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Abstract We investigate seismic velocity changes in
the rock mass related to mining induced seismic events
and ore exploitation by computing a one-month long
4D elastic model of Kiirunavaara mine (Sweden). We
focus on a specificmine sector, where a singleMW=2.0
event occurred on May 22 (02:31 local time), dam-
aging the infrastructure. We make use of P- and S-
first-arrival times obtained from the permanent seismic
system for computing the full 4D (continuous 3D vol-
ume in time) seismic velocity model of Kiruna mine
using a trans-dimensional Monte Carlo sampling. The
trans-dimensional approach guarantees that the resolu-
tion, both in space and in time, is strictly data-driven.
Our results give the following insights into the veloc-
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ity differences at the mining levels and at different
time-length scales. (a)Weobserve a striking correlation
between spatial variations of VP and ore-body geom-
etry, confirming the robustness of the velocity model.
Clay zones appear as a low VP/VS ratio zones, as seen
in previous tomographic studies. (b) High-frequency
(hourly) fluctuations of the rock mass VP around the
ore-passes are highly correlatedwith seismic sequences
in the same rock volumes. In particular, VP increases
rapidly when ore-passes are seismically active and VP

values keep a high value for few (1-4) hours after the
end of the seismic sequence. (c) The smoothed veloc-
ity model, computed as averaged model over a 2-days
moving window, suggests that low-frequency VP fluc-
tuations can be compared to stress cell measurements
located closely.

Keywords Passive seismic tomography ·
Mining induced seismicity · Bayesian inferences

1 Introduction

Variations in elastic rock properties during produc-
tion have been widely recognized in seismically active
underground mines using passive seismic tomography.
Usually they are associated with different phenomena:
excavation (Qian et al. 2018), seismic sequences (Ma
et al. 2020), blasting, andmoderate seismic events with
rockbursts (before and after them) (Cai et al. 2015;
Young and Maxwell 1992). The co-existence of sev-
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eral factors can prevent the correct association of a par-
ticular pattern of elasticity variations to a single phe-
nomenon.

We investigate elastic rock properties (in terms of
P-wave velocity, Vp, and of the ratio between P-wave
and S-wave velocities, VP/VS ratio) before and after
a damaging seismic event (Ml = 2.0) in occurred in
Kiruna-Luossavaara Mines (Lapland, Northern Swe-
den), carefully selecting one sector of the mine and
one month time-window (before and after the event)
where one single ”moderate” (i.e. potentially damag-
ing) seismic event occurred within on-going produc-
tion activities. We make use of a novel methodol-
ogy, the full 4D travel-time tomography, for computing
passive seismic tomography (Piana Agostinetti 2021;
Piana Agostinetti and Calo 2014, 2015), an alterna-
tivemethodology to time-lapse tomography (Caló et al.
2011; Chiarabba et al. 2009;Qian et al. 2018). Standard
time-lapse tomography is based on the repetition of the
standard 3D tomography analysis, using portions of the
seismic data recorded in user-defined time-windows.
The choice of such time-windows strongly affects the
results, potentiallymasking temporal variations in elas-
ticity characterized by a periodicity not represented by
the selected time-windows. On the other hand, the full
4D travel-time tomography enables exploiting seismic
data to retrieve continuous variations of rock elasticity
in time. The full 4D travel-time tomography does not
operate with user-defined time-windows and it com-
putes an elastic model that is continuous in space and
time.Removing the subjective partition of the time-axis
avoids the risk related to the not proper choice of the
length of the time-windows for monitoring unknown
phenomena. In other words, the full 4D tomography
does not operate on time-windowed data. Standard
time-lapse tomography routinely defines sub-sets of the
entire data occurred in the investigated period, where
each subset encompasses all the data in a predefined
time-window. Conversely, full 4D tomography consid-
ers all the data in the investigated period at the same
time.Anapproachderived from the full 4D tomography
method has been recently applied to volcano seismol-
ogy (Giacomuzzi et al. 2024, 2025). In general, the full
4D seismic tomography approach is suitable for studies
in which the phenomena under investigation, and espe-
cially their time-evolution, are largely unknown. The
details for developing the full 4D seismic tomography
are given in the Supplementary Information (SI) on the
Journal website.

The aim of this work is to monitor the changes of
stress in the rock mass, in large volumes of mines. The
monitoring task is delivered by applying a methodol-
ogy based on the full 4D travel-time tomography. The
real-world case illustrated in this study makes use of
seismic data recorded in the Kiirunavaara mine, in a
section of the mine approximately 0.6 km long 0.6 m
wide and 0.4 km thick. We first present the monitoring
workflow together with the description of some critical
parameters. Then, we show the results obtained with
one month of data, in terms of an average model of
mine’s seismic velocities, and velocity fluctuations on
the short- (6 hours) and long- (2 days) terms.Results are
analyzed in terms of: 1) correlation between the aver-
age velocity model and known geological features; 2)
correlation between the velocity changes and ore-pass
activity as well as production blasting; 3) correlation
between velocity changes before/after the ’moderate’
Ml = 2.0 event on May 22, 2016 and the available
in-situ stress data in the same area. A critical review of
the obtained 4D model is made with conclusion about
future use of the newmethodology in seismically active
mines.

2 Data and methodology

OnMay 22, 2016 (02:31 local time, 01:31 UTM): (a) a
Ml = 2.0 seismic event occurred in Kiruna close to the
ore-passes in Block 34 causing damage at the infras-
tructure in production levels at depth 1079 m and 1108
m; (b) no other event with Ml > 1.0 has been recorded
in the same area, in the previous three weeks; and (c)
the seismic system recorded a regular level of seismic
activity in the same month, close to the ore-passes in
both B30 and B34, generating a sufficient number of
seismic data (i.e. P- and S-phases/arrival times) to be
used as input for our passive seismic tomography. The
hypocentral depth of the Ml = 2.0 event has been esti-
mated by different analysts between 1112 m and 1172
m, depending on the seismic data used for the location
and the location methodology. Given the distribution
of the seismic stations, the uncertainty in the location
of the seismic event could be estimated in few tens of
meters (see also Piana Agostinetti et al. 2023) for a test
about the precision of the location of seismic event in
Kiruna. Our study volume (area) encompasses B30 and
B34 in Kiirunavaara mine, between X=6000-6700 and
Y=2800-3600 We focus our analysis on the depth lev-
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els Z=800-1400 m. We select May 2016 as one-month
time-window including 21 days before and 8 days after
the seismic event on May 22. In such time-period and
investigated volume, we found 35,978 events in the
LKAB seismic catalogue.

We make use of a passive seismic tomography algo-
rithm for reconstructing the rock mass velocity in
time and space within the study area. The monitor-
ing workflow is based on the algorithm described in
Piana Agostinetti et al. (2015), re-casted to a mining
setting. Briefly, the workflow integrates the algorithm
with additional necessary steps: (1) a Monte Carlo

event location; (2) the full 4D travel-time tomography
(modified from Piana Agostinetti et al. 2015); and (3)
the post-proscessing steps for defining the most robust
features in the 4D model.

A preliminary Markov chain Monte Carlo (MC)
location of each single seismic event is performed, fol-
lowing the approach described in Riva et al. (2024),
collecting 1 Million of locations per event. Such loca-
tions are used to estimate uncertainties in hypocentral
parameters. Eventswith location uncertainties less than
20 meters, on each component, are selected to be used
as input to the tomography.

Fig. 1 Example of 4D Voronoi elastic models collected along
the trans-D McMC sampling. Here, we show the details as a
2D slice of the 4D model (at depth 1120 m, and time: 12:00
26/05/2016). (a) 2D slice of the 4D Voronoi models for the four
independent Markov chains, in the initial stage of the McMC
sampling (model # 10 000). The models are still resembling the
starting model (randomly extracted from the priors) and they do
not show any similarity. (b) 2D slice of the 4D Voronoi models

for the four independent Markov chains, in the final stage of the
McMC sampling (model # 900 000). Here the four models are
much more similar, due to the convergence of the McMC sam-
pling to the PPD, showing a central high velocity patch, with a
low velocity patch in the upper left corner. Note that in panels (a)
and (b) the coordinate system indicates the normalized values,
as detailed in theMethodology section. (c) Mean posterior of the
elastic model, presented as 2D slice of the full 4D PPD model
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The full 4D travel-time tomography is used to
define the variations of the velocity of the rock mass
in time. Such algorithm has been previously applied
to geothermal research (Piana Agostinetti and Calo
2014, 2015) for identifying elasticity variation dur-
ing geothermal well stimulation phases. The full 4D
travel-time tomography is based on the algorithm pre-
sented in PianaAgostinetti et al. (2015) and the detailed
workflow is presented in Piana Agostinetti (2021). It
comprises a trans-dimensional (trans-D)Markov chain
Monte Carlo (McMC) sampling of solutions to the
tomographic inverse problem (Malinverno 2002; Sam-

bridge et al. 2006), where velocity is not limited to vari-
ations in space, but can assume different values in time.
In this way, the method is able to define a full 4D veloc-
ity model (parametrized as an ensemble of 4D Voronoi
cells), without any time-slicing pre-defined by the user.
The trans-D behaviour enables to retain in the model
only features fully supported by the data (Fig. 1), i.e.
spatial structures and time-variations are data-driven,
not imposed by the user (the so called ”parimoniosity”
Malinverno 2002). The key-modifications of the algo-
rithm, with respect to Piana Agostinetti et al. (2015),
are listed in the Supplementary Information (SI).

Fig. 2 Map of Blocks 30 and 34 in Kiirunavaara Mine with the
input data used in the study. Grey dots indicate preliminary loca-
tions of seismic events that occurred in the study area during
May 2016. Yellow suns show the position of the relevant seis-
mic events (M > 1.0), and a large yellow sun with red contour
displays the location of the M=2.0 that occurred on May 22,
2016 which caused damage to the infrastructure (approximate

location: X=3350 and Y=6400). Red triangles display seismic
sensors. The infrastructure is depicted with dashed lines (1108
m production level is plotted). Ore passes are drafted as green
thick lines. Yellow stars indicate locations of production blasts
(mainly occurring at 1051 m and 1021 m production levels).
Coloured dots show the extension (at level 1120 m) of the geo-
logical features: green - ore body; red - dykes; purple - clay zones
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Finally, we obtain a collection of 120Millions of 4D
elastic models of the mining area and 1Million of loca-
tions for each single event, which are post-processed
to be easily interpreted. Given our sampling strategy,
the collection of 4D elastic models and the event loca-
tions are distributed according to the posterior probabil-
ity distribution (PPD) and Bayesian inferences can be
used to extract information on the investigated param-
eters. The relocated seismic catalogue of May 2016
is generated as the mean PPD of the event locations,
together with the standard deviation (std) of the PPD,
and includes picking quality (i.e. residuals) for evaluat-

ing single event location. The mean PPD of the elastic
model is extracted from collection of 4D elastic models
and is represented as a numerical model of the mine:
a 1-hour time-lapse 3D model of VP and VP/VS ratio
for the examined volume, with a grid spacing as small
as 40x40x40 m (for a total of 721 3D elastic models).
For each single 3D model, the std of the PPD is also
computed to evaluate the uncertainties on the elastic-
ity at a given time and space. It is worth noticing that,
while we compute the PPD of a full 4D elastic model
of the mine, the results are presented as 3D marginal
PPDmodels at given times, to better compare themodel

Fig. 3 Map of Blocks 30 and 34 in Kiirunavaara Mine with
the input data used in the study. Coloured circles indicate pre-
liminary locations of seismic events that occurred in the study
area during May 2016. Colours and dimension of circles refer
to magnitude. The large yellow circle displays the location of
the M=2.0 that occurred on May 22, 2016 which caused damage
to the infrastructure. Blue lines depict the infrastructures. Grey
bands indicate the position of the ore. Coloured areas refer to

geology: green – clay zones; red – dykes. Red triangles and blue
rectangles show seismic network distribution. Red stars report
blast position. (a) Map view at 1120 m depth. (b) Longitudinal
profile of the mine. The blue vertical lines show the position of
the ore-passes. (c) Map view of the area of the M=2.0 event that
occurred on May 22, 2016. The events shown are only those
associated to the aftershock sequence. (d) Longitudinal profile
of the area of the M=2.0 event that occurred on May 22, 2016
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with the external information (e.g. geology, blast loca-
tions) The final output is compared to seismic event
locations, production data, and geological features to
interpret the velocity fluctuations. The collection of
velocity models is also analysed to define a “static”
velocity model, i.e. the average 3Dmodel for the entire
time-window and a “low-frequency” velocity model,
i.e. a 2-days averaged time-lapse 3D model of VP and
VP/VS ratio for the examined volume. In Figs. 2 and 3,
we show the input data used in the study, together with
external data used for evaluating the results: geological
features, infrastructures, production activities and seis-
micity. In Fig. 4, we qualitatively report waveforms for
one seismic event in Kiruna. Both P-wave and S-wave
arrivals are clearly visible at a wide range of distances
from the source. Data for the analysis (i.e. P-wave and
S-wave arrival times) are obtained routinely (manu-
ally) from the existing underground seismic system in
the Kiirunavaara mine, consisting of almost 100 geo-
phones with corner frequency 4.5 and 14 Hz. Most of
the geophones are installed in the footwall of the ore

body, with an average minimum interstation distance
of about 50m.

2.1 Technical details on elastic model computation

We here report in details, the general model assump-
tions for both MC relocation process and 4D tomog-
raphy, to enhance the repeatability of the results and
for future comparison with other approaches. MC relo-
cation is obtained independently for each event (sin-
gle event location) in a uniform half-space. In this
way, Vp and VP/VS ratio can vary from one event
to the other. Obviously, this assumption could seem
un-realistic for close-by events in time (one could be
tempted to use the same Vp and VP/VS ratio for con-
secutive events). However, estimated VP and VP/VS

ratios should be considered as ”apparentVP andVP/VS

ratio” as they include, for example, the effects of the
presence of voids or the heterogeneity of the ore-body.
Those apparent VP and VP/VS ratios can in princi-

Fig. 4 Example of seismic data recorded in Kiruna Mine.
(a) Recordings of the M=2.0 event that occurred on May 22,
2016. Coloured traces reports the three component recordings

(if present). (Panels b-c) Details of the 3D recordings for two
selected seismic stations: (b) Sensor: 268, distance 297 m; (c)
Sensor: 258, distance 427 m
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ple show large variations from one event to the next.
The algorithm at the base of the full 4D tomography is
described in details in Piana Agostinetti et al. (2015)
and PianaAgostinetti (2021), with somemodifications.
Here, we make use of uniform priors for the elastic-
ity and event location, which are more realistic for
a highly heterogeneous geological setting as a mine
can be. We use a 20x18x16 grid (5760 nodes) for ray-
tracing, with 40m spacing in the center of the examined
area, between Y= 3000 - 3480, X= 6120 - 6560 and Z=
-920 - -1320. This is the so called ”computational grid”
and defines themaximum spatial resolution in our elas-
tic model.

2.1.1 Priors

MC algorithm for event relocation makes use of uni-
form priors for both event position and velocity. Prior
boundaries for event position are set as large as almost
the entire Kiruna mine (Y between 0 and 4700 m, X
between 5000 and 6700 m, and Z between -1600 and -
200 m). For P-wave velocity (VP ), we consider a broad
range of values, given the heterogeneities of the geolog-
ical units, between 4000 m/s and 8000 m/s. The ratio
between P-wave and S-wave elocities (VP/VS ratio)
ranges between1.5 and1.9. In the case of the 4D tomog-
raphy, we use the following uniform prior probability
distributions: on the number of elastic nuclei, between
0 and 2000; on VP , between 3500m/s and 7500m/s; on
VP/VS ratio, between 1.6 and 2.0; for event position,
between -40 and 40 m around the mean posterior posi-
tion found in MC relocation. Logoritmic value of the
scaling factor of data uncertainties can vary between
-1 and 3, indicating an error between 1/10 and 1 000
times the sampling rate. I.e. σ(m) = 10πPσ0, with
σ0 = 1/6000.

2.1.2 Overlapping scheme for tomography execution
on cluster

To increase the efficiency of the computation and to
have a less failure-prone approach, we divided the
entire pool of data in 2-days data-batches and adopted a
50% overlapping scheme. In this way, we have 30 data-
batches, each 2-days long. Each single data is included
in two consecutive data-batches. The gain on efficiency
is counter-intuitive, as each single datum is modelled
twice. However, having smaller data-batchesmakes the
McMC sampling shorter (1 Million models per McMC

sampling). Moreover, the overlapping scheme adopted
can easily handle failures in the computer cluster, as a
single failure would destroy a single McMC sampling
and, thus, would involve a single data-batch (2-days
of data) leaving the other data-batches unaffected. In
the final 1-hour time-lapse 3Dmodel, each single data-
batch fully contributes to the model between 4 am of
the first day and 8 pm of the second day (i.e. it has a
weight of 0.5, giving the fact that each hour is com-
puted in two consecutive batches). The very first and
very last 4 hours have a decreasing importance in the
model, going to 0.1 at midnight.

2.1.3 Execution time

The full computation of the 4D elastic model has
been executed on a research cluster using between 64
and 256 CPUs per independent McMC sampling. Dif-
ferent data-batches lasted between 12 and 65 hours
of computation per chain, depending on the number
of events included in the 2-days data-batches. The
selected overlapping scheme implies that each recorded
phase is modelled twice (thus, we almost double the
CPU time requested). Considering that: (a) we selected
about 19 000 high-quality events with about 336 000
phases, each event belonging to two data-batches; (b)
we divided the data in 30 overlapping data-batches;
(c) we ran 4 independent chains per data-batch; and
(d) each chain was 1 Million models long; we com-
puted 2 x 336 000 x 30 x 4 x 1 000 000 ∼ 80 x 1012

forward solutions. Total CPU execution time is about
361 000 CPU-hours (about 1.3 x 109 s). We note that
McMC sampling can be slow in convergence to the tar-
get distribution, here the PPD, thus we collected long
chains ofmodels for each data batch, discarding the ini-
tial phases. In details, for each chain, we discarded the
first 200 000 models as the so-called ”burn-in” period,
where the sampler is likely not to correctly sample the
PPD. After that, one model every 100 is retained for
the computation of the PPD.

2.1.4 Bhattacharrya coefficients

Bhattacharyya coefficients (BC) can be used to mea-
sure the distance between two probability distribu-
tions (Bhattacharyya 1943). A Bhattacharyya coeffi-
cient close to 0 means that two probability distribu-
tions are almost overlapping, i.e. they are indicating a
similar probability distribution. Here, we use BC as a
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proxy for measuring the robustness of time-changes in
seismic velocities. In case of Gaussian distributions,
as our mean and std PPD used to compose the 1-hour
time-lapse 3D model, we can use the formula:

BC(α1, α2) = 1

4
log(

1

4
(
σ 2
1

σ 2
2

+ σ 2
2

σ 2
1

+ 2)) + 1

4
(
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2

σ 2
1 + σ 2

2
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where α1 is the mean posterior value of the parameter
at time t1 , α2 is the mean posterior value of the param-
eter at time t2, σ1 is the posterior standard deviation of
at time t1, and σ2 is the posterior standard deviation at
time t2 (Ray 1989). In our case, α can represent VP or
VP/VS ratio. The 1-hour time-lapse 3D model of the
Bhattacharyya coefficient compares the present elastic
model (i.e. the 1-hour time-lapse 3D model of the elas-
ticity at a given hour) to the “static” 3D elastic model,
i.e. the averaged elastic model over the entire month,
considering a minimum standard deviation σ for VP

equals to 10 m/s, and for VP/VS ratio equals to 0.01
(see Section 3.2). Obviously, the 1-hour time-lapse 3D
model of the elasticity can be used to compute Bhat-
tacharyya coefficients between any pair of hours in the
model (e.g. for two 3Dmodels with a 6 hours lag-time),
using the same formula, for the analysis of short-term
variation of the elasticity.

3 Results

3.1 Re-located seismicity using monte carlo approach

We relocate all seismic events using a Monte Carlo
algorithm, where we adopt a Hierarchical Bayes
approach . Such approach allows to evaluate the pick-
ing errors (i.e. the residuals), so that picking quality
is not dictated by the user, but re-defined by the data
(and hypothesis) themselves. Overall, picking errors
for P-phases are close to 5×σ0 s, where σ0 is the sam-
pling interval (here 1/6000 s), while picking errors for
S-phases are close to 6 × σ0 s. It is worth to remem-
ber that such estimated picking errors include errors
given by the simplified forward modeling considered
here (straight-rays in a homogeneous half-space) and
thus should not be considered as formal picking errors.
Location errors are within 30m on average, on all com-
ponents (X ≤ 23 m, Y ≤ 28 m, Z ≤ 29 m), with Y
and Z having similar values due to the similar sensor
distribution in such directions.

Using our location uncertainties, we select data for
the next steps of the analysis (i. e. the 4D tomogra-
phy). From the original pool of 35,978 events, we select
19,936 events with location uncertainties less than 20
m to be used as input in the tomography workflow.
We also observe that picking error (i.e. residual) is a
less robust indicator for the quality of the event loca-
tion. We suggest to avoid using residuals as a param-
eter for selecting events for the tomography. Finally,
we observe that ”highly precise” events (location error
less than 5 m) can be used to study very specific rock
volumes. In Fig. 5, we show the highly precise event
locations close to B30 ore-passes. Local seismic clus-
ters can be easily associated with different segments
of the ore-passes for further investigations (e.g. com-
puting local b-value, investigation of rock mechanical
processes etc.)

3.2 Average velocity in the rock mass in the study
area for may 2016

To better assess the robustness of our investigation, we
compute an average “static” 3D velocity model for the
entire month, i.e. we compute a single 3D model as the
average of all velocity models, which represent our 4D
information on the study area. It is worth noticing that
such model is not only representative of the velocity of
the original rockmass, but can still contain information
about different phenomena that occurred in the exam-
ined volume, if such phenomena occur regularly (e.g.
blasting, ore pass activity).

In Fig. 6, we show the “static” 3D velocity model as
amap-view of VP and VP/VS ratio at level 1120m.We
observe a general agreement between the spatial distri-
bution of VP and the ore geometry (here seen as the
VP = 5.8 km/s contour), suggesting the robustness of
the tomography workflow. The clay-zone close to B30
ore-passes seems to have a low VP value (Fig. 6b).
The clay zone is more pronounced by low values on
the VP/VS ratio model (Fig. 6c). Such low VP/VS

ratio values have been previously seen by Berglund
et al. (2021), using a different workflow for passive
seismic tomography. We can point out that the high
VP anomaly at the B30 ore-passes does not correlate
with any mapped geological feature. Most probably it
appears in the “static” 3D model due to the sustained
seismicity close to the ore-pass during the entiremonth.
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Fig. 5 Precisely relocated seismic events close to B30 ore-
passes. Black dots represent the relocated events (4,922 out of
20,460 occurring in the same area) for which an error lower than
5 m has been obtained for each coordinate. Red triangles display

seismic stations. The infrastructure at level 1108 m is depicted
with dashed lines. Ore passes are drafted as green thick lines.
Yellow stars indicate production blast that occurred in the area
of B30 during May 2016

Similar effect but not so pronounced is observed around
the ore passes in B34 (see Section 3.3.3).

3.3 Time-dependent elasticity of the rock mass in the
study area for may 2016

3.3.1 How the full 4D tomography works

Before introducing the results obtained for the entire
month, we focus on one data batch for one day
(2020/05/10) to illustrate how the full 4Dmodel is able
to reproduce the observed travel-times.We compare the
results obtained from three different inversion schemes
based on three different choices for the elastic param-
eters of the model (i.e. the events considered are the

same, and their parameters are treated in the same way
in the three inversions). In a first test we make use of
an half-space of unknown velocity. Thus, the algorithm
adjust the half-space velocity and the event parame-
ters to fit the data and reduce the residuals. A second
test is performed using a 3D model (i.e. no time vari-
ations) and in the final test we perform our standard
full 4D tomography. Clearly, the three different tests
are obtained using the algorithm for the full 4D tomog-
raphy limited, in the first case, the use of only a single
3D Voronoi cell, and in the second case limited to use a
variable number of 3D Voronoi cells. This means that
events parameters are treated equally in all three tests.

A detail of the results obtained for the three tests
is shown in Fig. 7, where the velocity models close to
B34 ore-passes are plotted at different hours, together
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Fig. 6 “Static” VP and VP/VS ratiomodels as amap of the study
area forMay2016, level 1120m. (a) Seismicity, production blasts
and infrastructure. Grey stars indicate production blast location
(mainly occurring at production levels 1051 m and 1021 m).
Dashed lines depict infrastructures at 1108 m production level.
Seismic stations are plotted as yellow triangles. The blue (green)
box shows the area around ore-passes at B30 (B34), defined for
selecting events used to compute blue (green) histogram in panel

(f) in Fig. 8. The hypocenter location of theM 2.0 event is shown
for reference (yellow sun). (b) VP model. Colours represent VP
values, coloured dots show the extension (at 1120 m level) of the
geological features: green - ore body; red - dykes; purple - clay
zones. The hypocenter location of theMw=2.0 event is shown for
reference (yellow sun). (c) VP/VS ratio model. Same symbols
as in the panel (b) for VP model

with the seismicity that occurred in the same hours and
the relevant residuals on the observed travel times at
the end of the computation. Residuals are represented
as the difference between observed travel times and
the mean PPD of the synthetic travel times. It is worth
noticing that we computed a full velocity model for the
entire mine in all the three tests, using all events that
occurred on that day (2016/05/10), but we show here
in Fig. 7 only the rock volume around the ore-passes at
B34, for clarity.

As the velocity model increases in complexity, from
top row (the uniform half-space solution) to the bot-
tom row (full 4Dmodel), the residuals are better repro-
duced, both in terms of a reduced Gaussian width and
a reduced shift. In particular, we can observe that the
residuals for the uniform test-case are larger than the

other test-cases, with S- waves residuals larger than
P-wave residuals. In the second case (3D model) we
observe a relevant shift in the residuals (positive shift
for both P-wave and S- wave residuals). Such shift
obtained for the 3D model in principle could be (and
generally is) removed using a user-defined starting
model (e.g. Kissling et al. 1994). However, such start-
ing model should be expressly defined for each data
batch in our workflow, and we would go back to the
issue of having pre-defined time-window in time-lapse
tomography (exactly the reason why we adopt our full
4D tomography scheme). Finally we observe, from the
plot at the bottom of Fig. 7, that the level of the residu-
als adopting the three inversion schemes is not clearly
different (e.g. there is not a scheme that, using an inap-
propriate phrasing, ”reduce the misfit far more than
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Fig. 7 Comparison of the results for one day, May 10th 2016,
obtained using three different inversion schemes: an elastic half-
space, a 3Dmodel, and the full 4Dmodel (on the rows from top to
bottom). Coloured maps indicate mean PPD VP models at 1120
mdepth level for the area of Block 34 ore-passes, at four different
hours: 6:00, 12:00, 18:00 and 24:00 on May 10th 2016. Black
dots display seismicity occurring in the indicated time-frame (i.e.
three hours before and three hours after the indicated time of the
day). Seismic stations (white triangles), geology (purple dots)
and infrastructures (dashed black lines) are also shown for refer-

ences. Histograms on the right represent the residuals, which are
computed as the difference between the observed travel-times
and the mean PPD of the synthetic travel-times (grey shaded- P
waves; red contour- S-waves). On the bottom of the figure, the
residuals are plotted as a function of the event progressive num-
ber: red line for uniform model; green line for 3D model and
blue line for 4D model. Vertical grey lines separate events in the
four different time-frames shown in the upper panels, three hours
before and three hours after the indicated date-time on top)
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the others”), but we need to consider that events can
be freely relocated and they adjusted differently in the
three schemes to reduce the misfit.

3.3.2 Full 4D elastic model and Bhattacharyya
coefficients

The final collection of 120Million velocitymodels rep-
resent our 4D information on the study area. To repre-
sent and interpret such information in conjunction with
other sources of information, we computed the 1-hour
time-lapse 3D model of VP and VP/VS ratio for the
examined volume. For each point on a 40m spaced 3D
grid of the mine (4 032 points) and for each hour in
May2016 (721 hours),wemeasured themean posterior
and the standard deviation of VP anVP/VS ratio across
all 120 Million elastic models (the so-called marginal
posterior of VP and VP/VS ratio for a given 4D point).
Basically, we estimate a Gaussian posterior probabil-
ity distribution (PPD) for all 4 032x721 points. Such
numerical model does not contain all the information
collected in the trans-D McMC sampling. For exam-
ple, it lacks all correlations between velocity at differ-
ent times, and correlation between velocity and event
locations. However, it can be used to visually represent
the output of our workflow and to make general inter-
pretations. In particular, as shown in Fig. 8, the PPD
can be used to highlight volumes (in time and space) of
the mine where the information contained in the input
data are not enough to substantially modify the prior
information (i.e. where prior and posterior information
are close to each other). This is a fundamental asset of
the Bayesian approach to seismic tomography because
it discriminates where velocity in time and space is
defined by data, and where data do not add any signif-
icant information.

To evaluate the fluctuation in velocity, we computed
the Bhattacharyya coefficients of the 1-hour time-lapse
3Dmodelwith respect to the “static”model. Briefly, for
each 4D point we computed the BC between the Gaus-
sian PPD to the “static” model, adopting a standard
deviation of 100m/s for VP and 0.01 for VP/VS ratio
for the “static” model. As a rule of thumb, a BC lower
than 0.5 means no difference between two probability
distributions, while a BC larger than 1.0 means that the
two probability distribution are significantly different.
In Fig. 8, we report one frame of VP and VP/VS ratio

models, i.e. one hour of the 3D time-lapsemodels, with
associated BC models.

3.3.3 Fast elastic fluctuation related to ore-passes
seismic activity

Looking to the 1-hour time-lapse 3D VP model
and the relocated catalogue together, the first feature
that becomes immediately evident is the correlation
between ore-pass seismicity and VP changes in the sur-
rounding rock volume. In particular forB30 ore-passes,
the ”activation” of the ore-passes, i.e. when more than
a hundred of seismic events occur in the same hour, co-
existswith a sharp increase in VP value for the rock vol-
ume containing the ore-passes themselves. Such fluc-
tuations of the VP model are generally associated to
BC>1.0 which indicates their robustness. A prelimi-
nary interpretation of the correlation could be attributed
to the state of the ore-passes (empty or filled). In case of
filled ore-passes, seismic waves can more easily travel
through the rock volume, generating an apparent high
VP value for such rock volume. However, more infor-
mation on the use of the ore-passes at the time of the
high-velocity anomalies is needed to interpret our find-
ings. In Fig. 9, we present one example of the fluctua-
tion of the VP model close to B34 ore-passes. The high
VP anomaly close to the ore-passes appears with the
seismic ”activation” of the ore-passes and it lasts no
more than 6 hours.

3.3.4 Velocity fluctuation during blasting activity

Given the presence of large fluctuations in VP model
associatedwith seismic activation of the ore-passes and
the larger uncertainties in the time-lapse 3D model at
production (blasting) levels (1021 m and 1051 m) with
respect to level 1120 m, the post-blasting effects on
the velocity of the rock mass (if existent) seem to be
masked. It is not easy to correlate production data and
our time-lapse 3D model. Focusing on level 1120 m
model (about 80 m from the blasting location) and
analysing the velocity model in the period of low-
seismic activity at B34 ore passes (i.e. between May
7 and May 17, 2016, see Fig. 8h), we observe that pro-
duction blasts occurring between X=3400-3500 and
Y=6450-6500 are generally associated with a robust
(BC>1) VP/VS increase in a limited (max 150m

123



J Seismol

Fig. 8 One frame of the full 4D elastic model, for the time:
May 17th 16:00, represented as map-views of VP and VP/VS
ratio at level 112 0m. For panel (a) to (c), same symbols as in
Fig. 6, except for panel (a) where coloured dots represent seismic
events: grey- occurred in the previous two hours; red- occurred
in the indicated hour; black- occurring in the next two hours. In
panels (b) and (c), the whitish colorured areas indicate where the
ratio between posterior and prior std is larger than 0.85. (d)-(e)
Bhattacharyya coefficients for the VP and VP/VS ratio models
in panels (b) and (c), computed with respect to the “static” VP
and VP/VS ratio models in Figs. 6b and 6c. (f)-(g)-(h) Time-

occurrence of main seismic events and production activities in
the study area. Grey stars indicate the occurrence of production
blasts, separated for the two blocks. The yellow suns indicate
the occurrence Mw>1.0 seismic events. The biggest yellow sun
is the Mw=2.0 event. (h) Histograms of the number of seismic
events occurring close to ore-passes: green – B34; blue – B30.
The grey line indicates the localmeasurement ofmaximum stress
(σ1) duringMay 2016. Additionally a green vertical bar indicates
the exact time-step in the time-series for which the elastic model
is displayed in panels (b)-(c)
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Fig. 9 Example of velocity variations at depth level 1120 m
during a seismic sequence close to one ore-pass activation. Each
column report the state of the velocity of the mine at different
time, starting from May 10th 2016 06:00, every six hours. Pan-
els (a) to (d) show the occurrence of a seismic sequence at B34
ore-passes (i.e. within the green box). Panels (e) to (h) show the

map of VP model in the same time-steps. Panels (i) to (l) show
the BC coefficients for the VP model. Symbols in panels (a) to
(d) are the same as in Fig. 8a. Symbols in panels (e) to (h) are
the same as in Fig. 8b. Symbols in panels (i) to (l) are the same
as in Fig. 8d

radius) area. The transient perturbation in VP/VS ratio
seems to last between 2 and 4 hours. However, this
effect occurs in 4/6 of the cases under observations,
with 1 case with unclear rock response and 1 case with
opposite (VP/VS ratio decrease) effect. We can inter-
pret VP/VS ratio increase after blasting as a transient
modification (i.e change in fracture aspect ratio) of the
local fracture network. The six cases of analysed pro-
duction blasts at level 1022 m for B34 area are shown
in Figs. 10 and 11. Further investigations are necessary
on the correlation between the VP/VS changes after
blasting and post-blast seismicity (spatial correlation
between number of seismic events and range of VP/VS

change). The rough review of both types of data shows
some evidences but more cases (blasts) are needed to
have a proper quatification for the correlation.

Further investigation is necessary on the correlation
between the VP/VS changes after blasting and post-
blast seismicity (spatial correlation, number of seismic
events and range of VP/VS change etc). The rough
review of both types of data shows some correlation

but more cases (blasts) are needed to have a proper
expression for the correlation.

3.3.5 Slow variations of the velocity before the M=2.0
event

Stress-cell for monitoring of in-situ stress changes has
been installed in B34 (level 1165 m) in 2013 (Dah-
ner and Dineva 2020). Recent investigations on stress-
cell data suggested a peculiar precursory pattern for
relatively moderate events: a significant drop in maxi-
mum stress σ1 value followed by a ∼3 days recovery
of the stress level, during which the moderate relevant
event occurs (Dahner and Dineva 20200. The pattern
has been observed for theM=2.0 event that occurred on
May 22, 2016 as well, at a distance of approximately
80 meters from the stress cell. To compare our veloc-
ity model variations with stress-cell data recorded in
the examined volume, we compute a 2-days time-lapse
3D model that partially removes high-frequency fluc-
tuations associated with ore-pass seismicity. In Fig. 12,
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Fig. 10 Table of analysed blasts in Block 34

Fig. 11 Examples of variations of VP/VS ratio model at depth
level 1120 m during production blasts close to B34 ore-passes.
Each column reports a different casewith:VP/VS ratio decreased
in the blasting area (left column), no relevant effects (mid col-
umn) and (VP/VS ratio increased (right column). Panels (a) to
(c) show the occurrence of a production blasts at B34 ore-passes

(i.e. within the green box). Panels (d) to (f) show the map of
VP/VS ratio model in the same time-steps. Panels (g) to (i) show
the BC coefficients for the VP model. Symbols in panels (a) to
(c) are the same as in Fig. 8a. Symbols in panels (d)- (f) are the
same as in Fig. 8c. Symbols in panels (g) - (i) are the same as in
Fig. 8e
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Fig. 12 (a) VP values as a function of time for the closest grid
nodes to the stress cell position (grid node at X=3280, Y=6360;
and Z=-1160; stress-cell at X=3281, Y=6377, Z= -1163, distance
about 17 m). Blue line are the values from the 2-days smoothed
elastic model. Red dashed line is a moving average of the blue

line, with 48 hour long window. The orange line represent the
derivative of the VP , computed as the numerical increment at
one-hour lag. (b) Local maximum stress (σ1) from stress-cell
data (grey line) and its derivative (orange line). The yellow arrow
indicates the time-occurrence of the M 2.0 event

we report both the VP time-series from the 2-days time-
lapse 3Dmodel (panel a) and the stress-cell time-series
(panel b). The VP time-series represents the VP value
of the closest node, on the 40m grid, to the stress-cell.
The VP time-series displays a relevant drop starting
one week before the M 2.0 event on May 15, 2016, fol-
lowed by a rapid increases lasting 2 days (fromMay 19
to May 21). The M=2.0 event occurs one day after the
final recoveryof the averagevelocity (VP 6.0km/s). The
most relevant observation is the correlation between the
derivative of VP value and the derivative of σ1 value.
In fact, the sharp recovery in VP value and the sudden
drop in σ1 value occur at the same time (positive and
negative peaks in early May 19, 2016 for VP and σ1,
respectively), suggesting that the (sudden) stress drop
enables fracture closure (fast increasing VP ), which in
turn could facilitate fluid migration and fault lubrica-
tion.

4 Discussion

The workflow for monitoring the velocity changes in
the rock mass presented in this study is able to recon-
struct the mining volume in details following a strict
Bayesian framework. In this way, we are able to mea-
sure uncertainties on the investigated parameters and
to use such estimated uncertainties for both evaluat-
ing the time-lapse 3D elastic models in space and time
(through the ratio of the std, posterior vs prior) and their
variations computing the BC for a given choice of two
elastic models. We recognize that such results can be
achieved in a seismically active mine as Kiirunavaara,
where the number of seismic events per day in the
mine sector under investigation never dropped below
1 000. Such huge amount of data could be necessary
to define the velocity model with the details presented
here. Moreover, we also identify, at the same time, a
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potential pitfall in the interpretation of the retrieved
time-lapse 3D elastic model. The presence of multi-
ple sources of perturbation of the velocity of the rock
mass (here, for example, the co-existence of blasts and
ore-passes activation) could make the interpretation of
the final results challenging without having additional
information from the mine production activities. Thus,
considering themonitoringworkflow froma strict com-
putational point of view, we can state that such kind
of monitoring is definitely available, though its use in
activemines should be carefully planned and evaluated.

The full 4D tomography performs a strictly data-
driven velocity model evaluation, thus suppressing fea-
tures not (or partially) supported by data. Comparing
to a more standard approach as 3D model (of even
the half-space approximation) we can observe that the
level of residuals (i.e. generally, and not appropriately
here, called the misfit reduction) is limited. This fact
points out that information contained in the seismic
rays and relative to temporal variations of the velocity
of the rock mass is definitely vague. In the geophysical
inverse problem solved here, prior and posterior prob-
ability distributions are likely to be very similar for
many space/time volumes of the mine. Having similar
prior and posterior probability distributions indicates
that the use of (artificially engineered) proposal distri-
butions in the generalized Metropolis’ rule (Gallagher
et al. 2009) to boost the McMC sampling it totally use-
less. In fact in this case, the highest acceptance val-
ues are already obtained when proposal distribution is
exactly prior distribution.

Positive velocity variations at the ore-passes, i.e.
local increases in VP , are the most striking effect
retrieved fromour analysis. Such variations could be, in
principle, related to stress-increase, if we consider that
local stress-increases are related to local increases of
seismicity rate (i.e. when stress increases we havemore
seismic events). However, we should consider that VP

measures in mines are strongly affected by voids and
heterogeneities. In this case, we should consider the
possibility that empty and filled ore-passes could be
”seen” by the seismic rays as different objects. A strict
comparison of activities in the ore-passes such as fill-
ing level variations are necessary to correctly interpret
such velocity variations.

Slow-variations of the seismic velocity of the rock
mass close to the stress cell seem to correlate to the
characteristic pattern in stress fluctuation found for
Kiirunavaara mine before the occurrence of a ”mod-

erate”, from a mine point of view, events (Dahner and
Dineva 2020). The relevantly slow decay in VP could
be related to opening of new fractures or changes of
aspect ratio in existent fractures. In this picture, the
sudden increase in VP occurring at the same time of
the stress-drop could be given by the closure of the
fractures no more sustained by the local stress field.

5 Conclusion

In this study, we apply a full 4D tomography code
for monitoring the variations in the velocities of the
rock mass in Kiirunavaara mine, during a period of
one month. Our results indicate that monitoring state
of stress in the mine through passive seismics can be
possible, in principle, given a sufficiently large num-
ber of input data (in our case, P- and S- phases arrival
times). Adopting a full 4D tomography scheme, i.e.
without pre-defined, user-defined time-windows as in
time-lapse tomography, we are able to discriminate dif-
ferent phenomenawhichoccur ondifferent time-scales.
In particular:

1. We observe relevant VP velocity increases across
the ore-passes, during their activation

2. We do not find an ubiquitous response of the rock
mass to blasting activity, in terms of VP velocity
variations

3. We suggest a correlation between VP velocity
recovering and Mw = 2 events, related to fluc-
tuation in the local stress-field

Further applications of the full 4D tomography can
give more insights into the relation of VP variations
and local stress-changes, analysing data recorded dur-
ing relevant controlled stress perturbations, e.g. hydro-
fracturing operations in mines.
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