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Summary 
 
We apply a full-scale 3D seismic virtual-source survey (VSS) for the purpose of near-mine mineral 

exploration in the Kylylahti sulfide deposit, Finland. Based on the ambient-noise (AN) characterization 

including beamforming results, we created a 10-days subset of AN recordings that were dominated by 

multi-azimuth high-velocity arrivals. We use an illumination-diagnosis and location procedure to show 

that the AN recordings associated with the high apparent velocities are related to body-wave events. 

Next, we produce 994 virtual-source gathers by applying seismic-interferometry processing by cross-

correlating AN at all receivers resulting in a full 3D VSS. We apply standard 3D time-domain reflection-

data processing and imaging using the subset and the full AN data, and validate both results against a 

pre-existing detailed geological information and 3D active-source data processed in the same way as 

the passive data. The resulting post-stack migrated sections show agreement of reflections between the 

passive and active data and indicate that VSS provides images where the active-source data are not 

available. In particular, the previously unknown extent of the ore-bearing complex was captured 

exclusively by passive data, which added a new geological insight into the Kylylahti formation. The 

methodological approach developed can be used in other areas in mineral exploration context. 
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Reflection image beyond the known extent of the prospective zone provided by 3D virtual-
source methodology 
 
Introduction 
 
Our study elaborates on many pioneering works in ambient-noise seismic interferometry (ANSI) 
imaging experiments (Draganov et al. 2013, Cheraghi et al. 2015, Nakata et al. 2015, Olivier et al. 
2015), by investigating the potential of the full-scale 3D virtual seismic survey (VSS) to image sub-
vertical, complicated geological target, and potentially indicate the continuity of ore resources in the 
mine-infrastructure vicinity. The final outcome of the 2D ANSI reconnaissance study in the Kylylahti 
area in Finland (Chamarczuk et al. 2021) provided the initial delineation of the ore-bearing formation, 
which justified our decision to conduct the follow-up 3D investigation with the seismic-interferometry 
processing workflow indicated by the initial 2D ANSI assessment. Here, we report the results of this 
first hardrock full-scale 3D passive experiment, and put the special emphasis on describing the 
geological insights obtained using the 3D VSS methodology.  
 
Apriori geological knowledge 
 
Because of the complex geometry (see cross-section in Figure 1), the Kylylahti formation remains a 
difficult target for surface seismic methods. Nevertheless, the end-goal of proposing the 3D VSS 
methodology (Figure 2), developed as a part of Kylylahti experiment, is the conventional reflection 
processing of the virtual-source gathers (VSGs) and their comparison with the active-source processing 
results as well as with the available detailed geological data and models. We focus on describing the 
geological insights provided by our passive experiment. Our apriori geological knowledge in the 
Kylylahti area, based on Peltonen et al. (2008), can be summarized as follows: in the Kylylahti area, 
four main geological units are present (Figure 1) – (1) The Kylylahti semi-massive to massive sulfide 
(S/MS) mineralization hosted in (2) Outokumpu ultramafics (OUM) that mainly consist of serpentinite 
and talc-carbonate rocks with (3) fringed alteration zones composed of carbonate-skarn-quartz rocks, 
the altered Outokumpu ultramafics (OME). In combination, the nearly N-S trending and near-vertical 
OUM and OME units are called the Outokumpu assemblage rocks (referred to as Kylylahti formation). 
In the Kylylahti area, the Outokumpu assemblage rocks are in near-vertical contact with the (4) regional 
Kaleva Sedimentary Belt (KAL), consisting of mica schist and black schist. Besides the obvious strong 
impedance contrast between the S/MS mineralizations and the host rocks, rock-property measurements 
(Luhta et al. 2016) indicate sufficiently strong contrasts in acoustic impedances, in the Kylylahti area 
mainly arising from contrasts in densities, to produce a detectable reflection at the contact of the 
OUM/OME rocks and the inter-layered and surrounding schists. 

 
Figure 1 (a) Location of the Kylylahti mine and Kylylahti array in the Outukumpu belt. (b) Location of 
the 3D passive seismic survey. (c) B-B’ is a cross-section through the Kylylahti deposit (modified after 
Peltonen et al. (2008) and Riedel et al. (2018)).  
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3D VSS Reflection imaging methodology  
 
The 3D VSS methodology adopted in this study can be summarized as follows: (1) general analysis of 
the recorded wavefield to identify dominant frequencies, directions of illumination and apparent 
velocities of the AN wavefields; (2) quantification of body-wave energy present in the recorded data 
using the TWEED approach (see Chamarczuk et al. 2021 for more details) and obtaining spatial 
distribution of the noise sources; (3) actual SI data retrieval, i.e., obtaining VSGs through cross-
correlation for the two sets of data – (i) for 10 days when body-wave events are dominating and (ii) for 
the full 30 days of data; (4) standard hardrock reflection seismic processing of the obtained VSGs. The 
above 4 processing steps together with validation and interpretation of passive results using a direct 
comparison to an active survey as a benchmark, and to the available detailed geological data and models 
as a reference, add up to the 5 main processing blocks forming the full-scale 3D seismic VSS 
methodology for the purpose of near-mine mineral exploration developed in this study (see flowchart 
in Figure 2, where the gray-gradient-colored blocks in the right column indicate our modifications of 
the state-of-the-art AN imaging workflow proposed by Draganov et al., 2013). 

 
Figure 2 Summary of the 3D virtual-source survey methodology for the purpose of near-mine mineral 
exploration. The left column presents the core of the flowchart containing five main processing blocks. 
The detailed processing steps performed within each main processing block are shown in the right 
column. The sequence of processing is indicated by roman numerals. Gray-gradient-colored blocks in 
the right column indicate our modifications of the state-of-the-art ambient-noise imaging workflow 
proposed by Draganov et al. (2013). 
 
Selected processing results 
 
In Figure 3a, we show the results of standard beamforming analyses (e.g., Nakata et al. 2015) calculated 
and summed over 20 hours recorded during each single day in the frequency range between 3 to 5 Hz. 
These daily beamforming plots represent the dominant AN contributions during each single day of the 
Kylylahti passive acquisition (30 days). We used these results to identify periods of data associated 
predominantly with P-wave arrivals, and to create a subset of 10 days used for further processing (green 
circles in Figure 3a). Next, we used dedicated detection and location procedure to verify that the high-
velocity arrivals observed in the beamforming (green circles in Figure 3a) are actually related to body-
wave events and not to some crossline surface-wave sources. Figure 3b shows an example of a noise 
panel containing a clear body-wave event representative for day 3 (‘D3’ in Figure 3a). We used daily 
recordings having body-wave content to create the input subset for the SI processing routine denoted as 
processing block ‘V’ in Figure 2. As a results of the SI processing, we obtained VSG that can be input 
for conventional active-source reflection imaging workflow. Figure 3c shows a comparison of the 
common source gathers obtained along 4 receiver lines, where arrows with the same colours on both 
active- and virtual-source gathers indicate reflection events associated with the same geological 
features. 
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Geological features interpreted from the passive data 
 
The availability of the coincident active-source 3D data provides an opportunity to compare the passive 
processing results directly with the active-source data. In Figure 4, we show comparison of the 3D 
processed images along crossline 1068, of the active survey (Figure 4a), and passive survey obtained 
using selectively stacked 10 days (Figure 4b,c) with the overlayed geological model based on borehole 
data. The predominant features visible in both active and passive data are a reflection related to the 
internal contacts within the Kylylahti formation hosting mineralization (see event marked with arrow 5 
in Figure 4) and a dipping event (denoted with arrows 6-8), which corresponds to the base of the 
Kylylahti formation. Specifically, we highlight here the continuous and coherent reflection event 
correctly aligned with the OUM/OME part of the geological model, which starts at the position of arrow 
6 in the active-source data (Figure 4a). The same event (following the general dipping trend of the 
orebody) is visible in the passive data. However, as indicated with arrows 7 and 8 (see Figure 4b,c), the 
exclusive added value of the passive data is the retrieval of the prolongation of the same event that 
extends beyond the known extent of the Kylylahti body (i.e., the bottom of the density model). 

 
Figure 3 (a) Directional beamforming analysis of recorded ambient noise (AN) calculated for 20 hourly 
panels from 30 days of recording time. (a) Panels representing analysis for one day of recording. Green 
dashed circles highlight ten daily AN recordings dominated by arrivals with apparent velocities >4.8 
km/s and used for initial selection of the 10-days subset as the representation of the selective-stacking 
approach in this study. (b) Scheduled mine event (underground blast) detected with TWEED, and 
representing the typical body-wave event recorded by the Kylylahti array. (c) Comparison of exemplary 
co-located 3D common-source gathers using active and passive data. For each gather, we show 4 
receiver lines (RL). Common-source gathers co-located with receiver station 715: (top row) active-
source gathers, (middle row) virtual-source gathers (VSGs) obtained using 30 days of noise, (bottom 
row) VSGs obtained using 10 days of noise.  
 
Conclusions 
 
We investigated the imaging potential of large-N passive seismic arrays for near-mine exploration in 
conjunction with a developed methodology for body-wave reflections retrieval using seismic 
interferometry. By comparing the results of the passive seismic survey to active-source seismic data and 
pre-existing detailed geological models from the target area, this first hardrock full-scale 3D passive 
experiment confirmed the feasibility of virtual-source surveys to provide interpretable reflection image 
of structures beyond the known extent of the prospective zones. We also showed that passive survey 
can provide new insights not captured by the active-source seismic data or other earlier data sets. In 
particular, some of the reflective segments arising from critical lithological contacts (considering 
understanding the extent of the ore-bearing complex and the mineral exploration in the area) were 
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captured with the passive data better, and this allowed to add valuable new constraints for the detailed 
geological model built based on data sets available from the area. 

 
Figure 4 Comparison of post-stack migrated sections obtained from the (a) active and (b, c) passive 
surveys. Red arrows mark the reflection events that are associated with the contacts in the geological 
model, and numbers show reflections that are interpreted in the text. The geological model displayed in 
the background is color-coded as follows: S/MS mineralisation (red); OUM/OME units (green); KAL 
unit (blue). Dashed line in (c) indicates the dipping reflection event corresponding to the base of the 
shown OUM/OME unit, where the green part is the part validated by the geological model based on 
borehole data, while the yellow part shows part of the same reflector that provided new geological 
insight by showing the previously unknown extent of the Kylylahti formation. Grey dashed line in (c) 
denotes the extent of the geological model before the Kylylahti passive experiment.  
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