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This paper presents the results of rare earth element (REE) determinations in the Nowiny wastewater treatment plant
(NWWTP) effluents and Nida River system waters of the southeastern Kielce Region (south-central Poland). Of the REE ex-
amined, gadolinium and europium turned out to be very useful for pinpointing anthropogenic and geogenic sources.
Anthropogenic gadolinium (Gdann), used as a contrasting agent in magnetic resonance imaging (MRI), is released from the
NWWTP into the river drainage system. This micropollutant is traced downstream over the distance of about 15 km. This
river stretch is characterized by a strong positive NASC-normalized Gdan anomaly with the Gdnasc/Gdnasc™® ratio above 1.1
(1.80-15.57) and the Gdantn input varying from 44 to 94%. Two additional positive Gdant, anomalies recorded in the rivers
Bobrza and Nida point out to mixing of effluents derived from the NWWTP and other local wastewater treatment plants. In
contrast, the Gdani-uncontaminated waters upstream, or downstream far away from the NWWTP display a distinct positive
NASC-normalized Eu anomaly highlighted by a high Eu/Eu* ratio in the range of 2.87 to 29.70. The lack of Gdan, anomaly up-
stream from the NWWTP also indicates that there is no leakage of municipal sewage from the sanitary collector sewer into
the Silnica River. Thus Gd as a contaminant may be effectively used as a tracer in similar pollution studies because it is rela-
tively simple and cost-effective to discriminate between contaminant concentrations and normal background concentrations.

=

Key words: rare earth elements, wastewater effluent, Nida River drainage system, anthropogenic gadolinium, geogenic eu-

ropium.

INTRODUCTION

Europium (Eu) and gadolinium (Gd) belong to the
lanthanides (lanthanoids) with atomic number 57 (La) through
71 (Lu). Eu is usually rated among the light rare earth elements
(LREE) from La through Eu, whereas Gd among the heavy rare
earth elements (HREE) from Gd through Lu. In another classifi-
cation of REE, Eu and Gd are also assigned to the medium
REE (MREE) group that comprises Sm through Ho. In contrast
to Eu (Eu®*, Eu®"), Gd occurs only in a trivalent state in nature
(Migaszewski and Gatuszka, 2015).

Of these two elements, gadolinium has found wide applica-
tions in magnetic resonance imaging (MRI) as a contrasting re-
agent due to a high magnetic moment of the paramagnetic Gd**
ion (e.g., Kimmerer and Helmers, 2000; Méller et al., 2003;
Méller and Dulski, 2010). Because Gd* is toxic to the human
organism, therefore, this element must be administered to pa-
tients in the form of non-reactive and stable chemical complex
species. Kimmerer and Helmers (2000) reported that the level
of Gd in urine may reach 350 mg/L daily after the patient exam
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and 7 ug/L after 39 days. The stable Gd chelates may be re-
leased with antibiotics, antihypertensives, antiinflammatories,
antihistamines and estrogens from medical facilities to munici-
pal sewage systems (Verplanck et al., 2003; Barber et al.,
2003; Morteani et al., 2006). This is the reason why strong posi-
tive Gd anomalies in the REE pattern have been reported in
river, underground, coastal and potable waters of densely pop-
ulated and industrialized areas with a developed medical sys-
tem (e.g., Bau and Dulski, 1996; Nozaki et al., 2000; Mdller et
al., 2000, 2002; Elbaz-Poulichet et al., 2002; Verplanck et al.,
2005; Zhu et al., 2005; Bau et al., 2006; Lawrence et al., 2006,
2009; Kulaksiz and Bau, 2007, 2013; Rabiet et al., 2009; Law-
rence, 2010; Lawrence and Bariel, 2010).

Free Gd** ion competes with Ca®* in the human body. The
Gd** ions can be released through dechelation of less stable
Gd chelates. This may bring about nephrogenic systemic fibro-
sis in patients with kidney failure or insufficiency (Idée et al.,
2008) and disturbance of calcium homeostasis in the organism
(Kulaksiz and Bau, 2011).

This paper summarizes the results of Gd and Eu vs. other
REE determinations in the Nida watershed system of the south-
ern part of the Kielce Region, south-central Poland. The principal
objectives of this pilot study were: (1) to discriminate
anthropogenic Gd from its geogenic equivalent in the river sys-
tem examined, (2) to compare anthropogenic Gd and geogenic
Eu anomalies, (3) to determine the effluent range of the Nowiny
wastewater treatment plant (NWWTP), and (4) to trace any un-
authorized industrial wastewater discharges or a possible leak-
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age from the municipal sewage underground channel within the
city limits of Kielce.

The studies of the anthropogenic gadolinium have widely
been applied in Germany, the USA, Australia etc. However,
these investigations have not been conducted in Poland so far.
The results derived from the present study in the Nida water-
shed encourage to the widespread use of gadolinium anomaly
for tracing anthropogenic pollution sources, especially in large
urban-industrialized areas with advanced healthcare system.

MATERIALS AND METHODS

STUDY AREA

The study area is located in the southwestern part of the Pa-
leozoic Holy Cross Mountains and in the central part of the Cre-
taceous Nida Trough. The drainage pattern consists of the Nida
River that flows southeastward to the Vistula River across ex-
posed Miocene limestone-sandstone-gypsum deposits. The
tributary network includes (from the north to the south) the fol-
lowing rivers: Silnica, Bobrza and Czarna Nida (Fig. 1). They
flow across different Paleozoic, Triassic and Jurassic carbon-
ate, locally siliciclastic formations. The Silnica River flows
through the city of Kielce (population of over 200,000) into the
Bobrza River.

The Nowiny wastewater treatment plant (NWWTP) is lo-
cated near the right-bank of the Bobrza River. The municipal
underground sewage channel partly overlaps the
Silnica—Bobrza River system. The annual air temperature of the
study area averages 7.4°C with mean precipitation 600 mm and
prevailing westerly and north-westerly winds (WIOS, 2000).
There are a few medical MRI facilities in Kielce and the neigh-
bouring area that use Gd chelates for diagnostic purposes.

FIELDWORK AND SAMPLING

Fieldwork was conducted on October 23 and November 27
of 2013 as well as on January 23 and April 8 of 2014. Sampling
locations are reported in Figure 1. During the first field series 2
water samples (NWWTP1, B3a) were collected for pilot deter-
minations of REE, Y and selected trace elements. During the
November series 10 water samples were taken. They encom-
passed: 7 samples (B4, B5, and S1 through S5) collected up-
stream from the NWWTP, 1 sample from the NWWTP
wastewater (NWWTP2) and 2 samples from the Bobrza River
downstream from the NWWTP (B3b, B2a). The principal objec-
tive of this study phase was to compare the shale-normalized
REE patterns and trace element geochemistry upstream and
downstream from the NWWTP. Fieldwork also included on-site
measurements of pH, electroconductivity (EC) and temperature
(T). During the January, 2014 series only 2 water samples were
collected (NWWTP3, B3c). The April, 2014 series encom-
passed sampling downstream from the NWWTP to the Vistula
River. In all, 11 water samples were collected (NWWTP4, B3c,
B2b, B1, CN, N1 through N6). The main purpose of this study
phase was to establish the extent of Gd anomaly. In addition,
during the third and fourth sampling series on-site measure-
ments were performed including pH, EC, redox potential (Eh),
total dissolved solids (TDS), salinity and T using a pH/Eh-meter
SP300 and an EC-meter SC300 equipped with temperature
sensors (Slandi, Poland).

All the water samples for REE and other trace element de-
terminations were filtered through 0.45 ym pore-sized PTFE sy-
ringe filters and placed in 50 mL polypropylene vials. The water
samples were transported on the day of sampling to the Geo-
chemical Laboratory of the Institute of Chemistry, Jan
Kochanowski University in Kielce and stored in a refrigerator at
a temperature of about 4—-6°C. The chemical analysis was per-
formed on the following day.

g sampling sites
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Fig. 1. Location of the study area with water sampling points.

Upstream sampling points: Silnica River (S1 through S5) and Bobrza River (B4, B5); NWWTP (Nowiny wastewater treatment plant);
downstream sampling points: Bobrza River (B1 through B3), Czarna Nida River (CN) and Nida River (N1 through N6)
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MRI scans are only conducted on weekdays in medical fa-
cilities in Poland. Therefore, except for the April-series, the wa-
ter samples were collected between Wednesday and Friday,
based on the assumption that the residence time of
anthropogenic Gd in the collecting system and NWWTP was
about two days. This value was determined by Modller et al.
(2003), and Lawrence and Bariel (2010). During sample collec-
tion, transport, storage and preparation, procedures were fol-
lowed to minimize the possibility of contamination. A set of wa-
ter samples included one blank (deionized water from the labo-
ratory that was processed in the field along with the environ-
mental samples) and one replicate sample for each sampling
series.

SAMPLE PREPARATION AND CHEMICAL ANALYSIS

For the purpose of this study all the water samples were an-
alysed for 14 REE (La through Lu), Y, Sc and 8 other trace ele-
ments (As, Cd, Co, Cr, Cu, Mn, Pb, Zn) using an ICP-MS instru-
ment (model ELAN DRC I, Perkin Elmer). Instrumental and
data acquisition parameters of the ICP-MS instrument were as
follows: sweeps/reading — 20, readings/replicate — 3, replicates
— 4, nebulizer gas flow — 1.03 L/min, plasma gas flow —
15 L/min, lens voltage — 7.50 V, plasma power — 1275 W. The
measurements were done in the peak hopping mode and the
dwell time was 50-150 microseconds depending on the
analyte. Two internal standards were utilized: Rh and Ir. Correc-
tion equations for Nd, Sm, Gd, Dy, and Yb were used for elimi-
nation of REE-oxide interelement interferences. The ICP-MS
instrument was optimized with a standard daily procedure. For
REE determination a series of Multielement Calibration Stan-
dard 2 Perkin Elmer solutions and for trace element determina-
tion a series of Multielement Calibration Standard 3 Perkin
Elmer solutions was employed.

The standard reference materials (SRM) applied for mea-
suring element concentrations by ICP-MS were: NIST 1643e
(trace elements in water) and the geologic multi-element refer-
ence material (GM-ERM) PPREE1 (Verplanck et al., 2001: ta-
ble 2) for waters. For comparison, the REE concentrations de-
rived from ICP-MS measurements were normalized to North
American Shale Composite (NASC) using values given by
Haskin et al. (1968) and Gromet et al. (1984). Quality control in-
cluded both accuracy (CRM) and precision (triplicates). The av-
erage recovery of elements from the SRM and CRM was in the
range of 83 to 116%, whereas the uncertainty of the method
(U = up® + us® + up® + B?, U, = 2 x U,)* was below 10%. The
RSD values were <4% for most of the analysed samples.

RESULTS AND DISCUSSION

GEOCHEMISTRY OF WATERS

The pH, EC and T values and concentrations of REE and
selected trace metals in the waters of the middle reaches of the
Bobrza River (B4, B5) and its left-bank tributary (Silnica River)
upstream from the NWWTP are reported in Table 1. The pH
and EC of these waters varied from 7.2 to 7.8 and from 374 to
687 uS/cm, respectively. The higher pH and EC values were at-
tributed to the Silnica River reflecting the bed lithology (mostly
Upper Devonian limestones and marly-clayey shales). It should
be mentioned that this river drainage area is highlighted by the

occurrence of rock formations abundant with lead and iron ores
that lead to higher natural concentration levels of these two ele-
ments in the surface waters (Rubinowski et al., 1966). The con-
centrations of selected trace elements were low being charac-
teristic of bicarbonate waters. Somewhat higher levels of Cd
(0.18 pg/L), Co (8.45 pg/L), Cu (13.69 pg/L) and Mn (1149
pg/L) were noted at sampling point S5. The contents of total
REE and Y were also very low ranging from 0.128 to 0.327 pg/L
and from 0.048 to 0.307, respectively, with the highest levels
also at sampling point S5. This may point to the geogenic origin
of these elements because the upper reaches of the Silnica
River (outside the city limits of Kielce) occur within Cambrian
quartzites and clayey shales locally comprising pyrite and
REE-bearing minerals (Migaszewski et al., 2007).

The NWWTP wastewaters had a somewhat lower pH of
6.9-7.0 and an EC value of 962—1196 uS/cm (Table 2). Of the
trace elements examined, only Cr (5.86-9.70 pg/L) and Zn
(40-85 pg/L) showed slightly higher levels compared to those
upstream the Bobrza River (Tables 1 and 2). In contrast to Y
(0.007-0.040 pg/L), concentrations of total REE were the high-
est of all the sampling points (0.464—0.590 ug/L). However, Gd
alone accounted for 55 to 87% of REE, i.e. 0.254-0.516 ug/L
with a mean of 0.384 ug/L (Table 2). These Gd concentrations
were similar to those (0.032-0.505 pg/L) noted in the effluents
of seven wastewater treatment plants in Berlin (Knappe et al.,
2005). In contrast, the effluents of the Wetalla WWTP,
Queensland (Australia) exhibited lower Gd contents averaging
0.058 pg/L (Lawrence and Bariel, 2010).

The lower reaches of the Bobrza River (B3a—d, B2a, b, B1)
showed high REE concentrations (0.203-0.487 pg/L), but es-
pecially Gd (0.036-0.160 pg/L (Tables 2 and 3). Compared to
upstream sampling points (B4, B5) which exhibit low concentra-
tions of Gd, the waters of downstream sampling points B3, B2
and B1 are distinctly enriched in this element by a factor of 104,
74 and 18, respectively. For comparison, the waters of lake
Warmeln (central Sweden) and the rivers Wupper and Havel,
(Germany) contained 0.036, 0.019 and 0.159 p/L Gd, respec-
tively (Bau and Dulski, 1996). The other physicochemical pa-
rameters, i.e. pH (7.2-8.0) and EC (442-865 uS/cm), as well as
Y and trace element contents do not differ much from those of
the upper reaches of the Bobrza River upstream from the
NWWTP.

The Nida River waters displayed similar values of pH
(8.0-8.1) and other physicochemical parameters (EC, Eh,
TDS, salinity, T) accompanied by the lowest concentrations of
most trace elements, especially Co, Cu, Mn, Pb, Zn and REE
(0.003-0.019 pg/L; Table 3). On April 8 of 2014 the contents of
REE (0.185-0.295 pg/L) and Y (0.030-0.063 ug/L) were nearly
the same as those in the rivers Czarna Nida (CN) and Bobrza
(B3d, B2b, B1) downstream from the NWWTP (REE
0.203-0.258 pg/L and Y 0.040-0.054 ug/L).

Similar REE mean concentrations (ca. 0.253 pg/L) were
found in about 500 circumneutral pH stream waters of Eastern
Canada (Leybourne and Johannesson, 2008). For comparison,
Gd and Eu concentrations were in the range of 0.001 to
0.026 pg/L (mean of 0.006 ug/L) and 0.001 to 0.024 ug/L (ex-
cluding an outlier of 0.110 pg/L), respectively. In the stream wa-
ters of Europe the contents of geogenic Gd varied from <0.002
to 0.87 pg/L with a mean of 0.045 mg/L. Similarly, Eu concen-
trations were in the range of <0.002—-0.87 pg/L with a mean of
0.01 pg/L (Salminen et al., 2005; Petrosino et al., 2013). In
south-central Poland the stream waters exhibited low levels of
geogenic Gd (0.002-0.004 pg/L) and Eu (0.003-0.005 ug/L),

* ugy — reference material uncertainty; u, — sample digestion uncertainty; u, —measurement uncertainty by ICP-MS; B — error of the
obtained result relative to the certified value; U, — composite uncertainty; U, — expanded uncertainty significant at 0.05 probability level

(extension coefficient k = 2)
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Table 1

Concentrations of selected trace metals and REE in the water samples of the Bobrza River and its left-bank tribu-
tary (Silnica River) upstream from the Nowiny wastewater treatment plant (samples collected on Nov. 27, 2013)

Parameters Bobrza River Silnica River
(As to Lu in ug/L) B4 B5 S1 S2 S3 S4 S5
pH 7.2 7.3 7.7 7.8 7.7 7.6 7.6
EC (uS/cm) 375 374 596 572 687 470 649
T(°) 13.8 12.9 13.3 13.8 13.7 15.1 14.7
As 0.78 0.78 1.16 1.20 1.36 1.13 1.00
Cd 0.02 0.02 0.04 0.04 0.01 0.02 0.18
Co 0.34 0.36 0.39 0.41 0.55 0.85 8.45
Cr 2.19 1.92 2.86 3.50 3.42 2.59 2.96
Cu 1.81 1.72 3.22 2.65 2.73 3.57 13.69
Mn 114 124 30 48 140 262 1149
Pb 0.50 0.74 0.40 0.16 0.14 0.13 0.13
Zn 14 16 31 30 13 213 12
Sc 2.492 2.247 2.643 2.460 1.975 1.600 2.101
Y 0.057 0.080 0.048 0.065 0.048 0.079 0.307
La 0.024 0.023 0.024 0.024 0.003 0.025 0.004
Ce 0.042 0.043 0.064 0.013 0.066 0.063 0.053
Pr 0.027 0.007 0.007 0.006 0.007 0.001 0.004
Nd 0.057 0.081 0.049 0.014 0.023 0.053 0.099
Sm 0.004 0.005 0.016 0.004 0.005 0.002 0.018
Eu 0.015 0.015 0.014 0.012 0.026 0.010 0.017
Gd 0.001 0.004 0.001 0.007 0.002 0.003 0.026
Tb 0.007 0.001 0.001 0.001 0.001 0.004 0.005
Dy 0.005 0.024 0.013 0.013 0.013 0.020 0.035
Ho 0.003 0.004 0.003 0.003 0.003 0.004 0.006
Er 0.002 0.004 0.001 0.007 0.014 0.011 0.015
Tm 0.001 0.002 0.003 0.003 0.002 0.003 0.004
Yb 0.007 0.011 0.007 0.017 0.017 0.011 0.035
Lu 0.001 0.002 0.002 0.004 0.003 0.004 0.006
YREEs (La-Lu) 0.196 0.226 0.205 0.128 0.185 0.214 0.327

largely contributing to the bedrock mineralogy and lithology
(Salminen et al., 2005). Based on the new petrologic diagrams
and interpolated maps of REE spatial distribution patterns in
soils and surface water sediments throughout Europe, pre-
pared by Forum of European Geological Surveys (FOREGS),
Fedele et al. (2008) identified three REE baseline concentration
ranges related to regional geologic/geomorphologic features.
One of these groups is represented by low to very low values for
REE in subsoils of the Netherlands, Germany and Poland
(0.03-0.91 mg/kg for Eu and 0.05-3.07 mg/kg for Gd). This
also suggests that the REE signatures of stream sediments and
waters generally reflect bedrock mineralogy and lithology.

The low Smyasc/Ybnasc ratio (0.125-0.500) in nearly all the
river water samples indicates that LREE are scavenged by
colloids. The wastewater treatment process does not change
this ratio, which is evidenced by the same range values in the
NWWTP effluents (0.250-0.500).

EUROPIUM POSITIVE ANOMALY IN Gd-UNCONTAMINATED RIVERS

The NASC-normalized concentration patterns of REE up-
stream the rivers Silnica (S1 through S5), Bobrza (B4, B5) and

downstream the rivers Czarna Nida (CN) and Nida (N1 through
N6) are summarized in Figure 2. The sampling points N1
through N6 display nearly the same REE profiles; therefore, for
the sake of brevity only the shale-normalized mean concentra-
tion pattern is presented (Fig. 2C). All these river waters show a
distinct positive Eu anomaly with a weak negative Er anomaly
and some minor anomalous excursions of other HREE, which
may be characteristic of regional carbonate formations. It
should be stressed that the distinct positive Eu anomaly was
also noted in terrigenous rocks and sediments, and some agri-
cultural waters of the Podwisniéwka area located about 5 km
north of Kielce (Migaszewski et al., 2014). The Eu anomaly was
computed from the equation (1):

Eu/Eunasc® = Eunasc/(Smyasc x GdNAsc)o'5 (1]

where: Eunasc® — naturally-occurring (geogenic) background con-
centration whereas Smyasc and Gdyasc — NASC-normalized Sm and
Gd concentrations, respectively.

The Eu anomaly in the examined stream waters was highly
variable and Eu/Eu wasc ratios varied from 0.92 to 29.70 with a
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Table 2

Concentrations of selected trace metals and REE in the water samples of Nowiny wastewater treatment plant and down-
stream the Bobrza River

Nowiny wastewater treatment plant Bobrza River

Parameters NWWTP1 NWWTP2 | NWWTP3 | NWWTP4 B3a B3b B3c B2a

(As to Lu in pg/L) Oct.23 Nov.27 Jan.23 Apr.8 Oct.23 Nov.27 Jan.23 Jan.23
2013 2013 2014 2014 2013 2013 2014 2014

pH n.d. 6.9 7.0 7.0 n.d. 7.2 7.4 7.3
EC (uS/cm) n.d. 962 1196 1170 n.d. 497 865 442
Eh (mV) n.d. n.d. —4.6 -5.0 n.d. n.d. -25.7 -12.3
TDS (mg/L) n.d. n.d. 600 587 n.d. n.d. 433 222
Salinity (%) n.d. n.d. 0.6 0.6 n.d. n.d. 0.4 0.2
T(°) n.d. 12.7 13.9 16.6 n.d. 12.2 14.0 12.3
As 0.80 1.09 1.24 2.61 0.8 1.12 1.08 1.06
Cd 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03
Co 0.80 0.70 0.70 0.69 0.54 0.61 0.57 0.45
Cr 9.70 5.86 8.50 5.94 5.80 2.64 5.81 2.64
Cu 1.50 1.71 2.35 2.64 4.70 2.90 0.25 3.40
Mn 61 75 97 104 55 149 141 50
Pb 0.37 0.20 0.40 0.77 1.49 1.52 417 0.91
Zn 40 85 68 26 16 24 30 31
Sc 1.030 3.809 3.542 4.359 0.093 2.921 2.838 3.307
Y 0.040 0.007 0.026 0.014 0.060 0.118 0.080 0.082
La 0.018 0.023 0.008 0.035 0.051 0.076 0.020 0.026
Ce 0.016 0.064 0.012 0.076 0.080 0.063 0.053 0.058
Pr 0.004 0.007 0.003 0.019 0.009 0.005 0.018 0.007
Nd 0.008 0.026 0.021 0.044 0.117 0.035 0.014 0.050
Sm 0.001 0.004 0.002 0.007 0.022 0.012 0.046 0.003
Eu 0.001 0.005 0.005 0.001 0.015 0.005 0.008 0.007
Gd 0.516 0.378 0.386 0.254 0.160 0.096 0.102 0.102
Tb 0.001 0.001 0.002 0.005 0.002 0.002 0.001 0.001
Dy 0.004 0.014 0.015 0.003 0.007 0.021 0.033 0.019
Ho 0.003 0.002 0.001 0.002 0.002 0.011 0.004 0.009
Er 0.005 0.001 0.002 0.005 0.003 0.012 0.012 0.002
Tm 0.003 0.001 0.006 0.001 0.001 0.001 0.003 0.002
Yb 0.008 0.005 0.018 0.011 0.016 0.022 0.020 0.007
Lu 0.002 0.001 0.004 0.001 0.002 0.004 0.004 0.001
>REEs (La—Lu) 0.590 0.5632 0.485 0.464 0.487 0.365 0.338 0.294

n.d. — not determined

mean of 8.05 (Table 4). The lowest values were noted in the
NWWTP (0.27) and downstream the Bobrza River (0.92-2.65).
In contrast, the highest Eu/Eu*nasc ratios (3.61-29.70, mean of
12.51) were recorded in the Gd-uncontaminated waters up-
stream from the NWWTP. For comparison, about 500 streams
of Eastern Canada exhibited (Eu/Eunasc®) in the range of 0.295
to 1.77, with a mean of 0.764 (Leybourne and Johannesson,
2008). These authors also suggest that Eu is relatively more
mobile compared to other REE and is more easily released
from minerals and rocks. However, it is interesting to note that
the examined stream waters do not show a negative Ce anom-
aly recorded in somewhat acidic farmer’s well waters north of
Kielce (Migaszewski et al., 2014). This may indicate a lack of
mobility of Ce*" in a somewhat alkaline environment.

The lack of Gd anomaly upstream from the NWWTP also
excludes the leakage of municipal sewage from the sanitary
collector sewer into the Silnica River. Moreover, there are no La
and Sm anomalies that might indicate unauthorized wastewater
discharges from various manufacturing plants or facilities (Ku-
laksiz and Bau, 2013).

GADOLINIUM AS AN ANTHROPOGENIC MICROPOLLUTANT TRACER

The NASC-normalized concentration patterns of REE in the
NWWTP effluents show a very strong positive Gd anomaly with
very weak positive Tm and Lu excursions (Fig. 3A). The same
roof-shaped pattern was recorded during four measurement
series regardless of Gd levels. Some variations in Gd concen-
trations may be linked to the variable schedule of medical MRI
facilities, or to the weekday of sampling. According to different
authors, Thursday or Friday is the best option for tracing Gd sig-
natures in waters (e.g., Mdller et al., 2003). This is also evi-
denced by lower levels of Gd in wastewater sample NWWTP4
that was collected on Tuesday (April 8 of 2014; Table 2). The
anthropogenic influence of the NWWTP is evident downstream
the Bobrza River at sampling points B3 and B2 (Fig. 3B), lo-
cated about 0.5 and 6 km of the NWWTP. The REE profiles are
generally similar to those of the NWWTP effluents with a pre-
dominant strong positive Gd anomaly, subordinate positive Eu,
Ho, Tm and Sm anomalies, and a weak negative Er anomaly.
The sampling point B1, which is located near the estuary of the
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Table 3

Concentrations of selected trace metals and REE in the waters downstream the rivers Bobrza, Czarna Nida and Nida
(samples collected on April 8 of 2014)

Parameters Bobrza River Cz. Nida R. Nida River
(As to Luin pg/L) B3d B2b B1 CN N6 N5 N4 N3 N2 N1
pH 75 8.0 7.9 7.9 8.0 8.1 8.1 8.1 8.1 8.0
EC (uS/cm) 634 632 538 543 493 499 554 555 566 598
Eh (mV) -34.0 -60.8 -55.7 -54.1 -62.0 -65.0 —65.1 —-66.4 -65.6 —-64.6
TDS (mg/L) 317 315 266 270 246 250 277 277 283 298
Salinity (%) 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
T() 17.1 21.8 20.2 21.0 21.9 21.8 22.0 21.9 21.6 21.9
As 1.39 1.26 1.36 0.98 0.90 0.88 0.93 1.05 0.94 0.93
Cd 0.02 0.04 0.03 0.01 0.01 0.01 0.18 0.01 0.01 0.01
Co 0.43 0.40 0.35 0.41 0.25 0.26 0.27 0.28 0.30 0.33
Cr 5.60 5.91 5.87 5.75 5.67 5.78 6.37 6.39 6.35 6.37
Cu 0.64 1.28 0.98 0.24 0.25 0.29 0.27 0.28 0.26 0.28
Mn 91 53 62 71 22 23 23 23 22 27
Pb 0.06 0.45 0.20 0.08 0.06 0.07 0.05 0.06 0.05 0.06
Zn 9 12 13 5 0.83 0.94 0.83 0.90 0.89 0.88
Y 0.045 0.048 0.040 0.054 0.040 0.043 0.030 0.047 0.063 0.048
Sc 2.886 2.825 2.812 2.571 3.340 3.195 3.313 3.888 3.381 3.985
La 0.019 0.013 0.002 0.002 0.004 0.047 0.028 0.044 0.049 0.046
Ce 0.009 0.102 0.107 0.107 0.087 0.088 0.086 0.083 0.122 0.087
Pr 0.011 0.025 0.023 0.024 0.005 0.023 0.023 0.022 0.026 0.022
Nd 0.053 0.049 0.045 0.046 0.024 0.051 0.052 0.050 0.049 0.049
Sm 0.004 0.001 0.005 0.004 0.003 0.001 0.002 0.002 0.002 0.003
Eu 0.012 0.003 0.009 0.006 0.006 0.006 0.006 0.007 0.011 0.006
Gd 0.060 0.046 0.036 0.015 0.019 0.004 0.009 0.006 0.008 0.003
Tb 0.002 0.001 0.001 0.002 0.003 0.001 0.004 0.003 0.002 0.002
Dy 0.011 0.003 0.013 0.013 0.007 0.008 0.005 0.005 0.006 0.008
Ho 0.004 0.002 0.003 0.004 0.004 0.004 0.004 0.004 0.004 0.003
Er 0.007 0.005 0.001 0.005 0.005 0.001 0.006 0.005 0.006 0.002
Tm 0.002 0.002 0.002 0.001 0.002 0.002 0.002 0.001 0.001 0.001
Yb 0.008 0.005 0.008 0.001 0.014 0.004 0.008 0.008 0.008 0.008
Lu 0.001 0.001 0.001 0.001 0.002 0.002 0.001 0.002 0.001 0.001
YREEs (La—Lu) 0.203 0.258 0.256 0.231 0.185 0.242 0.236 0.242 0.295 0.241

Bobrza River about 11 km of the NWWTP, exhibits a distinct
positive double Gd and Eu anomaly that may also point out to
significant input of REE from geogenic sources (bedrock miner-
alogy and lithology) into surface waters (Fig. 3B).

ANTHROPOGENIC VS. GEOGENIC GADOLINIUM

The crucial issue in geochemistry and environmental sci-
ences is evaluation of geochemical background that can be
used for environmental risk assessment and setting of pollutant
regulatory levels (Gatuszka, 2007 and reference therein). In
case of gadolinium the best method to evaluate natural
(geogenic) background concentration is to interpolate values
derived from the shale-normalized Sm and Tb (Eu was avoided
due to predominating positive Eu anomaly in natural waters).
The Gd anomaly (Gdnasc/Gdnasc®) can be calculated from the
equation (2) (Bau et al., 2006):

Gdanomaly = Gdnasc/Gdnasc™ = Gdnasc /(0.33Smyasc + [2]
0.67Tbuasc)

where: Gdnasc® — naturally-occurring (geogenic) background con-
centration whereas Smyasc and Tbyasc are the NASC-normalized
Sm and Tb concentrations, respectively.

The highest Gdnasc/Gdnasc™ ratio averaging 32.34 was
noted in the NWWTP effluents (Table 4). This is due to the fact
that during wastewater treatment the Gd compounds do not un-
dergo biodegradation and remain in the effluent. The anionic
Gd-DTPA (Magnevist, gadolinium-diethylenetriamine-
pentaacetic acid) or nonionic Gd-BT-DO3A (Gadovist,
gadobutrol) complexes are not adsorbed onto the surfaces of
suspended clay minerals or organic matter, and are not ion ex-
changed or co-precipitated (Bau and Dulski, 1996;
Elbaz-Poulichet et al., 2002; Morteani et al., 2006; Kiinnemeyer
etal., 2009), hence they are stable for at least 6 months in natu-
ral aqueous environments (Knappe et al., 2005). It is worth
mentioning that the Gdsn/Gdsy* ratio in the effluents of the larg-
est WWTP “Ruhleben” in Berlin varied from 207 to 2014
(Knappe et al., 2005).

The Gdnasc/Gdnasc” ratios in the examined river waters var-
ied from 0.23 to 15.57 (Table 4). The upstream river waters (B4,
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Fig. 2. NASC-normalized REE concentration patterns for
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A - Silnica River (S1-S5), B — Bobrza River (B4, B5), C —rivers

Czarna Nida (CN) and Nida (N1-N8)

B5, S1-S5) and the Nida River waters (except for N5) showed
low Gd anomalies (<1.00). The positive Gd anomaly lower than
1.1 points out to geogenic origin of this element (Lawrence et
al., 2006). This indicates that the lower reaches of the Bobrza
River (B3, B2, B1) and the Czarna Nida River (CN) are influ-
enced primarily by effluents discharged from the NWWTP.
They cover a distance of about 15 km. A more pronounced pos-
itve Gd anomaly at sampling point B2 (Gdnasc/Gdnasc® =
15.57) is induced from overlapping effluents derived from the
NWWTP and local wastewater treatment plant at Radkowice. In
addition, a weak positive Gd anomaly was also found at sam-
pling point N5 downstream from a small tributary Brzeznica
(Table 4). This anomaly pinpoints diluted effluents from
Jedrzejow WWTP located about 15 km west of N5 (Fig. 1). For
comparison, the Gdpaas/Gdpaas™ ratios in the rivers of Pennsyl-
vania (Ohio, Beaver, Allegheny, Monongahela, Juniata,
Susquehanna) varied from 1.15 to 1.47 (Bau et al., 2006), but
much higher values were noted in the rivers Wupper (30) and
Havel (126), Germany (Bau and Dulski, 1996).

It should be stressed that these results depend not only on
Gdaniy contents, but also on Gd' levels. It is noteworthy that
geogenic background element concentrations may also show
spatial and temporal variability which is influenced by different
environmental factors, for example by the amount of precipita-
tion, suspended matter etc.

The contribution of anthropogenic gadolinium (Gdant) to the
total gadolinium pool is calculated from the equation (3)
(Schwesig and Bergmann, 2011; European Commission, 2012):

Gdanth = [(Gdanomaly - 1)/Gdanomaly] x deeasured [3]
The results indicate that the input of anthropogenic gadolin-
ium was in the range 94 to 44% downstream from the NWWTP
(B3 through CN). This amounted to 16% at sampling point N5.
The largest input of Gdant, (97%) was noted at the NWWTP. In
other more industrialized areas gadolinium was easily mea-
sured in the river waters at a distance of above 50 km down-
stream from Wetalla WWTP and up to 3% wastewaters were
traced up to 100 km away from the point pollution source (Law-
rence and Bariel, 2010). Assuming that current processing ca-
pacity of the NWWTP is about 55 000 m*/day and the contents
of Gd in effluents vary from 0.254 to 0.516 ug/L, the total dis-
charge of Gd into the surface water is in the range of about
13-27 g/day. For comparison, the total daily Gd input of 7
WWTP in Berlin was about 178 g (Knappe et al., 2005).

The relationship between NASC-normalized gadolinium
and europium in the Nida River watershed is summarized in
Figure 4. The extent of pronounced Gd anomaly surpassing Eu
anomaly is traced at sampling points B3 and B2, reaching equi-

Table 4
Eu/Eu* and Gdyasc/Gdnasc* ratios and contribution of anthropogenic gadolinium (Ganth) in the waters examined
Sampling points | S5 S4 S3 S2 S1 B5 B4 | NWWTP | B3 B2 B1 | CN | N6 | N5 | N4 | N3 N2 N1
Eu/Eu* 3.61|11.31|29.70 | 10.00 | 8.98 | 12.00 | 12.00 0.27 |0.92| 1.57|2.65|2.89|2.87|7.07|5.00|8.48|12.73 | 5.00
Gdnasc/Gdnasc* | 1.00| 0.28 | 0.50| 1.00{0.30| 1.00| 0.23| 3234 |7.14|1557|7.00|1.80|1.00|1.20|0.57|0.35| 0.66 |0.60
Gdanth [%] - - - - - - - 97 86 94 86 | 44 - 16 - - - -

Eu/Eu* = Eunasc/(Smnasc x GdNASC)O'SJ Gdnasc/Gdnasc™ = Gdnasc/(0.33Smyasc + 0.67Tbnasc); Gdanth = [(Gdanomaly = 1)/Gdanomaly] X Gdmeasured
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librium at point B1. In the other stretches of the Nida River Eu
prevails over Gd.

CONCLUSIONS

The results derived from this study enable drawing the fol-
lowing conclusions:

1. The principal source of anthropogenic gadolinium in the
Nida River drainage system of the study area is the NWWTP.
Its effluents are characterized by the highest Gdnasc/Gdnasc™
ratio (32.34) and Gdant, input (97%) as well as the lowest Eu/Eu*
ratio (0.27).

2. The NWWTP effluents range over 15 km downstream of
the treatment plant in the Bobrza and Czarna Nida rivers, which
is evidenced by the Gdnasc/Gdnasc*® ratio above 1.1
(1.80-15.57) and the Gdant, input (44-94%). Distinctly higher
values of these parameters at sampling point B2 indicate mixing
of wastewaters discharged from the NWWTP and local
Radkowice WWTP. A weak Gdgn, recorded in the Nida River
(N5) suggests the inflow of effluents from another local
Jedrzejow WWTP. All these wastewater treatment plants re-
ceive effluents from MRI hospital and medical facilities.

3. The NASC-normalized REE concentration patterns of
Gd-uncontaminated rivers (Silnica, upstream Bobrza and major
stretches of Nida) are highlighted by a pronounced Eu anomaly
that exhibits a high Eu/Eu* ratio in the range of 2.87 to 29.70.
This anomaly is linked to regional bedrock mineralogy and li-
thology.

4. Variations in Gdantn, contents are primarily affected by the
amount of Gdanin-bearing effluents (including sampling day) and
amount of precipitation (dilution effect). The NWWTP is sup-
posed to discharge about 13—-27 g of Gdant, per day into the sur-
face water system.

5. The results of this study do not point to the leakage of mu-
nicipal sewage from the sanitary collector sewer into the Silnica
River.

As indicated by this and other case studies, anthropogenic
gadolinium is a micropollutant that enables tracing the extent of
effluents discharged from wastewater treatment plants into sur-
face waters. This element can also be used as a tracer of over-
lapping different WWTP wastewater inputs from tributaries of
main rivers, or as a control indicator of potential leakage of mu-
nicipal sewage systems. Another advantage is the fact that de-
termination of Gd is a relatively rapid and cost-effective analysis
compared to time-consuming and expensive determination of
other pharmaceuticals (antibiotics, antihypertensives, anti-
inflammatories, antihistamines, estrogens) contained in medi-
cal effluents.
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