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In this study, con cen tra tions of As, Cu, Mn, Pb, and Zn were de ter mined in 231 sam ples of mine soils and spoils by field por -
ta ble X-ray flu o res cence (FPXRF), and by in duc tively cou pled plasma-mass spec trom e try (ICP-MS) as a com par i son
method. The use of both spec tro met ric meth ods al lows for com par i son of the to tal and aqua regia-extractable con tents of el -
e ments. The study ar eas en com passed three his toric metal-ore min ing sites and one aban doned mine tail ings site in the
Holy Cross Moun tains, in south-cen tral Po land. Sam ple col lec tion in these ar eas, which are char ac ter ized by var i ous bed -
rock min er al ogy and li thol ogy and dif fer ent anthropogenic im pacts, en abled us to test the FPXRF per for mance for a wide
range of el e ment con cen tra tions. The re sults of FPXRF and ICP-MS de ter mi na tions were found to be sig nif i cantly cor re lated
with the high est r2 (co ef fi cient of de ter mi na tion) value of 0.987–0.991 for Pb, ir re spec tive of the soil min er al ogy, bed rock li -
thol ogy or con cen tra tion lev els of this el e ment. Over all, the FPXRF showed ex cel lent per for mance in de ter min ing se lected
trace el e ments in con tam i nated soils.
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INTRODUCTION

Mod ern an a lyt i cal lab o ra to ries of fer dif fer ent in stru men tal
meth ods that en able the rou tine de ter mi na tion of trace met als
in soils, in clud ing: atomic ab sorp tion spec trom e try (AAS), in -
duc tively cou pled plasma-op ti cal emis sion spec trom e try
(ICP-OES), in duc tively cou pled plasma-mass spec trom e try
(ICP-MS), X-ray flu o res cence spec trom e try (XRF), and in stru -
men tal neu tron ac ti va tion anal y sis (INAA). Al though these lab o -
ra tory meth ods al low us to ob tain very low lim its of de tec tion at
the con cen tra tion level of ppb (µg/kg) or even ppt (ng/kg), they
are gen er ally time-, en ergy-, and re agent-con sum ing and usu -
ally re quire a la bo ri ous phys i cal and/or chem i cal sam ple prep a -
ra tion. In ad di tion, they re quire the use of haz ard ous re agents,
such as strong ac ids, for analyte ex trac tion. For ex am ple, a
com monly used ex trac tion agent in soil sam ple anal y ses is
aqua regia (Sastre et al., 2002). All of the fea tures men tioned
above make these meth ods less en vi ron men tally-friendly, and
not in agree ment with the cur rent trend in an a lyt i cal chem is try
to wards green an a lyt i cal chem is try (Ga³uszka et al., 2013). An -
other dis ad van tage of the lab-based in stru ments is that they are 
not mo bile and can not be ap plied in the field for real-time mea -
sure ments of el e ment con cen tra tions and on-site pol lut ant

screen ing    es pe cially in vast post-min ing ar eas, or in ur ban and 
in dus trial brownfields. The field por ta ble X-ray flu o res cence
spec trom e try (FPXRF) is a method that can both meet these
per for mance re quire ments and bring the lab o ra tory to the field
(Kalnicky and Singhvi, 2001).

FPXRF spec trom e try is a rapid, low cost, multi-el e ment,
and non de struc tive method that can be em ployed for both in
situ and ex situ mea sure ments. The mod ern mod els of FPXRF
an a lyz ers are char ac ter ized by low de tec tion lim its be low reg u -
la tory lev els, e.g. Pol ish soil qual ity stan dards (Wcis³o, 2012),
high sam ple through put, and the ca pa bil ity to de ter mine a broad 
range of tar get el e ments vary ing from Mg to U. Typ i cally, these
in stru ments ex hibit the su pe rior per for mance on heavy el e -
ments. Im proved de tec tor per for mance, for ex am ple, the ap pli -
ca tion of Geo met ri cally Op ti mized Large Drift De tec tor
(GOLDD™) tech nol ogy, re duces most inter-el e ment in ter fer -
ences and over laps. This new tech nol ogy and the ap pli ca tion of 
he lium purge al low the de tec tion lim its of most el e ments to be
low ered to less than 10 mg/kg. Quan ti fi ca tion of the re sults is
pos si ble with of fi cial meth ods such as EPA Method 6200 (26 el -
e ments in soil and sed i ments; USEPA, 2007) and Na tional In -
sti tute for Oc cu pa tional Safety and Health (NIOSH) Method
7702 (Pb in air fil ters; NIOSH Method 7702). 

Apart from chem i cal ma trix ef fects (spec tral in ter fer ences,
X-ray ab sorp tion, and en hance ment ef fects), the ac cu racy of
soil and sed i ment mea sure ments de creases when the sam ple
is: not ho mog e nized (phys i cal ma trix ef fect), the mois ture con -
tent ex ceeds the range of 5 to 20%, and when there is no di rect
con tact be tween the sam ple sur face and the probe win dow
(USEPA, 2007). An other mi nor dis ad van tage is that the rapid
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change of am bi ent tem per a ture (e.g., ±7°C per hour) may
cause an in stru ment drift. To im prove the qual ity of data, it is
rec om mended that soil and sed i ment sam ples be fine-grained,
uni form, ho mog e nized, dried, have smooth sur faces (X-rays
pen e trate to a depth of about 1.2 to 2 mm), and cover the whole
probe win dow (about 1 cm in di am e ter). 

The FPXRF anal y sis has found ap pli ca tions in many ar eas,
in clud ing de ter mi na tions of trace el e ments in var i ous en vi ron -
men tal com part ments, in clud ing soils (Drake et al., 2003;
Melquiades and Appoloni, 2004; Mäkinen et al., 2005; Kilbride
et al., 2006; Carr et al., 2008; Hürkamp et al., 2009; Radu and
Di a mond, 2009; Higueras et al., 2012; Stamm and
Hoogestraat, 2012; Bosco, 2013). Many the o ret i cal and prac ti -
cal as pects of this an a lyt i cal method can be found in the su perb
com pen dium by Potts and West (2008).

The prin ci pal ob jec tive of this study was to com pare the re -
sults of the de ter mi na tions of se lected trace el e ments (As, Cu,
Mn, Pb, and Zn) by the FPXRF and ICP-MS meth ods in top -
soils, technogenic soils (spolic technosols), and mine spoils of
three his toric min ing ar eas of the Holy Cross Moun tains, in
south-cen tral Po land, in or der to find the ad van tages and lim i ta -
tions of the FPXRF method. These meth ods also en abled de -
ter mi na tion of the to tal con cen tra tions (FPXRF) of se lected
trace el e ments and their aqua regia-extractable frac tions
(ICP-MS). We also aimed to find a re la tion ship be tween the
min er al ogy/li thol ogy of bed rock, soils or alien waste ma te rial,
and el e ment con cen tra tion lev els and their in flu ence on the
FPXRF per for mance.

MATERIALS AND METHODS

LOCATION AND GEOLOGICAL FRAMEWORK

The study was con ducted in three re mote his toric metal-ore
min ing ar eas: (1) Miedzianka Mt. (cop per mines), (2)
Karczówka Mt. (lead mines), and (3) Rudki (iron-ura nium mine)
and Serwis (low-grade iron ore tail ings pile; Fig. 1). The in ten -
sive metal-ore ex trac tion is re flected by nu mer ous multi-shaft
mines with un der ground work ings and spoil heaps. Miedzianka
Mt. is built of up per most Mid dle and Up per De vo nian lime stone

for ma tions, cut by cal cite CaCO3 and Cu sul fide ore veins. Soils
are rep re sented by rendzinas with a vari able ad mix ture of sand, 
lo cally lithosols, and arenosols.

Karczówka Mt. con sists of Up per De vo nian lime stones, cut
mostly by ga lena and cal cite veins. Soils are rep re sented by
sandy rendzinas, and in places by arenosols and lithosols.

The py rite-he ma tite-sid er ite-ura nium min eral de posit of
Rudki is ge net i cally linked to the deep-rooted £ysogóry Fault
that sep a rates Si lu rian clayey shales with sub or di nate
mudstones, sand stones, and greywackes from Mid dle De vo -
nian dolomites and clayey shales. The surficial work ings at
Rudki and the nearby mine tail ings site at Serwis were cov ered
with an alien ma te rial com posed of clays and sands, with an ad -
mix ture of min ing wastes.

SAMPLING

The soil sam pling was con ducted on No vem ber 15–16 and
27 of 2012 (Karczówka and Miedzianka) and on May 31 and
June 1 of 2013 (Rudki and Serwis). A to tal of 231 soil sam ples
were col lected (num ber of sam ples in pa ren the ses): Karczówka 
(69), Miedzianka (72), Rudki (63), and Serwis (27) us ing sys -
tem atic ran dom (Karczówka, Miedzianka and Rudki) and
three-transect (Serwis) sam pling plans. At each site, pits were
dug to a depth of about 0.3–0.5 m. Each soil sam ple (weigh ing
about 2 kg each) con sisted of 5–10 subsamples. The soil sam -
ples were placed in poly eth yl ene bags for se lected el e ment de -
ter mi na tions. Dur ing sam ple col lec tion, trans port, stor age, and
prep a ra tion, pro ce dures were fol lowed to min i mize the pos si bil -
ity of con tam i na tion, i.e. talc-free dis pos able vi nyl gloves were
used dur ing sam pling and sam ple treat ment, sam ples were
placed in poly eth yl ene zip-lock bags and plas tic trays to pre vent 
ac ci den tal mix ing, and sam ples were stored in a sep a rate sam -
ple stor age room with lim ited ac cess be fore anal y ses. A set of
soil sam ples in cluded 4 replicates for each sampling series.

SAMPLE PREPARATION AND ANALYSES

Af ter re mov ing any mis cel la neous ma te rial (leaves, twigs,
etc.), the soil sam ples were dried for a week at an am bi ent tem -
per a ture of about 20°C, sieved to ob tain <2 mm frac tions, and

The use of FPXRF in the determinations of selected trace elements in historic mining soils in the Holy Cross Mts. ... 249

Fig. 1. Location of the study areas



then disaggregated to pass a <0.063 mm sieve us ing a
Pulverisette 2 Fritsch’s blender and then an Analysette 3 Spar -
tan shaker. Each soil sam ple (0.5 g) was di gested with aqua
regia (6 mL HCl + 2 mL HNO3) in a closed mi cro wave sys tem
(Multiwave 3000; 100 mL ves sels, power 1000 W, time 65 min., 
T 220°C, p 60 bars, p growth rate 0.3 bar/s) and re plen ished up
to 25 mL with dis tilled wa ter.

For the pur pose of this study, all the ho mo ge neous soil
sam ples were placed in thin poly eth yl ene sam pling bags and
then an a lyzed for 5 trace el e ments (As, Cu, Mn, Pb, and Zn) us -
ing a por ta ble XRF an a lyzer (model Thermo Sci en tific NITON
XL3t 960 GOLDD+) with an ex ci ta tion source 50 kV X-ray tube
with Ag an ode. The time of FPXRF anal y sis was 120 sec onds;
mea sure ments were done in trip li cates and pre ci sion was ex -
pressed as 2 stan dard de vi a tions of the mean val ues, and the
de tec tion mode was set on “soil”. The limit of de tec tion (LOD)
for As, Cu, Pb, and Zn was 10 mg/kg, and for Mn it was
70 mg/kg. The av er age pre ci sion was the high est for As
(10 mg/kg), lower for Zn (15 mg/kg), Cu, and Pb (20 mg/kg),
and the low est for Mn (150 mg/kg). The emis sion spec tra were
trans ferred to the PC and ap pro pri ately pro cessed with the use
of the Ni ton Data Trans fer soft ware.

The com par i son anal y sis en com passed the same trace el e -
ments us ing an ICP-MS in stru ment (model ELAN DRC II,
Perkin Elmer). In stru men tal and data ac qui si tion pa ram e ters of
the ICP-MS in stru ment were as fol lows: sweeps/read ing – 20,
read ings/rep li cate – 3, rep li cates – 4, nebulizer gas flow –
1.03 L/min, plasma gas flow – 15 L/min, lens volt age – 7.50 V,
plasma power – 1275 W. The mea sure ments were done in the
peak hop ping mode and the dwell time was 50–150 mi cro sec -
onds, de pend ing on the analyte. Two in ter nal stan dards were
uti lized: Rh and Ir. The ICP-MS in stru ment was op ti mized with a 
stan dard daily pro ce dure. For trace el e ment de ter mi na tions, a
se ries of mixed el e ment cal i bra tion stan dards at ap pro pri ate
con cen tra tions were pre pared in 2% HNO3 from Perkin Elmer
ICP-MS Multielement Cal i bra tion Stan dard 3. The de tec tion
lim its for ICP-MS anal y sis were (in mg/kg) 0.01 for Cu and Pb;
0.1 for Zn and As; 0,5 for Mn, re spec tively.

The stan dard ref er ence ma te rial (SRM) ap plied for mea sur -
ing el e ment con cen tra tions by the FPXRF method was Cer ti -
fied Ref er ence Ma te rial (CRM) NIST 2709a (San Joaquin soil).
For the qual ity con trol of the ICP-MS anal y sis, CRM NIST
2710a (Montana I Soil) and GSS4 (Chi nese Acad emy of Geo -
log i cal Sci ences) were used. Qual ity con trol in cluded both ac -
cu racy (CRM) and pre ci sion (trip li cates). The av er age per cent -
age re cov ery of el e ments from the SRM and CRM was in the
range of 87–109% (FPXRF) and 92–110% (ICP-MS), whereas
the un cer tainty of the method (U u u u Bc RM d m

2 2 2 2 2= + + + , 
U Ue c= ´2 )1 was be low 10%. The RSD val ues were <4% for
most of the sam ples analysed. The chem i cal anal y ses of col -
lected sam ples were per formed in the Geo chem i cal Lab o ra tory
of the In sti tute of Chem is try, Jan Kochanowski Uni ver sity in
Kielce.

RESULTS

The re sults of As, Cu, Mn, Pb, and Zn de ter mi na tions in the
soils of four sites (Serwis, Rudki, Karczówka, Miedzianka) by
the FPXRF method are sum ma rized in Ta ble 1. The high est
con cen tra tions of As and Cu (geom. mean of 52 and
201 mg/kg) oc cur in the Miedzianka soils, which are re lated to

ten nan tite (Cu,Fe)12As4S13 and other sec ond ary Cu-As min er -
als pre dom i nat ing in a cop per sul fide ore. 

The Rudki technosols con tain in turn the high est lev els of
Mn, Pb, and Zn (geom. means of 2543, 672 and 215 mg/kg, re -
spec tively). These technosols rep re sent a more ho mo ge neous
alien ma te rial com posed of clays, silts, and sands mixed with
pieces of car bon ate (mostly do lo mite) and terrigenous rocks.
They com prise in clu sions of Fe- and Mn-ox ides and
-oxyhydroxides, ga lena PbS and sphalerite ZnS.

It is in ter est ing to note that Karczówka top soils con tain
lesser amounts of Pb (geom. mean of 380 mg/kg) in the form of
ga lena and angle site PbSO4. How ever, this site is high lighted
by max i mum val ues (10,780 mg/kg), which were re corded near
mine work ings with as so ci ated tail ings piles. In con trast, the
Serwis py rite- and sid er ite-bear ing technogenic soils are gen er -
ally de pleted in these trace el e ments.

DISCUSSION

ANOMALOUS ELEMENT CONCENTRATIONS

Geo chem i cal anom a lies, i.e. val ues above the up per limit of 
geo chem i cal back ground range, com monly oc cur in post-min -
ing ar eas (Ga³uszka, 2007). The typ i cal con cen tra tions of lead
in soils are in the range of 3–90 mg/kg (Kabata-Pendias, 2011).
How ever, in soils in flu enced by pres ent and his toric metal-ore
min ing, Pb oc curs at much higher lev els, for ex am ple, in
Karczówka soils in the range of 40–10,780 mg/kg. The anom a -
lous Pb con cen tra tions in post-min ing soils have also been re -
ported from many coun tries, in clud ing (in mg/kg): Mex ico
(31–3450; Razo et al., 2004), Spain (20–142; Loredo et al.,
2006), Mo rocco (40–13,300; Iavazzo et al., 2012), and France
(41–4520; Camizuli et al., 2014).

Zinc showed con cen tra tions of at least twice the de tec tion
limit, for ex am ple, in Rudki soils from 30 to 750 mg/kg. Even in
soils that are de pleted in Zn, namely light sandy soils, con cen -
tra tions of this metal are in the range of 31–61 mg/kg
(Kabata-Pendias, 2011). High Zn lev els in soils were also re -
ported from dif fer ent his toric min ing ar eas, for ex am ple, from
the aban doned Miguel Vacas Cu mine in SE Por tu gal (Abreu et
al., 2008), where Zn con cen tra tions were in the range of
53–211 mg/kg.

The range of nat u ral Mn con tents in soils is very broad and
the max i mum con cen tra tions of this metal can reach sev eral
thou sands of mg/kg (Kabata-Pendias, 2011). The mean Mn con -
tent in soils is es ti mated to be 437 mg/kg (Kabata-Pendias and
Mukherjee, 2007). The soils ex am ined are heavily en riched in
Mn. Al though the mean Mn con cen tra tions are sim i lar to those
re ported from the stud ies con ducted in dif fer ent post-min ing ar -
eas, for ex am ple, in Por tu gal 1446–4153 mg/kg (Abreu et al.,
2008) and in Mo rocco 400–4520 mg/kg (Iavazzo et al., 2012),
the max i mum val ues at Miedzianka (31,880 mg/kg) and Rudki
(20,050 mg/kg) rep re sent anom a lous en rich ment in this metal.

The Miedzianka soils dis play the high est lev els of Cu in a
wide range of <10 to 7680 mg/kg (mean of 984 mg/kg). Sim i lar
con cen tra tions of this metal were found in soils of other his -
toric Cu-ore min ing ar eas, in clud ing (in mg/kg): Mex ico
(15–7200) (Razo et al., 2004), Por tu gal (70–2231; Abreu et
al., 2008), and the Sudetes in south west ern Po land (7–3430;
Karczewska et al., 2006).
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1 uRM – reference ma ter ial un cert ain ty, ud – sample di ges tion un cert ain ty, um – measurement un cert ain ty by ICP-MS, B – error of the
ob tai ned re sult re lat ive to the cer tif ied va lue, Uc – composite un cert ain ty, Ue – expanded un cert ain ty si gnif ica nt at 0.05 pro bab ili ty level
(extension co eff ici ent k = 2)
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The FPXRF may also be very use ful in de ter min ing con cen -
tra tions of As in soils of the post-min ing ar eas, where an oma -
lously high con cen tra tions of this el e ment are very com mon,
e.g. <10–1520 mg/kg in Miedzianka soils, and even higher, in -
clud ing (in mg/kg): Spain (32–19,930; Loredo et al., 2006), Por -
tu gal (19–17,384; Abreu et al., 2008), and Scot land
(50–17,400; Gal et al., 2007). How ever, its ap pli ca tion in the
study of un pol luted soils may be prob lem atic be cause typ i cal
As con tents in these soils are in the range of <0.1–67 mg/kg,

with an av er age of 6.82 mg/kg (be low the limit of de tec tion
which is 10 mg/kg). The de ter mi na tion of ac cu rate As val ues in
the pres ence of high Pb con cen tra tions (if Pb:As con cen tra tion
ra tio is greater than 10:1) in con tam i nated soils may be dif fi cult
and re quires spec trum eval u a tion due to the spec tral over lap of
the L-a for Pb and K-a for As line. How ever, the inbuilt
deconvolution pro ce dure used in the in stru ment’s soft ware ef -
fec tively cor rected for this in ter fer ence in the pres ent study.

Lo ca tions Miedzianka Karczówka Rudki Serwis

Num ber of sam ples 72 69 63 27

El e ment As

Min i mum [mg/kg]   <10 <10 <10 <10

Max i mum [mg/kg] 1520 110   90   30

Arith me tic mean [mg/kg]   173      13.4   26   15

Geo met ric mean [mg/kg]     52    8   17   13

Me dian [mg/kg]     30    5   20   10

Stan dard de vi a tion   292     20.8   23     7

Num ber of re sults be low de tec tion lim its       8 45   20     3

El e ment Cu

Min i mum [mg/kg] <10 <10   10 <10

Max i mum [mg/kg] 7680   90 170   50

Arith me tic mean [mg/kg] 984   15   66   31

Geo met ric mean [mg/kg] 201   10   60   27

Me dian [mg/kg] 185     5   60   30

Stan dard de vi a tion 1610   17   28   12

Num ber of re sults be low de tec tion lim its 8   42     0     3

El e ment Mn

Min i mum [mg/kg]      <70  <70     130   160

Max i mum [mg/kg] 29,220 1850 20,050 8560

Arith me tic mean [mg/kg]    2462   403    3862 2000

Geo met ric mean [mg/kg]    1851   311    2543 1337

Me dian [mg/kg]    1185   330    2460 1550

Stan dard de vi a tion    5157   296    3945 1952

Num ber of re sults be low de tec tion lim its          5       1          0       0

El e ment Pb

Min i mum [mg/kg] <10        40     10   20

Max i mum [mg/kg] 660 10,780 2390 210

Arith me tic mean [mg/kg]   74    1144   910   76

Geo met ric mean [mg/kg]   43      380   672   53

Me dian [mg/kg]   50      200   830   40

Stan dard de vi a tion 116    1991   532   61

Num ber of re sults be low de tec tion lim its     3          0       0     0

El e ment Zn

Min i mum [mg/kg]   20   30   30   50

Max i mum [mg/kg] 450 790 750 320

Arith me tic mean [mg/kg] 139 152 247 113

Geo met ric mean [mg/kg] 110 124 215   98

Me dian [mg/kg] 130 110 250   90

Stan dard de vi a tion   92 121 121   70

Num ber of re sults be low de tec tion lim its     0     0     0     0

T a  b l e  1

Sum mary sta tis tics of the re sults ob tained by the FPXRF method



ELEMENT COEFFICIENTS OF DETERMINATION VERSUS
CONCENTRATION PATTERNS

Lead ex hib ited both high co ef fi cients of de ter mi na tion (r2)
vary ing from 0.987 to 0.991 (P < 0.05) and a nearly per fect over -
lap be tween Pb con cen tra tions de ter mined by the FPXRF and
ICP-MS meth ods (Figs. 2 and 3). It is note wor thy that the high est
co ef fi cient of de ter mi na tion was found in soils of Miedzianka,
high lighted by the low est Pb con tents (Fig. 2A). The rea son for
this may be linked to cor rec tions, i.e. the com bi na tion of fun da -
men tal pa ram e ters (FP) mode with Compton nor mal iza tion, in
the soil de tec tion mode that was used in this study (Radu and Di -
a mond, 2009). The other stud ies con ducted in the post-min ing or 
heavily pol luted ar eas also con firmed ex cel lent cor re la tion
(r2 = 0.99) be tween Pb con cen tra tions de rived from par al lel soil
sam ple anal y ses by the FPXRF and ICP-OES meth ods
(r2 = 0.97) (Kilbride  et al., 2006) or by the FPXRF and AAS meth -
ods (Radu and Di a mond, 2009). In case of ho mo ge neous ma te -
rial, Pb screen ing may be per formed in the field, for ex am ple
Hürkamp et al. (2009) de ter mined the con cen tra tions of Pb in
floodplain al lu vial de pos its of the his toric min ing area at the Vils
River near Freihung (East ern Ba varia, Ger many). These au thors 
ob tained a high co ef fi cient of de ter mi na tion (0.94) be tween in
situ and lab o ra tory mea sure ments.

Zinc also ex hib ited high co ef fi cients of de ter mi na tion be -
tween FPXRF and ICP-MS mea sure ments. These val ues var -
ied from 0.910 (Karczówka) to 0.994 (Serwis). Par a dox i cally,
the high est r2 val ues in the technogenic soils of Serwis and
Rudki (r2 = 0.971) were as so ci ated with the most dis tinct dis -
crep an cies be tween Zn con cen tra tion pro files de rived from

these two an a lyt i cal meth ods. The best agree ment of the
FPXRF and ICP-MS pro files was re corded in the Miedzianka
and Karczówka soils (Fig. 4).

The third el e ment, Mn, showed high co ef fi cient of de ter mi -
na tion val ues in the range of 0.886 (Rudki) to 0.997
(Miedzianka). Of the four sites ex am ined, the Miedzianka soils
(Fig. 5A) re vealed a nearly per fect over lap of Mn con cen tra tion
pat terns de rived from PFXRF and ICP-MS mea sure ments. The 
Karczówka soils ex hib ited a dis tinctly worse over lap of these
two pat terns (Fig. 5B).

Cop per dis played a di verse re la tion ship be tween the co ef fi -
cients of de ter mi na tion and the con cen tra tion lev els at dif fer ent
sites. The rel a tively low r2 val ues in the technogenic soils of
Serwis (0.722) and Rudki (0.826) are mostly linked to the low
con tents of Cu, with a geo met ric mean of 27 mg/kg at Serwis
and some what higher con tents (geom. mean of 60 mg/kg) at
Rudki. In con trast, the Cu-bear ing soils of Miedzianka, ge net i -
cally linked to Cu-sul fide min er ali sa tion, were high lighted by
both the high co ef fi cient of de ter mi na tion (0.985) and the nearly
ex cel lent over lap of con cen tra tion pro files de rived from these
two an a lyt i cal meth ods (Fig. 6A).

The Miedzianka soils re vealed much higher con tents of ar -
senic (geom. mean of 52 mg/kg) com bined with high r2 (0.971)
and al most the same con cen tra tion pat terns de ter mined by
these two meth ods (Fig. 6B). Very low con cen tra tions of this el -
e ment (geom. mean of 13 mg/kg) and a cor re spond ing low co -
ef fi cient of de ter mi na tion (r2 = 0.585) were noted in the Serwis
technogenic soils.
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Fig. 2. Correlations and concentrations of Pb in historic mining soils derived from FPXRF and ICP-MS analyses:
 A – Miedzianka Mt.; B – Karczówka Mt.
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Fig. 4. Correlations and concentrations of Zn in historic mining soils derived from FPXRF and ICP-MS analyses:
 A – Miedzianka Mt.; B – Karczówka Mt.

Fig. 3. Correlations and concentrations of Pb in historic mining soils derived from FPXRF and ICP-MS analyses:
 A – Rudki reclaimed mining area; B – Serwis mine tailings site
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Fig. 6. Correlations and concentrations of (A) Cu and (B) As in historic mining soils of Miedzianka Mt.
 derived from FPXRF and ICP-MS analyses

Fig. 5. Correlations and concentrations of Mn in historic mining soils derived from FPXRF and ICP-MS analyses:

 A – Miedzianka Mt.; B – Karczówka Mt.



LESSONS DRAWN FROM FPXRF AND ICP-MS MEASUREMENTS

Soils in the post-min ing ar eas ex am ined showed much di -
ver si fied spa tial dis tri bu tion of the trace el e ments that orig i -
nated pri mar ily from min er al ised bed rock, as well as from min -
ing and pro cess ing ac tiv ity. The con cen tra tions of trace el e -
ments in these soils ranged over sev eral or ders of mag ni tude
within short dis tances. This study showed that the FPXRF
spec trom e ter was a handy in stru ment that en abled fast mea -
sure ments, pro vid ing valu able data, es pe cially for soils show ing 
a high het er o ge ne ity due to phys i cal dis tur bance and nat u ral
con tam i na tion. How ever, the re sults de rived from screen ing
on-site mea sure ments of trace el e ments in het er o ge neous
soils should be used with cau tion. In or der to ob tain more re li -
able re sults, soil sam ples must be ho mog e nized through grind -
ing and siev ing prior to the FPXRF anal y sis. For ex am ple,
Glanzman and Closs (2007) have shown that there is about
20% dif fer ence in As con cen tra tions in soil de ter mined by
FPXRF in ho mog e nized and in un ho mog e nized sam ples. The
study of Markey et al. (2008) has dem on strated that siev ing to
<125 µm im proved the ac cu racy of FPXRF lead de ter mi na -
tions. Ac cord ing to the U.S. EPA Method 6200, soil and sed i -
ment sam ples should be sieved to 250 µm.

An other ad van tage of the FPXRF spec trom e ter was that
this in stru ment al lowed us to per form a large num ber of mea -
sure ments in a very short time. How ever, the ap pli ca tion of this
method for quan ti ta tive anal y sis was prob lem atic for those el e -
ments oc cur ring in soils at lev els close to de tec tion lim its. This
is why the best-cor re lated re sults were ob tained in soils rich in
trace met als, such as the Karczówka soils, in which the min i -
mum Pb con cen tra tions were 4 times higher (mean of
40 mg/kg) than the de tec tion lim its of FPXRF (10 mg/kg).

This and other stud ies have shown the po ten tial of FPXRF
spec trom e try for the de ter mi na tion of Pb con cen tra tions in con -
tam i nated soils from ar eas in flu enced by metal-ore min ing and
pro cess ing, ir re spec tive of the soil min er al ogy, bed rock li thol -
ogy or con cen tra tion lev els of this el e ment (Drake et al., 2003;
Raab et al., 2005). De ter mi na tions of Pb by the FPXRF and
ICP-MS meth ods both re vealed sim i lar co ef fi cients of de ter mi -
na tion and nearly iden ti cal con cen tra tion lev els of this el e ment.
The re sults de rived from this study also showed an ex cel lent
per for mance of FPXRF over a wide range of Pb con cen tra tions
in soils. The same trend was dis played by As, Cu, and Mn of the 
Miedzianka soils. Dif fer ent stud ies have shown that sul fide min -
eral phases un dergo easy de com po si tion in ox i diz ing con di -
tions, re leas ing dif fer ent metal(loid)s into the en vi ron ment
(Smith and Huyck, 1999). Due to the karstification of lime -
stones, the Miedzianka soils con tain a va ri ety of clay min er als
and Fe-ox ides and oxyhydroxides that scav enge el e ments re -
leased from de com posed sul fides. This spe cific soil ma trix and
a lack of metal(loid)s-bear ing resistates (min er als re sis tant to
weath er ing) also fa vor the desorption of trace el e ments at a
lower pH. This is the rea son why Pb, As, Cu, and Mn are eas ily
aqua regia-extractable from Miedzianka soil sam ples, giv ing

nearly the same con cen tra tions as those de rived from the
FPXRF mea sure ments.

In con trast, As, Cu, Mn, and Zn con cen tra tions of the re -
main ing sites showed a dis tinct dif fer ence be tween the to tal and 
extractable con cen tra tions. The spe cific li thol ogy, min er al ogy,
and chem is try of these sites pre vent the re lease of these el e -
ments;  for ex am ple, the technogenic soils of Serwis and Rudki
com prise Mn and Zn that oc cur in poorly dis solved car bon ate
min er als (sid er ite FeCO3, Fe-rich do lo mite) or Fe-ox ides (e.g.,
he ma tite a-Fe2O3), which host these el e ments mostly in their
crys tal lat tices (sub sti tut ing for Fe2+ or Fe3+). How ever, it should
be stressed that min er al og i cal fea tures and the in suf fi cient ex -
trac tion of metal(loid)s in aqua regia for ICP-MS, com bined with
FPXRF de ter mi na tions, pro vide in for ma tion about the pres ence 
or lack of resistates as well as about sub to tal con cen tra tions
and the mo bil ity of these el e ments in soils.

CONCLUSIONS

Our study shows that the FPXRF spec trom e ter can suc -
cess fully be ap plied for the de ter mi na tions of trace metal(loid)s
in soils at his toric min ing sites. The fol low ing con clu sions can be 
drawn from the geo chem i cal data de rived from this study:

1. The field por ta ble XRF method shows ex cel lent per for -
mance for Pb de ter mi na tions in soils, ir re spec tive of the bed -
rock li thol ogy, min er al ogy or con cen tra tion lev els of this el e -
ment, and con firms ef fi cient lead ex trac tion from soil sam ples
prior to ICP-MS anal y ses.

2. Both FPXRF and ICP-MS meth ods give sim i lar pat terns
over a wide range of other trace metal(loid) con cen tra tions. The 
crit i cal fac tor that leads to dif fer ences in el e ment con tents is the
min eral and chem i cal char ac ter is tics of mine soils and spoils.

3. Ex cept for Pb and partly As, Cu, and Mn (Miedzianka
soils), the to tal el e ment con cen tra tions mea sured by the
FPXRF spec trom e ter were gen er ally higher than those de ter -
mined by the ICP-MS in stru ment, in di cat ing that the aqua regia
ex trac tion was in suf fi cient to dis solve all min eral phases.

Be cause the FPXRF spec trom e try is less time and re agent
con sum ing, more cost-ef fec tive, and more en vi ron men tally
friendly, its use for multi-el e ment anal y ses of con tam i nated
soils, such as these in the post-min ing ar eas, is rec om mended.
How ever, to ob tain com pa ra ble data to ICP-MS, the soil sam -
ples re quire a sim ple treat ment (siev ing, dry ing), es pe cially
when they con tain gravel and have a high hu mid ity. 
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