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The aban doned his toric gold min ing ar eas in the Sudetes are pro spec tive for vein-type sul phide and gold de pos its. A VLF
geo phys i cal sur vey showed many lin ear anom a lies, in di cat ing the pos si ble oc cur rence of un known quartz-sul phide ore
veins in ar eas of for mer min ing ex ploi ta tion of gold and ar senic in the Klecza-Radomice Ore Dis trict and As-polymetallic
sulphides in the Czarnów de posit. These ar eas are very prom is ing for fur ther pros pect ing for gold-bear ing polymetallic sul -
phide ores. A shal low drill ing cam paign is pro posed to con strain the ore po ten tial of the VLF anom a lies de tected.
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INTRODUCTION

The ap pli ca tion of geo phys i cal meth ods such as VLF (Very
Low Fre quency elec tro mag netic tech nique) in the search for
vein-type gold de pos its in for mer metal ore min ing ar eas has
long been used (Singh and Sharma, 2016). In many places it
has de tected con tin u a tions of the courses of al ready known ore
veins or in di cated com pletely new oc cur rences of them
(Eppelbaum, 2021 and ref er ences therein). Polymetallic sul -
phide de pos its of vein type are com mon in the Sudetes. Some
have been ex ploited since the Mid dle Ages (Dziekoñski, 1972).
Ow ing to dif fi cult geo log i cal con di tions, ore min ing was car ried
out on an ad hoc ba sis, in many places with long breaks. The
prev a lence of small ore veins, com monly cut by faults, posed
min ing prob lems for pre-mod ern op er a tions and hin dered their
ex trac tion. In ad di tion to gold and sil ver, ar senic, iron, cop per,
lead, co balt, tin and ura nium have also been re cov ered from
these de pos its. Vein de pos its in the Sudetes were ex ploited
mainly in the shal lower zones of the ore de pos its and to day they 
re main very poorly ex plored at greater depths and be tween ar -
eas of for mer ex ploi ta tion (Madziarz, 2009). Quartz-sul phide
vein de pos its oc cur mostly in the meta mor phic base ment, con -
sol i dated in pre-Perm ian time. These de pos its are com monly
over lain by Perm ian-Me so zoic and Ce no zoic strata and by
weath er ing cover. Out crops of vein-bear ing rocks form rug ged
parts of the land scape and are usu ally densely for ested where

the ac ces si bil ity is lim ited. Ex ten sive min ing in the re gion ended 
in the 1930–50s. So far the Sudetic vein de pos its have only
been the sub ject of lo cal geo phys i cal re search and in ter est
(Stefaniuk et al., 2011; Ostrowski, 2014). In 2017, the PGI-NRI
started a sys tem atic re search programme on vein ore de pos its
in the Sudetes in clud ing a pi lot geo phys i cal VLF geo phys i cal
sur vey (Mikulski and Ostrowski, 2023a, b). The VLF tech nique
was used to sur vey two for mer ar eas of ex ploi ta tion of
gold-bear ing vein polymetallic de pos its: the area of the
Klecza-Radomice Ore Dis trict and the area of the Czarnów de -
posit in the West Sudetes (Fig. 1).

GEOLOGICAL SETTING OF GOLD-BEARING VEIN
TYPE DEPOSITS

The Klecza-Radomice Ore Dis trict (KROD) and the
Czarnów As-polymetallic de posit are lo cated in the West ern
Sudetes, which is con sid ered to be a con tin u a tion of the
Saxothuringian Zone of the Eu ro pean Variscides in the
north-east ern part of the Bo he mian Mas sif (e.g., Mazur et al.,
2006). These de pos its are small and their to tal re sources are
rel a tively lim ited. They are lo cated in mar ginal zones of Lower
Pa leo zoic rocks within the base ment of the West ern Sudetes,
which was af fected by Cadomian and Variscan meta mor phism
(Fig. 1). The Pa leo zoic geo log i cal evo lu tion of the West ern
Sudetes is char ac ter ized by rift ing dur ing Cam brian-Or do vi cian
to De vo nian times, with a Late De vo nian to Early Car bon if er ous 
subduction-col li sion set ting (e.g., Franke and ¯elaŸniewicz,
2002). In the West ern Sudetes, granitoid in tru sions were
placed dur ing the Car bon if er ous. These Variscan granitoids
con sol i dated sev eral crys tal line blocks that con sist of a meta -
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mor phosed sed i men tary-sub ma rine-vol ca nic suc ces sion with
well-doc u mented bi modal-vol ca nic and ophiolitic rocks (e.g.,
Mazur et al., 2006). This mo saic geo logic struc ture has been in -
ter preted as a meta mor phic terrane as sem blage (e.g., Matte et
al., 1990; Cymerman and Piasecki, 1994). In the Mid dle Car -
bon if er ous, ma jor NW–SE-trending dextral strike-slip re gional
faults de vel oped as a re sult of the oblique con ver gence be -
tween the amal gam ated Bo he mian Mas sif with blocks al ready
accreted to the East Eu ro pean Craton (Aleksandrowski et al.,
1997).

The de pos its un der con sid er ation oc cur within re gional
shear zones: around the Karkonosze gran ite mas sif and in a
sec ond-or der struc ture (Czarnów and KROD, re spec tively). In
the West ern Sudetes the vein-type ore de pos its are as so ci ated
wtih hy dro ther mal meta mor phic and ig ne ous pro cesses of the
pre-Variscan and Variscan cy cles (Mikulski, 2007; 2015).

THE KLECZA-RADOMICE ORE DISTRICT

The KROD is hosted by rocks of to the Kaczawa Meta mor -
phic Com plex (KMC), which be longs to the base ment of the
West ern Sudetes. The KMC is rep re sented there by flysch-like
metasedimentary rocks of Or do vi cian-De vo nian age, which
have been de formed and meta mor phosed to lower greenschist
fa cies (Kryza and Muszyñski, 1992). The KMC shows fea tures
of an accretionary prism, and com prises sev eral nappe units
and mélange bod ies com posed of var i ous com po nents of the
Pa leo zoic sed i men tary-vol ca nic suc ces sion. In the KROD gold
min er al iza tion oc curs in the flysch-like rocks of the Pilchowice
Unit lo cated be tween gneiss es of the Izera-Karkonosze Block
to the south and the Rotliegend strata that fill the Wleñ trough to 
the north (Gierwielaniec, 1956). At least 8 main and more than
9 sec ond ary gold-bear ing quartz veins with sul phide min er al -
iza tion are known in the KROD (Mikulski, 2007). The veins
strike pre dom i nantly NE–SW with a sec ond ary NW–SE trend,
and dip at 65–85° to the W. They have been ex am ined for
~90–150 m along strike and down to 100 m be low the sur face,

and vary in thick ness from 0.25 to 1.5 m. Most com monly the
veins cut bed ding/fo li a tion but lo cally may oc cur as sad dle
reefs. Larger veins are pref er en tially lo cated in frac ture zones
that are dis cor dant to the bed ding and run close to, or along, the 
ax ial planes of F1 anticlines. Sev eral veins in the im me di ate vi -
cin ity of the re verse P³awna fault zone strike obliquely to the
fault (Fig. 2).

Small-scale min ing of ar senic and gold ores was car ried out
in the KROD in the 1920s (Grimming, 1933). The ore was
mined from quartz veins in ter sect ing schists of Lower Pa leo zoic 
age. The ore min er al iza tion, which is the rich est in gold, is of a
mas sive type and is dom i nated by ar seno py rite and (lo cally) py -
rite. The gold and ar senic con tent in ore veins was in the range
of 3–40 ppm Au and 2–12% As (Grimming, 1933; Domaszew -
ska, 1964; Dziekoñski, 1972). Seri cite and graph ite schists are
fa vour able hosts for sul phide min er al iza tion. These rocks are
strongly al tered due to sili ci fi ca tion, sericitization, carbona -
tization, chloritization, feldspathization and sulphidi zation
(Mikulski, 2007). The mas sive ore min er al iza tion is frac tured
and over printed by sparse base metal sulphides (chal co py rite,
ga lena and sphalerite) as so ci ated with com mon car bon ates
(mainly an ker ite and do lo mite). Gold oc curs as re frac tory and
mi cro scopic gold (Mikulski, 2007). Py rite and ar seno py rite ex -
tracted from the ore con tain up to 68.5 and 15 ppm of gold, re -
spec tively. The fine ness of the mi cro scopic gold var ies from
very low (630) to very high (940) (Paulo and Salomon, 1973;
Olszyñski and Mikulski, 1997; Mikulski, 2007). The min er al iza -
tion in the KROD has been clas si fied as an orogenic gold de -
posit (as de fined by Groves et al., 1998 and sub se quent mod i fi -
ca tions ac cord ing to Goldfarb et al., 2001) due to the geo log i cal
set ting be tween meta mor phic ter ranes, strong struc tural con trol 
on the ores, low Au/Ag ra tios, in sig nif i cant base-metal con tents, 
and low sa lin ity of the min er al iz ing flu ids (<7 wt.% NaCl equiv a -
lent; Mikulski, 2003). The Re-Os iso to pic age ob tained for
Co-ar seno py rite from the north ern ore field at Klecza was
316.6 ±0.4 Ma (Mikulski et al., 2005).
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Fig. 1. Lo ca tion of the Klecza Radomice Ore Dis trict and the Czarnów As-polymetallic de posit on a sim pli fied geo log i cal map of
the West Sudetes (af ter Cymerman, 2002)
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THE CZARNÓW As-POLYMETALLIC DEPOSIT

The Czarnów de posit is hosted by meta mor phic rocks of the 
Rudawy Janowickie and Lasocki Ridge in the Sudetes (Teis -
seyre, 1973), which are part of the Karkonosze-Izera Block be -
long ing to the north east ern ex ten sion of the Saxothuringian
zone of the Variscides of Cen tral Eu rope (Franke and
¯elaŸniewicz, 2000). The Czarnów de posit is hosted by rocks
be long ing to the Kowary-Czarnów Unit and is lo cated within the
Leszczyniec shear zone (Kozdrój, 2003). It is bounded to the
west by the Karkonosze granitoid and to the east, along a dis lo -
ca tion, by the Leszczyniec Unit (Fig. 3). The core of the Karko -
nosze-Izera Block is formed of the post-Variscan Karkonosze
gran ite, dated to ~315–303 Ma (SHRIMP U-Pb zir cons;
Mikulski et al., 2020, with ref er ences therein). Rocks of the
Kowary-Czarnów Unit are af fected by con tact meta mor phism.
The de posit is built of a NE–SW trending quartz vein dip ping at
an av er age an gle of ~80°SE. The vein is di vided into 2 or 3
parts along the dip, giv ing it a len tic u lar shape. The host rocks
are rep re sented by var i ous types of car bon ate-sil i cate rocks,
hornfels, schists, am phi bo lites, gneiss es and mar bles. Ac cord -
ing to min ing ar chives, the length of the vein along strike ex -
ceeds 500 m, and its av er age thick ness is ~0.5 m (up to 3 m).
The vein is cut by nu mer ous frac tures and faults. The most

prom i nent faults are NW–SE (per pen dic u lar to the fo li a tion)
sinistral-, and dextral strike-slip faults that have dis lo cated the
vein and de posit zone. The main ore mass of the vein com -
prises sul phide ar senic-polymetallic min er al iza tion. The mas -
sive min er al iza tion zones are lens-shaped with a max i mum
thick ness of 4 m (av er age ~40 cm). The in ten sity of min er al iza -
tion var ies spa tially. In some places the min er al iza tion is rep re -
sented by dis sem i nated im preg na tion or is com pletely ab sent.

From the be gin ning of the 18th cen tury un til 1925, with nu -
mer ous in ter rup tions, min ing was car ried out in 5 ore fields on
10 min ing lev els to a depth of 250 m (Dziekoñski, 1972). In
pros per ous years the an nual pro duc tion was ~3,000 tonnes of
ar senic ore with an av er age ar senic con tent of 10%. Small
quan ti ties of cop per, zinc, lead, tin and iron, as well as lim ited
quan ti ties of sil ver and gold, were also pro duced. The main ore
min eral ex ploited was ar seno py rite, ac com pa nied by chal co py -
rite, pyrrhotite, py rite and mi nor amounts of ga lena, sphalerite,
bornite and stibnite (Mochnacka, 1982; Zimnoch, 1985;
Mochnacka et al., 2009, 2015; Mikulski, 2010). Cas sit er ite and
mag ne tite oc cur rences are known in some parts of the vein and 
its salbands (Mikulski et al., 2007). Gold oc curs in a sub mi cro -
scopic form, mainly in ar seno py rite, and as mi cro scopic gold
(na tive gold and electrum) in paragenesis with base metal
sulphides, and Bi- and Ag-min er als (Mikulski, 2010).
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Fig. 2. Lo ca tion of the gold-bear ing quartz veins in the Klecza-Radomice Ore Dis trict (af ter Mikulski, 2007) on a sche matic
geo log i cal map (mod i fied from Milewicz, 1962; Sza³amacha, 1970, 1974; Milewicz and Fr¹czkiewicz, 1983)
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Ar seno py rite oc curs in two forms: mas sive and coarse-
 grained euhedral crys tals in quartz or host rocks. Mas sive ar -
seno py rite is as so ci ated with patches of fine-grained pyrrhotite,
py rite and chal co py rite. The av er age gold con tent in rich sul phide 
ores was ~1.1 ppm (range 0.7–12.6 ppm) and ar senic and cop -
per con tents were 5.6% As (3–30%) and 0.75% Cu (0.1–4%), re -
spec tively (n = 47; Mikulski, 2010). The ore host rocks show
strong con tact-metasomatic al ter ation; the rocks are hornfelsed,
and strongly si lici fied and carbonatized. In di vid ual high con cen -
tra tion of Ag (380 ppm), Bi (0.55%) and Sn (0.4%) have been
doc u mented in polymetallic ores. The gen e sis of the ore de posit
was con sid ered to be the re sult of mul ti ple hy dro ther mal ac tiv i -
ties as so ci ated with the Late Car bon if er ous post-ki ne matic
granitoid in tru sion of the Karkonosze mas sif (Mochnacka, 1982;
Zimnoch, 1985) and later remobilization of me tal lic el e ments
within re gional shear zones (Mikulski, 2010; Mikulski and Stein,
2013). Banaœ (1967) ar gued that the Czarnów ore de posit is ge -
net i cally linked to polymetamorphic pro cesses that pre dated the
in tru sion of the Karkonosze gran ite.

GEOPHYSICAL PROSPECTING USING VLF
METHODS

The geo phys i cal sur vey was car ried out in 2017–2018 both
in the Klecza-Radomice Ore Dis trict and on the Czarnów de -
posit. The sur vey was car ried out us ing the VLF tech nique, with
an in no va tive ap proach to sur vey and in ter pre ta tion. Mea sure -
ments were ac quired along 44 ac qui si tion lines 0.3 to >1.5 km in 
length, with a to tal length of over 45 km, cov er ing an area of
~6 km2 – vir tu ally the en tire area of in ter est in the KROD. In the
Czarnów ore field the mea sure ments were ac quired along 24
lines up to 1 km long and cov er ing an area of ~2 km2.

The sur vey lay out was de signed to take ac count of known
struc tural fea tures: the lines should be close to per pen dic u lar to
geo log i cal bound aries and cross faults and veins. Ex ist ing in fra -
struc ture such as power lines, pipe lines and build ings were con -
sid ered as po ten tial noise sources and buffer zones (no-sur vey
zones) were es tab lished around these el e ments. The sur vey
lines were evenly spaced at 100 m in ter vals to cover the en tire
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Fig. 3. Lo ca tion of the gold-bear ing quartz sul phide vein in the his toric Czarnów As –polymetallic de posit 
(af ter Mikulski et al., 2020) on a sche matic geo log i cal map (mod i fied from Sza³amacha and Sza³amacha, 1988)

https://doi.org/10.3390/min 10090787


area of in ter est. Fig ure 4 il lus trates the planned sur vey lay out in
the vi cin ity of the Czarnów de posit.

The very low fre quency elec tro mag netic (VLF) tech nique is
well es tab lished, al though it is con sid ered to be an out dated
geo phys i cal pros pect ing method. A full de scrip tion of the tech -
nique and its in tri ca cies can be found in the lit er a ture (Pat er son
and Ronka, 1971; Phillips and Rich ards, 1975; Sharma et al.,
2014). In prin ci ple, the VLF sur vey ing tech nique is based on the 
phe nom e non of elec tro mag netic in duc tion in the subsurface
me dium. An elec tro mag netic field (pri mary field) prop a gat ing
through the subsurface me dium in duces eddy cur rents in the
con duc tors en coun tered. These eddy cur rents gen er ate a sec -
ond ary elec tro mag netic field that can be de tected. The most
prom i nent eddy cur rents are in duced in ver ti cal sheet-like con -
duc tive geo log i cal ob jects, al though any dip ping re sis tiv ity con -
trasts in the subsurface me dium will gen er ate the re sponse. Di -
rect mea sure ment of the pri mary and sec ond ary fields is al most 
im pos si ble in the field, so the rel a tive phase shift be tween the
pri mary and in duced fields is mea sured. The mag ni tude of the
phase shift is re lated to the cur rent den sity in the subsurface
me dium. Quan ti ta tive mod el ling of the re sis tiv ity val ues based
on ap par ent cur rent den sity is still un der de vel oped (Singh and
Sharma, 2016); how ever, qual i ta tive anal y sis based on lat eral
changes in phase shift can pro vide valu able in for ma tion on the
spa tial lo ca tion of some geo log i cal ob jects, such as fault or
shear zones, ore bod ies, dip ping bound aries, or min er al ized
veins (Ramesh Babu et al., 2007; Gnaneshwar et al., 2011).

Elec tro mag netic geo phys i cal tech niques use some form of
pri mary field source in the fre quency range of <1 Hz to a few
tens of kHz, ei ther con trolled (in ter nal) or ex ter nal with re spect
to the mea sure ment equip ment. The VLF tech nique uti lizes the
up per part of the spec trum be tween 15 to 30 kHz and the ex ter -
nal source. Such fre quen cies are emit ted as ra dio waves (very
low fre quency ra dio com mu ni ca tion) from mil i tary high-en ergy
in stal la tions, and are pri mar ily used as a means of pro duc ing a
global-scale long-dis tance com mu ni ca tion band re ceiv able by
sub merged sub ma rines. The VLF geo phys i cal sur vey ing tech -
nique pig gy backs on the sys tem and uses it as a spa tially, tem -
po rally and spec trally sta ble en ergy emit ter. Trans mit ting sta -
tions are dis trib uted around the globe, and there are sev eral re -
li able sta tions in Eu rope that can be used for geo phys i cal pur -
poses. The elec tro mag netic waves prop a gate be tween the
earth’s sur face and the ion o sphere for up to sev eral thou sand
kilo metres and, when they reach the sur vey area (usu ally at
least hun dreds of kilo metres from the source), can be con sid -
ered as pla nar waves: the en ergy dis tri bu tion along the wave
head is uni form and the wave cur va ture is neg li gi ble, a con di tion 
nec es sary for re li able geo phys i cal mea sure ments.

The VLF geo phys i cal mea sure ment is per formed by reg is -
ter ing of the phase shift of the mag netic com po nent of the sec -
ond ary elec tro mag netic field with re spect to the pri mary field.
The phase shift is de com posed into two vec tors known as
in-phase and out-of-phase, quad ra ture or imag i nary vec tor
(com po nent). Al though the sin gle mea sure ment car ried out in
the field reg is ters the phase shift of the sec ond ary field in duced
in the geo log i cal ob jects, it is al most mean ing less in it self. Only
the spa tial vari a tion of the phase shift can be in ter preted in
terms of geo log i cal ob jects. Tech ni cally, the field mea sure -
ments are car ried out at dis crete in ter vals along the tra verse. A
sep a rate mea sure ment is made at each point along the tra -
verse, and the to tal field strength (pri mary), in-phase (IP) and
quad ra ture (QUAD) com po nents of the phase shift are mea -
sured and re corded. The val ues ob tained are com bined into a
line (pro file) and can be ana lysed. Strong spa tial vari a tions in
the com po nent value in di cate the po si tion of a re sis tiv ity bound -
ary or the pres ence of a con duc tive ob ject in the subsurface.

Prom i nent changes in com po nent value as so ci ated with
changes in sign (known as cross-overs) in di cate the pres ence
of a sheet-like, con duc tive body in the subsurface. The more
sym met ri cal the course of the cross-over, the more sim i lar the
ob ject is to a ver ti cal sheet of con duc tor. Thus, anal y sis of
phase-shift com po nent plots along the tra verse may in di cate
the lo ca tion of bound aries in the subsurface me dium that dif fer
with re gard to re sis tiv ity, es pe cially near-ver ti cal sheet-like
struc tures e.g. shear zones or min er al ized veins. Straight for -
ward in ter pre ta tion of phase shift plots pro vides only crude,
qual i ta tive re sults. The ap pli ca tion of some math e mat i cal fil ter -
ing al lows the pre cise lo cal iza tion of anom a lies (Fra ser fil ter;
Fra ser, 1969) or even the cal cu la tion of the equiv a lent cur rent
den sity pro duc ing the anom aly and the con struc tion of a sim ple
pseudo-sec tion (Hjelt fil ter; Karous and Hjelt, 1983). A more
quan ti ta tive ap proach to VLF data in ter pre ta tion is pos si ble
(Singh and Sharma, 2016), but com mer cial soft ware tools have 
not yet been de vel oped.

An ap proach based on VLF sur veys car ried out along iso -
lated tra verses and aimed at de tect ing fault zones or zones of
min er al iza tion works well where the gen eral strike of the geo -
log i cal struc tures is known and the sur vey is in tended to pre -
cisely lo cate some of them. In more com plex geo log i cal set -
tings, or in the ab sence of suf fi cient struc tural in for ma tion,
where more ae rial knowl edge is re quired, the sur vey set ting
must be sig nif i cantly ad justed.

In our sur vey we aimed to map struc tural fea tures in the vi -
cin ity of three aban doned mines of polymetallic ore in the
Klecza-Radomice Ore Dis trict and the Czarnów de posit. In the
KROD, the ore is ge net i cally linked to quartz veins that are
hosted in schist of the Pilchowice Unit that be longs to the
Kaczawa meta mor phic com plex, and the un der ground min ing
op er a tions fol lowed these veins. In the Czarnów de posit, the
only quartz vein con tain ing sul phide min er al iza tion is hosted in
metasedimentary rocks of the Kowary-Czarnów Unit. Un der -
ground struc tural ob ser va tions for both lo ca tions, other than the 
gen eral plan of the mines, are scarce and hard to ob tain, due to
safety con sid er ations in the aban doned mines. There fore, the
po ten tial of geophysically sur vey ing the area to search for lin ear 
anom a lies that can be at trib uted to struc tural el e ments – quartz
veins, ore-bear ing veins and per me able fault zones – was em -
ployed, us ing the VLF tech nique. In the KROD, the sur vey was
con ducted in three ar eas (sites), within a ra dius of ap prox i -
mately 1 km from the his toric mines, lo cated to the north-west
and south-east of the vil lage. In the Czarnów de posit, the sur -
vey was con ducted on an elon gated area fol low ing the gen eral
ori en ta tion of the pre vi ously mined vein. Due to lack of struc -
tural in for ma tion on the dis tri bu tion of the veins, the sur vey was
planned and car ried out as a semi-2D sur vey. Be tween 15 and
24 par al lel tra verses, spaced at 100 metre in ter vals, were dis -
trib uted over each site. Point mea sure ments were taken ev ery
10 metres along each line. Tra verses across the cen tral site in
the KROD fol lowed an az i muth of 130° and were per pen dic u lar
to the main plane of the mined vein sys tem; and at the W and E
sites tra verses fol lowed an az i muth of 80° oblique to the fault
zone bound ing the Perm ian-Me so zoic trough and dom i nant
vein strike. At the Czarnów de posit, tra verses fol lowed an 80º
az i muth (nearly per pen dic u lar to the vein). The field sur vey at
each site took ap prox i mately 1 week of one-man work. The field 
cam paign was per formed in late au tumn and early spring, partly 
on snow-cov ered ground and partly in rug ged, wooded ter rain,
and thanks to the ex cep tional ver sa til ity of the sur vey equip -
ment, the sur vey could be per formed en tirely on foot.

The VLF mea sure ments were car ried out si mul ta neously
on three fre quen cies, emit ted by three dif fer ent ra dio trans mit -
ters. In the VLF mea sure ments, the stron gest sig nal is gen er -
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Fig. 4. Il lus tra tion of the sur vey lay out in the area of the Czarnów As-polymetallic de posit



ated by subsurface struc tures strik ing in or close to the di rec tion 
of the trans mit ter. The trans mit ters cho sen for the sur vey were
lo cated at an az i muth of 295° (Burlage, Ger many, fre quency
23.4 kHz), 296° (Skelton, UK, 22.1 kHz) and 204° (Isola di
Tavolara, It aly, 20.3 kHz). This ori en ta tion of the trans mit ters
was very con ve nient. The Ger man and Brit ish sta tions are lo -
cated at al most the same az i muth and cover struc tural fea tures
strik ing be tween ~85–145°, in clud ing the main struc tural az i -
muth oc cur ring in the West ern Sudetes, while the Ital ian sta -
tions cover struc tures strik ing be tween 175–235°. The near
right an gle in ci dence of the waves from the se lected trans mit -
ters al lows for rel a tively good di rec tional cov er age, leav ing only
two nar row zones of poorer cov er age.

The phase shift de com posed into two com po nents (IP and
QUAD) was reg is tered sep a rately for all three fre quen cies, re -
sult ing in 6 sets of data, and the po si tion was de ter mined by the
GPS re ceiver for each mea sure ment point. A ma trix of geo -
graphic lo ca tion and six phase pa ram e ters was the pri mary re -
sult of the field sur vey.

DISCUSSION

For the quartz-sul phide vein de pos its in the Klecza-Rado -
mice Ore Dis trict (Kaczawa Moun tains) and for the Czarnów
de posit (Rudawy Janowickie Ridge), a se ries of maps were pre -
pared show ing each com po nent (col our clas si fi ca tion sym bol)
against a shaded re lief map (Figs. 5 and 6). The phase shift
data were then pro cessed. The Fra ser fil ter (Fra ser, 1969) was
ap plied sep a rately to each transect from all datasets. The Fra -
ser fil ter is es sen tially a tool for cal cu lat ing the equiv a lent of the
first de riv a tive func tion for dis crete data, and the re sults of fil ter -
ing: (i) equal ize the val ues of the phase shift com po nents, and
(ii) place the max ima at the in ter vals where the gra di ent of the
orig i nal value is max i mal. In this way, an anom aly shown as fil -
tered val ues is cen tred over the geo log i cal ob ject gen er at ing
the anom aly, and is con fined to one max i mum in stead of two
ex tremes (max i mum and min i mum) as in un fil tered data. Fra ser 
fil ter ing was found to be suf fi cient to show the course of lin ear
struc tures. Again, a set of maps of fil tered data (a sep a rate map 
for each com po nent and each trans mit ter fre quency) was pre -
pared for the two ar eas with the quartz-sul phide vein-type de -
pos its in the West ern Sudetes (Figs. 7 and 8). All pre pared
maps were in te grated into a GIS pro ject, where the VLF data
sets for each com po nent were rep re sented by sep a rate lay ers.

The next log i cal step in the pre sen ta tion of the data ac -
quired and prep a ra tion for geo log i cal in ter pre ta tion ap peared to 
be spa tial (2D) in ter po la tion of the datasets. How ever, the dis tri -
bu tion and size of many of the re corded anom a lies showed that, 
al though anom a lies could be prop erly rep re sented by dis crete
data along the tra verses, the spac ing be tween tra verses was
greater than the ex tent of some anom a lies. In such a sit u a tion,
au to matic in ter po la tion was doomed to pro duce se ri ous er rors
due to the phe nom e non known as aliasing. Al ter na tively,
guided in ter po la tion would im print the in ter pre ta tion deep into
the re sult ing (in ter po lated) fields – a re sult con sid ered un de sir -
able. We de cided that the best ap proach was to pres ent the
data (both un fil tered and fil tered) as a col our-clas si fied point
map, and to in ter pret the prob a ble course of lin ear anom a lies by 
hand over sev eral tra verses (Figs. 9 and 10).

From the pre pared maps of the Fra ser fil tered datasets the
course of lin ear anom a lies that con tin ued across ad ja cent tra -
verses was picked by hand. Lin ear ity, sim i lar ity of anom aly,
shape and anom aly in ten sity were con sid ered when pick ing a
given anom aly. The anom aly pick ing was per formed for each
dataset rep re sent ing a sep a rate com po nent of each fre quency

(trans mit ter) as “blank” pick ing – each dataset was picked in de -
pend ently and with out con sul ta tion be tween datasets. As the
in ten sity of elec tro mag netic in duc tion re sponse is an gle-de -
pend ent, de creas ing with the an gle be tween the struc ture strike 
and the trans mit ter az i muth (to zero at right an gles), datasets
for the Ger man and Brit ish trans mit ters were searched for
anom a lies strik ing 55–175°, and datasets for Ital ian trans mit -
ters were searched for anom a lies strik ing 0–85° and 145–180°.
Pick ing re sulted in ob tain ing sets of lin ea ments, which are con -
sid ered as lin ear VLF anom a lies gen er ated by geo log i cal fea -
tures – fault zones or sul phide veins. All lin ea ments se lected
were then in te grated on a map for each area (lay ers in the GIS
da ta base), but the link to the dataset of the in di vid ual lin ea ment
was main tained. Some lin ea ments over lap, and are con sid ered 
to be more prom i nent or more cer tain than those se lected from
only one dataset.

CONCLUSIONS

The lin ea ments de rived from the VLF sur vey and pro -
cessed us ing an in no va tive semi-2D workflow were trans lated
into geo log i cal fea tures, as sisted in struc tural in ter pre ta tion of
the area sur veyed and can be used to plan fur ther ore ex plo ra -
tion. The lin ea ment map for the KROD is shown in Fig ure 9, and 
for the Czarnów de posit in Fig ure 10. Sub tle morpholineaments 
iden ti fied on the LIDAR map are also shown on the map for the
KROD. There are four lin ea ment pop u la tions (or modes) on the
map of the KROD (Fig. 9) and 3 lin ea ment pop u la tions on the
map of the Czarnów de posit, which can be at trib uted to dif fer ent 
struc tural el e ments and dif fer ent stages of de for ma tion
(Fig. 10).

In the KROD, lin ea ments fol low ing a gen eral NW–SE trend
can be at trib uted to lithological bound aries, and lin ea ments fol -
low ing a NE–SW trend re late to faults per pen dic u lar to the
folds. The N–S trending lin ea ments are most likely due to min -
er al ized veins. A clus ter of lin ea ments pres ent in the cen tral
part of the KROD, fol low ing the gen eral E–W trend and bend ing 
to the north (mode 4), may rep re sent the ef fects of an as-yet un -
known vein or fis sure sys tem. Slight dis cor dance in the lin ea -
ments be tween the cen tral and north west ern sites sug gests
that the NW site is on a dextrally ro tated block.

In the Czarnów de posit, NW–SE trending lin ea ments can
be at trib uted to faults per pen dic u lar to the gen eral strike of the
struc tures. Lin ea ments with an az i muth of 10–20° are prob a bly
as so ci ated with lithological bound aries and quartz veins. A
clus ter of such lin ea ments to the west of the quarry is ar ranged
in an en ech e lon pat tern and may re late to the oc cur rence of
veins. The lin ea ments with a near-N–S trend that cross the cen -
tral part of the area are of un known or i gin.

We be lieve the most prom is ing lo ca tions for fur ther ore ex -
plo ra tion (in clud ing drill ing) in the KROD are nexuses where lin -
ea ments of mode (7) and mode (10) and (9) in ter sect and ore
en rich ment may oc cur. These zones are lo cated in the vi cin ity
or ex ten sion of pre vi ously ex ploited ore veins con tain ing sul -
phide min er al iza tion with gold. Min ing in these aban doned
work ings was car ried out from the sur face to a depth of prob a -
bly no more than 150 m be low the sur face. The VLF re sults in di -
cate the pos si bil ity of new ore veins or ex ten sions of old ore
veins struc tur ally re lated to the vis i ble tec tonic di rec tions and
their mu tual in ter sec tions (nodes). In the case of the Czarnów
de posit, the sit u a tion is not ob vi ous. Some ad just ments to the
course of the faults (based on the VLF lin ea ments) can be
made; how ever, no ob vi ous con tin u a tion of the known vein can
be de tected. En ech e lon lin ea ments de tected to the west of the
quarry are a pos si ble pros pect ing tar get where ore en rich ment
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Fig. 6. Point-map of in-phase com po nent of the in duced VLF field 

Il lus tra tion of the sur vey set ting and one of the un fil tered phase shift com po nents in the aban doned Czarnów As-polymetallic de posit
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Fig. 8. A point map of the re sult of Fra ser fil ter ing of the in-phase com po nent ob tained for the Skelton trans mit ter 
in the aban doned Czarnów As-polymetallic de posit
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Fig. 10. A map of in ter preted lin ear VLF anom a lies in the Czarnów As-polymetallic de posit

The anom a lies are re sults of lin ear struc tural fea tures with con duc tiv ity con trast ing with the sur round ing me dium



might have taken place. Di rect con tin u a tion of the vein to the
NNE is doubt ful in the light of the sur vey re sults ob tained, but
the oc cur rence of sep a rate min er al ised veins to the west of the
quarry is con sis tent with pre vi ous ob ser va tions of polymetallic
sul phide min er ali sa tion and a se ries of sec ond ary bis muth and
tel lu rium min er als de scribed from the quarry (Parafiniuk and
Domañska, 2002; Pieczka et al., 2005). An ex ten sion of the
min er al ized zones to the NE of the Czarnów de posit may be
pres ent, but prob a bly as a sep a rate set of veins. The NW–SE
trending lin ea ments can be at trib uted to faults per pen dic u lar to
the gen eral strike of the struc tures (1). Lin ea ments with an az i -
muth of 10–20° are prob a bly re lated to lithological bound aries
and quartz veins (2). The clus ter of such lin ea ments pres ent to
the west of the quarry is ar ranged in an en ech e lon pat tern, and

may be an ef fect of the oc cur rence of veins. Lin ea ments close
to a N–S trend that cross the cen tral part of the area are of un -
known or i gin (3).

The re sults ob tained from the VLF sur vey in the for mer
polymetallic gold min ing ar eas give hope for the dis cov ery of
new ores in these his toric shal low min ing ar eas in dif fi cult for -
ested moun tain ous ter rain. This in no va tive ap proach to an oth -
er wise ob so lete pros pect ing tech nique has yielded use ful re -
sults, par tic u larly on small tar gets.

Ac knowl edge ments. This work was fi nan cially sup ported
by the Na tional Fund for En vi ron men tal Pro tec tion and Wa ter
Man age ment in ac cor dance with PGI-NRI agree ment no.
289/2018.
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