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Abstract According to the long-term earthquake statistic and the data of monitoring 
of water inflows carried out at the apatite-nepheline deposits of the Khibiny massif, 
the authors have revealed a statistically significant decrease in the .b-values of the 
Gutenberg-Richter law during the period of high watering (May–October) compared 
with the period of low watering (November–April). A sharp increase in seismicity 
(.a-value of the Gutenberg-Richter law) with the beginning of the watering increase 
in the deposits of the Khibiny massif caused by the melting of snow accumulated 
over the winter is demonstrated. A decrease in the strength of rocks and the dilatancy 
of cracks due to the influence of additional pore pressure can serve as an explanation 
for the dependence of the seismic regime on the change in the level of watering of 
the rocks. 
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1 Introduction 

To date, numerous experimental and field data on the problem of the influence of 
watering of rocks on the parameters of the seismic regime for natural and mining-
induced seismicity are available. A vivid illustration of the manifestation of this effect 
is the well-known experiment on the injection of water into a seismically active fault 
under the solid bed in a deep gold mine [ 4]. As a result of this experiment, it was 
demonstrated that the stick-slip motion was initiated by a water pressure of about 
20 MPa, and led to a significant redistribution of stresses. Later, direct evidence of 
the influence of fluids on the activation of faults during the increase in seismicity in 
reservoir areas [ 23, 24, 28] and fluid injection into wells [ 31] was obtained. 

To date, the physical mechanisms of the influence of fluids on the destruction of 
geologic material in the context of induced seismicity are well understood, however, 
a number of relevant aspects remain insufficiently clarified (see, for example, [ 5, 
20]. For instance, the problem typical for the real case [ 22]. When the geological 
environment is simultaneously affected by natural and technogenic factors of dif-
ferent nature, duration and intensity, what will the reaction of the environment to 
a particular impact be? This question remains poorly explored. In this regard, the 
problem of identifying the correlation between the watering of the massif and the 
seismicity that occurs during the extraction of minerals in tectonically loaded rocks 
is not fully understood presently and this paper is dedicated to it. 

The influence of the hydrogeological factor on the geomechanical state of a rock 
massif has been identified earlier in many studies, for example, in [ 8], where a 
causation was established between prolonged rains and weak earthquakes in Bavaria 
during observations of the 1775-meter Hochstaufen mountain in the Alps. Thanks to 
the dense network of meteorological and seismic stations installed in this area, it was 
possible to reveal that seismic activity increased by 20 times during prolonged rains. 
Subsequent analysis showed that precipitation is the dominant trigger of earthquakes 
in this region [ 7]. The correlation of the number of earthquakes in the upper part 
of the crystalline crust with the intensity of snow melt and precipitation has been 
observed in western Norway [ 16], where the precipitation-caused seasonal increase 
in the pore pressure of the fluid in the fractured crystalline rock and changes in the 
water load caused an increase in local seismicity. In [ 9], statistical analysis revealed 
that changes in pore fluid pressure may have caused at least 19% of the analyzed 
earthquake swarms in Northwest Bohemia. 

The change in the pore fluid pressure affects the earthquake triggering; the poros-
ity and moisture saturation of the rocks play a significant role. For instance, the 
presence of geological structures with high permeability concentrates the flows of 
atmospheric and groundwater and causes changes in pore pressure, which in turn 
provokes the displacement of the blocks of the massif relative to each other. At the 
same time, seismicity levels also correlate with changes in groundwater reserves in 
the hydrological basin [ 19, 23, 28]. A recent laboratory study has shown a correlation 
between pore pressure in a saturated rock and acoustic emission due to fluid-induced 
fracturing of the rock [ 10].
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A similar situation is observed in the Khibiny Mountains, where large deposits 
of apatite-nepheline ores have been developed for about a century. For example, 
in [ 14, 29] n there was revealed a pattern of seasonal increase in the number of 
earthquakes and the seismic energy released during the period of snowmelt and 
precipitation. The seismicity of the Khibiny massif deposits is determined by the 
high level of horizontal tectonic stress [ 13], the presence of fragile high-strength 
rocks and fault structures filled mainly with oxidized loose rocks [ 17], as well as the 
volume of annually extracted rock mass. For instance, in 2019, only the total volume 
of extracted apatite-nepheline ore amounted to 38 million tons [ 18]. 

This paper is devoted to the study of the influence of watering of rock on the 
distribution of magnitudes of seismic events recorded at the developed deposits in 
the Khibiny massif. 

2 Materials and Method 

The study uses a catalogue of seismic events recorded by the seismic monitoring 
network of Kirovsk branch of “Apatit” JSC [ 11] for the period from 2002 to 2020 
(Fig. 1). Currently, the network consists of 65 three-component seismometers located 
at the Kirovsky Mine and Rasvumchorr Mine, with an input sampling rate of 1000 Hz. 
The network is capable of determining the hypocenters of seismic events with a 
magnitude of .M ≥ −0.5 (energy .E ≥ 103 J) with an accuracy of up to 25 m in the 
area of increased accuracy and up to 100 m in the area of confident registration. For 
2002–2020 the catalogue is complete starting from zero magnitude (.Mc = 0). 

Data on water inflows at the deposits of the Khibiny massif were provided by the 
geological service of the Kirovsk branch “Apatit” JSC. Water inflow measurements 
were carried out at underground mines once a day in water collecting header located 
on production levels. Flooding of mines and boreholes of horizons occurs due to 
the infiltration of atmospheric precipitation. Measurements of the volumes of water 
inflows in the quarry were carried out in ore discharges in special drainage grooves 
twice a day. 

Analysis of data on the distribution of water inflow volumes by month showed 
that the maximum is observed during the period of snow melt (in June) and heavy 
rains. Minimal water inflow due to the lack of replenishment of natural groundwater 
resources is observed in winter with the duration of the drainless period about 4–5 
months (from November to April). 

To compare variations in watering and seismicity, we estimated the parameters of 
the Gutenberg-Richter law [ 6] 

. lg N = a − bM, (1) 

where.N is the number of seismic events with magnitude.M ≥ Mc (the magnitude of 
completeness); .b-value is the slope of frequency-magnitude plot; .a-value describes 
seismic activity.
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Fig. 1 Epicenters of seismic events with .0 ≤ M ≤ 3.3 recorded the developed deposits of the 
Khibiny massif for 2002–2020 against terrain relief map. Mineral deposits: (1) Kukisvumchorr, 
(2) Yukspor (mined by Kirovsk mine); (3) Apatite Circus (Rasvumchorr mine); (4) Rasvumchorr 
Plateau (until 2014 Central mine; currently Vostochnyi mine). The box in the inset indicates location 
of the study region 

The estimation of .b-value was performed using the maximum likelihood method 
according to the Aki’s formula adapted for discrete magnitudes [ 15, 26]: 

.b = log10 e

E[M] − Mc + ΔM
2

, (2) 

where .Mc is the magnitude of completeness, .E[M] is the average magnitude of the 
sample for .M ≥ Mc, .ΔM is the binning magnitude width of the catalogue. The 
error distribution of .b-value and the standard deviation . σ were calculated using the 
bootstrap technique. The .a-value was estimated using the estimated .b-value with 
formula (1). 

3 Results 

Figure 2 shows monthly variations in watering (water inflow value, .m3/day) and 
seismicity (parameters. a, . b of the Gutenberg-Richter law at the fields of the Khibiny 
massif for 2002–2020). The period of increased watering of the Khibiny massif
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Fig. 2 Monthly variations in watering and seismicity at the deposits of the Khibiny massif for 
2002–2020. a—average water inflow (.m3/day); b—.b-values (error bars denote the values of a 
triple standard error.±3σ); c—.a-values 

falls on May–October (Fig. 2a), while from November to April the watering is low. 
The increase in watering in May and June is caused by a sharp melting of snow 
accumulated over the winter. From July to October this increased level of watering 
of the massif is maintained by rains. From about October, the air temperature in 
Khibiny becomes negative and the watering of the massif starts to decrease. 

Comparing the temporal variations in watering and seismicity (Fig. 2b, c), it can 
be stated that with an increase in the water inflow values there is a significant (more 
than 3 standard errors . σ) decrease in the .b-value (Fig. 2b). And this reduced value 
of . b persists throughout the period of increased watering until September inclusive.
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Then, starting from October, the value of. b increases to the level observed during the 
period of low watering at the beginning of the year. Further, the watering decreases 
slightly, but the increased level persists until September. And in the same period, 
the .b-values are smaller compared to January–April. In November, there comes a 
period of low watering and the.b-value reaches the level of January–April. Thus, the 
.b-value significantly decreases (increases) with rock watering increase (decrease). 
Almost the same behavior of.b-value was observed, for example, in the Three Gorges 
Reservoir area (Western China) [ 28] and Koyna–Warna region (Western India) [ 23]. 

Seismic activity, characterized by the .a-value of the Gutenberg-Richter law, 
increases from February to May, in May there is a sharp increase to the maximum 
value, then a decline until August, an increase until October and again a decline until 
January (Fig. 2c). Probably, an increase in the watering of the massif in May, caused 
by the melting of snow that fell during the winter, affects the growth of seismic 
activity and leads to a discharge of tectonic stresses accumulated during the period 
of low watering. After that, the activity decreases, and the massif goes into a state 
of high watering, which is observed until October. The first half of the time interval 
from October to May, the period of low watering, (November–January) corresponds 
to the lowest seismic activity of the massif. It can be assumed that during this period 
there is an accumulation of tectonic stresses in the rock massif. 

To illustrate these processes more clearly, we removed aftershocks from the cat-
alogue using the nearest neighbor method [ 27]. The application of this method to 
the mining-induced seismicity of Khibiny Mountains is considered in detail in [ 1]. 
Variations in the parameters characterizing background seismicity and watering are 
shown in Fig.  3. In May, there is a significant (more than .3σ) decrease in the .b-
value (Fig. 3b) and a sharp increase in seismic activity characterized by the .a-value 
(Fig. 3c), which indicates the unloading of accumulated stresses caused by a sharp 
increase in water inflow. The maximum background seismic activity occurs in June 
and coincides with the maximum of watering. Since July, the water inflow starts to 
gradually decrease, which is revealed by a gradual increase of the .b-value. A sharp 
decrease in background seismic activity (.a-value, Fig. 3c) in July indicates that the 
stress accumulated during the low watering has been dropped or redistributed to 
other parts of the massif. A low level of background seismic activity persists until 
February, then there is some increase. 

In order to more clearly demonstrate the effect of watering on seismicity, we 
estimated .b-values during the periods of high (May–October) and low (November– 
April) watering of the Khibiny massif for all earthquakes (Fig. 4) and for background 
seismicity (Fig. 5). In both cases, the.b-values for high watering are significantly less 
(more than .3σ) than those for low watering (Table 1).
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Fig. 3 Monthly variations in watering and background seismicity at the deposits for the Khibiny 
massif for 2002–2020: a—average water inflow (.m3/day); b—.b-values (error bars denote the values 
of a triple standard error.±3σ); c—.a-values 

4 Discussion of the Results 

The main result of the study is the revealed dependence of the parameters of the 
mining-induced seismicity of the Khibiny deposits (. a and .b-values) on the change 
in the level of watering of the medium. As in [ 19], no explicit delay in the response 
of seismicity to changes in the water cut of the rock was observed. The monthly 
variations of the . b and .a-values appear correlated, without evident temporal delay, 
with monthly water inflow changes. However, we assume that such a delay can be 
revealed in variations for smaller period (see, e.g. [ 23, 28]).
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Fig. 4 Earthquake-size distributions (a, b) and error distributions of.b-value estimations (c) calcu-
lated for all earthquakes for periods of high (May–October) and low (November–April) watering 
of the Khibiny massif during 2002–2020. a, b—Frequency-magnitude plots for the periods of high 
(a) and  low (b) watering: circles denote actual data; each dashed vertical line is the magnitude of 
completeness .Mc = 0; each solid line is the approximation with the expression (1) for  . b = 1.22
(high watering), .b = 1.30 (low watering). c—error distributions for estimation of the.b-values for 
the periods of high and low watering: bars are empirical probability density function of error; verti-
cal solid lines are estimations of.b-values; dotted lines are.b ± 3σ, where. σ is a standard error (for 
high watering.3σ = 0.014, for the low one.3σ = 0.017) 

It is necessary to explain how water penetrates into the solid rock mass, which is 
characterized by reduced water saturation. The feature of the deposits of the Khibiny 
massif, in addition to the high level of horizontal tectonic stresses and fragile high-
strength rocks, is the presence of fault structures filled mainly with oxidized loose 
rocks [ 17]. Such loose rocks during the period of snowmelt and rain become actually 
moisture-saturated aggregate, thanks to which there is an unimpeded displacement 
of massive blocks relative to each other, since the value of the cohesion of rocks 
at the block-fault boundary actually becomes close to (and in some cases equal to) 
zero. This kind of displacement leads to the release of significant seismic energy. 
Attenuation surfaces in the rock massif, represented by zones of oxidation of rocks, 
zones of cracking and other inhomogeneities of the environment, significantly reduce 
the strength characteristics of the rock, which creates conditions for realization of
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Fig. 5 Earthquake-size distributions (a, b) and error distributions of.b-value estimations (c) calcu-
lated for background earthquakes for the periods of high (May–October) and low (November–April) 
watering of the Khibiny massif during 2002–2020. a, b—Frequency-magnitude plots for the peri-
ods of high (a) and  low (b) watering: circles denote actual data; each dashed vertical line is the 
magnitude of completeness .Mc = 0; each solid line is the approximation with the expression (1) 
for . b = 1.30 (high watering), .b = 1.39 (low watering). c—error distributions for estimation of the 
.b-values for the periods of high and low watering: bars are empirical probability density function of 
error; vertical solid lines are estimations of. b values; dotted lines are.b ± 3σ, where. σ is a standard 
error (for high watering.3σ = 0.027, for the low one.3σ = 0.030) 

mining-induced earthquakes [ 3]. The reason for this is the increase in pore pressure 
caused by an increase in the watering of the medium, since the higher the pore 
pressure, the lower the shear strength of the rocks [ 25]. In addition, mining operations 
have changed the relief of the surface part of the mountain range and revealed many 
tectonic disturbances, which contributes to the unimpeded penetration of atmospheric 
waters deep into the rock massif [ 14]. In this regard, the physical and mechanical 
properties of the rocks of the massif change and the probability of movement of 
blocks through geological structures increases, which is expressed in an increase in 
seismic activity, characterized by the .a-value of the Gutenberg-Richter law. 

The physical mechanism of this phenomenon can be described using the Coulomb 
failure criterion (see, for example, [ 21])
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Table 1 Estimation of.b-values and standard errors (. σ) calculated for high and low watering using 
data on all and background seismicity of Khibiny Mountains deposits for 200–2020 (. N (M ≥ Mc)

is the number of earthquakes with.M ≥ Mc) 

Watering All earthquakes Background earthquakes 

.N (M ≥ Mc) .b ± 3σ .N (M ≥ Mc) . b ± 3σ

Low watering 
(November– 
April) 

51769 .1.30 ± 0.017 19161 . 1.39 ± 0.030

High watering 
(May–October) 

57370 .1.22 ± 0.014 21211 . 1.30 ± 0.027

.σ f = τβ − μ(σβ − p), (3) 

where .σ f is the critical stress at which the fracture occurs (Coulomb strength); . τβ

is the tangential stress in the direction of motion on the fracture plane; .σβ is the 
normal stress;. p is the pore pressure of the liquid;. μ is the friction coefficient. During 
periods of increased watering at the block-fault boundaries, there is a decrease in the 
friction coefficient and an increase in pore pressure, which, according to the Coulomb 
criterion (3), leads to a decrease in Coulomb strength and increases the probability 
of movement. 

The.b-value of the Gutenberg-Richter law determines the proportion of strong and 
weak seismic events. With a decrease (increase) of. b, the proportion of strong events 
increases (decreases). The observed decrease in the values of the. b during the period 
of high watering corresponds to the enlargement of earthquake sources, which can 
be explained by the effect of dilatancy of cracks under the influence of additional 
pore pressure [ 2]. This effect is observed for water-saturated rocks with low Poisson 
ratios (less than 0.23). According to [ 11, 30], the main seismic activity in the fields 
of the Khibiny massif is concentrated in the enclosing rocks, which have a Poisson 
ratio of 0.2 [ 12]. 

The effect of pore pressure growth on acoustic emission and the values of . b
was also observed in laboratory experiments on initiating rock fracture by fluids. 
After increasing the pore pressure, the value of . b decreases significantly, while the 
acoustic emission increases [ 10]. This behavior, which corresponds to the scenario of 
coalescence and growth of cracks, is known as the formation of an avalanche-unstable 
fracture. 

5 Conclusion 

The paper considered the influence of the rock watering on the seismic regime of the 
deposits of the Khibiny massif. According to the data of long-term observations a 
statistically significant decrease in the slope of earthquake-size distribution (.b-value)
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and an increase in seismic activity (.a-value) during the period of high watering in 
the rocks of the deposits were established. This phenomena can be explained by a 
decrease in the strength of rocks and the dilatancy of cracks due to the additional 
pore pressure. The dependence of the parameters of the Gutenberg-Richter law on the 
level of watering should be taken into account when assessing the rockburst hazard 
during mining operations at the deposits of the Khibiny massif. 
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