Supplemental Material for
Does Sargassum on Beaches Pose Health Risks to Children Through Arsenic Exposure During Recreational Play?
Brittany Mc Intyre1, Melanie Cerna1,2, Afeefa A. Abdool-Ghany1, Guangliang Liu3, 
Yong Cai3, Alesia Ferguson4, Jiayu Li1, Helena Solo-Gabriele1,*


1 University of Miami, Coral Gables, FL 33146 USA
2 University of Florida, Gainesville, Fl 32611 USA
3 Florida International University, Miami, FL, 33199, USA
4 North Carolina Agricultural and Technical State University, Greensboro NC 27411 USA





*Corresponding Author.  University of Miami, Department of Chemical, Environmental, and Materials Engineering, 1251 Memorial Drive, Coral Gables, FL  33146. Email: hmsolo@miami.edu



Table of Contents
Equations used for estimating dose:	3
Table S1. Parameters Used in the Calculation of Dose for Oral Exposure	3
Table S2. Parameters Used in the Calculation of Dose for Dermal Exposure	3
Table S3. Parameters Used in the Calculation of Dose for Inhalation Exposure	4
Table S4. Parameters used to calculate total exposure, units of mg of arsenic per day, per kilogram body weight	4
Table S6. Parameters used in the calculation of PEF	5
Table S-6 (b) Age independent parameters used to calculate dose.	5
Supplemental Data Used	5
Table S7. Synthetic Precipitation Leaching Procedure (SPLP) pH measurements for leachate samples where, ZL represents a blank sample, GL fresh sargassum leachate, and DL dried sargassum leachate	5
Table S8. Florida Soil Cleanup Target Levels (SCTLs) for arsenic and related U.S. EPA guideline	7
Study Site	7
Figure S1 Map showing the five South Florida sampling sites (B1–B5) with their corresponding GPS coordinates and measured arsenic concentrations (mg/kg)	7
Supplemental Text	8
Details for the analysis of samples for arsenic	8
Dermal Absorption Factor Justification and Study Limitations	8
Detailed Justification and Limitations of Using Sand Adherence Factors for Sargassum	10




[bookmark: _Toc216073116]Equations used for estimating dose:


[bookmark: _Toc216073117]Table S1. Parameters Used in the Calculation of Dose for Oral Exposure 
	Dos /Dog
	Oral dose, Do, with subscript s = Sand, g = Sargassum
mg of arsenic per day, per kilogram body weight

	C
	Concentration of arsenic (mg/kg)

	IRs
	Ingestion Rate Sand (mg/day)

	RBAs
	Relative Bioavailability

	EF
	Exposure Frequency (days)

	CF
	Conversion Factor

	BW
	Body Weight (kg)












[bookmark: _Toc216073118]Table S2. Parameters Used in the Calculation of Dose for Dermal Exposure 
	Dds/Ddg
	Dermal Dose, Dd, with subscript s = Sand, g = Sargassum
mg of arsenic per day, per kilogram body weight

	C
	Concentration of arsenic (mg/kg)

	SA
	Skin Surface Area (cm2)

	AF
	Adherence Factor (mg/cm2)

	ABS
	Absorption Factor, unitless

	EF
	Exposure Frequency (days)

	EV
	Events/day

	CF
	Conversion Factor

	BW
	Body Weight (kg)








[bookmark: _Toc216073119]Table S3. Parameters Used in the Calculation of Dose for Inhalation Exposure 
	Dis/Dig
	Inhalation Dose. Di, with subscript s = Sand, g = Sargassum
mg of arsenic per day, per kilogram body weight

	C
	Concentration of arsenic (mg/kg)

	IRa
	Inhalation Rate (m3/day)

	RBAs
	Relative Bioavailability

	PEF
	Particulate Emission Factor (See Table S6)

	ET
	Exposure Time (days)

	EF
	Exposure Frequency (days)

	CF
	Conversion Factor

	BW
	Body Weight (kg)














[bookmark: _Toc216073120]Table S4. Parameters used to calculate total exposure, units of mg of arsenic per day, per kilogram body weight
	Do
	Oral Dose

	Dd
	Dermal Dose

	Di
	Inhalation Dose








	EF
	Exposure Frequency

	F
	Frequency (days/year)

	ED
	Exposure Duration (hours)

	AT
	Averaging time (days)


Table S5. Parameters used to calculate Exposure Frequency






[bookmark: _Toc216073121]Table S6. Parameters used in the calculation of PEF
(Parameters taken from FDEP, 2005, Ferguson et al., 2018)
	PEF
	Particulate emission factor (m3/kg)
	6.21×108

	Q/C
	Inverse of mean concentration at center of a 0.5-acre square source (g/(m²s) per kg/m³) with undisturbed soil. Default value for Miami, FL, USA Where C is an average annual concentration and Q is the area source emission rate.
	85.61

	V
	Fraction of vegetative cover (unitless)
	0

	Um
	Mean annual wind speed (m/s)
	4.69

	Ut
	Equivalent threshold value of wind speed at 7 m (m/s)
	11.32

	F(x)
	Function dependent on Um/Ut (unitless)
	0.194

	
	Respirable fraction (g/(m²h)) (Ferguson et al., 2018)
	0.036

	
	Conversion factor (s/h)
	3600



[bookmark: _Toc216073122]Table S6 (b) Age independent parameters used to calculate dose. These parameters were set to contants during Monte Carlo simulations.
	Parameter
	Value
	Reference

	Relative Bioavailability (RBAs)
	0.33
	FDEP, 2005

	Absorption Factor (ABS)
	0.039
	OEHHA, 2012

	Particulate Emissions Factor (PEF)
	6.21×108
	FDEP, 2005
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[bookmark: _Toc216073124]Table S7. Synthetic Precipitation Leaching Procedure (SPLP) pH measurements for leachate samples where, ZL represents a blank sample, GL fresh sargassum leachate, and DL dried sargassum leachate
	Sample ID
	pH before tumbling
	pH after 18hrs of tumbling

	ZL
	4.18
	4.36

	GL-1
	4.31
	7.66

	GL-2
	4.13
	7.62

	GL-3
	4.17
	7.29

	DL-1
	4.28
	6.89

	DL-2
	4.26
	6.77

	DL-3
	4.32
	6.93





[bookmark: _Toc216073125]Table S8. Florida Soil Cleanup Target Levels (SCTLs) for arsenic and related U.S. EPA guideline
	Guideline/Source
	Concentration (mg/kg dry weight)
	Intended Exposure Scenario
	Reference

	Florida residential SCTL
	2.1
	Direct contact (children in residential settings)
	FDEP, 2005

	Florida industrial/commercial SCTL
	12
	Adult workers, limited child access
	FDEP, 2005

	U.S. EPA biosolids land-application ceiling
	75
	Agricultural/recreational reuse of sewage sludge
	U.S. EPA, 2002 (40 CFR 503)


[bookmark: _Toc216073126]Study Site 
[bookmark: _Toc216073127]Figure S1 Map showing the five South Florida sampling sites (B1–B5, from north to south) with their corresponding GPS coordinates and measured arsenic concentrations (mg/kg)

[image: ]

	Site ID
	GPS Coordinate
	Arsenic Content (mg/kg)

	B1 – Hallandale Beach
	25°58'59.8"N 80°07'04.0"W
	35.0

	B2 – Haulover Beach
	25°54'19.0"N, 80°07'17.1"W
	32.7

	B3 – Miami Beach
	25°47'48.2"N, 80°7'32.2"W
	29.9

	B4 – Crandon Park Beach (Preserve)
	25°42'44.9"N, 80°9'5.2"W
	62.5

	B5- Cape Florida/Bill Baggs
	25°40'11.8"N, 80°9'12"W
	48.2
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[bookmark: _Toc216073129]Details for the analysis of samples for arsenic  
Total arsenic levels in all samples were determined using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) with a Perkin Elmer NexION 2000 instrument, adhering to the laboratory standard operating procedures (SOPs) modified after established protocols (Method 6020B, US EPA 2014). The liquid leachate samples were acidified with nitric acid (HNO3) to have an acid concentration of 2% HNO3 (v/v) before analysis. For solid samples (fresh and dry sargassum), preparation involved drying the samples in an oven at 50 °C for 48 hours and pulverizing the material into a fine powder using a Cuisinart coffee grinder. For total arsenic 0.5 g of the fine powder was put  through the digestion procedure (Method 3050B, US EPA, 1996). The digestion was done by adding 5 mL of concentrated HNO3 and heating the sample on a hot block (Model 200, Environmental Express) for 1 h at 95±5 ˚C. The samples were then let to cool to room temperature, and 1 mL of 30% H2O2 was slowly added into the digestion tube and the sample was heated again for another 20 minutes at 95±5 ˚C. The samples were left overnight for particulate to settle down and an aliquot of digestate was then pipetted out and diluted for analysis. Certified reference materials (CRMs, Spex CertiPrep CLMS-2N and GBW10043 for liquid and solid, respectively) were treated as samples and included accompanying each analytical batch. The analysis on ICP-MS was done using external calibration and incorporating yttrium as an internal standard to check instrumental shift. The recoveries for the CRMs were 98-112% for Spex CertiPrep CLMS-2N, within the acceptable range (85-115%) specified in the laboratory standard operating procedures (SOP), and 88-105% for GBW10043, also within the SOP-specified range (70-130%). The relative percentage differences between CRM duplicates during an analytical batch ranged from 0.9-14%, satisfying the analytical requirement (≤ 24%).
[bookmark: _Toc216073130]Dermal Absorption Factor Justification and Study Limitations
[bookmark: _Hlk214867844]Dermal exposure showed the highest risks among all exposure routes, emphasizing its importance in contributing to the overall health risks. The results indicate a gradual increase in risk with age, reaching a maximum of 4.84×10-4 for lifetime risks. This underscores the need for a more in-depth exploration of dermal exposure pathways and absorption factors, especially given the absence of minimum risk levels (MRLs) specifically for dermal exposure routes. The driving role of dermal exposure in older age groups suggests that protective measures, such as enhanced hygiene practices and beach management, may be necessary for mitigating health risks. Higher dermal exposure for adults was driven by the adsorption factor, and longer duration of exposure when compared with all other age groups; the longer an individual is exposed to arsenic the greater the risk. While improved beach management protects recreational users it can increase dermal and inhalation risks to clean-up crews working without protective wear. 
 The absorption factor contributed significantly to higher risks associated with dermal exposure. In our study, we chose to utilize a dermal absorption factor of 3.9% (OEHHA, 2012). Notably, the pivotal in vivo monkey study conducted by Wester et al. (1993a) reported an average fractional absorption of 3.9 % or 0.039 for arsenic, based on experiments where arsenic was directly applied to soil before skin contact with the soil. This value contrasts with the assumptions made in the FDEP study, which relied on default values of 0.01 for organics and 0.001 for inorganics, based on USEPA Region 4 guidance. While the technical basis for these defaults is not explicitly elucidated, they are purported to consider reduced dermal absorption from soil. However, evidence suggests that some chemicals may exhibit higher dermal absorption rates, as indicated in the USEPA Dermal Assessment guidance. The decision to use a different value (3.9%) is based on the specific characteristics of the soil in question, particularly its grain size and composition. Sandy soils, such as those found on beaches, have different properties compared to other soil types. These soils may have larger particles and lower capacity to retain arsenic due to their porosity and texture (OEHHA, 2012). In vitro studies show a wide range (0.3 to 10%) of total skin absorption for freshly spiked soil, while aged arsenic in soil resulted in lower skin absorption (0.8-1.5%) in pig skin samples (Skowronski et al., 1994; Abdel-Rahman et al 2005; Abdel-Rahman et al., 1999; Wester et al., 1993a). The disparity suggests that aging processes in soil may alter arsenic bioavailability, impacting dermal absorption rates.
A limitation of this study is that pulverizing the seaweed increases the availability of arsenic. It could be argued, however, that on beaches seaweed naturally breaks down into very small particles over time, making arsenic increasingly available within the sand. Another consideration is that the leachate used in this study may not perfectly replicate human sebum, sweat, or common skin additives such as sunscreen, all of which can influence partitioning and uptake across the skin barrier. In addition, absorption is a dynamic process across multiple skin layers, and activities such as bathing or scrubbing immediately after contact can alter the extent of uptake. Although our exposure assessment relied on frequency of contact rather than duration, in reality duration is also an important factor. In a beach environment this becomes especially complex, as fine sand particles containing seaweed often remain adhered to the skin, except immediately following a swim event.  
Therefore, future studies are needed to understand the effects of aging on arsenic absorption from soil and specifically the dermal absorption rates of arsenic from sargassum contact, as other factors such as thickness of the medium on the surface of the skin can also affect diffusion across skin barriers (Ferguson et al. 2009). 
[bookmark: _Toc216073131]Detailed Justification and Limitations of Using Sand Adherence Factors for Sargassum
Specifically with the dermal exposure route, values for adherence factors for sargassum were not available in existing literature, and an assumption was made to utilize the adherence factor for sand for sargassum. Data for adherence factors were available for three age groups (0-3, 3-6 and, 20 and over) and were interpolated for the remaining age groups. Sargassum, being a natural organic material, undergoes decomposition processes when washed ashore. As it disintegrates, its organic matter breaks down and becomes integrated into the surrounding sand, altering its composition and characteristics. This integration process is gradual and can vary depending on environmental conditions such as temperature, humidity, and microbial activity.
As sargassum dries, the arsenic is lost and decreases in concentration (Abdool-Ghany et al. 2023a&b). This study focused on fresh and dried sargassum; however, little is known about the adherence associated with either type of sargassum. The assumption to use the same adherence factor for both sand and sargassum stems from the understanding that as sargassum disintegrates and integrates into the sand; physical properties may become more similar, thus leading to comparable adherence. However, this assumption may oversimplify the complexities of sargassum disintegration and integration processes. There may be differences in the adherence properties between sand and sargassum, particularly regarding the surface texture, composition, and presence of organic residues. Therefore, utilizing adherence factors from sand data for sargassum introduces uncertainties and limitations in exposure assessments, particularly concerning dermal exposure routes. Further research is warranted to better characterize the disintegration dynamics of sargassum and its integration into the sand, along with investigating specific adherence factors for sargassum across different age groups. This would enable more accurate and nuanced risk assessments, especially concerning children's interactions with sargassum on beaches.
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