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Abstract. Mass specific magnetic susceptibilities of wastes from tailing ponds have been measured in order to 
utilize them as a fast initial screening method for the presence of enhanced contents of critical minerals. One core 
of flotation wastes from tailing pond of Assarel copper porphyritic deposit and two cores from tailing ponds of 
Chelopech Cu-Au ore deposits were analyzed. The strongest magnetic enrichment is identified in several depth 
intervals from Assarel core, while mass specific magnetic susceptibilities of Chelopech cores are about 3 times less 
magnetic. Identified maxima suggest the presence of layers from the tailings, possibly containing higher amounts 
of Fe compounds, genetically linked to the mineralogy of ore deposits.
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Introduction

Restricted availability and increasing needs of min-
eral resources require development and implemen-
tation of new technologies for identification and ex-
traction of reusable minerals in wastes from mining 
and ore processing industries. The incorporation of 
strongly magnetic iron compounds (oxides, sulfides, 
native iron) in the processed ores and wastes leads 
to increased magnetic signal of these materials. Us-
ing one easily measured and non-destructive mag-
netic parameter – magnetic susceptibility – allows 
for rapid identification of potentially enriched with 
heavy and ore minerals wastes.

Magnetic properties of natural materials –  
reflection of the content of strongly 
magnetic Fe-containing phases

Natural materials such as rocks, sediments, soils are 
complex substances, consisting of various mineral 

phases (Hunt et al., 1995). According to their be-
havior in an external magnetic field, they are clas-
sified as diamagnetic, paramagnetic and ferro(ferri)
magnetic (Walden et al., 1999). The strongest mag-
netic signal is carried by minerals with ferromag-
netic properties. These solids are characterized by 
the presence of strong interactions between adjacent 
atomic magnetic moments. As a result, the macro-
scopic magnetic moment of ferromagnetic materials 
is orders of magnitude larger than for paramagnetic 
solids in the same magnetizing field (Butler, 1992). 
This effect makes the contribution of ferromagnetic 
materials dominant in the magnetic signature of 
complex mixtures of mineral components (Hrouda, 
1982).

The main magnetic parameter, utilized for fast 
screening and monitoring of the relative abundance 
of strongly magnetic minerals, is magnetic suscep-
tibility (K). It is defined as:

K=M/h, where M is the magnetic moment, ac-
quired in a weak steady magnetic field of strength 
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h (Dunlop, Özdemir, 1997). It is dimensionless in 
SI units.

Normalization of K by density (ρ = m/V) is uti-
lized to calculate the mass specific magnetic sus-
ceptibility (χ), thus having units of (m3/kg).

Table 1 presents literature data for volume 
magnetic susceptibility of the main ferromagnetic 
minerals and other major rock-forming minerals in 
rocks according to Borradaile and Henry (1997). 
The reported range of values for some of the listed 
minerals reflects the effect of the presence of differ-
ent types and amounts of accessory elements (Ti, 
Al, etc.) and the relative abundance of Mg versus Fe 
(Dunlop, Özdemir, 1997). An example on the domi-
nant role of ferromagnetic fraction in the measured 
bulk volume magnetic susceptibility of a rock is 
the fact that 0.1 wt% of magnetite (Fe3O4) results 
in K in the range of 10–3 SI units, even though such 
amount of magnetite is under the detection limit of 
XRD analyses.

Samples and methods

Magnetic measurements were applied to three cores 
of tailings from ore processing industries – tailing 

pond “Ljuljakovitza” of Assarel Medet LtD, hosting 
wastes from flotation of copper porphyry deposit 
Assarel, and 2 cores from tailing ponds of Chelo-
pech Cu-Au ore deposits operated by DPM Metals 
Inc. Volume K was measured using portable field 
kappameter KT-5 (AGICO, Czech Republic) with 
sensitivity of 10–5 SI units. Samples for laboratory 
analyses were gathered from selected depth intervals 
from the cores and mass specific magnetic suscepti-
bility (χ) is measured on samples using kappabridge 
MFK-1A (AGICO, Czech Republic) with sensitiv-
ity 10–8 SI, using two working frequencies – low χlf 
(976 Hz) and high χhf (15 616 Hz) (Pokorný et al., 
2011). The so called “percent frequency dependent 
magnetic susceptibility” χfd% = 100 × (χlf – χhf)/χlf is 
a parameter, sensitive to the presence of ultra fine 
grained (~10–15 nm) strongly magnetic magnetite 
(maghemite) grains (Dearing et al., 1996). Normali-
zation by mass is applied.

Results and discussion

Field measurements of volume K were successfully 
applied to the waste materials from Ljuljakovitza 
core, where several depth intervals showed high 
K values of up to 1.5×10–3 SI units in contrast to 
effectively zero signal along the rest of the core. 
These high K-values indicate an enhanced presence 
of non-extracted ore minerals. One of the high-
est values of volume K was measured at depths of 
48.4–48.5 m, where detailed mineralogical analyses 
on pyrite and magnetite grains were carried out in a 
previous study (Dimitrova et al., 2025). The authors 
reported the presence of magnetite grains of 20–
50  µm grain sizes. These observations are in line 
with our findings of low χfd% values, which vary in 
the range 0.7–2.4%, indicating effectively no con-
tribution from superparamagnetic (nm – sized) fine 
magnetite grains. The relatively low magnetite con-
tent in the heavy mineral fraction (Dimitrova et al., 
2025), however, is already quite high for obtaining 
strong magnetic signal.

On the other hand, field magnetic suscepti-
bility screening of the two cores (BHL-q-1 and 
BHL-q-2) from Chelopech tailing pond revealed 
constantly zero signal, thus being ineffective tool 
for fast field screening. Inability to measure non 
zero K indicates at least an order of magnitude 
lower content of ferromagnetic fraction. Labora-
tory measurements of mass specific magnetic sus-
ceptibility (χ) with increased sensitivity and pre-
cision allowed better discrimination of potentially 
enriched levels from the studied cores of wastes 
deposits.

Table 1. Volume magnetic susceptibilities of the most common 
ferromagnetic, paramagnetic and diamagnetic minerals in 
rocks (after Borradaile, Henry, 1997). Standard deviation 
(StDv) for paramagnetic minerals are given as well

Mineral type Magnetic susceptibility 
(vol)

ferromagnetic (SI)
magnetite (multidomain) 2.8
magnetite (single domain) 2
maghemite 2
pyrrhotite ~1.5
ilmenite 0.1–0.2
hematite ≤0.006
goethite ~0.0035

para- and dia-magnetic (x 10–6 SI) (±StDv)
biotite 1042 (493)
phlogopite 273 (162)
chlorites 552 (478)
muscovites 140 (134)
epidotes 639 (316)
amphiboles 903 (884)
pyroxenes 500–5000
tourmaline 1690
siderite 3980
dolomite 40
calcite –13.6
quartz –13.4
feldspars –14.0
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Figure 1 shows variability in the obtained mass 
specific c values along depths of the three cores. 
Waste material from Ljuljakovitza drill core has χ 
in the range (13–170×10–8 m3/kg; Fig. 1a). Wastes 
from Chelopech tailings are significantly less mag-
netic with χ values in the range (2–50×10–8 m3/kg;  
Fig.  1b, c). Although volume K was not able to 
discriminate depths with enhanced Fe content, 
variabilities in laboratory measured χ suggest that 
relative enhancement is typical for the 11.7 m and 
17.7 m depths of core BHL-q-1 and 36.5 m depth 
of core BHL-q-2. Measured values of percent fre-
quency dependent magnetic susceptibility χfd% in 
magnetically enhanced levels reach values of up to 
7–11%, indicating major contribution to χ values 
from nm-sized superparamagnetic iron oxides. The 

presence of such ultra fine grained fraction suggests 
significant secondary alterations of the primary ore 
deposits. Most probably the wastes from tailings at 
these depths are enriched not only with magnetic 
minerals but also contain other fractions of impor-
tance as critical materials. Further geochemical 
and micro-analytical studies are needed for such 
inferences.

The obtained χ values indicate an increased con-
centration of strongly magnetic iron phases (proba-
bly of magnetite type) in the Assarel waste deposits 
as compared to Chelopech. Although previous anal-
yses on the heavy fraction of sample ash 2 (Dim-
itrova et al., 2025) reveal the dominance of pyrite, 
while magnetite (Fe3O4) is less present, magnetic 
susceptibility is primarily due to Fe3O4 occurrence. 

Fig. 1. Mass specific magnetic susceptibility (χ) of samples from wastes from Assarel tailing pond (a) and Chelopech tailing 
pond (b, c).
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Systematically low c values along the cores from 
Chelopech tailing ponds reveal low concentrations 
of Fe strongly magnetic phases, which is inherent 
to the genesis and mineralogy of Chelopech Cu-Au 
ore deposits.

Our results are in agreement with the study of 
Lam et al. (2020), which presents the application of 
magnetic susceptibility as a fast and sensitive tool to 
characterize copper mine tailings. The good correla-
tion obtained between magnetic susceptibility and the 
main toxic metals in tailing sediments (Cu, Fe, Ni, 
Cr) demonstrates the potential of magnetic suscep-
tibility for fast assessment of metal concentrations.

Conclusions

Preliminary results from magnetic susceptibility 
analyses of samples from wastes of tailings ponds 
from Assarel and Chelopech ore deposits indicate 
that magnetometry is a suitable tool for identifica-
tion of layers with enhanced content of strongly 
magnetic iron containing minerals, presumably 
linked to higher content of non-extracted critical 
and/or strategic materials.
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