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Abstract: As a result of high doses of paramagnetic gadolinium (Gd) chelates administered in
magnetic resonance imaging (MRI) exams, their unmetabolized excretion, and insufficient removal in
wastewater treatment plants (WWTPs), large amounts of anthropogenic Gd (Gdanth) are released into
surface water. The upward trend of gadolinium-based contrast agent (Gd-CA) administrations is
expected to continue growing and consequently higher and higher anthropogenic Gd concentrations
are annually recorded in water resources, which can pose a great threat to aquatic organisms and
human beings. In addition, the feasibility of Gd retention in patients administered with Gd-CAs
repeatedly, and even potentially fatal diseases, including nephrogenic systemic fibrosis (NSF), due to
trace amounts of Gd have recently arisen severe health concerns. Thus, there is a need to investigate
probable adverse health effects of currently marketed Gd-CAs meticulously and to modify the actual
approach in using Gd contrast media in daily practice in order to minimize unknown possible health
risks. Furthermore, the employment of enhanced wastewater treatment processes that are capable of
removing the stable contrast agents, and the evaluation of the ecotoxicity of Gd chelates and human
exposure to these emerging contaminants through dermal and ingestion pathways deserve more
attention. On the other hand, point source releases of anthropogenic Gd into the aquatic environment
presents the opportunity to assess surface water—groundwater interactions and trace the fate of
wastewater plume as a proxy for the potential presence of other microcontaminants associated with
treated wastewater in freshwater and marine systems.

Keywords: water contamination; adverse health effects; ecotoxicity; surface water-groundwater
interaction; wastewater treatment; magnetic resonance imaging (MRI); gadolinium-based contrast
agents (Gd-CAs)

1. Introduction

The upward trend of mining and using lanthanides (LAs: La to Lu) in the modern world has been
accompanied by the release of similarly increasing amounts of those chemicals in the environment,
where their concentrations can exceed their natural values in orders of magnitude [1]. According
to articles published over the last three decades, amongst LAs, anthropogenic Gd (the highly stable
MRI Gd compounds that have not been fully removed in WWTPs and have been transferred to
surface water) seems to be the most ubiquitous water contaminant in many countries, including
Australia [2], the Czech Republic [3], Italy [4,5], France [6], the USA [7], Germany [7–9], England [10],
Japan [11,12], and South Korea [13]. However, no anomalous Gd concentrations in some urban rivers,
such as the Chao Phraya that runs through a densely populated area in Thailand [14], implies that
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Gdanth inputs are mainly restricted to regions with a highly developed healthcare system and mass
application of MRI tests. Positive Gd anomalies of variable size have been observed in the influent and
effluent of WWTPs [13,15–17], rivers [2,7,9–12,18,19], seawaters [1,12,15,20], groundwaters [21], and
tap waters [7,10] due to anthropogenic Gd input.

The discharge of treated wastewater containing Gdanth into nearby surface water bodies has
provided some opportunities for hydrological studies and tracing of different microcontaminants
in the treated wastewater plume [2,3]. On the other hand, it has been accompanied with some
community concern, which is not irrelevant to the increasing prevalence of published scientific articles
reporting the occurrence of micropollutants originating from WWTP effluents in the environment [22,23].
Microcontaminants of emerging concern (MECs), which include Gdanth, are pollutants that can
be detected using analytical equipment with quite low detection limits. The mechanisms of
diffusion-driven transport/uptake and active transport/bioaccumulation of the Gd chelates by living
organisms are of great importance, particularly when investigating feasible adverse consequences for
human health if these compounds reach the human food chain. However, due to a lack of regular
monitoring schemes for MECs, their toxicity is poorly understood and they are not currently regulated
in the human body and the natural environment [24,25].

The terms of rare elements (REs) or rare earth elements (REEs) regularly used in the literature
have been confusing since they refer to different chemical elements depending on the author. REEs are
commonly related to the lanthanides comprising of 15 elements, including lanthanum (La), cerium (Ce),
praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and
lutetium (Lu), in the periodic table of elements [26,27]. Amongst the lanthanides, only promethium
(Pm), a man-made radioactive element, has not yet been found in the natural environment; however,
the other 14 elements are relatively abundant in geological formations and soils in a variety of
chemical forms [28]. In another classification, the term, REEs, refers to the lanthanides, yttrium (Y), and
scandium (Sc), which are regularly found in the same mineral assemblages due to their almost identical
physicochemical characteristics [26,29]. In this review, as recommended by Kabata-Pendias [27], the
term, lanthanides (LAs), will be used for the elements from La to Lu in order to avoid any confusion.

Although there is a decreasing trend in the abundance of LAs across the lanthanide series, a
greater abundance of elements with an even atomic number described by the Oddo-Harkins rule leads
to a zigzag pattern in the LA plots [30,31]. The elements have been categorized into different subgroups
by different researchers and it continues to develop on the basis of recent scientific breakthroughs and
specific aims [29]. Considering articles relating to water resources, LAs are either grouped into three
classes, namely light LAs (LLAs), medium LAs (MLAs), and heavy LAs (HLAs) [32,33], or only two
subgroups, including LLAs and HLAs [13,34,35]. Across the lanthanides, there is a difference between
the organic complexation behavior of LLAs (La to Eu) and HLAs (Tb to Lu). At the junction of the two
series of elements, Gd behaves as an HLA for the outer sphere (weak) complexation and as an LLA for
the inner sphere (strong) complexation [36]. Although the majority of the LAs mainly exist in the 3+
state, Nd (2+, 3+, and 5+) together with Dy (2+, 3+, and 4+) exhibit variable valences [28].

To date, no organized monitoring schedule for Gd complexes has resulted in a comprehensive
understanding of their toxicity and regulation in the body and the environment. Hence, this
review introduces anthropogenic Gd as an overlooked emerging microcontaminant that poses a
threat to human and ecological health. The main objectives of the current article review are to
understand: (1) sources and fate of Gdanth in the environment; (2) challenges versus opportunities
considering Gdanth content in water resources; and (3) future research directions to fill the gaps in
our understanding.

2. Gd Discovery, Its Properties, Global Production, and Use

Jean-Charles Gallisard de Marignac investigated the mineral, samarskite, in 1880 and found a
new element, which was later named gadolinium to emphasize the great importance of the original
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REE mineral, gadolinite. Natural Gd is a mixture of six stable isotopes, which can be arranged in
the abundance order of 158Gd (24.84%) > 160Gd (21.86%) > 156Gd (20.47%) > 157Gd (15.65%) > 155Gd
(14.80%) > 154Gd (2.18%), and a radioisotope, 152Gd (0.20%). This metal is a silvery-white, ductile and
malleable LA, with a white oxide and colorless salts. Whilst it tarnishes in moist air and reacts slowly
with water, it is relatively stable in dry air [37].

Over the last half-century, there was an exponential growth in the world production of rare-earth
oxides (lanthanides, Sc, and Y) and the figure reached about 130,000 metric tons by 2015 because
of the intense technological breakthroughs (Figure 1). Pure LAs were first prepared in 1931, but
the use of individual LAs was negligible until the improvement of separation and metallurgical
technologies in the 1950s [38]. Approximately four decades later, Bau and Dulski [7] published
the first scientific article about the anthropogenic anomaly of Gd in the environment (river water)
corresponding to the increasing use of Gd-CAs in MRI tests (considering Figure 1 and Figure 4, from
the 1990s onward, the global rare-earth oxide production has been comparable to the number of
MRI exams per 1000 inhabitants). Global reserves of rare-earth oxides (REOs) were estimated to be
100 million tonnes in 2000, with China possessing the largest proportion (43%) of those reserves [39].
In terms of REE global production, China outnumbered other countries and supplied 98% of the
REE demand [40]. Regarding their unique properties and unparalleled performance, they are critical
resource materials for high technology industries and cannot currently be replaced by alternative
materials [41,42].

Geosciences 2019, 9, x FOR PEER REVIEW   3 of 44 

 

malleable LA, with a white oxide and colorless salts. Whilst it tarnishes in moist air and reacts slowly 

with water, it is relatively stable in dry air [37]. 

Over the last half-century, there was an exponential growth in the world production of rare-

earth oxides (lanthanides, Sc, and Y) and the figure reached about 130,000 metric tons by 2015 because 

of the intense technological breakthroughs (Figure 1). Pure LAs were first prepared in 1931, but the 

use of individual LAs was negligible until the improvement of separation and metallurgical 

technologies in the 1950s [38]. Approximately four decades later, Bau and Dulski [7] published the 

first scientific article about the anthropogenic anomaly of Gd in the environment (river water) 

corresponding to the increasing use of Gd-CAs in MRI tests (considering Figure 1 and Figure 4, from 

the 1990s onward, the global rare-earth oxide production has been comparable to the number of MRI 

exams per 1000 inhabitants). Global reserves of rare-earth oxides (REOs) were estimated to be 100 

million tonnes in 2000, with China possessing the largest proportion (43%) of those reserves [39]. In 

terms of REE global production, China outnumbered other countries and supplied 98% of the REE 

demand [40]. Regarding their unique properties and unparalleled performance, they are critical 

resource materials for high technology industries and cannot currently be replaced by alternative 

materials [41,42]. 

 

Figure 1. Global rare-earth oxide (REO) production [43]. 

The end uses of LAs can be divided into two broad categories, namely ‘process enablers’ and 

‘product enablers’. In the former, LAs are used in the process of production and not in the end 

product. In the latter, they give unique characteristics to advanced materials and play a crucial role 

in the performance of high-technology products [44]. The main applications of Gd in high-tech 

industries are listed in Table 1. 

 

0

20,000

40,000

60,000

80,000

100,000

120,000

140,000

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

R
EO

 p
ro

d
u

ct
io

n
 (

m
et

ri
c 

to
n

s)

Figure 1. Global rare-earth oxide (REO) production [43].

The end uses of LAs can be divided into two broad categories, namely ‘process enablers’ and
‘product enablers’. In the former, LAs are used in the process of production and not in the end product.
In the latter, they give unique characteristics to advanced materials and play a crucial role in the
performance of high-technology products [44]. The main applications of Gd in high-tech industries are
listed in Table 1.



Geosciences 2019, 9, 93 4 of 44

Table 1. Different high-technology applications of Gd.

Application Area Description Reference

Glass industry Gd, Ce, Pr, Nd, and Er are utilized in the manufacture and polishing of glass products,
including lenses. [26]

Electronics

(1) Gd and Eu have been used for various phosphors in computer monitors and color
television tubes; (2) regarding the unique magnetic characteristics of Gd, the element is used in
magneto-optic recording technology to handle computer data; (3) gadolinium yttrium garnets
are used in microwave ovens to produce the microwaves; (4) at room temperature, Gd displays
a strong magnetocaloric effect and can be efficiently used for either magnetic refrigeration or
testing other magnetic refrigeration devices; (5) permanent magnets containing Gd, Nd, Dy,
and Tb are used in numerous electrical and electronic components, and generators for wind
turbines; (6) Gd-containing crystals are used in high-power pulsed lasers; and (7) Gd oxide has
been used in the production of optical fibers.

[26,45–48]

Medicine
Gd-CAs are used as paramagnetic markers and contrast agents in MRI for medical diagnoses,
including vascular, myocardial, orthopedic, oncologic, inflammatory, and
neurological diseases.

[49–55]

The airline and shipbuilding industries

In the airline and shipbuilding industries, neutron radiography is used to search for hidden
flaws and structural weakness in hulls and fuselages. In addition to the usual film required for
X rays, an additional screen (a conversion screen), which is mostly made of Gd, is placed in
close contact with the film.

[56]

Car industry Ceriumoxide and a minor fraction of Gd are generally added to three-way catalysts to promote
the watergas shift reaction. [57]

Metallurgy The addition of Gd to Fe and Cr alloys improves their workability and resistance to oxidation
and high temperatures. [58]

Energy

The high melting points and high thermal neutron absorption cross-sections of Gd, Sm, Eu,
and Dy are two properties that make them ideal for uses in nuclear reactor control rod
applications. The rods are raised out of or lowered into the reactor, allowing for more or fewer
neutrons to remain in the nuclear fission reaction. Power plant radiation leaks can also be
detected by Gd, being the most efficient detector.

[26,45,58]
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3. Natural Gd

Monazite, bastnaesite, and gadolinite account for Gd typical minerals, and feldspars, apatite,
allanite, sphene, fluorite, and zircon are the possible host minerals [59]. Whilst the data on individual
LAs in soil are scanty, the geological origin of parent rocks and their mineral composition evidently
determine the trend of LA distribution in various soils [28]. According to Korzh [60], the rate of Gd
deposition from oceans via the atmosphere onto soils is low, being 1 to 10 t/yr. On average, cabbages
from the background area of Denmark contain Gd within the range of 0.15–2.60 µg/kg wet weight [61].
Eriksson [62] reported 0.001 to 0.01 µg/L Gd in rainwaters collected in Sweden during 1999.

Data for the LAs are among the most widely used geochemical tools in the earth and
environmental sciences [13,19,33,63,64]. In unpolluted natural fresh waters, LA concentrations
commonly range between ng/g and low-pg/g (ppb and ppt), and saline waters are typically in the
fg/g (ppq) range [65]. Total Gd concentrations and Gd anomalies found in uncontaminated aqueous
samples are provided in Table 2. Chemical weathering is a prominent process that partially mobilizes
lanthanides as dissolved loads in surface water, during which physicochemical characteristics, such as
pH, salinity, flow conditions [66–69], and bedrock lithology, regulate the dissolved LA content [69–71].
LA patterns are thought to be great indicators of overall river basin processes (e.g., chemical weathering
and transportation processes) due to the relative consistency of physicochemical properties and bedrock
types within a river; except in cases where either atmospheric wet and dry deposition or anthropogenic
lanthanides significantly alters the dissolved LA load by orders of magnitude [19,72–74]. Due to this
invariable coherent behavior in biogeochemical processes, LA patterns are a prevalent geochemical
tool for the interpretation of the dissolved load content of natural waters [24,75–77].
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Table 2. Total Gd concentrations and Gd anomalies reported in uncontaminated aqueous samples. The subscript, SN, denotes the normalization to the Gd content in
the continental crust (regularly PAAS was used) and the superscript * denotes the natural background value.

Sample Study Area Filtration Acidification Instrument Detection Limit Gd GdSN/Gd*
SN Reference

Tapwater Eastern Berlin, Germany 0.2 µm pH = 1.8−2.0 ICP-MS - 2.3–4.2 pmol/L 0.95–1.70 1 [10]
Wivenhoe Dam, Australia 0.22 µm pH = 1.5 ICP-MS 480 fmol/L 16.0 pmol/kg 1.07 2 [16]
Somerset Dam, Australia 0.22 µm pH = 1.5 ICP-MS 480 fmol/L 64.3 pmol/kg 1.09 2 [16]

Hinze Dam, Australia 0.22 µm pH = 1.5 ICP-MS 480 fmol/L 233.1 pmol/kg 1.08 2 [16]
North Pine Dam, Australia 0.22 µm pH = 1.5 ICP-MS 480 fmol/L 11.1 pmol/kg 1.07 2 [16]
Mt Crosby Weir, Australia 0.22 µm pH = 1.5 ICP-MS 480 fmol/L 21.9 pmol/kg 1.05 2 [16]

Brisbane, Australia 0.22 µm pH = 1.5 ICP-MS 480 fmol/L 15.5 pmol/kg 1.04 2 [16]
Prague, Czech Republic 0.2 mm pH = 2.0 ICP-MS - 2.1 nmol/m3 1.20 2 [3]

River water Wangsuk stream, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 26.0 pmol/L 1.34 3 [13]
Anyang stream, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 26.0 pmol/L 1.21 3 [13]

Changneung stream, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 35.6 pmol/L 1.39 3 [13]
Wiembach Creek, Germany 0.2 µm pH = 1.8–2.0 ICP-MS - 1.5 ng/kg 0.98 1 [9]

Spring Creek, USA 0.2 µm pH = 2.0 ICP-MS 0.01–0.1 pg/mL 26.3 pmol/L 1.15 3 [18]
Delaware River, USA 0.2 µm pH = 2.1 ICP-MS 0.01–0.1 pg/mL 23.9 pmol/L 1.47 3 [18]

Ibi River, Japan 0.45 µm pH = 1 ICP-MS 0.027 ng/L 3.5 ng/L 1.36 3 [12]
Nagara River, Japan 0.45 µm pH = 1 ICP-MS 0.027 ng/L 3.9 ng/L 1.41 3 [12]

Kiso River, Japan 0.45 µm pH = 1 ICP-MS 0.027 ng/L 5.3 ng/L 1.31 3 [12]
Amazon River, South America 0.2 µm - ICP-MS - 0.0123 µg/L 1.20 1 [78]

Toshibetsu River, Japan 0.2 µm pH = 1.9–2.1 ICP-MS - 77.4 pmol/kg 1.20 3 [7]
Västerdalälven River, Sweden 0.2 µm pH = 1.9–2.1 ICP-MS - 265.0 pmol/kg 1.20 3 [7]

Dhünn River, Germany 0.2 µm pH = 1.9–2.1 ICP-MS - 8.9 pmol/kg 1.60 3 [7]
Groundwater Hind Well, Hawaii 0.45 µm pH < 2 HR-ICP-MS 0.5–6.0 pmol/kg 41.2 pmol/kg 1.08 3 [21]

Berlin, Germany 0.2 µm pH = 1.8–2.0 ICP-MS - 8.4 pmol/L 1.12 1 [10]
Vlastejovice spring, Czech Republic 0.2 mm pH = 2.0 ICP-MS - 19.4 nmol/m3 1.00 2 [3]

Lake water Lake Värmeln, Sweden 0.2 µm pH = 1.9–2.1 ICP-MS - 232.0 pmol/kg 1.20 3 [7]
Seawater North Atlantic seawater 0.45 µm pH = 1.8–2.0 ICP-MS - 5.4 pmol/L 1.60 4 [15]

Japan Sea (Nie coast) 0.45 µm pH = 1 ICP-MS 0.027 ng/L 1.9 ng/L 0.96 3 [12]
Western North Pacific, Japan 0.04 µm pH < 1.5 ICP-MS - 2.1 pmol/kg 1.05 3 [79]

ICP-MS = Inductively coupled plasma-mass spectrometry; Q-ICP-MS = Quadrupole-inductively coupled plasma-mass spectrometry; HR-ICP-MS = High-resolution-inductively coupled
plasma-mass spectrometry. 1 Calculated using linear regression method; 2 Calculated from a third order polynomial fit; 3 GdSN/Gd*

SN = GdSN/(0.33SmSN + 0.67TbSN); 4 GdSN/Gd*
SN =

GdSN/10ˆ(2logSm−logNd).
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After excluding the likely anomalous LAs (La, Ce, Eu, Gd, and Lu), various methods can be used
to calculate natural background Gd [3,15,16,80], including (i) linear (or geometric) extrapolation from
either the HLAs or the LLAs, (ii) linear (or geometric) interpolation between a HLA and a LLA, or (iii)
the third order polynomial fit, which models the shape of the normalized LA pattern. When employing
LA values to calculate Gd anomalies (for example, GdSN/Gd*

SN = GdSN/(0.33SmSN + 0.67TbSN)),
the use of arithmetic means is not correct because the logarithmic scale of LA plots leads to serious
errors (particularly for steep normalized LA patterns) [81]. Amongst the abovementioned approaches,
the last one is the only method that makes no implicit assumption whether Gd behaves as an LLA or
an HLA. The application of this method is consequently more compelling as it can be employed for
the whole range of waters, from wastewater to freshwater and seawater. Further, with regards to the
results obtained by this approach, comparing results between different studies and geographical areas
can be facilitated [20].

To detect LA anomalies in the sample of interest and improve their comparison with data
from elsewhere, the naturally occurring Oddo-Harkins effect (the saw-tooth effect) in the lanthanide
sequence needs to be smoothed out by dividing each measured LA value by the concentration of
the same element in the continental crust. To date, LA contents of the Post-Archean Australian
Shale (PAAS; [81]), the North American Shale Composite (NASC; [82]), the upper continental crust
(UCC; [83]), and the Average Shale data [84] have been used to normalize LA concentrations in
water [13,64,85,86]. PAAS, the most widely used composite as it represents the best average of the
earth’s crust [3], has been evaluated for abundances of the monoisotopic LAs and no accuracy was
found in terms of Pr and Tm [87]. Thus, Lawrence et al. [88] used the Mud of Queensland (MUQ; [87],
a local composite sediment average, for the normalization and calculation of Gd anomalies. Figure 2
represents MUQ-normalized LA patterns of river waters with and without anthropogenic Gd and
wastewater samples with a remarkable positive Gd anomaly. In the typical LA patterns for natural
water, the relative concentrations of HLAs are higher than those of LLAs [12]. Moreover, there is a
continuous trend from La to Gd prior to a decline to a lower level and another trend from Tb to Lu
in the LA plot of pristine rivers, such as Västerdaläven and Toshibetsu and Dhünn [7] (Figure 2a).
The larger slopes from LLAs to HLAs might be due to the higher complexing abilities of HLAs with
dissolved organic substances and the preferential incorporation of LLAs in the formation of secondary
minerals [12,24,89]. However, in waters with less organic substances, submicron particles or colloids
containing LLAs more than HLAs pass through the membrane filters with a pore size of 0.45 µm and
lead to a flat LA distribution pattern [89,90].
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Figure 2. MUQ-normalized LA patterns of: (a) River waters without Gdanth; (b) WWTP effluents with
pronounced positive Gd anomaly; (c) river waters with Gdanth. The data are from Bau and Dulski, [7],
Nozaki et al. [11], Gaillardet et al. [78], Zhu et al. [12], Lawrence et al. [16], Kulaksız and Bau [10],
de Campos and Enzweiler [17], Song et al. [13], and Smith and Liu [19].
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The calculation of Gd anomaly using a formula is based on the assumption that normalized
values of LAs vary smoothly with an increasing atomic number. Although no positive Gd anomaly
is expected in pristine river waters, Bau and Dulski [7] reported GdSN/Gd*

SN ratios of 1.2 for the
Västerdaläven and Toshibetsu rivers and 1.9 for the Dhünn river. Since there was a smooth trend from
Pr to Gd, and another smooth trend from Tb to Lu in normalized LA patterns of the collected river
water samples (Figure 2a), Bau and Dulski [7] concluded that GdSN/Gd*

SN ratios above the unity do
not necessarily indicate an occurrence of positive anomalous Gd and the complete normalized LA
pattern should also be considered. Due to the unique position of Gd amongst the two groups with
different complexation behavior, anomalous Gd may appear regarding the complexation behavior of
its immediate neighbors as well [36].

Slight, positive Gd anomalies were identified as a common feature of seawater, which
systematically changes with depth. The observed rapid changes in the upper several hundred
meters suggest that both ocean circulation and biogeochemical cycles greatly govern seawater Gd
distribution [79]. Irrespective of the normalization problem, natural positive Gd anomaly in seawater
is also attributed to the “tetrad” effect because the considerable high Gd stability might result from
the half-filled 4f electron shell [91]. Further, positive Gd anomaly and distinct negative Tb and Tm
anomalies in shale-normalized LA patterns of seawaters were explained by the complexation behavior
of LAs with carbonate ions in seawater [92].

4. Anthropogenic Gd (Gdanth)

Contrary to the highly stable Gd-CAs used in medicine, the Gd load emitted by other sources
or the Gd used in other high-technology applications (Table 1) probably have different toxicities and
responses to treatment processes. It seems unlikely that the Gd utilized for these purposes cannot be
removed during sewage treatment and end up polluting water resources. The figures for patients
who undergo MRI exams and the global administration of Gd-CAs will continue to grow because
of the increasing number of available MRI scanners worldwide. Therefore, a large and continuously
increasing amount of Gd enters the aqueous environment and enriches Gd over LAs more and
more [93]. However, there is no standard for Gd-CAs that regulates their concentrations in sewage
effluents or receiving water bodies, partly because of the insufficient knowledge about the ecological
effects of LAs [1]. Regarding the stability of Gd-CAs and their potentially high half-lives (i.e., more
than three months [94]) in the environment, it is of the utmost importance that the amount of Gdanth in
the aquatic environment and also its environmental fate are investigated in more detail. Generally,
the inputs and concentrations of Gdanth into the public sewage system and the environment vary
greatly depending on the population size, level of access to health systems, and the number of hospitals
and clinics performing MRI imaging [1]. In the following sections, elevated concentrations of Gd
in water resources, which can be traced back to the application of Gd-CAs in MRI exams and the
inefficiency of treatment mechanisms in WWTPs, are reviewed to highlight the potential impacts and
benefits of mitigation measures.

4.1. Gd-CAs in MRI

Since the first generation of an image using nuclear magnetic resonance in 1973, non-invasive
diagnostic techniques, such as MRI, have been developed as an indispensable method in modern
medicine. Although contrast agents are not necessary for MRI exams, 0.1 mmol of Gd per kg of
body weight (average body weight is 70 kg [95]) has been applied in about 40% of MRI exams [96,97].
In comparison with other paramagnetic elements, such as manganese, dysprosium, iron, and copper,
the paramagnetic characteristics of Gd3+ are unparalleled [98]. The seven unpaired electrons of
Gd3+ account for its strong magnetic momentum, enabling the element to polarize 1H water protons,
which indicate an increased T1 relaxation rate when aligned in magnetic fields [99]. It leads to
higher signal-to-noise ratios (SNRs), clarity, contrast, and detail for the differentiation of tissues in
the MRI images. Since clinical approval of the first contrast agent (Magnevist®) in 1987, the overall
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administration of various Gd chelates is estimated to have been more than 300 million [100]. Today,
the paramagnetic Gd chelates are annually used in about 30 million MRI exams, which is approximately
50% greater than the estimated 2005 figure [100,101].

Regarding the chelate type and charge, Gd-CAs can be divided into linear/macrocyclic and
ionic/non-ionic groups. A wide range of Gd-CAs are commercially available and their stability is
dependent on the conditional thermodynamic stability constant (Kcond), thermodynamic stability
constant (Ktherm), and kinetic stability (Figure 3; Table 3) [97]. Higher values of Kcond (at physiological
pH tests) and Ktherm imply a greater Gd affinity for ligands, higher stability of Gd complexes, and
less free gadolinium ion [102,103]. The rate of Gd release from its ligand (half-life) is also tested at
a low pH using kinetic stability. Greater kinetic stability denotes a longer period of time prior to
dissociation (Table 3). Ionic Gd-CAs are more stable than nonionic ones and the stability of macrocyclic
compounds is higher than linear compounds. Hence, ionic macrocyclic agents are the most stable
Gd chelates. Macrocyclic molecules bind strongly to Gd in an organized rigid ring; however, linear
nonionic Gd-CAs have open chains and weaker binding to Gd. Compared to linear agents, macrocyclic
agents are more stable in vivo. Low-stability Gd-CAs (linear, nonionic compounds) likely undergo
transmetallation, release free Gd that deposits in tissues, attract fibrocytes, and therefore initiate the
process of fibrosis [101,104].
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Table 3. Characteristics of currently marketed Gd-CAs approved by the U.S. Food and Drug Administration for body magnetic resonance imaging [101,103,105–110]
and the proportion of pediatric radiology departments used Gd-CAs in 2010 and 2016 [111,112]. Dosage of all Gd-CAs is 0.1 mmol/kg, with the exception of
gadoxetate disodium (0.025 mmol/kg).

Chemical
Structure

Chemical Name
(Acronym) Trade Name Manufacturer

Conditional
Thermodynamic

Stability
Constant (Log

Kcond at pH 7.4)

Thermodynamic
Stability

Constant (Log
Ktherm)

Kinetic
Stability T1/2

at pH = 1.0
and T = 25 ◦C

NFS Risk 1

Global
Administration

in 2010
(million)

% of Clinics
Used Each

Gd-CA
in 2010

% of Clinics
Used Each

Gd-CA
in 2016

Linear
nonionic

Gadodiamide
(Gd-DTPA-BMA) Omniscan®

GE Healthcare
(Little Chalfont,

UK)
14.9 16.9 <5 s High 49 10 0

Linear
nonionic

Gadoversetamide
(Gd-DTPA-BMEA) OptiMARK®

Guerbet
(Villepinte,

France)
15 16.6 <5 s High 3.5 2 0

Linear ionic
Gadopentetate
dimeglumine
(Gd-DTPA)

Magnevist®

Bayer
HealthCare

(Berlin,
Germany)

17.7 22.1 <5 s High 105 81 15

Linear ionic
Gadobenate

dimeglumine
(Gd-BOPTA)

MultiHance®
Bracco

Diagnostics
(Milan, Italy)

18.4 22.6 <5 s Intermediate 7.5 38 9

Linear ionic
Gadoxetate
disodium

(Gd-EOB-DTPA)
Eovist®/Primovist®

Bayer
HealthCare

(Berlin,
Germany)

18.7 23.5 N/A 2 Intermediate 0.4 - -

Macrocyclic
nonionic

Gadoteridol
(Gd-HP-DO3A) ProHance®

Bracco
Diagnostics

(Milan, Italy)
17.1 23.8 3.9 h Low 15 14 4

Macrocyclic
nonionic

Gadobutrol
(Gd-BT-DO3A) Gadovist®

Bayer
HealthCare

(Berlin,
Germany)

14.7 21.8 43 h Low 6 39 42

Macrocyclic
ionic

Gadoterate
meglumine
(Gd-DOTA)

Dotarem®
Guerbet

(Villepinte,
France)

19.3 25.6 338 h Low 22.4 N/A 38

1 [113] 2 not applicable.
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Polyaminocarboxylic acid chelating agents are mostly complexed with Gd to produce
thermodynamically stable linear or macrocyclic complexes, guaranteeing their fast, complete, and
unmetabolized urinary excretion from the human body, and avoiding the high toxicity of free
Gd3+ [101,106,114,115]. Hence, Gd-CAs pose a lower risk of allergies and interaction with patients
than other contrasts, such as iodinated contrast [96].

4.2. Gd Determination in the Aqueous Environment

As indirect potable reuse of purified wastewater poses a threat to wildlife and human health, it is
crucial to monitor micropollutants in the environment. However, analytical detection limits restrict
our capability to quantify their presence and assess their human health consequences. Therefore, it is
imperative to be equipped with some alternative strategies to overcome the challenges [16].

Analytically, the most accurate and precise techniques are isotope dilution methods requiring the
equilibration of an enriched isotopic spike with the sample before analysis. For this reason, obtaining
the concentration of the monoisotopic elements (Y, Pr, Tb, Ho, and Tm) by isotope dilution is impossible.
The importance of the monoisotopic element concentrations for quantifying the behavior of the
‘anomalous’ elements was enlightened when more LA data for seawater and hydrogenous sediments
became available [116]. Utilizing multi-element isotope dilution inductively coupled plasma-mass
spectrometry (ID ICP-MS), Behrens et al. [117] reported the first application of the automated
seaFAST-pico system in the offline mode for rapid and robust purification, pre-concentration, and
analysis of dissolved LAs from small volumes (11 to 12 ml) of seawater. In extraction techniques
(either solid phase extraction or liquid—liquid extraction), samples are exposed to other reagents,
making it quite challenging to maintain process blanks below the levels required to quantify the LA
accurately [118]. Nonetheless, using external calibration, ICP-MS methods are capable of quantifying
the complete set of LAs and produce a dataset that may be used to elucidate the origin and significance
of the LA pattern. When ICP-MS is used to analyze fresh and marine waters directly, sample
manipulation and the corresponding risk of blank contamination are minimized, leading to even
better quality data [65].

Lawrence et al. [16] demonstrated an ICP-MS technique that was capable of measuring Gdanth in
tap waters, the surface waters of water supply reservoirs, and WWTP effluents at concentrations as low
as 48 fmol/L without the need for preconcentration. It was roughly six orders of magnitude lower than
the detection limits for chemical methods determining representative pharmaceutical compounds in
natural water resources (for instance, Diazepam in river water) where the limit of detection is 0.02 µg/L
(70 nmol/L) after a 1000-fold preconcentration [119]. They collected filtered water samples in trace
metal cleaned bottles, which were immediately acidified to pH 1.5 prior to analysis at laboratory. While
maintaining oxide production under 2% (measured by CeO/Ce), samples were analyzed with ICP-MS
tuned for maximum sensitivity using the high performance sample introduction system, which has
the best signal to noise ratio. Correction of the raw instrument data was applied for variations in
the internal standard, external drift, and interfering oxides. Hotplate digests for the US Geological
Survey (USGS) dolerite reference material, W-2, were then utilized to calibrate the instrument response.
A similar procedure was undertaken by Lawrence et al. [118] to assess the removal of paramagnetic
Gd chelates through advanced water treatment plants. In the samples collected from the reverse
osmosis (RO) permeate with an exceptionally clean matrix relative to most other sample types, LA
concentrations were under the detection limit of the method. Thus, they considered evaporation
(sub-boiling) as the most appropriate preconcentration method. In another investigation, a seaFAST 2
automated sample introduction system was interfaced with Q-ICP-MS to measure LA concentrations
when approximately 25 ml of water samples was dried and the residue was treated with concentrated
HNO3, dried, and subsequently dissolved in 5% HNO3 again [13].

Nevertheless, direct LA determination in water with ICP-MS is still challenging because of low
LA concentrations, the matrix effect, and potential spectral interferences (isobaric and polyatomic).
High salt contents in seawater result in signal suppression, instrument sensitivity drift, and clogging
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of the sample introduction and ions extraction systems. In addition, in plenty of environmental
samples, some coexisting elements, such as Ba, Sn, and Sb, likely bring serious spectral interference
(oxides ions and hydroxides) during the determination of La, Ce, and Eu by means of ICP-MS [120].
To overcome the problems and obtain more accurate and reliable analytical data through sensitive and
interference-free determination, a preconcentration step regularly precedes the measurements.

Amongst various separation and preconcentration methods, approaches in which LAs are sorbed
on different water-insoluble solid materials and further eluted with either acids or complexing reagents
have been greatly used (Table 4). Solid phase extraction (SPE) procedures offer some important
advantages in comparison with classical liquid—liquid extraction (LLE) techniques, including high
enrichment factor, reduced organic solvents usage and exposure, rapid phase separation, and the
feasibility of a combination with different detection techniques [121]. The other factors that make
this technique very attractive for sample pretreatment are the various sorbent materials together with
the broad range of chelating reagents and eluents. Furthermore, to appropriately perform sample
pretreatment, they can be implemented and controlled in flow systems easily. Simple adsorption,
ion-exchange, or complexation are the mechanisms of sorption, which are dependent on the nature of
a given sorbent. Choosing solid material for the enrichment and removal of LAs ought to be based
on the sample matrix, analyte concentration, and technique used for final detection whilst higher
preconcentration can be achieved under adequate experimental conditions (time of sample loading,
sorbent mass, volume of eluent) [120]. To accumulate Gd-diethylenetriaminepentaacetate (Gd-DTPA)
on a stationary phase, the stability of the Gd chelates and their pH dependence are important. Efficiency
of Chelex-100, Toyopearl AF Chelate-650 and C18 cartridges loaded with ethylhexylphosphates for
the separation of LAs and Gd-DTPA from the water matrix was compared by Hennebrüder et al. [8].
Although the optimum acidity for LA sorption using Chelex 100 and Toyopearl was found to be
at pH 5.5, Gd-DTPA retention is insufficient at this pH and depends on the complex concentration.
However, both ionic LAs and Gd-DTPA are sufficiently retarded (about 70%) by C18 cartridges
loaded with ethylhexylphosphates at pH∼3 (the optimum acidity) [8]. Raju et al. [122] performed
ICP-MS determination of Gd and its chelates after preconcentration with weak ion exchange material,
Chelex-100; strong cation exchange material, Chromabond SA (SCX); and bis-(2-ethylhexyl)-phosphate
(HDEHP) coated reverse phase C18. Of the three examined SPE materials, the HDEHP modified
reverse phase C18 SPE was found to be the most efficient, yielding a hundredfold Gd preconcentration
for contrast agents, such as Gd-BOPTA, Gd-DTPA, Gd-DOTA, and Gd-BT-DO3A [122]. Lawrence [123]
used the LLE technique described by Lawrence and Kamber [124] (Table 4) to preconcentrate LAs in
samples collected from the Brisbane River and Moreton Bay. Various preconcentration techniques
employed for quantifying Gdanth are compared with one another in Table 4.
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Table 4. Different preconcentration procedures utilized for the separation of the complete set of LAs, including Gdanth.

Preconcentration
Technique Solid Support Complexing or

Immobilizing Agent Instrument Analyte Detection
Limit (ng/L)

Preconcentration
Factor Time (min) Samples Reference

Solid phase
extraction (SPE) C18

Bis(2-ethylhexyl)
Hydrogen Phosphate

(HDEHP) and
2-Ethylhexyl Dihydrogen

Phosphate (H2MEHP)

ICP-MS LAs - 200–1000 50–250
Batch method Seawater [125]

Solid phase
extraction (SPE) C18 Ethylhexylphosphates ICP-MS LAs - 13.33 Batch method River water [8]

Solid phase
extraction (SPE) Chelex-100 - ICP-MS LAs 0.0012–0.034 100 120

Batch method Seawater [126]

Solid phase
extraction (SPE) Chelex-100 - ICP-MS LAs 50–560 20 Not given

Batch method River water [8]

Solid phase
extraction (SPE)

NOBIAS
CHELATE PA1 - HR-ICP-MS LAs 0.01–0.82

pmol/kg 160–200 150
Batch method Seawater [127]

Countercurrent
chromatography

(CCC)
- Di-2- ethylhexilphosporic

acid (D2EHPA) ICP-MS LAs, Gd-DTPA - 40 25 River water [128]

Liquid-liquid
extraction (LLE) -

HDEHP (phosphoric acid
2-ethylhexyl

ester -mono and di ester
mixture)

ICP-MS LAs - 8 12 Seawater [124]
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Given that the concentrations of gadolinium diethylenetriaminepentaacetate (Gd-DTPA) and
LAs in river water are mostly lower than the detection limits in quadrupole ICP-MS applying
pneumatic nebulization, Hennebrüder et al. [128] developed a countercurrent chromatography (CCC)
analytical scheme to enrich the analytes prior to ICP-MS detection (Table 4). The stationary phase
was di-2-ethylhexylphosphoric acid (D2EHPA) dissolved in n-decane although the mobile phase
was 0.01 M HNO3. The employed CCC analytical results were comparable to those obtained by the
preconcentration using SPE. The recovery rates for light and middle LAs (La to Tm) and Gd-DTPA
(approximately 100% and 80%, respectively) were higher when the CCC scheme was used. Nonetheless,
the SPE protocol yielded better recoveries for Yb and Lu (89% and 84%, respectively). To obtain the
same preconcentration factor, the CCC technique required a shorter time frame (25 min for CCC vs.
120 min for SPE). The substantial SPE advantage that outweighs the disadvantage is its capability to
preconcentrate several samples simultaneously [128].

To date, the method of Bau and Dulski [7], which is a slightly modified version of the procedure
described by Shabani et al. [125] (Table 4), has been the most popular. Whereas the anthropogenic
Gd, which is usually determined from the size of the Gd anomaly, is “bulk anthropogenic Gd”, it
is actually comprised of various chemical compounds used as MRI contrast agents. Contrary to
Gd-DOPA (marketed over the last two decades) with a high complex stability, Gd-DTPA (the first on
the market) is quantitatively sorbed to the phosphate ester used in the preconcentration procedure.
Therefore, nowadays, the excess anthropogenic Gd determined following the original protocol of Bau
and Dulski [7] underestimates the anomalous anthropogenic Gd in aqueous samples [129].

de Campos and Enzweiler [17] obtained the Gd concentration of filtered water samples with
and without preconcentration. For the preconcentration of LAs, the procedure of Bau and Dulski [7]
was used and the average time interval of 4–5 days was considered between the sampling (plus
filtering and acidifying) and preconcentration. Interestingly, on average, the result obtained after
preconcentration was 40% lower than that determined without this step. In another experiment, they
preconcentrated LAs on the same day of sampling and the Gd content was determined by direct
measurement in the filtrate, in the preconcentrated sample, and also in the chromatographic effluent
(the sample percolated the SPE cartridge). Whilst the preconcentrated sample contained as low as
5% of the Gd concentration determined by direct analysis of the water sample, the chromatographic
effluent sample accounted for 95% of it. The low Gd recovery in the eluate was attributed to incomplete
dissociation of the paramagnetic Gd chelates in the short period of time between the pH adjustment of
the filtered sample and performing the preconcentration. The unsatisfactory recovery of the dissolved
anthropogenic Gd obtained indicates that the original protocol of Bau and Dulski [7] deserves further
investigation and other reported anomalous Gd values [9,10,24,130] based on the same method might
be underestimated [129].

To preconcentrate low LA concentrations of mussel shells and improve the decomposition of
different contrast agents, Merschel and Bau [129] adjusted the method of Bau and Dulski [7] by adding
approximately 20 mL of 30% H2O2 per 1 L of sample prior to passing the sample solution through an
ion exchange column.

4.3. Speciation of Gd-CAs

It is vital to monitor Gd species rather than the total Gd concentrations to further investigate the
anomalous Gdanth and obtain more information about the processes and mechanisms resulting in Gd
retention in organisms [97]. However, it is extremely challenging and likely impossible due to their
low concentrations. Hence, a preconcentration step is occasionally inevitable.

A range of speciation techniques for the determination of different Gd-CAs in biological and
environmental samples are compared in Table 5. With its simple quantitation approaches, ICP-MS is a
sensitive, multielemental technique for the investigation of the overall metal content of various matrices.
Nevertheless, all species data will be lost during atomization in the ICP. An effective strategy to regain
such information is the hyphenation of separation techniques with ICP [131]. Although reversed phase
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chromatography (RP-HPLC) accounts for only very little retention for polar compounds, Mazzucotelli
et al. [132] separated one contrast agent and several degradation products using RP-HPLC/ICP-MS.
Moreover, size exclusion chromatography (SEC) was used with ICP-MS to separate free Gd3+ from
Gd complexes and Gd adducts; however, the size differences between the individual Gd chelates are
too small for effective SEC separation [133,134]. Ion chromatography (IC) [131,135], time-resolved
luminescence (TRL) detector [136], and direct fluorescence [137] are also utilized for the separation of
Gd species. Künnemeyer et al. [138] indicated a high separation efficiency of hydrophilic interaction
chromatography (HILIC) for ionic and polar compounds by the determination of contrast agents
in blood plasma using HILIC hyphenated to electrospray ionization mass spectrometry (ESI-MS).
Since then, HILIC was applied in several scientific studies to analyze biological and environmental
samples using zwitterionic, diol, and unboned silica-based stationary phases. Although ESI-MS and
ICP-OES (inductively coupled plasma-optical emission spectroscopy) are other potential detection
systems [138–141], the hyphenation of HILIC with ICP-MS has proven to be a powerful technique
with the best performance for the determination of Gd-CAs, irrespective of aqueous solutions with
quite high organic contents in HILIC [142–148]. Lindner et al. [148] employed HILIC-ICP-MS in an
optimized speciation method and directly determined Gd-BT-DO3A, Gd-DOTA, and Gd- BOPTA
in Berlin tap water, which have been previously found in surface waters of Berlin. By utilizing a
sector field-based ICP-MS in the low-resolution mode and employing an ultra-sonic nebulization,
Birka et al. [149] accomplished further improvements in sensitivities and decreased the detection
limits for single species down to 0.9 ng/L, allowing the performance of speciation analysis in drinking
water (Table 5). The analytical results of anthropogenic Gd speciation in aqueous samples are listed in
Table 6.
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Table 5. Speciation analysis for the determination of different Gd-CAs in biological and environmental samples.

Sample Gd/Gd-CAs Preconcentration/Separation Instrument LOD Reference

Urine and hair Gd, Gd-DTPA
SE separation: 20 mmol/L (pH = 7.4) of Tris-HCl buffer
solutions was applied as eluents for separation of Gd3+

and Gd-DTPA standard solutions.
SEC-ICP-MS 3500 ng/L Gd [134]

River water (Germany) Gd, Gd–DTPA C18-cartridges were loaded with ethylhexylphosphates
and used for Gd preconcentration. ICP-MS 200 ng/L Gd [8]

Water (A bench-scale test) Gd, Gd-DTPA, Gd-BT-DO3A

The chelates were separated using a Metrosep A Supp 3 -
250/4.6 anion separation column, while analysis of the
displaced Gd3+ was carried out on a Nucleosil 5
SA-125/4.0 cation separation column using a
2-hydroxyisobutyric acid eluent.

IC-ICP-MS - [135]

Blood plasma
Gd-DTPA, Gd-BOPTA,
Gd-DTPA-BMA, Gd-DOTA,
Gd-BT-DO3A

Separation of Gd chelates was carried out using a
ZIC-HILIC column. For separations, eluent A of the
mobile phase consisted of a solution of 12.5 mM
ammonium formate and 12.5 mM formic acid in a
mixture of 76/24 purified water/acetonitrile (pH of 3.75).
Eluent B consisted of a solution of 12.5 mM ammonium
formate and 12.5 mM formic acid in a mixture of 76/24
acetonitrile/water.

HILIC-ESI-MS 100 to 1000 nmol/L Gd [138]

Blood serum

Gd-DTPA, Gd-BOPTA,
Gd-DOTA, Gd-HP-DO3A,
Gd-DTPA-BMA,
Gd-DTPA-BMEA

Chromatographic separation was performed using a
column suitable for the retention of hydrophilic polar
compounds with isocratic elution. The mobile phase
solution consisted of 10 mM ammonium acetate with 0,
0.5, 1, 2, 3 and 5% acetonitrile (pH 7.0 to 7.4).

HPLC-ICP-OES 8000 to 35,000 ng/L Gd [140]

Hospital effluent, WWTP
samples collected at different
purification steps (Germany)

Gd-DTPA, Gd-BOPTA,
Gd-DTPA-BMA, Gd-DOTA,
Gd-BT-DO3A

The Gd contrast agents were separated using a
zwitterionic ZIC-HILIC column. The mobile phase
consisted of a solution of 12.5 mM ammonium formate
and 12.5 mM formic acid in 76/24 acetonitrile/purified
water (pH of 3.75).

HILIC-ICP-MS 1.0 nmol/L Gd [142]

River water, lake water,
WWTP influent and effluent
(Germany)

Gd-DTPA, Gd-BOPTA,
Gd-DTPA-BMA, Gd-DOTA,
Gd-BT-DO3A

By the surface evaporation technique, water samples
were concentrated to approximately 1:10 of the total
volume without boiling. The Gd contrast agents were
separated using a zwitterionic HILIC (ZIC-HILIC)
column. The optimized mobile phase consisted of 20
mmol/L ammonium acetate in 60/40 acetonitrile/water
(pH 5.8).

HILIC-ICP-MS 22 ± 5 ng/L Gd [143]
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Table 5. Cont.

Sample Gd/Gd-CAs Preconcentration/Separation Instrument LOD Reference

Influent and effluent of a
WWTP (Germany)

Gd-DTPA, Gd-BOPTA,
Gd-DTPA-BMA, Gd-DOTA,
Gd-BT-DO3A

ZIC-HILIC stationary phase was used for analysis of
MRI contrast agents. In isocratic mode, the mobile phase
consisted of a solution of 50 mM aqueous ammonium
formate and acetonitrile (pH of 3.75)

HILIC-ICP-SFMS 130 ng/L Gd [144]

Surface water (Germany) Gd-DTPA, Gd-BOPTA,
Gd-DOTA, Gd-BT-DO3A

Separation of the Gd complexes was carried out in
isocratic mode using an Accucore HILIC column with
solid core particles. The mobile phase consisted of
50 mmol/L aqueous ammonium formate set to pH 3.75
with formic acid and acetonitrile.

HILIC-ICP-SFMS 80 to 100 pmol/L Gd [145]

Teltow channel (Germany)
Gd-DTPA, Gd-BOPTA,
Gd-DTPA-BMA, Gd-DOTA,
Gd-BT-DO3A

To preconcentrate the contrast agents, samples were
evaporated with IR light by soft heating to a fraction of
about 1:20. The contrast agents were separated in
isocratic mode using a ZIC-HILIC column. The mobile
phase consisted of 20 mmol/L ammonium acetate in
65/35 acetonitrile/water (pH 7.3).

HILIC-ICP-MS 51 ± 11 ng/L Gd [146]

Tap water (Germany)
Gd-DTPA, Gd-BOPTA,
Gd-DTPA-BMA, Gd-DOTA,
Gd-BT-DO3A

In an isocratic mode, the Gd complexes were separated
using a zwitterionic ZIC-cHILIC column. The mobile
phase consisted of 10 mmol/L ammonium acetate in
69/31 acetonitrile/water (pH 5.0).

HILIC-ICP-MS 1.4 to 3.5 ng/L Gd [148]

Samples from waterworks
(Germany)

Gd-DTPA, Gd-DOTA,
Gd-BT-DO3A

An YMC-Triart diol HILIC column was used while the
mobile phase consisted of 50 mmol/L aqueous
ammonium formate (pH 3.7) and acetonitrile in isocratic
mode.

HILIC-ICP-MS 8 to 14 pmol/L Gd [149]

SEC-ICP-MS = Size-exclusion chromatography-inductively coupled plasma-mass spectrometry; IC-ICP-MS = Ion chromatography-inductively coupled plasma-mass spectrometry;
HILIC-ESI-MS = Hydrophilic interaction chromatography-electrospray ionization-mass spectrometry; HPLC-ICP-OES = Hydrophilic interaction chromatography- inductively coupled
plasma-optical emission spectroscopy; HILIC-ICP-MS = Hydrophilic interaction chromatography-inductively coupled plasma-mass spectrometry; HILIC-ICP-SFMS = Hydrophilic
interaction chromatography-inductively coupled plasma sector field mass spectrometry
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Table 6. Concentration of various Gd-based contrast agents in environmental samples. Total Gd was determined by means of ICP-MS.

Sample Filtration Gd-DTPA Gd-BT-DO3A Gd-BOPTA Gd-DOTA ΣGd Species Total Gd Instrument LOD Reference

Hospital effluent,
Germany 0.45 µm - <D.L. 1−23.1

nmol/L - - <D.L.−23.1
nmol/L 0.5–27.9 nmol/L HILIC-ICP-MS 1.0 nmol/L Gd [142]

WWTP samples
collected at different

purification steps,
Germany

0.45 µm - 2.0–7.4 nmol/L 1.1–1.2 nmol/L 1.8–2.1 nmol/L 2.0–10.6 nmol/L 1.8–13.6 nmol/L HILIC-ICP-MS 1.0 nmol/L Gd [142]

Spree River
(Dämeritzsee),

Germany
0.45 µm - 12.0 ng/L Gd - - 12.0 ng/L Gd 15.0 ng/L Gd HILIC-ICP-MS 22 ± 5 ng/L Gd [143]

Lake Wannsee,
Germany 0.45 µm 106.0 ng/L Gd 184.0 ng/L Gd 12.0 ng/L Gd 110.0 ng/L Gd 412.0 ng/L Gd 436.0 ng/L Gd HILIC-ICP-MS 22 ± 5 ng/L Gd [143]

Havel River
(Jungfernsee),

Germany
0.45 µm 54.0 ng/L Gd 89.0 ng/L Gd - 50.0 ng/L Gd 194.0 ng/L Gd 215.0 ng/L Gd HILIC-ICP-MS 22 ± 5 ng/L Gd [143]

WWTP influent,
Germany 0.45 µm 29.0 ng/L Gd 36.0 ng/L Gd - 34.0 ng/L Gd 99.0 ng/L Gd 122.0 ng/L Gd HILIC-ICP-MS 22 ± 5 ng/L Gd [143]

WWTP effluent,
Germany 0.45 µm 27.0 ng/L Gd 34.0 ng/L Gd - 36.0 ng/L Gd 97.0 ng/L Gd 118.0 ng/L Gd HILIC-ICP-MS 22 ± 5 ng/L Gd [143]

Surface water,
Germany 0.2 µm <D.L.−2.1

nmol/L
<D.L.−3.6

nmol/L - <D.L.−0.8
nmol/L

<D.L.−6.4
nmol/L 0.6–7.4 nmol/L HILIC-ICP-SFMS 80–100 pmol/L

Gd [145]

WWTP effluent,
Germany 0.2 µm 1.6 nmol/L 2.7 nmol/L - 0.6 nmol/L 4.8 nmol/L 6.5 nmol/L HILIC-ICP-SFMS 80–100 pmol/L

Gd [145]

Teltow channel,
Germany 0.2 µm - 18.0–471.0 ng/L

Gd - 16.0–456.0 ng/L
Gd

34.0–926.0 ng/L
Gd

50.0–990.0 ng/L
Gd HILIC-ICP-MS 51 ± 11 ng/L

Gd [146]

Tap water, Germany 0.2 µm - <D.L.−17.6
ng/L Gd

<D.L.−11.7
ng/L Gd

<D.L.−19.2
ng/L Gd

<D.L.−48.5
ng/L Gd

2.0–57.0 ng/L
Gd HILIC-ICP-MS 1.4–3.5 ng/L Gd [148]

Surface water,
Germany 0.2 µm 88.0–161.0

pmol/L
<D.L.−49.0

pmol/L - <D.L.−85.0
pmol/L

88.0–262.0
pmol/L

82.0–307.0
pmol/L HILIC-ICP-MS 8–14 pmol/L

Gd [149]

Drinking water,
Germany 0.2 µm 82.0–159.0

pmol/L <D.L. - <D.L.−74.0
pmol/L

82.0–196.0
pmol/L

100.0–298.0
pmol/L HILIC-ICP-MS 8–14 pmol/L

Gd [149]

1 below detection limit.
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4.4. Fractionation of Gdanth

Generally, the mobility and bioavailability of LAs are governed by several factors, such as
temperature, pH, as well as the concentration and type of organic and inorganic ligands [32,63].
According to Wells and Wells [150], nitrates, chlorides, and sulfates of LAs are soluble; however, their
hydroxides, carbonates, and phosphates are insoluble. In river and estuarine waters, it is documented
that pH, colloids, and salinity control the LA fractionation [32]. Researchers have generally used
0.2—0.45 µm membrane filters to obtain the so-called “dissolved” fraction (<0.4 µm). Both Elderfield
et al. [151] and Sholkovitz [152] indicated that river colloids that can pass through the conventional
membranes account for a large proportion of the “dissolved” LA pool. Hence, keeping the filtration
protocol in mind is vital for the comparison of results [11].

Acidification experiments can be carried out to assess Gd fractionation [7,153]. In these
experiments, the concentration of the ‘dissolved’ LAs (comprised of truly dissolved and colloidal
LAs) is determined from the samples filtered through a 0.2 µm membrane filter prior to acidification.
However, the sum of the dissolved plus the acid—soluble particulate LAs is detected from the
samples acidified to pH 2 before 0.2 µm filtration. The results obtained from acidification experiments
suggest [7,153]: (1) A difference between the speciation of Gdanth in contaminated waters and the
speciation of geogenic LAs in non-contaminated waters; (2) the presence of the excess Gd in the
‘dissolved’ LA fraction (<0.2 µm) rather than the acid—soluble particulate fraction; and (3) negligible
particle reactivity of the anomalous Gd in water resources.

Filtration experiments are helpful in deciphering Gd fractionation as well. In addition to the
0.2 µm filtration, Kulaksız and Bau [24] passed an unacidified sample through a Vivaflow 50 unit
(10 kDa MWCO) before preconcentration. LA concentrations <0.2 µm were referred to as ‘dissolved’
(i.e., the sum of truly dissolved LAs and LA bound to colloids), while concentrations in the <10 kDa
LA pool were considered as “truly dissolved”. Thus, the difference between the truly dissolved and
the dissolved LA values explains the colloid-bound LA concentration. The result of the filtration
experiment [24] indicates that the Gdanth is not particle-reactive and exclusively present in the truly
dissolved LA pool (<10 kDa), which is in accordance with the results of the acidification experiment
carried out by Bau and Dulski [7].

4.5. Gdanth in the Influent and Effluent of Wastewater Treatment Plants

The temporal variations in Gd values in influents and effluents depend on the dynamics between
the percentage of the inhabitants undergoing MRI exams, the amount of Gd-CAs administered daily,
the time of application and excretion of the contrast agents, and transport, dilution, and retention times
in WWTPs. Because the predominant MRI scans with intravenous injection of Gd-CAs are performed
in working days (i.e., between Monday and Friday) [144,154,155], Gd contents in both influents and
effluents are weekday dependent [1]. In regions with no hospitals and limited access to the health
system, anthropogenic Gd can also be determined since there might be people taking the exam in
neighboring cities, resulting in the release of the stable Gd complexes when they get back home [16].
Möller et al. [3] attributed the considerable difference between the Gdanth flux of WWTP effluents and
the daily administered quantity of paramagnetic Gd chelates in Prague’s hospitals to the excretion of
10% to 20% of the total Gd-CAs administered per day somewhere outside Prague. The discharge of
treated wastewater into nearby natural water bodies can also play a significant role in a positive Gd
anomaly in the LA pattern of water resources situated kilometers away from the point source. More
than 50 km downstream of a WWTP source, Gdanth (a tracer of treated wastewater) was easily detected
in the receiving waters [2]. In areas where there are no major hospitals running MRI scans, enhanced
Gdanth contents in surface water resources with no connection to sewage treatment plants indicate an
imperfect sewer system (uncontrolled dispersion by gutters and leaking sewers) as well [3]. Measured
Gd values in wastewaters with Gdanth are provided in Table 7.
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Table 7. Total Gd concentrations and Gd anomalies reported in wastewaters and polluted aqueous samples. The subscript, SN, denotes the normalization to the Gd
content in the continental crust (regularly PAAS was used) and the superscript * denotes the natural background value.

Sample Study area Filtration Acidification Instrument Detection Limit Gd GdSN/Gd*
SN Reference

WWTP influent GAW, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 2040.0 pmol/L 111.0 1 [13]

WSW, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 126.0 pmol/L 4.2 1 [13]

TAW, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 3724.0 pmol/L 297.0 1 [13]

JNW, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 815.0 pmol/L 66.1 1 [13]

AYW, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 508.0 pmol/L 34.6 1 [13]

Prague, Czech Republic 0.2 mm pH = 2.0 ICP-MS - 437.0 nmol/m3 35.0 1 [3]

WWTP effluent GAW, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 321.0 pmol/L 81.0 1 [13]

WSW, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 272.0 pmol/L 56.7 1 [13]

TAW, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 1286.0 pmol/L 271.0 1 [13]

JNW, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 786.0 pmol/L 186.0 1 [13]

AYW, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 676.0 pmol/L 147.0 1 [13]

GPW, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 760.0 pmol/L 198.0 1 [13]

São Paulo State, Brazil 0.22 µm pH = 1.8–2.0 ICP-MS 1.4 ng/kg 86.0 ng/kg 9.5 2 [17]

Brisbane, Australia 0.22 µm pH = 1.5 ICP-MS 480 fmol/L 119.6–1795.0 pmol/kg 9.0–99.0 3 [16]

Bremen–Seehausen, Germany 0.45 µm pH = 1.8–2.0 ICP-MS - 1673.8 pmol/L 169.7 4 [15]

Tallahassee, USA Total pH < 2 ICP-MS - 0.12 µg/L 49.6 1 [156]

Denver, USA 0.45 µm pH < 2 ICP-MS - 0.14 µg/L 20.0 1 [156]

Boulder, USA 0.45 µm pH < 2 ICP-MS - 0.068 µg/L 62.7 1 [156]

Berlin, Germany 0.2 µm pH = 2.0 ICP-MS 0.01–0.1 pg/mL 201.0–7480.0 pmol/kg 64–2014 1 [153]

Prague, Czech Republic 0.2 mm pH = 2.0 ICP-MS - 253.0–278.0 nmol/m3 55.4–61.7 3 [3]

Berlin, Germany 0.2 mm pH = 2.0 ICP-MS - 7087 pmol/kg 1681 1 [7]

River water Neuse River, USA 0.45 µm - Q-ICP-MS - 25.4–342.0 pg/g 1.1–4.0 5 [19]

Han River, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 45.9-209.0 pmol/L 1.6–8.2 1 [13]

Gyeungan stream, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 141.0 pmol/L 8.7 1 [13]

Tan stream, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 322.0 pmol/L 3.6 1 [13]

Jungnang stream, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 308.0 pmol/L 7.4 1 [13]

Gulpo stream, South Korea 0.2 µm pH = 2.0 Q-ICP-MS - 573.0 pmol/L 34.8 1 [13]

Anhumas Creek, Brazil 0.22 µm pH = 1.8–2.0 ICP-MS 1.4 ng/kg 13.0–207.0 ng/kg 1.1–86.7 2 [17]

Havel River, Germany 0.2 µm pH = 1.8–2.0 ICP-MS - 3136 pmol/L 644.0 2 [10]

Rhine River, Germany 0.2 µm pH = 1.8–2.0 ICP-MS - 11.8–188.0 ng/kg 4.4–110.0 2 [9]
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Table 7. Cont.

Sample Study area Filtration Acidification Instrument Detection Limit Gd GdSN/Gd*
SN Reference

Danube River, Austria 0.2 µm pH = 1.8–2.0 ICP-MS - 48.6 pmol/L 2.3 2 [10]

River Thames, England 0.2 µm pH = 1.8–2.0 ICP-MS - 28 pmol/L 2.5 2 [10]

Weser River, Germany 0.45 µm pH = 1.8–2.0 ICP-MS - 115.7 pmol/L 5.4 4 [15]

Ems River, Germany 0.45 µm pH = 1.8–2.0 ICP-MS - 154.0 pmol/L 3.6 4 [15]

Elbe River, Germany 0.45 µm pH = 1.8–2.0 ICP-MS - 94.8 pmol/L 5.5 4 [15]

Susquehanna River, USA 0.2 µm pH = 2.1 ICP-MS 0.01–0.1 pg/mL 62.6 pmol/L 2.2 1 [18]

Shonai River, Japan 0.45 µm pH = 1 ICP-MS 0.027 ng/L 8.9 ng/L 2.1 1 [12]

Tenpaku River, Japan 0.45 µm pH = 1 ICP-MS 0.027 ng/L 14.0 ng/L 9.4 1 [12]

Tone River, Japan 0.04 µm pH < 1.5 ICP-MS - 10.3–58.5 pmol/kg 1.6–2.9 1 [11]

Tama River, Japan 0.04 µm pH < 1.5 ICP-MS - 25.0–155.0 pmol/kg 2.2–3.3 1 [11]

Ara River, Japan 0.04 µm pH < 1.5 ICP-MS - 26.2–66.2 pmol/kg 2.7–6.2 1 [11]

Rokytka creek, Czech Republic 0.2 mm pH = 2.0 ICP-MS - 35.7 nmol/m3 1.8 3 [3]

Wupper River, Germany 0.2 µm pH = 1.9–2.1 ICP-MS - 207.0 pmol/kg 30.0 1 [7]

Spree River, Germany 0.2 µm pH = 1.9–2.1 ICP-MS - 43.1 pmol/kg 12.4 1 [7]

Havel River, Germany 0.2 µm pH = 1.9–2.1 ICP-MS - 675 pmol/L 126 2 [7]

Seawater Bahia Coast, NE Brazil 0.2 µm pH = 1.8 HR ICP-MS - 4.5–12.0 pmol/kg 1.0-3.4 3 [1]

San Francisco Bay, USA 0.45 µm pH = 1.8 HR ICP-MS 0.03 pmol/kg 14.1–171.4 pmol/kg 1.6–3.9 3 [20]

Weser Estuary, Germany 0.45 µm pH = 1.8–2.0 ICP-MS - 45.1–150.6 pmol/L 3.8–7.4 4 [15]

North Sea 0.45 µm pH = 1.8–2.0 ICP-MS - 11.2–14.1 pmol/L 1.6–2.1 4 [15]

Jade Bay, North Germany 0.45 µm pH = 1.8–2.0 ICP-MS - 17.9 pmol/L 1.7 4 [15]

Nagoya port, Japan 0.45 µm pH = 1 ICP-MS 0.027 ng/L 2.2 ng/L 1.6 1 [12]

Tokyo Bay, Japan 0.04 µm pH < 1.5 ICP-MS - 8.4–15.4 pmol/kg 1.5–2.1 1 [11]

Lake water Lake Paranoá, Brazil 0.2 µm pH = 1.8–2.0 ICP-MS - 7.9–35.2 ng/kg 18.5–40.9 5 [157]

Kyjsky pond, Czech Republic 0.2 mm pH = 2.0 ICP-MS - 27.6 nmol/m3 2.8 3 [3]

Groundwater Honokohau Harbor well, Hawaii 0.45 µm pH < 2 HR-ICP-MS 0.5–6 pmol/kg 192.0 pmol/kg 5.1 1 [21]

Berlin, Germany 0.2 µm pH = 2.0 ICP-MS 0.01–0.1 pg/ml 110.0–755.0 pmol/kg 3.6–53.0 1 [153]

Tap water Western Berlin, Germany 0.2 µm pH = 1.8–2.0 ICP-MS - 3.5–115.0 pmol/L 1.4–33.7 2 [10]

London, England - - ICP-MS - 12.3 pmol/L 1.5 2 [10]

Berlin-Steglitz, Germany 0.2 µm pH = 1.9–2.1 ICP-MS - 39.8 pmol/kg 12.0 1 [7]
1 GdSN/Gd*

SN = GdSN/(0.33SmSN+0.67TbSN) 2 Calculated using linear regression method 3 Calculated using the third order polynomial fit 4 GdSN/Gd*
SN = GdSN/10ˆ(2logSm-logNd) 5

Calculated from logGd*
SN = (4logEuSN-logNdSN)/3.



Geosciences 2019, 9, 93 23 of 44

To enhance the settling characteristics of dissolved chemicals and suspended colloids, flocculation
with Fe3+ or Al3+ salts is conducted in municipal sewage treatment plants. Since the added trivalent
metal ions compete with Gd3+ for the organic ligands, depending on the thermodynamic complex
stability, the trivalent metal salts encourage transmetallation (metal exchange) of the MRI Gd
chelates and consequently release toxic Gd3+ [142,158]. For the retention of organically bound Gd,
Möller et al. [3] suggested passing water from filter-beds and then treating it by FeOOH precipitation
as a more effective approach than the FeOOH precipitation alone.

During regular treatment operations at WWTPs, a major proportion of natural dissolved LAs and
only a minor fraction of Gd from anthropogenic sources can be removed, and the Gdanth anomaly will
consequently be highlighted [144,159]. Even with secondary or tertiary treatments (involving organic
degradation and disinfection) in WWTPs, Gd-CAs are not expected to be treated owing to the high
solubility of the polar or ionic Gd-CAs and the high stability of their complexes. Complexation of
anthropogenic Gd from the MRI diagnostic system with either Cl− or SO2−

4 and pronounced positive
Gd anomalies in WWTP samples were reported by Song et al. [13]. Given the water treatment methods
in the studied WWTPs, i.e., conventional activated sludge process (CASP), cilium nutrient removal
(CNR), micro-chip filter (MCF), high class treatment (HCT), modified ludzack ettinger (MLE), and
phased Isolation ditch (PID), they are probably not efficient enough for the removal of the Gdanth
load [13]. Telgmann et al. [144] simulated the aeration tank of a sewage treatment plant by batch
experiments and showed that only approximately 10% of the Gd (Gd-DTPA) was removed during
activated sludge treatment in WWTPs. Contrary to coagulation and microfiltration, the removal of
99.85% of anthropogenic Gd was reported by the reverse osmosis membrane [118].

On a population basis, in 2017, Pedreira et al. [1] calculated a total daily discharge of 11.5 ± 4.3 g
Gd/d per 100,000 people and 15.5 ± 3.3 g Gd/d per 100,000 people for two WWTPs in Brazil.
However, WWTPs in highly populated regions of Berlin were estimated to discharge 5 g Gd/d per
100,000 people from 1997 to 2000 [153], and a WWTP in southeast Queensland had a discharge of
3.3 g Gd/d per 100,000 people [16]. According to the estimation of Lawrence and Bariel [2], WWTPs
in less populated areas accommodating approximately 100,000 persons are expected to discharge
orders of magnitude lower that accounts for emissions of about 0.9 g Gd/d per 100,000 people.
Pedreira et al. [1] explained that although they collected samples when the highest Gd inputs were
expected (resulting in maximum values and not true averages), this discrepancy between the Gd
emissions calculated for the WWTPs in Brazil and other cities may not be irrelevant to the upward
trend of the number of MRI exams over the past 10 years (Figure 4). For instance, between 2007 and
2016, the statistics of MRI exams per 1000 American and Australian inhabitants increased by 32% and
124%, respectively. In Germany, the number of MRI exams increased from 84 exams/1000 inhabitants
in 2007 to 136 exams/1000 inhabitants in 2015 (Figure 4) [160]. The recent statistics feasibly suggest the
need for updating the estimates of Knappe et al. [153] and Lawrence and Bariel [1,2].
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Figure 4. Long-term trend of the number of MRI exams per 1000 inhabitants performed in a range of
countries [160].

4.6. Gdanth in Surface Water

Since the early report of anthropogenic Gd anomalies in river waters, which was traced back
to the increasing use of Gd-CAs in the 1990s [7], similar positive Gd anomalies have been reported
in the dissolved load of many urban rivers worldwide (Table 7). However, because anthropogenic
Gd is less particle-reactive and more conservative, the contaminant is expected to be negligibly
removed by colloidal organic matter and suspended particles during the estuarine mixing of river
water and seawater compared to the removal of other elements in the LA series [7,11,161]. This further
amplifies positive Gd anomaly of the riverine LA input into seawater and negatively affects the LA
signature in coastal waters and in sea basins with restricted water circulation [7]. The difference in
magnitude observed between rivers and marine water systems is likely related to the hydrodynamics
that efficiently transports contaminants and dilutes the Gdanth signal in seawater (Table 7) [1].

Kulaksız and Bau [15] considered the pattern of water circulation and LA content in surface
water and attributed anomalous Gdanth in the surface water of the southwestern North Sea off the
coast of the East Frisian Islands to the Rhine River, the Ems River, and, feasibly, the Thames River.
Besides rivers, ocean submarine outfalls provide a significant load of anthropogenic Gd in seawater.
Notwithstanding the fact that plenty of coastal metropolises have adopted ocean submarine outfalls
to discharge effluents into oceans after no treatment or only primary treatment, there has been no
data regarding the impact of these pipeline systems on the concentrations of LAs in the marine
environment until recently. Pedreira et al. [1] investigated the influence of submarine sewage outfalls
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on the distribution of LAs in the Atlantic coastal waters of northeast Brazil and observed the highest
positive Gd anomalies in the vicinity of the pipeline system, which decreased with an increasing
distance from the point source.

Documented Gd values and calculated positive Gd anomalies in contaminated water resources
are listed in Table 7. In San Francisco Bay, increasing from approximately 10 pmol/kg in 1993 to
20 pmol/kg in 2000, anthropogenic Gd concentrations surged noticeably over the next 13 years and hit
well above 100 pmol/kg in 2013. Surprisingly, between 2001 and 2013, the proportion of anthropogenic
Gd was greater than 50% (Figure 5) [20].
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Figure 5. Gd concentration at the Lower South Bay, San Francisco Bay for the period from 1993 to 2013.
Water samples were filtered through 0.45-µm membranes and acidified to pH = 1.8 [20].

When the LA concentrations are normalized, the proportion of LLAs (La to Eu), HLAs (Tb to
Lu), and Gd (located between LLAs and HLAs) can be plotted on ternary diagrams to gain a better
insight into water contamination by Gd-rich wastewater. Since anomalous Gd has been frequently
reported in river waters, in this review, the diagrams are generated using the available analytical data
for river waters collected at different parts of the world (Figure 6). The natural rivers included in
Table 2 have no more than 10% Gd and their HLA concentrations are higher than those of LLAs, which
is in accordance with Zhu et al. [12] (Figure 6a). In stark contrast, the proportion of Gd is greater than
one-third in the majority of effluents and influents of WWTPs with substantial low LLAs (Figure 6b).
Depending on the contamination degree and the wastewater percentage in river water, LA patterns
can deviate from regular ones and various Gd proportions and HLAs/LLAs ratios can be observed in
polluted river waters (Figure 6c).
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4.7. Gdanth and Surface Water—Groundwater Interaction

Without efficient sewage treatment processes and tap water purification stages, remarkable
anthropogenic Gd can be discharged into surface water resources, transported to groundwater through
natural and induced bank filtration, and subsequently transferred to tap water [10]. Gd complexes will
not absorb, coprecipitate, or undergo ion exchange processes with organic and inorganic particulate
matters, which are corresponded with the characteristics being crucial for their use as MRI diagnostic
agents [3]. Positive Gd anomaly in LA distribution patterns of groundwater [21,153,162,163] show that
processes, such as bank filtration (natural or induced), do not prevent the migration of Gdanth into
underground aquifers [10] (Table 7). Recently, attempts have been made to apply the Gdanth content in
groundwaters, river waters, and seawaters to hydrological studies [10,21,155,164].

Gdanth, which is a refractory component, can be used as a conservative tracer of sewage
effluent [5,15]. The changes of Gdanth concentrations due to the mixing of bank filtrates and
groundwater are well correlated with those of δD and δ18O, which shows the suitability of using Gdanth
for hydrological investigations at least on hydrological timescales of days to months [3]. Studying the
source of groundwater by stable Gd complexes with a high residence time in the environment was
also proposed by Möller et al. [162]. Bau and Dulski [7] evaluated the concentration of dissolved LAs
(<0.2 µm fraction) in sewage treatment plant effluent, river water, and tap water in Berlin and indicated
that the interaction of groundwater and surface water led to the pronounced positive Gd anomaly
in tap water. By means of large positive Gd anomalies, treated wastewater from a local WWTP was
traced from nearshore well waters into the coastal ocean, implying submarine groundwater discharge
as the major source of LAs to the coastal water along the Kona Coast of the Big Island of Hawaii [21].
Further, over the last 15 years, Gdanth content has increased more than four times in the Havel River in
Berlin [10]. Considering the migration rate of water from the river to groundwater wells, which takes
years to decades, Kulaksız and Bau [10] predicted an increase in nongeogenic Gd in western Berlin tap
water over the next few years.

4.8. Human Health Risks of Gdanth

Gd-CAs have been considered safe for a long period of time. However, potential Gd toxicity has
been a health concern due to the Gd3+ ionic radius is roughly equal to Ca2+, which enables the ion to
block the calcium ion channels of cells [1]. In addition, Gd3+ regularly binds with a higher affinity than
Ca2+ and competes with Ca2+ in physiological processes [165], resulting in a decrease of neuromuscular
transmission, and interference in both intracellular enzymes and cell membrane processes through the
transmetalation process [166,167]. Human beings would not survive 0.1 mmol/kg free Gd (e.g., GdCl2)
being injected into circulation [93].

Severe health concerns recently arose when it was discovered that Gd accumulation in human
tissues could be followed by kidney failure [168], nephrogenic systemic fibrosis (NSF) [169,170], and
anaphylactic shock [171], and results in death eventually [172]. Patients administered with Gd-CAs
may have incorporated part of the Gd chelates into the brain, bone, and kidneys, and even trace
amounts of Gd can trigger potentially fatal diseases, including NSF [173–177]. The common signs and
symptoms of NSF are painful swelling, hardening and fibrosis under the epidermis with alterations of
the normal pattern of collagen bundles as well as proliferation of spindle-shaped dermal cells [175,178].
The median time frame between NSF diagnosis and death was just below four months with a median
age of 55 years [179]. The administered contrast agent excretion half-life is about 1.5 h in patients
with functional kidneys, but may exceed this by a factor of 20 in those with renal insufficiency [180].
Given the anomalously high Gd concentrations in femoral heads of patients exposed to Gd-CAs
(Omniscan and Prohance) 8 years prior to total hip replacement surgery, Darrah et al. [174] suggested
the incorporation and retention of MRI Gd chelates into the bone for at least 8 years. The calculated
Gd anomalies ranged up to more than 800 times the natural level.

Since the early reports of brain Gd deposition, many pediatric radiology departments have
avoided using less stable linear Gd-CAs (Table 3) [111,112]. Although administrations of gadobutrol
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experienced a negligible rise, the statistics of other Gd-CAs dropped noticeably. The greatest decrease
was reported in MRI tests using gadopentetate dimeglumine, which declined from 81% in 2010
to 15% in 2016. Gadoversetamide and gadodiamide were the least popular in 2010 (2% and 10%,
respectively) and they were not used six years later anymore. The second most common Gd-CA was
gadoterate meglumine in 2016. A considerable decrease of the number of NSF cases was observed
after establishing a specific safety policy for the use of Gd-CAs (Table 3) by many scientific societies
along with prominent health authorities, such as the Food and Drug Administration (FDA) and the
European Medicines Agency (EMA). Furthermore, no new cases were reported after 2009, with the
exception of rare isolated cases [181].

It is reported that the renal dysfunction lengthens the residence time of the paramagnetic
Gd chelates inside the organism during which Gd-CAs probably undergo metabolic reactions,
such as transmetallation and binding to endogenous compounds. Nonetheless, high level of Gd
retention and NSF-like symptoms, such as hardening and swelling of the skin along with pain
in different parts of the body, were experienced by some patients with normal renal function
who underwent several MRI examinations [182–187]. The hypothesis is that Gd precipitates
along with calcium phosphate and forms persistent insoluble deposits with diameters of a few
micrometers, triggering the circulation of fibrocytes, which subsequently initiate fibrosis [188]. With
their distinct advantages and limitations, a broad range of techniques, such as scanning electron
microscopy/energy dispersive X-ray spectroscopy (SEM/EDS), transmission electron microscopy
(TEM), secondary ion mass spectrometry (SIMS), extended X-ray absorption fine structure (EXAFS)
spectroscopy, synchrotron X-ray fluorescence (SXRF) microscopy, and laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS), are available to perform elemental bio-imaging (EBI)
and study insoluble Gd-containing deposits [175,189–193].

McDonald et al. [194] linked the hyperintense dentate nucleus (DN) on unenhanced MRI scans
in patients reported by Kasahara et al. [195] to Gd accumulation in the brain area. Previously,
Xia et al. [196] assumed that a disrupted blood-brain barrier (BBB) leads to Gd plaques in brain
tumors originating from Gd-CAs. Nonetheless, brain Gd accumulation is not limited to those with
either a damaged BBB or renal dysfunction [97,197]. Kanda et al. [198,199] found an association
between high signal intensity in the brain of patients and frequent Gd-enhanced MRI applications in
the past, irrespective of renal dysfunction. Brain Gd retention is not only persistent, but also observable
in several parts of the brain, which has turned into a great health concern, resulting in the safety
announcement of the Food and Drug Administration (FDA) [176].

4.9. Ecological Health Risks of Gdanth

Because of high Gdanth concentrations in water and Gd3+ toxicity, the potential bioacumulation
of Gd chelates by both organisms and plants, which might lead to human exposure through the
food chain, and factors (such as the concentration, speciation, and exposure duration) influencing the
transport and distribution of Gdanth in biota are worth investigating.

4.9.1. Organisms

There is some scientific evidence to support the uptake of natural and/or anthropogenic Gd
by organisms. Despite the ubiquitous anthropogenic Gd anomalies in the Rhine River and the
Weser River (Germany), the flat shale-normalized LA patterns of the aragonitic shell of a freshwater
bivalve indicated that no anthropogenic Gd was incorporated into the shells and the difference in
the speciation of geogenic and anthropogenic Gd in river waters was highlighted [129]. Furthermore,
bioaccumulation of gadopentetic acid (Magnevist®) by a specific water flea (that are attractive for
fish) exposed to polluted water and Gd containing nutrition algae (a marked nutrition for mussels)
was recently studied using LA-ICP-MS as a promising tool for bio-imaging [200]. Whilst the exposure
through the cultivation medium is followed by Gd signals on the skin and in the intestine, the uptake
via nutrition algae led to the highest Gd intensities in the intestine. Therefore, there is a certain
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risk that the Gd-CA can enter the food chain of higher organisms and human beings as well [200].
Interestingly, various Gd sensitivities were documented across four sea urchins species (Paracentrotus
lividus, Arbacia lixula, Heliocidaris tuberculate, and Centrostephanus rodgersii) by exposing their embryos
to different concentrations of Gadolinium Acetate Tetrahydrate (GAT, Waco) [201]. Since gadolinium
severely affected development of the embryos and skeleton growth of the sea urchins, the importance
of Gd toxicity tests on several species for risk assessment was highlighted [201].

Recent studies have demonstrated Gd accumulation in the brain regions, liver, kidney, spleen,
skin, and bone of different animals [197,202–205]. Bussi et al. [205] attributed various Gd accumulation
rates in tissues to different Gd-CA washout rates. Biological retention of Gd is greatly dependent on Gd
species. Non-ionic linear Gd-CAs pose the highest risk for potential Gd retention [147,182,197,206,207].
Contrary to the macrocyclic Gd-CA, gadoterate meglumine, the association of repeated administrations
of linear Gd-CAs (gadobenate dimeglumine, gadopentetate dimeglumine, and gadodiamide) with
brain Gd retention was reported in healthy rats [208]. According to Kartamihardja et al. [197], the
tendency of Gd retention varies depending on the agent, regardless of renal function. Although renal
failure increased short-term Gd retention after Gd-DTPA-BMA administration, it did almost not affect
long-term Gd retention for Gd-CAs, implying that the chemical structures of accumulated Gd may be
inconsistent and some Gd is retained initially prior to being removed slowly.

To determine the potential Gd3+ fetal toxicity after maternal gadoteridol intravenous injection,
Oh et al. [209] obtained concentrations of the Gd chelate in nonhuman primate placenta, fetal tissues,
and amniotic fluid. Compared to the maternal injected dose, the Gd complex concentrations in the
fetal tissues and amniotic fluid were minimal, which may alleviate some concerns regarding MRI Gd
chelate administration during pregnancy.

4.9.2. Plants

The mechanism of toxicity of lanthanides in plants depends on the La speciation, plant species,
and growth stage. LAs may interrupt the uptake of various essential plant nutrients, in particular
Ca with an almost similar ionic radii. As a result, Ca functions, including the formation of cell walls,
root growth, photosynthesis, and flowering, might be interfered with [25]. In wheat, greater Gd3+

bioaccumulation was demonstrated in roots than in aerial parts [210].
Braun et al. [211] investigated four species of aquatic macrophytes (Lemna gibba, Ceratophyllum

demersum, Elodea nuttallii, and E. canadensis) as potential biofilters for the removal of different Gd-CAs
(Omniscan®and Dotarem®) from water. No significant Gd values in the tissues of the macrophytes
revealed that the risk of Gdanth accumulation in the food chain was low [211]. On the other hand, after
the observation of a clear Gd signal in plants sampled downstream of a WWTP, Linder et al. [146]
carried out research on the uptake of the Gd-containing contrast agents, Dotarem®, Gadovist®, and
Multihance®, by the root system of cress plants under more controlled conditions. In a relatively
short time frame, diffusion-driven transport or uptake of considerable amounts of Dotarem®and
Gadovist®revealed an inefficiency of the casparian band (the filter system of the root, which normally
prevents large molecules being taken up) for the Gd complexes. This might be due to the incomplete
establishment of the casparian band in the young tips of the roots [212], leading to the uptake of the
complexes through the apoplastic pathway [213]. Using speciation analyses, it was found that the
contrast agents (not their metabolites) were taken up by the cress plant and transported to the leaves
with no or only negligible modifications [146]. Moreover, uptake of Magnevist®and Omniscan®by
plants cultivated in contaminated water or on contaminated soil irrigated with tap water was studied
and accumulation of the Gd-CAs was demonstrated [200]. These findings contradict each other and
indicate the need for further investigation to collect more information about the biological uptake and
bioaccumulation of Gd-CAs by different plant species at different growth stages, and consequently the
biomagnification of the microcontaminant through food chains.
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5. Knowledge Gaps and Future Research Directions

Considering the aspects discussed in the previous sections, Figure 7 depicts different likely
pathways through which MRI contrast agents pose a threat to human health. The research directions
grouped into the following categories seem beneficial to bridge the knowledge gaps and ensure future
ecological and human health.

5.1. Interventions to Prevent/Mitigate Environmental Pollution

• Little is known about the chemical behavior (degradation and transformation products) of Gd-CAs
during the water treatment processes. A wide range of potential ecological and human health
risks can be avoided by allocating more financial resources to investigate and upgrade current
inefficient wastewater treatment technologies and water purification techniques.

5.2. Detecting Gdanth as a Microcontaminant in Aqueous Samples and Collecting a Reliable Dataset

• With the ongoing controversy over securing LA resources and future affordable LA supplies,
the environmental aspects are no longer a priority for the industrialized nations. Currently, no
extensive LA dataset exists to serve as a background level for monitoring studies, which might be
due to a lack of knowledge about their human health risks and ecotoxicology [130]. The dataset
should be completed with temporal and spatial data about the distribution of a range of Gd
species in the hydrologic cycle in order to empower decision makers to protect the environment.

• Considering the diversity of preconcentration procedures and the lack of a certified scheme for
the recently marketed Gd-CAs, proposing a harmonized method to determine anthropogenic Gd
seems necessary. A method accepted by a large group of scientists can facilitate the comparison of
data reported from different parts of the world.

• Since various MRI Gd chelates account for the Gdanth, the capability of the existing
preconcentration procedures to efficiently extract Gd complexes that will be marketed in the
future should be verified to prevent underestimation of the anomalous anthropogenic Gd in
aqueous samples.

5.3. Hydrological Studies and Monitoring Other Microcontaminants in Water Resources

• Those living in small cities may undergo MRI tests in medical centers of neighboring metropolises
and excrete the injected Gd-CAs when they get back home. It shows the possibility of investigating
either water pollution or surface water—groundwater interactions in cities without MRI centers.

• When the anomalous Gd content can be traced back to WWTPs, it is expected that other emerging
microcontaminants, including pharmaceuticals and personal care products (PPCPs), that cannot
be completely removed during water treatment also occur in water [214]. Using statistical and
machine learning techniques, it would be possible to identify a relationship between different
microcontaminants and predict the presence of other chemical constituents without expensive
chemical analysis.

5.4. Ecological and Human Health Risks of Gdanth

• Given the complexity of aquatic environments comprised of different biological systems (e.g.,
plants, algae, zooplankton, and fish) that differently interact with Gd chelates, there is a risk that
Gd-CAs can enter the food chain of higher organisms and human beings. Thus, Gd bioavailability,
long-term bioaccumulation of Gd-CAs in the biosphere, their stability in the environment or
in biological systems, and the toxicological impacts of Gd complexes are urgent issues that
need to be addressed. The uptake of Gd chelates and their bioaccumulation in different parts
of plants cultivated in farms and irrigated with polluted water deserve more attention as well.
The abovementioned studies might also help to find hyper-accumulator species for Gdanth.
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• Environmentally relevant concentrations of Gd-containing MRI contrast agents should be
considered for further ecotoxicological investigations. In addition, the mixture effect of
anthropogenic Gd and other organic and inorganic stressors on ecotoxicity warrants further
research. Thus, the results can be reliably extrapolated to complex environmental systems where
Gdanth simultaneously exists with numerous chemical compounds.

• In comparison with speciation analysis, the determination of total LA contents to calculate
anomalous positive Gd has been more common. Since the stability of Gd-CAs varies substantially
and biological Gd retention is remarkably dependent on Gd species, it makes sense to
consider various Gd-CAs to interpret their fate in the environment and assess their health
risk comprehensively.

• The conventional methodologies (e.g., ICP-OES and ICP-MS) that have been often hyphenated
to separation systems, such as HPLC, to quantify the total Gd content or Gd species in
different biological tissues provide no spatial resolved information and therefore the precise
Gd bioaccumulation remains unknown. The application of recent analytical techniques (including
LA-ICP-MS) to create images of the elemental distribution at the cellular range in organisms and
plants (bio-imaging) will be advantageous.

• Prevailing winds and ocean currents may transport Gd-containing WWTP effluents towards
shores during the high season [1,215]. Given that river water and seawater might be used for
drinking purposes or recreational activities, local residents (especially fishermen) and tourists
are exposed to anthropogenic Gd through dermal and ingestion pathways. Hence, evaluations
of the health risk through chronic and acute exposure scenarios for children and adults would
be beneficial.

• Irrespective of renal insufficiency or damaged BBB, Gd retention was observed in the human
body after the administration of paramagnetic Gd chelates. Therefore, the investigation of Gd
deposition in the human body and the corresponding health problems ought to be stressed.
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6. Conclusions

Many publications and research projects were presented in this review. It was indicated that
stable MRI contrast agents have been negligibly removed from wastewater, and discharged into
surface water, resulting in the detection of Gdanth in river water, seawater, groundwater, and tap
water. Moreover, the number of MRI exams is on the increase worldwide, leading to greater Gdanth
concentrations in water resources in the future. Part of the administered Gd complexes have been
incorporated in the brain, bone, and kidneys of patients, and even trace amounts of them can encourage
potentially fatal health problems, such as NSF. Although paramagnetic Gd chelates have been detected
as a microcontaminant in water resources since the mid-1990s, their uptake and bioaccumulation by
different biota have not been thoroughly investigated and, as a result, no permissible limit has been
introduced by authorities to screen safe food and water. It is probable that every individual takes up
minute daily amounts of Gd via the consumption of contaminated drinking water and ingredients
(meat, seafood, and vegetables) that is considerably higher than the natural doses. Consequently, it is
crucial to monitor Gd species in the environment regularly and promote life-long observations to
assess their ecotoxicity and adverse human health effects. Cooperation between medical scientists and
environmental experts is highly important to achieve further progress. The discrimination against
bioaccumulation of nongeogenic Gd by at least some organisms and plants corroborates the previous
evidence revealing long environmental half-lifes of the paramagnetic Gd chelates. Moreover, it adds to
the growing body of evidence suggesting conservative anthropogenic Gd as a useful tracer of WWTP
effluents in river water, lake water, seawater, groundwater and tap water. Evaluating the distribution
of MRI Gd-CAs also offers a rather inexpensive yet robust way of monitoring xenobiotics, such as
pharmaceuticals and personal care products (PPCPs), in water. Although many highly interesting and
relevant questions are still to be addressed, the presented analytical methods constitute a perfect base
for future research.
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