nitrate content in water bodies is
the result of the balance between its input and consumption
by vegetation, which plays an important role in controlling
the release of nutrients [23].
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The analysis of water quality finds its roots in under-
standing and quantifying spatially water patterns related to
geological and human setting. There is thus a need to connect
the information from each spring water to better understand
the complex geochemical processes at a regional scale. For
this reason, geostatistical methods [24] are now an essential
part of the toolbox of most water scientists, who, through
the spatial autocorrelation of data that creates calculated
representations of spatial correlation structures, are able to
study the spatial structure of spring water parameters and
map their spatial distribution. Among various geostatistical
methods, kriging has been defined the “BLUE,” i.e., the “Best
Linear Unbiased Estimator” to regionalize a variable in an
unsampled location [25, 26]. Past applications of the geosta-
tistical techniques have provided good results in investigating
the relationship between the lithological nature of the aquifer
and chemical composition of spring waters at a relatively
small scale [27] or detecting groundwater contamination
[28]. Furthermore, other studies are trying to extend the spa-
tial groundwater analysis at a large scale [29, 30] collecting
considerable amount of data and giving a precious contribu-
tion in making decision processes about water management.

The present work is the first attempt to analyse
groundwater quality at a relatively large scale in the main
catchment of the Calabria region (southern Italy), i.e., the
Crati river basin. This area is characterized by many spring
waters, and groundwater is largely used for drinking purpose,
thus representing a natural and socio-economic important
resource. However, few analyses on few samples have been
carried out in the past years to assess the quality and the deg-
radation processes affecting the aquifers of the Calabria
region [27, 31].

The objectives of the present study were to (i) analyse
the physicochemical parameters of spring water samples
collected in the Crati river basin in Calabria, (ii) determine
their spatial distribution, and (iii) define potential spatial
anomalies. The study provides baseline information about
water quality for the welfare of the society that may help
in future water resource planning for the area.

2. Materials and Methods

2.1. Description of the Sampling Site. The Crati, located in
the NW sector of the Calabria region, is the main basin in
the region both for its extension and for its artificial lakes
[32]. It has a perimeter of about 320km and an area of
2447.7km” within which a wide hydrographical network
flows, including waters coming from different geological
environments. The main river length is 95 km; it rises upon
the Sila Massif and flows into the Ionian Sea. The average
and maximum altitudes of the basin are 597m a.sl. and
2258 m a.sl, respectively (Figure 1). The basin is L-shaped
and can be divided into a N-S-oriented Crati and an
E-W-oriented Sibari subbasins [33].

The Crati basin presents a high climatic variability owing
to its position in the Mediterranean area and the mountain-
ous nature, denoting a subtropical Mediterranean climate
[34]. Specifically, on the eastern sector, high temperatures
and short and heavy rainfall are observed due to the warm



Geofluids

Sampled
water springs

[ Crati basin

ma.s.l
[ o- 300

[ 1300-600
[ ]600-900
[ 900-1.200
[ 1.200 - 1.500
B > 1500

Classes
B!
2
[ 3
4
s
[e
I -

FIGURE 1: (a) Crati river basin with spring location and subzones delimited in this study: (A) Pollino Massif, (B) Coastal Chain, (C) Mt.
Cocuzzo, (D) Serre Area, and (E) Sila Massif. (b) Lithological map of the basin. Lithological units are grouped into seven classes: (1)
limestones and dolostones, (2) metamorphic rocks with ophiolites, (3) sand, clay and gravel, (4) clayely and marly terranes, (5) flysch, (6)
sandstones, conglomerates and limestone banks, and (7) intrusive metamorphic complex.

African air currents, while the western air current affects the
western side causing milder temperatures and orographic
precipitation. The annual maximum and minimum precipi-
tation are, respectively, 2106 mm (registered on the western
side of the basin) and 596 mm (on the eastern side) with an
average of 1212 mm. The inner areas present colder, some-
times snowy, winters and fresher, with some precipitation,
summers [35, 36].

Geologically, the Crati basin is an intra-arc tectonic
depression located in the north-western part of the Calabrian
Arc, which is an arc-shaped continental fragment interposed
between the Sicilian Maghrebide belts, to the south, and the
Apennine edifice, to the north [37-39]. In particular, the
Crati basin is a graben bounded by three morpho-structural
highs: the plutonic and metamorphic crystalline rocks of
the Sila Massif to the east, the crystalline and sedimentary
rocks of the Coastal Chain to the west and south, and
the carbonate and siliciclastic sedimentary rocks of the
Pollino group to the north [40]. The study area is charac-
terized by a sequence of pliocenic sediments among which
are light brown and red sands and gravels, blue grey silty
clays with silt interlayers, Pleistocene to Holocene alluvial
sands and gravels, and very small outcrops of Miocene
carbonate rocks [41, 42]. Sedimentary covering overlapped
on a Palaeozoic intrusive-metamorphic complex formed by
paragneiss, biotite schists, and grey phyllitic schists (with
dominant quartz, chlorite, and muscovite), which are often
affected by weathering processes [43]. Due to the particu-
lar tectonic setting of the basin controlled by NS, SW-NE,
and NW-SE-trending faults [44], a great number of natu-
ral spring waters are located above the 300 m a.s.l. Most of
them have a remarkable discharge and are currently used
for drinking purposes.

In particular, the Sila Massif consists of three different
Variscan metamorphic complexes (Gariglione, Mandatoric-
cio, and Bocchigliero complexes), respectively, representing
high-, medium-, and low-grade metamorphic facies and of
late-Variscan plutonites intruding them and forming the Sila
batholith. The batholith consists of multiple intersecting,
syn- and posttectonic intrusions, ranging in length from sev-
eral kilometers to less than 1km. They have heterogeneous
texture and composition from gabbro to leucomonzogranite,
with prevailing tonalite and granodiorite.

The Coastal Chain consists mainly of Paleozoic rocks
with the presence of crystalline schists and ophiolites over-
lapped by layers of Triassic limestones as those found in
Mt. Cocuzzo (1541 m a.sl.), the highest peak of the Coastal
Chain. In the tectonic window, the dolomites and the Trias-
sic limestones appear in this area. These are stratified sedi-
mentary deposits and occasionally massifs of an ancient
carbonatic platform.

From the lithological point of view, the mountains of the
Pollino are formed of Triassic, Jurassic, and Liassic limestone
with frequent karst phenomena (caves, shelters, and sink-
holes). Moreover, some areas near the coast have sandstone,
clays, and Eocene marls. During the Mesozoic era, there is the
formation in the marine environment of carbonate rocks,
light grey and blackish dolomites and limestone. Starting
from the Miocene Inferiore, during the formation of the
Apennines, it is recorded, in the ophiolite unit and in the
Oligo-Miocene terrigenous coverings, a compressive tecton-
ics testified by folds and overlaps, which lead to the accumu-
lation of Flysch.

In this site of the study, there is a spring of sulphur water
known as “acqua fetente” (foul-smelling water). It is a condi-
tion where the running water contains a high amount of



hydrogen sulphide gas that escapes into the air. The §°*S
values of dissolved sulphate are constrained by the mixing
of thermomineral waters with cold waters, both interacting
with Upper Triassic carbonate-evaporite rocks, as well as
occurrence of bacterial sulphate reduction. In the light of
the geological and hydrogeological framework of the study
area, this chemical and isotopic evidence suggests that the
thermal circuit develops entirely into the Upper Triassic sed-
imentary sequence. The area is characterized also by the pres-
ence of the Rock Salt Mine of Lungro, where the Sibariti and
the Romans even extracted salt and traded the rock salt. In
the early 1900s, the business began to decline and the govern-
ment decided the closure of the mine on November 3, 1976.
Since 2015, the site is subjected to recovery and restoration.

2.2. Physical-Chemical Analyses. The discharge system of the
analysed spring waters has a seasonal behaviour. The aqui-
fers’ recharge occurs generally in the period September-De-
cember, when rainfall reaches its maximum intensity and
the discharge value of the spring increases with a lag time
of about two months [31]. For this reason, the sampling pro-
cedure was carried out in the period from February 2016 to
May 2016, when generally the maximum discharges have
been recorded. In particular, 190 spring water samples were
collected within the study area. In order to give a global
overview of the physicochemical status, for each spring point
one sample was collected by using high-density polyethylene
(PE-HD) clean bottles with screw caps. In situ portable
apparatus including a pH meter and a conductivity meter
were used to determine the physical parameters (i.e., tem-
perature, pH, and specific EC compensated at 20°C), while
approved laboratory standard methods were applied to
determine the chemical parameters, such as major cations
(Ca®*, Mg®*, Na", and K*) and major anions (SO,>, CI,
and HCO;") [45]. Specifically, the major cations were evalu-
ated by using AAS (Atomic-Absorption-Spectroscopy)
method; sulphate, chloride, and nitrate by UV Spectropho-
tometry; alkalinity by acidimetric titration; and hardness
by using complexometric EDTA titration. A complete ana-
lytical quality control scheme was implemented with sam-
pling and analytical duplicates. Analytical precision was
calculated by the 20% analysis (in duplicate) of randomly
chosen samples and was found to be within accepted the
international standards (<5%).

2.3. Langelier-Ludwig Squared Diagram. Various diagrams
have been developed over the years for visualization of water
chemistry and they have been widely used by the researchers
and practitioners. The first graphical technique has been
proposed by [46] but, actually, the most popular diagrams
are the Piper [47] and the Langelier-Ludwig square dia-
grams [48] which have been largely applied [49-52]. In
particular, Langelier and Ludwig proposed a diagram in
which rectangular coordinates are used representing pat-
terns and correlations between major cations and anions
for multiple samples, thus allowing to separate between Ca
from Mg facies and Cl from SO, facies. More precisely, the
so-called Langelier-Ludwig (LL) squared diagram allows the
determination of what in geochemical practice is indicated
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as hydrochemical facies, reflecting the effects of chemical
interaction with the lithotypes. The water classification is so
ensured by positioning the water sample in one of the four
sectors of which the LL diagram is composed:

(I) Chloride-sulphate Ca-Mg waters
(II) Chloride-sulphate alkaline waters
(III) Bicarbonate-alkaline waters
(IV) Bicarbonate Ca-Mg waters

The ion concentrations are expressed in meq/l. The align-
ment of the sample points into the different sectors allows the
identification of possible phenomena such as mixing or evo-
lutionary processes of water [31, 53].

2.4. Geostatistical Analysis. Spatial continuous data play a sig-
nificant role in planning, risk assessment, and decision-
making in environmental management [54]. Consequently,
the mapping and spatial analysis requires converting the
field measurements into continuous space. Thus, the values
of an attribute at unsampled points need to be estimated,
meaning that spatial interpolation from point data to spatial
continuous data is necessary. The main application of geos-
tatistics [55] to environmental sciences is the estimation and
mapping of environmental matrix attributes in unsampled
areas [56]. Geostatistics includes several methods that use
kriging algorithms for estimating continuous attributes. For
a detailed presentation of the theory of random functions,
interested readers should refer to textbooks such as [25, 57—
60], among others.

Before mapping and spatially interpreting the water
physicochemical parameter concentration analysed, a log
transformation was applied on the data, according to the
assumption of decreasing data variability and allowing
the data to conform more closely to normal distribution.
In this way, the validity of the associated statistical analyses
increases and the best data interpolation is provided. The
log transformation is the most popular among the different
types of transformations used to transform skewed data into
approximately normal distributed data.

The level of spatial correlation is defined by the con-
struction of the variogram and by the evaluation of the
committed error. Experimental variogram is a plot show-
ing how half of the squared differences between the sampled
values (semivariance) changes with the distance between the
point-pairs. It is typically expected to see smaller semivar-
iances at shorter distances and then a stable semivariance
(equal to global variance) at longer distances. It can be
expressed as

4
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where y(h) is the semivariance at a given distance h, Z(x;) is
the value of variable Z at x; location, and N () is the number
of pairs of sample points separated by the lag distance h.
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TaBLE 1: Maximum, minimum and mean concentration values of the water parameters in the 5 subzones.
Pollino Massif Coastal Chain Mt. Cocuzzo Serre Area Sila Massif

Max Min Mean Max Min Mean Max Min Mean Max Min Mean Max Min Mean
pH 8.1 6.8 7.6 7.8 5.5 6.8 8.1 6.5 7.4 8.0 6.7 7.5 8.6 5.5 6.9
Cond (uS/cm) 936.0 1950 4143 636.0 657 206.0 11850 87.0 3962 439.0 132.0 243.7 7106 450 1725
Hardness (°f) 49.5 10.7 23.7 34.4 1.6 9.1 46.1 2.7 19.0 21.8 5.0 12.1 33.6 1.0 7.3
Ca** (mg/1) 116.8  28.0 55.6 102.2 4.0 26.7 166.1 7.2 61.1 54.1 12.0 31.7 1100 1.6 15.7
Mg2+ (mg/1) 50.5 2.4 234 21.7 1.2 6.0 27.9 1.3 9.1 20.2 4.9 10.1 20.5 1.0 7.7
K* (mg/1) 2.4 0.0 1.2 15.3 0.0 1.7 19.5 0.0 1.9 2.4 0.8 1.6 2.9 0.0 14
Na* (mg/l) 149.2 2.8 18.4 19.1 34 8.1 22.0 4.2 8.8 11.3 5.1 7.3 59.0 4.5 10.9
HCO; (mg/l) 4528 12.0 1633 3469 4.0 99.1 4294 280 1982 2323 90.6 1532 209.8 8.0 59.7
CI' (mg/l) 101.6 8.6 18.8 28.1 1.7 15.6 40.8 10.1 19.3 19.0 13.1 16.3 85.1 7.8 18.0
SO, (mg/l) 140.0 0.0 7.7 329 0.0 3.8 48.5 0.0 6.4 15.0 1.9 7.1 25.0 0.1 2.0
NO;™ (mg/l) 17.8 0.2 4.1 14.5 0.0 14 8.8 0.0 2.5 5.2 0.0 1.2 24.0 0.0 4.4

Kriging is an optimal interpolator offering a minimum
error variance. To estimate the variogram value analytically
for any distance A, a theoretical function is fitted to the exper-
imental variogram. The fitted variogram model allows build-
ing a model that captures the major spatial features of the
attribute under study (water physicochemical parameter
concentration in this study). The optimal model fitting will
be chosen based on cross-validation, which checks the com-
patibility between the data and the structural model consid-
ering each data point in turn, removing it temporarily from
the data set and using its neighbouring information to pre-
dict the value of the variable at its location [61]. The goodness
of fit was evaluated by the mean error (ME) and the Mean
Squared Deviation Ratio (MSDR). The difference between
the measured and estimated values, represented by ME,
proves the unbiasedness of estimate if its value should be
close to 0, while the ratio between the squared errors and
the kriging variance [26], represented by MSDR, should be
1 if the model for the variogram is accurate. In the present
application for each subarea and for each analysed chemical
parameter, four different semivariogram models (spherical,
circular, exponential, and Gaussian) were applied and the
one which provided the minor mean error (ME) was chosen
as the best model. The fitted variogram was used to estimate
water physicochemical parameters at unsampled locations
using ordinary kriging. It aims to estimate a value of the ran-
dom variable Z(x) at a point of a region x,, for which a vario-
gram is known, using data in the neighbourhood Z(x,) of the
estimation location as

n(x,)
Zak(x9) = Y. AQ%z(x,), (2)
a=1

where A, is the ordinary kriging weights and n(x,) is the
number of data closest to the location x,, to be estimated. In
particular, A, values must be evaluated in order to obtain
an unbiased estimation and to minimize the variance.
Simulations are then run on normally distributed data,
and the results are back-transformed. Back-transformation

of each (co)kriging result was carried out by exponentiation
to reverse

¥(xo) =log Z(x,)s (3)

where Z(x,) is the measured value at location x,. This
back-transformation provides a prediction for water physico-
chemical parameters expressed in original units.

All statistical and geostatistical analyses were performed
by using the software package using cc.

3. Results and Discussion

Due to its extension, as well as to its geomorphological and
hydrogeological properties, the investigated area was split
into 5 subareas (Figure 1): (a) Pollino Massif, (b) Coastal
Chain, (c) Mt. Cocuzzo, (d) Serre Area, and (e) Sila Massif,
whose sampled waters showed different hydrochemical
behaviour. In particular, the Mt. Cocuzzo area has been con-
sidered because of its calcareous nature, clearly different from
the surroundings. The Serre Area has been also identified as
an independent unit much more similar to a merging point
between the organogenic limestones of the Mt. Cocuzzo unit,
the sands and conglomerates of the graben of the Crati valley,
and the granitic acid units of the Sila Massif. Basic statistics
for physicochemical parameters of spring waters sampled
are reported in Table 1.

Some of the following analyses have been previously
presented in Gaglioti et al. [62] but for a smaller number
of sampled points.

3.1. Langelier-Ludwig Squared Diagram. As a result of the
physical and chemical analysis of the 190 sampled points,
the Langelier-Ludwig diagram, shown in Figure 2, was
obtained. The majority of the sampled spring waters falls
within the first sector and the fourth sector of the dia-
gram, corresponding to bicarbonate alkaline-earth waters
and chloride-sulphate alkaline-earth waters, respectively.
This result reflects very well the global lithological environ-
ment of the study area, which is mainly constituted of
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FIGURE 3: Relationship between spring water EC and elevation.

calcareous and carbonatic rocks (providing high Ca**, Mg**,
and HCOj; ion concentration in water) and intrusive mag-
matic or metamorphic rocks (providing high SO,*, Cl" ion
concentration in water). In particular, considering the Pol-
lino Massif, the highest number of the samples has been iden-
tified in the fourth sector, due to hard waters particularly rich
in bicarbonates, calcium, and magnesium. Moreover, these
samples can be divided in two different groups, the first one
very close to the lower right vertex representative of springs
having low elevation, while the second group, bordering on
the first sector, represents springs less conductive and thus
with low mineralisation, with much more high elevation.
The Coastal Chain sampled waters fall also within the fourth
sector. Their position within the diagram is a little higher
than those of the Pollino Massif and shows a casual distri-
bution representative of the chemical and physical charac-
teristic variability imputable to a mixing effect between
different water types [31]. Usually, the groundwater flowing
in strongly faulted areas has this behaviour [63]. In the Mt.
Cocuzzo area, the results showed homogeneously grouped
samples localized in the fourth sector. The lithology of this
area, defined as a tectonic window, is very similar to those
of the Pollino Massif, with the same calcareous origin and
similar hydrochemistry. In fact, results of the analysed sam-
ples evidenced waters coming from deep aquifer, with high
levels of calcium and magnesium and high alkalinity and
pH values. These values are typical in carbonate aquifers.
Only few spring waters differ from the others showing high

sulphate content, evidencing a good correspondence with
the chalky bedrock, which can be found in a very restricted
area of Mt. Cocuzzo. As regards the Serre Area, the physical
and chemical parameters of the sampled spring waters
showed a peculiar behaviour, which differs from the neigh-
bouring basic water of Mt. Cocuzzo and the acid ones
found in the Sila Massif. Unfortunately, few numbers of
sampled points did not allow getting further conclusions.
Finally, from the analysis of points of the Sila Massif the
water samples are located in the first sector and the fourth
sector of the LL diagram, where water rich in sodium and
potassium and, at the same time, poor in calcium, magne-
sium, and alkalinity is represented. Flowing into acid intru-
sive magmatic or plutonic rocks, this aquifer provides to
make the water particularly acid.

3.2. Relationship between Spring Water Conductivity and
Elevation. Figure 3 shows the results of the comparison
between EC and altitude. This analysis allows putting in evi-
dence some aquifer behaviour and to detect their interaction
with some external factors.

For the Pollino Massif area, an almost homogeneous
behaviour was identified, thus evidencing no significant
trends in the diagram. In fact, limestones and dolostones
make water more conductive but the depth of the aquifers,
flowing in a system through rocks affected by karst phe-
nomena, does not allow a remarkable interaction with
external precipitation.
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FIGURE 4: Relationship between spring water temperature and elevation.

In the Coastal Chain, a slight downward behaviour of the
conductivity with the elevation was detected. Moreover, three
different spring water groups, which should be individually
studied, were identified, probably due to the presence of sev-
eral aquifers at different depths.

The maximum conductivity value in all the study area
(1185 uS/cm) has been detected in the Mt. Cocuzzo area,
which evidenced a high variability of the conductivity with
the elevation. Moreover, in this area, given the different
conductivity values, two distinct spring water groups can
be clearly identified. In particular, the group with high
conductivity values is located on a sulphurous-chalk litho-
logical bedrock.

In the Serre Area, no relation between spring water con-
ductivity and elevation was evidenced.

The most interesting results have been detected in the
Sila Massif, which is the area with the highest spring water
altitude (1674 m a.s.l.). In fact, in this area, the lowest con-
ductivity value (45uS/cm) was found, thus revealing the
possible presence of shallow aquifers usually influenced by
rainfall [64] and infiltration into the soil. Moreover, the
increase of water mineralization with altitude is strongly
dependent on water-rock interaction and over time the con-
tact. In fact, waters that infiltrate in altitude have a long
route inside the aquifer (emerging at lower levels) with a
consequent increase of the amount of dissolved salts trans-
ported in solution which leads to high conductive values in
the spring waters at the lowest altitude. These results suggest

that high-elevation springs have low solute concentration
similar to those of precipitation. By contrast, due to a long
time contact, lower-elevation springs are geochemically
more evolved than the high-elevation springs [65].

3.3. Relationship between Spring Water Temperature and
Elevation. By a visual inspection of diagrams, comparing
temperature and elevation of the spring waters (Figure 4),
further information can be derived. In fact, temperature can
be used as a tracer of hydrologic and flowing processes for
natural spring waters. Moreover, measuring the temperature
accurately in field is easy, quick, and inexpensive and it also
provides an insight of the subsurface geological processes.
Many factors influence the spring water temperature, such
as the period of the survey, the latitude, and the elevation,
although the influence of the elevation is strictly dependent
from the depth of the aquifer. Air temperature, solar radia-
tion, and geothermal gradient can be considered other
influencing factors on spring water temperature [66].

In the Pollino Massif and Mt. Cocuzzo areas, the sampled
spring waters showed a certain homogeneity of tempera-
ture variation with the altitude, with a thermal gradient of
-0.0018 and -0.0020°C/m, respectively. These features are
clear sign of aquifers, which are slightly affected by the out-
side temperature and which, in function of their depth, main-
tain a certain temperature regularity evident at the spring.

Conversely, the other areas evidenced a marked reduc-
tion of the spring water temperature with elevation, thus
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denoting superficial aquifers in which water temperature
is affected by air temperature. In these areas three differ-
ent spring water thermal gradients with the altitude were
detected, -0.0056, -0.0067, and -0.0052°C/m, respectively,
which are quite similar to the annual average atmospheric
gradient of the Crati valley of about -0.0068°C/m [67].

3.4. Maps of Physicochemical Parameter Spatial Distribution.
To fit the shape of the experimental variogram, for each ana-
lysed parameter, four basic structures were tested including a
Circular model (Cir), a Spherical model (Sph), an Exponen-
tial model (Exp), and a Gaussian model (Gau). Figure 5
shows (as an example) the variogram for calcium values in
the spring waters of Mt. Cocuzzo.

The goodness of fit was checked by cross-validation and
the results were quite satisfactory because the statistics used,
i.e., mean of the raw estimation errors, were close to 0, while
the variance of the standardized error was close to 1
(Table 2). Consequently, the best model, obtained comparing
the results of ME and MSDR, was chosen to map the distri-
bution of physicochemical parameters.

In order to obtain an instant evaluation of the main
hydrogeochemical characteristics of the Crati river basin,
ten thematic maps were produced, each representing the
spatial distribution of the different chemical and physical
parameters, making easy the identification of maximum
and minimum values within the five subareas (Figures 6-8).

The maps were obtained using the ordinary kriging tech-
nique. Considering the particular distribution of the spring
points, placed on average above a certain altitude, it was cho-
sen to represent the spatial distribution maps by setting the
computation process above 300m a.sl. The results were
represented using the digital terrain model in background.

The Ca*" ion is one of the most important constituents of
groundwater (Figure 6). In the distribution map, the higher
calcium concentrations are indicated with the most intense
colours while lighter colours show areas with less concentra-
tion. By a first observation, it can be noticed that the major
concentrations were found on the Pollino Massif and Mt.
Cocuzzo area (in this latter case in a strictly circumscribed
area); in both cases, the results agree well with the lithologic
formations present, mostly of calcareous-dolomite type. On
the Coastal Chain, a progressive calcium enrichment is

observed, descending along the east side of the mountains,
while the concentrations remain very low on the Sila Massif,
both in agreement with the local geology.

The distribution map of the magnesium shows high con-
centrations in the northern area of the basin, where from a
geological point of view, there are dolomites or rocks partic-
ularly rich in magnesium salts. On the other areas, concen-
trations are kept lower, ranging from 5 to 20 mg/! (Figure 6).

Observing the distribution of sodium is possible to find a
particular enrichment in the Sila Massif, moving northward,
whereas more restricted areas have been located in the Mt.
Cocuzzo area and on the Pollino Massif where some salt
mine were historically present (Figure 6).

The distribution of potassium remains fairly homoge-
neous throughout the basin except for the Coastal Chain
where a general enrichment was recorded, descending along
the slope. This behaviour is attributable to the lithological
variation of the area where an important very active fault sys-
tem persists that causes a “mixing” effect between waters in
contact with lithologies of different nature. Also in the Serre
Area, where an ancient lake basin laid, high potassium con-
centration was found (Figure 6).

The map of the chlorides shows the smallest concentra-
tions on the highest altitudes of the investigated areas and
gradually enriching downstream into the basin, most likely
due to the different atmospheric depositions that insist on
the study area. The highest concentrations were found in
the Coastal Chain most likely for the residual contributions
resulting from the orographic rainfall, which transport some
sea aerosols, and from water-rock interaction along ground-
water path (Figure 7).

Sulphate ion can be instead attributed to different origins.
An exogenous nature attributable, for example, to the trans-
port by atmospheric deposition and marine aerosols (obvi-
ously in areas near the sea) can be considered as well as in
most of the cases in the present study, endogenous one.
Moreover, sulphate ion can come from the dissolution of
gypsum and anhydrite as in the case of the Pollino Massif,
or anthropogenic input when it is together with NO,, or
due to the presence of ancient sulphur spring waters as found
in the Mt. Cocuzzo area (Figure 7).

The nitrate distribution aroused a particular interest: this
parameter is often indicative of the presence of intense
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TABLE 2: Results of the cross-validation for the different subzones
and the different variables.

Subzones Variable Model ME MSDR
Calcium Circular -0.025  0.940
Magnesium  Exponential -0.020  0.963
Sodium Spherical -0.013  1.092
Potassium Gaussian 0.001 0.786
Pollino Massif Chloride Exponential -0.017  1.078
Sulphate Exponential  -0.065  1.009
Nitrate Exponential ~ 0.015  0.945
Alkalinity Gaussian -0.016  1.249
Hardness Exponential ~ 0.018  0.866
Conductivity Spherical -0.017  0.947
Calcium Gaussian -0.049  1.214
Magnesium Gaussian -0.106  1.440
Sodium Gaussian -0.048  0.920
Potassium Gaussian -0.033 1.224
. Chloride Gaussian 0.000 0.812
Coastal Chain )
Sulphate Exponential  -0.060  1.583
Nitrate Spherical -0.117  1.381
Alkalinity Exponential  -0.083  1.062
Hardness Circular -0.068  1.327
Conductivity ~ Exponential -0.109  1.266
Calcium Exponential ~ 0.021 0.784
Magnesium  Exponential  -0.002  1.100
Sodium Circular 0.024 0941
Potassium Exponential ~ 0.017 0.984
Chloride Gaussian 0.009  0.857
Mt. Cocuzzo .
Sulphate Gaussian 0.052 0875
Nitrate Exponential ~ 0.008 0.959
Alkalinity Gaussian -0.011 1.015
Hardness Circular 0.007  0.775
Conductivity Gaussian 0.000 1.044
Calcium Gaussian -0.016  0.505
Magnesium Gaussian -0.022  0.222
Sodium Exponential  -0.006  1.221
Potassium Gaussian -0.017  0.385
Chloride Gaussian -0.035  0.536
Serre Area .
Sulphate Gaussian -0.023  0.201
Nitrate Gaussian 0.036 0.484
Alkalinity Gaussian -0.022  0.152
Hardness Circular 0.076 0977
Conductivity Gaussian -0.023  0.150
Calcium Exponential  -0.041  1.045
Magnesium  Exponential  -0.027  1.082
Sodium Exponential  -0.013  1.079
Sila Massif Potassium Gaussian 0.022 1.050
Chloride Circular 0.001 1.071
Sulphate Gaussian 0.008 1.019
Nitrate Gaussian 0.033 0.891

Geofluids

TaBLE 2: Continued.

Subzones Variable Model ME MSDR
Alkalinity Exponential  -0.035  0.996

Hardness Exponential -0.019  1.222

Conductivity Gaussian 0.017 1.086

anthropic activities, in particular farming and breeding activ-
ity, which are widespread on the Pollino Massif and Sila Mas-
sif areas. In that latter case, it has to be underlined the
subsequent reforestations since the postwar period and the
related cleaning and maintenance activities of the woods that
have deprived the subsoil of that organic substrate necessary
for denitrifying bacterial colonies (Figure 7).

Alkalinity shows high concentrations in those areas
where carbonatic rocks occur, such as Pollino Massif with a
quite homogeneous distribution and Mt. Cocuzzo area,
where high alkalinity levels were detected in a certain local-
ized area. The very low interaction was confirmed, in terms
of carbonates and bicarbonates dissolved, for crystalline
and siliceous rocks localized on the Sila Massif (Figure 7).

The map of hardness distribution, here expressed in
French degrees (1°F = 10 mg/l = 10 mgkg™"), that is the sum
of the calcium and magnesium hardness, still highlights the
presence of very hard waters between the Pollino Massif
and the Mt. Cocuzzo area with maximum values of 50°F for
waters flowing into limestone, dolostone, and evaporitic
rocks. While on the Coastal Chain and the Sila Massif the
results showed the presence of soft water, mostly coming
from igneous and siliceous rocks (Figure 8).

The last map (Figure 8) represents the distribution of
EC, the physical parameter that synthesizes the sum of all
ionic species dissolved in the water. Specifically, it is currently
used in geochemistry as an indicator of the level of the
so-called “maturity” of groundwaters and their flow direc-
tion. The samples with higher conductivity were found on
the Pollino Massif and Mt. Cocuzzo area (849 uS/cm and
1185 uS/cm, respectively) demonstrating the presence of
deep aquifers with a long-time contact with carbonatic rocks.
In the Coastal Chain, a progressive enrichment was detected
descending along the slope towards the east side of the basin.
Relatively less conductive waters were found in the remain-
ing areas where shallow aquifers are assumed to be present
with a lower interaction with the rock substrate.

4. Conclusions

The present study is an attempt in the Crati river basin
for the evaluation of the water quality of some spring
waters, largely used for drinking purposes by the population.
The investigation was carried out by analysing 190 spring
waters all localized above 300 m a.s.l., allowing a first classifi-
cation of the hydrochemical facies of the aquifers from which
the same springs rise. In particular, following a preliminary
analysis based on the geological characteristics of the Crati
basin, the entire study area was divided into five subareas
(Pollino Massif, Coastal Chain, Mt. Cocuzzo, Serre Area,
and Sila Massif).



Geofluids 11

Magnesium (mg/1)

Calcium (mg/1

Eo-iog ) ~_lo-5
[ 110-20 ~ ]5-10
[ ]20-30 CJi0-15
[ ]30-40 [ ]15-20
[ ]40-50 [20-25
[ 50 - 60 25 - 30
I 60 - 70 30 -35
70 - 80 35 - 40
| B B> 40

Potassium (mg/1)

Sodium (mg/1) <1
[0-5 -1
112
575 213
[75-10 iso1a
P 0-125 -1
516
B 12515 617
B 15-20 718
I 20 - 25 —
s ¥

FIGURE 6: Spatial distribution of concentration of calcium, magnesium, sodium and potassium in waters from the 5 subareas of the Crati
river basin.



Geofluids

Sulphate (mg/1)

crors ms) EGA IR _ <o
[ 10-12 ' ‘ ' o
| 12-14

[ 14-16

[ 16-18

[18-20

[ 20-25 . ,
12 0255 10 20 ometend

Nitrate (mg/1)

> 1.5 Alkalinity (mg/l)

! 17 : 4 <50
T15-2 By j ]
f— o 7 } ok 50 - 100
2-22 ; : ;
222 100 - 150
[ ] 2.4 2.6 f 150 - 200
B 242 1200 - 250
B 26-238 : 250 - 300
B 233 ) 58300 - 350
s AP 58350 - 400

20
Kilometers|

FIGURE 7: Spatial distribution of chloride, sulphate, nitrate and alkalinity in waters from the 5 subareas of the Crati river basin.



Geofluids

Hardness (°f)
o <s

[ |5-10
[ ]10-15
[ l15-20
[ 20-25
[ 25-30
N 30-35
I 35 - 40
| B

Kilometers

13

<50

750 - 100
0100 - 150
150 - 200
200 - 250
250 - 300
I 300 - 350
I 350 - 400
I 400 - 450
I 450 - 500
I > 500

Conductivity (uS/cm

Kilometers

FIGURE 8: Spatial distribution of hardness and conductivity in waters from the 5 subareas of the Crati river basin.

As a result, the most representative water types are
the bicarbonate alkaline-earth and the chloride-sulphate
alkaline-earth, and only in few cases, chloride-sulphate alka-
line type occur. Furthermore, the occurrence of the bicarbon-
ate alkaline-earth water types is recorded at the highest
elevations, very close to the basin borders. In particular, on
the Pollino Massif and in the Mt. Cocuzzo area, very hard
and alkaline waters with high conductivity and low acidity
have been found. Moreover, low floating temperature values
have been detected, thus evidencing waters circulating into
deep calcareous aquifers having long-time contact with
limestone, dolostone, and evaporitic rocks. In the Coastal
Chain, a much variable behaviour in terms of dissolved
salt content, conductivity, and pH levels was detected. This
is probably due to the lithologic heterogeneity of the area and
the presence of an important active fault system, which
allows contact between lithological units with different
chemical-physical characteristics. In the Sila Massif, a more
homogeneous behaviour was observed, with softer water,
low pH values, and low conductivity and temperature values
that show a substantial downward trend as the altitude
increases. These characteristics are typical of relatively shal-
low waters, coming from intrusive aquifers such as the gran-
itoids and siliceous formations typical of the area.

From the observation of the distribution maps, some
issues have been highlighted:

(i)

(ii)

(iii)

(iv)

In the Mt. Cocuzzo area, there is a group of spring
waters showing high concentrations for almost all
the investigated parameters, probably due to the
process of dissolution occurring in the presence of
a sulphurous-chalk lithological bedrock

In the Sila Massif, a general enrichment of the
dissolved salts moving towards the north-eastern
areas has been identified. An exception has been
represented by nitrates, which showed high con-
centrations. These results are mainly due to the
agriculture and the breeding activities in the area
and secondly to the massive reforestation made after
the Second World War and the subsequent seasonal
maintenance which did not allow the natural sup-
plying of organic substrate necessary for denitrifying
bacterial colonies

Despite the little number of sampled spring
waters, the Serre Area has been identified as a merg-
ing point with its intermediate lithological charac-
teristics between the organogenic limestones of the
Mt. Cocuzzo unit, the Crati graben sands and con-
glomerates, and Sila Massif granitic units

As concerns the Coastal Chain area, the maps con-
firm the presence of different lithological units that
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give a noticeable water enrichment for almost all the
investigated parameters descending along the east
side slope of the basin

(v) The Pollino Massif area shows the highest values,
homogenous distributed, in term of dissolved salts
and EC
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China has over 1500 open-pit mines and 5000 dumps consisting of waste rock from the mining process. Due to dump instability in
an open-pit mine and its diverse foundations, landslides and mudslides frequently occur. Heaped loose waste rock and
concentrated heavy rainfalls are the two important factors affecting slope stability of a dump. Using the high Dump II within
the Nanfen Open-Pit Iron Mine with a slope height of 300m as a case study, this paper first proposes a physical model
similarity ratio according to the on-site engineering geological survey data. The governing principles of deformation in the
shallow dump layers in terms of different heaped loads and rainfall were then determined using fiber optic sensing to conduct
an experimental study on the monitoring of the dump stability with an indoor physical model. Experimental results confirm
that the amount of rainfall and heaped load has a great impact on the landslide in a dump. With an increase in the amount of
material heaped onto the pile, the place between two heaped load points is squeezed and slowly deformed. As rainfall begins, the
deformation of the rock-soil mass is significant, and constantly increasing rainfall intensity is accompanied by a dangerous
sliding surface. Finally, the FLAC3D method was used to simulate the deformation features in the shallow part of Dump II
under different heaped load conditions and verify the experimental results of the indoor physical model. By comparing the
physical model experiments and numerical simulation results, we propose monitoring the stability of Dump II using this fiber
optic sensing technology and provide the scientific basis for stability monitoring of similar dumps to detect the early warning

signs of mudslides or landslides.

1. Introduction

Open-pit mines are prolific throughout China, generating
enormous amounts of stripped, exploited, and discarded
rocks. Stripped rock-soil mass materials are stacked in a ded-
icated place, which is called the dump [1]. Typically, 30% to
50% of the total land used by open-pit mines is occupied by
dumps, so constant improvement of the dumping capacity
and safety is important to improve productivity of the mine.
Landslides and mudslides constantly occur and significantly
affect the safety of dumping operations. As the mining pro-
cess continues to advance, safety production operations in
open-pit mines will always be affected by the slope stability
of quarries and dumps [2]. Research on the slope stability

of dumps is of important significance for the safety and
economic benefits of mines [3].

A dump is a special engineered rock-soil mass consisting
of discarded mixed soil and rock from quarries and created
through stacking the materials. The spatial distribution of
the dump, slope of the surface, height of slope sediments,
strength of mixed materials, depth of slope water, and other
factors all affect the stability of the dump slope [4-11]. The
main disaster that affects dumps is landslides, and the key
for preventing landslides is to control the slope stability of
the dump. The main factors affecting dump slope stability
are mechanical strength of loose rock-soil in the dump
(friction strength parameter ¢ and ¢) and characteristic
parameters of drainage and seepage of granular particles,
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FIGURE 1: Location and satellite maps of the Nanfen Open-Pit Iron Mine.

topography, base lithology, discharge of surface water,
groundwater flow, form of the dump slope, process and
parameters of dump stacking, and shock caused by construc-
tion and earthquakes. In general, these factors can be divided
into four categories: external force, physical and mechanical
properties of the base, physical and mechanical properties
of dumping materials, and the impact caused by water. Disas-
ters affecting dumps can be effectively prevented if influence
from these four aspects can be well controlled.

Compared to rock slope problems, research on the stabil-
ity of dumps started just recently in the 1980s with the devel-
opment of open-pit mine dump engineering, including
methods and theoretical technology for ensuring slope stabil-
ity. Research on dumps has determined the granular struc-
ture, landslide mechanisms, and other aspects based on
features and methods of slope stability research, thus forming
a complete basis for research on and analysis methods for
dump stability.

Dump stability has been extensively analyzed [12-18].
Combined with geological features of the dump, the effects
of blasting shock caused by mine production on the slope
stability of the dump have been determined [19]. Field
measurement units and a recording system were constructed
and installed in a waste-dump slope at the Imgi mine to
analyze the variation of conditions in unsaturated soil [20].
To investigate the effects of vegetation on runoft and erosion,
a field experiment involving eight erosion plots was con-
ducted on a dump at the Antaibao opencast coal mine in
Shanxi Province [21]. In order to estimate the failure mode
of sliding, numerical simulations on the failure mechanics
of dumps were performed using FLAC3D, and a physical
model test on the failure processes of dumps was performed
using a floor friction model [22]. In order to maintain long-
term protection of the environment, one study explored the
possibilities of using local species for the mechanical stability
of the waste dump in a surface iron ore mine [23]. For waste-
dump slopes that form basements, landslides can be pre-
vented by determining the stability evolution principles of
dynamic development, and the relationship between the
mechanical structure and stability of waste dumps with
basements has previously been studied [24].

As the amount of deformation of the dump slope is much
larger than that of an ordinary rock slope, it is difficult for
conventional slope stability monitoring techniques and
methods to be effectively applied to dump slope monitoring

[25, 26]. In terms of dump slope stability monitoring tech-
niques and methods, surface cracks, collapses, land subsi-
dence, and other anomalies are observed in the early period
before the actual landslide through manual inspection. After
the first observed surface anomalies, new methods, such as
theodolite for surface displacement monitoring, total station,
levels, and GPS monitoring, can be used. However, these
methods are based on point monitoring, which cannot
achieve long-distance and large-area monitoring, and have
blind zones. Although the reliability can be improved by
increasing monitoring points, monitoring costs will also
greatly increase, and the increase in monitoring points will
affect the integrity and structural safety of monitored
rock-soil mass. Also, dumping of the material is a dynamic
working process, and surface displacement will constantly
change throughout, which will lead to frequent early warnings
and cannot accurately provide an early warning of landslides
or mudslides.

To address some of these issues, this paper uses Dump II
located in the Nanfen Open-Pit Iron Mine in Northeast
China as a case study. Fiber optic sensing technology was
adopted to perform comparative analysis on the evolution
features of dumps under different working conditions.
Through the combination of the fiber optic monitoring of
indoor physical model experiments and numerical simula-
tions of the stability of the dump, a theoretical and practical
foundation is laid for fiber optic monitoring solutions of a
mine dump.

2. Regional Geological Survey of Dump II

2.1. Topography. The Nanfen Open-Pit Iron Mine is located in
Benxi City, Liaoning Province, of Northeast China [27]. The
Eastern boundary spans longitude 123°50', and the northern
boundary traverses latitude 41°07’. The mine is a monocline
structure mainly composed of metamorphic rock strata,
alpine glaciation landforms forming the surface, with an
east-west strike (Figure 1). Gullies crisscross the landscape
with relatively less vegetation coverage and steep hilltop
slopes. The elevation of the general mountains near the mine
reaches 500 m to 600 m, with the highest peak at 963 m and the
lowest at 296 m, a relative height difference of 667 m. In the
southwestern area of the mine, the relative height is 300 m to
400 m with surface vegetation currently being developed.
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TaBLE 1: Strength parameters of Dump IL

Litholo Parameter
gy State Density (kg-m73) Cohesion (C/kPa) Internal friction angle (°)
Flint limestone Natural 2650 670.0 40.0
Green-purple sandy shale Natural 2600 620.0 32.0
Dark-purple mica shale Natural 2580 490.0 27.8
Gray fine quartz sandstone Natural 2680 760.0 40.2
Crystalline limestone Natural 2650 670.0 40.0
Egg-green marl Natural 2580 490.0 27.8
) ) Natural 1800 8.0 30.0
Quaternary residual slope deposit
Saturated 1920 10.0 28.0
Dumping materials (slag discharged Natural 2100 20.0 35.0
from the hanging side of the mine) Saturated 2250 45.0 30.0
Upper dumping materials (slag discharged Natural 2100 40.0 33.0
from the heading side of the mine) Saturated 2250 45.0 30.0
Middle dumping materials (slag discharged Natural 2100 25.0 34.0
from the heading side of the mine) Saturated 2250 50.0 31.0
Lower dumping materials (slag discharged Natural 2100 10.0 35.0
from the heading side of the mine) Saturated 2250 20.0 32.0
, , Natural 2100 80.0 20.0
Debris accumulation
Saturated 2250 100.0 18.0

TaBLE 2: Key deformation parameters of granular waste rock.

Litholo Parameter

8y Initial void ratio (n) n Compression modulus (MPa) Poisson’s ratio
Upper dumping materials of the dump 0.6 37.4% 26.05 0.37
Middle dumping materials of the dump 0.57 36.4% 264 0.35

The five original historical dumps have been combined
into the three current dumps in the southwest, southeast,
and northeast of the quarry, namely, Dumps II, IV, and V.
The current Dump II, created by the merger of the original
Dumps II and III, is located in the hanging side southwest
of the quarry, which mainly uses an autocrushing-belt
conveyor-dumping machine combined with the transporta-
tion and dump process to discard waste rock in the hanging
side through an east-to-west “U”-shaped valley consisting
of the Dadonggou and Fengjiadonggou gullies (Figure 2).
Opverall, the bottom of the Dadonggou and Fengjiadonggou
gullies is high in the east and low in the west, and the eleva-
tion of the current valley below the slope foot of the dump
changes from 330 m to 420 m.

2.2. Strata Lithology and Strength Parameters of Accumulation.
The main lithology of Dump II within the Dadonggou and
Fengjiadonggou gullies consists of the Archean Anshan
Group, Proterozoic Liaohe Group, Cambrian and Sinian
strata, and Cenozoic Quaternary strata. Specifically, the strata
consist of egg-green marl of the Nanfen Formation in the
Sinian system, gray fine quartz sandstone from the Qiaotou
Formation in the Sinian system, flint limestone of the
Jianchang Formation in the Cambrian system, dark-purple
mica shale of the Maozhuang Formation in the Cambrian

system, crystal limestone of the Zhangxia Formation in the
Cambrian system, and green-purple sandy shale of Xuzhuang
Formation in the Cambrian system. Among them, the basic
section of the internal foundation of the dump is mainly made
of marl, and a few quartz sandstones appear in the southeast
corner of the dump. The upper part of the dump is covered
with a Quaternary slope diluvium layer varying in thickness
from 0.0 m to 6.0 m. The bearing capacity of the bed rock is
mainly affected by the compressive strength of the bed rock
and is related to the development of jointed fissures.

Based on the Code for Investigation of Geotechnical
Engineering of China (GB50021-2001) and Specification of
Soil Test of China (SL237-99), a large number of in situ direct
shear field tests, indoor triaxial tests, indoor direct shear tests,
and on-site push shear tests on Dump II in the Nanfen Open-
Pit Iron Mine were performed in April 2014 by the Institute
of Rock and Soil Mechanics, Chinese Academy of Sciences.
According to the particle size distribution law of various
granular waste rock measured at the site, the sample was
made in the laboratory. The indoor triaxial compression test
and the direct shear test of the granular waste rock were car-
ried out according to the bulk gradation scheme and the
stress state, the physical and mechanical parameters of the
bulk material in Dump II are comprehensively obtained,
and their results are shown in Tables 1 and 2.
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TaBLE 3: Statistics of precipitation in the Benxi area.

Indicator Precipitation (mm) Indicator Precipitation (mm)

Average annual precipitation 848-856 Annual maximum precipitation 1212.7

Monthly maximum precipitation 487 Annual minimum precipitation 518.5

Daily maximum precipitation 83 Average annual evaporation 1628.4

Annual maximum evaporation 1843.4 Annual minimum evaporation 1374.1

. Ferigjiar
donggou:

Vead #7 - Huangbaiyu River &
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FIGURE 2: Mining area diagram.

2.3. Hydrogeological Features. The mine is located at midlat-
itude within a monsoon and continental climate. The precip-
itation in the flood season accounts for about 70% in the
entire year, of which the precipitation in July and August
accounts for about 50% of the annual precipitation with a rel-
atively high temperature difference all year round (Table 3).
The Miao’ergou River to the north and Huangbaiyu River
to the south cross the area from east to west and are parallel
to Zones 1 (Dadonggou; east) and 2 (Fengjiadonggou; west)
of Dump II and located outside the region. There are no
rivers feeding into the dump site. Water in the region is not
currently under development.

Dump II is classified as a gully dump, and atmospheric
precipitation is a major source of surface water and ground-
water, with strong seasonal variations (April-August).
Currently, the dump, in Zone 1 (Dadonggou), has a con-
vergence area of 86x104m> with a circumference of
3.7km; in Zone 2 (Fengjiadonggou), the convergence area
is 97.5 x 104 m* with a circumference of 3.98 km. According
to the survey carried out by the Institute of Rock and Soil
Mechanics, Chinese Academy of Sciences, the extent of the
water distribution on the platform surface area of Dump II
in the Nanfen Open-Pit Iron Mine is mainly from atmo-
spheric precipitation. In addition, there is a layer of phreatic
groundwater, and there is a layer of bed rock fissure water
within the site. The groundwater burial depth is about 12.0
to 15.0m.

The waste rock in the dumping site is mainly composed
of gravel, block stone, sand, and clay. The permeability coef-
ficient is difficult to measure in an indoor test and is generally
determined according to field testing. According to the site
conditions, the test method for the permeability coeflicient
of the dumping site was performed using the preburied steel
pipe method. According to local rainfall conditions, the
on-site single-ring water injection tests were completed

in the investigation area of Zone 1 (Dadonggou) and Zone 2
(Fengjiadonggou), according to the requirements of the
Water Injection Test Procedure (YS5014-2000). The perme-
ability coefficient of each zone can be calculated as

Zonel : K; =1.92 % 1072 cm/s, 1)

Zone2 : K, =1.65 % 1072 cm/s.

3. Fiber Optic Monitoring Indoor Physical
Model Experiment of Dump II

Currently, real-time monitoring and early warnings of
landslides and mudslides in the dump are enormous prob-
lems. In terms of the regional geological survey of Dump II
of the open-pit mine, it is urgent to adopt new technologies
and new methods to monitor the deformation of Dump II
in order to maintain a safe work environment and continue
to develop the iron belt at this location. Based on the princi-
ple of distributed optical fiber monitoring and the occurrence
mechanism of mudslide in the dump, the experimental study
on Dump II with the fiber optic monitoring indoor physical
model was performed.

3.1. Working Principle of the Distributed Optical Fiber
Monitoring System. The basic measurement principle of the
Brillouin optical fiber time domain analysis (BOTDA) is
shown in Figure 3. BOTDA uses the Brillouin frequency shift
caused by the Brillouin scattering light through stimulation.
The shift is caused by changes in axial temperature and strain
of optical fibers. Lasers need to be placed at both sides of the
optical fiber, and continuous and pulsed light are injected
into the optical fiber to create loop monitoring [28-33].
BOTDA demodulation equipment used in the indoor physi-
cal model experiment was the NBX-6050A fiber optic strain
demodulator produced by Neubrex (Japan). This instrument
can obtain a relatively strong signal from a highly scattered
source, and its spatial resolution can reach up to 5cm with
an accuracy 7 pe (0.3°C) with a monitoring distance of up
to 20 km. The instrument was set up to continuously collect
data for real-time monitoring.

3.2. Indoor Physical Model Test
3.2.1. Similarity Ratio Determination

(1) Model and Particle Size Determination. This experiment
used Dump II within the Nanfen Open-Pit Iron Mine as
the example with the physical simulation method. The
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TaBLE 4: Content of each grade of dispersion in the dump (Fengjiadonggou).

Particle group collectively

Particle group classification

Particle size range (d/mm) Content (%)

Giant particl Boulder (rock) d >200 5.50
iant particle grou

particie group Pebble (gravel) 200> d > 60 17.72

Coarse gravel 60> d >20 27.15

Coarse grain group Gravel (breccia) Medium gravel 20>d>5 27.55

Fine gravel 5>d>2 10.91

, , Grit, powder 2> d >0.005 10.38
Fine grain group ,

Clay particle 0.005> d 0.80

simulated similarity ratio was calculated according to the
following formula:

Actual height of the dump slope H,

The maximum particle size D, of the dump
Simulated slope height H,

~ The maximum particle size D, of the material used by the model

(2)

The following parameters were determined by summa-
rizing and analyzing the current materials of Dump II:

(i) H, =250m (Fengjiadonggou), D, = 1000 mm, and
H,=1m; the largest volume of Dump II
3800 x 10" m*

(i) According to local rainfall statistics, annual precipi-
tation is typically 847 mm, the maximum annual pre-
cipitation is typically 1212 mm, and the minimum
annual precipitation is typically 518 mm; the maxi-
mum flow of the basin in the rainy season is typically
110.5L/S

In summary, D, can be obtained from formula (2):

H, xD
D2=%=4mm. (3)
1

Therefore, the similarity ratio of the indoor physical
model was set to 1:250, and the maximum particle size
of the material used in the simulation was 4 mm. Accord-
ing to the principle of similarity ratio, the content of each
grade of on-site sieved dispersion (Table 4), and the sim-
ilarity ratio, indoor experiment materials were matched to
meet outdoor conditions of the dump, as shown in
Table 5.

(2) Determining Daily Maximum Precipitation. According
to local rainfall statistics acquired by the local meteorolog-
ical center, the daily maximum precipitation of the local
area was set to 83 mm, the rainfall area s of the experi-
mental model was 4m? and the hourly precipitation v
was 60 L, and according to the experimental requirements,
the rainfall time t needed to be calculated when the indoor



TaBLE 5: Content of each grade of the indoor test.

S/N Particle size range (d/mm) Sieved quality (g) Content (%)

1 d>2 98 6.7

2 2>d>1 238 16.46
3 1>d>0.75 437 30.15
4 0.75>d>0.5 379 26.18
5 0.5>d>0.25 123 8.52
6 0.25> d >0.075 163 11.26
7 0.075>d 10 0.73

test reached the maximum daily precipitation was calcu-
lated as follows:

=P (4)

v

where t is the rainfall time/h, p is the daily maximum pre-
cipitation of 83 mm, s is the precipitation area of 4m? and
v is the hourly precipitation of 60L.

The time needed to reach the maximum daily precipita-
tion was calculated to be 5.5h. During the experiment,
according to local rainfall conditions, rainfall occurred for
5.5h for the first day, 5.5h for the second day, and 5.5h
for the third day. The amount of strain endured by a single
fiber optic due to rainfall was then compared across these
three days.

3.2.2. Physical Model Construction. According to the similar-
ity principle of the indoor physical model experiment com-
pared to outdoor conditions, this experiment design was
based on the physical similarity simulation. According to
the similarity ratio of 1:250, the experimental model was
set up to be 2m * 2 m * 1 m with the slope top of 2m * 0.5
m and the slope angle of 34°. Filling of experimental materials
was executed in strict accordance with Table 5.

The main goal of this experiment was to simulate the
analysis of deformation of rock-soil mass in different direc-
tions during dump heaped load and rainfall in the dump of
the open-pit mine. Therefore, the laying of optical fibers
becomes increasingly more important during the experi-
ment. The three-dimensional schematic diagram of the lay-
ing of optical fibers is in Figure 4 (X direction is the slope’s
inclination direction, Y direction is the slope direction, and
Z direction is the slope settlement direction). There were
two layers in the X direction with six sensing optical fibers
in each layer. Upper layers (Layer X1) were numbered as
X11, X12, X13, X14, X15, and X16 with the linear length
of the monitoring optical fiber of 67 cm, and lower layers
(Layer X2) were numbered as X21, X22, X23, X24, X25,
and X26 with the linear length of the monitoring optical
fiber of 108 cm. There were two layers in the Y direction
with two sensing optical fibers in each layer. Upper layers
were numbered as Y11 and Y12, and lower layers were num-
bered as Y21 and Y22 with the linear length of the monitor-
ing optical fiber of 200 cm. Four sensing optical fibers were
arranged in the Z direction and were numbered as Z1, Z2,
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73, and Z4 with the linear length of the monitoring optical
fiber of 170 cm.

The spacing of each sensing optical fiber is shown in
Figure 5. The spacing between optical fibers at the same level
in the X layer was 360 mm, and the spacing between the opti-
cal fibers near the model boundary and the model boundary
was 10 mm. The vertical distance between optical fibers in the
X1 layer and the X2 layer was 220 mm. The horizontal dis-
tance between the Y11, Y12, and Y21 layers and the Y22 layer
was 110 mm. The vertical distance between the Y1 layer and
the Y2 layer was 220 mm. Z1 and Z2 were located 670 mm
from the bottom of the slope and located at the point of tri-
section of the model in the Y direction. Z3 and Z4 and Z1
and Z2 were symmetrically distributed, and the horizontal
distance between two sets of optical fibers was 426 mm.
Parameters of the optical fiber strain analyzer are shown in
Table 6.

Among many factors affecting the stability of the dump
in the open-pit mine, heaped load and rainfall are the two
most important factors. This experiment was divided into
two sections to simulate the impact of different heaped loads
and rainfall amounts on the deformation of the slope. Dump-
ing in Dump II of Nanfen Open-Pit Iron Mine is divided into
two ways—autodumping and dumping with a crawler-type
rock-dumping machine. The heaped load process during
the model experiment was mainly divided into two subsec-
tions according to the dumping features of the dump. The
first subsection of the heaped load process mainly simu-
lated the impact of autodumping on the deformation of
the slope, and two passageways of rock dumping were set
up at the point of trisection at the top of the slope to loads
20kg, 50kg, and 70kg. When the rock-soil mass stabilized,
the amount of deformation of each sensing optical fiber
was calculated.

The second subsection of the heaped load process simu-
lated the impact of dumping by the crawler-type rock-
dumping machine on the deformation of the slope, and four
passageways of rock dumping were set up at the point of
quinquesection at the top of the slope to calculate the amount
of deformation of each sensing optical fiber under the condi-
tions of 100kg and 140kg. The impact of different rainfall
conditions on the slope deformation was simulated when
the heaped load stabilized. The rainfall time required to reach
the local daily maximum precipitation was calculated as 5.5h
(Formula 4) according to hydrogeological conditions in the
Nanfen Open-Pit Iron Mine. This experiment used 5.5h of
rainfall for three consecutive days and compared and ana-
lyzed the amount of deformation of each sensing optical fiber
so as to obtain the impact of different amounts of rainfall on
the slope deformation of the dump.

According to the schematic diagram of the indoor physical
model test,a2 m % 2m * 1 m single-stage dump experimental
model was created on-site and reinforced by various materials.
The layout line of the fiber optics was designed according to
the model size and characteristics of the optical fibers. As the
experiment mainly performed deformation of the dump
under different loading and rainfall conditions through fiber
optic monitoring, the optical fibers were arranged horizon-
tally, longitudinally, and vertically to compare and capture
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FIGURE 4: Three-dimensional plan for the laying of sensing optical fibers. (a) Three-dimensional schematic diagram. (b) A-A’ cross-section

drawing.

FIGURE 5: Three-dimensional plan of the distribution spacing of optical fibers.

TABLE 6: Parameter settings of the optical fiber strain analyzer.

Measurement range ~ Sampling interval ~ Pulse width Average Starting frequency Scan interval Stop frequency
(m) (m) (ns) time (GHz) (MHz) (GHz)
100 0.05 10 2716 10.700 5 12.195

the location and size of deformation throughout the dump.
The location of each optical fiber was indicated in the model
in advance for the analysis of experimental data at a later
period. Performing indoor matching according to the calcu-
lated content of each grade in the indoor experiment, experi-
mental materials were blended according to set matching,
optical fibers and fill material were laid layer by layer, and then
laid optical fibers were welded to form the distributed moni-
toring network, as shown in Figure 6.

3.2.3. Analysis of Fiber Optic Strain under Different Loading
Conditions. To survey the deformation of each optical fiber
under loading conditions of 20kg, 50 kg, 70kg, 100kg, and

140 kg, the amount of deformation of optical fibers was first
surveyed before surcharging to obtain a background load.
Then, each load of 20kg, 50kg, and 70kg was individually
and in sequence applied at the point of trisection at the edge
of the slope top of the dump model, and the deformation of
optical fibers was surveyed when the surcharge stabilized.
Next, a load of 100kg and 140 kg was applied at the point
of quinquesection of the dump, and the deformation of each
optical fiber was surveyed when the surcharge stabilized. The
experimental process is shown in Figure 7. As the rock-soil
mass materials were homogeneous, the symmetrical nature
of the system indicates that the strain of the X11 optical fiber
would be the same as the X16 optical fiber, the strain of the
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F1GURE 6: Laying and welding of optical fibers. (a) Laying of optical fibers in the lower layer. (b) Laying of optical fibers in the upper layer.
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FIGURE 7: Fiber optic strain experiment under different loading conditions.

X12 optical fiber would be the same as the X15 optical fiber,
the strain of the X13 optical fiber would be the same as the
X14 optical fiber, the strain of the X17 optical fiber would
be the same as the X22 optical fiber, the strain of the X18
optical fiber would be the same as the X21loptical fiber, the
strain of the X19 optical fiber would be the same as the X20
optical fiber, the strain of the Z1 optical fiber would be the
same as the Z2 optical fiber, and the strain of the Z3 optical
fiber would be the same as the Z4 optical fiber. In actuality,
the measured strain trend was consistent with the theoretical
value, although differences did exist.

(1) Analysis of Optical Fiber Strain in the X Direction. Using
the applied loads and the optical fibers to measure deforma-
tion within the rock-soil mass, positive values of the two indi-
cate tension while negative values indicate pressure. Settings
of various parameters of BOTDA in the experiment are
shown in Table 6. Fiber optic data of each experiment was
synthesized: the measured value was subtracted from the ini-
tial value to obtain the corresponding strain value and corre-
sponding location data of each optical fiber to the fiber optic
sensing network was intercepted to draw the strain network
planning, which are shown in Figure 8.

With a constant increase in the load, the overall tensile
strain of the optical fibers also gradually increased, and the
amount of settlement and slippage in different locations of
the dump also correspondingly increased (Figure 8). Defor-
mation of optical fibers in the X1 layer was more obvious
(Figure 8(a)) and located just below the location of the

applied load. The strain in the center of the optical fibers
was more prominent, and the strain of the X12, X13, and
X14 optical fibers extended about 3000 e from the sensor,
which was gradually reduced and tended to stabilize from
the maximum strain along the direction of laying of the opti-
cal fibers. Compared to Figure 8(b), the overall change in the
optical fibers in the X2 layer was quite obvious. Optical fiber
strain in different positions increased as load increased; how-
ever, as the distance of the position of the optical fibers in the
X2 layer from the slope top increased from the top relative to
the optical fibers in the X1 layer, they were less affected by the
load application position. Therefore, no obvious sudden
change in the strain occurred.

(2) Analysis of Optical Fiber Strain in the Y Direction. Loads
were applied at the points of trisection and quinquesection
near the slope edge at the top of the slope of the indoor
dump model. The loads applied at the trisection point were
20kg, 50kg, and 70kg and 100kg and 140kg at the point
of quinquesection. Because the impact of the trisection load
on the optical fiber strain was quite different from that of the
quinquesection loading in the direction of Y, the strain of
optical fibers in the Y direction loaded at the point of trisec-
tion and the point of quinquesection is shown separately in
Figure 9.

Figure 9 shows that the strain of optical fibers synchro-
nously occurred with the deformation of the rock-soil mass
of the dump, and the uneven settlement of the rock-soil mass
occurred where the load was applied. When the optical fiber
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FIGURE 8: Strain diagram of optical fibers in the X direction under different loading conditions. (a, b) Strain diagram of upper and bottom
optical fibers, respectively, in the X direction under different loading conditions.

is in a state of tension, the strain is positive. As the rock-soil
mass in the entire dump can be regarded as a plastic body, the
rock-soil mass will be squeezed in between the two applied
loads. When the optical fiber is under pressure, the strain is
negative. By comparing Figures 9(a) and 9(b), when three-
level loads were applied to the dump, the maximum strains
of the Y11, Y12, Y21, and Y22 optical fibers were 2060 pe,
279 pe, 615ue, and 229 pe, respectively. When two-level
loads were applied to the dump, the maximum strains of
the Y11, Y12, Y21 and Y22 optical fibers were 2223 pe,
409 pe, 689 pe, and 287 ue, respectively. Experimental results
show that a greater amount of deformation leads to the rock-
soil mass being closer to the load application position in dif-
ferent directions. As the distance increased, the load had less
influence on the deformation of the rock-soil mass.

(3) Optical Fiber Strain Analysis in the Z Direction. Z1, 72,
Z3, and Z4 optical fibers were laid from the bottom to the
top of the slope vertically, where Z1 and Z2 were arranged
symmetrically in the Y direction at the point of trisection,
67 cm from the slope foot, and Z3 and Z4 were arranged sym-
metrically in the Y direction at the point of trisection, 134 m
from the slope foot. After applying loads of 20kg, 50kg,
70kg, 100 kg, and 140 kg to the model, the strain on the opti-
cal fibers was tested in the Z direction to further determine
settling of the dump more intuitively. Optical fiber strain in
the Z direction is shown in Figure 10.

As the heaped load increased, the tensile strain of the
optical fibers also correspondingly increased, indicating that
settling of the dump model gradually increased with the
increase in load. When the heaped load increased from
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FIGURE 10: Strain diagram of optical fibers in the Z direction under different loading conditions.

20kg to 70kg, the relative strain increment of each optical
fiber in the Z direction was not very obvious. As the heaped
load continued to increase, the relative strain increment of
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optical fibers gradually increased, and when the heaped load
reached 140kg, the relative settlement increment of the

dump model reached its maximum value.
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FIGURE 11: Fiber optic strain experiment under different rainfall conditions.

3.2.4. Analysis of Fiber Optic Strain under Different Rainfall
Conditions. To determine the effects of rainfall on the stabil-
ity of a dump, it “rained” for 5, 10, and 15 hours with a rain-
fall device. The strain of each optical fiber under different
rainfall conditions was then determined. The experimental
process is shown in Figure 11.

(1) Analysis of Optical Fiber Strain in the X Direction
under Different Rainfall Conditions. Comparative analysis
was performed for the six optical fibers’ strains in layers X1
and X2 on days one through three (Figure 12).

The strain of the sensing optical fibers was greatest with
the rainfall on the first day, decreasing on the second day,
and was least on the third day. On the first day of rainfall, a
sudden change in the strain of each optical fiber occurred at
various positions throughout the model (Table 7). The over-
all strain trend and positions of sudden change of the X11
optical fiber was essentially consistent with that of the X16
optical fiber, along with X12 and X15 and X13 and X14. This
is consistent with the symmetrical arrangement of sensing
optical fibers in the experimental model.

It can be seen from six optical fibers in the X2 layer that
the sensing optical fiber strain shows the same variation
trend as that in the X1 layer. Also same as X1, X2 had a sud-
den change in strain at various positions throughout the
model with the first day of rainfall (Table 7). As the plane dis-
tance from the X2 layer to the load application position was
large, the overall strain of the sensing optical fibers was much
smaller than that of the optical fibers in the X1 layer.

Using X13 and X23 sensing optical fibers for comparative
analysis of strain during each day of rainfall, there was a very
obvious trend of the strain endured by the optical fibers over
the course of the three days of rainfall. On the first day of
rainfall, the strain was relatively large, reaching 2560 pe. On
the second and third days of rainfall, the strain decreased
and tended to stabilize along the direction of the length of
the optical fiber. This occurred because loose particles of
the rock-soil mass before rainfall have high porosity, are filled
mostly with air rather than liquids, and are able to be highly
compressed. With the rainfall on the first day, the rock-soil
mass is washed out by rainwater, and the flow of pore water
drives the deformation of the rock-soil mass; it also becomes
gradually saturated. The strain in the positions 0.36 m from
the X13 optical fiber and 0.63 m from the X23 optical fiber
suddenly increased on the first day because the amount of

deformation of the rock-soil mass suddenly increased in this
position due to movement of particles caused by the
increased water in the dump. More attention is provided to
the generation of a potential sliding surface in the follow-up
analysis. At the end of the rainfall on the first day, the rock-
soil mass started to consolidate and settle, becoming denser
and less compressible. The impact of rainfall on the second
and third days on the amount of deformation of optical fibers
becomes increasingly smaller with the passage of time, indi-
cating that the overall rock-soil mass was in a relatively stable
state with relatively small amount of deformation.

(2) Analysis of Optical Fiber Strain in the Y Direction
under Different Rainfall Conditions. As shown in Figure 13,
optical fibers in the Y direction had a similar trend as those
in the X direction. As the layout of optical fibers in the Y
direction was parallel to the slope, the two positions of sud-
den change in the strain appeared along the length of the
optical fibers. Positions with sudden change in strain were
distributed symmetrically along the midpoint of the optical
fibers; however, the overall trend of the Y22 optical fiber
was relatively stable, without obvious strain with a sudden
change. This is mostly due to the locations of the Y22 optical
fiber. The Y22 optical fiber was far from the sliding direction
of the rock-soil mass and close to the back of the model; the
model had a great resistance to deformation in this place. The
overall strain at this location was relatively small, and the
strain along the direction of optical fibers was relatively sta-
ble. Optical fibers in both the upper and lower layers in the
directions of X and Y were all in this same plane. Comparing
Figures 12 and 13, the strain trends of the strain diagrams of
optical fibers in each layer in the directions of X and Y were
the same.

(3) Analysis of Optical Fiber Strain in the Z Direction
under Different Rainfall Conditions. It can be seen from the
strain diagram of the four optical fibers in the Z direction that
the strain of Z1 was similar to that of Z2, as was Z3 and Z4
(Figure 14). All positions of optical fibers with a sudden
change in strain appeared at the boundary of optical fibers
and slope, which is shown in Figure 15. However, the overall
strain was relatively small, and positions with sudden change
and strain are shown in Table 7.

3.3. Potential Sliding Surface Judgments. Table 7 summarizes
the sudden change in the strain of each optical fiber during
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FIGURe 12: Comprehensive strain diagram of optical fibers in the X direction with three days of rainfall.

rainfall on the first day. Strain increments at varying degrees
appeared in each optical fiber during rainfall on the first day,
and due to the symmetrical distribution of sensing optical
fibers, strain of each optical fiber had symmetrical growth.
These sudden changes in strain indicate new deformation
at these locations, and the location of the most dangerous
sliding surface was obtained from a comprehensive analysis
of the strain of each optical fiber.

Based on the slope failure mechanisms and the geomet-
rical characteristics of a sliding surface, the most common
types of landslides that occurred during testing are classified
as four types: plane slide failure, circular slide failure, wedge
slide shape failure, and compound slide failure. The sudden
change in the strain of each optical fiber shows that slow

trace deformation had already begun inside the dump,
accompanied by shear failure due to partial tension and
continuously decreased strength of the slope. However, no
actual landslide had yet occurred. The sudden change in
the strain of each sensing optical fiber during rainfall on
the second and third days indicates that with the increase
of rainfall time, the sliding surface gradually extended dee-
per into the slope, and finally, the sliding surface was
completely linked. The process creating the sliding surface
is shown in Figure 16. However, as rainfall stopped, the
rock-soil mass of the dump consolidated and settled, and
the entire dump stabilized.

Coordinates of positions with sudden change in the strain
in the three-dimensional schematic diagram of the indoor
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TaBLE 7: Corresponding data of the strain of each optical fiber.

Position with sudden change

Strain in the place with

Fiber no. Fiber length (m) in the strain (m) sudden change () Strain increment (pe)
X11 0.667 0.59 1624 571
X12 0.667 0.43 2028 917
X13 0.667 0.36 2558 1236
X14 0.667 0.32 2777 1497
X15 0.667 0.44 2323 1170
X16 0.667 0.61 1708 731
X21 1.078 0.92 1042 346
X22 1.078 0.69 1675 721
X23 1.078 0.63 1991 971
X24 1.078 0.64 1969 912
X25 1.078 0.67 1910 952
X26 1.078 0.87 1292 552
Y11 2.0 0.21/1.75 2066/2195 892/994
Y12 2.0 0.82/1.27 1772/1698 892/690
Y21 2.0 0.81/1.20 1541/1321 661/424
Y21 2.0 — — —
71 1.694 0.46 695 309
72 1.694 0.43 709 314
73 1.694 0.85 885 338
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F1GURE 13: Comprehensive strain diagram of optical fibers in the Y direction with three days of rainfall.

physical model experiment were connected (Figure 17).
The slope was in an extremely unstable state during rain-
fall on the first day, and a dangerous circular sliding sur-
face formed (blue).

Figure 18 shows the porosity within the particles of
rock-soil materials used by the experiment observed
through 50x magnification by SEM before and after rain-
fall. The porosity before rainfall was significantly less than
that after rainfall because the materials that comprised the

rock-soil mass were mainly fine sandstone composed of
argillaceous cementation. Affected by rainfall, the argilla-
ceous cements were eroded, so that cementation of sandstone
particles diminished. During the rainfall, fine particles slid
into the pores among the coarse particles and gradually
formed small cracks as particles moved. These cracks gradu-
ally increased and linked into the dangerous sliding surface.
Due to the limited precipitation in the experiment, no actual
landslide occurred.
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F1GURE 15: Locations of sudden change in the strain of optical fibers
in the Z direction.

4. Numerical Simulation Calculation of the
Stability of Dump II

Combined with physical simulation test parameters, the
numerical simulation used FLAC3D software to establish a
Mohr-Coulomb constitutive model. The size of the model
was the same as that of the indoor physical model
(2m * 2m * 2m), so that monitoring data of further numer-
ical simulation could be consistent with those of the indoor
test. This simulation was mainly performed to create a simi-
lar simulation based on the loading process in the contents of
the experiment. The loading process was divided into two
stages and five working conditions. In the first stage, loads
of 20kg, 50kg, and 70 kg placed at the trisection at the top
of the model were simulated, a total of two points. Simulation
used vertical surface stress loading, and according to the
contact area of the actual load weight of 240 m?, the vertical
compressive stress applied to each working point was
4.46e3 Pa, 4.46e3 Pa, and 1.458e4Pa. In the second stage,
loads of 100 kg and 140 kg were loaded onto the quinquesec-
tion at the top of the model, a total of four points. Simulation
also used vertical surface stress loading, and the vertical

compressive stress applied to each working point was 1e4 Pa
and 1.458e4 Pa, respectively.

4.1. Parameter Selection and Model Establishment. Numerical
parameters were set according to the relevant parameters of
the indoor physical simulation test model, which are shown
in Table 8.

According to the relevant parameters and loading
process, the detailed calculation process was divided into
two parts. First, the elastic model was calculated and the
stress conditions were generated consistent with the test
site. Finally, the elastic-plastic calculation was performed.
Figure 19 is the generated elastic stress field.

4.2. Analysis of Numerical Simulation Results under Different
Conditions of Heaped Loads. The corresponding calculation
results were obtained after numerical simulation of the
dump model:

(1) Calculation results of 20kg of load: as shown in
Figure 20, the maximum value of the vertical dis-
placement was calculated as 0.09 mm after the model
stabilized. In the model, there was a clear difference
between the middle and lower stable zone and the
upper strain zone. The model was free of damage
after the calculation of model stability. However, after
the model was loaded, a potential shear strain belt
that was linked in its shear stress field was obvious,
and the belt passed through a point of loading which
was distributed in the shape of an arc

(2) Calculation results of 50kg of load: as shown in
Figure 21, the maximum value of vertical displace-
ment was calculated as 0.62 mm after the model sta-
bilized. In the model, there was a clear difference
between the middle and lower stable zone and the
upper strain zone. The model was free of damage
after the calculation of model stability. However, after
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(a) Slope cracking

(b) Crack propagation

() Sliding surface run-through

FIGURE 16: Slope instability process.

FiGURE 17: Three-dimensional schematic diagram of the sliding
surface.

the model was loaded, the potential shear strain belt
that was linked in its shear stress field was obvious,
and the belt passed through the point of loading with
an arc-shaped distribution

(3) Calculation results of 70kg of load: as shown in
Figure 22, vertical deformation of the slope was
calculated to be 1.2mm after the model stabilized
(the settlement of the loading point was not included
in the maximum value). In the model, there was a
clear difference between the middle and lower stable
zone and the upper strain zone. The model was free
of damage after model stabilization. However, after
the model was loaded, model appearance did not
show the obvious shear belt in its shear stress field.
However, it can be seen from the perspective view
that shear strain started at the top point of loading,
and wedge deformation occurred around the loading
area in this position. In the two points of loading, the
arc-shaped surface that was linked in the lower part
of the loading point on the right formed, indicating
that during the loading process with these working
conditions, the damage arc formed from the inside
and from the top to bottom

(4) Calculation results of 100kg of load: as shown in
Figure 23, in the working conditions of calculation,
there were four loading points. Similar to the above
calculation, the relatively large settlement and shear
strain appeared first right at the location of the load-
ing point, and the vertical deformation of the slope

was 1.2 mm after model stabilization, indicating that
although the total load was relatively large, due to dis-
persed positions of loading points, the load too was
dispersed. This helped protect slope stability. Simi-
larly, in the shear perspective view of the model, the
shear belt that was linked appeared preferentially in
the two middle loading points, and an enlarged shear
zone occurred in the loading position at the top

(5) Calculation results of 140kg of load: as shown in
Figure 24, with these working conditions, there were
four loading points. Similar to the above calculation,
the relatively large settlement and shear strain first
appeared right at the location of the loading points,
and the vertical deformation of the slope was 4 mm
after model stabilization. Although the locations of
the loading points were dispersed, loads were also
dispersed to some extent, maintaining slope stability.
However, the deformation of the slope was relatively
large after this loading and damage appeared, indi-
cating that a large enough load can create an unstable
slope after the loading point is arranged. Similarly, in
the shear perspective view of the model, the shear belt
that was linked appeared preferentially in the two
middle loading points, and the enlarged shear zone
occurred in the loading position at the top but did
not extend to the outside of the model.

In general, numerical analysis results were similar to
those of the indoor physical model. As the loading intensity
continued to increase, vertical displacement of the slope
gradually increased, and the shear stress field in the loading
process of two points had an obvious potential shear strain
belt that was linked. The damage arc formed from the inside
and from the top to bottom. The way of loading changed in
the loading process of four points, although the deformation
of the slope increased as the load increased, and the slope was
eventually damaged when the load reached 140kg. The
linked shear belt preferentially appeared in the two middle
loading points, and an enlarged shear zone occurred in the
loading position at the top but did not extend to the outside
of the model.

5. Discussion

The location of the dangerous potential sliding surface was
determined through the size of deformation in locations
where optical fibers deformed within the indoor physical
model. Rainfall and heaped load had a relatively extensive
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(a) Scanned sample picture before rainfall
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F1GURE 18: Sample SEM pictures before and after rainfall.

TaBLE 8: Model of physical and mechanical parameters.

Weight Modulus of Shear modulus . i o .
Names of rocks (kg /) volume (MPa) (MPa) Cohesion (Pa)  Friction angle (")  Tensile strength (Pa)
Chlorite amphibolite 2560 70 41 900 21 0
monitoring. This method does not affect the integrity and
©2F01LZAI?3D 00 structural safety of the monitored rock-soil mass and can
asca Consulting Group Inc. R . K X
Step 500 provide an early warning of landslides and deformation
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F1GURE 19: Results of the of elastic stress field calculation.

impact on landslides in a dump. With the increase of heaped
load, the place between the two heaped load points was
squeezed and deformation slowly increased; deformation of
the rock-soil mass was obvious at the beginning of rainfall.
As the rainfall intensity continued to increase, a dangerous
sliding surface was generated. Because the rainfall intensity
in the experiments failed to meet the requirements of land-
slide and mudslide (not enough total amount), no actual
landslide ever occurred in these experiments. However, as
rainfall stopped, the rock-soil mass of the dump consolidated
and settled, and the entire dump tended to stabilize. Com-
pared with other monitoring methods in dumps, fiber optic
monitoring can be implemented over long distances and
large areas, although it still does have blind spots in its

under a dynamic working process of a site, as proven by
Naruse et al. [34] and Kogure and Okuda [35]. However,
the workload needed for arranging optical fibers is rela-
tively large, and fiber optics are fragile and easily damaged;
thus, the fiber optics need to have installed the protective
sleeve, which increases monitoring cost.

FLAC3D was adopted to analyze the vertical displace-
ment and shear strain of the dump under different heaped
load conditions, which provided the basis for the determina-
tion of the position of the sliding surface in the slope. As the
loading intensity continued to increase, vertical displacement
of the slope gradually increased, and the shear stress field in
the two-point loading process showed an obvious linked
potential shear strain belt. A damage arc formed from the
inside and from top to bottom. The way of loading changed
in the four-point loading process, although the deformation
of the slope increased as the load increased, and the slope
became damaged under a load of 140 kg. There was still the
linked shear belt that preferentially appears in the two middle
loading points, and an enlarged shear zone occurred at the
location of loading at the top that did not extend to the out-
side of the model. In general, the results of numerical analysis
were similar to results of the indoor physical model experi-
ment and provided a theoretical basis for field experiments.

6. On-Site Experimental Scheme of Fiber Optic
Monitoring of Dump II

Based on the fiber optic monitoring indoor physical model
experiments and numerical simulation results of the stability
of Dump II, a large deformation on-site monitoring design
was implemented according to the status quo of dumping
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FIGURE 20: Vertical displacement field and shear strain field after loading of 20 kg.
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FIGURE 21: Vertical displacement field and shear strain field after loading of 50 kg.
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FIGURE 22: Vertical displacement field and shear strain field after loading of 70 kg.

within the dump. Different optical cables were selected and ~ and each cable was redundant with 20m at both ends. The
laid in different locations throughout the dump. Cables were ~ length of each cable was 220 m (Figure 25). The trench was
selected by comparing which were suitable for soil deforma-  excavated at the top of the slope where the platform was
tion monitoring during the excavation of the slope in the  located, and the distributed sensing cables and fiber optic
open-pit mine. The lengths of A and B lines were 200 m each, = monitoring pipes were buried into the slope. Soil of the slope
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FIGURE 23: Vertical displacement field and shear strain field after loading 100 kg.
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FIGURE 24: Vertical displacement field and shear strain field after loading of 140 kg.

slides downward as it is affected by slope dumping and exca-
vation. In the area with soil deformation of the slope, cables
deform with the soil, thus causing tensile deformation. A dis-
tributed optical fiber strain tester was used to test the amount
of optical cable deformation and determine the area of defor-
mation of the slope.

The trench was excavated according to the designed opti-
cal fiber monitoring line. The optical fiber sensor was
installed in the trench and buried in the backfill soil. Wiring
ports at the beginning and end of the monitoring line were
reserved in order to be able to measure deformation and
strain. The specific layout on site is shown in Figure 26.

Through the excavation test of the dump slope, a scheme
for laying optical fibers suitable for the monitoring of Dump
IT was finally selected, which will also provide a field test for
large-scale application of fiber optic monitoring in a dump
that will be reported on at a later period. Monitoring and
reporting of the fiber optic network will occur at a later date.

7. Conclusions

The Dump II (Fengjiadonggou) within the Nanfen Open-Pit
Iron Mine was the prototype for determining strain and

deformation through experimental study and numerical sim-
ulation calculation on fiber optic monitoring with the indoor
physical model combined with on-site engineering survey
data and landslide analysis methods of the dump. The follow-
ing conclusions are obtained:

(1) The indoor physical model experiment of fiber optic
monitoring of the dump determined the deformation
in different positions of the dump under different
heaped loads and rainfall amounts. The location of
the dangerous potential sliding surface was deter-
mined using the size of deformation in locations
where optical fibers were deformed. The reasoning
for the sliding face was analyzed through theory,
although the pore size among particles of the rock-
soil mass before and after the experiment was mea-
sured using SEM. Rainfall and the heaped loading
method have a relatively extensive impact on the
occurrence of landslides in a dump

(2) FLAC3D was used to analyze the vertical displace-
ment and shear strain of the dump under different
heaped load conditions, which provided the basis
for the determination of the position of the sliding
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FIGURE 26: On-site laying of optical fiber monitoring of the dump.

surface of the slope. In general, the results of numer-
ical analysis are similar to results of the indoor phys-
ical model experiment and provide a theoretical basis
for field experiments

(3) Through the indoor physical model experiment and
numerical simulation results, evolution features of
the dump under different working conditions were
compared and analyzed in order to lay a theoretical
and practical foundation for solutions using fiber
optic monitoring of a dump site. Based on this, a
fiber optic monitoring design suitable for the site of
Dump II was proposed and installed. Monitoring
and reporting of the fiber optic network will occur
at a later date.
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Feldspar dissolution is a common feature in clastic rock reservoirs of petroliferous basins and has an important influence on
reservoir quality. However, the effect of feldspar dissolution on reservoir quality varies under different depositional
environments and diagenetic systems. The study area in this paper is located in the Baikouquan Formation in the northwestern
margin of the Junggar Basin, which is significantly influenced by feldspar dissolution. Based on the analyses of core and thin
section observations, QEMSEM, XRD, SEM, CL, fluorescence, and image analysis software combined with logging and physical
property data, this study shows that feldspar dissolution in the subaqueous distributary channel of a fan delta plain, which has
good original physical properties and low mud contents, significantly improves the properties of the reservoir. The main reasons
for this are as follows: (1) the sedimentary facies with good original properties and low mud content is a relatively open system
in the burial stage. The acidic fluids needed for feldspar dissolution are mostly derived from organic acids associated with the
source rocks and migrate to the good-permeability area of the reservoir; (2) the by-products of feldspar dissolution, such as
authigenic clay minerals and authigenic quartz, are transported by pore water in a relatively open diagenetic system and then
precipitated in a relatively closed diagenetic system; and (3) the clay minerals produced by feldspar dissolution in different
diagenetic environments and diagenetic stages have different effects on the reservoir. When the kaolinite content is less than 3%,
the illite content is less than 4%, and the chlorite content is less than 12%, the clay minerals have a positive effect on the
porosity. These clay minerals can reduce porosity and block pore throats when their contents are larger than these values.

1. Introduction

Approximately one-third of clastic rock oil and gas storage
space is secondary porosity formed by mineral dissolution
[1]. The migration process and precipitation of the by-
products of mineral dissolution are important to the evolu-
tion of a reservoir [2-4]. Since the 1970s, there has been a
large amount of research on the dissolution of single minerals
by scholars. The organic acid dissolution theory was pro-
posed, which covered topics such as organic acids produced
by the thermal evolution of organic matter [5-7] and the
dissolution mechanism of carbon dioxide from organic ther-
mal evolution decarboxylation [8]. In addition, there is an

atmospheric water dissolution mechanism [9, 10] and an
alkaline fluid dissolution mechanism [11, 12].

Feldspar dissolution in clastic reservoirs is a common
geological phenomenon that results in dissolution pores,
which improve the physical properties of the reservoir
[13-15], and also a popular research topic in oil and gas res-
ervoir geology [2, 6, 16]. Temperature has significant effects
on feldspar dissolution because as temperature increases,
feldspar dissolution increases. However, the effect of pressure
on feldspar dissolution is relatively weak [17]. When the
environment changes from an acidic environment with low
pH to an alkaline environment with high pH, the feldspar
dissolution rate changes in the shape of a U. The dissolution
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rate is slowest under neutral conditions [18]. The by-
products of feldspar dissolution are mainly clay minerals
and authigenic quartz [9]. Authigenic quartz is a common
diagenetic mineral in the process of clastic rock diagenesis,
with a formation temperature of 90°C [19] which is responsi-
ble for significant porosity and permeability reduction [20].
The formation of authigenic clay minerals, which is influ-
enced by the geothermal and diagenetic fluid properties of
the reservoir, affects the physical properties of the reservoir
by introducing considerable micropores that impact the
rugosity, saturation, and wetting characteristics [21, 22].
Smectite, illite, and chlorite mainly form under alkaline con-
ditions, and kaolinite mainly forms under acidic conditions
[23]. The conversion of smectite and kaolinite to illite mainly
occurs between 70°C and 140°C. When the local temperature
increases to 100°C-140°C, the illite-smectite mixed-layer
clays convert to illite. If the concentrations of the iron and
magnesium ions in the pore water are high, kaolinite can
convert to chlorite under weak alkali conditions. As the pore
flow velocity gradually increases, smectite converts to illite
and chlorite [24].

Different scholars have different views on the influence of
feldspar dissolution on a reservoir. Some scholars [25, 26]
believe that grain particle dissolution, especially feldspar dis-
solution, can effectively improve the physical properties of
the reservoir. However, other scholars [21, 27, 28] believe
that with continuous feldspar dissolution, the ion concentra-
tions in the pore water continuously increase. Precipitation
occurs when the pore water reaches saturation and forms
authigenic minerals, such as kaolinite, chlorite, illite, and
authigenic quartz, which can occupy pore space, block
throats, and thus reduce the quality of the reservoir proper-
ties. This saturation of the solution is related to temperature,
pressure, flow velocity, and ionic species. The factors that
control the effectiveness of reservoir dissolution in improving
the physical properties of the reservoir are whether the dia-
genesis environment is open, the character of the fluid, the
solubility of the minerals, and the geotemperature during
diagenesis [15, 29].

The Baikouquan Formation in the Mahu Sag of the
northwestern margin of the Junggar Basin is a typical con-
glomerate reservoir. Recently, continuous discoveries have
been made and the proven reserves of the basin have reached
1.83 million tons, which indicates that the Baikouquan For-
mation is a good exploration prospect. In the study area,
because of the high mud content and the poor original reser-
voir properties, feldspar dissolution is one of the key factors
that determine the formation of high-quality reservoirs
[30]. Therefore, this paper carries out a large number of core
observations, intensive and representative sample collection,
advanced research methods, and experimental means to ana-
lyse the influence of feldspar dissolution, its by-products on
the reservoir, and provide a reliable basis for the future explo-
ration of favourable reservoirs.

2. Geological Setting

The Junggar Basin is a large superimposed oil-gas basin in
northwestern China with Late Carboniferous to Quaternary
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strata [31]. It can be further subdivided into six first-class tec-
tonic zones [32]. It has characteristics of oil accumulation
from multiple oil sources and multiple periods of hydrocar-
bon generation, accumulation, and adjustment in the oil-
gas system [33]. Previous studies indicated that the Junggar
Basin had a high geothermal gradient from the Carbonifer-
ous to Permian (the geothermal gradient has been estimated
at 0.05°C/m-0.07°C/m), decreasing to 0.02°C/m-0.023°C/m
in the Cenozoic [34]. The Mahu Sag, which is located in
the northwestern Junggar Basin, is the most important
hydrocarbon-generating sag in the basin [35]. The Mahu
Sag is bounded to the northwest by the Wuxia and Kebai
Fault Belts, to the east by the Shiyingtan Uplift, the Yingxi
Sag, and the Sangequan and Xiayan Uplifts and to the south
by the Dabasong and Zhongguai Uplifts [31] (Figure 1(a)).
The Mahu Sag is a large depression lacustrine basin with an
area approximately 6 x 10*km?* [36], and it mainly consists
of a fan delta plain and fan delta front subfacies [37]. In the
Late Permian, the Hercynian orogeny uplifted the northwest-
ern basin and formed a series of high-angle thrust faults
(Figure 1(b)). By the Triassic, the entire basin had evolved
into an intracratonic basin, with sedimentation occurring
on a stable basement. In the Late Triassic, the margins of
the basin were still compressed [30]. The Baikouquan For-
mation is a gentle monocline structure that tilts to the south-
east [38]. The strata in the slope area of the Mahu Sag are well
developed, and the sediments that fill the basin comprise
Carboniferous, Permian (Jiamuhe Formation, Fengcheng
Formation, Xiazijie Formation, Lower Urho Formation, and
Upper Urho Formation), Triassic (Baikouquan Formation,
Kelamayi Formation, and Baijiantan Formation), Jurassic
(Badaowan Formation, Sangonghe Formation, Xishanyao
Formation, and Toutunhe Formation) and Cretaceous
(Turpan Formation) deposits [31] (Figure 2). The Baikou-
quan Formation was deposited in the Triassic which uncon-
formably overlies the Permian Formation (Figure 1(b)). It
was deposited during the depression period of the tectonic
evolution. During the whole burial process, the Baikouquan
Formation existed in a warm, humid, fresh-brackish water,
weakly oxidizing environment [39] and mainly consists of
fan delta conglomerates, coarse sandstones, and some inter-
bedded mudstones [38]. The Baikouquan Formation has a
large accumulation of oil within multiple zones, but the
conglomerate reservoir is tight and strongly heterogeneous
(Kuang et al. 2005). Reservoir quality is considered the most
important control on hydrocarbon accumulation in this
area [40].

3. Samples and Methods

The conglomerate, sandstones, and clays analysed in this
study are from the Upper Triassic Baikouquan Formation
of the Xinjiang oil field, which is located in the northwestern
margin of the Junggar Basin. Detailed core observation and
logging analysis were conducted on 13 wells. We collected
283 samples from the 13 wells that consist of many types of
lithology, lithofacies, and sedimentary facies. Of these 13
wells, three were selected for detailed sampling (Mal8, Aihu
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FIGURE 1: (a) Geological map of the western slope of the Mahu Sag in the northwestern Junggar Basin and (b) the south-east cross section
showing the different tectonic structural zones and distribution of faults (seismic data are derived from the Research Institute of

Exploration and Development, Xinjiang Oilfield Company).

1, and Ma003 wells), from which 97, 53, and 32 samples,
respectively, were taken.

The rock composition data of 475 thin section samples
(283 cast thin sections and 192 fluorescent thin sections),
8529 reservoir porosity and permeability data points, 622
grading analysis data points, 100 grain shape data points,
and 275 mercury injection capillary pressure testing data
points and logging data from 13 wells were obtained from
the Research Institute of Petroleum Exploration & Develop-
ment of the Xinjiang Oilfield Company, PetroChina.

More than 300 polished thin sections and 210 blue or red
epoxy resin-impregnated thin sections were prepared for the
analysis of rock composition, diagenesis, and visual pore
characteristics. Because the grain size of the conglomerate is
large, we made the thin sections 6 cm in diameter. The thin
sections were partly stained with Alizarin Red S and K-
ferricyanide for carbonate mineral identification. Point
counting was performed on 30 thin sections, where at least
250 points were counted, with a deviation of approximately
6% [41]. A total of 65 reservoir conglomerate samples, 26
sandstone samples, and 3 interbedded mudstone samples
were analysed for whole rock and clay fraction mineralogy

using X-ray diffraction (the material that was larger than
2mm was removed). For the contents of the carbonate
cements, quartz cements, primary pores, and feldspar disso-
lution pores, 15 or 30 micrographs of 86 blue or red epoxy
resin-impregnated thin sections were taken using a Zeiss
Axioscope Al APOL digital transmission microscope (for
the coarse-grained conglomerates, 15 micrographs were
taken; for the sandstones, 30 micrographs were taken). Then,
the cements and pores in each micrograph were identified
under the microscope and sketched on a computer using
the CorelDraw software, and the total cement and pore con-
tents in the 86 micrographs were obtained using the Image-
Pro Plus software. Finally, the percentages of the cements
and pores were calculated by taking the average of all values
from the 15 or 30 micrographs. Cathode luminescence (CL)
analyses were performed using an Olympus microscope
equipped with a CL8200-MKS CL instrument. Twelve repre-
sentative samples were viewed by a scanning electron micro-
scope (SEM), and the major elements were analysed by using
energy spectrum microanalysis. The SEM was equipped
with an energy-dispersive X-ray spectrometer (EDX) using
Quanta 450 FEG.
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To accurately analyse the mineral content of the sample
and to quantify the percentage of the material around the
mineral, 13 representative samples were cut into 0.5Xx
0.5x 0.3 cm samples and their surfaces were polished. Using
FEI Quanta 450 SEM, each sample was scanned continuously
for 5 x 5 grid; then, the 25 fields were stitched into a complete
image. Combined with QUEMSCAN analysis software, the
mineral composition, pore size, and element data, as well
as the composition of the material around the minerals,
were determined.

4. Results

4.1. Detrital Composition of the Reservoir. The petrographic
investigation of the Baikouquan conglomerate reservoir
shows that the detrital components are mainly composed of
conglomerates in which gravel accounts for 83.15% (boulders
account for 1.21%, cobbles account for 11.4%, and pebbles

account for 70.54%), sandstone accounts for 14.49% (5.36%
coarse-grained sandstone and 9.13% medium- to fine-
grained sandstone), and siltstone and mudstone account for
2.36% (Figure 3(a)). The XRD results show that the detrital
components of the Baikouquan Formation comprise quartz
(4.2-62.4%, average of 44.15%), feldspars (2.2-43.8%, aver-
age of 22.88%), and rock fragments (22.34-92.36%, average
of 40.82%), indicating that the sandstones are mostly lithare-
nite and feldspathic litharenites (Figure 3(b)). The grain size
ranges from boulder to mudstone and is poorly sorted
(86.54%) (Figure 3(c)). The grain shape is mainly rounded-
subrounded (69.23%) (Figure 3(d)), which reflects a short
distance to the sediment source.

4.2. Lithofacies. The Baikouquan Formation in Mahu Sag is a
set of coarse-grained fan delta deposits and is mainly com-
posed of conglomerate with complex lithology and high con-
tent of mud. A large number of studies have been done on
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lithofacies [42, 43], and different classification of lithofacies
has been made for different research purposes. Based on the
formation mechanism, depositional environment, particle
support type, cementation type, particle size, and colour,
the sediment was divided into seven lithofacies (Figure 4)
that represent the typical sedimentary characteristics in the
study area: medium-grained to coarse-grained poorly sorted
conglomerates that are mainly sand-gravel supported with
angular grains and were deposited by gravity currents in
the fan delta plain (Figure 4(a)); fine-grained to coarse-
grained poorly sorted conglomerates that are mainly sand-
stone supported with angular grains and were deposited
mainly by gravity and a little of traction currents in the chan-
nel with a temporary water flow (Figure 4(b)); coarse-grained
sandstone to medium-grained conglomerates that were
mainly deposited in the braided channel (Figure 4(c)); mud-
stone to medium-grained sandstones that were mainly
deposited in the braided intrachannel (Figure 4(d)); fine-
grained to coarse-grained moderately sorted sandstones,
with generally subangular to subrounded grains and few
clays, which were mainly deposited in the subaqueous chan-
nel of fan delta front (Figure 4(e)); fine-grained sandstone to
coarse-grained conglomerates that are mainly multi-particle-
supported conglomerates and were mainly deposited in
debris flows (Figure 4(f)); and mudstone to siltstones that
were mainly deposited in the subaqueous intrachannel
(Figure 4(g)).

In the lithofacies (Figure 4(e)) with higher hydrodynamic
of deposition and lower mud content, the porosity is larger
and the connectivity is better, the pore size is generally
larger than 100 microns, and the initial porosity and perme-
ability are better than those of other lithofacies. In the dia-
genetic stage, it is easy to become an open diagenetic

system due to the good fluidity of fluid; the lithofacies
formed in the sedimentary environment with mainly gravity
flow (Figures 4(a), 4(b), 4(c), and 4(f)) showed no obvious
orientation and disorderly distribution of particles. With
the high content of mud, poor separation, and grinding
roundness, the dissolution pores of the reservoir are poorly
developed and the pore size is generally less than 100
microns. The original physical property is poor. Because
of the difficult migration of the fluid, with the dissolution
and deposition of particles, a relatively closed diagenetic
system is gradually formed.

4.3. Porosity and Permeability. A statistical analysis was per-
formed on 1334 samples from the study area, resulting in a
reservoir porosity distribution of 1.9%-16.8% (average of
8.54%); however, the porosity (Figure 5(a)) and permeability
(Figure 5(b)) values of the P10 curves (where 10% of the res-
ervoirs have higher values than these) show that some high
values exist mainly in the coarse-grained sandstone and the
granule stone. The P50 (median) curves show that some
higher porosity and permeability intervals exist at 3840-
3860 m and 3880-3930 m. The air permeability distribution
of the reservoir is from 0.014mD to 98.1mD (average of
7.54mD), and the main distribution range is 0.2mD-
1.0 mD. The percentages of the reservoir with air permeabil-
ity values of less than 1 mD and 1-10 mD and greater than
10mD are 44.19%, 37.06%, and 18.75%, respectively. The
reservoir properties in the Baikouquan Formation are quite
poor, and the heterogeneity of the reservoir is very high.

4.4. Pore Characteristics. Thin section and SEM observations
revealed that the conglomerate reservoir pore types mainly
consist of intraparticle dissolution pores (Figures 6(a), 6(d),
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FIGURE 5: Relationship between physical property and depth in the Baikouquan Formation; (a) porosity; (b) permeability.

and 6(e)) and interparticle dissolution pores (Figures 6(a),
6(b), and 6(d)), with some mud shrinkage pores (Figure 6(f)).
The interparticle dissolution pores (pore size> 100 um)
were mainly formed by alkali feldspar and acidic rock
debris, and only a small amount was formed by calcite
cement (Figure 6(c)). The intraparticle dissolution pores
(pore size < 100 ym) were mostly produced by orthoclase dis-
solution. Residual interparticle pores are mainly present in
the coarse-grained sandstones and granulestones, and they
have better connectivity than the secondary pores. The

proportion of intraparticle dissolution pores increases with
increasing depth (Figure 7).

4.5. Feldspar Dissolution, Authigenic Clay Minerals, and
Quartz Cement. The main diagenetic processes that control
the reservoir evolution in the study area are compaction,
dissolution, and cementation [44]. The paragenetic sequence
includes compaction, early carbonate cementation, chlorite
film, illite-smectite mixed-layer clays, feldspar dissolution,
precipitation of kaolinite and quartz, montmorillonite
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FiGure 6: Thin section images of the Baikouquan Formation. (a) Plane-polarized light (PPL) images showing orthoclase dissolution with
well-developed chlorite and well-preserved original pores; (b) PPL images showing that the intergranular pores are filled with illite in
some reservoirs, and only a small amount of the pore is preserved; (c) cathodoluminescence images showing two phases of calcium
cement filling the pores, and a small amount of the calcite is dissolved; (d): PPL images showing the developed dissolution pores in the
tuffaceous rocks; (e) PPL images showing that calcite cementation is developed in the dissolution pores of the feldspars; and (f) cross-
polarized images showing the illite-smectite mixed-layer clay filling pores in some reservoirs. Chl: chlorite film; Sty: stylolite; Pri: primary
pore; Pert: perthite; Orth: orthoclase; I/S: illite-smectite mixed-layer clays; Shri: shrinkage; AQ: authigenic quartz; Cal: calcite cement;
F: Feldspar; InterD: interparticle dissolution pores; IntraD: intraparticle dissolution pores; Tuff: tuffaceous; Diss: dissolution pores;

K: kaolinite; I: illite.

illitization, and weak carbonate cementation [45]. In the
study area, the microfracture is less developed which mainly
formed at the edge of the gravel and the pore formed by grain
dissolution is the main storage space in the reservoir. Feld-
spar dissolution pores account for the highest percentage
of all the secondary pores [30]. The authigenic minerals
mainly consist of carbonate cement (Figures 6(c) and

8(b)), kaolinite (Figures 8(a), 8(b), 9(b), 9(d), and 9(e)),
chlorite (Figures 6(a), 8(a), 8(b), 9(a), 9(b), and 9(e)), illite
(Figures 6(b), 6(f), 8(a), 8(b), 9(a), and 9(e)), illite-smectite
mixed-layer clays (Figures 6(b) and 6(f)), and minor
quartz cement (Figures 9(c) and 9(e)).

Feldspar grains that have a honeycomb-like texture in
porous conglomerate reservoirs usually contain significant
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FIGURE 7: The relationship between the contents of pore types and depth.

dissolution pores (Figures 6(a), 8(a), 8(b), 9(a), 9(d), and 9(f
)); these grains also display selective dissolution, where
orthoclase is dissolved (Figures 8(b), 9(a), and 9(d)) but albite
remains stable (Figure 8(a)) [30]. The quantitative porosity
analysis of the thin sections shows that the porosity formed
by feldspar dissolution can reach up to 6% and feldspar dis-
solution increases with increasing depth (Figure 10(a)).
Quartz cements mainly occur in the form of quartz over-
growths (Figures 9(c) and 9(e)), with thicknesses ranging
from 2 pm to 15 ym and a low content (less than 0.1%).
The XRD data and mineral analysis show that illite-
smectite mixed-layer clays (average content is 16.61%) dom-
inate the authigenic clays in the different reservoir samples,
with minor chlorite (average content is 5.43%), illite (average
content is 3.76%,) and kaolinite (average content is 2.33%).
The SEM analysis revealed that kaolinite mainly occurs as
vermicular aggregates and anhedral-pseudohexagonal plates
(Figures 8(a), 9(b), 9(d), and 9(e)) filling the primary pores,
illite-smectite mixed-layer mainly occurs in reticular form
in the primary pores (Figures 6(b), 6(f), and 8(b)), chlorite
mainly occurs around the particles (Figures 6(a) and 8(b)),
and a few of the chlorite grains also fill the feldspar pores

(Figure 8(a)). Some samples have a high content of illite-
smectite mixed-layer clays of up to 78%, and the relative
amount of kaolinite is less than 30%. The chlorite distri-
bution is highly heterogeneous, with a maximum content
of 64%.

According to XRD analysis, the residual amount of the
feldspar in the study area is inversely proportional to the
illite-smectite mixed-layer (Figure 10(b)) and is directly pro-
portional to the kaolinite content (Figure 10(c)). With the
continuous dissolution of the feldspar, the amount of resid-
ual feldspar decreases and a large number of kaolinite is
formed in the early diagenetic stage. When the middle diage-
netic stage is entered, the kaolinite gradually becomes into
smectite and illite in an alkaline diagenetic environment.
The pores and authigenic clay minerals formed by dissolu-
tion have a very important effect on the quality of reservoirs.

5. Discussion

5.1. Diagenetic Environment. Data from 74 pore water sam-
ples from conglomerate reservoirs show that 52.7% of these
samples are characterized by CaCl, water, 43.2% are
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FI1GURE 8: Mineral composition analysis of the Baikouquan Formation.

characterized by NaHCO, water, and 4.1% are characterized
by MgCl, water. The salinity ranges from 2774.11 mg/L to
15,093.1 mg/L, which suggests that the pore water may come
from different origins [46]. The subaqueous distributary
channel (Figure 4(e)) mainly contains pebbles and coarse-
grained sandstone which have lower salinity values than
others and also has primary high porosity and permeability.
The diagenetic environment in this sedimentary microfacies
is relatively open (sample salinities are all lower than
7650 mg/L), the flow rate of the pore fluids is high, and the
feldspar dissolution by-products are easily transported and
rarely precipitated in situ (Figures 6(a), 6(d), and 6(e)).
The sedimentary microfacies dominated by gravity flow
(Figures 4(a), 4(b), 4(c), and 4(f)) with higher salinity value
has a relatively closed system of diagenesis, and the acid dis-
solution strength of feldspar is low (Figures 6(b) and 6(f)).
The data show that the salinity of the samples near the fault
is relatively low (all lower than 6000 mg/L) and the fault
can provide an effective channel for fluid migration, which
highly impacts the feldspar dissolution. In addition, the
organic acids generated by the source rocks of the Fengcheng
Formation migrate along faults to reservoirs, which has an
important effect on the feldspar dissolution [30].

5.2. Mineral Reactions and Mass Transfer. Feldspar dissolu-
tion in the study area mainly occurred in the mesodiagenetic

stage [45]. The XRD results show that the albite content is
higher (Figure 6(i)) (2.1%-35%) than the orthoclase content
(0-4%). This result shows the selective dissolution of feldspar
and indicates that orthoclase dissolution plays an important
role in improving the physical properties of the reservoir
[30]. Orthoclase dissolution increases with increasing depth.
According to the statistical QUEMSCAN analysis, the min-
erals around the pores are mainly quartz (21.48%), albite
(15.52), orthoclase (2.73%), chlorite (9.65%), and black mica
(16.24%) (Figure 11(a)). The pores are mainly associated
with feldspar dissolution. The minerals around the K-
feldspar are mainly albite (35.48%), illite (28.24%), and
quartz (14.82%) (Figure 11(b)). With continuous K-feldspar
dissolution, the concentrations of by-products in the pore
waters, such as those of AI** and SiO, (aq), exceed those
needed for the saturation of kaolinite and quartz, as shown
by the following equation [2, 13]:

KAISi;Og + H* + 0.5H,0 = 0.5A1,Si,05(OH)4 + 2Si0, + K",
(1)

where KAISi;Oq is K-feldspar, Al,Si,O5(OH), is kaolinite,
and SiO, is quartz.

The edges of the kaolinite mineral associations
(Figure 11(c)) are mainly chlorite (30.97%) and illite
(28.98%), indicating that part of the kaolinite converts to
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FIGURE 9: Scanning electron microscope images of the Baikouquan Formation. (a) Leached feldspars, chlorite, and illite; (b) kaolinite and
chlorite in primary pores and feldspars; (c) quartz crystals; (d) leached feldspars and kaolinite; (e) clay minerals and quartz crystals;

and (f) leached feldspars.

illite and chlorite in alkaline pore water. In the process of illitization of feldspars and kaolinite can be expressed as
K-feldspar dissolution, alkaline ions such as potassium follows [18, 47-49]:
and sodium are constantly generated, the diagenetic system

gradually becomes closed, the pore fluid gradually becomes . . . . .
alkaline, and when the temperature reaches 70~100°C, the 3KAISi; 05 +2H" = KALSi;0,(OH), + 6810, + 2K", (2)
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FI1GURE 10: (a) Relationship between the feldspar dissolution and depth; (b) the content of illite-smectite mixed-layer clays and (c) kaolinite;
type 1 includes lithofacies of A, B, C, and F in the classification of lithofacies in the study area. Type 2 includes lithofacies of C, E, and G in the

classification of lithofacies in the study area.
where KALSi,0,,(OH), is illite.
AlLSi,0;(OH), + KalSi;Og = KAl;Si;0,,(OH), + 2Si0, + H,0.

(3)

Another process that forms illite is montmorillonite illiti-
zation, and this process can be expressed as [50]

Smectite + 8AI’* + K* = KALSi;0,(OH), + 3Si*" + Na*
+2Ca*" +2.5Fe*" + 2Mg™".

(4)

The minerals on the edge of chlorite are mainly
(Figure 11(d)) quartz (27.61%), biotite (22.29%), illite
(14.21%), and kaolinite (7.16%). The iron ion released by bio-
tite is the material basis for the transformation of kaolinite
into chlorite. When the diagenetic environment changes into
a semiclosed system [51] (pH =9~10) with high amounts of
iron and magnesium ions and an appropriate temperature
(>90°C) [49], chlorite formation can be described as [52]

ALSi,O5(OH), +3.5Fe** + 3.5Mg”" + 9H,0 — chlorite + 14H + .

(5)
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FIGURE 12: (a) The relationship between the dissolution pores and the aluminium ion and (b) by-product contents.

The feldspar porosity (thin section data) can reach up to
7.12%, but the whole feldspar dissolution by-product is less
than 2%; however, in some samples, the by-products can be
more than 6%. Based on the formula, feldspar dissolution
can provide the large amounts of AI’* and SiO, needed for
clay mineral and authigenic quartz precipitation [15]. How-
ever, the QUEMSCAN analysis shows no positive relation-
ships between the feldspar dissolution pores and the
aluminium ion (Figure 12(a)) and dissolution by-products
(Figure 12(b)). Thus, we concluded that most of the AP*
and SiO,(aq) released by feldspar dissolution was moved to

a distant area. In a relatively open diagenetic environment,
such as the subaqueous distributary channel of a fan delta
front (Figure 4(e)), the dissolution by-products are not pre-
cipitated in situ [18].

(6)

The average detrital quartz content in the Baikouquan
reservoirs is 44.15%, and the abundant surface area is avail-
able for quartz cementation; however, the authigenic quartz
content is less than 1%. The fluid inclusion data show that

KAISi; O + 4H" = A" + 38i0, (aq) + K* + 2H,0.
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[53] the authigenic quartz precipitated in two phases with
temperatures of 70°C-90°C and 100°C-120°C. The illite,
smectite, and illite-smectite mixed-layer clay contents are
high, and the kaolinite content is relatively low (Figure 13).
Smectite consumes many potassium ions when it transforms
to illite [54].

5.3. The Impact of Feldspar Dissolution on the Physical
Properties of the Reservoir. The K-residual feldspar content
is inversely proportional to the porosity (Figures 13 and
14(a)), which indicates that the porosity of the study area
is mainly derived from K-feldspar dissolution. The strength
of K-feldspar dissolution increases with increasing depth
(Figure 10(a)). This is related to the acid flue formed by
the hydrocarbon source rocks of the Fengcheng Formation.
As the acid moves up through the fault, the dissolution
decreases. With increasing K-feldspar dissolution, potas-
sium ions are continuously released, which promotes the
transformation of illite-smectite mixed-layer clays to illite,
and the illite-smectite mixed-layer clay contents decrease

(Figure 10(b)). The kaolinite content significantly increases
with the continuous dissolution of K-feldspar (Figure 10(c)).

Observations of thin sections indicate that K-feldspar
dissolution in the distributary channel (Figure 4(e)) is more
abundant (Figures 6(a), 6(d), and 6(e)) than that in the other
sedimentary environments dominated by gravity flow
(Figures 6(b) and 6(f)). The lithology of the distributary
channel is mainly coarse-grained sandstone, fine-grained
conglomerate, and sandy conglomerate. Due to the strong
hydrodynamic power of the underwater distributary channel,
the mud content is low and the sorting characteristics are
good. There is enough space and effective fluid flow condi-
tions to form secondary pores and by-products made by
dissolution. The dissolution of feldspar is strong, but the con-
tents of by-products, such as illite and chlorite, are sometimes
lower than those (Figures 14(c) and 14(d)) in the braided
channel (Figures 4(a) and 4(b)) and the debris flow channel
(Figure 4(e)). This indicates that the diagenesis systems in
such sedimentary microfacies are more open, the pore water
flow velocity is higher, and the dissolution by-products are
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F1GURE 14: The relationship between porosity and K-feldspar (a), kaolinite (b), illite (c), and chlorite (d); type 1 includes lithofacies of A, B, C,
and F in the classification of lithofacies in the study area. Type 2 includes lithofacies of C, E, and G in the classification of lithofacies in the

study area.

easily transported, which is beneficial to the increase in
porosity and permeability.

In sedimentary microfacies dominated by gravity flow,
the intensity of K-feldspar dissolution is weak (less than
1.5%) (Figures 6(b) and 6(f)) and the correlation between
the amount of feldspar dissolution and its by-products is
good. This shows that the feldspar dissolution products have
not been transported at a greater distance but are precipitated
at or near the dissolution site, which reflects a relatively
closed diagenesis system. Feldspar dissolution in closed sys-
tems cannot effectively improve the reservoir properties
because the material redistribution is carried out only in the
local area [29].

The thin section and XRD data indicate that when the
kaolinite content is less than 3%, it is positively correlated
with porosity (Figure 14(b)). The intercrystalline pores of
kaolinite are favourable for porosity. In a sedimentary envi-
ronment dominated by gravity flow, the kaolinite content
can reach to 4.2%. However, when the kaolinite content is
greater than 3%, the porosity is significantly reduced
(Figure 14(b)), which indicates that kaolinite occupies a large
volume of pores. The average illite content of the study area
reservoir is 4.23%, which occurs in reticular and filamentous
form and fills the pores, or it occurs as a membrane that
wraps around the edges of particles (Figures 9(a) and 9(e)).

When the illite content is less than 4%, illite contributes
only slightly to the increase in porosity (Figure 14(c)). When
the content is greater than 4%, the porosity substantially
decreases. Illite can reduce the permeability of the reservoir
and affect the reservoir quality [55, 56]. The chlorite film in
the study area was formed after the authigenic quartz but
before the late calcite cementation (Figure 6(a)), when the
reservoir was in its early diagenetic stage B to middle diage-
netic stage A. The chlorite content in the subaqueous distrib-
utary channel (Figure 4(e)) is high (Figure 6(a)). In a
reservoir with high chlorite film content, the contents of
illite-smectite mixed-layer clays, illite, and calcite cement
are low and the compaction is weak. When the chlorite con-
tent is less than 12%, the porosity increases with the increase
in chlorite content. When the chlorite content is higher than
12%, the porosity significantly decreases (Figure 14(d)).
Because of the precipitation of the chlorite film, the forma-
tion of authigenic quartz is inhibited and the compaction,
pressure dissolution of quartz, and formation of carbonate
cementation decrease, which all have positive impacts on
pore preservation [57].

5.4. Feldspar Dissolution and By-Product Distribution
Models. Feldspar dissolution is the most important type of
dissolution in the Baikouquan Formation of the study area.
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On the basis of the analysis presented above, we can establish
the feldspar dissolution and by-product distribution models
in different diagenetic systems, which is important to deter-
mine the heterogeneity of the reservoir.

Eogenesis took place in the Early Triassic to Early Jurassic
at diagenesis temperatures of <85°C [58], and the organic
acids at that time were mainly derived from mudstones in
the Fengcheng Formation [30]. These fluids flowed through
permeable layers and dissolved unstable anorthites [5], which
also provided Ca*" for the early-stage low-MnO calcite [59]
(Figure 6(c)). Thin section identification and QUEMSCAN
analysis indicate that no anorthites exist in these samples.
With increasing burial depth, mesogenesis began in the Cre-
taceous at temperatures ranging from 85°C to 120°C [60].
K-feldspar began to dissolve and formed kaolinite. A large
amount of the potassium ions was consumed in the illiti-
zation process of smectite, so the two reaction processes
promoted each other. At this stage, a large amount of
potassium feldspar was dissolved and a large amount of
illite/smectite layer clay and kaolinite was formed. Under
these diagenetic conditions, Na-feldspar remained stable

[61]. The biotite content in the study area is high, which
provided Fe** and Mg>" for the transformation of kaolin-
ite and illite to chlorite.

In relatively open diagenetic systems (Figure 15(a)), such
as the underwater distributary channel of the fan delta
(Figure 4(e)), the original properties are good, the pore water
flows rapidly, and the organic acids from the Fengcheng For-
mation are easily transported to the reservoir. Because of the
relatively open diagenetic system, the by-products formed by
K-feldspar dissolution are not deposited in situ (Figure 6(a))
but are carried out by pore water. Therefore, K-feldspar dis-
solution plays an important role in improving the physical
properties of reservoirs in sedimentary environments that
are dominated by tractive currents. However, in relatively
closed systems (Figures 4(a), 4(c), and 4(f)), the amount of
feldspar dissolution is smaller than that in open diagenetic
systems (Figure 15(b)). In relatively closed diagenetic sys-
tems dominated by gravity flow, the original physical proper-
ties are poor and the mud content is high. On the one hand,
the acidic fluid needed for dissolution is difficult to transport
though a reservoir with poor permeability so the acidic fluid
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content required for dissolution is low. On the other hand,
the by-products produced by dissolution, such as illite, kao-
linite, and chlorite, are difficult to transport in the low-
velocity water flow. The concentration of ions in the pore
water is saturated so quickly that it is difficult to further dis-
solve the feldspar. The by-products are basically deposited in
situ, for example, chlorite mainly precipitates near illite and
biotite. In this diagenetic system, the feldspar dissolution is
only redistributed and the physical properties are not signif-
icantly increased.

6. Conclusions

(1) The content of feldspar is high in the conglomerate
reservoir of the Baikouquan Formation. Feldspar dis-
solution, mainly K-feldspar dissolution, is the most
important diagenetic process in the study area. When
the buried depth is 3840-3860 m and 3880-3930m,
the absolute content of secondary pores of feldspar
is high and the maximum can reach 6%. With the dis-
solution of feldspar, the dissolution products of
authigenic clay minerals and siliceous cements are
precipitated in pores, which have great influence on
reservoir quality.

(2) The strength of feldspar dissolution increases with
depth but varies in different sedimentary environ-
ments. In the subaqueous distributary channel of
the subaqueous distributary channel with mainly
coarse-grained sandstone and fine-grained conglom-
erate, the original reservoir properties are good, the
mud content is low with good sorting, and there is a
relatively large amount of feldspar dissolution. In
the lithofacies dominated by gravity flow, the dissolu-
tion strength of feldspar is low.

(3) In the subaqueous distributary channel, the content
of rigid particles, such as quartz and feldspar, is high
and has better sorting and higher original physical
properties. In such open diagenetic systems, the
velocity of the pore flow is fast and the by-products
of the dissolution are easily transported with the fluid
and then precipitated in a relatively closed diagenetic
system with high mud content and poor original res-
ervoir properties. The strength of dissolution is high,
but the by-products of dissolution are relatively less.
In the lithofacies dominated by gravity flow, the orig-
inal physical property is poor and is later easier to
become a closed diagenetic system. In this diagenetic
system, the acid fluid is difficult to enter the reservoir
with poor permeability and the by-products are diffi-
cult to be transported. It is also a place where min-
erals are easily precipitated. In this closed diagenetic
system, the dissolution of feldspar has no significant
effect on physical properties but only in a smaller
range of material redistribution.

(4) The by-products of dissolution are mainly authigenic
clay minerals and authigenic quartz. The amount of
authigenic quartz in the study area is relatively low,
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which has few effects on the physical properties of
the reservoir. The clay minerals in different diage-
netic environments and diagenetic stages have differ-
ent effects on the reservoir. When the kaolinite
content is less than 3%, the illite content is less than
4%, and the chlorite content is less than 12%, the clay
minerals have a positive effect on the porosity. The
clay minerals can reduce porosity and block the
throat when they are larger than these values.
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In order to investigate the water inrush mechanism in completely weathered granite, a large-scale triaxial testing system is designed
and manufactured, which can induce the mass transfer and monitor the flow properties. Using this system, the effects of water
pressure and initial porosity on the mass transfer and flow properties were determined, and the relative critical conditions for
water inrush were proposed. The results indicate that (1) the particle transfer could cause an increase in porosity,
permeability, and water inflow, which is the essential reason for water inrush in completely weathered granite. (2) Due to
the effect of particle transfer, the flow properties may change from a Darcy to a non-Darcy flow, which is a key signal for
water inrush. (3) With the increase of water pressure, the mass transfer, permeability, and water inflow increased gradually,
and a critical value (p=0.6MPa) that caused the water inrush was obtained. Furthermore, with the decrease of initial
porosity, the mass transfer and flow properties were suppressed rapidly, and a critical porosity (0.23) to anti-inrush was
observed. The results obtained can provide an important reference for understanding the mechanism, forecasting the risk,

and taking the effective control measures for water inrush.

1. Introduction

In recent years, a large number of tunnels have been
constructed in unfavorable geology such as completely
weathered granite, karst, and fault [1-4], causing various
challenges to the geotechnical engineers, for example,
collapse [5], land subsidence [6], groundwater inflow [7, 8],
and total environmental hazards [9]. The completely weath-
ered granite, one of the typical unfavorable geologies, is
widely distributed in subtropical, tropical, and humid tem-
perature zones [10-12]. This material has the properties of
weak water stability, low strength, and strong disintegration
[13]. Under the effect of water, this material erodes rapidly
and becomes weak and soil-like as observed in recent field
investigations ([1]; [14, 15]). Therefore, tunnel construction

in this condition often faces a great risk of water and mud
inrush [2, 8, 16], which has become a difficult issue for the
tunnel engineers.

In order to analyze and forecast the water inrush, many
scholars proposed various simplified methods, such as water
inrush coefficient [17, 18], underlying belt theory [19], and
key strata model [20]. However, these methods oversimplify
the geological conditions and cannot accurately predict the
probability of water inrush. Considering the flow properties,
some scholars proposed the flow stress coupling models
which the flow equation adopted a Darcy or modified Darcy’s
equation [21-23] and many other analytical and semiana-
Iytical solution to predict the water inflow and water inrush
([7, 18, 24]); however, these models do not consider the
erosion property and nonlinear flow, which cannot reflect
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the mechanism of water inrush in completely weathered
granite. Furthermore, many research results showed that
lithology, water pressure, and pore structure are the key
factors causing water inrush [25-27]. For example, [25]
analyzed the water inrush of 12 coal seam floors and found
that water inrush is more prone to occur with water pressure
increasing. Walsh [28] and Wang et al. [29] studied the
permeability under different water pressures and confining
pressures. Moreover, many researches showed that the
critical conditions existed for water inrush, such as water
pressure and excavation thickness [4, 30].

In view of this, the objectives of this study are to investigate
the mass transfer and nonlinear seepage properties of
completely weathered granite and to quantify the impacts of
water pressure and initial porosity on the water inrush evolu-
tion. To do this, we designed a new testing system that can
simulate the properties of particle transfer and stress condi-
tions, investigated the seepage-erosion properties under differ-
ent water pressures and initial porosities, and finally proposed
the critical relative conditions for water inrush.

2. Experimental System and Procedure

2.1. Testing System. As shown in Figure 1, a self-designed
large-scale triaxial testing system is made up of four parties:
a pressure control system, a particle transfer permeability
testing system, an automatic data collection equipment, and
a water and mud collection equipment. Figure 1 illustrates
the system connections and principle.

The pressure control system is used to provide a constant
stability axial pressure, confining pressure, and water pres-
sure by three independent but the same structure pressure
systems, composed of a hydraulic cylinder, gas pump, relief
valve, and water pump. In the test, after using the water
pump to fill the hydraulic cylinder with water, the gas pump
is employed to provide a constant speed water inflow into the
permeability system.

The most important part of this system is the particle
transfer permeability testing system, which is mainly com-
posed of a sample cylinder, permeable plate, flow piston,
and cone funnel. A sample cylinder, with a maximum
diameter and height of 100 mm and 300 mm, respectively,
is used to place the test sample. The permeable plate design
containing numerous “uniform and dense” holes can
ensure that the water flows evenly, and the felt filtration
pad can prevent the pores of the permeable plate from
being blocked by the sample particles. The uniform “13-
mm-diameter hole” flow piston will cause some particles
from being flown away; the remaining particles pass
through the cone funnel and can be collected by an outlet
pipe and collection equipment.

The automatic data collection equipment includes pres-
sure sensors, a camera for monitoring the flow rate, a com-
puter, and a data acquisition instrument, which are used to
collect the test pressures and flow rate (water flow velocity
and particle transfer rate). The water and mud collection
equipment includes a fine strainer and a collection container,
which are used to filter and collect the particles and water.
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TaBLE 1: Physical and mechanical parameters of completely weathered granite.

Natural density/gcm™

Natural moisture/% Porosity Permeability coefficient/cms™"

Cohesion ¢, /kPa Internal friction angle @ /°

1.9 17 0.36 4.05x107* 60.2 1.9
TABLE 2: Test scheme.
Number Water pressure (MPa) Initial porosity Total mass m, (g) Weight to each particle size (g)
Mo_025mm) M025-2mm) "23mm) MGE-5mm) M(5-10 mm)

1 0.2 0.36 3233 628.5 885.1 569.6 430.9 718.8

2 0.4 628.5 885.1 569.6 430.9 718.8

3 0.6 628.5 885.1 569.6 430.9 718.8

4 0.6 0.23 3890 756.2 1064.9 685.3 518.4 864.8

5 0.30 3536 687.5 968.1 623.0 471.3 786.1

6 0.36 3233 628.5 885.1 569.6 430.9 718.8

2.2. Testing Design and Procedure

2.2.1. Testing Sample and Design. The samples used in the test
were selected from approximately —100 strata in a typical
weathered granite tunnel engineering, in Junchang tunnel
in Guangxi Province of China [16]. Tests by the X-ray
diffraction analysis showed that the sample minerals are
quartz, illite, and kaolinite with a mass proportion of
75.2%, 19.3%, and 5.5%, respectively. Table 1 presents the
basic physical and mechanical parameters of completely
weathered granite.

According to practical engineering, the axial pressure,
conﬁning pressure, and water pressure tests were 2 MPa,
1 MPa, and 0.6 MPa, respectively. In the test, the coarse
particles (>10 mm) were screened out, and the soil particles
are classified into the following five groups based on the par-
ticle sizes using a screening test sieve machine: 0-0.25 mm,
0.25-2mm, 2-3mm, 3-5mm, and 5-10mm. The samples
used include the above five group particle sizes with the
weight designed as shown in Table 2. Furthermore, the
designed sample height and diameter were 200 mm and
100 mm, respectively.

2.2.2. Testing Method and Procedure. The samples are
required to be completely saturated by water before each
experiment. The testing fluid is water with density=
1000kg/m> and kinetic viscosity=1.01x107>Pa:s at the
standard state. To obtain stable readings, measurements
of the pressure and flow rate are performed after the
axial pressure and confining pressure are maintained at
a fixed level.
The test steps are as follows:

(1) Fill the sample: first, weigh the sample. Place and
compact the sample into the sample cylinder as layers
and then install the permeable plate and assemble the
test system.

(2) Saturate the sample: saturate the sample with a water
injection using the water pressure control system and
then measure the initial permeability.

(3) Apply the axial and confining load: apply the axial
and confining load to the sample gradually, reach
the desired values, and then keep the loads steady
until the test is completed.

(4) Apply the water pressure to the sample and collect
the test data: first, apply the desired water pressure
to the sample gradually and start the penetration test.
Then immediately monitor the test data (pressure
and flow velocity) and collect the eroded particles
and water flow every 30s.

Figure 2 illustrates the entire experimental procedure.
The criteria for the test termination are that the particles
are not eroded away and the flow water is clear.

2.3. Test Parameter Measurement and Calculation Principle.
During water flow in a completely weathered granite, the
particles will be washed away because of the effect of water
pressure, which will cause an increase in the porosity and
permeability and thus induce an increase in the water inflow.
Moreover, the flow properties may change from a Darcy flow
to a non-Darcy flow, with a consistent increase in particle
loss. Therefore, based on the mass transfer, the porosity,
permeability, water inflow evolution rate with time, a non-
Darcy flow, and water inrush can be determined.

2.3.1. Mass of Particle Transfer. In the tests, particles are
collected every 30s (At), and the particle mass transferred
in each At is Am,, Am,, ..., Am,,.

The total particle mass transfer for t; = At, + At, +--- +
At =iAt(i=1,2,...,m) is m,,

m;=Am, +Amy+---+Am; (i=1,2,...,m). (1)

2.3.2. Porosity Evolution. The sample porosity will increase
with the particle transfer. Porosity ¢, in time (¢;_, t;) is

1 .
@, =@, + W(Aml +Amy + -+ Amy)  (i=1,2,...,m),

(2)
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FIGURE 2: Experimental procedure of completely weathered granite.

where a is the sample radius; p, is the mass density of the
grain. h; is the real-time sample height, which is calculated
according to the mass transfer. To calculate the real-time
height, it is assumed that the mass transfer is approximately
from the bottom sample particles, leading to a change in
the sample height. The expression of A; is as follows:

h;=hy— —— (Am; + Am, + - + Am;)

i=1,2,...
nalp, (

,m).

(3)

2.3.3. Permeability Evolution and Non-Darcy Approach.
Under the effect of particle transfer, the sample permeability
will increase and may cause the flow pattern to change from a
Darcy to a non-Darcy flow. For a completely weathered
granite, the Reynolds number (Re) is defined as follows:

vd
Re = Ps p’

uep @

where p; is the water density, v is the average water flow
velocity, d,, is a grain diameter greater than that of 10% of
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TABLE 3: Mass transfer amounts with time to each sample (g) (partial results).
Number  Water pressure (MPa)  Initial porosity Time (min)

0 5 10 20 30 40 50 60 90 120

1 0.2 0.36 0 8.8 17.4 30.8 45.0 54.8
2 0.4 0 20.0 349 66.5 85.0 92.3 116.1 145.7
3 0.6 0 8.4 255  76.7 129.2 2057 2769 2879  345.6
4 0.6 0.23 0 13.0 225 391 67.9 86.7 99.4 101.7 113.2 120.3
5 0.30 0 38.3 62.9 88.1 116.8 137.3 149.0 164.4 240.2 259.9
6 0.36 0 8.4 25.5 76.7 129.2 205.7 276.9 287.9 345.6

the particles by weight, and p is the kinetic viscosity of
the water.

Various studies have shown that the critical Reynolds
number for a flow between a Darcy and a non-Darcy flow
is 10, and that for different porous media, this limit is slightly
different [31, 32].

When Re < 10, the flow satisfies Darcy’s law as follows:

k
V:‘E(VPJfPngZ)’ (5)

where k is the sample absolute permeability, Vpis the pore
pressure gradient, g is the gravitational acceleration, and z
is the vertical axis passing through the center of the sample
and its direction is upward.

Compared with the water pressure, gravity can be
ignored owing to the relatively small sample size, and Darcy’s
law for a one-dimensional axial flow can be simplified
as follows:

k
v=--Vp, (6)
#
where v is calculated by water inflow Q.
Q
V= (7)

In the test, the upstream end of the sample was connected
to the water pressure system, which could automatically
record the change in the pore pressure over time. The inlet
boundary at pore pressure p, was assumed to have a steady
value of p as tested and designed, whereas the outlet bound-
ary was exposed to the atmosphere, causing pore pressure p,
to be zero. Assuming that the water pressure is uniformly dis-
tributed, the pressure gradient can be simplified as follows:

aP:_Pz—Pl __E (8)

Vp=

0z h, h.

1 1

Therefore, combining (5), (6), (7), and (8), permeability
k; at moment ¢; can be obtained for the Darcy flow.

Q.“ hi .
ki:ﬁ; (i=1,2,...,m). 9)
When Re > 10, the flow rate will increase rapidly and
the flow process will enter the non-Darcy stage. The
Forchheimer equation [33] as given below, considering

the inertia force of the fluid flow, is more suitable for
depicting the non-Darcy flow.

op _u 2
T3 EV“LPf.BV’

(10)
where f3 is the coeflicient of the non-Darcy flow.

Considering the permeability to be continuously chang-
ing in the evolution process, to obtain the time evolution of
permeability, permeability k; at moment ¢; was approxi-
mately calculated by the average permeability value at time
(t; - t;;1)- Therefore, the permeability for the non-Darcy flow
can be obtained by a second-order polynomial method.

k= R ) h

) h; i=1,2,...,m),
Y (Vi ?hi = v )p i )

(11)

i

where v, is the flow velocity at moment ¢;.

2.4. Fluidized Grain Concentration. Fluidized grain concen-
tration c¢ refers to the concentration of grains dissolved in
the fluid and is defined as follows:

Am.
e (i=1,2,...,m),

= ' 12
‘ peAQ; + Am; 12

where AQ,, is the water inflow in time At.

3. Test Results and Discussion

In order to investigate the impact of water pressure and
porosity on seepage-erosion properties of completely weath-
ered granite and to propose the respective critical conditions
for water inrush, a series of tests consider the last factors as
water pressure and initial porosity were conducted, and the
mass transfer, porosity, water inflow, permeability, and the
flow pattern through the tests were also monitored. Specifi-
cally, first, the tests under different water pressures were
conducted to investigate the critical water pressure for water
inrush, and then the variable initial porosity based on the
critical water pressure was conducted to investigate the
critical porosity.

The transferred particles are collected for every 30
seconds; according to (1), the mass transfer for ¢; (i=1,
2,...,n) can be obtained as shown in Table 3. Meanwhile,
according to (2), the porosity to time ¢; can be calculated
as shown in Table 4. By data collection of water inflow
and combining (4), (9), and (11), the Reynolds number,
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TaBLE 4: Porosity with time to each sample (partial results).
Number  Water pressure (MPa)  Initial porosity Time (min)
0 5 10 20 30 40 50 60 90 120

1 0.2 0.36 0.36 0.36 0.36 0.37 0.37 0.37
2 0.4 0.36 0.36 0.37 0.38 0.38 0.38 0.39 0.39
3 0.6 0.36 0.36 0.37 0.38 0.39 0.41 0.43 0.43 0.44
4 0.6 0.23 0.23 0.23 0.24 0.24 0.25 0.25 0.25 0.25 0.26 0.26
5 0.30 0.30 0.31 0.32 0.32 0.33 0.33 0.34 0.34 0.36 0.36
6 0.36 0.36 0.36 0.37 0.38 0.39 0.41 0.43 0.43 0.44

TaBLE 5: Reynolds number with time to each sample (partial results).
Number  Water pressure (MPa) Initial porosity Time (min)

0 5 10 20 30 40 50 60 90 120
1 0.2 0.36 0 0.07 0.11 0.07 0.07 0.10
2 0.4 0 1.70 2.44 2.32 2.34 242 3.50 3.94
3 0.6 0 0.74 2.11 6.84 8.65 12.16 13.00 10.38 11.81
4 0.6 0.23 0 0.21 0.12 0.13 0.15 0.14 0.16 0.16 0.16 0.16
5 0.30 0 1.97 1.36 1.20 1.75 2.51 2.50 2.98 1.54 1.87
6 0.36 0 074 211 6.84  8.65 12.16 13.00 10.38 11.81
TaBLE 6: Permeability with time to each sample (unit: e—12 m?) (partial results).
Number Water pressure (MPa) Initial porosity Time (min)
0 5 10 20 30 40 50 60 90 120

1 0.2 0.36 0.5 4.1 5.5 6.2 6.4 6.2
2 0.4 0.5 34 4.4 4.5 4.7 4.3 6.5 7.5
3 0.6 0.5 1.0 1.8 8.4 12.1 14.9 14.6 14.1 15.6
4 0.6 0.23 0.3 4.6 3.1 2.5 3.3 33 3.9 4.0 4.1 52
5 0.30 0.4 2.4 1.8 1.3 1.7 2.7 2.8 3.5 2.0 2.0
6 0.36 0.5 1.0 1.8 8.4 12.1 14.9 14.6 14.1 15.6

permeability can be obtained, as shown in Tables 5 and 6.
All of the data are drawn in Figures 3-13.

3.1. Effect of Water Pressure on Seepage-Erosion Properties

3.1.1. Mass Transfer Properties under Different Water
Pressures. According to the field investigation, large varia-
tions of water pressure exist in the weathered zone of
Junchang tunnel, which range from 0.2 to 1.5 MPa. There-
fore, tests of different water pressures but the same porosity
(0.36) were carried out to study the critical water pressure
for water inrush, and the designed water pressures were
increased from 0.2 MPa to critical value by every 0.2 MPa.
As shown in Figure 3, the weight of particle transfer m
increases with time passes and meets maximum finally. For
p =0.2 MPa, the maximum mass transfer is 54.84 g, reaching
1.7% of the total mass, and the average mass rate (curve
slope) is 1.37 g/min. When p = 0.4 MPa, the mass transfer
and average mass rate increase to 190.42¢g and 2.5 g/min,
respectively. With the pressure increases to 0.6 MPa, the mass

transfer and average mass rate significantly increase to
354.22 g and 5.37 g/min, respectively. This is mainly because
of higher water pressure has higher water seepage ability. The
mass transfer is lower than 5% of sample total mass when
p < 0.4 MPa; however, when p = 0.6 MPa, the mass transfer
reaches the 11% of the total mass, indicating that a large
amount of particles has been eroded.

Figure 4 shows the porosity increases with water pres-
sure; the finial porosity for p =0.2, 0.4, and 0.6 MPa is 0.37,
0.40, and 0.44, a 2.8%, 11.1%, and 22.2% increase of initial
porosity, respectively. It can be obtained that the evolution
of porosity is consistent with the mass transfer.

Furthermore, the fluidized grain concentration, which
can reflect the effect of the mass generation and water seep-
age process, can be divided into two stages, namely, increased
at first and decreased at last, as shown in Figure 5. At the first
stage, owing to the high content of fine particles and low
permeability, numerous particles will be generated and
cannot be transferred, resulting in an increase in fluidized
grain concentration. In contrast, the concentration will
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decrease with the increase in seepage ability along with the
decrease in mass generation in the second stage. From
Figure 5, the peak value of concentration decreases with the
increase in water pressure, and this is mainly because of
the higher water pressure has higher water seepage ability,
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resulting in the particle transfer that is faster than mass
generation, which indicates that a water inrush channel
is easier to form.
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Therefore, it is reasonable to conclude that the particle
transfer is the key factor determining the porosity and flow
properties such as permeability and flow pattern, as discussed
in the following sections. In addition, when p > 0.6 MPa, the
mass transfer and porosity increase rapidly in a short time,
indicating that the risk of water inrush is more serious.

3.1.2. Seepage Properties under Different Water Pressures.
Water inflow, the key factor in evaluating the risk of water
inrush, is shown in Figure 6. The water inflow increases with
the increasing water pressure; the increase for p < 0.4 MPa is
linear and smaller, and the maximum value is 91.89 ml/min.
In comparison, the water inflow when p = 0.6 MPa is as high
as 395.84 ml/min, larger by over 4.3 times that when p<0.4
MPa. This indicates that there exists a critical water pressure
(0.6 MPa) to induce the significant increase of water inflow.

By collecting water inflow data and using (4), the time
evolution of the Reynolds number (Re) to variable water
pressure can be obtained, which is shown in Figure 7. As
stated by various scholars, for a flow between a Darcy and a
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non-Darcy, the critical Reynolds number is 10 [31, 32].
Therefore, it can be observed from the figure that in the
entire time, Re is linearly evolving, and the maximum Re is
3.67, which is much less than 10 when p < 0.6 MPa, indicat-
ing that the flow is a Darcy flow. However, when p=0.6 M
Pa, Re increases rapidly, exceeding 10 in 28min, and a
maximum Re of 16.7 is attained, indicating that the flow
pattern has changed from a Darcy to a non-Darcy flow after
28 min of evolution (see Table 7).

By collecting water inflow data, combining (9) and (11),
and considering the flow pattern, the time evolution of
permeability k with variable water pressure can be obtained,
as displayed in Figure 8.

Permeability increases with time, and concurrently, a
higher water pressure corresponds to a higher ultimate
permeability and permeability increase amplitude, as is
evident from Table 8, for example, ultimate permeabil-
ity and permeability increase amplitude for 0.2 MPa are
6.le—12m* and 12.2, respectively, and that for 0.6 MPa
are 1.8¢ — 11 m? and 36, respectively. Meanwhile, the increase
in permeability for p <0.6 MPa is relative smaller, while
when pressure increases to 0.6 MPa, the permeability
increases rapidly and nonlinearly.

It can be observed that the variable of seepage behaviors
such as water inflow, Reynolds number, and permeability
increased more slowly and that growth is very smaller
under low water pressure (p < 0.6 MPa), and the flow is a
Darcy linear flow. With the increase of water pressure
(p = 0.6 MPa), the evolution of seepage behaviors increased
rapidly, and the flow pattern has changed from a Darcy to a
non-Darcy flow, which means that the water inrush risk
increases seriously.

Therefore, it is reasonable to conclude that the particle
transfer is the key factor determining the porosity, perme-
ability, and water inrush. In addition, when p>0.6 MPa,
the mass transfer and porosity, water inflow, and permeabil-
ity increase rapidly in a short time, indicating that the risk of
water inrush is more serious, and it means that the critical
pressure of water inrush is 0.6 MPa.

3.2. Effect of Initial Porosity on Seepage-Erosion Properties.
Based on the above test analysis, a critical water pressure
(0.6 MPa) of water inrush was obtained for completely
weathered granite with initial porosity of 0.36. Meanwhile,
in practical engineering, the pore filling or backfilling is one
of the measures to prevent the water inrush. In order to ana-
lyze the effect of initial porosity on seepage-erosion proper-
ties, and to provide the proposed value for water inrush
prevention. Tests are carried out with different initial
porosities but with the same water pressure (0.6 MPa); the
designed porosities were decreased from 0.36 to critical
value by approximately every 16% of initial porosity (0.36),
namely, 0.36, 0.3, and 0.23 critical values.

3.2.1. Mass Transfer Properties under Different Initial
Porosities. As shown in Figure 9, the mass transfer decreases
with the decrease of initial porosity. For ¢ = 0.36, the maxi-
mum mass transfer is 354.22 g, reaching 11% of the total
mass, When ¢ decreases from 0.36 to 0.3, the maximum mass

TaBLE 7: Results of Reynolds number for different water pressures.

p/MPa  Max (Re) Time for critical Re/min Flow pattern
0.2 0.10 — Darcy

0.4 3.67 — Darcy

0.6 16.70 28 Darcy, non-Darcy

TaBLE 8: Results of permeability for different water pressures.

Initial Ultimate Total  Permeability
p/MPa permeability  permeability  time increase

k, (m?) k¢ (m?) t (min) amplitude k¢/k,
0.2 5.0e-13 6.1e—12 40 12.2
0.4 5.0e-13 7.1e—-12 76 14.2
0.6 5.0e—-13 1.8e—11 66 36

TaBLE 9: Results of porosity for different initial porosities.

Porosity

Initial Final Total . Porosity
- . . increase .
porosity porosity time amplitude increase rate
(¢o) (@) t (min) (@m0t
Po Pm ((Pm_‘/’o)/‘/’o Pm~Po
0.23 0.25 132 8.7% 0.015%
0.30 0.37 146 23.3% 0.048%
0.36 0.44 66 28.8% 0.121%

transfer decreases from 17.3% to 292.78 g, but still reaching
8.3% of the total mass; moreover, when ¢ decreases to
0.23, the maximum mass transfer decreases from 65.7% to
121.4 g, only reaching 3.1% of the total mass. This indicates
that the decrease of initial porosity is an effect measure to
restrain the mass transfer and water inrush risk, especially
when the porosity decreases over 30% of the undisturbed soil.

With the decrease of initial porosity, the porosity increase
amplitude and rate of finial porosity decrease, and the total
evolution time extends in general, as shown in Figure 10
and Table 9. For example, the evolution time, the porosity
increase amplitude, and increase rate for 0.36 are 66 min,
28.8%, and 0.12%/min, respectively, in comparison, while
when ¢ = 0.23, the evolution time extends to 132 min, twice
longer than that in ¢ = 0.36, and the porosity increase ampli-
tude and increase rate are 8.7% and 0.015%/min, respectively,
a 70% and 87.5% decrease of that in ¢ = 0.36, respectively.
This is mainly because that the sample with lower porosity
has a higher compactness, a lower permeability, and a smaller
flow channels.

3.2.2. Seepage Properties under Different Initial Porosities. As
displayed in Figure 11, water inflow decreases with the
decrease of initial porosity, for example, water inflow for
@ =0.36 is 395.84 ml/min, and the evolution curve is non-
linear, while when ¢ < 0.3, the evolution curve is kept stable
and almost unchanged; the finial water inflow is less than
100 ml/min, an over 60% decrease of that in ¢=0.36,
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TaBLE 10: Results of permeability for different initial porosities.

Initial Initial Ultimate Permeability
porosity permeability permeability increase
(9,) k, (m?) ke (m?) amplitude k¢/k,
0.23 3.1e-13 3.7e-12 12

0.30 3.9e-13 4.9e—-12 13

0.36 5.0e—-13 1.8e—11 36

indicating that the water inflow decreases rapidly when
the initial porosity decreases to 0.3, especially it decreases
30% to 0.23.

Figure 12 shows the time evolution of the Reynolds
number (Re) to variable initial porosity. It can be observed
from the figure that Re increases rapidly and nonlinearly,
exceeding the critical Reynolds number in 28 min when
¢ =0.36, indicating that the flow is a non-Darcy flow.
However, with the initial porosity decrease, the maximum
Re decreases to 4.17; particularly for 0.23, the maximum
Re is only 0.165, which is much less than 10, and in the
entire time, Re is linearly evolving, indicating that the flow
has changed from a non-Darcy to a Darcy flow.

Figure 13 shows the time evolution of permeability k with
variable initial porosity. Permeability increases with time,
and concurrently, a lower initial porosity corresponds to
a lower ultimate permeability and permeability increase
amplitude, as is evident from Table 10, for example, the
ultimate permeability and permeability increase amplitude
for ¢ =0.36 are 1.8¢— 11 m” and 36, respectively; however,
for ¢ =0.23, the ultimate permeability is 3.7e—12m’, an
80% decrease of that in ¢=0.36, and the permeability
increase amplitude is 12, a 67% decrease of that in ¢ = 0.36.
This indicates that the permeability evolution can be effec-
tively restrained when the initial porosity decreases to 0.3
below, particularly for ¢ =0.23.

Based on the above analysis of the mass transfer, porosity,
and flow properties under different initial porosities, it is
reasonable to conclude that the pore filling or backfilling is
an effective measure to ameliorate the anti-inrush properties
for completely weathered granite. In addition, when the
porosity decreases 30% of initial porosity to 0.23, the ultimate
mass transfer, water inflow, and permeability decrease 65.7%,
60%, and 80%, respectively, indicating that the risk of water
inrush was reduced significantly, and it means that the
critical porosity of anti-inrush in completely weathered
granite is 0.23.

4. Conclusions

A self-designed apparatus was developed to investigate the
evolution features of water inrush in completely weathered
granite, and a series of tests were carried out to study the
effects of water pressure and porosity on seepage-erosion
properties. The main findings were as follows:

(1) The particle transfer could cause an increase in the
porosity, permeability, and water inflow and eventu-
ally induce a water inrush disaster. Meanwhile, the
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flow pattern may be changed with the mass transfer;
at the beginning, the flow is a Darcy flow; however,
with the continuous particle transfer, the flow may
be transferred into a nonlinear flow, leading a rapidly
increase of permeability and water inflow, which is a
significant signal for water inrush.

(2) A series of tests were designed to investigate the
effects of the water pressure on water inrush evolu-
tion, and a critical value (p=0.6 MPa) that caused
the water inrush was obtained. In particular, when
the water pressure increased to the critical value, the
values of water inflow and permeability reached
395.8ml/min and 1.8e—11m? respectively, both
thrice larger than that at a lower water pressure
(p <0.4MPa), and the flow changed from a Darcy
flow to a significant nonlinear flow.

(3) Based on the tests under different water pressures,
tests with variable porosities were carried out to study
the initial porosity on the water inrush evolution, and
a critical value (¢ = 0.23) to control the water inrush
was observed. In particular, when the initial porosity
decreases to the critical value, the values of water
inflow and permeability both decrease 80% of that
in undisturbed stratum (¢ =0.36), and the flow
pattern has changed from a nonlinear flow to a Darcy
flow, indicating that the water inrush risk has been
restrained and the pore filling or backfilling technol-
ogy is an effective measure to prevent water inrush.
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The microscopic interaction mechanism between working fluids and shale reservoirs is the key basic issue for the efficient
development of shale gas. The initial water saturation of clay-rich shale is low, and the water absorption through strong
chemical osmosis is an important factor for the wellbore instability of the drilling fluid filtration loss and the low flowback rate
of hydraulic fracturing. Membrane efficiency is a key parameter in evaluating the mechanical-chemical coupling of shale-fluid
interaction. Because microcracks develop in reservoir shale, pressure transfer experiments are no longer capable of obtaining
membrane efficiency value. In this paper, the characteristics of shale water saturation are considered. The model calculating
membrane efficiency is obtained, and the shale membrane efficiency of the reservoir studied, based on the triple-layer model of
clay mineral-water interface electrochemistry. Membrane efficiency of unsaturated shale depends on the excess charge density of
the surface of the solid in different water saturations. The analysis of factors influencing shale membrane efficiency in
unsaturated reservoirs shows that the shale membrane efficiency decreases with the increase of water saturation under
unsaturated conditions. The partition coefficient of counterion in the Stern layer, cation exchange capacity, and solute
concentration in pore fluid will affect the membrane efficiency of unsaturated shale. The membrane efficiency of the reservoir
section shale in Fuling area is calculated and analyzed, and the water-absorbing capacity by chemical osmosis of the reservoir

interval shale is evaluated based on the membrane efficiency model of unsaturated shale.

1. Introduction

Horizontal wells with long horizontal sections and staged
fracturing technology are the key technologies for the suc-
cessful development of shale gas. The engineering practice
of shale gas drilling and production has found that phenom-
ena such as drilling fluid filtration loss promote instable
propagation of microcracks in boreholes within surrounding
rock. Low backflow rates of hydraulic fracturing are wide-
spread [1, 2]. Compared with conventional oil and gas reser-
voirs, shale has low initial water saturation but large potential
for water absorption. The dynamic force of shale reservoir
imbibition working fluid mainly includes two aspects: (1)
the development of micronanopores with strong capillary
force and (2) strong mechanical-chemical coupling and

interaction between working fluid and shale reservoirs due
to high clay mineral content [3-5].

Chemical osmosis is a kind of infiltration driven by
chemical gradients. Shale with semipermeable membrane
properties is present in the concentration gradient, which will
produce corresponding chemical osmotic pressure. The
chemical osmotic problem in clay-rich shale is relevant to
geophysics, environmental science, civil engineering, petro-
leum industry, and so forth.

Membrane efficiency is a key parameter in the study of
mechanical-chemical coupling in the interaction between
shale and fluid. Membrane efficiency represents the ability
to restrain solute migration but allows solvent migration of
a semipermeable membrane, defined as the ratio of hydraulic
pressure caused by chemical osmosis to ideal osmotic pressure
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when balanced on both ends of a semipermeable membrane
[6]. Shale is usually a nonideal semipermeable membrane,
whose efficiency is between 0 and 1. The value can be obtained
by a pressure transfer experiment under different chemical
potential (Cretaceous clay [7]; Wakkanai mudstones [8];
Ghom shale [9]).

A great deal of research has been carried out by related
scholars on the microscopic mechanism of chemical osmosis
and the experiment of coupling effects, and several theoreti-
cal models of membrane efficiency have been proposed
[10]. According to the irreversible thermodynamic coupling
flow theory, Katchalsky and Curran [11] considered that,
under static conditions, thermodynamic force on the semi-
permeable membrane is in balance with the sum of mechan-
ical friction forces produced by various components of
solution in the membrane. Marine and Fritz [12, 13] further
developed the model and calculated the rules of the mem-
brane efficiency of four types of clay minerals: montmorillon-
ite, chlorite, illite, and kaolinite, varying with porosity in
solutions with different concentrations of NaCl. This model
predicted that shale membrane efficiency would be higher
at low porosity and high cation exchange capacities.

Based on the Gouy-Chapman diffuse double layer theory
(DDL), Kemper and Rollins [14], Letey et al. [15], and
Kemper and Quirk [16] superimposed ion exclusion factors
in the water membrane thickness of clay particles. The theory
proposes a theoretical model of membrane efficiency. It
shows that the membrane efficiency under the action of the
monovalent cation solution is higher than that of the divalent
cation solution, and the membrane efficiency under the
action of the divalent anion solution is higher than that of
the monovalent anion solution. Based on this theory, Bresler
[17] further found that membrane efficiency is related to the
water membrane thickness and solution concentration of the
clay particles, and that membrane efficiency decreases with
the increase of the product of the water membrane thickness
and the square root of the solution concentration. Bader [18]
summarized the model and produced a calculation formula.
By using the Bresler membrane efficiency model, the mem-
brane efficiency of Pierre Shale [19, 20], Ponza bentonite
and Bisaccia clay [21], Boom clay [22], and Callovo-
Oxfordian clay [23] was studied.

Neither Marine and Fritz’s model nor Kemper and
Bresler’s model, can directly characterize the influence of
water saturation on the membrane efficiency of unsaturated
porous media. Aiming at the electrokinetic problem of
clay-rich porous media, Leroy and Revil [24] proposed a
triple-layer model (TLM) that describes the electrochemi-
cal properties of clay minerals. By using this model, the
charged triple-layer structure of Stern and diffuse layers
in clay-water interfaces was analyzed: the calculated results
of ¢ potential and low-frequency (few kHz) surface con-
ductivity show that the structure has good applicability
to the 1:1 type (kaolinite) and 2:1 type (montmorillonite)
of clay minerals. Using the triple-layer theory, Revil et al.
[25] and Gongalves et al. [26] studied the multifield coupling
flow regularity of clay-rich porous media fluid. The computa-
tional model of membrane efficiency was obtained and applied
in aspects such as ion diffusion of Callovo-Oxfordian argillite,
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fluid migration, and electrokinetic coupling. Concerning
water saturation, the model is also applicable to unsaturated
porous rocks [27, 28].

Based on the triple-layer model of clay-water interfaces
established by Leroy and Revil [24], a computational model
of unsaturated shale membrane efficiency is established in
this paper by using the coupling constitutive equations of
heterogeneous porous media. Taking water saturation into
account, the change law of the membrane efliciency of clay-
rich porous media is analyzed by numerical calculation.
Finally, the theory is applied to predict the membrane
efficiency of reservoir shale in Fuling area. The distribution
law of the membrane efliciency under initial water-
saturated condition is obtained, and the water-absorbing
capacity by chemical osmosis of per unit pore of the shale
in the reservoir section is evaluated.

2. Electrochemical Properties of a
Clay-Water Interface

The semipermeable membrane property of shale can be
attributed to the charged structure on the surface of clay
mineral. Clay platelets are close to each other in low aperture
shale, and electrical fields overlap while charged ions are
blocked in this channel. At this moment, the channel will
act as a semipermeable membrane effectively (Figure 1(a)).
However, if the two clay platelets are far apart, and their elec-
trical fields do not overlap (Figure 1(b)), then ions can pass
through the channel freely. The clay particle act as a nonideal
semipermeable membrane [29, 30].

The surface of a shale clay mineral has negative
charge, attracts the counterions (cations) in the liquid
phase in the shale pore, and repels the electrostatic of
the same sign ion. At low water saturations, the counter-
ions are packed in a smaller volume and therefore the
effective excess charge density of the pore water is relatively
high. At high water saturations, the excess charge density of
the pore water is relatively low, such as illustrated in
Figure 2. Membrane efficiency of unsaturated shale depends
on the excess charge density of the surface of the solid in differ-
ent water saturations.

A triple layer structure with the opposite sign and equal
amount of charge appears on both sides of the solid-liquid
interface. As shown in Figure 3, the layers of the clay
mineral-water interface are as follows: the inner Helmholtz
layer (IHP), the outer Helmholtz layer (OHP), and the diftuse
layer. The IHP and OHP form the Stern layer, which firmly
adheres to the solid surface. In the event of an electrokinetic
phenomenon, the Stern layer moves with the solid particles
and causes relative sliding within the diffuse layer. The
interface between the Stern layer and the diffuse layer is
called the shear plane. The potential difference between
the shear plane and the solution body is called { potential.
The magnitude of { potential reflects the degree of charge
within the solid particles.

The porous shale is saturated by two immiscible phases,
with one wetting phase for the solid phase and one nonwet-
ting phase. The pore water comprises the water molecules,
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FIGURE 3: Sketch of triple-layer model of the clay-water interface.

plus solute species and the nonwetting phase is shale gas. In
the reference state, the water saturation is defined by

Sy = — (1)

where 0 is the water content (volume fraction); ¢ is
connected porosity.

We denote by S, the contact area between the shale solid
phase and the wetting phase and by S, the contact area
between the nonwetting phase and the wetting phase. Q,
represents the charge density of the surface minerals; Qg
represents the charge density of the Stern layer; finally, Qg
represents the charge density of the diffuse layer [26].

Qs=Q + Q. (2)

Ignoring the gas/water interface charge, the porous shale
electrical balance equation is

_ S
Qu+ Qs =0, (3)



where V, is the volume of pore water in the representative

elementary volume (REV), m’ Q(\), is the volume charge
density of the pore space in fully saturated rock, C/m>. Under
unsaturated conditions, when the water saturation is s,,, the
effective charge density Qy is

Q= (4)

Under saturated conditions, the total charge density of
counterion per unit pore volume Q(‘), (C/m?) is

@} = p, P cc, (5)

where p, is the grain density of shale, kg/m®; CEC is cation
exchange capacity, meq/g.

The volume charge density of counterion in rock pore
space is

Q?/: (1 _fQ)Q(\)/) (6)

where f, is the distribution coefficient and represents the
distribution ratio of counterion in the Stern layer.

Q 0
ZizlzirX,M
0 S
ZfﬁlzifxiM + ZglzirXiM

fQ: > (7)

where r?{,.M and F)S(iM are, respectively, the surface position
densities of counterion absorbed in the Stern layer and
diffuse layer; Q is the type number of counterion in the
electrolyte, z is the valence.

3. Membrane Efficiency of Unsaturation
Porous Media

In isothermal conditions, the macroscopic flux of the salt, J,
the macroscopic current density, J., and the Darcy velocity,
J;, are all cross-coupled macroscopic fluxes. These fluxes
are all dependent on thermodynamic forces, taken here as
the gradients of the thermodynamics potentials. They are
the chemical potential of the salt, u;, the electrical potential,
v, and the effective pore fluid pressure, p [25].

_ 1 ) .
_ _ _ze _(G:_Ue) 0
2), - (C, +C)J; € €
_ 1, .,
]c - QV]f == E(Ge - ae) O 0
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The chemical potential gradient and osmotic pressure
gradient are, respectively,

Ve =kyTV In Cy, 9)

V= 2k, TVC;. (10)

There is a relationship between the chemical potential
gradient and osmotic pressure gradient:

vufzvgcf. (11)

By coupling the flow constitutive equation, the influence
of flow potential on total current density is neglected:

1
]c=_2<0: —O'g)V[/lf—O'eVl//. (12)

Additionally,

g
—<=1-T.. 13
e (13)

o+

T+

€

T; is the Hittorf number of the cation:

/3+(\/ﬁ§f+1z)

e = ﬁ+(m+R> +,8_(\/1~+7%~2—R),

(14)

where f3, are the mobilities of anion and cation in water,
m?/s-V.

There is
1 . 1 o 7T
Vyly o= 2(1 —2T)Vue = E(l _2Te)V§Cf~ (15)
By
p=p-m,
C++67=2Cfm) (16)
R= Q .
ZeCf

Additionally, the Darcy velocity in constitutive equation is

o
Ji== (€ C)Vu+ Qe Vel (1)
f

and becomes

k
Jf:-n_{ L+ RV + R(1-2T{)V + Vp - V).
f

(18)
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TaBLE 1: Analysis parameters of membrane efficiency.

Parameters Value Units

e 1.6x107" C

B, 5.19%x 1078 m*s V!
B 7.91x1078 m2s vt
Pg 2655 kgm™
¢ 4.2 %

fa 0.94 —
CEC 0.07 meq-g !
Cs 0.10 mol-L™*

Note: The mobilities of ions in water is 298 K NaCl aqueous solution.

According to the definition of membrane efficiency of
chemical osmosis,

k
Jg=——[Vp-aVn],
¢

o= (AP> .
A J=0

Contrasting (18), the membrane efficiency expression of
unsaturated porous media can be obtained as follows:

(19)

o0=1-V1+R —R(1-2T%). (20)
4. Sensitivity Study

The physical and chemical parameters related to the shale of
organic-rich reservoirs are substituted into the above for-
mula, and the variables are controlled appropriately. Then,
the change laws of the counterion partition coefficients of
the Stern layer, as well as the cation exchange capacity and
the shale membrane efficiency under the influence of the
solute concentration in pore fluid, are obtained under unsat-
urated conditions. The relevant data used in the calculation
are shown in Table 1.

4.1. Partition Coefficient of Counterion in the Stern Layer. By
(10), the partition coefficient f, is defined as the surface
concentration of counterions in the Stern layer, divided by
the total surface concentration of counterions in both the dif-
fuse layer and the Stern layer. By using the triple-layer model,
Leroy and Revil [31] calculated and obtained that the pure
clay mineral kaolinite f , is 0.98, illite f, is 0.90, and smectite
fq is 0.85. Revil [32] analyzed the electrical double-layer
structure of argillaceous sandstone and obtained that f, is
from 0.89 to 0.99. With high solute concentration in pore
fluid, the charged layer is compressed, and the specific gravity
of the counterion in the Stern layer is larger. The value of f,
ranges from 0.90 to 0.98 for sensitivity analysis of the param-
eter in this paper.

The calculated results of membrane efficiency varying
with water saturation under different partition coefficients
are shown in Figure 4(a). The membrane efficiency decreases

with the increase of water saturation when the partition coef-
ficients are different. The partition coefficient of counterion
in Stern layer approaches 1, and the membrane efficiency
approaches 0 when under full-saturated conditions. At this
time, shale cannot act as a semipermeable membrane. The
membrane efficiency decreases at different rates while water
saturation increases. When the water saturation increases to
60%, the reduction of membrane efficiency decreases. The
larger the partition coeflicient is, the larger the reduction of
membrane efficiency is. As shown in Figure 4(b), for shale
with different water saturation, the membrane efficiency
decreases with the increase of partition coeflicient; if the par-
tition coefficient is greater than 0.96, the reduction of shale
membrane efficiency, varying with the increase of partition
coefficient, is larger with different levels of water saturation.

4.2. Cation Exchange Capacity (CEC). The CEC represents
the capacity of a porous material to exchange cations between
the mineral surface and the solution in pore fluid. According
to the clay mineral content and composition of reservoir
shale, sensitivity analysis of cation exchange capacities in
the range of 0.03-0.13 meq/g was carried out, with the curve
of membrane efficiency varying with water saturation under
different CECs and the curve of membrane efficiency varying
with CEC under different water saturation. The results are
shown, respectively, in Figure 5.

With a different cation exchange capacity, the trend of
membrane efficiency decreasing with the increase of water
saturation is different. The membrane efliciency of low
CEC shale further decreases with the increase of water con-
tent, and the membrane efficiency is lower under saturated
conditions. Too low of a cation exchange capacity will render
the shale ineffective as a semipermeable membrane, and
higher cation exchange capacity of the shale corresponds
with higher membrane efficiency under full saturated condi-
tions. This conclusion is consistent with the research results
of Marine and Fritz [12]. Under different water-saturation
conditions, the membrane efficiency will increase with the
increase of CEC and will change from rapid increase to a gen-
tle increase. Shale membrane efficiency is higher with low
water saturation and high cation exchange capacity.

4.3. Solute Concentration in Pore Fluid. Fluid salinity is high
in marine sedimentary shale formations. The study of the
effect of solute concentration in pore fluid on shale mem-
brane efficiency under unsaturated conditions is conducted
in the range of 0.02~0.27 mol/L. As shown in Figure 6, the
membrane efficiency decreases with the increase of water sat-
uration under different solute concentrations in pore fluid.
Under full saturated conditions, the solute concentration in
pore fluid of shale acting as a semipermeable membrane
grows higher as membrane efficiency grows lower. This con-
clusion agrees with the research of Bresler [17] and Bader
[18] in their study of membrane efficiency and solution con-
centration. Under unsaturated conditions, shale membrane
efficiency also decreases with the increase of solute concen-
tration in pore fluid. As solute concentration increases, the
reduction rate of membrane efficiency is initially quick but
later becomes slow. It eventually tends to gentle decline.
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5. Application

Membrane efficiency of Fuling shale was analyzed by using the
abovementioned unsaturated porous membrane efficiency
model, which in consequence evaluated the water-absorbing
capacity by chemical osmosis of the shale.

5.1. The Cation Exchange Capacity of Reservoir Shale.
Through experiments with five reservoir shale samples in
the Fuling area, the cation exchange capacity of shale was

determined to be 0.058~0.094meq/g, and the value of
specific surface area is between 16 and 28 m*/g. The experi-
mental results is close to the research of Fuling shale obtained
by Lin et al. [33]. In contrast with the cation exchange
capacity of different single clay minerals and argillaceous
sandstone [34], the cation exchange capacity of Fuling shale
is low, as shown in Figure 7.

The experimental results of rock core, whole-rock mineral
content in the reservoir interval, show that the content of clay
minerals is 17.5%~59% with an average of 38.26%, which
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shows an upward trend from bottom to top. The clay minerals
mainly include mixed layer minerals of illite/smectite and
illite, followed by chlorite (Figure 8). The ratio of illite/smectite
in mixed-layer minerals is 10%. The low cation exchange
capacity of the major clay minerals is responsible for the low
cation exchange capacity of the Fuling shale.

Aiming at the reservoir shale containing multicompo-
nent clay minerals in the whole well, its cation exchange
capacity is determined by the clay mineral content of each

component and the cation exchange capacity of a single
mineral [35].

CEC = x,CEC; + x-CEC + xsCEC;, (21)
where y; and CEC, are, respectively, the mass fraction of the
clay mineral component i and the cation exchange capacity,

the subscripts I, C, and S, respectively, represent illite, chlo-
rite, and smectite.
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TaBLE 2: Cation exchange capacity of different clay minerals.

Clay minerals CEC (meq/g) Reference value (megq/g)

Smectite 1.00 0.80~1.50
Illite 0.25 0.10~0.40
Chlorite 0.15 0.10~0.40

According to the reference range for the cation exchange
capacity of each clay mineral, the shale clay mineral content
and measured shale cation exchange capacity were fitted to
determine the CEC calculated values of the three clay
minerals, as shown in Table 2.

In Figure 9, the distribution results of clay mineral
content show reservoir interval shale and CEC varying with
depth. As the depth of the well increases, the total amount
of clay minerals decreases. The contents of three types of clay
minerals thus decrease in turn. The shale cation exchange
capacity is mainly in the range of 0.06~0.12 meq/g, decreas-
ing with the increase of well depth.

5.2. The Membrane Efficiency of Reservoir Shale. Parame-
ters such as reservoir interval core porosity and initial
water saturation are used as they are substituted into the
shale membrane efficiency model. Additionally, the vertical
distribution of shale membrane efficiency under the origi-
nal formation condition is calculated and obtained, which
is used to characterize the water-absorbing capacity by
chemical osmosis.

The calculating parameters and results regarding reser-
voir shale are shown in Figure 9. Shale grain density ranges
from 2581 to 2790 kg/m’, decreasing with the increase of well
depth. The porosity of reservoir shale is mainly in the range
of 3%~5%; the minimum value is 1.95%, and the maximum
value is 5.27%. The overall trend is as follows: the shale
porosity increases as well depth decreases. Initial water

saturation of cores is measured in the range of 20%~60%,
which is highly correlated with shale clay mineral content
and decreases with the increase of well depth. Solute concen-
tration in shale pore fluid is equivalent to 0.2 mol/L NaCl
solution. The calculated initial water-saturated membrane
efficiency of shale is mainly in the range of 0.4~0.6. The min-
imum is 0.38; the maximum is 0.73; and the average is 0.48.
Although reservoir interval shale grain density, porosity,
initial water saturation, and cation exchange capacity each
correlate with depth by their own law, the initial water-
saturated membrane efficiency of shale does not change
significantly with depth under the comprehensive influence.

With water saturation at 100%, the membrane efficiency
of reservoir shale under full water-saturated conditions is cal-
culated, with results being shown in Figure 9. The membrane
efficiency of shale under full water-saturated conditions is
mainly in the range of 0.05~0.25; the minimum is 0.02, and
the maximum is 0.31. As the calculating values of water
saturation are the same (100%), the membrane efficiency of
shale shows a good correlation law with well depth, and the
membrane efficiency of shale decreases with the increase of
well depth.

5.3. Water-Absorbing Capacity by Chemical Osmosis of
Reservoir. The reservoir shale has high membrane efficiency
at initial water saturation. Water absorption increases water
saturation, causing membrane efficiency to decrease. Accord-
ing to calculation results in Section 5.2, initial water satura-
tion and membrane efficiency of a reservoir interval core
under saturated conditions both change regularly as the well
depth changes. To characterize the chemical osmotic kinetics
of unit pore volume in the process of water absorption, its
membrane efficiency is calculated on a range from initial
water saturation s to a full water saturated condition.
Formula (22) is used to integrate membrane efficiency within
the scope of the water adoption saturation and to
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Figure 10 calculates the membrane efficiency of some
layers of the reservoir shale by using the average of various
physical property parameters. The initial water saturation
of each layer shale increases with the number of layers, and
the corresponding initial water-saturated membrane effi-
ciency is close. Membrane efficiency decreases with the
increase of water saturation, and the membrane efficiency
of shale water adoption under saturated conditions increases
with the number of layers. However, the integral interval
decreases as it moves from initial water saturation to a full
water saturated condition, leaving no obvious difference
between the integral values of membrane efficiency of water
absorption interval.

Longitudinal changes within the water-absorbing capac-
ity by chemical osmosis of reservoir interval shale are shown
in Figure 9, and the average value of each layer is shown in
Table 3. The water-absorbing capacity by chemical osmosis
per unit pore of shale is mainly within the range of
0.14~0.17, the overall difference between the layers being
not large. The minimum average value is found in the
layer, whereas the average value of @ layer is the largest.
Under the condition that there is not much difference in
water-absorbing capacity by chemical osmosis per unit pore

of reservoir shale, the water absorption capacity of each layer
of shale depends more on its porosity.

6. Conclusion

(1) Based on the electrochemistry theory of a clay
mineral-water interface, a computational model of
the shale membrane efliciency considered water satu-
ration is obtained by using the constitutive equation
of multiphase porous media coupling and parameter
transformation.

(2) Under unsaturated conditions, the membrane effi-
ciency of shale will decrease with the increase of
saturation of water. At high partition coefficient of
counterion in the Stern layer, high cation exchange
capacity, and low solute concentration in pore fluid,
the membrane efficiency of shale is relatively high.

(3) The clay minerals within reservoir shale in Fuling
area have a low cation exchange capacity, and the cat-
ion exchange capacity of reservoir shale is mainly in
the range of 0.06~0.12 meq/g, which decreases with
the increase of well depth.

(4) Calculations of membrane efficiency of Fuling shale
show that it is mainly in the range of 0.4~0.6 under
initial water saturated conditions, and a change
trend at each layer is not obvious when observed
at different depths. With the increase of water
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TaBLE 3: Water-absorbing capacity by chemical osmosis of reservoir shale.
Grain density o Initial water Clay CEC Initial membrane Saturated Water—al?sorblng
Layer 3 Porosity % . . membrane capacity by
kg/m saturation %  content % meq/100g efficiency . - .
efficiency chemical osmosis
® 2766 3.59 55.20 52.26 11.28 0.4881 0.2414 0.1577
2762 4.66 52.01 53.10 12.15 0.4314 0.1687 0.1351
@) 2754 2.97 51.75 39.70 9.02 0.5018 0.2296 0.1689
® 2742 3.09 51.14 39.83 9.14 0.4934 0.2170 0.1654
® 2717 3.99 42.70 39.56 9.43 0.4679 0.1335 0.1544
® 2712 3.26 41.55 31.82 7.41 0.4661 0.1239 0.1527
® 2645 3.20 36.20 27.29 6.47 0.4647 0.0858 0.1457
©) 2618 3.02 30.37 23.40 5.85 0.5139 0.0731 0.1615
® 2631 3.69 27.85 32.20 7.75 0.5766 0.0922 0.1954
saturation, the membrane efficiency of shale under (5) The membrane efficiency of shale should be integrated
full water-saturated conditions is mainly in the from the initial water saturation to full water-saturated
range of 0.05~0.25, and it decreases with the conditions, and characterize the water-absorbing

increase of well depth. capacity by chemical osmosis per unit pore of shale.
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The calculated results show that there is no obvious
difference in water-absorbing capacity by chemical
osmosis per unit pore between each layer at different
depths of reservoir interval shale in Fuling area.

Nomenclature

C;:  Concentration of the solute (mol-L™")

CEC: Cation exchange capacity (Ckg™")

e: Elementary charge (C)

fqi  Fraction of charge located in the Stern layer

] Macroscopic current density (A-m™)

J;:  Darcy velocity (m-s™")

IR Macroscopic flux of the salt (mol'm>s™)

k Intrinsic permeability of the shale (m?)

kg:  Boltzmann constant J-XKh

K. Distribution coeflicient of the solute in the membrane
p Intrinsic pore fluid pressure (Pa)

p Effective pore fluid pressure (Pa)

Q,:  Charge density of the surface minerals (C-m~?)
Qs:  Charge density of the diffuse layer (C-m~?)

Qp:  Charge density of the Stern layer (Cm™)

Qy: Effective charge per unit pore volume of the shale
(Cm™)

Total charge density (C-m™>)

v

QQ/: Pore charge density of the water-saturated shale
(Cm™)

R: Electrical conductivity dimensionless number

syt Water saturation

Saw: Surface area of the interface between shale gas and
water (m?)

St Surzface area of the interface between shale and water
(m?)

T: Temperature (K)
T!:  Macroscopic Hittorf numbers
Volume of the pore water in the representative ele-
mentary volume (m?)
B.:  Mobilities of the cation and anion in water
- (m2s v

pg: Bulk density of the grains (kgm™)

0: Water content

¢: Porosity of the shale

pg: Chemical potential of the salt (J)

v Electrical potential (V)

T Osmotic pressure (Pa)

o: Membrane efliciency

o, Electrical conductivity of the shale (S-m™")

o,:  Contribution of ions to the total DC-electric conduc-
tivity (Sm™).
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The development of the fissures in soluble rock of karst areas directly affects the construction and operation safety of tunnel
engineering. It is thus of theoretical and practical significance to study the characteristics of its corrosion and its influencing
factors. Taking the Wulong tunnel as the research object, the numerical model of the study area was established to
quantitatively analyze the corrosion range, corrosion ratio, and changes in the permeability and porosity of the fissures in
soluble rock of karst areas of the tunnel over the past 100 years, and the simulation results were verified by field experiments.
The results show that the main controlling factor of the fissure corrosion of the tunnel in the karst area is the flow rate. The
corrosion range and corrosion ratio of the fissures of the tunnels in the karst area increased with temperature because the
reaction rate constant increased with temperature, causing the reactions’ equilibrium to move towards the direction of the
solution. The larger the initial permeability and the larger the porosity of the fissures, the faster the fissures corrode. In the same
time period, the fissures with high permeability and large porosity will lead to the permeability and porosity being more
enhanced, thus causing the corrosion of the fissures to exhibit secondary enhancement effects. The opening of the dead-end
pores greatly enhanced the permeability and slightly increased the porosity, which caused the differential corrosion of fissures in
the karst area. The protection of the tunnel should be strengthened, mainly in strong hydrodynamic conditions and in the

fracture development zone.

1. Introduction

Carbonate rocks account for 35% of the land area distribu-
tion of China [1, 2]. The karst development is very strong
in Southwest China, which often led to geohazards and a
variety of accidents of engineering construction [3-8]. Due
to the distribution of abundant mountains in Southwest
China, the ratio of bridges and tunnels relative to roads or
railways is mostly over 70%, some up to 90% [2, 9, 10]. The
karst caves and subterranean rivers that are broadly distrib-
uted in karst regions often lead to accidents during tunnel
construction and increase the cost of the tunnels’ operation
and maintenance [9-11]. The Wulong tunnel is one of the
representative tunnel projects in the karst area of Southwest
China. According to a preliminary investigation, karst doline,
karst caves, and subterranean rivers were found in the tunnel
crossing area [2, 9, 10].

Elucidating the corrosion mechanism of carbonate rocks
helps us analyze the corrosion development of the fissures in
soluble rock of karst areas. Scholars have carried out many
studies on the influence factors of karst development through
experiments, numerical simulations, and other methods
[12-24]. These studies showed that the corrosion of carbon-
ate rocks was influenced by internal factors, such as geologi-
cal structures and rock compositions, as well as external
factors, such as flow rates (rainfall), temperature, and pH.

In terms of the impact of fissures on karst corrosion,
scholars have found that faults and fractures play a vital role
in karst corrosion [25-27]. They found that in the unidirec-
tional one-dimensional limestone fissures, the corrosion rate
of the limestone fissures shows a nonlinear increase with
time [16, 28-33]. At the same time, scholars have also stud-
ied the characteristics of fissures and pore evolution under
two-dimensional [14] and three-dimensional conditions
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[17, 34-37]. In addition, by studying the changes in the
microstructures of the carbonate rocks that were corroded,
it was determined that corrosion is first determined by the
lithology and its own structure [38-40].

As for the influence of external environmental factors,
such as flow rates, on karst corrosion, which are based on
the basic principles of mineral dissolution, scholars obtained
the basic differential equation of calcite dissolution rates
through experimental research and mathematical statistics
[15, 41]; based on the corrosion law and surface corrosion
theory of carbonate rocks, it was concluded that the flow rate,
surface area, and concentration of major ions obviously affect
the dissolution [22, 23, 42-44]. To assess the temperature
factor, carbonate rock corrosion experiments between 0°C
and 250°C were conducted, using rate equations for the cor-
responding temperature conditions to discuss the influence
of temperature on the dissolution, precipitation, and surface
corrosion of carbonate minerals [13, 19, 21, 23, 45-51]. In
terms of pH, under natural conditions, the pH change in rain
water is mostly caused by changes in the CO, content of air
[22, 23, 28, 52]. Scholars found that the variation of pCO,
in the range of 1~50 atm obviously affected the corrosion of
carbonate minerals [22, 23], while at pCO, values of lower
than 0.1 atm, pCO, had very little influence on the corrosion
of carbonate minerals [28, 52, 53].

For tunnel engineering in a karst area, the geological and
hydrogeological natural conditions must be taken into
consideration [54]. The systematic study of the corrosion
mechanism by numerical simulation and field experiments
is of great importance for tunnel operation and maintenance.

In this paper, the Wulong tunnel, a typical tunnel project
in Southwest China, was studied. The corrosion range, cor-
rosion ratio, and changes in the porosity and permeability
of karst cracks in the tunnel vault within a timeframe of
100 years were analyzed, and the differences in corrosion
were discussed.

2. The Background of the Wulong Tunnel
Engineering Area

The Wulong tunnel is located in Wulong County of China
(Figure 1) with a full length of 9418 m; it stretches along
with the Wujiang Canyon and goes through the Wuling
Mountains, with a maximum burial depth of approximately
830m. The middle part of the tunnel passes through
3800 m of soluble rock. Many karst caves and subterranean
rivers have been found in the Wulong tunnel engineering
area. Therefore, the engineering geological and hydrogeolo-
gical conditions in the tunnel area are very complicated.

Wulong County is subtropical, with four distinct seasons,
rain and heat over the same period, temperatures between
-3.5°Cand 41.7°C, and annual precipitation of approximately
1000-1200 mm.

Carbonate rocks and clastic rocks are predominant in the
Wulong tunnel area. For the lithology of the tunnel from
entrance to exit, see Table 1 and Figure 2.

The study site is located within the Maokou limestone
formation (P, ,,)), and it is close to the Wujiaping Formation
(P,,,), which is a set of coal-bearing strata near the contact
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zone of insoluble and soluble rock. A large “Tiankeng,” a
karst doline (Yangaotuo doline), can be found on the ground
above the tunnel (Figures 3 and 4(a)). The karst phenome-
non is very developed near the area of the tunnel, and karst
caves can be found in nearby strata (Figure 4(b)).

In the study area, groundwater mainly receives rainfall
infiltration, and the recharge, runoff, and discharge are con-
trolled by topography, lithology, and faults. Karst groundwa-
ter flows to the Wujiang River in the form of subterranean
rivers and springs in the tunnel area. The 2* and 3” subterra-
nean rivers pass through the middle section of the tunnel
area, which is the most karst-developed section of the whole
tunnel, having karst caves and karst funnels (Figures 2-4).
The 2% river is located 4496m from the tunnel entrance
(Figure 2). The 3* river is located 4643 m from the tunnel
entrance. The two subterranean rivers are both nearly
orthogonal with the tunnel line. The 2* and 3" subterranean
rivers inrushed into the tunnel many times during the tunnel
construction, which caused great difficulties in the tunnel
engineering construction and maintenance [55].

Karst fractures increase the contact area of water and
carbonate rock, which is helpful to promote the corrosion
of carbonate rock, and have a certain effect on the stability
of tunnel bedrock. Moreover, the tunnel vault is one of the
most vulnerable parts of a tunnel, and it is prone to cause
tunnel accidents. Therefore, in this study, the most vulnera-
ble area, the tunnel vault fracture zone, which is located
under the Yangaotuo karst funnel and above the 2* and 3*
subterranean rivers, was chosen as the key study area
(Figures 2 and 3).

3. The Fissure Evolution Model and Simulation
Scheme in the Karst Area of the Tunnel

3.1. Conceptual Model of the Fissures in the Karst Area of the
Tunnel. According to field investigations, the geological/
hydrogeological conditions, length, hydrochemical charac-
teristics, and flow rates of 2* and 3" subterranean rivers were
similar. A conceptual model was established for the study
area, the main fissure, and the damage zone, which is above
the 2 subterranean river (Figure 5). Based on previous inves-
tigations about the impact zones of different sizes of faults
and fissures [56-61], the widths of the impact zones are gen-
erally 5-10 meters. In this study, the length and width of the
impact zone of the tunnel fracture zone are all set to 24
meters, and the height of the simulated area was set as 60
meters based on the saturated zone above the vault of the
tunnel. In field conditions, groundwater infiltrates from the
top fracture zone, flowing through fissures and finally con-
verging into the subterranean rivers. In the model, the upper
and lower boundaries of the model were set as constant flow
boundaries, and the lateral boundaries were set as no flow
boundaries (Figure 5). In the horizontal direction, the length
of the long fissures is approximately 80 m and the length of
the short fissure is approximately 5m (Figure 5).

3.2. Numerical Model. The numerical model was constructed
based on the conceptual model. The modeling area was
divided into 10 layers in the vertical direction, with each layer
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FIGURE 1: The location of the study area and tunnel project.
TaBLE 1: Formation lithology of the Wulong tunnel area.
System Formation Lithology
Jurassic Zhenzhuchong T1s Dark-brown shale and mudstone, light-gray sandstone
Xujiahe Tsy Dark-brown shale, light-gray sandstone
The upper part is dark-brown shale and marlstone.
Triassi Leikoupo Ty The middle part is dark-brown shale and light-gray sandstone.
T1assic The lower part is gray limestone
Jialingjiang Ty Gray limestone intercalated with dolomitic limestone
Feixianguan T Gray limestone, dark-brown shale
Changxing P,. Dark-gray limestone
) Wujiaping P,. Dark-gray limestone
Permian .
Maokou Pim Gray and dark-gray limestone
Liangshan Pigu Limestone intercalated with bioclastic limestone
Silurian Luoreping Sur Gray and dark-gray mudstone
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FIGURE 4: Karst phenomena in the study area ((a) karst doline; (b) karst caves).
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being 6 meters high, and the horizontal direction was divided
into 6 columns, with each column being 4 meters wide; over-
all, the numerical model area was divided into 360 grids
(Figure 6). The central part of the model is the fracture core
zone; moving outward from this zone are the damage zone
and protolith zone successively. In addition, the permeability
and porosity decrease from the central part of the fracture
zone to both sides outward (Figure 6).

3.3. Model Parameters and Simulation Scheme. According to
previous research data [9, 10], the permeability of the karst
fracture zone in the simulation area is between
1.8x 107" m* and 1.3 x 107'° m?. The average permeability
of 7.4 x 10" m* was taken as the permeability of the fracture
core zone. To study the impacts of porosity and permeability
on corrosion, a high-permeability condition of 7.4 x 10" m”
and a low-permeability condition of 7.4x107'* m?> were
additionally assigned to the fracture core zone in our study
based on its range of empirical values. The permeability of
the protolith is approximately 1x 107" m*~2.8x10™"> m?
according to the measured data of the porosity and

(m)

Injection

Fracture core

Damage zone

Protolith

24 24 (m)

FIGURE 6: Numerical model.
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TaBLE 2: Model parameters.
Category Density (kg/m?) Porosity Water pressure (Pa) Permeability (m?)
Protolith 2680 7% s 5 1.5x107"
1x10°~6 x 10 “12
Fracture core 2000~2280 20%~35% 7.9~790 x 10

TaBLE 3: Karst ratio of the Wulong tunnel.

TaBLE 4: Simulation scenarios.

The starting position of each section  The length of the  Karst
from the tunnel inlet (m) section (m) ratio
0~3396 3396 0.2
3396~3892 496 0.4
3892~5276 1384 0.5
5276~7276 2000 0.3
7276~9418 2142 0.2

permeability of the carbonatite (protolith) [62-64]. There-
fore, in our model, the permeability of the protolith was set
as 1.5x107"* m® Because the damage zone is distributed
around the fracture core zone, the permeability in the model
gradually decreases from the fracture core zone outward to
the protolith zone.

According to the tunnel investigation department and
at the same time the reference of the empirical value in
Southwest China, the porosity of the protolith is approxi-
mately 7% and the porosity of the fracture core zone is
approximately 20% to 35%. In the model, the porosity of
the fracture core zone was set as 35%, 29%, and 20%,
and the corresponding permeability values were set as
74x107'° m% 7.4x107"" m? and 7.4x107'* m?, respec-
tively. The porosity and permeability of the protolith were
set as 7% and 1.5x107'* m? respectively. The mineral
composition and density of the protolith were determined
by the measured data of calcite (95%), illite (2%), and
montmorillonite (3%). The chemical composition of ground-
water was determined by water sample analysis, and its pH is
7.3. The water pressure range of the simulation area was
assigned according to the field conditions (Table 1). The
atmosphere temperature in the study area is between
—-3.5°C and ~41.7°C, and the temperature of the ground-
water is between 10°C and 25°C. The temperatures of the
injection water were set as 10°C, 15°C, 20°C, 25°C, 30°C,
and 35°C in our model. The model parameters are shown
in Table 2. The karst ratios of different tunnel sections
(Table 3) were obtained from analyzing the number of the
fissures in soluble rock of karst areas and the karstification
level [9, 10].

The simulation area is in the middle section of the tunnel
(3892 m~5276 m), where the karst development is the stron-
gest. Because the karst development depends on water-rock
action, the flow rates directly influence the development of
karst. According to the field investigation of the tunnel, based
on the water balance principle [9, 10, 65], the annual rainfall
infiltration amount of the whole tunnel area was calculated.
The water quantity of the whole tunnel area was then allo-
cated to the different sections of the tunnel using the karst

Scenario  Permeability Porosity Temperature Flc()lzg/rsa)tes
2 .
code (m?) °C) a b e
Case 1 10
Case 2 15
Case 3 _1o 20
7.4x%x10 35% 1.9 29 39
Case 4 25
Case 5 30
Case 6 35
Case 7 10
Case 8 15
Case 9 n 20
7.4x%x10 29% 1.9 29 39
Case 10 25
Case 11 30
Case 12 35
Case 13 10
Case 14 15
Case 15 s 20
7.4x%10 20% 1.9 29 39
Case 16 25
Case 17 30
Case 18 35

ratios in Table 3; thus, the runoff distribution coeflicient
k; was obtained. k; can be calculated by

P r; %1
iTn Lo
Yo Xl

where r; is the karst ratio and /; is the length of the tunnel
section.

From the data in Table 3, the flow rates of different tunnel
sections were calculated by (2). The flow rate of the simulated
area in the model (Q,) was finally obtained by (3):

Qi =k xQ, (2)
Qz:kz>< Qi’ (3)

where Q is the precipitation infiltration in the whole tunnel
area and k, is the ratio of the simulation area size to the
length of the most karst-developed parts of the tunnel.
According to the field conditions, the simulation time
length was set as 100 years in consideration of the service
period of the tunnel. The injection flow rates were based on
the rainfall of the dry year, the normal flow year, and the
wet year, that is, 800mm, 1100mm, and 1500 mm in
Wulong, respectively. Using (1), (2), and (3), the injection

(1)
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FIGURE 7: The corrosion range of the fissure under medium

flow rates of the weak hydrodynamic condition (a), the mid-
dle hydrodynamic condition (b), and the strong hydrody-
namic condition (c) were calculated to be 1.9kg/s, 2.9kg/s,
and 3.9 kg/s, respectively. There were 54 different conditions
considered to evaluate the evolution of fissure corrosion
(Table 4).

The simulation software used in this study was TOUGH-
REACT, which is widely used in the numerical simulation of
water-rock interactions [66, 67].

4. Results and Discussion

4.1. Corrosion Range under Different Conditions. The condi-
tions of medium hydrodynamics and medium permeability
were taken as examples (case 7(b)~case 12(b)) with which
the corrosion process of fissures under different temperatures
was analyzed (Figures 7-9). By comparing Figure 7 with
Figure 9, during the same corrosion time, the corrosion range
of 35°C was larger than that of 10°C. After 100 years of corro-
sion, the horizontal and vertical corrosion ranges of 35°C
were 1.2 times and 1.3 times higher than those of 10°C,
respectively.

The condition of medium hydrodynamics and the tem-
perature of 20°C were taken as examples (case 3(b), case
9(b), and case 15(b)) with which the corrosion process of
tunnel fractures under different porosity and permeability
conditions was analyzed (Figures 10-12). By comparing
Figure 10 with Figure 12, during the same corrosion time,
the corrosion range of high-porosity and high-permeability

20 years

30 years

Calcite Calcite

Calcite Calcite

0.00 0.00
-0.03 -0.03
-0.07
-0.10
-0.13
-0.17
-0.20
-0.23
-0.27

-0.30

hydrodynamic conditions-medium permeability—10°C.

conditions was larger than that of low-porosity and low-
permeability conditions. After 100 years of corrosion, the hor-
izontal and vertical corrosion ranges of high-porosity and
high-permeability conditions were 1.4 times and 1.6 times
higher than those of low-porosity and low-permeability
conditions, respectively.

The conditions of 20°C and medium permeability were
taken as examples (case 9(a), case 9(b), and case 9(c)) with
which the corrosion process of the tunnel fissure under dif-
ferent flow rates was analyzed (Figures 13-15). By comparing
Figure 13 with Figure 15, during the same corrosion time, the
corrosion range of the strong hydrodynamic condition was
larger than that of the weak hydrodynamic condition. After
100 years of corrosion, the corrosion ranges of the strong
hydrodynamic condition were 1.8 times and 2.2 times higher
than those of the weak hydrodynamic condition, respectively.

4.2. Corrosion Ratios under Different Conditions. Taking
the high-porosity/permeability (case 1~case 6) and low-
porosity/permeability conditions (case 13~case 18) as exam-
ples, we analyzed the corrosion ratios of the tunnel fissure
under different flow rates and temperatures (Figures 16(a)
and 17(b)). From Figures 16(a) and 17(b), we can see that
the corrosion ratio increased with the time of corrosion. Dur-
ing the same corrosion time, the higher the temperature, the
greater the corrosion ratio. After 100 years of corrosion, the
corrosion ratio (strong hydrodynamic condition and high
porosity and permeability) of 35°C (0.4032%) was 1.2 times
higher than that of 10°C (0.3369%).
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FIGURE 8: The corrosion range of the fissure under medium hydrodynamic conditions-medium permeability—20°C.
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F1GURE 10: The corrosion range of the fissure under medium hydrodynamic conditions-low permeability—20°C.
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FIGURE 11: The corrosion range of the fissure under medium hydrodynamic conditions-medium permeability—20°C.
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FIGURE 12: The corrosion range of the fissure under medium hydrodynamic conditions-high permeability—20°C.
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FiGure 13: The corrosion range of the fissure under weak hydrodynamic conditions-medium permeability—20°C.
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FIGURE 14: The corrosion range of the fissure under medium hydrodynamic conditions-medium permeability—20°C.
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F1GURE 17: The corrosion ratio of the fissure under weak hydrodynamic conditions over time.

The comparisons of Figure 16(a) with Figure 16(b) and
Figure 17(a) with Figure 17(b), during the same corrosion
time, reveal that the corrosion ratio of the tunnel fissure

under the high-permeability condition (7.4 x 107'° m®) was
greater than that under the low-permeability condition
(7.4x 1072 m?). After 100 years of corrosion, the corrosion
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ratio (strong hydrodynamic condition, 35°C, and high poros-
ity and permeability) (0.4032%) was 1.6 times higher than
that of low porosity and permeability (0.2599%).

The comparison of Figure 16(a) with Figure 17(a) and
Figure 16(b) with Figure 17(b), during the same corrosion
time, reveals that under strong hydrodynamic conditions,
the corrosion ratio was greater than that under the weak
hydrodynamic condition. After 100 years of corrosion, the
maximum corrosion ratio (0.4032%) under the strong hydro-
dynamic conditions (high porosity and permeability, 35°C)
was 2.1 times than that under the weak hydrodynamic condi-
tion (0.1908%).

4.3. Evolution of Porosity and Permeability in the Fissure
Zone. The structure of the fissures in soluble rock of karst
areas is the foundation of the corrosion. The porosity and
permeability conditions in fissure zones are the main factors
affecting the development of karst. Through the analysis
of the effects of different temperatures and flow rates
on corrosion, it was found that the most significant cor-
rosion occurred at the temperature of 35°C and strong
hydrodynamic conditions. Therefore, we selected 35°C and
strong hydrodynamic conditions as an example with which
the variation of the porosity and permeability of the fissure
zone within 100 years was discussed.

According to the simulation results of 10-100 years of
corrosion, the porosity and permeability changes in the
fracture core zone of the karst development area were
obtained. The relation curves of the increase of permeabil-
ity with time are shown in Figure 18. As shown in
Figure 18, the rate of change of permeability also increased
with time. Permeability increased much faster under the
condition of high permeability than under the condition
of low permeability. After 100 years of corrosion, the perme-
ability increased from 7.40 x 1072 m? t0 7.73 x 102 m?; the
maximum increase of permeability was 0.33x107"*m?
under the low-permeability condition. Meanwhile, under
the high-permeability condition, the permeability increased
from 740.00x 102 m* to 767.5x10"'? m” and the maxi-
mum increase of permeability was 27.5x 1072 m?. It was

83.3 times higher than that under the low-permeability
condition.

As shown in Figure 19, under the conditions of different
porosities, the porosity increased with the corrosion time
(linear relationship). Under the condition of high porosity,
porosity increased much faster than that under the low-
porosity condition. After 100 years of corrosion, the porosity
of the low-porosity condition increased from 0.200 to 0.203,
while under the high-porosity condition, the porosity
increased from 0.350 to 0.354. The maximum increase of
porosity under the high-porosity condition was 2 times
higher than that under the low-porosity condition.

The reasons for the changes in the corrosion range,
porosity, and permeability of the fissure zone are discussed
as follows:

The lithology of the study area is carbonate rocks com-
prising 95% calcite; the corrosion of carbonate rocks was
mainly caused by calcite corrosion, and the chemical reaction
equations are as follows:

CO,(g) + H,0=CO0O,(aq) + H,O
H,CO,=H" + HCO,~
HCO, =H"+ CO;*"
H,0=H" + OH"
OH™ + CO,(aq)=HCO;"~
CaCO; + H"=CaHCO,*
CaHCO,*=Ca’** + HCO;~
CaCO;=Ca** + CO;*"

Because calcite corrosion’s chemical balance will be
affected by temperature, in the range of simulated tempera-
tures (10°C~35°C), the reaction rate constant increased with
temperature, causing the reaction’s equilibrium to move
towards the direction of the solution. These results have the

same corrosion trend as those obtained by Pokrovsky et al.
[23] and Huang [68]. They used an experimental method to
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FIGURE 19: The increase of porosity over time.

explore corrosion under neutral conditions and different
temperatures (0.5°C~40°C).

According to (4), during the corrosion of calcite, Ca**
was the main product of the chemical reaction. Under weak
hydrodynamic conditions, the flow through the fissures was
less and the travel time of water through the fissures was
longer. Therefore, the concentration of dissolved Ca** was
higher in the water, and when the water flow reached the
lower part of the fissure, the concentration of Ca®" in the
water was close to saturation. Therefore, corrosion mainly
occurred in the upper part of the fissure under the weak
hydrodynamic condition, and the corrosion ratio was rela-
tively small. In contrast, in the strong hydrodynamic condi-
tions, the flow rate through the fissures was faster and the
travel time of water through the fissures was shorter than that
under the weak hydrodynamic condition. Therefore, the
concentration of dissolved Ca** was lower in water under
the strong hydrodynamic condition, and when the water
seepage reached the lower part of the fracture, the concentra-
tion of Ca>* was lower. The resulting corrosion of the fissures
was more obvious than that of those in the weak hydrody-
namic condition, and the corrosion range runs through the
whole fissure with a higher corrosion ratio. In addition, due
to the increased flow rate, the mechanical failure of the rock
is enhanced, which makes the surface of the rock broken.
The rock powder on the broken surface of the rock was car-
ried away by the water, thus increasing the corrosion ratio
and corrosion range.

Under the conditions of high porosity and permeability,
the porosity and permeability increased faster than those
under the low-porosity and low-permeability condition.
After 100 years of corrosion, the permeability change under
the high-permeability condition was 83.3 times higher than
that under the low-permeability condition, while the change
of porosity under the high-permeability condition was only 2
times higher than that under the low-permeability condition.
It can be speculated that with continuing corrosion, more
and more dead-end pores became effective pores. Due to
the transformation of dead-end pores into effective pores,
the connectivity between pores was significantly enhanced

The silt araund
rocksamples
7, ’\_J‘r '.

[

: ”._,‘:_ .
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gr;ou&i_watcr flow:
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F1GUre 20: The site of the field experiment.

and the increase of fissure permeability became significantly
larger, while the porosity increased only slightly. Therefore,
the degree of change in permeability was much greater than
that in porosity in the same period.

According to the simulation results, the larger the
porosity and permeability were, the more significant the
increases in porosity and permeability were, which led to
the enhancement of corrosion in the high-porosity and
high-permeability zones and enhancement the differential
corrosion of karst.
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5. Comparison of the Field Corrosion
Experiment Results to the Numerical
Simulation Results

To further explore the corrosion characteristics of rock
samples at the tunnel's key karst development parts
and verify the reliability of the simulation results, a field
corrosion experiment was carried out. The field experi-
mental site was a gully in the Wulong tunnel construc-
tion area, which is in the key development parts of the
tunnel karst area. The width of the gully is approximately
2.5 meters (Figure 20), and the lithology of the underlayer
stratum is thick-layer limestone. The gully is covered with
clay, gravel, and plants. The burial depth of groundwater
was small.

The experimental rock samples were made of the lime-
stone of the Changxing Formation, with a size of
30mmx 10 mm x 10 mm (Figure 21(b)). The rock samples
were placed into a plastic box with holes that allowed ground-
water to flow through it. The plastic box was buried under-
ground below the groundwater level (Figures 20 and 22).

After one year of corrosion, the box was taken out
and the degrees of corrosion of the rock samples
(Figure 20) were measured. Because the corrosion of rock
samples depends on the surface area of the water-rock

10.0kV
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1,500 10pm WD 9.7mm

[hC\

0fburu(l 3

FIGURE 22: The process of the field experiment.

interaction, we used (5) to calculate the surface corrosion
ratio R (g/(mz-a)).

m
R=—,
S*

(5)
where R = m/st is the corrosion ratio of the unit area (g/ (m*a))
;s is the surface area of the water-rock interaction (m?) ;t is the
corrosion time (a).

For numerical simulation, according to Figures 16(a) and
17(b), the corrosion ratio showed a linear variation with time.
The corrosion ratio (after one year of corrosion) was
obtained by linear interpolation; then, the surface corrosion
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TaBLE 5: The surface corrosion ratios of the field experiment and numerical simulation.

Corrosion condition

Before

Surface corrosion

corrosion (g) ratio (g/(m?-a))

Corrosion amount (g)

. ) Field experiment (1) 8.5940 0.0033 2.3571
Field experiment ) )
Field experiment (2) 8.4638 0.0037 2.6429
Strong hydrodynamic condition-high 4
permeability (20°C) 8.0870 x 10 2.8604 9.9319
Strong hydrodynam.{c cond&tlon—medlum 82598 x 10* 25292 37818
permeability (20°C)
Strong hydrodynamic condition-low 4
permeability (20°C) 8.4326 x 10 1.9142 6.6466
Medium hydrodyn.a.mlc coond1t1on-h1gh 8.0870 x 10* 22369 7 7669
permeability (20°C)
Numerical simulation ~ Mcdium hydrodynamic condition-medium 8.2598 x 10* 2.0014 6.9492
permeability (20°C)
Medium hydrodynamic condition-low 4
permeability (20°C) 8.4326 x 10 1.5440 5.3612
Weak hydrodynamic condition-high 4
permeability (20°C) 8.0870 x 10 1.4678 5.0965
Weak hydrodynam.lc. condlatlon-medlum 82598 x 10 13356 46376
permeability (20°C)
Weak hydrodynamic condition-low 8.4326 x 10* 10667 37039

permeability (20°C)

ratio (g/(mz-a)) was calculated with (5). The surface corro-
sion ratios of rock samples per unit area in the field experi-
ment and numerical simulation are listed in Table 5.

From Table 5, we can see that the surface corrosion ratio
of rock samples in the field experiments was less than that in
the numerical simulation. The surface corrosion ratio of the
weak hydrodynamic condition (numerical simulation) was
close to that of the field experiments. Analyzing the hydro-
geological conditions of the field experiment and the setting
of hydrogeological conditions in numerical simulation, the
water flow in the numerical simulation was mainly in the
fracture core and the flow rates were faster than those in
the field experiments. Thus, in the strong hydrodynamic con-
dition and medium hydrodynamic condition, the surface
corrosion ratios obtained in the simulation were higher than
those obtained in the field experiment. However, overall, the
differences in the corrosion ratio between the numerical sim-
ulation and field experiment were on the same order of mag-
nitude. Therefore, the results of the numerical simulation
model were reliable, and the model can be used to predict
the corrosion evolution of the fissures in soluble rock of the
tunnel in the future.

6. Conclusion

In this study, the numerical simulation model of the fissures
in soluble rock of karst areas of the Wulong tunnel was estab-
lished, and the corrosion characteristics of the fissures were
evaluated. The conclusions were as follows:

(1) The development of the fissures in soluble rock of
karst areas of the tunnel was mostly affected by
the flow rates. After 100 years of corrosion, under

()

©)

(4)

the influence of temperature and porosity and
permeability, the maximum corrosion range and cor-
rosion ratio were only 1.2 times~1.6 times higher
than the minimum values, respectively. In contrast,
the corrosion range of the strong hydrodynamic con-
dition was approximately 1.8 times~2.2 times higher
than that of the weak hydrodynamic condition, and
the corrosion ratio of the strong hydrodynamic con-
dition was 2.1 times higher than that of the weak
hydrodynamic condition.

In the temperature range of 10°C~35°C, the corrosion
range and the corrosion ratio were proportional to
the temperature because the reaction rate constant
increased with temperature, causing the reactions’
equilibria to move towards the direction of the solu-
tion. After 100 years of corrosion, the corrosion
ranges of 35°C were 1.2 times~1.3 times higher than
those of 10°C, and the corrosion ratio of 35°C was
1.2 times higher than that of 10°C.

The porosity and permeability of the fissure zone
enhanced the corrosion of the fissure and
enhanced the differential corrosion of karst. The
higher the porosity and permeability were, the
more significant the enhancement effects on the
porosity and permeability were. Many of the
dead-end pores became effective pores, which
greatly increased the permeability, but the slightly
increased porosity also accelerated the corrosion
damage of the tunnel.

The simulation results were verified by the field
experiment, and the simulation model can be used
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to quantitatively predict the corrosion evolution of a

fissure zone within the acceptable range of error.
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Water inrush of mixed groundwater is the primary threat against safe production in coal mines. To study the mixing mechanism of
a multiaquifer groundwater system, groundwater samples were collected from different strata in a typical North China-type
coalfield (Chaochuan Coal Mine) and were then tested using environmental isotopes (**0, ?H, °H, C, and 14C) and
hydrochemical ions (Ca, Mg2+, Na®, K*, HCO;", 80427, and CI7) as tracer agents. Results demonstrate that HCO;™ and Cl”
exhibit a linear relationship with the mixing ratio, whereas Na*, Ca**, and SO,”>” show certain degrees of curvature. This
condition indicates that groundwater mixing involves major chemical actions. The §D-8"%0 plot reveals that karst water and
groundwater from Quaternary and sandstone aquifers are mainly mixtures of local rainfall, evaporated groundwater, and
“palaeo-groundwater.” The *H < 0.5 TU and '*C content in the groundwater sample number 27 is 13.6 pmc, which suggests that
this groundwater sample is the last rainfall recharge in the ice stage. Palaco-groundwater in a sandstone aquifer accounts
for more than 60%, and that in the Cambrian limestone aquifer is lower than 20%. Groundwater from the Quaternary
aquifer is supplied by “modern” rainfall. The 8"°C of groundwater from a sandstone aquifer decreases with the increase in
CO,> +HCO,, and this condition reflects that organic matters exhibit biological degradation reaction. However, §"°C
increases with the rise in CO,* +HCO,” in the Cambrian limestone groundwater, and this condition indicates that
organic matters produce methane due to methanogens.

groundwater-mixing process in coalfields during exploita-
tion is extremely important.

Limestones are generally hidden directly below the Quater-
nary system of unconsolidated sediments in North China-
type coalfields. Thus, they may cause vertical hydraulic
connections between karst water and shallow groundwater.
The gradual longitudinal advancement in coal exploitation
has made hydrogeological conditions in mines increasingly
complicated. Long-term water filling after exploitation may
also destroy the original groundwater circulation in
aquifers and intensify the mixing effect. Groundwater
inrush occurs frequently, which prevents exploitation of
abundant explored coal resources. Therefore, studying the

Isotope geochemistry presents unique advantages in
studying groundwater movement and has developed rapidly.
It can extract useful information of water circulation and is
free from restrictions of water content [1-19]. For example,
stable water isotopes (*30, ?H, and *H) can be used as conser-
vative natural tracer agents in a hydrological environment
and provide a new perspective for groundwater circulation.
They not only can trace the movement mode and process
of groundwater but also can disclose the inner link profile
of unsaturated water with surface and ground water. Apart
from stable isotopes such as H and O, T and '*C are also
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two important and powerful radioactive tracers [19]. They
can be used to recognize modern and submodern rainfall
recharges. They have been proven to be very useful in estimat-
ing recharging characteristics [20], correcting groundwater
model [15], and examining regional groundwater movement
[10]. T is used to estimate the mixing ratio of modern and
submodern water in shallow aquifers and investigate the mix-
ing process of groundwater [6]. Water movement rate and
retention time can also be explored by recognizing the *H
peak value [16, 17]. Tenalem et al. studied the correlation
between surface water and groundwater in the Awash River
Basin by using environmental isotopes and water chemistry
method and examined the flowing mode of groundwater by
considering the local geological background. The isotope
method has been widely used to analyze sources of ground-
water, altitude of supply regions, and relative proportions of
different supply sources [21]. Lima et al. explored environ-
mental isotope features and groundwater sources in an aqui-
fer in the Recife Coastal Plain in Brazil [22]. The isotope
analysis results showed that groundwater includes three
parts, namely, latest recharged groundwater, old evaporated
groundwater, and saline water. Vengosh et al. investigated
groundwater sources of a sandstone aquifer in Nubia, Israel
[23]. The unique isotopic features and deuterium excess value
demonstrate that groundwater has various supply sources.
Murad examined the variation process of groundwater
hydrogen and oxygen isotopes between the Oman Gulf and
the Arabian Gulf [24]. He concluded that rainfall is the main
supply source of groundwater, water vapor of rainfall comes
from the Mediterranean, and rainfall evaporates before
recharging to groundwater.

This study aims to evaluate the mixing characteristics of
various types of groundwater and to determine the sources
of groundwater and its mixing mechanism in the main water
inrush aquifers under an environment where the degree of
coal mining is becoming increasingly serious. This study also
aims to provide a theoretical conclusion and lay a foundation
for judging the source of water inrush.

2. Hydrogeological Conditions

The Chaochuan Coalfield lies between the North Asian and
South Asian belts in the east section of the latitudinal struc-
ture in the Qinling Mountains. The coalfield is an arc uni-
clinal structure, with the arc top orienting to the south.
The east wing formation extends toward the northeast and
leans to the northwest, with a dip angle of approximately
20". The west wing formation extends toward the northwest
and leans to the northeast. The dip angle of strata is gener-
ally larger than 70°, accompanied with local upright or
inverted strata. Complicated structures are also present in
the region. The study region is mainly developed with a
northwest-trend fault and a northeast-trend fault, which
constitute the mine plot or boundaries of the coalfield. Faults
control and influence the hydrogeological conditions in the
study area in different degrees. An arc normal fault is devel-
oped at the north boundary in the study area. The fault is
higher than 1000m. A karst-fractured aquifer is buried
deeply below the Quaternary strata in the north of the fault,
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thereby forming water-blocking boundaries. A fault is pres-
ent in the east boundary and also blocks water. Cambrian
limestone is exposed in the southwest and south regions as
belts and acts as the karst water recharge area (Figure 1).
The groundwater usually flows from west to east and from
south to north. In the study area, groundwater is generally
discharged from the mine wells to the surface. Cambrian
karst, Permian sandstone, and Quaternary aquifers are main
aquifers in the study area. The Cambrian karst aquifer is
developed with karst and has the strongest water among
others. It is also the main water inrush aquifer at the coal
seam floor because of its high hydraulic pressure and abun-
dant recharge sources.

The Quaternary aquifer is of the Quaternary age and is
composed of sands and gravels with a general thickness of
20-55m, and it generates water inflows of 15-50 m*/h. The
coal-bearing sandstone aquifer comprises sandstone, silt-
stone, and shale layers with permeability (K) of 0.0178-
0.0594 m/d. This aquifer is in turn underlain by a Cambrian
karst aquifer, which is the most important aquifer in the area.
The latter aquifer has a thickness of approximately 250 m and
is mainly composed of dolomitic, gray, and dark-gray lime-
stones with permeability (K) of 0.137-14.3 m/d. This aquifer
has well-developed karst features.

The study area belongs to a semiarid continental mon-
soon climate region. The annual average precipitation is
668.1 mm. Uneven rainfall distribution is observed among
four seasons. Most precipitation occurs in July, August, and
September and accounts for 50%-60% of annual precipita-
tion. The evaporation is three times of precipitation, and
the annual average evaporation is 1834mm. The annual
average air temperature is 14.2°C (1957-2002). The
Chaochuan River, which is the primary river in the study
area, flows from southwest to northwest. River flow is con-
trolled by atmospheric rainfall. The Chaochuan Reservoir is
constructed in the middle stream of the Chaochuan River.
The control basin area is 21 km?, and the effective reservoir
capacity is 1,500,000 m>. The Chaochuan Reservoir is built
in the limestone-exposed region. The surrounding areas are
highly developed with surface and underground karsts. A
large karst cave is present (Figure 1(a)), and Cambrian lime-
stone is hidden directly below the Quaternary unconsoli-
dated sediments (Figure 1(b)). The karst water can exhibit
vertical hydraulic correlation with groundwater in a Quater-
nary aquifer.

3. Materials and Methods

3.1. Sample Collection and Testing. The 37 groups of water
samples collected from the study area in August 2016 and
October 2016 mainly include surface water and groundwater
(Figure 1). Cambrian limestone groundwater samples were
collected by stratification sampling at leakage points under
the shaft, mixed groundwater samples were collected using
the drilling method, and groundwater samples in the Quater-
nary aquifer were collected from a motor-pumped well for
civil use. Electrical conductivity, pH, and TDS field measure-
ment of water samples were performed during sampling.
Water samples were collected with 550 mL clean plastic
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FiGure 1: Hydrogeological map of the Chaochuan coal mining district in China. C: Carboniferous strata; Q: Quaternary strata; P: Permian

strata; e: Cambrian strata.

bottles to test isotopes and aqueous chemical ions. Sam-
ples were passed through 0.45um precleaned membrane
filters and were kept refrigerated at approximately 4°C
before analyses. Relevant parameters of all water samples
were analyzed, including TDS, pH, Ca’*, Mg**, Na*, K,
HCO,~, SO,*7, CIT, 80, &°H, §°H, and 8"C. Table 1
shows the mean of analysis results. The hydrogen isotope
test of water samples used the Zn reaction method, and
the oxygen isotope test used the O-CO, balance method.
MAT253 isotope mass spectrometer was applied. Test
results are expressed in %o in accordance with VSMOW
standards. The test accuracies are expressed as +0.2%o
and +0.1%o. Radioactive tritium and '*C content were
tested with the low-background liquid scintillation counter
Tri-Carb 3170 TR/SL. Anion (8042’, Cl") compositions of
water samples were tested using the Dionex UltiMate 3000

with a relative error of 0.1%. HCO,” and CO,> were
tested by double indicator neutralization titration. The
method was titrated by acid distribution and indicated
by different indicators. The concentration of HCO,;  and
CO,>" was calculated from the dosage of H,SO, standard
solution. The cation (Ca**, Mg®*, Na®, and K*) concentra-
tion of water samples was measured using the Hitachi Z-
5000 atomic absorption spectrophotometer.

3.2. Descriptive Statistics Analysis. The standard deviation of
TDS, Na*, Ca**, SO,*, and HCO,;™ in water samples is
greater than 60, which reflects that the water quality charac-
teristics obviously differ. Meanwhile, the standard deviation
of 8'0, 8°H, and §"°C value in water samples is greater than
1%o, which indicates that the sources of groundwater vary
(Table 2). Notably, the TDS median of the MIX group is
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FIGURE 2: Piper trilinear diagram of the water samples. MIX: mixing water; CLG: Cambrian aquifer groundwater; QG: Quaternary aquifer
groundwater; sw: surface water; CSG: coal-bearing sandstone aquifer groundwater.

TaBLE 2: Chemical composition descriptive statistics of water
samples in the study area.

Component s:irr(r)lt;lle Min Max  Mean defitiion
K" (mg/L) 37 058 2089 548 5.63
Na* (mg/L) 37 1056 322.05 119.765 118.02
Ca®* (mg/L) 37 463 19596 107.64  62.42
Mg** (mg/L) 37 112 9367 2694  20.84
Cl™ (mg/L) 37 1004 5284 3127 1209
SO,* (mg/L) 37 1.02 62656 183.88 151.96
HCO,™ (mg/L) 37 21865 98729 481.71 197.96
CO,>” (mg/L) 37 0 2150 335 6.36
pH 37 662 985 755 0.65
TDS (mg/L) 37 303.00 1987.0 734.56 314.18
8 0 (%o-SMOW) 37 -11.10 -6.60 —8.26 1.10
8D (%o-SMOW) 37 8590 —60.60 —67.41  5.72
H® (TU) 36 212 2151 1275 5.41
"C (pmc) 3 1360 16.80 15.53 1.70
8 °C-PDB (%o) 37 -1398 -461 -995 219

significantly higher than that of the others and reflects a
pollution characteristic. However, the concentrations of
Na*, Ca’*, and HCO,™ of the CSG group reflect a cation
exchange characteristic.

3.3. Mixing Ratio Analysis. The H and O stable isotopes of
groundwater would not change during their interaction with
rocks under low temperature (<60°C). Thus, the mixing ratio
could be calculated by a linear mixing ratio calculation model
of two or three end members. The model (n = 3) is as follows:

0D =X,(6D), + -+ (6D)

8'%0=X,(8"%0), + -+ (6"°0)
X+ X+ +X, =1,

(1)

n

where 8D and 8'®0 are the compositions of mixed H and
O stable isotopes, respectively, and (6D),, ..., (6D), and
(8"%0),, ..., (8'%0), are the compositions of H and O sta-
ble isotopes, respectively, of different end members. X,
X,, ..., X, denote the mixing ratios of different end mem-
bers. The groundwater tracing results in the study area
show that rainfall-penetrated groundwater and evaporated
groundwater (Quaternary groundwater) and “palaeo-
groundwater” (coalbed sandstone groundwater) exhibit
different H and O stable isotope characteristics. Therefore,
the two types of groundwater can be used as a mixing end
member directly.

4. Results and Discussion

The two major hydrochemical types of groundwater in the
study area are (1) Ca-Mg-HCO, and (2) Na-HCO,. The
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main hydrochemical type of sandstone groundwater in the
coalbed is Na-HCO;, and the positive ion concentrations
are Na* > Ca** > Mg”* (Figure 2). The major hydrochemical
type of Cambrian limestone groundwater and Quaternary
groundwater is Ca-Mg-HCO,. Ca-Mg-HCO, is mainly
mixed by Cambrian limestone groundwater and Quaternary
groundwater, deviates significantly from the Na*/Cl"=1:1
line, and falls on the same fitting line with Cambrian lime-
stone groundwater and mixed drilling groundwater
(Figure 3). Cl-8"®0 reveals that an appropriate amount of
sandstone groundwater in the coalbed participates in the
mixing along the groundwater runoff.

Quaternary groundwater and Cambrian limestone
groundwater samples mostly distribute along the evapora-
tion line; this distribution implies that karst water and Qua-
ternary groundwater have the same source in the study area
and are mainly recharged by penetration of surface water
(Figure 4). However, some Quaternary groundwater,
Cambrian limestone groundwater, and coalbed sandstone
groundwater samples deviate from the evaporation line
greatly, and this deviation indicates remarkable mixing with
“palaeo-groundwater.” The *H value of one coalbed sand-
stone groundwater sample is smaller than 0.5, which is
smaller than the test value of the instrument. The '*C content
is 13.6 pmc, which indicates that this sample may be the last

one recharged by rainfall in the ice stage and can be used as
the end member of palaeo-groundwater.

The 6D and §'®0O values of Quaternary groundwater and
Cambrian limestone groundwater increase with the increase
in TDS (Figure 5). TDS is mixed with the original aquifer
groundwater along the runoft direction, thereby decreasing
the 6D and 8'%0 values. However, TDS along the runoff
direction increases. In coalbed sandstone groundwater,
8"°C decreases with the increase in CO,>” +HCO,™ (line 3
in Figure 6). This condition indicates kinetic fractionation
of groundwater in biodegradation of organic matters. §'°C
increases with the increase in CO,”~ +HCO,” in Cambrian
limestone groundwater, and this condition indicates that
organic matters produce methane due to methanogens (line
1 in Figure 6). For Quaternary groundwater, 8"°C decreases
with the increase in CO,*~ + HCO,~ (line 2 in Figure 6).

Groundwater samples from different aquifers in the
study area are drawn in the §'®*0-8D scatter diagram in
accordance with the 8 value (6D and §'30) (Figure 7). AAB
C is determined in accordance with the distribution features
of water sample points. The results of the established linear
groundwater-mixing ratio calculation model and groundwa-
ter recharge process and tracing qualitatively show that A in
AABC represents palaeo-groundwater with low proportion,
B stands for rainfall-penetrated groundwater free from
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evaporation, and C is Quaternary groundwater that has expe-
rienced surface evaporation and has high 8. The §'*0-6D
scatter diagram of groundwater shows that the Quaternary
groundwater and Cambrian limestone groundwater are
close to the intersection end of the “BC” and “AC” lines.
Penetration water in the aquifer due to evaporation takes
the dominant advantages. Coalbed sandstone groundwater
is close to the intersection end of the “BA” and “AC”
lines, and this condition shows remarkable mixing with
palaeo-groundwater.

As shown in Figure 8, HCO;™ and CI” exhibit a linear
relationship with the mixing ratio, whereas Na*, Ca®*, and
SO,>” show certain degrees of curvature. This condition
reflects that HCO;™ and Cl™ can be used as conservative
tracing ions to study the mixing process of groundwater.
From the calculation results, coalbed sandstone groundwa-
ter is found to account for more than 60%. On the con-
trary, the deep limestone groundwater accounts for less
than 20%, which is close to that of the Quaternary
groundwater. This finding demonstrates that deep lime-
stone groundwater mainly comes from the leaking
recharge of Quaternary groundwater, which is considered
“modern” rainfall recharge.

5. Conclusion

In this study, aquifer groundwater, local rainfall, and sur-
face water samples, which exert important impacts on coal
exploitation in a typical coalfield (Chaochuan Coal Mine),

Geofluids

TDS (mg/L)
0 500 1000 1500 2000 2500
-5 L L L L )
-6
S 7 e .
o \\‘\*\
Z -84 N\ Y 3 .
f \ ~< .
s 9 \ ~~o
© -11- * Y\ Toa
\
-12 4 Y
TDS (mg/L)
0 500 1000 1500 2000 2500
-50 ' ' ' ' :
= =55 -
% -60 1 \\.\f"\ﬂo
= -65 - Py
U|> ~70 4 '\\ ?g\\\\ L -
g N ~~-
g 75 &
o 801 \ TSl
© -85 A * \X T
-90 -
MIX--mixing water CLG--Cambrian aquifer groundwater
QG--Quaternary aquifer groundwater sw--surface water
CSG--Coal bearing sandstone aquifer groundwater
* MIX #* CSG
® sw = QG
e CLG

FIGURE 5: §D-TDS and §'*0-TDS plots showing the increase in
oxyhydrogen stable isotope (& value) of groundwater samples with
the change in TDS. MIX: mixing water; CLG: Cambrian aquifer
groundwater; QG: Quaternary aquifer groundwater; sw: surface
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were collected at different seasons. The following conclu-
sions were drawn:

(1) In the study area, long-term water filling after exploi-
tation of aquifer occurs, which may destroy the
original groundwater circulation of the aquifer.
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Hydraulic alteration in the recharge area accelerates,
and surface water is recharged into the aquifer in the
study area.

(2) In the main recharging aquifer in the study area,
rainfall penetration is the main source of Cambrian
limestone groundwater in the north limestone out-
cropped region, and surface water penetration is the
main source of Quaternary groundwater. Coalbed
sandstone groundwater mainly comes from the mix-
ture of palaeo-groundwater and Quaternary ground-
water. Cambrian limestone groundwater, coalbed
sandstone groundwater, and Quaternary groundwa-
ter present a high potential to be mixed together.

(3) Water sources during coal mining can be deduced
from the quantitative perspective in accordance with
the dynamic changes in stable isotope compositions
and the variation in the trend of the linear member
mixing ratio at an effluent sampling site under the
shaft. Specific countermeasures against water inrush
accidents should be taken to protect groundwater
resources effectively. This model is applicable to
water disaster control in North China-type coalfields
after proper modifications. The research conclusions
can provide important references for water disaster
control in other coalfields.
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