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Abstract

:

Gadolinium (Gd), a member of the rare earth elements (REE), is becoming an increasingly observed microcontaminant in waters of developed regions. Anthropogenic Gd anomalies were first noted in 1996 and were determined to be sourced from Gd-based contrast agents used in magnetic resonance imaging (MRI). This study investigates Gd anomalies in North Carolina’s Triangle Area, focusing on surrounding wastewater treatment plants (WWTPs). Samples were obtained from upstream and downstream of selected WWTPs as well as a freshwater reservoir that supplies part of the region’s drinking water. The PAAS-normalized samples indicate Gd anomalies in the influent, effluent, and downstream samples. We quantify the anthropogenic Gd in wastewater samples to constitute between 98.1% to 99.8%. Sample comparisons show an average increase of 45.3% estimated anthropogenic Gd between samples upstream and downstream of WWTPs. This research contributes to the existing database demonstrating the presence of anthropogenic Gd in developed regions. Although current Gd concentrations are not near toxic levels, they should be continuously monitored as a micropollutant and serve as a wastewater tracer.
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1. Introduction


The rare earth elements (REEs) refer to the lanthanides group including elements Lanthanum (La) to Lutetium (Lu) as well as Scandium (Sc) and Yttrium (Y). These elements are grouped together as they tend to behave similarly in natural systems. However, the absolute concentration of individual REEs can vary by orders of magnitude in the same environment. Usually, the measured concentrations in a sample are normalized to a reference material representing its REE source, such as PAAS (Post-Archean Australian Shale) [1,2,3]. Undistributed REEs should produce a coherent and smooth pattern while any deviation of an element from the group can reflect processes causing the redistribution. Such deviations are defined as anomalies and can be calculated by comparing the elemental concentration to its neighbors. The development of modern technologies has led to a quickly raised demand of these previously “exotic” elements. As a result, REEs of anthropogenic origin have been increasingly found in the environment.



In 1996, the first anthropogenic REE anomaly was observed for the element Gadolinium (Gd) in rivers of developed regions in Germany [4]. Since then, numerous studies have reported similar anomalies in rivers [5,6,7,8,9,10,11,12,13], lakes [14], coastal waters [5,15,16,17,18], groundwater [6,9], wastewater [9,15,19], tap water [20,21], and even tap water-based beverages in fast food franchises [22] in developed regions across the world. The original study suggested magnetic resonance imaging (MRI) contrast agents as the most likely source of anthropogenic Gd in the natural environment. Gd-based compounds are the most commonly used MRI contrast agents. These water-soluble compounds are injected into the body prior to select MRI exams to enhance produced scans and then urinated out of the body within the next 7 days (>90% in 12 hours [23]). As most traditional wastewater treatment processes do not remove anthropogenic Gd, it is released into natural waters.



In 2019, the Organization for Economic Co-operation and Development (OECD) reported that the United States had the second highest amount of hospital MRI and fourth highest number of hospital MRI exams completed in 2017 when compared to other countries. Between 2007 and 2017, the amount of hospital MRI scans completed in the United States increased from 91 to 111 scans per thousand population [24].



While anthropogenic Gd anomalies have been observed and studied in many locations, few studies focus specifically on anthropogenic Gd in North America despite the high number of MRI examinations [7,8,17]. In this study, we collected surface water samples upstream and downstream of select wastewater treatment plants (WWTPs) in North Carolina’s “Triangle Area” as well as influent and effluent samples from two of the WWTPs. Additionally, we sampled a lake downstream of a WWTP that provides water for human use in the region. A previous study on REEs in the Neuse River documented an anthropogenic Gd component in the region [1]. This study aims to understand how WWTP effluent impacts Gd concentrations in surface waters in the area and supplement the existing evidence and analysis of anthropogenic Gd in North America.




2. Materials and Methods


2.1. Location of Study


North Carolina’s “Triangle Area” is a term commonly used to refer to the state’s Research Triangle Park, the largest research park in the United States, and its surrounding area that houses much of its workforce. The name refers to the shape obtained by using the three surrounding cities as points: Raleigh, Durham, and Chapel Hill. While not a particularly densely populated region when compared to some other urban areas, it holds extensive healthcare amenities and facilities. The area belongs to two river basins: the Neuse River Basin to the west and the Cape Fear River Basin to the east. It is located in North Carolina’s Piedmont region which is defined primarily by Proterozoic to late Cambrian granite, gneiss, and metamorphosed epiclastic and volcaniclastic rocks [25].



Surface water samples were collected at Morgan Creek in Chapel Hill, Northeast Creek in Durham, and the Neuse River in Raleigh in December 2017 (Figure 1). These streams were sampled both upstream and downstream of the WWTPs. Each of these WWTPs represents an approximate “corner” of the North Carolina Triangle Area. Supplementary data for the same Neuse River sampling locations were also taken from a previous study with samples from December 2015 [1]. Additional surface water samples were taken from Jordan Lake and the Cape Fear River. Jordan Lake is an artificial freshwater reservoir that is supplied water by both Morgan Creek and Northeast Creek. In addition, 44% of Jordan Lake’s water is allocated for human use in the Triangle Area [26]. Wastewater influent and effluent samples were obtained from Mason Farm and Triangle WWTPs located on Morgan and Northeast Creek, respectively. We were unable to obtain influent and effluent samples from the Neuse WWTP (Neuse River Resource Recovery Facility).




2.2. Sampling and Analyses


Samples were collected in 250 ml Nalgene sampling bottles that were precleaned by 10% HCl overnight and milliQ™ water. For each sample, the bottle was rinsed three times using local river water before collecting. All samples were filtered using 0.45 µm cellulose acetate (CA) membrane filters offsite within the same day of sampling. Further, 100 mL of local river water was run through a new CA membrane filter and then discarded to prevent cross contamination from prior samplings. Between each filtering session, the filtering device was rinsed with ~750 mL of milliQ™ water. Filtered samples relocated to another clean Nalgene bottle and acidified by adding 2% concentrated nitric acid. Then, the bottles were wrapped with parafilm to minimize evaporation and then stored in a Fisher Scientific Isotemp™ refrigerator at the University of North Carolina, Chapel Hill, USA until REE analysis.



REE analysis was performed using an Agilent™ 7900 Quadrupole Inductively Coupled Plasma Mass Spectrometer (Q-ICP-MS) at the Plasma Mass Spectrometry (PMS) Laboratory at the University of North Carolina at Chapel Hill, USA. Calibration standards of 1000, 100, 10, and 5 ppt of REE concentrations were prepared from a 1000 ppm REE standard to measure REE concentrations of the dissolved loads in the sampled waters. Then, 100 ppb of Indium was used as the internal standard to correct instrumental drift. To minimize interferences, oxide presence in the plasma stream was controlled to be less than 1% in no-gas mode and 0.3% in Helium collision cell mode. To evaluate accuracy of the analysis, we analyzed a reference material for river water (SLRS-5) from the National Research Council of Canada every five samples. Repeated analysis (n = 3) of the SLRS-5 standard yielded average accuracy of <3% for La, Pr, Nd, Yb, <6% for Y, Ce, Tm, Lu, <10% for most of the rest of REE. Relative standard deviation (RSD) ranged from 1.1–15.6% with a mean RSD of 5.1%.



To characterize REE patterns, measured REE concentrations were normalized to the composition of Post-Archaean Australian Shale (PAAS) [27]. The Gd anomalies were calculated via interpolation of SmSN and TbSN [8]:


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



(1)







The subscript SN denotes sample concentration normalized to PAAS and * denotes the natural background value excluding anomalies. Anthropogenic Gd, can be calculated as follows [10]:


Gd* = Gd*SN × [GdPAAS]



(2)






Gdanth = Gdmeasured – Gd*



(3)







[GdPAAS] refers to the concentration of Gd in PAAS. To account for the naturally occurring Gd anomaly, a factor of 1.1 was multiplied to Gd* in equation 3 [19].





3. Results


3.1. REE + Y Concentrations


REE concentrations obtained from all the prepared samples as well as the supplemental data from [1] are shown in Table 1. Total REE concentrations (∑REE) for surface water samples range from 0.44 to 7.2 ppb with an average of 1.58 ppb. ∑REE concentrations from WWTP samples range from 0.27 to 0.72 ppb with an average of 0.48 ppb. Total rare earth elements and yttrium (∑REY) concentrations for surface water samples range from 0.57 to 8.4 ppb with an average of 2.0 ppb. ∑REY concentrations for WWTP samples range from 0.40 to 0.73 ppb with an average of 0.52 ppb. The supplemental data did not include Y concentrations, so it is not included in ∑REY. However, Y is often included with REEs as it behaves similarly. Overall, WWTP samples have less dissolved ∑REE and ∑REY than surface water samples.



Surface water samples from 2017 show enrichment of heavy REEs (HREE; Gd to Lu) in relation to lighter REEs (LREE; La to Eu) with LaSN/YbSN values ranging from 0.35 to 0.98 except for one sample—MF-E (Table 2). LaSN/YbSN is a ratio used to show relative enrichment in the lanthanides; HREE enrichment is indicated when the ratio is <1. The enrichments from the samples agree with those of the previous study of REEs in the Neuse River and is representative of REE enrichment in the geology underlying the streams of this region [1]. WWTP samples also show HREE enrichment with LaSN/YbSN ranging from 0.048 to 0.44. This enrichment is, on average, smaller than that of the sampled surface waters. There is one surface water sample (JL-2) that shows a slight LREE enrichment with a LaSN/YbSN value of 1.04.




3.2. PAAS-Normalization and Anthropogenic Gd


PAAS-normalized REE distributions of samples show a relatively flat pattern (Figure 2). The main exception to this is the positive Gd anomaly present in WWTP samples, samples downstream of WWTPs, and the Jordan Lake samples. The Neuse River samples show the most nonlinear patterns beyond the Gd anomaly with a small negative Ce anomaly in each sample. Both negative Ce anomalies and occasional positive Eu anomalies are common in pristine waters unaffected by anthropogenic inputs [26,27]. Unlike other studies on REEs as microcontaminants, there does not seem to be any contamination from anthropogenic La or Sm [7].



The Gd anomaly (GdSN / GdSN*), approximated Gd concentration (Gdanth), and percent of total Gd estimated to be from anthropogenic origin (%Gdanth) are also shown in Table 2. The highest Gd anomalies are found in the WWTP samples ranging from 58.0 to 481 with an average of 301. Surface water sample Gd anomalies range from 1.2 to 12.0 with an average of 1.4 in the samples upstream of WWTPs and 5.2 in the downstream samples. Jordan Lake samples have anomalies of 4.0 and 4.5 with the downstream of the lake having a lower anomaly of 1.73. Estimated Gdanth concentrations range from 3.9 to 689 ppt. The highest Gdanth concentrations were all from WWTP samples with a range of 0.39 to 0.69 ppb. The %Gdanth in these samples were estimated to be 98.1% to 99.8%. The upstream samples had the smallest percentages with estimates from 5.9% to 26.9% Jordan Lake samples contained %Gdanth values of 72.5% and 75.5% with a decrease to 36.3% at the downstream.





4. Discussion


4.1. Anthropogenic Gd and Its Sources


The occurrence of a small positive Gd anomaly (no higher than 1.4) is common to natural seawater due to the “tetrad effect” from Gd’s half-filled 4f electron shell and REE scavenging by organic surface ligands which possess a negative Gd anomaly [28,29]. Therefore, to account for a margin of error, anomalies less than 1.4 will be considered to indicate pristine waters. In this study, only two of the Gd anomalies have a Gd anomaly of less than 1.4. These samples are the upstream samples for Northeast Creek and Morgan Creek. The Neuse River upstream shows anomaly values of 1.5 and 1.8, indicating anthropogenic Gd. This is likely because the Neuse River receives wastewater effluent from other WWTPs on streams that feed into it (such as the Smith Creek WWTP) prior to reaching the WWTP location assessed in this study. All other locations had an anomaly of at least 1.7, indicating their anomalies are all due to anthropogenic inputs. The presence of anthropogenic Gd in Jordan Lake (Gd anomalies of 4.0 and 4.5) and its downstream (Gd anomaly of 1.7) at locations roughly 14, 25, and 32 kilometers respectively downstream of the Mason Farm WWTP display the persistence of anthropogenic Gd in the environment and its efficacy as a wastewater tracer.



As surface water samples have the highest ∑REY, WWTP effluent is likely not a major contributor of overall REY concentrations in the studied streams. However, there is a large increase in estimated %Gdanth between upstream and downstream samples (14.7 to 90.9% for Morgan Creek; 5.9 to 64.5% for Northeast Creek, and 26.9 to 39.5% and 37.3 to 70.9% for the Neuse River). This indicates that WWTP effluent is a large contributor of anthropogenic Gd to the downstream of these rivers. Influent and effluent samples all had an estimated %Gdanth of at least 98.1%.



The most likely source of anthropogenic Gd in WWTP samples are Gd-based contrast agents (GBCAs). GBCAs are the most common MRI contrast agent and have been widely used since approval by the FDDA in 1988. Gd3+ as a free ion can compete with Ca2+ making it toxic to biological systems, thus it is chelated to an organic ligand to make it safe for injection [30]. Though recent studies have shown that a portion of the injected Gd can accumulate in the brain, bones, and tissues, the majority is urinated out of the body within 12 hours of exposure [23,31]. Effluent released into surface waters from WWTPs contain all excreted Gd as conventional wastewater treatment processes do not remove the element. Patients are typically injected with low doses of Gd, but with the number of MRI scans conducted each year and the increase in scans per year, longitudinal studies have shown significant increases in the amount of anthropogenic Gd in waters of developed regions over the years [17,32].




4.2. Health and Ecotoxicological Effects


The first evidence of health effects from usage of GBCAs were noticed 18 years after their introduction. While GBCAs are not considered to be harmful, repeated injection can lead to noticeable Gd retention in the body and cause nephrogenic systemic fibrosis (NSF) [31,33,34]. With regards to Gd as a potential anthropogenic contaminant in natural waters, not much is known. Natural Gd in surface water is partially removed from the dissolved pool of water due to its tendency to coagulate into a colloid in low salinity waters [16]. As GBCAs injected into the body must be highly stable, anthropogenic Gd in the environment should likely be nonreactive in comparison and stay in the dissolved pool. For example, mussels in locations downstream of WWTPs have been shown to incorporate anthropogenic Sm and La into their shells, but not anthropogenic Gd, suggesting that it is not bioavailable in comparison to geogenic Gd [35]. This distinction along with GBCAs’ relatively long half-life of several weeks explains how anthropogenic Gd can be used as a tracer for wastewater [36].



There are few studies that investigate the health effects of Gd alone. Most studies focus on other REEs such as Sm or La or investigate REE patterns. Some recent studies reported that REEs can accumulate in humans due to ingestion of food with high REE concentrations in contaminated soil [37,38]. Thus, drinking water with high REE concentrations could also be a potential source of REE accumulation. While anthropogenic Gd has not been bioavailable in streams, LREEs have been found to bioconcentrate in carps and specific REEs have been shown to be toxic in high enough concentrations to various organisms [39,40,41]. However, our sample with the highest ∑REE is magnitudes below one of the lowest REE concentration limits (1.39ppm of La) where ecotoxicological effects were found [40]. While the waters sampled in this study do not approach levels that cause known ecotoxicological effects, at least one other study has noted ∑REY levels above such limits [10]. Thus, especially with Jordan Lake as a crucial source of drinking water, Gd and other REY should be monitored as a future micropollutant in the region.





5. Conclusions


Few studies exist that show the presence of anthropogenic Gd in North American waters. This study analyzed dissolved Gd concentrations in rivers of North Carolina’s Triangle Area with attention to WWTPs. Samples upstream and downstream of WWTPs were obtained as well as samples of effluent and influent of two of the three selected WWTPs. We found Gd anomalies in all samples but two of the upstream samples from pristine streams. A large change in the percentage of anthropogenic Gd (%Gdanth) exists from upstream to downstream, demonstrating WWTP effluents large contribution of anthropogenic Gd to natural waters. The presence of anthropogenic Gd anomaly in samples taken from over 30 kilometers downstream of a WWTP indicates anthropogenic Gd’s persistence in the environment and its utility as a wastewater tracer. Despite that there are no current health hazards or ecotoxicological effects at the measured concentrations in this region, Gd anomaly and total REE concentrations should be monitored because of their ability to have toxic health effects.
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Figure 1. Map of North Carolina’s Cape Fear and Neuse River Basins with the sample sites and associated WWTPs. The State of North Carolina is shaded in a base map of the United States. 
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Figure 2. PAAS-normalized REE distributions for: (A) Morgan Creek and Mason Farm WWTP samples; (B) Northeast Creek and Durham WWTP sample; (C) Neuse River samples; and (D) Jordan Lake samples. 
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Table 1. Concentrations of rare earth elements in the sampled Triangle Area waters and WWTP influents and effluents. For WWTP samples, -I indicates the influent sample and -E indicates the effluent samples from the named WWTP.






Table 1. Concentrations of rare earth elements in the sampled Triangle Area waters and WWTP influents and effluents. For WWTP samples, -I indicates the influent sample and -E indicates the effluent samples from the named WWTP.

























	Sample 1
	La
	Ce
	Pr
	Nd
	Sm
	Eu
	Gd
	Tb
	Dy
	Ho
	Er
	Tm
	Yb
	Lu
	∑REE
	Y
	∑REY





	
	ppt
	ppt
	ppt
	ppt
	ppt
	ppt
	ppt
	ppt
	ppt
	ppt
	ppt
	ppt
	ppt
	ppt
	ppb
	ppt
	ppb



	MC-1
	115
	170
	28.4
	116
	22.4
	9.73
	26.4
	3.71
	21.8
	4.85
	13.0
	2.08
	14.5
	2.28
	0.550
	143
	0.693



	MC-2
	184
	272
	44.2
	181
	35.6
	12.5
	390
	5.86
	42.6
	9.70
	30.1
	4.69
	33.6
	5.03
	1.25
	272
	1.52



	NC-1
	1376
	2831
	360
	1412
	294
	72.2
	289
	43.0
	254
	44.3
	113
	16.6
	106
	14.8
	7.23
	1223
	8.45



	NC-2
	346
	746
	91.1
	355
	70.8
	18.2
	186
	10.4
	61.6
	11.6
	28.9
	4.71
	30.5
	13.5
	1.97
	387
	2.36



	NR-1
	212
	271
	46.4
	179
	34.4
	10.5
	41.3
	4.65
	31.0
	6.30
	17.0
	2.76
	17.1
	2.62
	0.877
	212
	1.09



	NR-2
	276
	392
	61.3
	241
	50.5
	13.3
	71.5
	6.56
	40.2
	7.99
	21.4
	3.17
	20.2
	3.28
	1.21
	249
	1.46



	NR-3
	88.6
	126
	22.5
	101
	21.6
	7.17
	31.8
	3.15
	20.9
	4.93
	15.6
	2.31
	16.2
	3.02
	0.465
	-
	-



	NR-4
	77.6
	101
	20.0
	90.2
	19.1
	6.15
	61.2
	2.83
	18.2
	4.29
	13.9
	2.23
	15.4
	2.91
	0.435
	-
	-



	JL-1
	105
	222
	21.9
	79.6
	12.1
	6.72
	35.1
	1.40
	7.52
	1.62
	5.17
	1.00
	6.74
	1.37
	0.507
	64.8
	0.572



	JL-2
	216
	492
	49.3
	188
	39.6
	10.6
	122
	4.17
	26.6
	5.03
	13.5
	2.13
	13.2
	2.46
	1.19
	176
	1.36



	CR-1
	319
	677
	81.9
	326
	67.7
	21.7
	96.3
	9.60
	55.9
	11.0
	30.3
	4.55
	26.5
	3.90
	1.73
	338
	2.07



	MF-I
	3.16
	7.20
	0.647
	3.51
	0.704
	3.59
	390
	0.164
	0.386
	0.154
	0.353
	0.089
	2.24
	0.265
	0.413
	4.98
	0.418



	MF-E
	4.00
	11.0
	1.20
	5.28
	0.763
	0.614
	690
	0.319
	1.24
	0.469
	1.47
	0.273
	5.26
	0.567
	0.723
	10.4
	0.733



	T-I
	31.1
	30.4
	3.29
	14.6
	3.74
	6.93
	413
	0.291
	2.80
	0.574
	1.41
	0.274
	4.49
	2.18
	0.516
	46.5
	0.521



	T-E
	12.3
	33.4
	3.69
	16.9
	4.05
	1.85
	165
	0.444
	4.32
	1.11
	3.95
	0.881
	9.21
	16.5
	0.273
	129
	0.402







1 MC: Morgan Creek, NC: Northeast Creek, NR: Neuse River (where 3 and 4 refer respectively to the upstream and downstream samples from [1]), JL: Jordan Lake, CR: Cape Fear River, MF: Mason Farm WWTP, T: Triangle WWTP.
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Table 2. Select quantities for samples including LaSN/YbSN used to indicate fractionation between LREE and HREE, Gd anomaly (GdSN/GdSN* as quantified in Equation (1)), ppt of Gd estimated to be of anthropogenic origin (Gdanth), and percent of anthropogenic Gd of total Gd in sample (%Gdanth). For WWTP samples, -I indicates the influent sample and -E indicates the effluent samples from the named WWTP.






Table 2. Select quantities for samples including LaSN/YbSN used to indicate fractionation between LREE and HREE, Gd anomaly (GdSN/GdSN* as quantified in Equation (1)), ppt of Gd estimated to be of anthropogenic origin (Gdanth), and percent of anthropogenic Gd of total Gd in sample (%Gdanth). For WWTP samples, -I indicates the influent sample and -E indicates the effluent samples from the named WWTP.





	Sample 1
	LaSN/YbSN
	GdSN/GdSN*
	Gdanth
	%Gdanth





	MC-1
	0.498
	1.29
	3.90
	14.7



	MC-2
	0.346
	12.0
	354
	90.9



	NC-1
	0.819
	1.17
	17.1
	5.92



	NC-2
	0.717
	3.10
	120
	64.5



	NR-1
	0.785
	1.50
	11.1
	26.9



	NR-2
	0.863
	1.82
	28.3
	39.5



	NR-3
	0.346
	1.75
	11.9
	37.3



	NR-4
	0.319
	3.78
	43.4
	70.9



	JL-1
	0.048
	4.00
	25.4
	72.5



	JL-2
	0.437
	4.49
	91.9
	75.5



	CR-1
	0.085
	1.73
	35.0
	36.3



	MF-I
	0.987
	473
	389
	99.8



	MF-E
	1.04
	481
	689
	99.8



	T-I
	0.759
	191
	411
	99.4



	T-E
	0.089
	58.0
	161
	98.1







1 MC: Morgan Creek, NC: Northeast Creek, NR: Neuse River (where 3 and 4 refer respectively to the upstream and downstream samples from [1]), JL: Jordan Lake, CR: Cape Fear River, MF: Mason Farm WWTP, T: Triangle WWTP.
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