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S U M M A R Y 

The advancement of seismic methods is vital for mineral exploration in the ongoing energy 

transition. In this study, we investigate the application of ambient noise seismic interferometry 

and surface-wave analysis to characterize the subsurface in a mineral exploration context. We 
then confirm the results of the passive seismic investigation through an active source experi- 
ment. We collected ambient noise data using a 2-D seismic line initially deployed for an active 
source reflection seismic study. By cross-correlating the signals, we retrieved the surface waves 
and constructed a 2-D shear-wave velocity profile using conventional surface-wave analysis. 
We utilized the active source data to establish initial assumptions about the surv e yed medium 

and then validated the passive seismic experiment. The passive seismic results are concordant 
with the active source results and allow for the interpretation of geological contacts and fault 
zones. Our work demonstrates the potential of passive seismic methods for investigating local 
tectonic settings and their role in hardrock mineral exploration. 
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 I N T RO D U C T I O N  

mproved mineral exploration has been indicated as one of the
ey factors in reaching the United Nations’ sustainable develop-
ent goals and the Paris Agreement (Ali et al. 2017 ). Geophys-

cal prospecting plays a crucial role in mineral exploration. In
articular, the seismic methods offer distinct advantages in high-
esolution depth-targeting (Eaton et al. 2003 ). Ho wever , seismic
xploration in a hardrock environment, fundamentally related to
ineral exploration, yields specific complications, such as low

coustic impedance contrasts, low signal-to-noise ratio, and strong
edium metamorphism and deformation (Salisbury et al. 2003 ).
oreover, the propagating surface waves tend to have higher fre-

uencies (Malehmir et al. 2012 ) and lower amplitudes (Pileggi et al.
011 ) compared to sedimentary environments. The advancements
n seismic mineral exploration are thus necessary to overcome the
ardrock constraints and to extend the depths and resolution of geo-
hysical prospecting (Malehmir et al. 2012 ). In particular, passive
eismic exploration using ambient seismic noise is gaining more at-
ention due to its versatility and reduced costs (Alcalde et al. 2022 ).

Seismic interferometry (SI) and Green’s function retrie v al en-
ompass studies of interference between pairs of seismic signals,
econstr ucting the infor mation about the waves propagating through
he interstation medium or providing information about the medium
C © The Author(s) 2024. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
tself. Originating from the work of Claerbout ( 1968 ), SI went
hrough a series of developments (Curtis et al. 2006 , and refer-
nces therein). Both theoretical studies and field examples validate
he estimation of Green’s function from cross-correlation of diffuse
avefields (Campillo & Paul 2003 ; Wapenaar 2004 ; Roux et al.
005 ; Snieder et al. 2006 ) with applications in the exploration set-
ing (e.g. Draganov et al. 2007 ; Halliday et al. 2008 ; Snieder &

apenaar 2010 ; Draganov et al. 2013 ; Chamarczuk et al. 2022 ).
urface waves, being the most energetic part of the seismic wave-
eld, of fer adv antages in the interferometric reconstruction of the
reen’s function (Halliday & Curtis 2008 ) and thus have been pri-
arily used in ambient noise seismic interferometry (ANSI) stud-

es. The studies of Shapiro et al. ( 2005 ), Yao et al. ( 2006 ), Gerstoft
t al. ( 2006 ), and Bensen et al. ( 2007 ), provide canonical exam-
les of processing passive records to retrieve surface waves from
ross-correlations. 

The applications of surface-w ave anal ysis for the shallow subsur-
ace characterization are well-documented, for example in re vie w
apers and practitioners guides (Socco & Strobbia 2004 ; Socco et al.
010 ; Foti et al. 2014 ; dal Moro 2015 ; Foti et al. 2018 ), with many
vailable open-source tools (e.g. Wathelet et al. 2020 ). A significant
evelopment in the field was the presentation of the multichannel
nalysis of surface waves (MASW) method by Park et al. ( 1999 ).
ollowed by further developments (e.g. Xia et al. 2002 ; Park et al.
oyal Astronomical Society. This is an Open Access 
 https://creati vecommons.org/licenses/b y/4.0/ ), which 
 the original work is properly cited. 571 

http://orcid.org/0000-0001-8593-0685
http://orcid.org/0000-0001-7581-3522
mailto:zbigniew.wilczynski@geo.uu.se
mailto:ayse.kaslilar@geo.uu.se
mailto: alireza.malehmir@geo.uu.se
https://creativecommons.org/licenses/by/4.0/


572 Z. Wilczynski et al . 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/240/1/571/7875257 by W

itw
atersrand H

ealth Sciences Library user on 08 August 2025
2007 ; Park & Miller 2008 ), MASW became the most common ac- 
ti ve source surface-w ave anal ysis method (Foti et al. 2018 ), using a 
refraction-like seismic array with an energy source at the beginning 
of the line. 

The use of linear arrays was further expanded with ambient noise 
studies. Louie ( 2001 ) and Strobbia & Cassiani ( 2011 ) explored 
applications of ambient noise in a linear array using the refraction 
microtremor method (ReMi). Other authors (e.g. Park et al. 2007 ; 
McBride et al. 2019 ) reported the benefit of complementing active- 
source study by ANSI to extend the depth of investigation and 
aid the identification of surface-wave modes. Cheng et al. ( 2016 ) 
and Deng et al. ( 2022 ) suggested other 2-D geometry applications 
using ambient seismic noise. The use of linear arrays for ambient 
noise seismic interferometry was criticized due to its sensitivity 
to noise directionality bias and incorrect velocity estimation (Park 
et al. 2007 ; Foti et al. 2018 ; Zhang et al. 2022 ). Cheng et al. ( 2023 )
provided an e xtensiv e ov erview of the possible linear-array artefacts. 
Ho wever , authors (e.g. Cheng et al. 2015 ; Le Feuvre et al. 2015 ; 
Pan et al. 2016 ) present successful applications of linear arrays for 
ambient noise surface-wave analysis using the virtual shot gathers 
(following Bakulin & Calvert 2006 ; Snieder et al. 2006 ). 

The surface-wave methods for near-surface applications are pri- 
marily employed in soft-rock (sedimentary) environments and rely 
on the assumptions of a dispersive layered-earth model (Park et al. 
1999 , 2007 ; dal Moro 2015 ; Foti et al. 2014 , 2018 ). Ho wever , in
hardrock exploration, these assumptions can be challenged due to 
the absence of a soft layer, the presence of a non-dispersive crys- 
talline basement, or a complex medium with sharp lateral bound- 
aries. 

Surface-wave phase velocities are higher on stiff sites, resulting 
in longer wavelengths and extending the investigation depth. Yet, 
recording long wavelengths requires relatively long arrays, which 
impedes lateral resolution. Fur ther more, the surface-wave genera- 
tion and propagation mechanism at stiff sites is less efficient (Foti 
et al. 2018 ), and the signal dominant frequency and energy depend 
on the presence and thickness of a soft ov erburden (Pile ggi et al. 
2011 ). 

There are several documented applications of surface-wave stud- 
ies in the context of mineral exploration. The active source stud- 
ies aim at augmenting reflection seismic surv e ys (Balestrini et al. 
2019 ; Papadopoulou et al. 2019 , 2023 ), tunnel and void detection 
(Sherman et al. 2014 ; Rector et al. 2015 ; Ivanov et al. 2016 ), or per- 
forming a surface-w ave tomo graphy using 3-D arrays (Rector et al. 
2015 ; Da Col et al. 2019 ). Colombero et al. ( 2022 ) provided an 
example of combining passive and active experiments for surface- 
w ave tomo g raphy in a phosphor us mine. Other authors obtained 
tomographic images using only ambient vibrations recorded with 
3-D arrays in various mining settings (Chen et al. 2021 ; Liu et al. 
2022 ; Ryberg et al. 2022 ; Zheng et al. 2022 ; Li et al. 2023 ; Olivier 
et al. 2024 ). The use of ambient noise with linear receiver arrays in 
mineral exploration settings is not common. Some notable exam- 
ples include a study by Wang et al. ( 2022 ), who used ambient noise 
recorded with a linear array to locate voids, and Deng et al. ( 2022 ), 
who introduced the extended phase-shift method for linear arrays 
to characterize deep ore deposits. 

This work presents a field study on ambient noise recorded using 
a linear array (Fig. 1 a) set out primarily for active source reflection 
seismic imaging for mineral exploration. We use a conventional pro- 
cessing scheme based on well-known ambient noise and surface- 
w ave anal ysis techniques. As proposed by Yao et al. ( 2006 ), we 
retrieve the medium’s response using cross-correlation for ANSI. 
Then, we use the Geopsy open-source tool (Wathelet et al. 2020 ) 
to extract dispersion curves (DCs) from virtual common midpoint 
gathers. Capitalizing on the low-frequency content of the ambient 
noise, we reach depths of investigation of several hundred meters 
and provide a geological interpretation of the identified shear-wave 
velocity distribution. Supporting our investigation with the active 
source seismic experiment and available geodata, we show the po- 
tential of incorporating ambient noise studies in mineral exploration 
as a link between deep-targeting seismic reflection studies and shal- 
low active source surface-wave experiments, leading to an improved 
understanding of the complex hardrock geology of the area. 

2  E X P E R I M E N TA L  S I T E  

Bl ötberget iron oxide apatite deposit is located in the Bergslagen 
ore province in central Sweden – a major mining district in Sweden 
and Europe. Iron oxide deposits in this region occur in three primary 
for ms: banded iron for mation, iron oxide skar n mineralization and 
iron oxide apatite mineralization (Ripa & K übler 2003 ). Addition- 
ally, Bergslagen is recognized as a promising area for rare earth 
element exploration (Goodenough et al. 2016 ). 

The primary lithologies in Bergslagen were formed during the 
Paleoproterozoic between 1.9 and 1.8 Ga, during the Svecokarelian 
oro gen y (Stephens 2009 ). At the waning stage of the ca. 1.9 Ga 
volcanic activity, calc-alkaline and mostly felsic volcanic siltstones 
and sandstones were formed. They are intercalated with carbonate 
rocks and accompanied by thermal subsidence and penecontempo- 
raneous granitoids. These lithologies underwent polyphase defor- 
mation and low-pressure regional metamorphism (Stephens 2009 ), 
and the supracrustal units occur as inliers in the intrusive rocks 
(Allen et al. 1996 ). Granites and associated pegmatites represent 
younger Paleoproterozoic rocks. 

Skarn deposits are the most common mineralization type in 
Bergslagen (Magnusson 1970 ) formed by a reaction between car- 
bonate beds and syn-magmatic silica and metal-rich hydrothermal 
fluids (Allen et al. 1996 ). Other, less common types of mineraliza- 
tion include banded iron formations and iron oxide apatite deposits. 
The latter, found only in the western part of Bergslagen, are Kiruna- 
type deposits (Jonsson et al. 2013 ; H ögdahl et al. 2020 ) oriented 
conformably to the bedding of the metavolcanic host rock (Mag- 
nusson 1970 ). 

The older bedrock in the Bl ötberget area (Fig. 1 b) comprises fel- 
sic metavolcanic rocks of rhyolitic to rhyodacitic composition and 
metagranitoids (SGU 2022 ). They have an NE strike and a foli- 
ation that dips between 60 and 80 degrees to SE (H ögdahl et al. 
2020 ). A younger granitic intrusion is located ca. 3.5 km southeast 
of Bl ötberget. An NE–SW striking fault is identified close to the 
contact of metavolcanic rocks and the metagranitoid (e.g. Mag- 
nusson 1970 ; SGU 1988 ), supported by a topographic lineament 
(Fig. 1 a). 

The iron oxide apatite deposit at Bl ötberget occurs as a sheet- 
like body hosted by metavolcanic rocks (Nordic Iron Ore 2011 ). It 
is moderately dipping towards the southeast (Markovic et al. 2019 ; 
H ögdahl et al. 2020 ), with a thickness of up to 30 m (Malehmir et al. 
2017 ), and reaching a depth of 1200 m (Malehmir et al. 2021 ). The 
NE strike of the mineralization is shown with marked old mines and 
mineral prospects on the geological map (Fig. 1 b). In an adjacent 
metavolcanic inlier to the southeast, there are a series of other 
mines and mineral prospects that extend towards north-east to thin, 
v ariabl y mineralized skarn layers, following a magnetic anomaly in 
the airborne magnetic map (Fig. 1 c). Kiruna-type and skarn deposits 
in this area were described by Geijer & Magnusson ( 1944 ). 
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Figure 1. Maps presenting profile channels and common midpoints (CMP) with av ailable geodata. (a) Topo graphy map with ele v ation profile. (b) Bedrock 
geology map, modified from Geological Surv e y of Sweden (SGU, 1988 , 2018a ). (c) Airborne residual magnetic anomaly map with mineral prospects locations. 
(d) Soil type map, modified from SGU ( 2018b ). 
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This work is part of a long-term e xploration initiativ e in 
Bl ötberget taking place due to the recently regained interest in min- 
eral exploration. The industry reports contain valuable information 
from the formerly operating mine (closed in the 1970s) and the 
mining company currently considering reopening the mine (Nordic 
Iron Ore 2011 ). Additionally, the site has served as a geophysical 
test site for over a decade, allowing for de veloping innov ati ve solu- 
tions and characterization of the subsurface (Malehmir et al. 2020 , 
2023 , and references therein). The e xtensiv e geophysical investiga- 
tions have led to the petrophysical and volumetric characterization 
of the deep iron-oxide deposit (e.g. Maries et al. 2017 ; Malehmir 
et al. 2021 ) and the identification of other deep reflectors interpreted 
as mineralization (Markovic et al. 2019 ; Pertuz et al. 2021 ). Several 
surface-wave studies in the area have focused on improving reflec- 
tion seismic imaging (Balestrini et al. 2019 ; Papadopoulou et al. 
2023 ) and characterizing the subsurface down to approximately 
100 m (Papadopoulou et al. 2019 , 2021 ). Ho wever , up to date, no 
seismic experiment on this site has focused on the moderate-scale 
depths of several hundred meters. 

The most recent field campaign took place in 2022 June. It com- 
prised the acquisition of drone-based magnetic and electromagnetic 
data, surface fibre optic distributed acoustic sensing (DAS) data, 
borehole helically wound cable DAS data, and conventional active 
source seismic data using 150 3-component geophones and almost 
500 vertical component accelerometers. The studies so far have 
shown a potential of broadband data for mineralization delineation 
(Gyger et al. 2022 , 2023 ), established a baseline for multicom- 
ponent imaging (Markovic et al. 2023 ), presented a preliminary 
characterization of ambient noise in the area (Kaslilar et al. 2022 ), 
and assessed a surface-wave dispersion of the passive and active 
source data sets (Wilczynski et al. 2023 ). 

This paper focuses on the ambient noise data recorded with 
the 2-D seismic active source experiment. The profile begins in 
the northwest, near the mineralization lineament, and runs 2400 m 

southeast, parallel to the dip direction of the mineralization. Ac- 
cording to the bedrock geology map (Fig. 1 b), the profile extends 
over four lithologies: metagranitoid intrusion, rhyodacitic, and rhy- 
olitic metavolcanic rocks, and again a metagranitoid intrusion. It 
cuts through a mineral prospect in the middle and a deformation 
zone at the southern end, followed by a smooth ele v ation change of 
20 m (Fig. 1 a). 

The bedrock is covered with a thin layer of sediments (no more 
than 20 m), mostly till and glacial silt–sand deposits – with an 
occasional presence of peat and flood deposits (Fig. 1 d). Several 
small water streams are present and run east or northeast. In the 
south, the profile reaches a rather idle national road no. 50 and 
a rail wa y used by freight and passenger trains. The localities of 
Bl ötberget and Klenshyttan are situated at the nor ther n and souther n 
ends of the profile, respecti vel y, and se veral properties are located 
near the profile (backfill in Fig. 1 d). These features are potential 
sources of seismic noise. 

We attempt to image the geological contacts and other subsur- 
face features important for mineral prospecting. The ambient noise 
investigation is supplemented with (i) active source seismic data, 
(ii) geodata courtesy of Geological Surv e y of Sweden (SGU 1988 , 
2014 , 2018a , b ) presented on maps in Figs 1 (b)–(d), (iii) rock proper- 
ties information from geophysical well-logging (Maries et al. 2017 ), 
(iv) cored borehole infor mation, cour tesy of Nordic Iron Ore, (v) 
previous seismic reflection studies delineating the mineralization 
(Pertuz et al. 2021 ), (vi) shallow subsurface shear-wave velocity 
estimated by Papadopoulou et al. ( 2019 ), and (vii) airborne residual 
magnetic field measurements courtesy of SGU (Fig. 1 c). 
3  DATA  A N D  M E T H O D  

The following subsections outline our investigation workflow. 
We started by analysing the raw active source data to under- 
stand the velocity distribution in the medium and identify dis- 
rupti ve e vents. We then processed the passive data and performed 
surface-w ave anal ysis to produce a shear-w av e v elocity section. 
Finall y, we v alidated our findings with acti ve source data and pro- 
vided a comprehensive result by merging the passive and active 
data sets. 

3.1 Acti ve sour ce data – initial anal ysis 

The active data in this study were collected using 492 vertical- 
component micro-electromechanical system (MEMS) accelerome- 
ters and a 77 kN peak force vibrator as a source with a linear sweep 
from 2 to 200 Hz (Gyger et al. 2022 ). The receivers were spaced 
every 5 and co vered o ver 2400 m of a nearly linear seismic array 
(Fig. 1 a). Taking advantage of their broadband nature, the sensors 
were recording frequencies from 1.25 to 200 Hz. The raw seismic 
traces were cross-correlated with a theoretical sweep, corrected for 
statics, and balanced for a better display (Gyger et al. 2023 ). An 
example shot gather from the centre of the spread is presented in 
Fig. 2 (a). The signal energy is relati vel y low in a frequency band 
of up to 20 Hz. It reaches its peak above 30 Hz and preserves high 
energy until around 150 Hz. 

We assume that, due to shallow compressional fracturing or 
weathering, the bedrock can be characterized by a velocity gradient. 
To test this hypothesis, we conducted a simple arri v al time anal ysis. 
We used the picked first break traveltimes corrected with the 
static solution to estimate the average velocity gradient in the 
medium. To find the velocity gradient, we used a diving wave equa- 

tion t i = 

2 
k ∗ sin h −1 ( kx i ) 

2 v 0 
where t i and x i are the arri v al time and the 

offset at an individual trace (respectively), k is the P -wave velocity 
gradient per meter of depth, and v 0 is the initial velocity at the 
surface. 

The data fitting results were: initial velocity v 0 of 5170 m s −1 

and the vertical gradient k of 2.75 m s −1 per meter of depth. 
The R-squared goodness of fit was more than 99 per cent. The 
V p/V s ratio in the igneous rocks in the area, based on geophysical 
well-logging, ranges from 1.4 to 1.8 (Maries et al. 2017 ), and we 
assumed the V p/V s ratio equal to 1.8 for this experiment. Adding 
the sediment layer information from the nearby cored borehole 
(Fig. 1 a), and the shear-wav e v elocity in the bedrock from a 
surface-wave study of Papadopoulou et al. ( 2019 ), we constructed 
a 1-D velocity model (Table 1 ). 

We used a finite-difference elastic modelling software (Thor- 
becke & Draganov 2011 ) to generate a synthetic shot gather (Fig. 2 b) 
giv en the v elocity model provided in Table 1 . By comparing the 
traces from both data sets, we verified the initial general assump- 
tion of a velocity gradient in the shallow bedrock, which served as 
a baseline for the following steps. The similarity between the data 
sets is discussed later. 

Moreover, in the raw shot gathers, we observed signal scatter- 
ing signatures originating from traces 187, 290, 340, 380 and 440 
(Figs 3 a–c; CMPs 1400, 1580, 1700, 1770 and 1900). These features 
suggest subsurface features and are referred to further in this paper. 

3.2 P assi ve data 

The passive data recording took place along with the active source 
campaign, using the same receivers installed in the field in the 
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Figure 2. Shot gathers from the centre of the spread (shot point 250) and corresponding normalized amplitude spectra. (a) Active source shot gather with static 
corrections applied. (b) Synthetic shot gather generated with the velocity model from Table 1 . 

Table 1. 1-D velocity model estimated from first break traveltimes and a priori information from Maries et al. 
( 2017 ) and Papadopoulou et al. ( 2019 ). Depth represents depth to the top of the layer. 

Layer Depth (m) V p (m s −1 ) V s (m s −1 ) ρ (kg m 

−3 ) 

Glacial sediments 1200 500 2200 
Weathered bedrock 4.25 5170 2600 2650 
Gradient [1/m] + 2.77 + 1.80 + 0.3 
Bedrock 300 6000 3140 2750 

Figure 3. Close-ups of the scattering features observed in active source data. (a) Shot gather 250, channels 290, 340, 380 (CMPs 1580, 1700 and 1770). (b) 
Shot gather 100, channel 187 (CMP 1400). (c) Shot gather 250, channel 440 (CMP 1900). 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/240/1/571/7875257 by W

itw
atersrand H

ealth Sciences Library user on 08 August 2025

art/ggae392_f2.eps
art/ggae392_f3.eps


576 Z. Wilczynski et al . 

 

�x . 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/240/1/571/7875257 by W

itw
atersrand H

ealth Sciences Library user on 08 August 2025
nearly linear array. We collected the data for four consecutive days 
and nights (2022 June 16–20), but used only the nighttime data 
(22:00 to 06:00), totalling 32 hr of recording. 

3.2.1 Processing 

We followed the processing scheme suggested by Yao et al. ( 2006 ) 
and used 32 1-hr long records, downsampled to 8 ms sampling 
frequency (62.5 Hz Nyquist frequency). The pre-processing steps 
included spectral whitening of the signals, splitting them in 
frequency bands at cut-off frequencies between 2 and 40 Hz, 
1-bit normalization and stacking to broadband 1-bit normalized 
traces. For each station pair, the pre-processed hourly records 
were cross-correlated and stacked. The resulting cross-correlation 
functions (CCF) are approximations of Green’s functions (Yao 
et al. 2006 ; Bensen et al. 2007 ). 

We sorted the cross-correlograms to virtual source points 
(Fig. 4 a), presenting results of cross-correlation of all receivers 
with a single receiver acting as a virtual source (Bakulin & Calvert 
2006 ; Snieder et al. 2006 ). We observe strong Ra yleigh-wa ve ar- 
ri v als, with an apparent velocity of 2400 m s −1 , and airw ave arri v als 
(Fig. 4 b). A low symmetricity between the causal and acausal parts 
of the CCF suggests a noise directionality. To e v aluate the noise 
sources distribution, we performed MUSIC beamforming as pre- 
sented b y v an den Ende & Ampuero ( 2021 ) and Zhao et al. ( 2023 ),
and analysed the direction of the source in a frequency band of 12–
14 Hz in which we expect the observable wavelengths. The main 
energy sources are located southeast of the array (Fig. 4 a), most 
likely at the national road and the rail wa y (Fig. 1 a). Such noise 
distribution allows for an unbiased phase velocity estimation (Foti 
et al. 2007 ; Park et al. 2007 ; Pang et al. 2023 ). 

We resorted the data to keep only the clear surface-wave arrivals, 
i.e. the causal part of the ne gativ e-offset traces (quarter 3 in Fig. 4 a) 
and the acausal part of the positi ve-of fset traces (quarter 1 in Fig. 4 a). 
Thus, we removed the other two quarters (causal part positive offsets 
and acausal part ne gativ e offsets, quarters 2 and 4) and flipped the 
acausal par t (quar ter 1). In this wa y, w e constr ucted a vir tual shot 
gather (Fig. 4 b). 

With this processing and data handling sequence, we obtained 
492 virtual shot gathers with clear Ra yleigh-wa ve arri v als. Most 
energy is concentrated in the 2.5 to 20 Hz frequency band (Figs 4 a 
and b), showing the expected advantage over the active source data 
in the low-frequency band. A few energy peaks at higher frequencies 
can be related to anthropogenic sources (e.g. properties at backfill in 
Fig. 1 d). The Ra yleigh-wa ve signature is clear at most traces, with 
a few zones of signal disturbance, e.g., channels 75, 150, 180, 360 
and 430. Their position collocates with the water streams or brooks 
flowing nearby, and the last two with pri v ate property facilities 
(backfill layer in Fig. 1 d). The disturbances are local, contaminating 
only a few neighbouring traces. We expect these traces to have a 
low impact on the surface-w ave anal ysis due to a high level of 
data redundanc y (P ark et al. 1999 ). We observ e only one artefact 
significantly disturbing the Ra yleigh-wa ve arrival (black arrows in 
Figs 5 a and b). Its source is colocated with a scatterer observed in 
active source data (Fig. 3 b). 

For better control of the point of investigation, we resorted the 
data from virtual shot gathers to common mid-point (CMP) gathers. 
The CMP gathers use source–receiver combinations from different 
shot gathers, lowering the possible influence of noisy virtual shot 
gathers. Due to the reciprocity of cross-correlation, and because we 
used the causal and the flipped acausal parts of the CCFs, the CMP 
gathers are perfectly symmetric around the midpoint. Thus, we keep 
only the positive offsets for further investigation. 

3.2.2 Surface wave analysis 

We performed MASW analysis using the frequenc y-wav enumber 
(FK) method implemented in the Geopsy tool (Wathelet et al. 2020 ). 
The relati ve arri v al times at each station are used to calculate the 
phase shifts. The array output (semblance) is obtained by summing 
the shifted signals in the frequency domain and normalizing them 

by spectral power (Wathelet 2005 ). Our workflow for each point, 
including data muting, dispersion curve extraction, and inversion, 
is presented in Fig. 6 and subfigures therein. 

The array capability of unaliased extraction of surface-wave 
modes depends on the array parameters, such as number of sta- 
tions, source–recei ver of fset, and array length. According to the 
Nyquist theorem, the maximum wavenumber k max that can be sam- 
pled is π

�x , where �x is the interstation distance. This relation 
determines the minimum recoverable wavelength λmin = 2 �x . In 
theory, the array geometry should not constrain the minimum re- 
cov erable wav enumber (or maximum wav elength) (P ark & Miller 
2008 ). Ho wever , the array resolution depends on the site’s global 
behaviour (Socco & Strobbia 2004 ) and the introduced measure- 
ment uncertainties (Park & Miller 2008 ). Practitioners show that 
wavelengths up to twice the length of the array can be recovered 
with minimal error in phase velocity estimation (Park et al. 1999 ), 
with a general rule of thumb suggesting using an array length equal 
to the expected wavelength (Foti et al. 2018 ). Lengthening the array 
increases the wavenumber resolution and, consequently, allows for 
observing longer wavelength and reducing the uncertainty in the 
low-frequency band (Foti et al. 2018 ). Ho wever , MASW assumes 
a layered earth model of the elastic properties and, when lateral 
variations are suspected, requires arrays as short as possible to max- 
imize the validity of this assumption (Park et al. 1999 ). Thus, the 
decision on the array length is a trade-off between a wavenum- 
ber resolution of the array (and thus longer observable wave- 
lengths and depths of investigation) and the lateral reliability of the 
solution. 

Due to the short receiver spacing (5 m), the minimum recoverable 
wavelength λmin is 10 m, which is shorter than the shortest expected 
wavelength propagating in the medium (20 m for 500 m s −1 velocity 
and 25 Hz frequency). Thus, we do not need to include the maximum 

wavenumber limit in further considerations. As for the minimum 

wavenumber limit k min , we aimed for the array lengths of 300 m 

to be able to reach the highest observable wavelengths λmax of 
300 to 600 m, which we expect at 5 Hz frequency (and 3000 m s −1 

Ra yleigh-wa v e v elocity). Using lo wer frequencies (do wn to 2.5 Hz) 
and recovering wavelengths up to 1200 m would require roughly 
half of the seismic profile and constrain the obtained model’s lateral 
resolution. 

In active source surface-wave analysis, it is common practice 
to account for the near-source effects (Park et al. 1999 ; Socco & 

Strobbia 2004 ), caused by the waveform behaviour in short offsets. 
Ryden & Mooney ( 2009 ) suggested using a minimum offset longer 
than one wavelength. We expect the railroad and the country road 
at the end of the profile (Fig. 1 a) to be the main energy sources, but 
we do not observe near-source effects in the virtual shot gathers. 
Nevertheless, we aim for a source-array offset of 50 m to avoid the 
undesired effects of muting parts of the cross-correlograms. Hence, 
we aimed for 50–350 m array geometry, with 5 m receiver spacing 
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Figure 4. Cross-correlogram for a virtual shot point 251 (centre of the spread) and corresponding normalized amplitude spectra. Numbers mark quarters 
discussed in the main text. A radial plot in the centre presents a distribution of the back-azimuth of the most energetic sources (upper 60 per cent) in a frequency 
band of 12–14 Hz. (a) Cross-correlogram with both causal and acausal parts of the correlation. (b) A virtual shot gather constructed of causal and acausal parts 
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We applied the tapered top- and bottom-mutes to the ANSI-
etrieved data to focus our analysis on the Ra yleigh-wa ve arrivals
Fig. 6 a) and performed MASW for every fifth CMP (every 12.5 m
long the profile). The assumed array geometry was not al wa ys op-
imal, and we modified the offset ranges when necessary to achieve
he best results. Ho wever , regardless of the source-array offset, the
btained semblance corresponded to fixed coordinates due to the
ata being sorted into CMP gathers. Modifying the offset ranges was
articularly useful when processing the CMP gathers contaminated
ith the artefact presented in Figs 5 (a) and (b). 
We computed synthetic Rayleigh dispersion curves from the pre-

iously established 1D velocity model (Table 1 ). We displayed it
ith the phase v elocity–frequenc y spectra (Fig. 6 b) to use it as a
uide in dispersion curve extraction. Then, we carefully extracted
urface-wave dispersion curves following the maximum semblance
alues and taking into consideration the array resolution limits k min 

nd k min / 2 . In the synthetic curve, the higher mode does not appear
t frequencies lower than 20 Hz, hence we assume that the extracted
pparent curve represented the fundamental mode. 

The extracted DCs are presented in Fig. 7 , with wavelength pseu-
osection and used array lengths and source-array offsets in Fig. 8 .
he velocities varying with frequencies prove the initially assumed
ispersive nature of the medium. We did not recover any informa-
ion for velocities lower than 2000 m s −1 , and most of the curves
ere confined within the 6 to 16 Hz range. 
We hav e observ ed that the dispersion curv es showed a vari-

tion in velocity along the profile, with wavelengths shorten-
ng towards the end of the profile. The average value of the
xtracted dispersion curves is consistent with the synthetic dis-
ersion cur ve. Additionally, the cur ves from the beginning of
he profile (CMPs 1100 to 1500) e xhibit high-v elocity and long
av elengths. Distinct low-v elocity anomalies around CMP 1400,
580 and 1770 correspond to the locations of pre viousl y observed
catterers. 
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Figure 6. Presentation of the components of the surface-wave analysis (passive data) for virtual CMP 1340. (a) Noise-retrieved CMP gather with top and 
bottom mutes around the surface-wave arrival. Grey and white polygons present the used array length and source-array offset. (b) Frequency-phase velocity 
matrix (semblance) with wavenumber resolution limits k min and k min / 2 and the synthetic fundamental mode dispersion curve from a velocity model in Table 1 . 
The X -axis in logarithmic scale. (c) 1-D shear-wave velocity model from the dispersion curve inversion. The best-fitting model has the lowest obtained misfit. 
(d) Comparison of the extracted DC with dispersion curves corresponding (fundamental and first higher mode) to the best-fitting model and a synthetic curve 
from the model in Table 1 . (e) Parameter space for the shear-wav e v elocity of the halfspace (bedrock). (f) Parameter space for the thickness of the first layer 
(weathered bedrock). 
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3.2.3 Inversion 

The maximum depth of investigation for the MASW method is 
assumed to range from λ/ 3 to λ/ 2 (Park et al. 1999 ; Socco & 

Strobbia 2004 ; Foti et al. 2018 ). With the shortest wavelength λ
around 150 m, we could not resolve for the shallowest 50–75 m of 
the subsurface. Therefore, with the maximum soil thickness in the 
area lower than 20 m (SGU 2014 ), we did not expect to resolve for 
the soil la yers. Additionally, w e observe a velocity gradient in the 
active source data. Based on these observations, we parametrized 
inversion for two layers only: weathered bedrock and bedrock, with 
the first layer velocities following a po wer-la w gradient. The S - and 
P -wav e v elocities were constrained from 1500 to 3500 m s −1 and 
2500 to 6500 m s −1 , respecti vel y. Following the findings of Maries 
et al. ( 2017 ) and recommendations of Casto et al. ( 2009 ), we set the 
Poisson’s ratio values between 0.1 and 0.35 and used a fixed density 
of 2750 kg m 

−3 . The thickness of the first layer was constrained 
between 0 and 1000 m. 

We used the extracted dispersion curves as input for inversion 
for 1-D velocity models at each analysed CMP. We used the neigh- 
borhood alhorithm (Wathelet 2008 ), implemented in Geopsy tool 
(Wathelet et al. 2020 ). It is a direct search method, with generated 
models being guided by the results obtained so far on the previous 
samples. We parametrized 1000 iterations, starting from 500 ini- 
tial models and preserving the 50 best cells of the lowest misfit in 
each iteration. The generated models are e v aluated using a misfit 
between the input curve and a forward response of the model. The 
lowest-misfit model is outputted as the best-fitting (Figs 6 c and d). 

First, we assessed the inversion by comparing the extracted curve 
with the best-fitting model dispersion curve (Fig. 6 d), and then 
by examining the parameter space plots showing values obtained 
by all models for a given parameter. Figs 6 (e) and (f) present two 

art/ggae392_f6.eps


Ambient noise surface-wave imaging 579 

Figure 7. Ambient noise dispersion curves extracted along the profile with the synthetic fundamental mode dispersion curve obtained with a velocity model in 
Table 1 and calculated mean and standard deviation. The right Y -axis corresponds to the number of dispersion curves with a particular frequency (grey area). 
The colour scale corresponds to the position along the line. 

Figure 8. A pseudosection of dispersion curv es e xtracted from ambient noise along the profile with phase velocity colour scaling. The vertical dashed lines 
present the position of the scatterers observed in the active data (Fig. 3 ). The black lines (dashed and solid) present the source-array offset and array length, 
scaled by 1/10 factor for a better display. 
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arameter space plots: the half-space (bedrock) shear-wave velocity
nd the thickness of the first layer (weathered bedrock), representing
he depth to the half-space. The best-fitting model is at the tip of the
an-like distribution of models. 

After applying the procedure to every fifth CMP, we interpolated
he results to a 1 m cell size and then smoothed using a 2-D Gaussian
lter with a width of 301 m and a depth of 15 m. This process allowed
s to construct a 2-D shear-wave velocity model based on the 1-
 velocity models for CMPs along the line, presented in Fig. 9 .
o wever , due to the long wavelengths of the used dispersion curves

minimum 150 to 250 m), the velocity profile resolution in the upper

a. 75 m is limited (marked by the white-shaded area in Fig. 9 ). 

i

.3 Acti ve sour ce data – v alidating the r esults 

n order to confirm our findings and to provide resolution in the
hallow part of the profile, we performed the active source surface-
 ave anal ysis preserving the same in vestigation w orkflo w. The ac-

ive source data, characterized by the same geometry as the passive
ata, was resorted to CMP gathers. Apart from trace balancing,
tatic corrections, and muting, no further processing was applied.
e performed the surface-wave analysis using a similar w orkflo w

s for the passive data. A comprehensive example of active source
urface-w ave anal ysis, similar to Fig. 6 for passive data, is shown
n Fig. 10 and its subfigures. 
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Figure 9. A smoothed passive data 2-D shear-wav e v elocity section constructed from 1-D models for every fifth CMP. The vertical dashed lines present the 
position of the scatterers observed in the active data (Fig. 3 ). The white-shaded area presents the minimum resolution limit according to the λ/ 3 criterion. 
Colour scale limits were clipped for a better comparison with other data sets. 
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For every fifth CMP, we conducted the surface-w ave anal ysis us- 
ing the signals muted around the surface-wave arrival (Fig. 10 a). 
We aimed at the array length similar to the passive data work- 
flow (300 m) to calculate the phase velocity and frequency spec- 
trum (Fig. 6 b). Ho wever , we had to change the source-array offset 
to 100 m to take into account the near-source effects, sometimes 
extending it to longer distances. Compared to the passive data, 
the extracted dispersion curves ranged over lower velocities due 
to a higher frequency content. Thus, they provided much shorter 
wavelengths and a higher resolution in the shallow subsur- 
face to ca. 75 m. The dispersion curves are presented in 
Fig. 11 , and the wavelength pseudosection with array lengths in 
Fig. 12 . 

We accounted for the lower phase velocities by parametrizing a 
low-velocity layer in the inversion scheme. According to the soil 
depth maps of the Geological Surv e y of Sweden (SGU 2014 ), the 
sediment layer thickness does not exceed 20 m and consists mostly 
of glacial tills (Fig. 1 d). Thus, we constrained the layer in a range 
of 0–20 m of thickness, a fixed density of 2500 kg m 

−3 , 0.1 to 0.5 
Poisson’s ratio, 1000–2000 m s −1 shear-wav e v elocity, and 1000–
2300 m s −1 compressional-wav e v elocity. Another layer , follo wing 
the po wer-la w velocity gradient, and a half-space were parametrized 
as in the passive data inversion. 

Many models satisfied the 5 per cent misfit criterion (Figs 10 e and 
f), with the lowest misfit being at the tip of the parameter space fan. 
Same as for the passive data, we constructed a smoothed 2-D shear- 
wav e v elocity profile (Fig. 13 ). Assuming a maximum recoverable 
depth following the λ/ 2 relation, we did not expect the results to 
be credible at depths greater than ca. 75 m (white shaded area in 
Fig. 13 ). 

3.4 P assi ve and active data – mer g ed results 

The dispersion curves and recovered wavelengths in the active data 
set complimented the short-wavelength gap in the passive data set. 
We combined both DCs corresponding to a single CMP and obtained 
a single curve with information from both the passive data (low 
frequencies and long wavelengths) and the active source data (high 
frequencies and short wavelengths). 

The combined curves are presented in Fig. 14 . The frequency 
range spanned from 6 to 50 Hz and corresponded to velocities from 

3000 to 1500 m s −1 . The wide range of wavelengths and velocities 
provided a broad wavelength distribution (Fig. 15 ). The number 
of curves around 15 Hz is lo wer , indicating that not all CMPs had 
ov erlapping curv es. 

We inverted the merged curves using the same inversion 
parametrization as for the active data set, with a shallow layer of 
sediments. We did not smooth the curves nor interpolate them in the 
gaps but allowed the inversion to find the best-fit. For each point, 
we managed to satisfy the 5 per cent misfit criterion and proceeded 
with the best-fitting model. Then, we constructed a 2-D smoothed 
shear-wav e v elocity profile, presented in Fig. 16 . The broad range 
of recov ered wav elengths provides a resolution to a depth of 
ca. 200 m. 

In the shear-wave velocity profile shown in Fig. 16 , we observed 
several features: a low-velocity layer reaching a depth of 20 m, high- 
velocity zones spanning from CMP 1100 to 1500, a moderately 
high-velocity zone between CMP 1600 and 1900, a low-velocity 
zone from CMP 1720 to 1780, with distinct scattering features, 
and a low-velocity zone in the centre of the profile (CMP 1500 to 
1600) with a marked sharp lateral boundary around the position 
of an observed scatterer. Importantly, these features (excluding the 
shallo w lo w-velocity layer) are also present in the passive data 
section (Fig. 9 ). 

4  R E S U LT S  

Our work focused primarily on obtaining the shear-wav e v eloc- 
ity distribution from ambient seismic noise in a typical reflection 
seismic setting (2400 m long 2-D line). We used a conventional 
processing scheme and obtained results down to a moderate depth 
(ca. 200 m). We validated our results with active source data and 
complemented them with information about the shallow depths, 
where the passive seismic method has limited resolution. 
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Figure 10. Presentation of the components of the surface-wave analysis (active source data) for virtual CMP 1340. (a) Noise-retrieved CMP gather with 
top and bottom mutes around the surface-wave arrival. Grey and white polygons present the used array length and source-array offset. (b) Frequency-phase 
velocity matrix (semblance) with wavenumber resolution limits k min and k min / 2 and the synthetic fundamental mode dispersion curve from a velocity model in 
Table 1 . The X -axis in logarithmic scale. Note a longer frequency axis than in Fig. 6 (b). (c) 1-D shear-wave velocity model from the dispersion curv e inv ersion. 
The best-fitting model has the lowest obtained misfit. (d) Comparison of the extracted DC with dispersion curves corresponding (fundamental and first higher 
mode) to the best-fitting model and a synthetic curve from the model in Table 1 . (e) Parameter space for the shear-wave velocity of the half-space (bedrock). 
(f) Parameter space for the thickness of the second layer (weathered bedrock). 
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Using the ambient noise, we reached depths of several hundred
eters thanks to the low-frequency content and high-medium ve-

ocities. The obtained shear-wave velocities of the bedrock spanned
rom 2100 to 3300 m s −1 . Ho wever , due to the long wavelengths,
he received models were not credible at depths shallower than ap-
roximately 75 m. 

We improved the resolution of the shallower part using the ac-
ive source data. We provided a shear-wave velocity profile for
he active data for the upper approximately 75 m, imaging a shal-
ow soil layer to a depth of 20 m. Additionally, we combined the
wo data sets, which allowed us to resolve both the shallow lay-
rs and the subsurface down to 200 m depth, thanks to broad-
and dispersion curves obtained from the merged data sets. The
epths of investigations and other characteristics are presented in
able 2 . 
m  
The passive data section in Fig. 9 and the merged data section in
ig. 16 show high similarity at greater depths (more than ca. 75 m),
hich were penetrated by the low-frequency ambient noise surface
av es. It e xhibits similar v elocity features, with significant low-
elocity zones. The primary distinction is a shallow low-velocity
ayer to a depth of 20 m, which is beyond the resolution of the passive
ata. Moreover, the mentioned deep features are less apparent in the
ctive source profile in Fig. 13 due to the lower resolution at depths
reater than ca. 75 m. 

 D I S C U S S I O N  

n this section, we discuss the quality of the results tak-
ng into account possible acquisition and processing improve-

ents, and provide a geological interpretation of the obtained
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Figure 11. Active source dispersion curves extracted along the profile with the synthetic fundamental mode dispersion curve obtained with a velocity model 
in Table 1 and calculated mean and standard deviation. The right y -axis corresponds to the number of dispersion curves with a particular frequency (grey 
polygon). The colour scale corresponds to the position along the line. Note a longer frequency axis than in Fig. 7 . 

Figure 12. A pseudosection of active source dispersion curves extracted along the profile with phase velocity colour scaling. The vertical dashed lines present 
the position of the scatterers observed in the active data (Fig. 3 ). The black lines (dashed and solid) present the source-array offset and array length, scaled by 
1/10 factor for a better display. 
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results, supporting our reasoning with the pre viousl y av ailable 
data. We also discuss the versatility of the method and its po- 
tential applications in hardrock mineral exploration and other 
environments. 

5.1 Data, processing and results quality 

As a baseline for our inv estigation, we observ ed a v elocity gradient 
in the first break traveltimes in the active source data. We used it with 
the borehole information to model a synthetic shot gather. Then, we 
retrieved the seismic arrivals from the ambient noise data and sorted 
the data into virtual shot-gathers. We present all three shot gathers 
(synthetic, active source and passive) in Figs 17 (a)–(c). We filtered 
the data to the passive data surface-wave frequency band (6–16 Hz) 
and calculated the semblance to e v aluate the similarity between the 
data sets. We used a simplified semblance equation S i XY = 1 / 2 + 
R i XY (0) 

R i X X (0) + R i Y Y (0) 
, w here semb lance S for a trace i of X, Y data sets is 

calculated as a ratio of correlations R at zero lag. 
The obtained semblance for channel 375 for active and synthetic 

traces S 375 
AS was 0.95, and for active and passive S 375 

AP reached 0.86, 
proving high similarity of the waveforms in this frequency band 
(6–16 Hz) and validity of the used velocity model (Table 1 ). We 
compare the traces and present the semblance in Fig. 17 (d). The 
same apparent velocity characterizes the noise-retrieved surface 
waves as in the active source data, and the inline noise distribu- 
tion ensured unbiased phase-v elocity measurements. Moreov er, the 
virtual shot gather demonstrates an advantage in the lower frequency 
band, with a high-energy concentration already at 2 Hz, compared 
to 20 Hz in the active source experiment. 

In the ambient noise surface-w ave anal ysis, we obtained se veral 
hundred meters of investigation depth thanks to particularly long 
wavelengths (up to 500 m), which are a result of the high-seismic 
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Figure 13. A smoothed active-data 2-D shear-wav e v elocity section constructed from 1-D models for every fifth CMP. The vertical dashed lines present the 
position of the scatterers observed in the active data (Fig. 3 ). The white-shaded area presents the maximum resolution limit according to the λ/ 2 criterion. 
Colour scale limits were clipped for a better comparison with other data sets. 

Figure 14. Merged (passive and active) dispersion curves along the profile with the synthetic fundamental mode dispersion curve obtained with a velocity 
model in Table 1 and a calculated mean and standard deviation. The right y -axis corresponds to the number of dispersion curves with a particular frequency 
(grey area). The colour scale corresponds to the position along the line. Note a longer frequency axis than in Fig. 7 . 
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elocities of the hardrock and the low-frequency content of the am-
ient noise recorded with broadband receivers (down to 1.25 Hz).
xtending the array length w ould allo w for extracting even longer
avelengths (and reaching greater depths) but with a loss of horizon-

al resolution, as discussed before. On the other hand, we could not
 xtract wav elengths shorter than 150 m due to the low-frequenc y
ontent, which inhibited us from investigating the first 50 m to
5 m of the subsurface. Thus, the resulting model was not credible
hallower than 75 m depth, contrary to active source studies (e.g.
apadopoulou et al. 2023 ), in which this interval was surv e yed with
igh confidence. 

By complementing our results with the active source surface-
 ave anal ysis, we could image the shallowest 75 m of the subsur-

ace, filling the gaps in the ambient noise section. We resolved the
ediment layer with a thickness of less than 20 m, which agrees with
he available soil depth model (SGU 2014 ). Apart from that, the ve-
ocity distribution from the ambient noise (Fig. 9 ) is consistent with
he one from merged broadband dispersion curves (Fig. 16 ) and
isplayed the same local features, such as two low-velocity zones
around CMP 1500 to 1600 and 1720 to 1780) and high-velocity
eatures at both ends of the profile. Additionally, the velocity vari-
tions are located at the positions where we observed scattering in
he active source shot gathers. 

Thanks to resorting the data to common midpoint gathers, we
nsured that, independently from the assumed source-array off-
et and array length, the used traces are related to this specific
oint. It allowed us to freely modify the array geometries when
eeded to avoid disruptive features, such as the arri v als in Fig. 5 (b).
t also diminished the effect of single noisy virtual shot gathers
e.g. water streams contaminated gathers) thanks to using different
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Figure 15. A pseudo-section of merged (passive and active) fundamental mode dispersion curves along the profile with phase velocity colour scaling. The 
vertical dashed lines present the position of the scatterers observed in the active data (Fig. 3 ). 

Figure 16. A smoothed merged data (passive and active) 2-D shear-wave velocity section constructed from 1-D models for every fifth CMP. The vertical 
dashed lines present the position of the scatterers observed in the active data (Fig. 3 ). Colour scale limits were clipped for a better comparison with other data 
sets. 

Table 2. Comparison of parameters and characteristics for surface-wave analysis of different data sets: 
passi ve, acti ve-source and merged. 

P asssiv e Active Merged 

Point spacing (m) 12.5 12.5 12.5 
Array lengths (m) 200–600 125–500 –
Avg. array length (m) 400 315 –
Source-array offsets (m) 50–500 100 –
Avg. source-array offset (m) 225 160 –
DC frequency range (Hz) 6–16 10–50 6–50 
DC phase vel. range (m s −1) 2150–3000 1500–2850 1500–3000 
DC wavelength range (m) 125–500 32–250 32–500 
Min. resolvable depth λ/ 3 (m) 40 10 10 
Max. resolvable depth λ/ 2 (m) 250 125 250 
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Figure 17. Comparison of the seismic signals in three data sets (shot position 1251). All gathers were bandpass filtered from 6 to 16 Hz. The coloured traces 
(channel 375) mark the trace used for semblance calculation. (a) Synthetic, generated based on the model in Table 1 . (b) Active source data. (c) Passi ve-retrie ved 
data. (d) Comparison of channels 375 of each gather with calculated semblance: S 375 

AS presents semblance for active and synthetic traces, and S 375 
AP for active 

and passive traces. 
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ource–recei ver combinations. Additionall y, it allowed for merging
he passive and active dispersion curves regardless of the length of
he arrays. 

The used linear receiver geometry is suboptimal for ambient
oise experiments (Foti et al. 2007 ; Park et al. 2007 ). More suit-
ble geometries, ensuring an omnidirectional array response reso-
ution, are for example an L-shape, a circular pattern (Foti et al.
018 ) or a pseudo-2-D (Liu et al. 2020 ). In our study, despite the
inear geometry, we were able to retrieve the medium’s response
ue to a fav ourab le noise distribution (Fig. 4 a), with the seismic
oise most likely originating from the rail road and the national
oad located at the end of the profile. Moreover, the slight line
rookedness might have increased the resolution of the array re-
ponse (e.g. Cheng et al. 2023 , fig. 14), similarly to a pseudo-2-D
rray proposed by Liu et al. ( 2020 ). In case of a disadvantageous
ource distribution, one could support the investigation with beam-
orming (Le Feuvre et al. 2015 ; Cheng et al. 2016 ; Foti et al.
018 ; Liu et al. 2020 ) or correct the phase velocity measurements
Pang et al. 2023 ). 

During the processing, we stacked 32 hourly CCFs with a uniform
 eight, but w e observed that not every CCF contributed construc-

i vel y to the retrieved signal. A weighted cross-correlogram stack
ould provide a better quality of the retrieved signal. For instance,
tacking with implementing coherence-based weights, as suggested
y Schimmel et al. ( 2010 ) or Cheng et al. ( 2015 ), would enhance
he coherent CCF influence on the stack. 

In this study, we used nighttime ambient noise for cross-
orrelation because we observed disrupting arri v als in the daytime
ata, inhibiting further anal ysis. Howe ver, the daytime data pre-
erved energy also in a higher frequency band than the nighttime
ata (up to 25 Hz). These disruptions can be overcome either by
y  
sing a different MASW source-array geometry or in processing
beamforming, muting, etc.). Using the daytime data with a broader
requency range would allow for extracting shorter wavelengths,
mproving the resolution in the shallow subsurface. It will be con-
idered in future studies. 

The disr uptive ar tefact obser ved in CCFs, marked with black
rrows in Figs 5 (a) and (b), is of unknown origin. It has a broad
requency range (2 to 50 Hz) and an impulsive nature. Based on
he noise distribution plot, we expect the energy to come from the
irection of a few buildings within a distance of a few hundred
eters towards the southwest. We interpret it as a cultural noise

following Schwardt et al. 2022 ), and we resolved for it by mod-
fying the source-array geometry and top-muting. More on this
n Section 3.2.2 . Other cross-correlation noise, such as the noisy
hannels (75, 150, 180, 360 and 430) mentioned in Section 3.2.1
riginate from the water flowing in water streams and brooks. We
essened its impact by muting around the true surface-wave arrival,
nd further through CMP sorting, involving various combinations
f sources and receiv ers. Ev entually, the noise did not affect the
urface-w ave anal ysis because of the high-data redundancy in the
rray method (Park et al. 1999 ). 

.2 Versatility and mineral exploration 

he possible w orkflo w improvements considered before, such as
eamforming, weighted stacking, or utilizing daytime data, could
nhance the quality and resolution of the results. Ho wever , we ar-
ue that the value of our work comes from its versatility. The data
ere acquired primarily for an active source study and then anal-
sed using conventional processing and well-established methods.
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be either a fault or a reflector. Based on the observed shear-wave 
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It is thus easier to reproduce and apply in different exploration 
settings. 

A sedimentary (soft-rock) environment is characterized by sedi- 
mentary layers of relati vel y lower phase velocities of the medium, 
often increasing with depth due to compression. Hence, the wave- 
lengths of the propagating surface waves are relati vel y shorter and 
the investigation depth is shallow er. How e ver, shorter w avelengths 
require shorter recording arrays, which allow for a higher lateral 
resolution (Park & Miller 2008 ) and improve signal-to-noise ratio 
(Socco & Strobbia 2004 ). In a soft-rock environment, to achieve 
similar depths of investigation as at a stiff site, lower frequencies 
are required proportionally (Foti et al. 2018 ). In addition, ambient 
vibrations at soft sites propagate with higher amplitudes (Pileggi 
et al. 2011 ), increasing the chance of retrieving surface waves from 

cross-correlations. Thus, ambient noise methods in a soft-rock envi- 
ronment would have a limited investigation depth but would benefit 
from a higher lateral resolution and easier signal retrie v al from the 
ambient recordings. 

Prospecting in a sedimentary en vironment w ould particularly 
benefit from incorporating passive seismic data, which typically 
allows to extract dispersion curves in a lower frequency range than 
in active-source experiments (e.g. Foti et al. 2007 ; Park et al. 2007 ). 
Ho wever , when using it as a standalone prospecting method, one 
would risk misinterpreting the higher depths due to velocity vari- 
ations in the shallow layers beyond the resolution of the shortest 
recov erable wav elength. A priori information about the shallow 

subsurface should be incorporated in the inversion scheme as a 
fixed layer (Socco & Strobbia 2004 ). Therefore, when possible, one 
should aim at recording both passive and active data at soft sites or 
consider other approaches to include broader bandwidths. 

In a hardrock environment, the need for a priori information 
about the shallow subsurface can be relaxed due to the small thick- 
ness of the soft layer and the crystalline basement’s relative ho- 
mogeneity. In this example, complimenting the passive seismic in- 
vestigation with an active source study improved the resolution at 
shallow depths, but did not change the results at depths greater 
than 75 m. Thus, we argue that harnessing the ambient noise for 
subsurface characterization can be sufficient if the aim is to detect 
lateral variations at a significant depth and the medium above is ei- 
ther well-characterized from previous studies or presents marginal 
v ertical heterogeneity. Moreov er, the identified features are present 
in the active source section but are less apparent, proving the value 
of using merged data sets when investigating greater depths. 

Surface-w ave anal ysis in stif f sites requires some considerations 
in data acquisition and processing. The higher phase velocities 
and wavelengths, although allowing for a deeper investigation, re- 
quire longer recording arrays and compromise the later resolution. 
Related implications were discussed in Section 3.2.2 considering 
wavenumber limits. Fur ther more, Pileggi et al. ( 2011 ) exemplify 
that the dominant frequency of the surface wave increases with a 
thinning soft overburden. To ensure the retrie v al of surface w aves 
below the resonant frequencies of the medium, relati vel y strong am- 
bient vibrations are necessary. Ho wever , stiff sites (characterized by 
a lo wer P oisson ratio), are kno wn to have lo wer attenuation, allo w- 
ing the use of more distant sources in passive seismic experiments 
(Socco & Strobbia 2004 ). 

Casto et al. ( 2009 ) showed that to obtain unbiased shear-wave 
velocity in stiff sites, one needs to narrow the Poisson ratio range in 
the inversion. In our study, we limited it from 0.1 to 0.35, following 
the estimates of Maries et al. ( 2017 ). On sites without prior knowl- 
edge of the Poisson ratio, it should be tested within a reasonable 
range of values. 
Mineral deposits rarely occur in sedimentary basins and their ex- 
ploration is related to hardrock geology (Salisbury et al. 2003 ). Ad- 
ditionally, Eaton et al. ( 2003 ) and Salisbury et al. ( 2003 ) show that 
ores tend to have higher shear-wave velocities than their host rocks. 
This brings importance to surface-wave studies, as the surface- 
wav e v elocity depends primaril y on the shear-w av e v elocity (Socco 
& Strobbia 2004 ). Hence, if given an appropriate depth and dimen- 
sions within the resolution limits, mineralized bodies can cause a 
surface-w ave anomal y. Because of that, we argue that surface-w ave 
methods should be included in a pool of mineral exploration meth- 
ods, not only thanks to their ability to detect geological contacts and 
shear zones but also due to their sensitivity to mineralization. 

5.3 Geological interpretation 

We use the section presented in Fig. 16 , obtained from both passive 
and active measurements, to provide the geological interpretation. 
The resulting 2-D shear-wave velocity section presents the sub- 
surface features to depths of ca. 200 m, complementing the shal- 
low depth active source surface-wave studies (e.g. Papadopoulou 
et al. 2019 ), and deep-targeting reflection seismic studies (e.g. 
Markovic et al. 2019 ; Pertuz et al. 2021 ; Gyger et al. 2023 ). 
The section does not reach the main mineralization horizon due 
to its greater depth (more than 400 m) but aids in identifying shal- 
lower features, which may yield potential for further exploration of 
the area. 

The shallo w lo w-velocity layer corresponds to the sediments, 
mostly glacial tills and sands (Fig. 1 d). The colour scale in Fig. 16 
was clipped from 2000 m s −1 , but the shear-wav e v elocity values 
reach down to 1500 m s −1 . The thickness of the sediment cover 
does not exceed 20 m, which agrees with the model of the Geolog- 
ical Surv e y of Sweden (SGU 2014 ). The darker colours presenting 
higher velocities correspond to the crystalline basement (Fig. 1 b). 
To interpret the section in a bigger context, we overlay it on the re- 
flection seismic section of Pertuz et al. ( 2021 ), and present together 
with the bedrock geology (SGU 1988 , 2018a ) and airborne residual 
magnetic anomaly information (Fig. 18 ). 

The extent of the intr usive metag ranitoid had been interpolated 
from distant outcrops and large-scale magnetic data and is not ac- 
curate in a local scale (SGU 1988 ). Ho wever , the marked intrusive- 
metavolcanic contact corresponds to the high-to-low lateral veloc- 
ity variation in our shear-wave section (left of the D1 polygon in 
Fig. 18 ), validating the bedrock geology map. Thus, we interpret 
the high-velocity zone, spanning from the beginning of the profile 
to the D1 polygon in Fig. 18 , as an intrusive metagranitoid, and 
identify the intrusive-metavolcanic contact at CMP 1500. Confirm- 
ing the extent of the meta volcanic la yer is important in the mineral 
prospecting context, as it was reported to host iron deposits (Geijer 
& Magnusson 1944 ; Magnusson 1970 ). 

The shallow reflectors in the reflection section appear below the 
high-velocity anomaly and neighbour the low-velocity zone (poly- 
gon D1 in Fig. 18 ). Some of them can be projected to the surface near 
the observed scatterer. With a dip concordant to the main mineraliza- 
tion, high reflectivity and a sharp shear-wave velocity contrast, these 
events can bring more information about the intrusive-metavolcanic 
contact and related deformations. 

The low shear-wave velocity zone at the end of the profile (poly- 
gon D2 in Fig. 18 ) appears in the vicinity of the pre viousl y doc- 
umented fault (SGU 1988 ) and observed wave scattering. It was 
noted before (e.g. Hlou šek et al. 2022 , event C 0 ) and discussed to 
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Figure 18. Interpretation of the results using the following panels (top to bottom): surface geology data (SGU 1988 ), airborne residual magnetic field 
measurements, shear-velocity section from Fig. 16 with marked scatterers and the same section overlaid (with transparency) on the migrated stacked reflection 
seismic section (modified after Pertuz et al. 2021 ). The black ellipse indicates the shallow reflections concordant with the high-shear-velocity anomaly. D1 and 
D2 mark interpreted deformation zones. The deeper event is the main iron-oxide mineralization (Pertuz et al. 2021 ). 
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elocity anomaly, we argue that this event is a deformation from the
nown fault and possibly a metavolcanic-intrusive contact, which
grees with the bedrock geology map (Fig. 1 b). 

The anomalous zone in the middle of the profile (polygon D1
n Fig. 18 ), was also observed in the study of Papadopoulou et al.
 2023 ), which identified a shallow (up to 40 m) low-velocity zone.

oreover, it is present in the tomography and full waveform inver-
ion results of Singh et al. ( 2022 ). A fracture zone of north–south
trike (parallel to the profile) was suggested in this location on a
urface geology map by SGU ( 1988 ) based on a morphological
ineament. Thus, we interpret the D1 polygon as a fracture zone
n metavolcanic rocks, with lithological contact betw een meta vol-
anic rocks of different compositions proven with wave scattering.
 lateral velocity change at CMP 1560 suggests a more complex
eology, with either an imprint of a fracture zone, a lithological
ontact, a presence of thin skarn layers, or a combination of the
bove. The location is additionally characterized by an elongated
igh-magnetic anomaly (Fig. 1 c). With a former mineral prospect
dentified in the area, we suggest that this zone contains iron-
xide skarns, yielding a mineral prospecting potential. Other in-
erpretations are also possible and would require further targeted
nvestigation. 

Apart from the sediment cover, the geological features are inter-
retable in both the passive seismic section and the merged data
et section (Fig. 9 and Fig. 16 , respecti vel y), despite no credibil-
ty in the shallowest 75 m of the passive seismic profile. Thus,
omplementing the passive seismic investigation with an active
ource study improves the results, but is not required for an over-
ll characterization of rock formations at depth. Ho wever , as al-
eady discussed, this is valid in hardrock conditions, where the
ediment thickness is low, and the vertical rock heterogeneity is
arginal. 
r  

n  
 C O N C LU S I O N S  

e have provided a comprehensive surface-wave analysis in a
ardrock environment using a conventional reflection seismic ac-
uisition geometry with a nearly linear 2400 m long profile, con-
extualizing our findings for mineral exploration. The final shear-
av e v elocity section, obtained by merging dispersion curves from
oth ambient noise and active source studies, ef fecti vel y charac-
erized fault zones, confirmed important geological contacts and
ayer extents and offered new insights into the geological setting.
otab ly, the shear -wav e v elocity section from only the ambient
oise data was sufficient for an overall geological interpretation,
espite lower resolution in the shallow subsurface, and the in-
erpreted features were more apparent than in the active source
ection. 

We have utilized well-known geophysical methods to process and
nalyse the ambient noise data, such as the ambient noise seismic in-
erferometry and multichannel analysis of surface waves. Reaching

oderate depths of several hundred meters, this approach bridges
he gap between shallow subsurface and deep-targeting studies.
ur work contributes to the general understanding of the geologi-

al framework in the mining area of Bl ötberget, confirms previous
ndings, and initiates a discussion about other potential mineral-

zation prospects. This suggests that the ambient noise surface-
 ave anal ysis can be successfull y applied to mineral exploration

n hardrock environments as a supplementary method to active
ource reflection seismic experiments, a validation tool for other
eophysical methods, or a standalone prospecting tool for initial
urv e ys. 

In particular, we show the application of linear arrays for seismic
nterferometry and surface-wave analysis methods for prospecting
n a hardrock environment. Contrary to a 3-D surface-wave tomog-
aphy approach, this study highlights the potential of using ambient
oise seismic interferometry with cost-ef fecti ve 2-D geometry to
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characterize the subsurface. We argue that this versatile method can 
also be used with pseudo-2-D and 3-D setups. 
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Casto , D.W. , Luke, B., Calder ón-Mac ́ıas, C. & Kaufmann, R., 2009. Inter- 
preting surface-wave data for a site with shallow bedrock, J. Environ. Eng. 
Geophys., 14 (3), 115–127. 

Chamarczuk , M. , Malinowski, M., Draganov, D., Koivisto, E., Heinonen, 
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den, in NSG2023 29th European Meeting of Environmental and En- 
gineering Geophysics, 1–5, European Association of Geoscientists & 

Engineers. 
Gyger , L. , Malehmir, A., Manzi, M., Vivin, L., Lepine, J., Kaslilar, A. & 

Marsden, P., 2022. Simultaneous borehole-surface distributed acoustic 
sensing for deep iron-oxide deposit targeting in bl ötberget, Sweden, in 
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