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S1. Statistical distribution of strontium concentration values in drinking groundwater in the North-
West of Russia
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Figure S1. Histograms a) all 17 samples, b) 9 samples with strontium contents less than 7 mg/l, c) 8
samples with strontium contents more than 7 mg/l.

Table S1. Summary statistics on strontium concentration values.

Parameter Number of Average Std. Dev. Min Max Median
samples

Sr 17 13.19 14.1 0.76 40.0 6.6
9 2.55 1.90 0.76 6.60
8 25.15 11.89 8.20 40.0

Table S2. Test of Normality Shapiro-Wilk

Parameter Number of Statistics Significance value
samples

Sr 17 0.81 0
9 0.84 0.06
8 0.94 0.59




S2. Summary statistics on compositions of drinking groundwater in the North-West of Russia

Parameter Number of Average Std. Dev. Min Max
samples
Sr>7mg/L 8 25.15 11.89 8.20 40.0
Na* 60.42 50.70 18.90 170.00
Ca? 63.85 14.29 48.30 85.40
Mg? 26.21 6.82 16.80 37.20
K* 5.11 2.59 3.61 11.10
Cl 51.86 46.00 17.70 158.00
SO 61.54 42.81 8.30 123.00
HCOs 382.00 78.40 265.00 489.00
TDS 676.25 202.60 410.00 979.00
pH 7.67 0.34 7.06 8.03
Eh -11.13 112.00 -121.00 155.00
Oz 341 2.69 0 8.00
Altitude 11.25 4.68 6.00 22.00
Slealcite 0.22 0.24 -0.24 0.44
Sldolomite 0.54 0.54 -0.59 0.98
Slstrontionite 1.83 0.26 1.32 2.14
Slgipsum -2.09 0.41 -2.78 -1.61
Slcelestite -1.94 0.47 -2.76 -1.35
“C 47.48 9.22 29.53 59.23
oiC -10.42 1.57 -13.30 -8.60
Age 2151.38 1372.07 73.00 4662.00
9] 0.08 0.07 0.01 0.23
el Vs 1.96 0.97 1.12 3.94
Parameter Number of Average Std. Dev. Min Max
samples
Sr<7mg/L 9 2.55 1.90 0.76 6.60
Na* 46.37 17.66 19.80 72.40
Ca* 88.07 20.39 61.30 111.00
Mg? 17.83 7.38 7.90 29.80
K* 3.97 0.37 3.49 4.62
Cl 20.26 10.26 10.60 37.20
SO4* 21.67 18.99 4.40 56.50
HCOs 434.78 65.15 330.00 512.00
TDS 636.56 112.42 469.00 780.00
pH 7.72 0.16 7.45 7.90
Eh -7.78 68.59 -103.00 73.00
Oz 2.84 1.33 0.60 5.60
Altitude 15.67 5,45 11.00 28.00
Slealcite 0.49 0.11 0.27 0.64
Sldolomite 0.76 0.40 -0.03 1.33
Sstrontionite 0.93 0.40 0.30 1.52
Slgipsum -2.42 0.45 -2.88 -1.75
Slcelestite -3.44 0.38 -3.92 -2.88
u“C 62.17 7.75 50.15 74.47
oBC -13.60 2.12 -15.80 -9.10
Age 1991.6 1523.8 73.00 4540.0
9] 0.69 0.68 0.03 1.89
z4y/28U 2.13 0.86 1.23 3.48




S3. Correlation matrices on compositions of drinking groundwater in the North-West of Russia

Sr | Na* | ca® | Mg*” | K Cl S0, | HCO; | TDS | pH Eh 0, Altitude | Sleaicite | Slaolomite Slgrontionite | Slgipsum | Sleetestite | *'C 3%C | Age [ U U~y
Sr>7 1 068 | 040 [ 084 | 055 |062 |071° [ 0.83 0.90 | -0.67 | -0.58 | -0.32 | -0.33 -0.59 -0.43 0.26 0.70 0.8 -0.27 [ 019 [ 014 | -0.21 | 0.80
mg/L 006 [ 032 [001 |016 |0.10 | 005 | 0.01 0 0.07 | 013 | 043 | 043 0.12 0.29 0.54 0.06 0.01 052 | 066 | 073 | 061 | 0.03
Na* 1 003 [062 [ 096 |092 [082 | 0.36 0.85 | -0.38 | -0.35 | -0.40 | -0.08 -0.39 -0.24 0.27 0.60 0.71 -0.60 | 0.23 | 0.64 | -0.47 | 0.90
094 (011 |0 0 0.01 | 0.38 001 | 036 |039 |032 |086 0.34 0.57 0.52 0.12 0.05 012 | 059 | 009 | 024 | 001
Ca? 1 028 [ 009 [017 [027 |[0.70 0.48 |-0.82 | -0.45 | -0.13 | -0.04 -0.68 -0.72 -0.61 0.43 0.33 055 | -0.36 | -0.38 | -0.03 | 0.05
050 | 0.84 | 069 | 052 | 0.05 023 | 001 |026 |076 | 0.92 0.06 0.04 0.11 0.28 0.43 016 | 038 | 036 | 004 | 091
Mg?* 1 060 | 067 | 057 [055 0.75 | -0.31 | -0.38 | 0.08 | 0.05 -0.16 0.02 0.52 0.49 0.64 042 [ 044 | 024 |-0.19 | 0.91
012 | 007 | 014 |0.16 003 | 046 | 036 | 085 | 0.90 0.71 0.97 0.19 0.22 0.09 030 | 027 | 057 | 065 |0
K* 1 097 |[076 |021 0.77 | -0.29 | -0.20 | -0.25 | 0.04 -0.27 -0.15 0.22 0.53 0.58 061 [ 021 [071 |o042 | 087
0 0.03 | 0.62 0.02 | 048 | 064 | 055 | 092 0.52 0.72 0.61 0.18 0.13 011 | 062 | 005 | 029 | 001
cr 1 0.66 | 0.26 0.78 | -0.32 | -0.25 | -0.26 | -0.01 -0.26 -0.14 0.25 0.44 0.52 -058 | 0.36 | 057 | -0.54 | 0.93
0.07 | 0.53 0.02 | 043 | 055 | 053 | 0.98 0.54 0.75 0.56 0.28 0.18 013 [ 038 [014 |017 | O
SO~ 1 0.57 0.88 | -058 | -0.38 | -0.29 | -0.06 -0.62 -0.49 0.02 0.92 0.93 032 [-027 [ 059 |0 0.71
0.14 0 013 | 035 | 049 | 0.90 0.10 0.21 0.95 0 0 045 | 052 [013 |1 0.07
HCOs 1 0.78 |-0.89 | -0.77 | -0.42 | -0.24 -0.83 -0.74 -0.19 0.68 0.75 027 | -0.16 | -0.27 | -0.13 | 0.39
002 |0 0.03 | 031 | 056 0.01 0.04 0.65 0.06 0.03 052 | 071 | 052 | 076 | 038
TDS 1 -0.75 | -0.61 | -0.41 | -0.15 -0.70 -0.56 0.04 0.80 0.89 -0.24 [ 002 [031 |-031]081
003 | 011 |031 |073 0.05 0.15 0.92 0.02 0 056 | 096 | 046 | 044 | 0.03
pH 1 065 | 051 | 017 0.97 0.94 0.53 -0.70 -0.67 -0.35 [ 039 [ 018 [ 017 | -0.25
0.08 | 020 | 0.69 0 0 0.18 0.05 0.07 040 | 034 | 067 | 069 | 059
Eh 1 071 | 0.36 0.59 0.51 0.05 -0.29 -0.44 -0.40 | -0.06 | 043 | 037 | -0.32
0.05 | 0.38 0.12 0.20 0.91 0.48 0.28 032 | 090 | 029 |0.37 |048
0, 1 0.63 0.58 0.54 0.14 -0.12 -0.27 023 [ 005 [018 | 040 |-0.15
0.09 0.14 0.16 0.73 0.77 0.52 058 | 091 |067 |032 |075
Altitude 1 0.18 0.14 -0.29 0.05 -0.18 -0.11 | -0.05 | 0.17 | -0.18 | -0.11
0.66 0.74 0.48 0.91 0.67 080 | 091 | 069 | 068 | 082
Sleatcite 1 0.98 0.57 -0.74 -0.70 031 [050 [009 [012 |-017
0 0.14 0.04 0.06 046 | 020 | 083 |077 |072
Slgolomite 1 0.72 0.64 -0.55 044 [ 060 [ 017 | 008 | 0.02
0.04 0.09 0.16 028 | 011 | 068 | 086 | 097
Slstrontionite 1 -0.18 0.07 064 [ 071 [ 030 |-0.02 | 058
0.66 0.86 0.09 | 005 | 047 | 097 | 017
Slgipsum 1 0.94 -0.16 | -0.46 | 0.44 | 0.16 | 0.52
0 070 | 025 | 028 | 071 | 023
Sleelestite 1 -0.27 | -0.22 [ 041 [ 0.06 | 070
052 | 059 |032 | 090 | 0.08
1c 1 -0.50 | :0.81 | 0.21 | -0.66
021 001 |062 |011
e 1 -0.03 | -0.61 | 051
094 | 011 | 024
Age 1 0.08 | 053
84 0.22
U 1 -0.68
0.10
234U/23SU 1

a- significance value p <0.01
b - significance value p < 0.05




Sr | Na* ca® | Mg” | K cr S0 | HCOs | TDS | pH Eh 0, Altitude Sleacite | Sldotomite Slgrontionite | Slgipsum | Sleetestite | -'C 3B%C | Age | U 2Ry

Sr<7 1 0.30 | -0.16 | 0.57 | 0.08 | 0.30 | -0.36 | 0.44 030 | 031 | -0.51 | 0.34 | 0.07 0.56 0.58 0.89 -0.37 0.35 -0.28 | -0.54 | 0.72 | -0.29 | 0.80
mg/L 043 | 0.68 | 011 | 083 | 043 | 034 |0.23 043 | 042 | 016 | 036 | 0.85 0.12 0.10 0 0.32 0.36 046 | 0.13 | 0.03 | 045 | 0.01
Na* 1 0.64 | -0.20 | 0.64 | 0.67 | 0.30 | 0.86 090 | -0.40 | 0.06 | 0.37 | 0.35 0.49 -0.01 0.29 0.29 0.52 0.26 | -0.42 | 0.24 | 054 | -0.27
0.06 | 0.61 | 0.07 | 005 |044 |0 0 0.29 | 0.87 | 0.32 | 036 0.18 0.98 0.44 0.45 0.15 049 | 0.26 | 0.53 | 0.13 | 0.49
Ca* 1 -0.54 | 0.76 | 056 | 0.71 | 0.71 0.84 | -0.88 | 0.66 | 0.04 | -0.27 -0.01 -0.56 -0.30 0.70 0.52 0.76 | -0.32 | -0.18 | 0.78 | -0.53
0.3 | 0.02 | 0.12 | 0.03 | 0.03 001 |0 0.05 | 0.93 | 0.48 0.97 0.12 0.43 0.04 0.15 0.02 | 040 | 0.63 | 0.01 | 0.15
Mg* 1 -0.13 | 0.14 | -0.54 | -0.08 -0.19 | 0.61 | -0.62 | -0.12 | 0.14 0.43 0.87 0.63 -0.45 0.01 -0.40 | 0.02 | 0.38 | -0.73 | 0.72
073 | 073 | 0.14 | 0.83 0.62 | 0.08 | 0.07 | 0.76 | 0.72 0.25 0 0.07 0.22 0.98 0.28 | 0.97 | 031 | 0.03 | 0.03
K* 1 0.53 | 043 | 0.68 0.75 | -0.77 | 0.42 | -0.30 | 0.09 0 -0.26 -0.13 0.40 0.34 074 | -0.24 | -0.23 | 035 | -0.31
0.15 | 0.25 | 0.04 0.02 | 002 | 026 | 0.44 | 0.82 0.99 0.50 0.74 0.29 0.37 0.02 | 054 | 056 | 036 | 041
cr 1 0.49 | 0.54 073 | -0.38 | 032 | 034 | -0.14 0.26 0.03 0.18 0.58 0.81 0.44 | -0.34 | 0.13 | 030 | -0.04
0.18 | 0.13 0.03 | 031 | 041 | 037 | 071 0.51 0.95 0.65 0.10 0.01 0.24 | 037 | 074 | 043 | 093
SO~ 1 0.20 0.48 | -0.82 | 0.68 | -0.16 | -0.39 -0.51 -0.77 -0.58 0.97 0.69 0.76 | -0.24 | -0.28 | 0.38 | -0.42
0.61 0.20 | 0.01 | 0.04 | 0.68 | 0.30 0.16 0.02 0.10 0 0.04 0.02 | 054 | 046 | 031 | 0.26
HCO3 1 094 | -0.41 | 0.01 | 0.24 | 0.13 0.60 0.07 0.41 0.18 0.48 0.28 | -0.56 | 0.38 | 0.51 | 0.06
0 0.27 | 098 | 053 | 0.74 0.09 0.86 0.27 0.64 0.19 046 | 012 | 032 |0.16 | 0.88
TDS 1 -0.60 | 0.24 | 0.23 | 0.01 0.40 -0.13 0.21 0.48 0.67 049 | -0.54 | 0.23 | 0.58 | -0.19
0.09 | 054 | 0.55 | 0.98 0.28 0.74 0.59 0.20 0.05 0.18 | 0.14 | 055 | 0.10 | 0.62
pH 1 -0.80 | 0.26 | 0.30 0.45 0.80 0.58 -0.76 -0.42 ‘092 | 0.22 | 042 | -056 | 0.54
0.01 | 049 | 044 0.22 0.01 0.10 0.02 0.26 0 0.57 | 026 | 0.12 | 0.13
Eh 1 -0.04 | -0.48 -0.58 -0.80 -0.76 0.72 0.22 0.83 | -0.01 | -0.56 | 0.59 | -0.62
0.92 | 0.19 0.11 0.01 0.02 0.03 0.58 0.00 | 098 | 0.12 |0.10 | 0.07
[ 1 -0.08 0.50 0.18 0.44 -0.10 0.22 -0.34 | -0.21 | 0.39 | 0.47 | 0.07
0.84 0.17 0.64 0.23 0.81 0.57 0.36 | 0.58 | 030 | 0.20 | 0.86
Altitude 1 0.35 0.38 0.22 -0.40 -0.34 -0.25 | -0.07 | 0.25 | -0.21 | -0.19
0.36 0.31 0.56 0.29 0.38 0.52 | 0.87 | 0.52 | 0.58 | 0.03
Slealcite 1 0.76 0.81 -0.42 0.06 -0.48 | -0.27 | 065 | 0.13 | 0.26
0.02 0.01 0.25 0.87 0.20 | 049 | 006 | 0.74 | 0.50
Sldolomite 1 0.81 -0.68 -0.17 -0.67 | 0.02 | 0.53 | -0.49 | 0.59
0.01 0.04 0.66 0.05 | 0.97 | 0.14 | 0.18 | 0.09
Slstrontionite 1 -0.57 0.15 -0.61 | -0.32 | 0.74 | -0.26 | 0.73
0.11 0.69 0.08 | 041 | 0.02 | 051 | 0.03
Slgipsum 1 0.71 0.77 | -0.25 | -0.24 | 0.39 | -0.45
0.03 0.02 | 051 | 054 | 0.29 | 0.23
Sleelestite 1 0.41 | -0.57 | 032 | 0.16 | 0.18
0.27 | 011 | 040 | 0.69 | 0.65
e 1 031 | -0.34 | 036 | -0.48
042 | 038 | 034 | 0.19
35C 1 -0.77 | -0.07 | -0.23
0.02 | 0.86 | 0.55
Age 1 -0.22 | 0.55
0.56 | 0.12
U 1 -0.66
0.05

234U/238U 1




S4. Estimation of exposure and human health risk

Data on the carcinogenicity of strontium are very limited, and there is insufficient information to
assess its carcinogenic potential due to the lack of adequate studies on long-term chronic exposure.

The assessment of non-carcinogenic risk to human health from contact with groundwater was
carried out in accordance with the procedure described by the US Environmental Protection Agency
(USEPA-2014; USEPA, 2004; USEPA, 2002). A deterministic approach was used for two routes of
exposure (ingestion and water through the skin) to two subpopulations (adults and children). It is
important to emphasize that strontium is not volatile, thus inhalation exposure is not likely, and therefore
inhalation was not included in the risk assessment models in this study.

Average daily doses (ADlIingand DAD)

The average daily intake for ingestion (ADling in mg/kg per day) and dermal (dermal absorbed dose -
DAD in mg/kg per day) were calculated according to equations (S1) and (S2) (USEPA, 2004, Zimoch
and Lobos, 2015, Zhang et al., 2018). Calculations were made for adults and children separately.

ADIing = (Cw x IR x EF x ED)/(BW x AT) (S1)
DAD = (DAcvent x EV x SA x EF x ED x CF)/(BW x AT) (S2)

where Cw is Sr concentration in groundwater (mg/L); IR — Ingestion rate of water (L/day), EF — Exposure
frequency (day/year); ED — exposure duration (year); BW —body weight (kg); AT — averaging time (day),
AT =ED x 365 (day); DAecvent — absorbed dose per event (0.001mg/cm2.event), DAevent = Cw x Kp % tevent; Kp
— dermal permeability coefficient of compound in water (cm h); tevent — event duration (h/event)
vac/cobsite; EV — event frequency (events/day); SA — skin surface area available for contact (cm?), and
CF is the unit conversion factor (=0.001).

Non-cancer risk assessment

Estimated ADling and DAD values were compared with toxicity analysis data to characterize non-
carcinogenic risk. Assessment of non-carcinogenic risk is usually done by calculating a hazard quotient
(HQ) for threshold contaminants. A threshold pollutant exhibits non-carcinogenic effects beyond a
certain exposure level (i.e. reference dose, RfD). Strontium is considered a threshold pollutant and HQ is
calculated as the ratio of the average daily intake of Sr with (ADDing and DAD B mg/kg.day) with the
respective reference doses (RfDing and RfDderm B mg/kg.day) (USEPA, 2002; USEPA, 2004; Gerba, 2019;
Ondayo et al., 2023):

HQing = ADIing/RfDing (53)
HQderm = DAD/RfDderm (84)

Based on the threshold value of RfD, it is possible to assess the existing adverse effects on human
health. An RfD value higher than ADI or DAD indicates that there will be no adverse health effects. HQ
values below 1 indicate low or no adverse health effects, while HQ values above 1 indicate likely adverse
health effects (Gerba, 2019; Ondayo et al., 2023).

To assess the overall non-carcinogenic health risk from combined ingestion and dermal exposure,
calculated HQ values from ingestion and dermal exposure (using equations (S3) and (54)) were
summed and expressed as the Hazard Index (HI) (USEPA, 2004; Gerba, 2019):

HI= HQing + HQderm (85)



Values lower than 1 indicate no significant non-cancer health risk. Values of HI greater than 1
depict existing likelihood of non-cancer health effects occurring and the probability increases as the
values rise (USEPA, 2004; Ondayo et al., 2023).

Selection of Health Reference Level (HRL), Body weight (Bw), Reference dose (Rf) and Averaging time
(AT) values

According to U.S. EPA, 2014, the HRL is defined as a concentration against which to compare the
occurrence data from public water system (PWSs) to determine if strontium occurs with a frequency and
at levels of public health concern. The HRL for strontium is based on the Reference Dose (RfD). The RfD
is an estimate (with uncertainty spanning perhaps an order of magnitude) of a daily oral exposure to the
human population (including sensitive subgroups) that is likely to be without an appreciable risk of
deleterious effects during a lifetime. The HRL for Strontium is based on the RfD of 0.3 mg/kg/day
determined to be protective against a decreased rate of calcification in bone, especially during the periods
of active growth from conception through adolescence. Age-specific exposure factors have been used in
the HRL derivation in order to adjust for the increased risk associated with early life exposures. The HRL
is calculated as follows:

Child specific HRL = (RfD/}(DWI/BW x F)) x RSC

HRL = (0.3 mg/kg/day / 0.040 L/kg/day) x 0.2 = 1.5 mg/L.

where:

RfD = 0.3 mg/kg/day

DWI/BW = Drinking Water Intake Body Weight Ratio (DWI/BW) expressed as liters per kg body
weight (L/kg/day)(90th percentile, consumers only) for each age-specific period for the first 18 years, the
average postnatal duration for bone growth in humans.

F = The fraction of the 18 year exposure duration for each age-specific period.

RSC = Relative Source Contribution, or the level of exposure believed to result from drinking
water when compared to other sources (e.g., food, ambient air). In all cases a 20 percent RSC is used for
HRL derivation because it is the lowest and most conservative RSC used in the derivation of an MCLG
for drinking water.

RfD = 0.3 mg/kg/day

DWI/BW =  Drinking Water Intake Body Weight Ratio (DWI/BW) expressed as liters per kg
body weight (L/kg/day)(90th percentile, consumers only) for each age-specific
period for the first 18 years, the average postnatal duration for bone growth in
humans.

F = The fraction of the 18 year exposure duration for each age-specific period.

RSC =  Relative Source Contribution, or the level of exposure believed to result from

drinking water when compared to other sources (e.g., food, ambient air). In all
cases a 20 percent RSC is used for HRL derivation because it is the lowest and
most conservative RSC used in the derivation of an MCLG for drinking water.

That is, for a child of about nine years of age, you can take DWI/BW = 0.040 (L/kg/day), which
corresponds to his consumption of 1.25 liters per day with a weight of 30 kg.

For an adult, the age of 18-20 years was chosen, when it becomes irrelevant to reduce the rate of
calcification in the bones, due to the end of the period of active growth. Accordingly, with its weight of 70
kg and consumption of 2 liters of water per day, DWI/BWR = 0.029 (L/kg/day). Maximum allowable
concentration according to SanRaR 2.1.4.1074-01, 7 mg/L corresponds to RfD 1 mg/kg/day:

HRL = (1 mg/kg/day / 0.029 L/kg/day) x 0.2 =7 mg/L.

At the same time, an assessment of the risk of water consumption by the adult population was
also performed at RfD 0.6 mg/kg/day (Zhang, 2018).

Descriptions of all parameters and their values used in the deterministic risk assessment are
presented in Table S3.



Table S3: Parameters and values used for deterministic exposure calculations.

Parameters Symbol Units Value References
Element concentration in water Cw mg L1 This study | This study
Health Reference Level (Adults) HRL A mg L1 7,000 SanRaR
2.1.4.1074-01
Health Reference Level (Children) HRL C mg L 1,500 USEPA, 2014
Ingestion rate of water (Adults) IRA L day ! 2 Supplementary
Materials
Ingestion rate of water (Children) IRC L day ! 1.25 Zhang, 2018
Exposure frequency EF day year?! 350 Gerba, 2019;
Means, 1989
Exposure duration (Adults) ED A year 19 Supplementary
Materials
Exposure duration (Children) EDC year 9 Supplementary
Materials
Dermal permeability coefficient of compound in water | Kp cm hour! 0.001 USEPA-2004
Event duration tevent hour event? | 0.58 USEPA-2004
Event frequency EV event day! 1 USEPA, 2014
Skin surface area available for contact (Adults) SA A cm? 18,000 USEPA, 2004
Skin surface area available for contact (Children) SA C cm? 6,600 USEPA, 2004
Body weight (Adults) BW A kg 70 Supplementary
Materials
Body weight (Children) BWC kg 30 Supplementary
Materials
Averaging time — non carcinogen (Adults) AT A day 6935 Supplementary
Materials
Averaging time — non carcinogen (Children) ATC day 3285 Supplementary
Materials
Reference dose — ingestion (for Sr) (Adults) RfDing A | mgkg'day?! | 1;0,6 Supplementary
Materials;
Zhang, 2018
USEPA. RSLs
Reference dose — ingestion (for Sr) (Children) RfDing C | mg kg'day?! | 0.3 USEPA, 2014
Reference dose — dermal (for Sr) RfDderm mg kg day? | 0.12 USEPA, 2002;
Zhang, 2018
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Figure S2. Plots of the radiocarbon/residence time in the fresh groundwater Pearson model (a), Ferronsky

model (b), and Vogel model (c)
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Figure S3. Plots of the U concentration in the fresh groundwater vs Eh (a), pH (b), “C (c), 24U/?U (d),

TDS (e), Na (f). (Ox) - oxidizing conditions in the aquifer, (Red) - reducing conditions in the aquifer
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Figure S4. Plots of the U concentration in the fresh groundwater vs HCOs- (a), Ca?* (b), SO4+* (c), CI- (d),
Mg? (e). (Ox) - oxidizing conditions in the aquifer, (Red) - reducing conditions in the aquifer






