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This paper takes the actual working conditions of leaching mining, with the Xikeng Rare Earth Mine in Anyuan County as the
research object. The slope surface monitoring as a technical means is used to analyze the deformation characteristics, including
cumulative displacement, velocity, and acceleration, and the leaching slope and establish an early warning system to assist with
leaching production. The study shows that there are three stages in the process of ionic rare earth mine slope deformation, i.e.,
the initial stage with deformation velocity in 0.15 to 0.30mm∙h-1, the speed of the uniform deformation stage fluctuating but
maintaining at -0.15 to 0.15mm∙h-1, and the accelerated deformation stage when the velocity and acceleration are 3 to 10
times or more than those of the initial deformation stage. The practice had proved that the monitoring system responded
positively when an alarm based on the Local Outlier Factor (LOF) was issued so that the production process was in a safe state
and no large-scale landslide disaster occurred. This study will provide theoretical and technical support for the safe and
efficient mining of rare earth in situ leaching.

1. Introduction

In southern Jiangxi, ionic rare earth ore mining has gone
through three steps of pool leaching, heap leaching, and in
situ leaching [1–3]. Because pool leaching and heap leaching
need to strip the topsoil and cause severe environmental
damage and soil erosion, in situ leaching is the only mining
method of the ionic rare earth ore in China. Based on active
government promotion, in situ leaching has been rapidly
developing [4, 5]. However, the in situ leaching process is
not perfect and will still bring environmental problems. Dur-
ing in situ leaching, a large amount of leaching solution is
injected into the ore body, which destroys the mechanical
balance of the slope and causes landslide disasters easily.

To solve the landslide in the in situ leaching process, Rao
et al. [6] conducted on-site inspections of the rare earth mines
with different deposit conditions and analyzed the main types
of landslides and the catastrophic factors that caused them.
And then, they formulated relevant prevention and control
measures in the field. Wang et al. [7, 8] analyzed the deforma-
tion laws of rare earth slopes during leaching solution injection

through field tests. They pointed out that different slope shapes
will trigger different types of landslide modes after high-
strength fluid injection, and then the corresponding reinforce-
ment plan was put forward. Luo et al. [9] compared the differ-
ences in composition, gradation, cohesion, internal friction
angle, etc., of the slope soil before and after rare earth leaching
and then revealed the responding changes of the strength char-
acteristic. Rao et al. [10] used logistic regression and introduced
a landslide probability model to predict the certainty coefficient
of rare earth slope landslides. The model provides essential the-
oretical support for landslide prediction and analysis. Wang
et al. [11] studied the changes in ionic rare earth pore structure
during the leaching process from a microscopic perspective.
They pointed out that with the progress of leaching, the porosity
and pore radius of rare earth ore gradually increase. The higher
the concentration of the leaching agent within a certain range,
the more pronounced this phenomenon becomes. This charac-
teristic will cause the slope soil saturation to increase continu-
ally, and the mechanical strength gradually decreases.

The goal of rare earth landslide research is to monitor and
control the landslide, grasp the deformation characteristics of
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the slope in real time, and control the landslide by adjusting
the injection parameters to realize the safe and efficient mining
of rare earth in situ leaching [12]. There are relatively few
research studies on the early warning and control of rare earth
slopes, especially the monitoring research based on actual
leaching production. According to the actual working condi-
tions of leaching mining, this paper uses slope surface moni-
toring as a technical means to analyze the deformation
characteristics of the leaching slope. It proposes a warning
model based on the Local Outlier Factor (LOF) for the rare
earth slope landslide, real-time data, and a prediction tool
for leaching mining. Finally, this study will provide theoretical
and technical support for the safe and efficient mining of rare
earth in situ leaching.

2. Methods

2.1. The Time Evolution Law of Slope Deformation and
Failure. The key to establishing a landslide early warning
model is to make accurate judgments on the stability of the
slope. The current main research methods are the limit equi-
librium method and the time series analysis method [13, 14].
The application of the limit equilibrium method to analyze
the stability of the slope is straightforward. The way is based
on the static mechanical balance and Mohr-Coulomb crite-
rion, which has a rigorous theoretical basis of mechanics
[15]. However, landslide warning is a time-sensitive issue,
especially for rare earth slopes [16]. With the progress of
in situ leaching, soil mechanical properties, seepage, and
infiltration lines will be changing, directly impacting the
slope stability [17–19]. The time series analysis method eval-
uates slope stability based on field monitoring displacement
and dynamically changing displacement with time. This
method has the advantages of easy implementation, strong
intuitiveness, and the ability to reflect dynamic changes of
slopes. Therefore, it is widely used in the field of landslide
warnings. Luo et al. [20] used the Chow split point test the-
ory to accurately divide the landslide evolution process in
combination with actual engineering examples and provided
a basis for the critical landslide index. Xu et al. [21–23]
decomposed the landslide displacement into a period term
and a trend term and established a landslide displacement
prediction model. Li et al. [24, 25] set a deformation rate
early warning indicator model by studying the evolution
law of different deformation stages. Qiang and Zeng [26]
studied the cumulative displacement/velocity/acceleration-
time curve in the process of landslide instability through a
large number of examples. They proposed an early warning
indicator model of the critical threshold of acceleration.

A large number of landslide monitoring data show that
landslide deformation generally has the characteristics of
creep. The deformation from the initial to the final slope insta-
bility needs to go through a process similar to the rheological
test of rock and soil, such as initial deformation, constant
velocity deformation, and accelerated deformation stages.
And the cumulative displacement-time curve of landslide
deformation can be split into three primary forms: gradual,
sudden, and stable. Under different force conditions, the slope

displacement-time curve is a series of displacement-time clus-
ters [27], as shown in Figure 1.

In general geological disaster monitoring, it is often impos-
sible to monitor the initial deformation stage of the landslide or
even the complete constant velocity deformation stage. This fea-
ture is mainly because the slope had passed the initial deforma-
tion stage before the slope was monitored. And the slope has
entered the phase of constant velocity deformation. In in situ
leaching of ionic rare earth mines, the monitoring system is
often arranged before leaching solution injection. Therefore, if
the slope displacement is monitored on ionic rare earth slopes,
a complete cumulative displacement-time curve can be
obtained in theory. This feature is a tremendous advantage for
establishing an ionic rare earth mine landslide warning based
on the displacement-time curve.

The displacement-time curve of creep-type landslides
has prominent three-stage characteristics. Still, it is tough
to judge the landslide stage of the slope based solely on its
cumulative displacement-time curve, so the speed-time
curve and acceleration-time curve should be combined to
make a comprehensive judgment. A typical gradual land-
slide as a demonstration template, as shown in Figure 2, is
a characteristic gradual landslide cumulative displacement-
time curve. The velocity can be obtained by calculating the
first derivative of displacement versus time, and the acceler-
ation can be obtained by calculating the second derivative.

Since the actual monitored cumulative displacement-
time curve is a time series composed of discrete data points,
it is impossible to obtain the velocity and acceleration by
deriving the mathematical expression. This article will use
days as the unit to calculate the average daily rate and then
draw the rate points on the coordinate axis and connect
them into a line. When calculating the acceleration, use the
slope of the line connecting the two-day rate points as the
approximate acceleration.

2.2. Landslide Warning Based on LOF. The triggering of
landslides is often accompanied by severe deformation and
abnormal detection data. Therefore, how to relativize anom-
aly detection becomes the key to landslide warning. Anom-
aly detection conducted in the field of statistics can be
broadly classified into two categories, namely, distribution-
based and depth-based methods [28–30]. For many interest-
ing real-world datasets that exhibit more complex structures,
there is another anomaly. These can be objects that are
remote relative to their local neighborhood, especially rela-
tive to the density of the neighborhood. These outliers are
considered “local” anomalies (or point anomalies). The
Local Outlier Factor (LOF) is a recently developed outlier
detection technology, which is a density-based outlier calcu-
lation method. The LOF value of the dependent variable at a
specific measurement time can be calculated and compared
with the corresponding independent variable to realize the
identification of the cause of the abnormality [31]. Unlike
the traditional anomaly method, which treats anomalies as
binary attributes, it is based on density and has no distribu-
tion assumptions at all.

For a training dataset x = ½x1, x2, x3,⋯, xi,⋯, xn� ∈ RD×N ,
all k-nearest neighbors of xa (a = 1, 2,⋯, n) should be found
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out according to (1) and then the neighborhood set of xa can
be recognized as KNNðxaÞ.

d xa, xbð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

〠
D

n=1
xan − xbnj j2

s

, a ≠ b: ð1Þ

The k-distance neighborhood of xa, denoted as k‐distance
ðxaÞ, is defined as the Euclidean distance of k-nearest neighbors
from xa, that is, the kth smallest value of dðxa, xbÞ (a ≠ b, xb
∈KNNðxaÞ). And the reachability distance of xa with respect
to xb is defined as

dist xa, xbð Þ =max k‐distance xbð Þ, d xa, xbð Þf g: ð2Þ

The local reachability density of xa is given by

LRD xa, xbð Þ = k
∑xb∈KNN xað Þdist xa, xbð Þ : ð3Þ

The LOF of xa is computed from the local reachability den-
sity of xa and that of xbk-nearest neighbors as

LOF xa, xbð Þ = 1
k

〠
xb∈KNN xað Þ

LRD xað Þ
LRD xbð Þ : ð4Þ

The LOF is the ratio of the average density of KNNðxaÞ to
the density of xa. The larger the LOFðxaÞ value, themore prob-
able it is to be an outlier. If xa is not an anomaly, LOFðxaÞ
should be close to 1 because the density of xa and KNNðxaÞ
is similar. But if xa is an outlier, LOFðxaÞ should be distinctly
larger than 1 because the relative density of xa to KNNðxaÞ is
small. Specifically, if LOFðxaÞ is less than or equal to 1, xa must
be deep into a cluster. However, this value cannot be used to
judge whether a sample is an anomaly or not. Because the
acceptable range of LOF values would vary among applications,
a control limit or threshold is needed to judge an anomaly.
According to the previous works, xa is judged as an outlier if
the LOFðxaÞ is a trigger threshold determined by kernel density
estimation (KDE) with LOF. The warning information will be
sent simultaneously (classification of warning levels), as shown
in Table 1.

3. Study Area

3.1. Geological Conditions of the Xikeng Rare Earth Mine.
The test ore block was selected at a relatively flat hillside in
the Xikeng Rare Earth Mine of Anyuan County. It is located
in the south of China, which lies within the latitude 25°11′
09″ to 25°11′41″N and longitude 115°04′00″ to 115°04′
51″E and reports an area of about 2.0 km2 (Figure 3). The
Xikeng Rare Earth Mine in Anyuan mainly occurs in the
fully weathered layer formed by streaked migmatite, which
is a typical fully overlying type and has no waterproof floor
at the bottom of the stope. The rocks are characterized by
granitic metamorphic texture, metasomatic texture, and
residual texture, showing strip~strip mark, eyeball, and mas-
sive structure and inconspicuous gneissic structure. Rocks
are mostly brick red, light yellowish-brown, slightly gray-
white in some areas, and loose in structure. The matrix pro-
tolith is mainly granulite and schist, and the mineral compo-
sition is composed of feldspar, quartz, and biotite and locally
of muscovite and star-shaped black minerals. Most feldspars
in the weathering crust have been replaced by kaolin, which
is soil-like, with a smooth and greasy hand feeling. The
quartz particles are small and uniform, and the content is
small. Therefore, the permeability of ore soil is extremely
poor. According to production exploration, the ore block
area is 3640.82m2, the ore body thickness is 10.82m, the
average grade is 0.08%, the ore body volume is 39399m3,
and the REO reserve of the 121 b ore block is 47.46 t. There-
fore, this test site has outstanding representativeness and
reference.

The weathering crust mainly developed in the ore sec-
tion primarily consists of streaks of mixed rocks, exposed
below the elevation of 340m, with a surface spread. As most
hillsides have been developed into terraces to grow navel
oranges, the vegetation in the study area is not set for the type
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Table 1: Warning levels adopted for the early warning system [28, 31].

Warning level Triggers Response

WL1-red alert LOF xað Þ ≥ 99% Immediately stop the injection flow rate, and investigate the
abnormal points of velocity and acceleration

WL2-orange alert 99% > LOF xað Þ ≥ 95% Investigate the abnormal points of velocity and acceleration,
and slow down the injection rate as appropriate
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of rare earth mines because 70% of the southern ionic rare
earth mineral resources belong to the fully covered class, so
this test site has outstanding representativeness and reference.

3.2. In Situ Leaching Parameters of the Ionic Rare Earth Ore.
The injection holes are arranged in a checkerboard pattern.
The mesh size of the injection holes is 1:5m × 2m; that is,
the row spacing is 2.0m, the hole spacing is 1.5m, and the
arrangement is staggered. The hole diameter is Φ180mm,
and the depth of injection holes is 1.5 to 2.0m [32]. After
the injection hole is excavated, insert a 50mm diameter
PVC pipe into it to ensure that the injection hole will not

collapse during leaching—the schematic diagram of the
leaching system is shown in Figure 4.

According to the ore volume of the mined block, the total
liquid injection amount is calculated according to the solid-
liquid ratio (volume ratio) of 1 : 0.33. The leaching liquid is
an aqueous solution of ammonium sulfate with a 1% to 2%
concentration. The original design of the injection flow rate
is 250 to 270m3∙d-1. Still, due to the poor permeability of the
ore soil, in the actual injection process, the excessively high
injection flow rate cannot completely penetrate the soil block
and overflow the injection hole. For this reason, the injection
flow rate is reduced to 180 to 220m3∙d-1, and the average
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Figure 7: Continued.
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injection rate is approximately 206.4m3∙d-1. In case of heavy
rainfall or monitoring of severe slope deformation, it is neces-
sary to reduce the injection flow rate greatly. The specific
injection data is shown in Figure 5.

3.3. Layout of Monitoring Points. Three-dimensional numer-
ical simulation is used to find out the most easily unstable
area of the three-dimensional slope, and this area is regarded
as the key monitoring area. The plastic zone is obtained by
FLAC3D according to the homogeneous slope parameters,
and if the shear-p region has been contiguous, it is generally
believed that the formation of a plastic zone is a sign of the
instability of the slope region, and this area is regarded as
the key monitoring area of the slope, and survey lines are
arranged in this area, as shown in Figure 6. Four survey lines
are arranged, as shown in Figure 6. There is 1 surface dis-
placement meter on the No. 1 survey line, there are 2 dis-
placement meters on each of the No. 2 and No. 3 survey
lines, and there is 1 displacement meter on the No. 4 survey
line [33]. All sensors are connected to the system server
through the ionic rare earth mine slope online monitoring
system independently developed by this research group.
The system is set to collect a round of data every half an
hour.

4. Results and Discussion

4.1. Achievement and Analysis of Monitoring Data. The sur-
face vegetation coverage of the ionic rare earth mine in
southern Jiangxi before leaching is relatively high, and its
slope itself is not steep, approximately 30°~40°. According
to experience and related calculations, the slope is stable
before the in situ leaching. The stability of the slope is high,
and the stability of the slope is reduced mainly because of the
active mining of injecting the leaching liquid into the slope.
Therefore, what we have to prevent is the landslide of the
slope during the leaching period.

After installing the slope online monitoring system, the
Xikeng Rare Earth Mine was mined with liquid following con-

ventional procedures. During the whole cycle from the begin-
ning of liquid injection to the completion of mining, the
surface displacement data was monitored; from September 11,
2015, to September 16, 2016, the monitoring period will be
approximately one year. Before drawing the displacement-
time curve, you first need to write a program with SQL and C
++ to classify and summarize all the data and find the average
displacement. Since the data monitored by each sensor reaches
nearly 10,000, it will not be listed in detail here.

Figure 7 shows the archived data of displacement,
velocity, and acceleration with time from the monitoring
sections of 1-1, 2-1, 3-1, 3-2, and 4-1. And the 2-2 section
was destroyed by workers inadvertently in mining. The
data is invalid, so it is not listed.

When the slope shows a landslide, the surface displace-
ment increment shows a sudden change and the speed and
acceleration show almost exponential growth. In the figure,
the speed and acceleration second only to the acceleration
deformation stage appear in the initial deformation stage.
Comparing other data with no signs of landslides
(Figures 7(b), 7(c), and 7(e)), Figures 7(a) and 7(d) have very
similar trends. The historical speed and acceleration peaks
during the monitoring period all appeared in the previous
period. It is in the initial deformation stage and then has
been in the stable constant velocity deformation stage. It
can be predicted that if the injection continues, the possibil-
ity of a landslide in the 1-1 displacement gauge is very high,
the same as the 3-2 displacement gauge.

Figure 7(b) shows that the displacement increments of the
surface displacement meters at 2-1 are minimal and fluctuate
around 0, and Figure 7(c) indicates that the displacement incre-
ments of the surface displacement meters at 3-1 are decreasing.
Therefore, these two places are relatively stable, and there is no
risk of landslides. In Figure 7(e), in the surface displacement
meter at the 4-1 point, the peak velocity was 0.0748mm∙h-1
for the first time on October 16, 2016; the second time was on
April 1, 2016, and its value was 0.084mm∙h-1; the last peak
velocity occurred on April 29, 2016, and after a steady low-
speed deformation, the displacement increment began to
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decrease. First of all, it can be seen that the surface displacement
deformation at 4-1 is relatively gentle. Second, after the last
speed peak appears, the displacement increment begins to fall
back to 0mm, so it can be judged that this place is a stable creep,
with the changing trend being the same as the steady creep
curve in Figure 1.

4.2. Anomaly Detection and Warning of the Deformation
Data. After the monitoring data is preprocessed, the LOF
value of each monitoring point is calculated, respectively,
as shown in Figure 8. During the injection process, when
the LOF value of the deformation data reaches the orange
warning value, the injection staff immediately responded
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Figure 8: LOF value and warning threshold of the deformation data: (a) 1-1 point, (b) 2-1 point, (c) 3-1 point, (d) 3-2 point, and (e) 4-1
point.

Figure 9: Fresh crack appeared in the monitoring range.
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by reducing the injection rate and surveying the abnormal
points; if the LOF value continues to rise, when it reaches
the red warning value, the injection is stopped immediately.

According to the on-site survey, when the LOF value of the
monitoring point reached the red warning value for the first
time, a significant crack appeared in the area of themonitoring
point and the apparent width was close to 20mm, as shown in
Figure 9. After the monitoring system issued an early warning,
the leaching warning system quickly notified the operators on-
site to stop the injection and leave the site. After the deforma-
tion data is stable, restart the injection system.

5. Conclusions

According to the actual working conditions of leaching min-
ing in the Xikeng Rare Earth Mine in Anyuan County, this
paper uses slope surface monitoring as a technical means
to analyze the deformation characteristics of the leaching
slope. The main conclusions are as follows:

(1) There is an apparent three-stage displacement and
deformation, namely, initial deformation, uniform
deformation, and accelerated deformation, in the in
situ leaching process of the ionic rare earth mine
slope. That is, the landslide of the rare earth mine
slope is creeping

(2) The deformation speed of the rare earth mine slope
at the initial stage is 0.15 to 0.30mm∙h-1, and the rate
at the constant deformation stage is -0.15 to
0.15mm∙h-1. When entering the accelerated defor-
mation stage, the speed and acceleration are 3 to 10
times or even higher than those of the initial defor-
mation stage. The deformation speed of the rare
earth mine slope shows a response slightly lagging
behind the acceleration, and the acceleration shows
a more stable trend

(3) The LOF value based on the deformation of multiple
measuring points has high self-adjustment ability
and good robustness. The time course of the LOF
value can quantitatively reflect the stage of landslide
deformation and avoid wrong judgment caused by
accidental factors. This method is applied in the
early warning of landslides in rare earth leaching
mining and effectively guides safe production
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