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ABSTRACT
The distribution of Personal Care Products in Antarctica is still far from being well documented. A pilot study was conducted to evaluate the presence of organic UV filters in Antarctica using GC-MS/MS. The 2-Ethylhexyl 4-methoxycinnimate (EHMC), also known as octinoxate, was detected for the first time in Antarctic surface snow, and also in snowmelt and ponds with concentrations from 0.4 ng L-1 up to 3.1 ng L-1. In this pristine environment, human activities in scientific bases and facilities are a potential primary local source of EHMC. However, the results presented in this study suggest that long-range sources might also be responsible for the presence of EHMC in Antarctica. Considering the physicochemical properties of EHMC, long-range atmospheric transport is plausibly a relevant process involved in its deposition and accumulation in Antarctic snow. Two modelling studies on contaminants' long-range transport potential are compared to investigate the behaviour of EHMC in polar environments and its transport potential. 

1. INTRODUCTION
Despite the strict regulations laid by the Protocol of the Antarctic Treaty on the Environmental Protection (The Madrid Protocol), Antarctica is not exempted from anthropogenic influence. During the past decades, the Antarctic environment has been affected by human activities such as land-based operations, sewage disposal, and the increase in tourism [1–3]. The presence of scientific facilities is a potential source of local contamination [4–6], but also long-range atmospheric transport is considered a large-scale process responsible for the presence of both legacy and emerging contaminants in Antarctica [7,8]. Recently, different personal care products were recognized as Contaminants of Emerging Concern (CECs), being be potentially harmful to human health and the environment, also in remote regions [9]. Many of these substances were reported as persistent, bioactive, bioaccumulative, dangerous for the endocrine system and phototoxic [10,11]. Still, these contaminants are not effectively regulated and there is an increasing interest in their detection, distribution, and monitoring worldwide. Further studies on the effects of next-generation contaminants are strongly supported by the Scientific Committee on Antarctic Research (SCAR), suggesting this topic as one of the highest priorities for the next decades [12]. So far, only a few studies have investigated the presence of organic UV filters in different Antarctic matrices, being related to direct discharges and affecting sewage effluents, seawater, freshwater, suspended particulate matter, sea ice, and biota (Table 2). Generally, these contaminants, including 2-Ethylhexyl 4-methoxycinnimate (EHMC), 4-methyl-benzylidene camphor (4-MBC), and 2-hydroxy-4- methoxybenzophenone (BP-3), are found at ng L-1 levels in water and ice, and at ng g-1 in biota and particulate matter [1,8,13], but no data were available on their occurrence in snow so far.
This study focuses on EHMC, also known as octinoxate, an organic UV-B absorber used in sunscreen lotions, in personal care products to protect them from photodegradation [14], and as a plastic stabilizer in protective coatings [15,16]. EHMC is authorized by the European Union for use in all cosmetics products up to 10%, and it is a high production volume substance (supply in EU > 1000 tonnes/year) (echa.europa.eu) [17]. In the USA authorized concentrations are 7.5% [18]. EHMC was included in the 1st Watch List of potential water pollutants under the Environmental Quality Standards Directive of the European Union, and it is currently under assessment for environmental risk and endocrine disruption [14,19]. The bioavailability of EHMC was observed by Kaiser et al. (2012) and a recent study showed that it affects the thyroid hormonal balance, and it can influence gene transcription in fishes [21]. The physicochemical properties of EHMC are reported in Table 1.
Personal care products are considered not highly mobile, and their presence is usually associated with manufacturing sites and urban sources such as wastewater discharges [22,23]. In most cases, EHMC was found close to its potential sources, however, it has also been detected in various environmental matrices, including background areas: in soils of protected woodlands in Italy [23], in surface sediments in the North Sea and the Baltic Sea [24], in freshwater in Australia [25], in German rivers [26], and in urban air in Canada [15]. The latter study shows the presence of EHMC in the atmosphere in both gas and particulate phases, suggesting that it can be prone to atmospheric transport, potentially diffusing from its source point. In polar regions, EHMC was previously found in the surface water of the Arctic Ocean [27], while in Antarctica, local emissions were detected in suspended particulate matter in freshwater and wastewater drainage by Domínguez-Morueco et al. (2021), resulting in the range of 69 – 1900 ng g-1 dw and 1.3 – 296 µg g-1 dw respectively.  Literature studies therefore suggest the presence of EHMC in the Antarctic environment, but, beyond local emissions, long-range sources may play a major role. For this exploratory study, 14 samples of snow, snowmelt, and pond water from Terra Nova Bay and Victoria Land, Antarctica, were analysed. The aims of the study are i) to investigate the occurrence of EHMC in Antarctic snow, ii) to identify the potential contamination sources, and iii) to evaluate the long-range transport potential of EHMC comparing two modelling studies. 

Table 1. Physicochemical properties of EHMC
	
	VP
[mmHg]
	Log KP
	Φ/%
	Log KOW
	Log KOA
	Log KOC
	LogKAW
	POV [days]
	LRTP [km]

	EHMC
	1.38·10-5 (a)
	-1.65 (d)
	32 (d)
	> 6 (b)
	9.9 (c)
	- 4 (a)
	-4.13 (a)
	43.26 (a)
	90.80 (a)


a – (Gackowska et al., 2018) b – (Carvalho et al., 2015) c – (Pegoraro et al., 2020) d - (Pegoraro et al., 2018)

2. MATERIALS AND METHODS
Surface snow (S), snowmelt (SM), and pond water (P) (n = 14) were collected during the austral summer of 2019-2020 in precleaned stainless steel containers in Terra Nova Bay (Victoria Land, Antarctica) at the sites shown in Figure 1. Sampling sites are set at various distances from scientific facilities, with frequent or occasional human presence, but are unaffected by direct discharges and inputs. Surface snow (5 cm depth) was collected at David Glacier (Dav-S), Browning Pass (Bro-S), Cape Phillips (Cph-S), and Adelie Cove (Ade-S). In some locations, repeated samples were collected: at Icaro Camp, we collected fresh snow after two precipitation events (Ica-S1 and Ica-S2) and one sample of snowmelt (Ica-SM) from a nearby stream. In Enigma Lake, water was collected at the shore of the lake (Eni-P), surface snow was sampled from the facing hill (Eni-S1), and later fresh snow was also sampled at the same point (Eni-S2) and at the centre of the lake (Eni-S3). Other samples from ponds were collected at Skua Lake (Sku-P) and Boulder Clay (Bou-P), while snowmelt was sampled from a stream in Edmonson Point (Edm-SM). Sampling dates and coordinates are reported in Table S1. 
All samples (average 0.91 L) were extracted using 200 mg Oasis® HLB cartridges (Waters Corp., Milford, MA USA) previously conditioned with 10 mL of n-hexane, 10 mL of dichloromethane followed by 10 mL of ultrapure water (ELGA, HighWycombe, UK) in the laboratories of the Italian Mario Zucchelli Station in Antarctica and stored at -20°C. Samples were later eluted with pesticide-grade 1 mL of toluene, 15 mL of dichloromethane, and 10 mL of n-hexane (Romil Ltd., Cambridge, UK), in a stainless steel ISO 7 cleanroom, specifically built to analyse organic compounds. Eluates were dried with an aliquot of Na2SO4 and concentrated at 250 µL under nitrogen flow at 23°C (Turbovap II®, Caliper Life Science, Hopkinton, MA, USA). The instrumental analysis was conducted by GC-MS/MS (Trace 1310 - TSQ 9000, Thermo Scientific). The gas chromatographic separation was executed on a 60-m HP-5MS (0.25 mm I.D., 0.25 µm; Agilent Technologies, Avondale, USA). The initial temperature in the oven is 120 °C (1 min) increasing to 180°C at 25 °C min-1, subsequently until 250°C at 10°C min-1, and finally to 310°C at 20°C min-1. MRM transitions were 178.1→132.1 for quantification and 178.1→161.1 for confirmation. Phenanthrene 13C was used as the procedural internal standard for quantification implementing a previously developed method (Vecchiato et al., 2018). Procedural recoveries (n=5) resulted 94 ± 4% with a trueness error (n=5) of 6 ± 7%. The linearity of the instrumental response was five-points checked in the 0.5 pg/μl – 25 ng/μl concentration range obtaining R2=1.0000, where Instrumental Detection Limit (IDL) resulted 2.5 pg absolute. Field blanks (n = 5) were conducted by extracting 1 L of ultrapure water. Results were corrected by subtracting the mean blank value (0.16 ± 0.09 ng absolute), and the Method Detection Limit (MDL = 0.28 ng L-1) was calculated as three times the standard deviation of the blank signal.

[image: ]
Figure 1 – Sampling locations: David Glacier (Dav), Browning Pass (Bro), Cape Phillips (Cph), Adelie Cove (Ade), Icaro Camp (Ica), Enigma Lake (Eni), Skua Lake (Sku), Boulder Clay (Bou) and Edmonson Point (Edm). Location of the scientific stations: Mario Zucchelli Station (MZS; Italy), Jang Bogo (South Korea), and Gondwana (Germany). Concentrations of EHMC (ng L-1) in Antarctic snow (S), snowmelt (SM) and pond (P) samples collected at the nine sampling locations: Error bars refer to the standard deviation of the analytical method precision. Adapted from Antarctic Digital Database (www.add.scar.org).

3. RESULTS AND DISCUSSION
EHMC was found in 10 out of 14 samples, with concentrations ranging from 0.4 ng L-1 to 3.1 ng L-1 (Table S1 and Figure 1) being detected both in the surroundings of the scientific stations and in more remote areas. To the best of our knowledge, this is the first detection of EHMC in snow samples. The highest values were found in Eni-P and Bro-S (Figure 2). The occurrence of EHMC in snowmelt and pond water samples indicates that this contaminant can be remobilized after snow deposition and melting. Snow samples collected at Icaro Camp showed variable concentrations: 1.9 ng L-1 were found in Ica-S1 collected on 14th January, and concentrations resulted lower than MDL after 14 days (Ica-S2). The same was observed in Eni-S1 and Eni-S2, where the second round of sampling was conducted right after a snowfall.
The values of EHMC found in this study are lower than those detected in freshwater (69 - 1900 ng g-1 dw) and wastewater drainage (7300 ng g-1 dw) in Antarctica by Domínguez-Morueco et al. (2021) (Table 2). These samples were collected in areas near human settlements and dumping locations close to big scientific stations. Comparing the presented results with data from the Arctic, values are lower than those detected by Tsui et al. (2014) in surface water samples from the Arctic Ocean (range 25 – 66 ng L-1).
Table 2. Literature data of UV filters in different matrices in Antarctica
	Matrix
	Analyte *
	Range
	References

	Snow [ng L-1]
	EHMC
	0.4 – 3.1
	This study

	Seawater [ng L-1]
	4-MBC
BP-1
BP-3

Benzyl Salicylate
	< 3.2 - 45.1
< 0.8 – 10.3
< 2.6 - 88.4

2.2 - 4.5
	Emnet et al. 2015


Vecchiato et al. 2017

	Freshwater
Water [ng L-1]






Suspended Particulate Matter
[ng g-1 dw]

	
4-MBC
BP-1
BP-3
4HB
4DHB
BZT
MeBZT

4HB
EHMC
ODPABA
OC
	
18 – 45
3.5 - 390
2.5 - 59
6.1 - 53
LOQ - 5.2
4.9 - 34
5.6 - 95

9.7 - 100
69 - 1900
9.2 - 35
210 - 1700
	
Domínguez-Morueco et al. 2021

	Sea ice [ng L-1]
	4-MBC
BP-3
	< 3.2 - 4.3
< 2.6 – 3.8
	Emnet et al. 2015

	Wastewater 
Water [ng L-1]









Suspended Particulate Matter [ng g-1 dw]



	
4-MBC
BP-1
BP-3

BP-1
BP-3
4HB
BZT
MeBZT

4HB
EHMC
OC
	
173 - 11,700
7.3 - 6830
16.7 – 195

1400
15
21
57
920

15
7300
33000
	
Emnet et al. 2015



Domínguez-Morueco et al. 2021

	Biota [ng g-1 dw]
	BP-3
	6.6 – 14.1
	Emnet et al. 2015


* 2-Ethylhexyl 4-methoxycinnimate (EHMC), 4-methyl-benzylidene camphor (4-MBC), 2,4-dihydroxybenzophenone (BP-1), 2-hydroxy-4- methoxybenzophenone (BP-3), 4-hydroxybenzophenone (4HB), 4,40-dihydroxybenzophenone (4DHB), Benzotriazole (BZT), methyl benzotriazole (MeBZT), ethyhexyl-para-aminobenzoic acid (ODPABA), octocrylene (OC).

In general, the presence of EHMC in Antarctic snow can be ascribable to three different scenarios: A) the substance enters the environment through direct local inputs; B) contaminants from local hotspots (e.g., scientific stations, tourist ships) are transported by local winds and deposited relatively further from the source of contamination, and C) EHMC enters in the atmosphere at lower latitudes, and it is transported through long-range atmospheric transport processes.
Literature data suggest that the presence of human facilities may represent a source of UV filters in the Antarctic environment. In Antarctica, sunscreen lotions containing UV filters are used to protect the exposed skin from high solar radiation. UV filters are also present in other personal care products and plastic materials making scientific stations potential local sources of contamination. Once UV filters are applied to the skin, they can enter the environment by indirect inputs like wastewater treatment plants, or by direct inputs in situ, like field activities and direct contact with different environmental matrices [28]. In the area facing Terra Nova Bay, there are three active scientific research stations: the Italian Mario Zucchelli Station (74°41’45” S, 164°6’20” E), the Korean Jang Bogo Station (74°37’27'' S, 164°13’32” E) and the German Gondwana Station (74°38’7” S, 164°13’18” E). In addition, a new Chinese research station is under construction on the nearby Inexpressible Island, approximately 20 km from Mario Zucchelli Station. During the summer season, the scientific stations together can host up to an average of 180 people, while, in winter, only Jang Bogo Station is active with a limited number of technicians and researchers. Six of the nine sampling sites of this study are in the area surrounding the Italian Mario Zucchelli Station (Figure 1b). The samples with the highest concentrations were collected in two of these sites, i.e. Eni-P and Bro-S. These values could be linked to the presence of human facilities: the Italian station at about 3 km from Enigma Lake, and the airplane runway at Browning Pass. Noteworthy is the occurrence of EHMC in fresh snow in Eni-S3 (1.1 ng L-1), despite the other two samples of fresh snow (Ica-S2 and Eni-S2) show values lower than MDL. The other three sampling sites are in more isolated areas: Edmonson Point is about 42 km from the closest scientific station, David Glacier is about 190 km, and Cape Phillips is about 240 km. A different scenario can be drawn for concentrations found in Edm-SM (1.3 ng L-1), Dav-S (1.5 ng L-1), and Cph-S (0.4 ng L-1) (Figure 1a). In these zones, the only human activities are linked to the Automatic Weather Stations (AWS) occasionally frequented by scientists. Direct input of contamination (scenario A), or contamination due to local hotspots (scenario B), cannot be excluded. However, these sources can be considered negligible since the presence of the scientists is limited throughout the year; moreover, the samples were collected in sites distant (≈ 300 m) from the areas directly impacted by the local human operations. These considerations suggest distant sources of contamination (scenario C).
Three factors make a substance prone to reaching and accumulating in remote regions through atmospheric long-range transport. First, the contaminant must be present in significant quantities in the air, either by direct emissions or by evaporation from environmental media. In this case, EHMC is globally a large volume production chemical, and its atmospheric occurrence could be associated with the use of personal care products or the manufacture of plastics. Second, the substance must be persistent enough in the atmosphere to be transported a considerable distance. Last, the physicochemical properties the atmosphere, primarily vapor pressure and the gas-particle partition coefficient (Kp), should promote the transport and deposition of the substance in remote regions [29]. Recent assessments of the physical and chemical properties of EHMC (Table 1) suggest it can be found in the atmosphere both in the gas phase and associated with particles [29,30]. Field studies conducted in urban air at mid-latitudes show that at 25° C the average particulate percentage (φ/%) is 1.4 ± 4.3 [15]. The tendency to find EHMC either in the air or the particulate phase is related to air temperatures, and it was observed a positive correlation between air concentrations and air temperature. Similarly, the volatilization of EHMC from terrestrial and aquatic surfaces was also found to be favoured by higher temperatures [15]. Assuming that at lower air temperature EHMC is associated with atmospheric particles, we can then expect a shift towards a higher average particulate percentage in polar regions. Generally, organic chemicals in the atmosphere can be deposited on the surface through dry or wet deposition events. In polar regions, precipitations mainly occur in the form of snow, which is a scavenger for both gaseous and particle-bound organic contaminants [31]. Therefore, particle bound EHMC present in the atmosphere can be removed by snow precipitations and deposited in the snowpack.
A recent study conducted by Gackowska et al. (2018) calculated, through the OECD Screening Tool, the environmental overall persistence (POV, days) and the long-range transport potential (LRTP) of EHMC at mid-latitudes environmental conditions. The POV is a measure of the time scale of the degradation of a chemical in the environment. It is calculated by dividing the total mass at steady state by the sum of the degradation mass fluxes in air, water, and soil [32]. The LRTP is calculated using two indicator values: the characteristic travel distance (CTD, km), which quantifies the distance from the point of release to the point in which the concentration dropped 37% of its initial value; and the transfer efficiency (TE, %), that is the mass flux into a target region divided by the emission mass flux in a source region [32]. For these calculations, Gackowska et al. (2018) used partition coefficients and other physical-chemical parameters, such as the estimated degradation half-lives in different matrices. The results show values of POV = 43 days and LRTP = 90 km (Table 1) suggesting relatively short-distance sources as possible contributors to the presence of EHMC. To the best of our knowledge, there are no studies similar to Gackowska et al. (2018) that focus on the behaviour of EHMC in cold environmental conditions. Therefore, there is no data about environmental overall persistence and long-range transport potential in polar regions.
The long-range atmospheric transport processes of contaminants, such as POPs and inorganic elements were identified in the Terra Nova Bay area [5,33]. The potential of persistent organic chemicals for long-range transport in polar regions was calculated by Wania (2003) using a zonally averaged multimedia model (Globo-POP) determining the Arctic Contamination Potential (ACP). This approach however considers only Arctic regions and a selected list of hypothetical chemical properties combinations: partition coefficients, temperature dependence, and degradation rate with OH radicals in the air. For this contribution, we try to apply the approach of Wania (2003) to the Antarctic environment and EHMC. To have an elevated ACP, the partitioning characteristics of a substance should overlap in the ranges of 6.5 < log KOA < 10; -3 < log KAW < -0.5; and 5 < log KOW < 8 Wania (2003). As shown in Table 1, the values of log KOW and log KOA of EHMC fall within these ranges, while KAW is lower than the range. Due to the relatively high octanol-air partition coefficient (log KOA > 9.5), EHMC can be classified as a ‘single hop’ chemical, according to the classification proposed by Wania (2003). This may indicate that it tends to not volatilize after deposition, reaching the polar regions mostly in one single atmospheric long-range transport event [34]. According to these indications, we can assume that the presence of EHMC in polar environments can be linked to the use of products within the region or to emissions at lower latitudes and a single atmospheric transport event.
The two considered studies show different conclusions. The results of Gackowska et al. (2018), when applied to polar areas, show discrepancies with the assumptions based on the study of Wania (2003). If we consider the three possible scenarios previously proposed for the presence of EHMC in Antarctica, the approach presented by Wania (2003) suggests the scenario C as probable, with a ‘single hop’ long-range atmospheric event; differently, the results presented in Gackowska et al., (2018) fit the scenario B suggesting contamination from relatively short-distance hotspots. The reason for these discrepancies is the different types of parameters used, and the environmental conditions considered in the two studies. Gackowska et al. (2018) use the physical-chemical parameters of EHMC but only considers midlatitudes environmental conditions, while Wania (2003) defined the chemical parameters for persistent chemicals, such as organochlorine compounds, under polar environmental conditions, which may results not perfectly suited for other categories of substances. Insight of this, it appears necessary to adapt the parameters of the model used by Wania (2003) to EHMC. In general, to have a comprehensive picture of the environmental fate of CECs in polar regions, the application of the model should be extended to a larger set of contaminants, including emerging contaminants and specifically personal care products.  
To the best of our knowledge, the data reported in this study are the first evidence of EHMC in Antarctic snow samples. Results suggest the possibility of long-distance sources while, until now, literature data proposed local anthropogenic influence as the main possible source of EHMC, both in midlatitudes and in Antarctica. This finding highlights the need for more in-depth research on personal care products in Antarctic matrices, possibly extending the research also to other compounds other than EHMC. Since UV filters are widely used in middle latitudes, further research is needed to better understand the potential of these substances for long-range atmospheric transport and accumulation in polar environments. More data on the environmental distribution of CECs, and the implementation of model simulations for a larger set of emerging contaminants in polar regions are needed.  Human activities in Antarctica are expected to intensify in the future, for this reason, the assessment, and monitoring of CECs are becoming increasingly important. Effective regulations can be encouraged by a more detailed identification and characterization of contamination sources and transport processes of CECs.
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