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Abstract: To investigate the present-day state of tectonic stress and tectonization in a coastal gold mine area near the
Laizhou Gulf, North China, overcoring, anelastic strain recovery, and hydraulic fracturing stress measurement campaigns
were performed, and a total of 49 groups of stress data were determined. The results indicate that horizontal tectonic
stress plays a predominant role in the present-day stress field, which is a typical tectonic stress field. The stress fields
are characterized by ou>on>0y (on, on and oy are the maximum horizontal, minimum horizontal and vertical principal
stresses, respectively) and ow>0>on, which appear to favor thrust and strike-slip faulting, respectively. The stress level is
relatively high and is not conducive to the stability of underground excavations. oy is oriented in the WNW—ESE or
approximately E—W directions, which is in accord with that indicated by focal mechanism solutions and regional
geological structure analysis. The contemporary stress field is the result of dynamic action and tectonic movement in
various geological periods; the contemporary stress field generally inherited the characteristics of the third stage tectonic
stress field (Himalayan movement period) while partially retaining the characteristics of the second stage tectonic stress
field (Yanshanian period), and finally evolved into the tectonic stress field characterized by nearly E—W extrusion.
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crustal stress field [5—7]. In addition, crustal stress
is also the critical driving force triggering instability
in underground rock engineering [8—10], such as
mines and hydropower stations. Therefore, full

1 Introduction

The contemporary stress field is formed under

the joint action of historical multistage tectonism
and neotectonic activity, which directly affects and
even controls crustal movement and geological
processes [1—4]. Due to the complexity of the
continental tectonic framework and heterogeneity
of the crustal solid medium, the distribution
of the crustal stress field is inhomogeneous. The
deformation and failure of the Earth’s surface,
tectonic movement in the crust, and various
geological disasters are closely associated with the

knowledge of the stress state and its variation
pattern in the region of interest is crucial to the
study of rock engineering stability, tectonic activities,
and geological disasters, such as earthquakes, in the
region [11]. Because the constitutive relation of the
rock medium in different geological periods is
unclear, a complete theoretical description is almost
impossible. Thus, research work related to the
modern tectonic stress field must depend on the in
situ stress measurement results.
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The applications of in situ stress measurements
have been carried out in many aspects of
engineering and geoscience research. ZOBACK [12]
investigated the relationship between the stress
field and the structure of individual regions and
established first-order and second-order models of
crustal stress. ZANG et al [13] discussed the
relationship between vertical stress components and
horizontal stress coefficients of different rock types
and depths and studied the stress ratio related to the
depth, lithology, and faulting state. MIAO et al [14]
analyzed the distribution pattern of the in situ stress
field and the evolution characteristics of the
geological structure in a gold mining area and
gained insight into their relationship. RAJABI
et al [15] described the current tectonic stress state
in the Darling Basin, Australia, and discussed the
significance of stress measurements in resource
exploration and production. HAN et al [16]
determined the characteristics of the in situ stress
field in the Kaiping coalfield and explored the
mechanism of large syncline influences on the
stress field. MIAO et al [17] proposed a prediction
method for rock bursts in metal mines based on in
situ stress measurements and energy accumulation
theory. LI et al [18] analyzed the distribution
characteristics of the stress field around the Yishu
fault zone in China and preliminarily evaluated its
activity. The above research provides valuable
experience for exploring solid earth science, the
stability of underground engineering, and the safe
and efficient development of mineral resources
from the perspective of in situ stress and further

highlights the situ  stress
measurements.

A coastal gold mine is geographically located
adjacent to the Laizhou Gulf in Jiaodong Peninsula,
Shandong Province, North China, surrounded by
the Bohai Sea on three sides and connected only to
the hinterland in the southeast. The mined ore
bodies all exist beneath sea level, and the current
average mining depth is deeper than 1000 m.
Moreover, the gold mine area is located at the
intersection of the North China plate, Yangtze plate,
and Pacific plate, where the Pacific tectonic domain
is combined with the Sulu ultrahigh pressure
metamorphic belt and is bounded by a large
strike-slip fault zone (i.e., Tan—Lu fault zone), and
the gold mine area is adjacent to the western
Shandong region (Fig. 1) [19]. Consequently, the
geological structural environment in the mine area
is quite complex, and seismicity in the surrounding
areas, especially in the Laizhou Gulf, is fairly
frequent. Moreover, due to the complex tectonic
background and engineering disturbance, the
frequency of engineering dynamic disasters such as
rock bursts is high, and roadway support is
extremely difficult, all of which pose a major threat
to the safe mining of deep resources.

Under these circumstances, ensuring safe and
efficient mining is a difficult problem. To reliably
assess the mining dynamics and stability of the
mining system and thus ensure the safety of
mining operations, multistage stress measurement
campaigns have been performed recently in the
mine area by using an improved overcoring stress

significance of in

SCF: S‘anshandao—Cangshang fault
ZPF: Zhaoyuan-Pingdu fault

Yellow Sea

, Precambrian to Triassic
' basement
| Cretaceous volcanics
. Jurassic to Cretaceous
' granitoids
/ Fault
» Large/small gold deposit

JXF: Jiaojia—Xincheng fault
UHP: Uitra—high pressure

Fig. 1 Map showing general geology around gold mine (after LIU et al [19])
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measurement technique, anelastic strain recovery
method, and hydraulic fracturing method. As a
result, a large body of valuable and reliable stress
data was determined. Accordingly, in the present
study, the distribution features of the present-day
stress field in the mine area were determined using
the new compilation of three types of in situ stress
measurements, and the relation between the
stress field and tectonization was systematically
investigated through geological structure analysis,
which provides a marvelous opportunity to gain
insight into the engineering stability, tectonic
movement evolution, and geodynamic processes in
the mine area.

2 Geological setting

Tectonically, the gold mine area is located near
the southeast edge of the North China Craton.
During its long geological history, the mine area has
experienced multiple tectonic movements, and the
structural development and evolution have mainly
experienced three stages, namely, the Mesozoic
Indosinian movement and Yanshan movement
and the Cenozoic Himalayan movement [20]. The
multistage tectonic evolution has formed a complex
and changeable structural unit pattern and various
diagenetic and metallogenic environments in the
mine area. Moreover, the multicycle tectonic
movement has resulted in the superposition of
magmatism, metamorphism, and mineralization
in this area [21]. In the Mesozoic, this area
experienced complex tectonic stress transformation,
which directly affected the large-scale gold
mineralization in the area. Moreover, many small
and large gold deposits are also distributed near the

area (Fig. 1). The terrain of the mine area is low and
flat, with average altitudes of 2—3 m. The rock
formation in the area is simple, and the stratigraphic
lithologies are plagioclase amphibolite, biotite
granulite, gneiss, and trondhjemite—tonalite—
granodiorite (TTG) rock series of the Guogezhuang
Formation of the Neoarchean Jiaodong Group, and
most of them are covered by seawater and
Quaternary sediments [22]. This region is
characterized by Precambrian basement and
Mesozoic magmatic rocks. The exposed inter-
mediate-basic dikes in the area are mainly diabase,
diabase porphyrite and lamprophyre, and the
magmatic rocks are primarily Yanshanian granites,
including Linglong monzogranite and Guojialing
granodiorite (Fig. 2(a)) [23]. The ore bodies are
generally distributed in pyrite sericite altered rocks
in the footwall of the Sanshandao—Cangshang fault
zone, and the main ore lithologies are pyrite sericite
cataclastic rock, pyrite sericite granitic cataclastic
rock, and sericite granite.

The geological structures in the area are
dominated by faults, and the NE- and NW-trending
faults are two of the group faults that have been
well developed (Fig. 2(b)). The NE-trending faults
are mainly premineralization faults with multistage
activity and are the main ore-controlling faults, as
represented by the Sanshandao—Cangshang fault
(F1) [24,25]. F1 generally strikes 35°, inclines to
the SE, and dips 35°-50°, showing an “S” shape
horizontally. The main section presents a gentle
wave shape, with 2—-10m thick structural
cataclastic rock belts developed on both sides and
altered rock belts developed outward (Fig. 2(c)).
Blocked by fault gouges in the fault plane,
the altered rock belt in the footwall (approximately
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Fig. 2 Geologic maps of Sanshandao— Cangshang fault (a) and mine area (b) and structurally oriented beresite along

main section of F1 fault (the hanging wall is weakly mineralized and altered, and the residual potassic granite remains)

(c) (after QIU et al [22])
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200 m wide) is much wider than that in the hanging
wall (only 20 m in width) [22]. This fault controls
almost all the proven large and superlarge gold
deposits in the area, and only a few small gold
deposits are distributed to the east of the fault. The
wall rocks on both sides of the fault have strong
alteration and obvious zoning, which are the
pyritized sericitized zone, potassium zone, and
unaltered granite from inside to outside [26]. The
secondary fault F2 of F1 basically coincides with
the strike of F1 and tends to be the same or opposite
to F1. The NW-trending faults are represented by
the Sanshandao—Sanyuan fault (F3). F3 is the most
important NW-trending fault structure, most of
which is developed in this mine area. It extends
beyond the mine area in the SE direction and to the
Laizhou Gulf in the NW direction, with a total
exposed length of approximately 1500 m in the
mine area. The overall strike of F3 is 290°-300°,
the inclination is NE, and the dip angle is steep
(greater than 80°) in some sections. The fault
crosses the mine area and extends more than 600 m
underground. The above three faults constitute the
basic structural framework of the area.

3 Seismicity and regional tectonic stress
field

Since the Mesozoic, the Laizhou region has
experienced severe tectonic movements (i.e.,
Indosinian, Yanshan, and Himalayan movements).
As a consequence, the seismicity in the Laizhou
region and its offshore area is remarkable and
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prominent. The special geographical location and
complex  geological  structural  background
determine that these areas are seismically active
zones. The intersection of faults in different
directions constitutes the seismogenic structure of
moderate and small earthquakes in those areas. The
Laizhou region and adjacent areas inherit the basic
characteristics of historical seismicity, are the areas
with high incidences of moderate and small
earthquakes and earthquake swarms, and are also
some of the intersection areas with the most
frequent seismicity in North China [27]. Since
earthquakes were recorded, micro, small, and
moderate earthquakes have occurred many times in
inland Laizhou and surrounding areas [28—30],
such as the Ms 4.1 earthquake in 1993, Ms 3.8
earthquake in 2012, Ms 4.6 earthquake in 2013, Ms
4.9 earthquake in 2013, and Ms 2.2 earthquake in
2015 in inland Laizhou, as well as the Ms 4%,
earthquake in 1346, Ms 6!/, earthquake in 1945,
and Ms 3.9 earthquake in 1983 in the Laizhou Gulf.
From 1970 to 2013, more than 1000 earthquake
events of Ms > 2.0 occurred in the study area and its
adjacent areas (Fig. 3(a)). The focal depth ranges
from 3 to 48 km. The seismic activity is unevenly
distributed in space and is obviously controlled by
regional active faults, especially those with large
scales, such as the Tan—Lu fault zone, and is also
greatly influenced by the strong earthquake activity
in Japan located in the subduction zone of the
Pacific plate. The frequent occurrence of moderate
and small earthquakes around the mine area
indicates that this area is an active area of modern

Fig. 3 Distribution of earthquakes of Ms > 2.0 around mine area since 1970 (a) and tectonic stress map in North China
derived from focal mechanism solutions (b) (after KANG et al [31])
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tectonization.

Based on the plate motions and the
interpretations of deep focal mechanism solutions
of earthquakes, the distributions of the regional
principal compressive stresses in North China are
characterized and depicted in Fig. 3(b) [31]. The
regional compressive stress directions around the
mine area, which are indicated by focal mechanism
solutions, are dominantly oriented in the WNW-—
ESE or nearly E-W orientations, even though the
existing data are small. In addition, a large number
of focal mechanism data [32,33] compiled around
the mine area indicate that, in recent decades, the
orientation of the tectonic stress field in the Laizhou
region and adjacent districts has been relatively
stable with the principal compressive stress
directions of WNW—-ENE or approximately E-W,
and the tectonic movement is mainly horizontal.
Similarly, a recent focal mechanism investigation of
the Ms 4.6 in 2013 earthquake that occurred in the
Laizhou region [30] demonstrates a WNW—-ESE
azimuth for the nearly horizontal principal
compressive stress.

4 Methodology used to determine stress
tensors in mine area

4.1 Improved overcoring technique for stress

measurements

The overcoring method, recommended by the
Test Methods Committee of the International
Society for Rock Mechanics (ISRM) [18], is a
relatively mature technique that has been developed
over decades. It is the only method that can
accurately determine the 3D original rock stress
state at a point in a single borehole and has
excellent applicability and reliability ~when
measuring the original stress. According to statistics,
approximately 80% of the in situ stress data all over
the world are measured by this method. In general,
the overcoring method can determine complete
stress tensors from the borehole diametric change
during overcoring and subsequent stress relaxation
based on elasticity theory. With knowledge of the
recovery strain and the in situ mechanical
parameters of the core, the value and azimuth of the
stress acting on the rock mass can be calculated.
For mines, the overcoring method is more
advantageous because there are a series of tunnels
and chambers in the mine that can approach the

underground measuring points, and there is no need
to drill special holes to reach the measuring points,
which is the case with the hydraulic fracturing
method. Therefore, the overcoring method is an
economical and reliable technique for in situ stress
measurement in mines.

4.1.1 Improvements to overcoring technique

In deep mining, the conventional overcoring
method based on linear elastic theory cannot adapt
to the development of deep rock mechanics
research and meet the requirements of deep
measurements because the deep rock mass
has more remarkable mechanical characteristics
of nonlinearity, heterogeneity, and anisotropy
compared with the shallow rock mass. Furthermore,
the deep rock mass is of poorer quality and in a
higher geothermal environment. On the other hand,
the resistance strain gauge is very sensitive to
temperature. When the temperature changes, the
resistance value changes accordingly, and the
corresponding output voltage is generated in the
bridge, resulting in the calculated false additional
strain value. Consequently, temperature is an
influential factor that cannot be ignored for in situ
stress measurements. However, it is difficult for
ordinary hollow inclusion strain gauges to eliminate
the influence of temperature changes on the
measurement results, which leads to notable errors
in the measurement results. Additionally, the
conventional temperature compensation method
cannot reduce the error caused by large temperature
changes in deep strata and meet the requirements of
accurate measurement in complex geological
environments. To eliminate the additional strain
caused by temperature changes, appropriate
methods must be adopted to compensate or correct
for the influence of temperature, which is of great
significance to ensure the accuracy of in situ
stress measurement results. For those purposes,
some improvements to the traditional overcoring
technique have been made and are introduced as
follows [17,34-36].

(1) Based on the original installation
equipment, a camera device built into the borehole
was configured; this device can observe the damage
of the rock mass at different depths in the
borehole, master the quality of the rock mass at
the installation position of the strain gauge, and
effectively avoid the unsatisfactory installation or
even the failure of strain gauge installation caused
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by rock mass breakage.

(2) A new complete temperature compensation
technique was invented by CAI et al [35], and the
design and structure of the hollow inclusion strain
gauge were improved accordingly (Fig. 4(a)) [9].
The specific improvements of the hollow inclusion
strain gauge are as follows: (a) a thermistor is
embedded at point D between strain rosettes 4 and
C to measure the temperature change at the
measuring point during overcoring; (b) To eliminate
the additional strain caused by the resistance strain
gauge wire temperature change, two no-load wires,
which are the same as the resistance strain gauge
wire, are welded together at point £ and are led out
from the cable together with other strain gauge
wires and connected into the bridge arm adjacent to
the working strain gauge. In this way, when the
temperature changes, the resistance changes in two
adjacent bridge arms are the same due to the same
length of wires so that they can offset each other. In
addition, the temperature calibration test in a
thermostat with adjustable temperature is added
after each stress relief test is completed, and
practice has shown that effective complete
temperature compensation can be realized.

(3) Automatic
recording system. A new strain—resistance—voltage
conversion device was developed and used in the
measurements, and a new data collector was also
adopted in the recording device for continuous and
automatic recording, which can simultaneously
record the data of 48 channels within 1x107*s, thus
ensuring the accuracy of recording.

(4) The calculation of in situ stresses for the

strain measurement and
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overcoring method needs to be solved by the double
iteration method. Consequently, a 3D in situ stress
inversion program involving the double iterative
algorithm was independently developed to solve the
rock elastic modulus, Poisson ratio, K value (K is
the correction coefficient), and the in situ stress
value, thereby ensuring the reliability and accuracy
of the calculation processes and results.

Overall, the improved overcoring technique
can realize complete temperature compensation
and consider the nature of actual rock masses, and
the technique was employed to measure the stress
in the gold mine. Because a series of new
technologies, setups, and approaches were used in
the measurement process to improve the
measurement accuracy, the reliability of the
measurement results has been greatly improved.
4.1.2 Stress measurement process and results

The accuracy of in situ stress measurement
results is not only affected by the instrument itself
and the selected measurement methods but also
greatly restricted by the engineering geological
environment, rock conditions, and other factors.
Because the gold mine is located below the seabed,
with developed joints and fissures and strong water
conductivity, the selection of measuring points
needs to be more careful. All the measurement
points were arranged far away from faults, rock
fracture zones, and large excavations were located
in the original rock stress zone (the borehole
reached a depth of approximately five times the
roadway span) to avoid the effect of mining
disturbance. Consequently, the stress measurements
represent the regional stress field.

2—1Installation beam
3—Connecting pin
4—Sealing ring
5—Epoxy resin
6—Cavity (binder inside)
7—Resistance strain rosette
8—Fixed pin

9—1Interspace between strain

10—Piston
11—Borehole

12—Gum exudation hole
13—Sealing ring
14—Guide chase head

gauge and borehole wall

Fig. 4 Illustration of structure of improved hollow inclusion strain gauge (a) [9], overcoring equipment (b), and field

measurement (c)
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To obtain accurate and reliable stress
measurement results, the overcoring equipment,
setup, and test procedures (Fig.4(b)) that were
employed at the measurement points followed the
methods suggested by the ISRM [37]. According to
the basic principle of the overcoring method with a
hollow inclusion strain gauge, field measurements
(Fig. 4(c)) generally involve the following steps.
(1) A large horizontal hole with a diameter of
130 mm is drilled perpendicularly to the roadway
wall at the selected measuring point to the depth at
which in situ stresses need to be determined, and
then a concentric small hole with a diameter of
36 mm is drilled from the bottom of the large hole.
(2) The hollow inclusion strain gauge is sent to the
predetermined position in the small hole by the
installation rod with the orientation device (which
can eliminate the influence of environmental and
human factors) and is cemented to the wall with the
small hole by a special cementation system. (3) A
thin-walled drill bit with a diameter of 130 mm is
used to continue to extend the large hole for casing
drilling so that the rock core around the small hole
is separated from the surrounding rock mass to
realize stress relief. (4) During the overcoring in the
field, the borehole strain data and the temperature
change in the measuring point measured by each
strain gauge in the hollow inclusion are
continuously and automatically recorded by the
data acquisition instrument. All field tests were
completed by skilled workers.

According to the field stress relief test results,
indoor biaxial confining pressure experiments,
temperature calibration test results, and the 3D
stress state, including the value and orientation of
the three principal stresses, in the host rock can be
calculated by the following equations [34]:

&, =%{(ax +0,)K, +2(1-0")[(o, -0,)-

cos26 -2z, sin20]K, —vo K} (1)
1
& =—l[o.-v(o, +0,)] (2)
4 . 3
Vo, = E(l +u)(z,, cos0 —7_ sind)K; 3)
1
Eiaso = 5(59 te, £,.) 4)

where &y, €., 6., and &5 are the circumferential
strain, axial strain, shear strain, and the strain at 45°

to the axis, respectively; ox, 0y, 0z, Txy, Tz, and T, are
the six components of the original rock stresses; £
and v are the elastic modulus and Poisson’s ratio,
respectively; 6 is the separation angle between the
strain gauge and the X-axis; and K, K>, K3, and K4
are the four correction coefficients.

Notably, the elastic modulus and Poisson’s
ratio of the cored rocks are two indispensable
parameters that can be determined based on
confining pressure experiments. These two
parameters are calculated as follows [34]:

2
E=K (Rls,)—n
(R™=7r7)

v=¢,/¢€, (6)

(6))

where P. is the confining pressure, and 7 and R are
the inner and outer radii of the core, respectively.
The complete stress tensor of each measurement
point is calculated with the knowledge of the
laboratory-determined final strains, and the elastic
modulus and Poisson’s ratio of the overcored rock.
In the calculation program, the double iteration
method was used. At the same time, the [ test was
also adopted to eliminate abnormal data to reduce
the calculation error. The detailed information of
the determined stress values and orientations is
presented in Table 1, in which o1, 62, and o3 are the
maximum, intermediate, and minimum principal
stresses, respectively, and ou, on, and o, are the
corresponding maximum horizontal, minimum
horizontal, and vertical principal stresses,
respectively. The depth of the test sites varies from
75 to 960 m below the surface. According to the
World Stress Map Quality Ranking System [38], the
measured stress data can be ranked as Category B.

4.2 Anelastic strain recovery stress measurements
Additionally, to guide the design and
construction of a new deep shaft in the mine area, a
large number of stress measurements have been
performed recently in the exploration drill holes in
this area using the anelastic strain recovery method
and the typical hydraulic fracturing technique [39].
The anelastic strain recovery method is a 3D
stress measurement technique that has been newly
developed in recent years on the basis of directional
cores [40,41]. When a load is applied to a rock, the
rock immediately undergoes elastic deformation
and then creeps. The rock deformation recovers
elastically and immediately when load is removed,
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Table 1 Overcoring stress measurement results at 18 points in mine area

Point Depth/ o 7 7 ov/ o/ (outon) on/
No. ~m Value/ Direction/ Dip/ Value/ Direction/ Dip/ Value/ Direction/ Dip/ o 5 (26,) on
MPa @) ©) MPa @) ©) MPa ©) ©)

1 75 6.01 288.50 —6.30 3.81 198.00 —4.90 2.56 250.40 82.00 149 235 192 1.58
2 150 7.73 280.90 —5.20 5.48 9.40 16.60 4.50 27.70 7250 122 1.72 147 141
3 420  19.27 284.10 —-21.30 11.05 18.50 —-11.10 10.88 13440 —65.70 1.02 1.77 1.39 1.74
4 420 19.39 12040 —-14.90 10.92 169.20 68.10 9.44 34.70 1580 0.86 1.78 1.32 2.05
5 510 24.55 129.00 4.00 16.35 —138.00 2.00 14.49 133.00 —85.00 1.13 1.69 1.41 1.50
6 510 24.64 —111.00 3.00 15.68 155.00 82.00 15.02 161.00 —10.00 0.96 1.57 126 1.64
7 555  25.71 —45.00 —-13.00 14.00 14.00 73.00  13.00 50.00 -20.00 0.93 1.84 138 1.98
8 600 28.88 103.00 1.00 16.54 10.00 76.00 14.77 13.00 -8.00 0.89 1.75 132 1.96
9 600  30.17 110.00 —-16.00 18.83 24.00 —-11.00 16.94 236.00 —70.00 1.11 1.78 1.45 1.60
10 645  29.57 112.00 -3.00 19.56 -177.00 -80.00 1548 -156.00 —-9.00 0.79 1.51 1.15 191
11 690 31.50 —80.00 2.00 19.08 230.00 —-79.00 17.54 10.00 —10.00 0.92 1.65 1.29 1.80
12 690 29.77 —83.00 4.00 20.84 —8.00 —74.00 19.63 8.00 1500 094 143 1.19 1.52
13 750  33.22 119.00 —10.00 19.93 —-89.00 —82.00 17.10 208.00 -8.00 0.85 1.69 127 1.99
14 750  32.78 105.60 -0.59 19.6 18.70 79.20  16.68 15.50 -10.80 0.86 1.64 125 1.92
15 780  30.72 13330 —14.90 2641 —135.60 —4.17 18.09 149.7 7450 146 1.70 1.58 1.16
16 795 48.93 164.09 3.00 23.15 74.41 -5.97 21.66 47.22 83.29 1.07 226 1.66 2.11
17 825 46.95 40.06 3.84 28.88  —49.55 =5.77 2649 —83.43 83.06 1.09 1.77 143 1.63
18 960 41.63 14530 -10.30 26.79 165.50 60.30 2542  200.20 —-6.21 095 1.55 125 1.64

and with increasing time, the inelastic strain stress and inelastic recovery strain can be expressed

recovers slowly. Therefore, the in situ stress
magnitude can be converted by measuring the
inelastic strain recovery of directional cores, and the
stress orientation of the core can be determined
by paleomagnetic techniques or image logs [42].
Compared with other core-based methods for
stress measurement, the anelastic strain recovery
technique has a relatively perfect theoretical basis,
and this method wuses drill cores for field
measurements, thus maintaining the approximate in
situ state of the cores.

The initial two-dimensional anelastic strain
recovery method was applied to the in situ stress
measurements of oil and gas fields and was further
developed into a three-dimensional approach by
MATSUKI and TAKEUCHI [43]. Based on the
assumption that the rock is homogeneous, isotropic,
and linearly viscoelastic, the principal strain
direction calculated from the inelastic recovery
strain in at least six independent directions
measured by this method is the principal stress
direction. The relationship between the principal

as [44]
1
1)=—
&, (=7
6lmz,, +6mnz  +6niz_ Jas(t) +
(o, —FB)Jav(t) +a; AT ()

[ Do, +(3m* =)o, +(3n’* 1o +

(7

where e.(?) is the inelastic recovery strain; Py is the
pore pressure; /, m, and n are the direction cosines
of the strain axis; om is the average normal stress; ar
is the coefficient of linear thermal expansion; A7{(¥)
is the temperature change during the measurement;
and Jas(?) and Jav(¥) are the inelastic strain recovery
compliances of shear and volume deformation
modes, respectively.

The magnitude of the principal stress (o;) can
be calculated as

o, =e(t)/Jas(t) +[e, (t) — o, AT())Jav() + B, (8)

where ei(f) is the inelastic deviatoric strain, or is the
tensile strength and em(f) is the average normal
strain.

More details of the test process and data
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processing of this method can be found in Ref. [40].
According to the test record curves of the inelastic
strain recovery method collected from eight core
samples with different burial depths in the mine
area, the in situ stresses of these eight core samples
were inversed [39], and the calculation results are
shown in Table 2. The measurement depths vary
from 862 to 1888 m, and the stress data quality can
be ranked as Category B [38].

4.3 Hydraulic fracturing stress measurements

The hydraulic fracturing technique is also a
popular stress measurement method recommended
by the ISRM [18]. After the first application in oil
fields to increase production, this method has been
greatly improved for decades, both theoretically
and technically. Compared with the overcoring
technique, the hydraulic fracturing technique can
reveal stress information at greater depths. The
hydraulic fracturing technique involves isolating a
short section of the wellbore between rubber
packers and increasing the hydraulic pressure in the
isolated interval until a small tensile fracture is
induced, usually parallel to the maximum horizontal
principal stress orientation [45]. According to the
principles of elasticity and fracture mechanics, the
fracture surface trend of the fracturing section
caused by hydraulic fracturing is the maximum
horizontal principal Indeed,
typical hydraulic fracturing is a two-dimensional
stress measurement method with the assumption
that one principal stress component is vertical,
which is suitable only for determining the
maximum and minimum horizontal stresses.

The directions of the principal stresses in the

stress orientation.

plane perpendicular to the drilling axis are
identified based on the azimuth of the induced
hydraulic fracture, which can be obtained and
yielded by running an oriented impression packer
or borehole image logs over the fractured
section [46,47]. The stress magnitudes are determined
based on the borehole pressures that open and close
the hydro-fractures several times (normally 4-5
cycles). According to the measured original data,
the key stress-related test interval pressures (i.e., the
breakdown pressure Py, shut-in pressure Ps, and
reopening pressure P;), the rock pore pressure Py
(which is equal to the hydrostatic pressure), and the
in situ tensile strength or of the tested rock can be
obtained. Then, the maximum (o) and minimum
(on) horizontal principal stresses are determined
using the relevant formulas (Egs. (9) and (10)), with
these measured parameters. The key to calculating
in situ stresses from hydraulic fracturing results is
to correctly determine the values of Ps and P:. At
present, there is no unified standard method to
determine Ps and P.. Several approaches, such as
the inflection point and exponential pressure-decay
methods, have been suggested to determine Ps [48].
Usually, a combination of two or more methods is
needed. For the determination of P;, one practicable
method is that P, can be obtained by comparing the
first pressurization cycle with the second (or third,
fourth, etc.) pressurization cycle. The pressure—time
curves of the second pressurization cycle and the
first pressurization cycle overlap, and then a point
where the second pressurization cycle -curve
deviates from the first pressurization cycle curve is
selected as the fracture reopening point, and the
pressure at this point is designated P;. In addition,

Table 2 Anelastic strain recovery stress measurement results in mine area [39]

OH Oh

Ov

Point Depth/ ow/  ow/ (outon) ow/
No. m  Value/ Direction/ Dip/  Value/ Direction/ Dip/ Value/ Direction/ Dip/ Q2ov)  on
MPa ©) ©) MPa ©) ©) MPa ©) ©)

1 862 31.6 305 2 235 35.2 5 22.4 13.3 —84.6 1.05 1.41 1.23 1.34
2 922 324 309.3 1.5 25.9 39.2 -3 24.0 —65.8 —86.6 1.08 1.35 1.21 1.25
3 1162 41.3 306.3 -3 332 36.2 2.5 30.2 86.4 —86.1 1.10 1.37 1.23 1.24
4 1267 45.9 302.3 1.5 32.5 323 0 33.0 =57.7 —88.5 0.98 1.39 1.19 1.41
5 1405 47.6 292.7 1 36.1 22.7 2 36.5 -3.9 -87.8 0.99 1.30 1.15 1.32
6 1500 51.5 294.7 1.5 38.1 24.7 1.5 39.0 -20.3 -87.9 0.98 1.32 1.15 1.35
7 1687 60.4 296.7 1.5 41.8 26.7 1.5 43.8 -18.3 —87.9 0.95 1.38 1.17 1.44
8 1888 67.3 298.3 3 48.4 28.4 1.5 49.1 -35.1 —86.6 0.99 1.37 1.18 1.39
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the vertical (oy) principal stress is estimated from
the weight of overlying strata (Eq. (11)).

O'H:3P5—Pr—Po (9)
on=P; (10)
ov=yH (11)

where y is the mean rock density and is assumed to
be 2650 kg/m* , and H is the depth.

The selected fractured rocks in the mine area
are almost intact and lack obvious cracks, thus
ensuring the integrity of the data in the hydraulic
fracturing test process. As a result, 23 fracturing
sections were successfully tested, and the
relationship between pressure and time was
recorded synchronously [39]. Three test sections
with depths of 509.35, 1097.5, and 1512.5 m were
selected for directional calibration using an oriented
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impression packer, thus determining the maximum
horizontal principal stress directions of these three
fractured sections. The 23 sets of hydraulic
fracturing stress measurement results varying from
357.76 to 1899.00 m are listed in Table 3 [39]. The
hydraulic fracturing data quality can be ranked as
Category C [38]. The anelastic strain recovery and
hydraulic fracturing measurements compensate for
the lack of stress data in the deep part (>1000 m) of
the mine area.

Finally, a total of 49 groups of stress data,
including these three different types of data, are
employed to characterize the current stress tensor in
the mine area to understand the regional present-
day stress state and its relationship to tectonization.
Notably, campaigns
performed as a part of field investigations to guide

these measurement were

Table 3 Hydraulic fracturing stress measurement results in mine area [39]

Point  Depth/ Pressure parameters/MPa Principal stress/MPa . ow/  oul (outon) ol
No. m Py P, P, Po or on on o direction ov  Ov (20v) Oh
1 35776 20.02 1554 11.73 3.51 448 2316 1524 9.47 - 1.61 2.45 2.03 1.52
2 431.09 2457 1578 1185 422 879 2399 16.08 1141 - 1.41 2.10 1.76 1.49
3 50935 25.15 20.29 1344 499 486 25.02 1843 1348  NS55°W  1.37 1.86 1.61 1.36
4 608.26  25.16 18.82 1435 596 6.34 30.20 2031 16.39 - 1.24 1.84 1.54 1.49
5 66533 2434 2139 1475 652 295 2937 2127 17.60 - 1.21 1.67 1.44 1.38
6 881.70  30.22 23.09 1629 8.64 7.14 3442 2493 2333 - 1.07 1.48 1.27 1.38
7 957.10 2586 2254 1657 938 333 3656 2595 2532 - 1.02 1.44 1.23 1.41
8 1010.50 23.06 19.19 16.48 9.90 3.87 40.14 2638 2723 - 0.97 1.47 1.22 1.52
9 1097.50 3043 25.72 20.19 10.76 4.71 45.62 3095 29.04 N60.4°W 1.07 1.57 1.32 1.47
10 1166.41 34.84 2572 20.50 11.43 890 4699 3193  30.86 - 1.03 1.52 1.28 1.47
11 1220.40 3440 2531 2044 1196 9.09 4796 3240 3229 - 1.00 1.49 1.24 1.48
12 127580 3279 23.63 19.52 1250 9.16 4743  32.02 3438 - 0.93 1.38 1.16 1.48
13 1350.00 2930 21.84 18.62 1323 7.47 4725 3185 3572 - 0.89 1.32 1.11 1.48
14 1408.00 28.02 2336 1932 13.80 4.66 4840 33.12  37.26 - 0.89 1.30 1.09 1.46
15 1473.18 31.93 24.09 2059 1444 7.85 52,12 3503 3898 - 090 1.34 1.12 1.49
16 1512.50 31.01 2498 20.75 14.82 6.04 52.11 3558  40.02 N58.4°W 0.89 1.30 1.10 1.46
17 1594.60 31.82 26.59 22.12 15.63 523 5540 37.75 42.19 - 0.89 1.31 1.10 1.47
18 1643.63 3898 2943 2470 16.11 9.55 60.79 40.81 44.30 - 0.92 1.37 1.15 1.49
19 1689.50 37.83 2831 2446 1656 9.52 61.63 41.02 44.70 - 0.92 1.38 1.15 1.50
20 1756.80 34.89 30.65 2639 1722 424 6572 43.60 4648 - 0.94 1.41 1.18 1.51
21 1792.70  32.69 27.70 24.83 17.57 499 6437 4240 4743 - 0.89 1.36 1.13 1.52
22 1839.00 37.35 28.73 2543 18.02 8.62 6558 4345 4956 - 0.88 1.32 1.10 1.51
23 1899.00 42.47 33.10 2845 18.61 9.37 70.86 47.06 50.25 - 0.94 1.41 1.17 1.51
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mining activities. More importantly, the obtained
reliable and various stress measurements can also
be used to yield a picture of the general state of
regional stresses and describe the regional stress
pattern and its inhomogeneity. This is conducive to
revealing more details of the tectonic stress field
and improving the geological interpretation of the
study area and surrounding districts.

S Present-day stress field

5.1 In situ stress magnitudes

For overcoring stress measurements (Table 1),
the two principal stresses at each measurement
point are nearly horizontal, the angles between the
two principal stress directions and the horizontal
plane are generally less than 10°, and a few
larger angles, which are called the maximum (ow)
and minimum (o,) horizontal principal stresses,
respectively, do not exceed 21.3°. The third principal
stress lies in an approximately vertical direction,
with a vertical angle that is not larger than 30°,

which is regarded as the vertical () principal stress.

This regularity is much more remarkable in plains
districts than in mountainous districts. At all test
sites, the maximum horizontal principal stress is far
higher than the vertical component. This result
provides strong evidence that the stress field in the
mine area is governed by horizontal tectonic
stresses, which are all compressive stresses. In other
words, the horizontal stress condition in this area is
predominantly tectonically driven and not just
gravity-induced. This finding has been observed in
many other regions [46]. The tunnel deformation
failure investigation and the engineering geological
survey in the mine area suggest that horizontal
tectonic stress is dominant in this area, so the
measured stress results are identical to those of the
structural investigation and the focal mechanism
solutions.

The stress measurements available in the mine
area suggest that the stress conditions in this area
appear to favor thrust (ow>on>0v) and strike-slip
(ou>0v>0on) faulting regimes within the tested depth
intervals. Specifically, the order of ow>on>0y
appears at 21 measurement sites, accounting for
42.86% of the total sites, and the order of ou>0v>0n
is present at 28 measurement sites, accounting for
57.14% of the total sites; both show a random
distribution with depth. Given that the depths of

these measurements are less than 2000 m, it
is not surprising that such a phenomenon appears,
as this phenomenon has been reported by other
researchers [49]. Nevertheless, at depths less than
1000 m, 17 of 27 test sites are characterized by
ow>on>oy, and 18 of 22 test sites are characterized
by ow>0v>on at depths higher than 1000 m. Overall,
with increasing depth, the vertical principal stress
tends to change from the minimum to the
intermediate principal stress, that is, the stress state
transitions from the shallow thrust faulting regime
to a regime favoring strike-slip faulting at depth.
This is a typical feature of the stress regime in this
mine area. In fact, similar stress conditions
changing from a thrust faulting regime at shallow
depths to a strike-slip faulting regime and
sometimes a normal faulting regime (ov>ou>on) at
deeper depths have been observed in other locations,
such as northern Switzerland and the Perth Basin of
Western  Australia [15]. This transformation
highlights the fact that “depth” is a key factor in
studying the stress state, and the stress state at
different depths is not necessarily constant. At the
same time, we should be especially careful when
using the surface geological structure as the only
source of stress state information of the
geomechanical model because surface faulting may
not directly indicate a deeper stress state.

In addition, in the 49 measuring points, 47 on
magnitudes are greater than 18 MPa and even
exceed 30 MPa, accounting for 95.92% of the total
measuring points. Hence, the stress state of the
mine area is at a high stress level overall based on
the assessment standard of the stress level of the
engineering rock mass [50]. In addition, compared
with the tectonic stress field of the entire North
China region [51], the in situ stress of this mine
area is also at a high stress level.

Figure 5 illustrates the individual measurement
results given in Tables 1, 2, and 3 in the form of oy,
on, and oy as a function of depth. The three principal
stresses all increase approximately linearly with
depth, despite certain scatter in the stress data. Thus,
linear regressions are reasonable representations of
the ou, on, and oy variations with depth H, and the
best-fit linear relationships can be expressed as

ou=0.0306H+9.1659, R*=0.9398 (12)
ov=0.0223H+4.1118, R*=0.9575 (13)
0v=0.0260H+0.7749, R?>=0.9935 (14)
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Fig. S Variations of on, on, and o, with depth

The regression lines between the three
principal stresses and depth are plotted in Fig. 5.
Although three stress measurement methods are
used, the linear correlation coefficients (R?) of the
obtained ou, on, and oy values are 0.9398, 0.9575,
and 0.9935, respectively, signifying that the degree
of linear correlation is quite high and that the
increased pattern of the stress magnitude within the
tested depth intervals in the mine area has not
changed significantly. Compared with the deep
stress data, the shallow stress data are slightly
scattered, which may be induced by the uneven
distribution of in situ stress due to the terrain effect
and influence of historical geological structures.
The regression coefficient of 0.026 in the
regression equation of gy is very close to the average
bulk density of overlying strata 0.026x10°—
0.027x10* kN/m?, which reflects the fact that o, is
generally equal to or slightly smaller than the
weight of the overburden. Theoretically, according
to the linear regression curves, firstly, oy is smaller
than o, and then larger than ¢, when the depth
reaches 902 m because the growth rate of oy is
greater than that of o,. The growth rates of oy and oy
are much smaller than that of oy (0.0306 MPa/m).
Consequently, within the tested depths, o, and oy
are smaller than oy, and if this variation with depth
exhibited in Fig. 5 is extrapolated to deeper depths,
the differences among oy, on and o, seem to
increase with increasing depth.

The individual constant terms in the linear
regression equations of ox and o, are larger than
that in the linear regression equation of oy, which
indicates that significant horizontal tectonic stress
still exists near the mine area surface. Furthermore,
linear growth of the three principal stresses means
that there is a great effect of high in situ stress in the
deep part of the gold mine. Typically, the high in
situ stress creates favorable conditions for high
energy accumulation in the rock mass and the
occurrence of dynamic disasters, such as rock
bursts. Because the mining depth of the gold mine
exceeds 1000 m, great in situ stress will be
encountered in the mining process. To ensure
the safety of mining, reasonable support and
reinforcement measures must be taken, and all
kinds of ground pressure activities and dynamic
disasters caused by high stress should be monitored
and controlled during the whole process of mining.
On the other hand, based on crustal structural
analysis, early estimations indicated that the
variations in horizontal principal stresses with depth
may change significantly after the depth exceeds
1000 m, that is, the increase rate of horizontal
principal stresses will slow down [52]. The stress
measurements at great depths in recent years,
including the measurements in the study area,
cannot prove this estimation. To rigorously evaluate
at what depth a turning point in the growth rate of
the principal horizontal stress occurs, more and
deeper in situ stress measurement data are needed.

The abovementioned in situ stress distribution
pattern is basically consistent with the deformation
and failure pattern of roadways in the gold mine.
There are few problems with shallow mining at this
mine, but many serious roadway deformations and
failures occur in deep mining, which is the result of
the increase in the in situ stress with increasing
depth. The investigation results of roadways at
depths of 870 and 915 m show that the main forms
of deformation and failure are local spalling, falling
roofs, obvious roadway section reduction, serious
deformation of supporting structures, and slight
rock bursts. All these phenomena further indicate
that a large horizontal tectonic stress exists in
the mine area. Hence, reasonable and effective
measures must be taken to control the effect caused
by in situ stress and maintain the stability of
underground mining structures, such as stopes and
roadways.
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Moreover, the ratio between horizontal
principal stresses and the ratio of horizontal to
vertical principal stress are of great significance,
reflecting the key characteristics of the stress
distribution. At all points, the ratios of o to ov
(on/ov), ou to oy (ow/oy), average horizontal principal
stress to vertical principal stress ((outon)/(20v)), and
ou to on (ow/on) are calculated and plotted as a
function of depth in Fig. 6. ow/ov, ow/ov, and
(outon)/(20y) decrease nonlinearly with increasing
depth, and their relationships with depth are fitted
in the form of hyperbolas, as provided in Figs. 6(a),
(b), and (c), respectively. As the depth increases, the
three coefficients seem to approach the constants of
0.96, 1.45, and 1.20, respectively. Furthermore,
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ow/o, varies from 0.79 to 1.61, with an average of
1.03 (Fig. 6(a)), and the maximum and minimum
values of on/oy are 2.45 and 1.30, respectively, with
an average of 1.58 (Fig. 6(b)). The observed ranges
of av/oy and aw/oy are similar to those obtained from
less than 2000 m in more than 30 countries
worldwide [53]. Based on elasticity theory, the
width/height ratio of the roadway -cross-section
should be consistent with the ratio of the two
principal stresses acting on the cross-section as
much as possible in future roadway designs of
the gold mine to reach a state of uniform isostatic
stress, which is beneficial to improving the stress
distribution of the surrounding rock and reducing
the deformation and failure of the roadway.
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Fig. 6 Variations of stress ratio with depth: (a) on/ov; (b) ou/ov; (¢) (outon)/(20v); (d) ou/on
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(outon)/(20v) is basically stable in the whole
mine area, mostly ranging from 1.09 to 1.50 and
averaging 1.31 (Fig. 6(c)). According to the
macroscopic classification of the original rock
stress field [54], the in situ stress field is a
geodynamic stress field within the measured depths
in the mine area but tends to gradually transition to
a quasi-hydrostatic pressure field with increasing
depth. Notably, as the burial depth of the
determined stress data in this study is less than
2000 m, it is not known whether there is hydrostatic
pressure in the deep part of the mine area, and a
large body of stress data in the deeper part is needed
for further study. In addition, the relationship
between the coefficient and depth in this area is
similar to the overall variation characteristics
of the relationship curve summarized by BROWN
and HOEK [55] using the compiled stress data
worldwide, but there are some differences in values
that are close to the inner envelope of the Hoek—
Brown curve. The reason is that the Hoek—Brown
curve is a summary of the global stress distribution,
and the stress distribution is very regional, which is
not only related to the lithology of a specific region
but also greatly influenced by regional tectonic
movement. Because different regions in the world
are greatly influenced by historical and present
tectonic movements, the characteristics of tectonic
stress fields are also considerably different, which is
one of the reasons for the large differences between
the Hoek—Brown inner and outer envelope curves.
The distribution features of the stress field in this
region, to a certain extent, reflect the characteristics
of lithology and historical and contemporary
tectonic movements. The stress measurement results
imply that although the changing trend of in situ
stress 1s similar to the Hoek—Brown curve, the in
situ stress field in this area has its characteristics,
and the test results of other industries and even
other metal mine areas cannot be applied
uncritically.

ow/on reflects the characteristics of horizontal
tectonic stress. This coefficient is between 1.16 and
2.11, with an average of 1.55 (Fig. 6(d)). Apparently,
the influence of horizontal principal stresses on
underground excavations has obvious directionality.
on/on has no significant correlation with depth, and
its relationship with depth is fitted in the form of a
linear curve, which can be used to roughly express

the overall trend. Moreover, the fluctuation range of
the coefficient in the shallow zone is wider than that
in the deep =zone, indicating that the stress
distribution in the same plane in the deep zone
tends to be more uniform than that in the shallow
zone. The difference in the two horizontal principal
stresses in the same plane reflects the instability
degree of the rock mass, and a large difference
easily causes deformation and failure of the
surrounding rock. Based on Mohr’s strength theory,
the maximum shear stress can be regarded as
(oi1—on)/2, and the failure of the surrounding rock
in mines is usually induced by the shear stress.
The difference between on and o, at almost all
measuring points in the mine area is large, implying
that the shear stress is high in the horizontal plane.
This is a characteristic of the in situ stress
distribution in this region, which is unfavorable to
the stability of the underground mining system. On
the other hand, as the shear stress exceeds the shear
strength of the rock mass, the rock mass breaks,
which provides favorable stress conditions for the
formation of faults, joints, and other structures. This
is one of the mechanical reasons for the relatively
developed and densely distributed faults and joints
in the mine area.

5.2 In situ stress direction

The ou direction is a crucial component of
stress tensors and has received extensive attention
in the mining industry. The on directions at 18
measuring points (except two points) yielded from
the overcoring method are similar, ranging from
N30°W to N90°W, with an average of 110.9° (i.e.,
N69.1°W), as shown in the rose diagram in
Fig. 7(a). The ou directions at the eight test sites
measured by the anelastic strain recovery method
are 305°, 309.3°, 306.3°, 302.3°, 292.7°, 294.7°,
296.7°, and 298.3°, with an average of 300.7° (i.e.,
120.7°, N59.3°W) (Fig. 7(b)). Moreover, the on
directions in the three test sections determined by
the hydraulic fracturing method are NS55.5°W,
N60.4°W, and N58.4°W, with an average of 121.9°
(i.e., N58.1°W) (Fig. 7(c)). Obviously, the stress
measurements provided by the three different
methods agree well.

Figure 8 shows the directional characteristics
of ou obtained by the three methods in a depth
profile and map view in the mine area. A common
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Fig. 8 oy direction in depth profile (a) and map view (b) in mine area

denominator appears to exist among the obtained
stress direction data regardless of depth, indicating
a consistent WNW-ESE or approximately E-W
orientation, which reflects that the action of
principal compressive stress at different depths of
the crust is obviously consistent. This result concurs
well with the direction of the regional tectonic
stress field reflected by neotectonic movement and
modern focal mechanism solutions (Fig. 3(b)),
which implies that the stress measurements in this
mine are reliable and show the same type of stress
pattern. Typically, the famous deep-seated Tan—Lu
fault zone on the west side of the mine area is a
currently active dextral strike-slip zone, and its
movement pattern agrees fairly well with the
expected action of the measured stress direction. In
addition, the maximum principal stress orientations
derived from overcoring stress measurements in the
Linglong and Xincheng gold mines [11,14] adjacent
to this gold mine, as well as hydraulic fracturing
stress measurements in an underground engineering

area [56] far from the gold mine in the Jiaodong
Peninsula are in good agreement with those
determined in the study area.

The World Stress Map [38], which is highly
recognized worldwide, adopts the strict quality
standards and mainly shows the strike-slip faulting
conditions according to the earthquake focal
mechanism the mine area
(Fig. 9) [5]. Moreover, according to various stress
indicators, such as borehole breakout analyses, in
the vicinity of the mine area, including inland and
sea areas, the oy direction is generally WNW-ESE
to E-W (Fig.9). Remarkably, these orientations
provided by the World Stress Map are practically in
line with those determined in this study. In addition,
under the driving plate conditions, the crust
deforms and produces a horizontal compressive
stress field in the crust. The current stress pattern of
the mine area is inevitably influenced and
controlled by the activities of the surrounding plates
(i.e., the Indian, Pacific, and Philippine plates) as

solutions around
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well as the interaction of terrestrial blocks (such as
the Northwestern China block and Qinghai—Tibet
block) [51,57]. It is well known that the pattern
of the ou direction is a reliable indicator of the
dynamic background. The determined predominant
on direction in the study area indicates that the
driving force of the area is probably composed of
the nearly E-W subduction of the Pacific plate and
NW compression of the Philippine plate. Notably,
other plates or blocks also play a certain role in
generating the modern tectonic stress model in the
study area.

"100°E.._. 05°K
s
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Fig. 9 Maximum horizontal stress directions indicated by
World Stress Map (after HEIDBACH et al [5])

In summary, these results reinforce the WNW-
ESE or approximately E—W orientation observed in
this area. Consequently, we herein speculate that
the stress field is significantly influenced by the
prevailing WNW-trending tectonic compressive
stress, which represents regional stress conditions in
and around the mine area. It is worth emphasizing
that at some measuring points at the same depth
(i.e., in the same plane), the stress magnitude
and orientation have certain changes in different
positions, but there are no sudden changes, which
indicates that the stress field of the mine area is
relatively uniform. Moreover, due to the limitation
of the test depth, the stress measurement results
discussed in this study may not fully represent the
tectonic stress state in this area. However, the stress
information can at least indicate the relative spatial
variation in the stress state.

6 Relationship between stress field and
tectonization

Geological structures are structural traces

preserved by the deformation and failure of crustal
rocks caused by tectonic stress. Geological
structures formed under different stress conditions
are often different, and thus, geological structures
can reflect the tectonic stress states to a certain
extent when they are formed [11]. The existing
form of most geological structures is regarded as
the consequence of multiple tectonic activities. The
tectonic movements in different stages have varying
effects on the tectonic stress field, resulting in a
very complicated relationship between geological
structures and the tectonic stress field. Therefore,
the relationship can be deeply understood by
studying the tectonic evolution stages, sequential
formation relations, and the characteristics of
geological structures in the mine area.

6.1 Geological evolution

As previously mentioned, the mine area has
undergone Indosinian, Yanshan, and Himalayan
movements [20]. Since the Indosinian period, the
stress field in North China has undergone many
transformations under the collision and splicing of
the Yangtze plate and North China plate as well as
the westward subduction of the Pacific plate,
thereby controlling the generation and evolution of
regional geological structures. The Indosinian
period was a turning period when the North China
plate began to disintegrate and deform strongly and
the paleogeography and paleotectonic framework
changed dramatically. Indosinian movement caused
obvious folding, uplift, and fault movement in the
strata in the Jiaodong Peninsula before the
Paleozoic, thereby forming an anticline structure
mainly in the E—W direction accompanied by
relatively developed NE-oriented compressional-
torsional faults and poorly developed NW-oriented
tensional-torsional faults near the mine area. The
energy source of the Indosinian movement was the
collision between the North China plate and
Yangtze plate, which caused a large NE-SW
compressional force [58]. Hence, in this period, the
maximum principal compressive stress of the mine
area was along the NE-SW direction (Fig. 10(a)),
which was mainly pushed from SW to NE. This
was the first-stage tectonic stress field in this area
since the Mesozoic.

The Yanshanian was the intensest period in
geological history for tectonic deformation and
magmatic activity in the North China plate. Due to
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Fig. 10 Schematic diagrams of stress field characteristics corresponding to different tectonic activity evolution stages:

(a) First stage; (b) Second stage; (c) Third stage

the dominant role of the northward movement of
the Pacific plate, a regional sinistral coupled stress
field was formed, which produced a sinistral torsion
with the near N—S orientation of the mine area. The
maximum compressive stress orientation across this
area was nearly NW-SE (Fig. 10(b)), which was
the second stage tectonic stress field, causing the
faults formed in the first stage to have sinistral
torsion. The original tensional and torsional
activities of NE-trending faults transitioned into
compressional and torsional activities, and the
original compressional and torsional activities of
NW-trending faults became tensional and torsional
activities. During this geological period, the
ENE-oriented Sanshandao—Cangshang fault zone
and NW-oriented Sanshandao—Sanyuan fault in the
mine area were formed and developed in this
tectonic system transformation environment [20];
the Sanshandao—Cangshang fault zone had the
geological characteristics of a compressive structural
plane, while the Sanshandao—Sanyuan fault was a
typical tensile structural plane. In addition,
Linglong bedrock was also believed to have been
caused by the upward emplacement of magma
generated from partial crustal melting under the
NW-SE compressional background in this period
along with the branch fractures of the gently
inclined Tan—Lu fault zone [59].

During the Himalayan movement period, the
Indian plate collided strongly with Eurasia, and the
effect of such collision was delivered to North
China, including the mine area, to the northeast of
the Qinghai—Tibet Plateau. Under the extrusion of
the Indian plate along a NNE orientation, a regional
dextral coupled stress field in the nearly NE
direction was formed in the mine area, and the
maximum principal stress direction further

developed in a nearly E-W direction in this area
(Fig. 10(c)), which was the third-stage tectonic
stress field. Subject to this stress field, the rock
mass in the ore-bearing alteration zone cemented by
diagenesis experienced a new tectonic fracture. The
regional nearly E—W tectonic stress field was
affected by the inheritance, accommodation, and
combination of the geological structures in the mine
area and exhibited NE-SW compression and torsion
in the area, causing dextral shear failure on the
hanging wall of the Sanshandao—Cangshang fault
zone. Moreover, the representative NE-striking
Tan-Lu fault zone in the western mine area
experienced dextral translation under the action of a
nearly E-W-directed tectonic stress field. Moreover,
controlled by the stress field, the Sanshandao—
Sanyuan fault experienced sinistral compressional
and torsional activity, thereby dislocating the
Sanshandao—Cangshang fault zone. In addition,
large-scale differential uplifts have occurred in this
area, and neotectonic movements are relatively
strong and continue into modern times.

In conclusion, the new and old tectonic
systems in the mine area are closely linked. That is,
the new tectonic system has inherited the old
tectonic system and simultaneously shows new
creative functions, producing new structural traces.
Field stress measurements and theoretical studies in
recent years have shown that the maximum
principal compressive stress orientation primarily
depends on the contemporary tectonic stress field
and has no direct or inevitable connection with the
tectonic stress field throughout geological history.
Only when the contemporary stress field inherits
the early stress field and evolves further or is
well coupled with a certain historical stress
field orientation can the present-day stress field
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orientation be linked with the geological structural
elements. The maximum principal compressive
stress orientation varies from NE—SW in the first
stage of tectonism to NW—SE in the second stage
and finally gradually becomes nearly E—W in the
third stage. Therefore, the crustal stress field is
unstable but has relative stability, which is a
function of time and space. According to the focal
mechanism data and stress measurement results, the
maximum principal stress orientations of most
measurement points are mainly located in the nearly
E—W and partly in the NW—SE orientations, which
concurs with the earlier analysis of the tectonic
stress field orientations in the second and third
stages, implying that the contemporary stress
conditions basically inherited the third-stage
tectonic stress field while partially retaining
features of the tectonic stress field in the second
stage and eventually developed into a tectonic stress
field controlled by approximate E—W extrusion.
This further suggests that the stress direction
affecting the current major structural activities of
this region is in nearly the E-W direction.

6.2 Geological structural analysis

Geological tectonic lines or structural traces
are indicators of the tectonic stress field. The
Sanshandao—Cangshang fault zone and its adjacent
Jiaojia fault zone and Zhao—Ping fault zone control
the occurrence of the vast majority of superlarge
and large deposits on the northwestern Jiaodong
Peninsula. These three fault zones are the products
of many tectonic movements since the Mesozoic
and are part of the same sequence and fault grade
system. Under the action of the NW-SE lateral
force, the dips of these fault zones are opposite, and
the lateral pressures were transferred by the
Linglong and Guojialing granitoids in the formation
periods and produced the conjugate shear fracture
along the section. Before these fault zones were
denuded and exposed on the surface, they were
undulating discontinuities in the middle crust with a
fluctuation range of 10—18 km; the discontinuities
controlled the distribution of gold mineralization
and Mesozoic granitic rocks [60,61]. The tectonic
evolution of the fault zones is presented in Fig. 11
(the position of this cross section is illustrated by
line IJ in Fig. 1). The NE-trending ore- controlling
fault structures were extended in a nearly parallel
way, showing a group of WNW-ESE-trending

extensional fault structures horizontally and a
combination of gently inclined faults and secondary
tensile fractures vertically. Hence, the fault
structures in and around the mine area generally
feature the concurrent development of primary and
secondary faults. During the mineralization, these
faults were all normal faults. Due to the relative
movement of the upper and lower walls of the main
faults, a series of tensile and shear fractures formed
in the footwall, and their tendencies were basically
opposite to the tendencies of primary fault
structures. The footwalls of the Sanshandao—
Cangshang fault zone and Jiaojia fault zone show a
similar structural feature. The metallogenic process
is closely correlated with the NW-directed
subduction of the Pacific plate. During the collision
between the Pacific plate and Eurasia in the
Yanshanian, the gold-rich ancient strata and rocks at
the front of the subduction zone were remelted and
mixed with the mantle-derived magma to form an
upwelling gold-rich mixed magma. Then, the
hydrothermal fluid migrated to and concentrated in
the rock mass margin; poured into the nearby
structural  system; infiltrated, diffused, and
condensed into the surrounding rocks; finally
mineralized at the intersection of fault structures or
the transitional point of fault zones along their
strikes and/or inclinations [62]. In particular, the
secondary extensional structural fault zones that
developed in the footwalls of primary fault
structures are in favorable locations for the
development of stockwork and vein-type gold
deposits (Fig. 11 [61]).

As previously mentioned, the Sanshandao—
Cangshang and Sanshandao—Sanyuan fault systems
are two primary framework structures of the mine
area. Combined with the features of these fault
structures, the action mode and direction of the
crustal stress can be qualitatively determined. The
determined average ou direction is oblique to the
trend of the F2 and Sanshandao—Cangshang fault
zones, with a large angle and nearly parallel to
the trend of the Sanshandao—Sanyuan fault. The
movement of the fault directly shows the tectonic
stress state in the region. Recent field surveys have
revealed that the Sanshandao—Cangshang fault zone
exhibits dextral faulting behavior. Moreover, the
quartz grains in the yellow iron sericite in the
footwall of the Sanshandao—Sanyuan fault have
been sinistrally sheared and dislocated. Under the
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Fig. 11 Tectonic evolution of faults in and around mine area (after DING et al [61])

determined stress states, the NE-trending F2
and Sanshandao—Cangshang faults with dextral
characteristics easily form, and the movement of
the NW-striking Sanshandao—Sanyuan fault is
generally characterized by sinistral strike-slip (Fig. 12),
which is in accordance with the conclusions
inferred from the geological field survey. The above
structural analyses indicate that the mine area is
affected by the WNW-ESE or nearly E-W
orientation within a contemporary crustal stress
setting.

N
F2
I 7% Sanghandao—Cangshang fault
NWW <

= €= sce

Dextralarea {\  Sanshgndao—Sanyuan fault

Anticlinal axis
Fig. 12 Sketch map of stress action mode and fault

activity characteristics in mine area

Additionally, numerous studies have confirmed
that the occurrence of faulting or seismicity is
associated with long-term cumulative changes or
sudden large changes in the regional crustal stress
setting. The possibility of earthquakes induced in
areas that are experiencing strong block tectonic
movements and appropriate stress conditions is
greatly increased. As shown in Figs. 1 and 3, the
Jiaodong Peninsula where the gold mine is located,
has complicated and multistage fault structures in
different directions and is a high-activity area for

moderate and small earthquakes in North China. We
interpret the occurrence of earthquakes across this
area as a consequence of the combined effects of
the regional WNW-EW-directed stress field and
local NE-directed stress field. For the developed
NE-striking faults in the Jiaodong Peninsula, the
NE-directed stress field increases the vertical
compression on the NE faults, causing stress
accumulation, while the WNW-EW-directed stress
field decomposes the dextral shear force on the
faults, and when the stress release condition is
reached, the subsequent fault movement will
produce an earthquake. In addition, for the
NW-striking faults, the current WNW-EW- or
nearly E—W-directed stress conditions can also
form high shear stress on the faults, thus causing
the faults to undergo sinistral activity. In brief, NE-
and NW-striking faults in the Jiaodong Peninsula
are the main seismic structures. An example is the
Ms 4.6 Laizhou main earthquake in 2013, in which
the main activity of the earthquake sequence
occurred on the NE-trending Zhacun—Yidao fault,
with three small aftershocks occurring on the
adjacent NNE-directed fault [63]. The sequence
seismogenic faults of the Rushan earthquakes in
2013—-2014 are considered to be NW-directed
buried strike-slip faults [64]. Moreover, the
NW-trending faults in the Bohai Sea (such as the
Bohai Sea segment of the Zhangjiakou—Bohai Sea
fault zone) have experienced many moderate-
strong earthquakes, such as the Ms 3.6 Bohai
Sea earthquake in 1980 and Ms 7.4 Bohai Sea
earthquake in 1969. These cases are identical to our
inference that a WNW-SNN- or approximately
E—W-oriented tectonic stress field can trigger fault
sliding and generate earthquakes.

In summary, the main function of the early
tectonic stress field is the transformation of
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geological bodies, resulting in various faults and
structures in the rock mass. The early tectonic stress
field indirectly controlled the stability of faults, and
its residual tectonic stress generally decreased after
long-term relaxation, while the contemporary
tectonic stress state is the direct mechanical basis
that affects the stability of faults. Based on the
analysis of the correlations between the tectonic
stress field and geological structures in the mine
area, the mechanical origin and evolution of the
stress field are revealed. Moreover, the stress
measurements in this study can be used to explain
the action mechanism of fault structures and the
formation mechanism of earthquakes around the
mine area in practice, and they have good
consistency. The consistency between the on
direction derived from the measured stress data and
neotectonic structures is quite significant, which
means that the horizontal stress direction yielded
from the recent geological features may be a
valuable input to the geomechanical model in the
absence of stress measurement data or other data.

It should be noted that due to the complexity
of structures in geological bodies, the distribution
of tectonic stress can present a very complicated
situation, resulting in the possible inconsistency or
even obvious differences between the tectonic stress
field in local positions or areas and the overall
tectonic stress field in a wide area. Furthermore, the
present tectonic movement may be considerably
different from the early tectonic movement.
Therefore, the direction of tectonic stress cannot be
determined only from the main regional structures
(such as faults), but the current tectonic movement
and the local geological structures must be
considered, which underscores the necessity of field
stress measurements. In addition, shallow stress
measurements provide an important basis for
analyzing the contemporary crustal stress field and
the evolutionary pattern of tectonic movement in
and around the mine area. The results also provide
new ideas for the study of tectonic evolution
activities and the source of driving forces at the
land-sea boundary and in the submarine area. The
comparison between current stress measurements
and geological structural characteristics highlights
an important issue, that is, the usefulness of
geological structures to indicate the contemporary
stress state. However, to understand the links
between the crustal stress field and geological

structures as well as neotectonic movement more
accurately, much field stress measurement work at
deeper depths needs to be carried out in the future.

7 Conclusions

(1) The horizontal tectonic stress plays a
predominant role in the stress field in the mine area
and is a typical tectonic stress field. The stress
field is characterized by ow>ow>0, and ow>ov>on,
corresponding to the thrust and strike-slip faulting
regimes, respectively. With respect to stress
magnitudes, the in situ stress level in the mine area
is fairly high. The owov, on/ov, and (outon)/(20v)
decrease nonlinearly with increasing depth, and
their relationships with depth can be fitted in the
form of hyperbolas. The on/o, values vary from
0.79 to 1.61, averaging 1.03, the on/ov values are
between 2.45 and 1.30, averaging 1.58, and the
(outon)/(20v) values mostly range from 1.09 to 1.50,
averaging 1.31. As the depth increases, the three
coefficients seem to approach the constants of 0.96,
1.45, and 1.20. The on/on values are between 1.16
and 2.11, averaging 1.55, and the values have no
significant correlation with depth. The influence of
horizontal principal stresses on underground
excavations has obvious directionality.

(2) The average ou directions measured by
overcoring, anelastic strain recovery, and hydraulic
fracturing methods are N69.1°W, N59.3°W, and
N58.1°W, respectively, which agree well with
each other. Overall, the great majority of the
measurement points yield a consistent WNW—-ESE
or approximately E—W orientation for on. This
result is quite in line with the orientation of the
tectonic stress field derived from focal mechanism
solutions, regional geological structural analysis,
and other stress indicators revealed by the World
Stress Map. This finding suggests that the stress
field is significantly influenced by the prevailing
WNW-trending tectonic compressive stress, which
represents regional stress conditions in and around
the mine area.

(3) The tectonic stress field is related to the
tectonic movement in the rock stratum and the
existing geological structure, especially the
horizontal tectonic movement, which has the
greatest influence on the formation and distribution
characteristics of in situ stress. The current stress
field of the mine area basically inherited the
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third-stage tectonic stress field (Himalayan
movement period) while partially retaining the
tectonic stress field characteristics of the second
stage (Yanshanian period) and eventually developing
into a tectonic stress field featuring nearly E-W
compression.

(4) Under the current stress state, the
NE-trending F2 and Sanshandao—Cangshang faults
with dextral characteristics easily form, and the
movement of the NW-striking Sanshandao—
Sanyuan fault is generally characterized by sinistral
strike-slip, which 1is in accordance with the
conclusions inferred from the geological field
survey. Based on the analysis of the correlations
between the tectonic stress field and geological
structures in the mine area, the mechanical origin
and evolution of the regional tectonic stress field
are revealed. Moreover, the stress measurements
can be employed to explain the action mechanism
of fault structures and seismogenesis around the
mine area in practice, and they have good
consistency, which strongly validates the accuracy
of stress measurements.
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