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Abstract

The communities of Fruithurst and Muscadine in northeast Alablaawa, a combined
population of 1,600 people. Between 2013 and 2017, four children and four adults were
diagnosed with leukemia or lymphoma. The goal of this study was to identify cancers present in
the study area, understand whahtaminantexisted in tle water, and a way to provide safe
drinking water to community members through water filters.
A community survey collected daliem 526 respondents showed that 100% of stomach
cancer, 83% of lung cancer, 75% lymphoma, and 73% of leukemia cases usedteredls their
primary source of drinking water. Water quality data were colleateldanalyzedor radioactive
elements and inorganic and organic contaminamis mapped using ArcMap to understand their
spatial distribution. Radodevels (N=25) range &ém 1.3 to 8,449 pCi/lwith 16% of well above
t he EPAOG6s advi s orQurstudymshows thatfootrdROS &n@ activ&ed carbon
filters can remove more tha®% of radon in well water under moderate rates of water<u8@ (
litersin ROS filter aml < 45 liters in activated carbon filteJs Trace elements (U, Pb, As, Zn, Ba,
Cr, Se) in a Phyllite sample show 46% to 1,160% enrichment compared to concentrations of
Earthés upper continental crust. Most trace e
concentrations exceeding the U.S. EPA M§liggesting that they are mostly locked in solid
minerals.The zinc and DEHP data suggest a possible local hydrologic connection of
groundwater near the ProBlend.
The Moranés | Bivari at efhighaadon ansl highvatesdi at c on
leukemia and lymphoma per capita are primarily located to thesseshtwest of Fruithurst.



Comparison of both a full ROS filter and activated carbon filter show a significant drop in radon

levels in the filtered water.
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Chapter 1: Introduction and Background

This research was driven laypublic health conceno understand if an environmental
factor was causing an increased rate of cancer irutabcommunityof Fruithurst Between
2013 and 2017 four children and four aduit&ruithurstwere diagnosed with leukemia or
lymphoma. The rate of leukemia and lyhoma in Fruithurst iabout0.5% well abovethe
national averagef 0.075%(https://www.lIs.org). Only approximately6% of childhood cancer
cases are linked to inherited genetic mutations, so it becomes a congedertstand what
environmental factors may be causing the cancer cases in the study area
(https:/lwww.cancer.org/cancer/can@auses/genetics/familgancersyndromes.html
Since private wells do not receive the same services that municipal water supplying the public
do, this studyaims atunderstanithg the level and distribution efell water contaminants and
ther potential impacts opublic health. There werthree objectivem this study tcaddress key
guestionsThe firstobjectivewas to study and understatie geochemistrpf well water in
terms ofmajor ionstrace elements, radioactive elements, VOCs, and SVOCs. This study had a
primary focus on radon in the groundwatehagh levels of radon were found in well water and
their health effects are poorly understood. The second objective wasdepotential
correlations between cancer cases and groundwater contastimaugh spatial analysis. The
third objective was to teshe capacity of reverse osmosis and activate cdibers at

attenuating contaminates, primaradon in the groundwater.

Geology ad Hydrogeology
The state of Alabama is divided into four major geologic provinces (Figure 1). The

largest region is the Coastal Plain. This region, an area consisting of Mesozoic and Cenozoic

1


https://www.lls.org/
https://www.cancer.org/cancer/cancer-causes/genetics/family-cancer-syndromes.html

sediments, spans the southern half of the state and intorthevest. Thecentratnorthern

portion of the state consists of three geologic provimegdading Cumberland Plateau, Valley

and Ridge, and Piedmont. The Cumberland Plateau in thecemtral part of the state consists
mainly of Mississippian and Penngghian sedimentary rocks. The Alabama Valley and Ridge

and the northeast part of the state are dominated by the Piedmont Upland region. The Piedmont
Upland region consists of the Talladega Metamorphic Belt. It is bordered to the west by the
Alabama Valleyand Ridge and to the east by higlgeade metamorphic rocks of the Piedmont
Province (Figure 1). Characteristic mineral assemblages in Piedmont metamorphic rocks include
sericite, paragonite, and chlorii@earce, 1973)The Talladega Metamorphlzelt is made up of
phyllitic and schistose, calcareous, figained clastic rocks. There are a few intervals of

guartzite, but they are minor in the region. Three geologic units eméfidd within this belt.

The Heflin Phyllite is made up of fingrained calcareous phyllite. The Abel Gap Formation
consists of distinctive intervals of quartzite and black graphitic phyllite. The last in the group is
the Chulafinnee Schist, a figrained calcareous unit similar to the Heflin Phyllite. Of the three
units, the Heflin Phyllite is Cambrian in age and represents the oldest unit within the belt
(Bearce, 1973)TheHeflin Phyllite underlies the study area near Fruithurst, Alabama, and
groundwater stored in its fracture zones is the main source of potable water for many of the

residerts.
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Open void spaces are present in various geologic formations at difeed@s. These
spaces can be occupied by fluids or gas. Groundwatebestored in open void space in the
subsurface, whether it is between mineral grains or cracks betweer{Backs and Robins,

2002) There are two main types of aquifers through which groundwater can easilyTheve.

first type d aquifer can host water in pores of geologic materials such as gravels, sands, and
matrix and sedimentary rockKshe secondype of aquifer can host water in fracture openings or
networks created by tectonic stress or-temtonic erosion. The fracturesfoacture networks

can be highly variable in size and connectivity, making the flow in this type of aquifer vary
greatly. These fractures often occur in igneous and metamorphic(Barkss and Robins, 2002;
Heath, 2004)Weathering can create secondary openings in a karst aquifer. For example,
chemical weathering dissolves carbonate rocks (e.g., limestone or marble), creating large voids
in the subsurface that can allow watefltov through easily.

Aquifers can also occur as unconfined or confined. An unconfined aquifer is the
uppermost geologic unit interacting directly with the surface and can be easily recharged. This
direct interaction with the surface, however, can alsoeniagusceptible to contamination from
the surface. Confined aquifers are overlain by apanmeability confining layer that does not
readily allow water seeping from the surface to enter the aquifer. The recharge into semi
confined aquifers may come frovertical leakage through the confining units. Groundwater in
an aquifer that interacts with the surrounding rock matrix can carry naturally or anthropogenic
occurring contaminants, including dissolved metals, metalloids, and radionuclides. These
contaminats alter the chemistry of the groundwater, often making it more basic and more

reducing(Banks and Robins, 200Z2)hese natural or anthropogenic contaminants in



groundwater are conceyall around the world and pose a risk to human héBlbimdu et al.,

2018)

RadioactiveElements
Radon

Radon222 is a naturally occurring radioactive element that is a byproduct of the decay of
uranium238 to stable lea@06 (Figure 2). The halffe of radon is 3.82 days and is found
naturallyas a gaf the neaisurface conditions. Radon is colorlesspibelss, and tasteless. It is
one of the noble gas family and reacts with very few elements. Due to these inert properties,
radon is easily degassed out of rock, providing it an easy path to be carried by the groundwater in
the subsurface. As radon movesotigh open voids, it can accumulate into high concentrations
beforereaching the surfaceHouses that use wells screened in the urasiamrock unitsmay
provide a pathway for radon to enter a home and pose a potential health risk to humans (Figure
3). The United States Surgeon General has stated that radon in the air is the second leading cause

of lung cancer behind smokifg.S. Department of Health and Human Services, 2005)\Wh at 0 s

less understood is how radomgroundwatercan affect human health.
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Figure 2: Radon is a byproduct from the decay of uraniu@38 (Kelly, 2000)



Figure 3: Private wells allow a path for radon to enter a ho@dehnson, 1962)

The United States Environmental Protection Agency (U.S. EPA) has set a maximum
contaminant level (MCL) of radon in the air at 4 pQiffice of Radiation and Indoor Air,
2003) a limit set to where levels detected above are recommended for remediation action.
Currently, the U.S. EPA classifies radon air levels into three diffemmds
(www.epa.gov/radon)one 3 has a radon measurement below 2.0 pCi/L and requires no action.
Zone 2 is a moderate level with measurements between 2.0 and 4.0 pCi/L.r2pnesgéntshe
high-risk zone with radon measurements above 4.0 pCi/L. The World Health Organization has

also stated the health risks for radon. The organization has set a health limit at 1§@®Bjy/st



over 3 pCi/L(World Health Organization, 2009Radon levels in the air at different geologic
settings and its health effedbtave also been well studi@Rbrstendorfer, 1984; Ginevan, 1988;
Nazaroffand Nero, 1988; Nero Jr, 1990; Kitto and Green, 2008; Casey et al., 2015; Hahn et al.,
2015) The health effects of radon found in groundwater and its shietyhold however,
remain poorly understood.

In the 1960s, researchers started to investitpi@resence and level of radioactive
isotopes in the groundwater at different geologic setti8gsth et al. (19613tudied natural
radioactivity in groundwater supplies from crystalline aquifers in Maine and New Hampshire
(Smith et al., 1961)The study found that nearlyl the wells tested contained similar levels of
radon. Part of the study explored specifically the methods for removing radon. Both aeration and
temperature increases were used to remove the radon from water. Though a large portion of the
radonr222 was reraved from the water, these methods failed to remove any radioactive daughter
products (poloniur218, 214) because they were not in the gaseous state. Although the study
identified the variation of radon levels in two states and explored methods to readowe there
was no health data collected to assess the health risk associated with the radon levels measured.

Collman et al. (1991investigated the link between childod cancer mortality and radon
concentrations in well water in North Carolina. The study examined a total of 308 public water
supplies in communities with populations above 100. The data were compiled by the North
Carolina Department of Human Resourced tre U.S. EPA in 1975, 1981, and198&asser and
Watson, 1978; Horton, 1983)\verage radon measurementgevealculated for each county in
the state. Using cancer mortality data compiled by the U.S. EPA, childhood cancer cases were

analyzedRiggan, 1983)Combining the radon levels withe childhood cancer data, the study



concluded that groundwater with elevated levels of radon might increase the risk of mortality of
childhood cancer cases.

There have been other studies investigated how radon in groundwater may enter a home.
Vinson et al. (20083tudied the exposure to radon from groundwater in a home through the use
of a shower. This study analyzed the short term exposer of alpha decay fronfroadd8 cases
across the state of North Carolina. The study took radon measurements durimgi0
showers plus a 2thinute interval posshower. These time intervals provided a 40 minute period
for the radon measurement to be collected in a closedooath The results of the study found
that the peak alpha particle emission occurred several minutes after the water had been turned
off. The use of the shower increased surface area of the water, allowing more radon to degas out
of the water, and along viatthe elevated temperatures of the water, radon levels quickly elevated
to 591 Bg/L (15.97 pCi/L) in the bathroom. Though this study did not explicitly explore any
remediation techniques or correlation to cancer cases, it shows how radon can elevhte to hig
levels in just a short amount of time within a home.

Yasouka et al. (200&8ompared the radon levels over several months in a home on
municipal water to a home on well water supply. Theskedhat used well water consistently
resulted in higher radon levels than the house on municipal water. Radon levels in the house with
well water also became higher throughout the entire house when hot water was used. The
warmer water temperatures made rida@on gas more volatile (less soluble), allowing it to degas
quickly out of the water. The study also found that in both homes, the radon levels increased in
the colder months. This increase was due to the windows of each house being closed and not
allowing for adequate circulation of air through the hpuiémately allowing the radon to

concentrate to higher levels.



Previous research has been done analyzing cancer cases and their association with radon
levels at large (state) scaMessier and See (2017)investigated associations between lung and
stomach cancers to radon levels in North Carolina. Statte cancer data from 1999 to 2009,
obtained from the North Carolina Central Cancer Registry, werengesied to protect the
pati ent &singthe grourawajer radon levels across the state the study was able to
identify areas of elevated radon and elevated cancer rates. The results of the study found that
there was a positive spatial association between groundwater radon exposure andytzotd
stomach cancer incident rates. In a similar study, Dixon (1988) also identified areas with
elevated radon in the groundwater from well water supplies used by the American Water Works
Company system. This study measured radon levels from 377agedlss 15 states from 1986
to 1987. Water samples were analyzed in a laboratory using a scintillation counter. This study
found the wells tested in the northeastern part of the United States containing significantly higher
levels of radon in the groundveat with the highest levels coming from wells screened in
uraniumbearing granitic rocks.

With radon being an inert gas that can easily degas out of the water as the previous
studies have shown, radon can collect to harmful levels within a RaaschotNielsen (2008)
studied the potential connection between indoor radon levels and childhood leukemia cases. The
research used 12 epidemiological studies and found a consistent pattern of which there was a
higher inédence and mortality rate for childhood leukemia cases in homes with moderate to high
levels of indoor radon. Though this study identified a pattern between areas of elevated radon
and childhood leukemia cases, the data were compiled from previous epadgraicstudies
and preexisting radon datasets. In this study, both groundwater radon and cancer data were

collected and analyzed at the community level. Geospatial and statistical analyses were
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conducted to assess potential connections between diffenacgrcclusters and the radon levels

found across the study area.

Radium

Radium is a radioactive element with a Hé# of 1,600 years and, through alpha decay,
decays to rade222. The most significant risk of radium exposer to humans is through drinking
watercontaminated bynining operationfATSDR, 1990) A study on analyzing 990 random
groundwater samplas aquifersacross the United States found that the average concentrations
of radium226 and 228 were 33.67 abd.17 mBqg/l (0.91 and 1.41 pCi/[l.ongtin, 1988) The
U.S. Environmental Protection Agency has established an MCL for radium in public water
supplies of 5 pCi/L. High radiutevels may occur in granitic or other crystalline bedrocks. In
groundwater, radium cannot migrate very quickly, as it is not very soluble.

Watson et al. (1984howed that 50 to 90% of radium in water might be removed
through oxidation and filtration, reverse osmosis, sodium cation exchange, and lime soda ash.
Field et al., (1995however argued that radium in water has a tendency to be adsorbed on
mineral surfaces which may increase the amount of radon entenmgstover time due to its
much longer halife of 1,600 years. The study proposed that radium adheres or adsorbs itself to
an iron oxide scale formed on the insides of water pipes. Radium within the scale continues to
decay and release radon gas, thusnanéaucet is turned dheradiumadsorbed scale may
create a spike of radon emission from the faucet. This spike in radon levels decreases as water
continues to run out the faucet. It is also important to look at it as a potential source of radon
from radioactive decay. Both radium and radon in drinking water can be a serious concern if

found at elevated levels.
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Trace Elements

The U.S. EPA has | isted MCLO6s of many trac

health risk at elevated levels (httpsWw.epa.gov/grounavateranddrinking-water/national
primary-drinking-waterregulations). Lead, cadmium, mercury, arsenic, chromium, zinc, barium,
and selenium are just some of the trace elements that can be found in natural aquifers. When the
aquifer hastte right hydrochemical conditions, these heavy metals can be released from minerals

into the groundwater and transported, and potentially pose a health risk.

Lead

Lead is one of several heavy metals or metalloids commonly found in drinking water that
poses a significant public health problem across the world. The U.S. EPA has set an MCL of lead
in drinking water at 0.015 mg/L, and the World Health Organization has a limit set to 0.01 mg/L.
Children are the most affected by lead, and the toxic effect®adrid irreversible health
effects. The major areas of impact are often the brain and nervous system. In adults, exposer to
lead can also lead to an increased risk of high blood pressure and kidney @afoddé-ealth
Organizaion, 2019) Lead has been stated as being a possible human carc{Bagene
Odunola, 2005)Lead can come fromamy sources such as mining and industry, but it can also
enter into groundwater through natural processes. Lead levels are found to be highest in granitic
rocks; however, its levels average around 15 mg/kg in metamorphic rocks such gd¥)Schist
1976) Lead dissolved in groundwater may be adsorbed onto the surface of carbonate aquifers

and tends to be more soluble in highly saline or strongly acidic \{d8%S, 1976)
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Arsenic

Arsenic can have health effects if ingested via drinking waeth the U.S. EPA and
the World Health Organization have set an MCL of arsenic at 0.01 mg/L. Arsenic can be found
in a number of sulfide minerals, such as pyrite ghaspiment (AsS;), and realgar (AsS). In
pyrite, arsenic levels can range from 20000 mg/kg(Fleet and Mumin, 1997 Arsenic levels
in metamorphic rocks reflect the concentrations in their igneous or sedimentary precursors. On
averge slates and phyllites, with sedimentary shales as their precursors, tend to have the highest
concentration with an average of 18 mg(Bgyle and Jonasson, 1973)senic levels in the
groundwater can range greatly depending on the hydrochemical conditionsaqbifez, and
may be released into the water by sulfide oxidation under oxidized conditions. It may also be
mobilized from arsenibearing oxides under moderately reducing condit{@msedley and

Kinniburgh, 2002)

Chromium

Chromium can be a harmful contaminant in
MLC of 0.1 mg/kg in water. There are two main species of chromium. Chromium HI{CK
the stable form under reducing conditions, and hexavalent chromium or chromium VI (Cr(V1))
dominates in an oxidized environment. Between the two, Cr(VI) is more-ga@itdsle and
mobile in groundwater. Although historically chromium was thougtatsodn anthropogenic
contaminant, geogenic sources of mafic rocks can also be a $Goxte etal., 2019. Tiwari et
al., (2019)showed Cr levels and its spatial distribution in groundwater in 108 shallow wells in
the town of Aosta, Italy. The concentrations were mapped asgepgraphic information

system to show its spatidistribution The study raised the public awareness of the health risks
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of Cr(VI). Coyte et al. (2019resented the distution of Cr(VI) in the groundwater for the

entire state of North Carolina based on a dataset of 1,362 samples. This study also mapped the
health risk potential of Cr across the state. This study provided a better understanding of where
the elevated levelof chromium are, as chromium intake has been linked to lung cancer, asthma,

and skin ulcerations.

Zinc

Zinc is a trace element that the human body needs to lead a healthy life. However, if too
much is taken into the body it can pose a health risk. Zasdoeen found at many of the United
States' heavily contaminated hazardous waste disposal sites. Because zinc is essential for the
human body, it is important to know how much zinc has been consumed over time to determine
if it poses any health risks. ¢ levels of zinc taken in short term may lead to stomach cramps,
nausea, and vomiting. Lostgrm exposure could result in anemia, damage to the pancreas, and
decrease levels of higiensity lipoprotein (HDL) cholester@ATSDR, 2005) Though trae
amounts of zinc are essential for a healthy

Drinking Water Regulations of 5 mg/kg.

Barium

Barium is an abundant, naturally occurring metal. It is used for many industrial purposes,
primarily in compouds. Though it is not been known to cause cancers, it has been linked to
adverse health effects. Short term exposer can cause changes in blood pressure as well as
abdominal pain. When the exposure is long term, it can lead to high blood pressure as well as

paralysis. With these health concerns, the U.S. EPA has set an MCL of barium at 2.0 mg/kg

14



(Martin and Griswold, 2009Kato et al. (2013%tated that even at low levels, barigould have
more serious adverse health effects. The study found that the most severe health risks may occur

when both barium and arsenic levels are elevated in drinking water.

Selenium
Selenium is a common el ement nomostrockse Eart ho
Concentrations of selenium in rocks can range from 0.1 to 2.0 r{fgéttbein, 1983)In
groundwater, its typically found in low concentratiorfSchutz and Turekian, 1965)he U.S.
EPA has set an MCL of selenium at 0.05 mg/kg. At levels, it can be beneficial to the human
body, but higher concentrations have been linked to gastrointestinal disturbances, discoloration
of the skin, and decayed tegiNorld Health Organization, 2Q). Yang et al., (19833tudied
248 inhabitants across five villages in China where their total selenium intake was about 5 mg a
day. The study found that among 248 inhabitants, the morbidity was 49%. Becauwse of t
possible links to serious health risks associated with selenium, it is important that it is analyzed

in water contamination to identify its concentrations.

Organic Contaminates

Beyond the radiodiove and trace element contaminates, many organic compounds
produced from industrial purposes may pose a severe health risk to humans. Two contaminates
that are of interest in the study aseaBis(2-ethylhexyl)phthalate (DEHP) and Pand
polyfluoroalkyl substances (PFAS). Investigating the spatial distribution and level of these two
emerging contaminants could provide a possible link to the cancer cases and concentrations of

contaminants measured in the area.
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Bis(2ethylhexyl) phthalate

Bis(2-ethylhexyl)phthalate is an organic compound that is mainly used as a plasticizer in
soft polyvinyl chloride (PVC), adhesives, lubricating oils, and personal care products. It is just
one compound among a family of compounds known as phthalic acid esters (PAEs). Thes
compounds are physically bonded to the polymer chains making them easily released into the
environment where they resist migration in the groundwater as they are relatively insoluble
(World Health Organization, 2003; Yu et al., 2010§ all the PAEs found in the environment,
DEHP has been found at the highest concentrations in natural waters as it is also the most widely
used PAE in consumption and indusityang et al., 2019)

DEHP found in groundwater caoge a health concern if ingested by humans via
h o me o wn e WittaBsekeedl.,|(201Btudied the different levels of exposure to phthalates.
It found that children have the highest exposure levels within the general public. Oftenttimes,
can affect children in different ways than adultken et al., (201%tudied the effects of DEHP
exposure on children. The study noted that DEHP can have adverse neurotoxicity effects on
children basedn the exposure of 122 children to DEHP. The study indicated that DEHP causes
the possible development of behavioral disorders.

The United States Agency for Toxic Substances and Disease Registry (U.S. ATSDR) has
stated that humans can be exposed to D#rtigh drinking water. Still, it inot clearhow
common it is or the level of exposure. The health risks associated with DEHP are also not well
known. Most health studies dealing with DEHP have been done with lab rats an@miizR,
2002) When animals were exposed to levels higher than tHtese found in the environment,
damage to the liver and kidneys was observed. From these studies, the U.S. EPA has set an MCL

of DEHP at 0.006 mg/L.
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Per- and polyfluoroalkyl substances (PFAS)

In the 1940s, a new family of industrial compounds, known asaPdrpolyfluoroalkyl
substances, was introduced. These compounds have a strong electronegativity, and with the
small atomic size of fluorine, providing enhanced properties to molecules. The structure of PFAS

chemicals varies depending on the carloarine chain (Figure 4).

Figure 4. Many different PFAS chemicals have been developed. Depending on the length of the
fluorine carbon chain, various properties of the compound can be achieved. Image from:
https://www.atsdr.cdc.gov/pfas/docs/PFAS_FamilyTree_EnvHeakb@8qdf

Over time there have been several PFAS compounds developed in a wide range of
applications such as cosmetics, firefighting foams, food contact materials, household products,
inks, medical devices, oil production, mining, pesticide formulations, textile, and leather
products. A recent report identifiecdB0 PFAS compounds that are or have been used on the
global marke(KEMI, 2015). The problem of PFAS compounds is that most do not readily
degrade in the envirorent. There are a few PFAS compounds that partly degrade; however,
these partially degraded compounds transform into highly stable end products. These compounds
are known as perfluoroalkyl or perfluoroalkyl(poly)ether acids (PFAX&Ng et al., 2017)

High persistence and water solubility of PFAAs allow them to be transported long distances from
their sources through groundwater moven{®névedouros et al., 2006)n et al (2015)studied

various isomers of perfluorobutanoic acid (PFBA) around a manufacturing facility producing
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fluorochemical chemicals. PFBA has a shorter chain than PFAS, with only three perfluorinated
carbons. Results of the study showed that the -sihaih PFBA was one of the predominant
chemicals being released from the facility finding its way into the surrounding waters.

Beyond the fact that PFAS and the different isomers of PFAS are highly resistant to
degradation in the environment, they also ppgessible health risk to humans. The U.S. EPA,
with limited scientific data on the health impacts of PFAS, has set forth an action plan dealing
with the compound as a contamin@aPA, 2019) This plan includes conducting toxicity
assessments for PFAS chemicals such as PFBA, where there is little knowledge about its health
effects.Daly et al., (2018¥tudied the level of PFAS exposure in a community that was exposed
to PFAScontaminated water in New Hampshiféie study collected data from serum samples
as well as demographic and exposure information directly from community members. The
results found that greater than 94 percent of the 1,578 people tested had levels of PFAS in their
blood. It found that this @mical was able to accumulate to levels higher than the United States
average, which is 9.3Rg/L (CDC, 2019) There is a need for a better understanding of the fate
of PFAS in the environment and to know what health risks it presents.

In summarythese inorganic or organic contaminants, whether naturally occurring or
anthropogenic, can be foundgroundwatearound the world. The U.S. EPA and World Health
Organi zation have set forth MCLOGOs Wbeer some of
maximum contaminate level goals (MCLG) set for each contaminant (Table 1). These goals are
levels that the U.S. EPA has set at which contaminants in drinking water have no health risks and
that are known or expected. MCLGs are +eorfiorceable for a argin of safety, unlike

maximum contaminate levels.

18



Contaminant Maximum Contaminant Level (MCL) Maximum Contaminant Level Goal (MCLG)

Lead 0.015 mg/L 0.0 mg/L
[2]
g Arsenic 0.01 mg/L N/A
£ zZinc 5.0 mg/L N/A
% Chromium 0.1 mg/L 0.1 mg/L
I~ Barium 2.0 mg/L N/A
I
5 Selenium 0.05 mg/L 0.05 mg/L
2 Radium 5 pCilL 0.0 pCilL
Radon No MCL for water concentration. Advisory limit set at 4,000 pCi/L.
(SN} .
‘€ £  Bis(2-ethylhexyl)
c c
S € phthalate (DEHP) 0.006 mg/L N/A
8 E
g g Per- and
E 8 Polyfluoroalkyl U.S. EPAis in the process of setting a Maximum Contaminate Level

Substances (PFA!

Tablel: U.S. EPA has set forth maximum contaminate levels, which are levels that can have
health effects if exceeded. The agency also provides maximum contaminant levelhydals, w
are unenforceable but are levels where the U.S. EPA finds there would be no adverse health
effects (https://www.epa.gov/grouncterand-drinking-water/nationatprimary-drinking-
waterregulations).

Study Area
Many communities around the world usewgrdwater for their primary source of water
(Gurdak et al., 2009 Approximately 42 million Americans use groundwater as their main
source of watefwww.circleofblue.org) Groundwater can provide a clean source of water. Still,
depending on the gradwater geochemistry and anthropogenic inputs, it can create a water
source that, when used, could have adverse health effects on humans. The main focus area of this
study includes Fruithurst and Muscadine, two racahmunities located in Cleburne Courity,
northeast Alabama. Together these two communities have a population of around 1,600
residents. Manyesidentsise private wells as their primary source of potable water as they do
not have access to municipal water. Currently, the municipal watelyisenving a small

number of residents in the area. This water comes from the town of Heflin, a town located to the
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southwest where they source water from the Knox carbonate unit, which underlies the Heflin
Phyllite. The old town well (CW1) that used toee Fruithurst was shut down in 1996 due to
concerns of high levels of rad@22, which ighe primary focus of this study.

Concerns in the community started when four young boys whose ages range from infant
to adolescent were all diagnosed with leukeb@wveen the years 202®17. The spike in
leukemia in these rural Alabama communities offers a unique opportunity to explore the role of
environmental risk factors in childhood leukerfWdiemels, 2012)Auburnprofessor DrLoka
Ashwood has hosted multiple Fruithurst town hall meetings since 2016 to interview with
community member to heldentify viable mitigation approaches with community. A
community survey was conducted in 2017 and 2018 to gather residence history of cancer cases
as well as demographic information. In November of 2017, several community members were
trained and samplettie current municipal water from multiple locations for major ion and trace
element geochemical analysis. The 1B analysis conducted at Auburn show that the level of
trace metals in all samples are bel dowofEPAOGS
leukemia to trace metal contamination from current municipal water. To this day, some rural
families still source their drinking water from wells that have not been tested. This study sampled
and analyzed groundwater from current or previously segeowners wells in July 2018 and
June 2019. The Fruithurst city well that had been already shut down was also sampled and
analyzed.

Research of the area showed that a rubber factory operated in the town of Fruithurst
located just south of the Fruithuedementary school (Figure 5). Production at the facility started
in 1987 and closed in 2015.

(http://www.adem.state.al.us/programs/land/landforms/2018AHSCF.pdf). ADEM documents
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showed that the facilityseda household septic system that held 1,000 gsll®he company

used between 1,972 to 2,630 gallons of water a day in their operation. The company did not
report information on stormwater discharge for its first seven years of operation. Between the
years of 19982015, there were 18 missing reports idgad. Documents also showed that
ProBlend released water containing 42,222 times the U.S. EPA limits for zinc in 2008, 85 times
the U.S. EPA limit for chromium in 2000, and 183 times the U.S. EPA limit for lead in 1999.
With rising concerns about radondaecontaminantsn well water, many residents turned to

install water filters in their homes to provide clean drinkable water. Both inorganic and organic
contaminants may be removed from the water by using reverse osmosis or activated carbon

filters.
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Figure 5: ProBlend was a rubber factory that operated in the town of Fuirthurst, whater
containingzinc, chromium, and lead that exceeded the U.S. EPA standards were released.
Located 0.3 miles nor tmentasyfschédk o Bl end i s t he
Reverse Osmosis System and Activated Carbon Water Filters

For this study, a smaller activated carbon filter system, as well as a full reverse osmosis
ROESHSO0 filter manufactured by APEC Water Systemiasset up to investigate their capacity
to remove radon and other contaminants in well water over time. Filters in a typical reverse
osmosis systertypically include a sediment/chlorine pfiéter, a reverseosmosis membrane,
and an activatedarbon post fter. Activated carbon filters are a versatile adsorbent and can be
applied to many uses. Activated carbon has a high porosity and an extended surface area to
capture contaminants by adsorpti@ansal and Goyal, 2005y he use of carbon as a filter dates
back thousands of years. Hindu documents have explainede¢b&sand and charcoal filters for

purification of drinking water, and around 460 B.C., Phoenicians appliedozhditters for
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purification of drinking watet D Nb r o ws.Rhoygh @®dh has been used as a filter, it was
not until 1822 when the first recorded example of activated carbon was docuif@teteshson

et al., 1972)The difference between the carbon and activated carbon is that activated carbon is
more porous than carbon, providing more surface area available for adsorption or chemical
reactions to occur.

Activated carbon often contains an organic carbon source such as coal, peat, lignite,
wood, nutshells, petroleum coke, or coconut shells. The main requirement is that the material
should be low in inorganic matté€8ontheimer et al., 1988)here are two processes used
transform carbon into activated carbon, chemical and physical. In the chemical process, the
carbon becomes impregnated with strong dehydrating and oxidizing chemicals such as
phosphoric acid and zinc chloride.& material is then periodicalheated tal00-800°C. After
heating, washing the carbon repeatedly allows the pores to form, creating a¢®aatteimer
et al., 1988; Buchel et al., 2009)he physical process of turning carbon into activated carbon is
done by first heating carbon to 4800°C in the absence of oxygen forming char. The char is
then oxidizedo increase its adsorption capacity. Oxidation breaks the structure of the carbon
bonds in the char creating the porous area of activated carbon. These pores can vary in size from
500-1500 nf/g. (Bansal and Goyal, 2005; Marsh and Rodrigemonso, 2006)

It is the pores and surfa@reas created during the activation stage of carbon that make
the material a universal filter for removing organic and inorganic contami(tdautss, 2005)

Thes pores and exposed surface areas are essential as they provide a large area for adsorption.
Radon is one contaminant that can be captured by activated ¢&htson Jr and Crawford
Brown, 1991) Turtiainen et al., (200®et up granular activated carbon filters in 12 homes to

identify how well they removed radon from a houddhmater supply. Different filters ranged in
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filtering capacityfrom 39 to 63 liters were used. Radon levels in water ranged from 600 to 910
Bqg/L (16,216 to 24,594 pCi/L). Results found the filters had a near 100% radon removal rate.

APEC Water System&ill reverse osmosis systems can remove up to 99% of harmful
contaminants (www.freedrinkingwater.com®6-detail.htm). The ROESO unit provides a
five-stage filtration, including a sediment filter, two carbon filters, one membrane filter, and an
inline carbon filter. This filter operates off water pressure and does not require electricity.
Because they do not need power, it makes them ideal for installation in homes as they require
little modification.

The main objective of this study asrat identifyingpotential connection of radon and
other contaminants in well water leukemialymphoma, stomach, and lung cancer cases in
Fruithurst, AlabamaThe study idased on a communityased survey that captured cancer
distributionin the study areandwell water radon and geochemistry analysis. It also explores
the capacity and duration of a full ROB8 and small scale activated carbon filter for removing

radon from well water.
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Chapter 2: Methods
Geology Sampling

X-ray Powder Diffraction (XRD) and-ray fluorescence (XRF) Analysis

Core cuttings at depths between 83800 ft(24.4 to 91.4 metersyere collected from a
deep cordC-252drilled south of FruithursiCoordinates of theorewere 640101 East, 3717607
North UTM Zone 16N Figure 6) The core wastored inthe Geological Survey of Alabama
Core Warehousé&elected cutting frorthe physical corgvas analyzed faits mineral and
element composition to identify potential souré@sradon(Figure7). The ®lected sampl&om
a depth of 82 feet(55.5 metersyvith visible fracturesvaspowdered and underwent a liquid
mineral separation using tetrabromoethaitd a density olbout3 g/cnt. This liquid
separatioomethodisolatel the heavy, possible uraniubgearing minerals (Figur@ from the
bulk sample The separated heavy mineradsre analyzed using a Bruker D2 Phasea¥(
Diffractometer and a portable Bruker ElementalH? XRF in the Geosciences Department at
Auburn University. XRD analyzes provide peaks corresponding to differewrais.The
resultant XRD spectra were analyzed using the DIFFRAC.EVA software. This software, using
Braggbs Law, converts the donspatiags,ivhicgheaalles det e
searched and matched to the unigtspdcings of known minemal XRF allows an Xay beam
to be shobna sample. A secondary fluorescentay is emittedallowing elemental data to be
collected. The XRF analystharacterizethe bulk elemental composition of the samples,
including the potential presence of radithae elements in a seaguantitative manneElements

that are below the concentration of 10 mg/kg cannot be detected with the XRF method.
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Figure 6: Rock samples collected in the study area. Red triangj)agjfresent coréC-252
collected from the Alabama Geological Survey Core Warehouse. The blue symbol (1) represents
sample Woote#Vell-1, which came from an unknown depth.
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Figure 7: Sample 1G252 collected from the Alabama Geological Survey. The sample was taken
from a depth ofl82feet

27



Figure 8: Heavy minerals with a density greater than 3 g/sink in the tetrabromoethane
liquid, relatively lighter minerals remain near the surface. Isolating the heavy minerals increases
the probability of minerals containing radioactive elements like uranium to be detected by XRD

or XRF.
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Field Rock Sampling

A sample of the Heflin Phijte was taken fronafield site where a new well Wooten
well-1 was drilled and installed (Figure 6). The location of the sample taken was 3744402.36
meters North and 641630.72 meters East UTM zone 16N (Figure 6). The depth of the sample
was unknown as ias collected at the surface after drilling was compleiedut 2.0 grams of
powdered sample was sent to the ACME Lab Canada Ltd. for 4 Acid digestiotrated CP
MS analysis. This method digests most powdered sample and yield the bulk chemical

composition for most elements of interest (i.e., Pb, As, UBanSe).

Well Water Sampling

Groundwater from 2water wells vassampled for various water quality and
geochemical analysis. The location of the wells (Fi®)reas taken using a handheld Trimble
Geo 7X GPS. Wells without faucet connection were putggitg a perisféic pump (< 20 ft) or
a bladder pump (> 20 ftyvater level measurements were also collected during the 2017
sampling ahon-activewell sites A YSI 556 multiparameter probe was used to measure water
quality dataincluding temperature,Hy oxidation and reduction potential (ORP), and electrical
conductivity. Well water was sampled after all the water quality parameter readings became

stabilized.
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Radium

Radium (Ra226) concentrations in well water were measured using the method
described byseibert et al, (2013)For this methoda total of 100 liters of water was pumped in
the field through a flow cell containing a filter cloth usmg@eristaltic pumgFigure10). The
filter cloth containsa Mn-fiber, which extracts radium isotopes from an aqueous solution. The
Mn-fiber cloth is then placed in a radium delayed coincidence counter (RaDeCC) to measure
radium concentrationiBr . Nat a s lahat tha Umigevsity @fsAlabamahe radium
decaying within the fiber gives off radon gasich is transferred to aistillation chamber
where radon concentratioasemeasuredThe RaDeCC thus provides indirect measurements of

dissolved radium concentrations in water.
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Figure 10: One hundred liters of water is collected in a container where a peristaltic pump
allows water to flow through the manganese filter cloth to collect ra@otopesrom the
water.

Radon

Both field and labmethods of measuring radon were used in theéysBoth methods
used the RAD7, a device developed by Durridgee RAD7 device is designed to detect alpha
particle emission, particularly those associated with ré&&&#) with a haHife of 3.82 days.
During the decay of rade®22, an alpha particle consisting of two protons and two neutrons is
emitted from the ncleus with 5.49 MeV of energy. This emission forms the nucleus of daughter
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isotope poloniur18, another radioactive element with a Hiédf of 4.40minutesthat

undergoes alpha decay, with an energy of 6.00 MeV. The decay of polddRiformsanother
radioactive isotopdead214. The decay series continues until ultimately reaching a stable
isotope form of lea@06. The RAD7Zmploysmultiple different method& measue radon and

has the ability to distinguish between poloni@dB and 214. To make theseasuremenishe

RAD?7 uses a solidtate alpha particle detector, which is made of a semiconductor material that
converts alpha radiation into an electrical signal. The energy difference between petd@um
and 214allowsthe detectoto distinguishthes twoisotopes.

All measurements were taken with the SNIFF detector option. SNIFF is an option that
only measures poloniw#18 as it iproduced directly fronthe alpha decay of radon.
Measurements based on poloni2d8 allow for quick recovery of the devieaabing multiple
measurements with a wide range in radon leteel®e made over a short time
(https://durridge.com/documentation/RAD7%20Manual.pdf)

Field measuring of rade@22 involves the collection of nine water samples in-five
minute intervals for a total run time of 45 minutes. These settings were set with the cycle and
recycle options in RAD7A cycle is the time duration of each temtd the recyd option sets the
number of tests ttake.Measurements of aitiple samples mudie madeuntil radon levels reach
a stable reading from representative groundwatdrt er al | st anding or HfAag
the tubing is completely flushed out. To me@sthe radoyDurridge provides a flow cell option
called a RAD AQUA (kgure11). This devicesprays water into a flowcell, increasing the
surface area of water, allowing radon to degas. A pump pulls air from the flowcell into the
RAD7 to measure radon goentrationsThis set up can detect radon levels to as low as 1 pCi/L

(https://durridge.com/products/radjua/)

33



Water In

I

Air Flow ——p» —> ﬂ}

<¢—— Air Flow

-:-_:;H
élnlet Filter

Laboratory
Drying Unit

DURRIDGE EL-USB-TC Temperature . DURRIDGE RAD7
RAD AQUA Data Logger (Pump Off)

Water Out

Figure 11: The RAD AQUA measures water from a source in the field. As water enters the flow
cell, the water goes through two nozzles causing the surface area of water to increase and
allowing radon to degas out of water. The RAD7 has a pump that pumps air from the flow cell,
through a drying cell to remove any moisture in the air, then to the RAD@dasurements to

be taken. The air is then pumped back into the flow cell to create a-dtagedetup
(https://durridge.com/products/radqua)).

For laboratory measurements, the sefticltangedd a cycle time of three minutes with
30 recyclesmaking the total run time of 90 minutes. Water samples were collected from the
kitchen faucets of homes and brought back to the lab for analysis within 24 hours of water
collection. TheBig Bottle Systensdaup wasused to measure the radivom a 2.5liter sample
(Figure 12). This system allows for the detection of radon below 1 pCi/L

(https://durridge.com/products/blgpttle-system/)
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Figure 12: Big Bottle System offered Burridge usesa 2.5liter sample to be collected in the

field and analyzed in the lab for radon levels. The system works by pulling air from the bottle
through the drying unit and into the RAD7 for radon measurement. Once the radon levels have
been takenthe air is pumped back into the bottle turning the water for more radon to degas.
This setup creates a closed system and allows for average radon levels to be measured

(https://durridge.com/products/bigottle-system/).
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Once the radon testgerecompletedthe RAD7 storediata foreach test in the unitsing
a software called CAPTURE@ttps://durridge.com/software/captyrefter each sampling

session was completgttie tesdatawere downloaded to @mputer for analysis.

Per- and polyfluoroalkyl substancéBFAS) Collection

PFAS are ampup of manmade chemicals that can be found in many prod@pesific
sampling procedures should be taken when collecting a séon&AS analysigUnited States
Environmental Protection Agency, 2018jncePFAS istypically presenin very low
concentrations (at part per trillion, or ppt)groundvater, large volumes of the sample (multiple
gallons) are required for analysis. All water samplatectedfrom wells were collected in-2
liter high-density polyethylene (HDPE) containei$e levels of PFAS were measured in a lab
in the Department of Civil Engineering at Auburn University using tiitgh-performance

liquid chromatographyandem mass spectrometer (UHRMS/MS).

Major lon and Trace Element Measurements

Concentrations dface elements and cations in the water were measured using the
Inductively Coupled Plasmilass Spectrometer (IGKS) facility in the Department of
Geosciences at Auburn University. Duplicate samples were sent to Test America for the same
ICP-MS analysigusing EPA Method 6020. Neactive wells were purged, at a minimum, the
equivalent of three times the well volume of standing water. Thirty milliliters of water was
passed through a 0.45 um filter and preserved by adding three drops of 70% trace metal grade
nitric acid (to 3% or 30 g/L nitric acid), following U.S. EPA standard proceditfeskis and

Zavala, 2002)All water samples were collected in aciéanedHDPE bottles with zero
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headspace. The samples were preserved in a cooler and refrigerator at @dmefode the ICP
MS analysis. VOC and SVOC compoumndsreanalyzed in the Test America laboratory using a
gas chromatograph mass spectrometer-§&} via EPA Method 8260C and 8270D. Anions
weremeasured in Actlabs using lon Chromatograph (IC). The IC sisalgquires 30 mL of
filtered, unacidified sample. These samples were shipped with ice to keep them in a cool

environment.

Filter testing

This project also tested reverse osmosis and activated carbon filters for their capacity to
removeradon and petand polyfluoroalkyl substances (PFAS). This was done by installing two
filters in the saméocationwhere one water well supplied water to multiple buildings.

The five-stage full reverse osmosis (ROS) water fitteadel ROES0 (APEC Water
Solutions) wasised in this studfor filtering experimentsThe firstfiltering stage employs a
sediment removal filter to remove large suspended particles in the water. This filter has a pore
space size of five microns and made of pure polypropylene. The secondrdratisipes employ
activated carbon filters. These filters have a pore size of 10 microns. The first three stages of this
systemall usecartridgestyle filters.The fourthfilter is a reverse osmosis membrane filter. This
filter works to remove total dissa#d solids (TDS) remaining in the water. Tl filter is a
carbon filter with a pore size of 5 microns. This filter is intended to remove chlorine and to
improve the taste of the watdtips://www.freedrinkingwater.com/ro&®.htm) APEC Water
Solutions states that their filters are able to filter out arsenic, barium, cadmium, chromium,
copper, fluoride, lead, radium, and selenium. The second filter used in this experiment is similar

to the first ROS systentt uses the same ROES® filter; however, itonly usestwo 10 micron
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activated carbon filters for water filtering. The ability and capacity of ROS and activated filters
to remove radon or PFAS remains poorly understBtmv meters were installed tmeasure

how much wateandradon have gone througach of the filters. Monthly water sarg were
conductedo determine radon leveis bothfiltered andunfiltered control sample directly from

the well. This will allow us to measure the total flux of water, radon, and PFAS that can be

filtered before the contaminants return to background levels measured in the control sample.

Cancer Surveys

There werer92 surveys mailed to homeowners across the study area. Community
residents reported information on a paper survey that was distributed for all homeowners. The
survey consisted of two parts. The first part included questions (Appendix 1) about the style of
living, personal health, drinking water sources (well or municipal water), as well as a series of
demographic questions. It also asked for a history of past addresses where the respondent has
lived. The second part of the survey gathered informationraityfanembers who have had
cancer, water source, and address they lived the longest.

The survey data were entered into an Excel file to form a database of all the entries. Each
address collected from the survey was geocoded in ArcGIS for geospatialtestidatanalysis.
Any addresses that could not be directly geocoded were returned to community members to
verify the address or latitude and longitude coordinates. With all the addresses geocoded, any
duplicates were identified and removed. Once theichfel responses were removed, a clean
Excel file was imported to ArcMap for geospatial and statistical analysis. The geocoded
addresses allowed analysis of spatial autocorrelation between cancer cases and water

contaminants.
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Spatial Analysis

All the suney responses were compiled into a Microsoft Excel spreadsheet. Using ESRI
ArcMap 10.4.1the survey responses were imported &S¥ file. The dataveremapped
spatiallyusing the geocode extension in ArcMapis functionworks by usingaddresses in the
surveydatadaseandcrossreferening themwithin a databaséosted by ESRIMatching
addresses from the database are tied to the known coordinates of that atldvéisg it to be
mappedAny addresseshat could not be geocodagere checked with commugimembers for
correctnesand regeocodedAddresses that were listed as rural routes were unable to be
geocodedThe fADi splay X Y Dataéo function was used
selected coordinate system GCS_WGS_1984 (FitR)reA total of 526 addresses were able to

be mapped.

39



R { — ‘\\ \ ®  Survey Respondents
/ \ \‘ \
\ A C Roads
Lo 7,// X N s

e { N j N T

0 1 2 4 Miles Souges: Esn, HERE, DeLomme, Intefmap, increment p/CSra. [~

L L 1 1 L 1 L L ] _GEBCQ, USGS, FAOTNRS, NRCAN, GeoBase, IGN!KadasteqNL

i Ordnance Survey, ES, METh-Esti China.ong Kong). \_
" swisstopo, M and the GIS,

0 125 25 5 Kilometers User Communiy A= ol /

Figure 13: 526 geocoded addressesre mapped across the study area.

To analyzewhether cancer cases wetasteredn populated area2010census block
data vereused to identify the population density per square kilomé&tex.rumber of
households per census bloels well as the total populatidiatg were also collected. Using the
number of cancer cases in each census bldttkpopulationallows the cancer caseper capita
to be calculated.

All chemicaldata from water samplemcluding radon, radiunmajor ions, trace
elementsDEHP, and PFASyere compiled iran ArcMap databaseCoordinatef each sample

were used to create a posttapefileof the water saples Graduated symbol maps of the
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contaminantsverecreated to showpatial variation irconcentrationsandwhere the
contaminants were detected.

Radon was a contaminant that had measurable levels at everinwelte distance
weighting (IDW) was usetb createan interpolated surface of radon concentratlmased on
points of known valuesThisIDW method works by weighting the area closer to a known point
valuewith heaviersignificancethan areas away from the point. The interpolated surface had a
mean error value 6f159.47 and the root mean square error was 2093.73.

Using the census block polygon shapefile and IDW raster,lay&ro n a | Statistic:
Tabl ed was us ewrage mdoo \aluecparicemgueblotkhTais table was then
joined back to the census block shapefile. With the mean radorstiaidi¢o the census block
polygon the survey point shapefile was added tothenniape A J oi n s fuaatiachin Re | at e s
ArcMap, was used to join data from another layer based on spatial locatiersum of each
attribute was taken from the survey shapefile and joined to the census block data. The final
shapefile produced was based on census block polygons that include total poppégiulation
density, number of households, average radon level, and the number of different cancers in each
censudlock. In order b calculate the number of cancers per cagtithe censublock level, the
number of cancer cases was divided by thal mapulation of each block. Thislculationwas
done for the cancer cases of primary foeusludingleukemia, lymphoma, lung, and stomach
cancer.

Thespatial statisticanalysisof the data was done usi@goDa. This program uses an
ESRI shapefile ahlooks for spatial significance based on the attributes of the Shagefile.
GeoDa, a weights file was created ajen analysiwas utilizedto look at all neighbors of a

polygon. The maximum number of neighbors analyzedWaand the minimum was st
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threein this study GeoDa performvarious operationsalculatingcorrelationdetween

variables. For this studpjvariate cluster mapssingb i v ar i at analydiomera nséds |

42



Chapter 3: Results and Discussion

Mineralogic and GeochemicaCompositionof Aquifer Bedrocks

Many homes have threvell screenedn the Heflin Phyllite This geologicunit is
exposed asutcropsn the study areaA coresamplelC-252taken from a depth of 182 fef&5.5
meters) located about nine miles to teeuthwest of FruithurgFigure6), wasused for
mineralogical and geochemicahalysis. Therushedsample weighed 11.79 grams. After the
liquid density separation, the heavy mineral weight was 2.36 grams. Aporiadin ofsample
consisting mostly oheavy minerals underwent further crushing for XRD and XRF analysis
(Figure H). This samplecontaindargepyrite and chloritegrains that wereisible without the

aid of any magnification.

Figure 14: Sample 1G252 was taken at a depth of 182 feet. Separated heavy minerals present in
the sampleveredominated by pyrite and chlorite.
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XRDand XRFResults

XRD providesdata on thenineralcontentsandtheir relative abundance in {252
Heavymineralsfraction of IG252with a density greater than 3 g/émere analyzed using the
XRD. Light minerals such a®uartz(a density of 2.65 g/chhwereseparated from the heavy
minerals Quartz is a common mineral that is found in many rocks and dfes not hae many
trace elements or substations in its chemical formulas@Ipropertiesiake it @ excellent
option to use to correct for any shifts in the XRD resiltke XRDresults show thpresencef
heavy mineralshlorite [(Fe, Mg, Al)x(Si,Al)4010(OH)g], hornblendg(CaNa).
3(Mg,Fe,Als(Si,Al)gO22(OH,F)], albite [NaAlSizOg], andpyrite [FeS] (Figure 15) The
presencef pyrite in the sample is important agauld potentiallybe a host of uraniurand

other trace elemen{®escostes et al., 2010)
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Figure 15: XRD resllts show theresencef heavy minerals includinghtorite, hornblende,
albite, andpyrite that may be enriched in trace elements
The XRF results show the presenceérof, calcium, strontium, and minor amounts of

sulfur, chromium, zinc, and arsenic in the sanf{plgures 16A-B) in the heavy mineral
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powdered sampldJndetectable in the sample was uraniuadium, and leadrhis is possibly
due to concentrations beingwer than the detectable leabout 10 mg/kg) of XRRUranium is
one of the main elements of interest in this study because it potaetialsourceof radonfound
in well water Inductively Coupled Mass Spectrometer (}OF3) analysiss neededo better

guantify concentrations of uranium and other trace elements in the sample.
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Figure 16: (A) XRF analysis of sample 4€52. Iron with keV value of 6.405 has the highes.
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Multi-acid digestiorand ICRMS

ICP-MS analysigs able toyield highresolution da on lulk elemental
compositionof rock sampls. Wootenwell 1 was collected from a well location northwest of
Fruithurst,and two dirt pile soil sampt werecollected from Problend he results are compared
to average concentrations of trace elements in the upper EartliTabks 2).The measured
concentrationsf chemicalelementsn Heflin Phyllite associated withVooterWell-1 were

normalizedby calculatinghe aluminurnormalizedenrichment facto(ANEF):

0Q
0«
0 Q i
0«
Hered Q represents the concentration of trace element found in the sakh@&jminum)

is the selected reference metal in crust,@r@d  represent theaverage concentration of the
sametraceelementfound in the upper crugtWedepohl, 1995)ANEF reveas the enrichment or
depletion of trace elementstime Heflin Phyllite aquifemwith respect to those in upper Earth

crust.
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Table2: Elemental composition of Heflin Phyllite from Wooteell-1, ProBlend Dirt Pile 2017,
2018, Upper &rth Crust Elemental average, and alumiraormalized enrichment factor.

Sample Uranium (U) Radium (Ra) Lead (Pb) Arsenic (As) Zinc (Zn) Barium (Ba) Chromium (Cr) Selenium (Se)
Wooten-Well-1 3.6 mgke NA 553mgke 43mgke 132.6mgke 667mgks 401 mgke < 0.3 mg'ke
ProBlend Dirt Pil
© 61:517“ te N/A NA 20mg'ke 9.5mgkg 3.000 mgkg 240 mgkg 17 mg'kg < 0.59 mg'kg
PI‘OBIE?SIIS)M Pile N/A NA 19mgke 6.2mgkeg 2.600mg kg 220 mgkg 18 mg'kg 0.7 mg'kg
Average Upper 2 2
. = 2.5 mg'ke N/A 17mg'ke 2.0mgkg 52mgke 668 mgkg 35mg/kg 0.083 mg'ke
Crustal Amount T T T T =T =T T
Aluminium-
Normalized
Enrichment Factor 1467 NA 0.331 2.191 2.598 1.033 11.674 N/A

for Upper Crust
(Wooten-Well-1)

Resultandicatethat all elements of interest, except lead, show various degfree
enrichment (46% to 1160%) Heflin Phyllite associated with WooteWell-1 relative to
average concentratiomstheu p p e r  E a r tariuinshows a maérate ekrichment of
about 47%Local enrichment ofiraniumin Heflin Phyllite maybe responsible fasustainable
levels of radon in groundwatar the presencef fracturesVinson et al (2009)examined radon
levels in groundwater from different rock uni®heyfound that the highest radon levels were
associated wh granitic rocksFor example, groundwateadon levels irthe Rolesville Granite
have a mean value of 335 becquerelO@t.05 pCi/L).The study foundwverageaadon levels at
35 becquerels (945.95 pCi/ly) metasedimentary rockehich is similar lithology to the Heflin
Phyllite foundin the study areaHowever, the Heflin Phyllite hastagheraverage radon level of
2,202.09 pCi/L. Shaw et al(1967)did asimilarcompositional study of Precambrian
metamorphicshield rocks Theyfoundaveragauranium concetnationsof 2.45 mg/kgHeflin

Phyllite samplesn Fruithurstanalyzed in this studshowedcomparable level airanium

48



concentrationgTable 2)with respect to those reportbeg Vinson et al. (2009and Shaw et al
(1967)

Arsenicand zinchave an enrichment factor of 2.191 and 2.588pectivelyjndicating
that both have concentrations about double from what is found in the upper part of the crust.
Barium, with an ANEF value 01.033 has devel nearor equivalent taaveragdevels found in
the upper crust. Chromium shote higheselevated levels in thetudy areawith an
enrichment factoof 11.674.Chromium concentrations in groundwater are very [0W3to 9.4
ppb) compared to the level in rocks, suggesting it is mostly immobilized and locgelitlin
minerals Selenium concentrations in the rqel0.3 mg/kg)were belowthe detection limits of
the acid digestiomethod

It is difficult to assesshe regional rock composition basedane sample that was
collected from an unknown deptRurther analysis of outcrop and core samptadd help to
framea better understanding of rock chemistry in the study atda.would help to give a better
spatial understanding of the different concentrations of elements found in the study area.

In 2017 and 2018wvo soil sample$rom a dirt pilelocatedat theProBlend locationwere
collected for trace elements, VOC, and s&®@IC analysigFigurel7). The 2017soil sampé
contain20 mg/kgof lead, 9.5 mg/k@f arsenic, 3,000f mg/kg zinc, 240 mg/kgf barium, 17
mg/kgof chromium. Seleniunconcentration was bmwv detection limit(Table 2) The 2018saoill
samplecontainsl9 mgkg of lead, 6.2 mg/k@f arsenic, 2,600 mg/kgf zinc, 220 mg/kgf
barium, 18 mg/k@f barium, and 0.7 mg/kgf selenium(Table 2 Figure 1§. The ADEM
repors (http://www.adem.state.al.(mograms/land/landforms/2018AHSCF.pdhowed high
levels ofzine,chromium,and leadn water discharged from the ProBlend facilityevels of

zinc (2,600:3,000 mg/kg)in the ProBlend soil sampleare at least 50 times highan those in
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upper continental crusind 20 times higher than those in Heflin Phyllite associated with Wooten

Well-1 (Table 2)
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Figure 17: Dirt pile locatedat the ProBlend facility in the town of Fruithurst.
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Figure 18: (A) 2017 and 2018 ProBlend dirt pile samples and Webd¥etl-1. Zinc had the
highest concentrations in the dirt pile, 3,000 mg/kg 2017 and 2,600 mg/kg(B)18anium
was only measured in Woot&vell1. The 2018 ProBlend dipile was the only sample with
measurable concentratioms selenium.
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Geochemistry of Groundwater

Major ion concentrations of current municipal water and well water suggest distinctively
different hydrochemical facies of groundwatettie HeflinPhyllite and the Knox Carbonate
(Table3). Municipal water from thé&nox carbonat@quifer Figure B, red symbolyshows
consistent water chemistry witdationconcentrations of about 40% magnesium, 50% calcium,
and 10% sodium and potassi@Rigure ). While well water, most likely associated with the
Heflin Phyllite, shows a wide range imajor iongeochemistry. Thiarge geochemicalariation
in well watercould be due to thdifferent aquifer lithology encountered at differsnteening

intervals(ranging from40 to over 300ft of depth)
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Table3: Major anions and cations of water samples. Major anions were only sampled in
samples PW14, PW15, PW16, PW17, PW18, PW19, PW20, as well as ten municipal water
sources.

Well ca’ Mg?* Na' K' SO CI" NO; PO, pH Alkalinity (mg/Kg)
Cwil 13.00 5.30 8.29 0.48 - - - - - 42.50
PW1 3.20 1.40 3.41 0.28 - - - - - -
PW2 6.70 2.70 9.32 1.11 - - - - - -
PW3 1.20 1.60 1.37 0.92 - - - - - 11.10
PwW4 12.00 2.50 2.39 1.58 - - - - - 35.50
PW5 65.0015.00 3.57 0.20 - - - - - 10.10
PW6 15.00 1.80 6.22 1.20 - - - - - -
PW7 1.10 2.40 2.30 0.32 - - - - - -
PW8 0.70 0.80 2.21 0.26 - - - - - -
PW9 19.00 2.40 4.19 0.34 - - - - - -
PW10 5.70 1.85 3.34 0.35 - - - - - -
PW11 5.30 1.10 2.66 0.69 - - - - - -
PW12 4.74 1.83 3.34 0.22 - - - - - -
PW13 441 1.79 3.83 091 - - - - - -
PW14  33.80 1.65 5.79 1.12 1.04 7.84 2.14 <0.026.04 9.10
PW15 9.59 11.2210.682.35<0.066.69 20.90< 0.044.83 -
PW16  26.38 2.00 6.67 0.59 0.89 3.34 0.87 0.08 6.54 64.40
PW17 490 2.00 4.00 0.89 0.32 1.93 0.21 0.07 6.77 82.90
PW18 3.85 146 1.85 0.43 1.77 1.17 0.07 <0.025.83 6.50
PW19 0.98 0.83 4.43 0.46 0.23 1.18 0.03 0.09 6.17 20.10
PW20 3.96 1.63 3.29 0.56 0.22 2.11 0.09 <0.026.09 13.80
Municipal 1 19.19 9.89 1.35 1.30 - - - - - -
Municipal 2 21.1910.61 1.39 1.31 - - - - - -
Municipal 3 21.5310.64 1.16 1.33 - - - - - -
Municipal 4 21.0510.48 1.15 1.32 - - - - - -
Municipal 5 21.3210.57 1.15 1.32 - - - - - -
Municipal 6 21.3410.63 1.17 1.33 - - - - - -
Municipal 7 21.0610.82 1.15 1.33 - - - - - -
Municipal 8 21.0610.56 1.15 1.33 - - - - - -
Municipal 9 21.2610.59 1.18 1.37 - - - - - -
Municipal 1020.9210.71 1.20 1.37 - - - - - -
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Figure 19: Ternary diagram showing variation in cation composition of current municipal water
and well waterBlue symbols represent private wells sampled in the Fruithurst area as well as
the city wellCW1)that is no longer used. The red symbols represent ten municipal water
samplesorginated from the Know carbonate aquiféhey all show consistent water chemistry.

All seven well water samples collected in June 2019 were analyzed for anion
concentrationsncluding sulfate (S, chloride (CI), and bicarbonate (HGQ (Table 3)
Figure20 showsalarge variation in major cation and anion concentratiorisesewell water.
Water well PW15 showed relatively high concentrations of chloring é8tdmagnesium
(Mg*). This well is located near a chicken farm, which may be the cause of the high
concentrations measured. The other samples show a range of water chemistry. Samples PW14,
PW16, PW18, and PW20, represemiaiciumbicarbonate water type. SaraplPW17 and PW19
represent a mixed water type, and well sample PW15 represents a calcium chloride water

chemistry.Understanding the spatial distribution of water chemistry is important as it provides
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baseline information for the properties (e.g., mingggland lithology) of the aquifer as well as
potential sources of groundwat@&ifferent aquifer lithology encountered in wells screened at

different depthsnay account for different water chemistry measured.

H PW14
® PW15
A PW16
I PW17
& PW18
* PW19
A PW20

% meq/kg

Figure 20: Water chenstry of seven wells sampled. The piper diagram shows a wide ofnge
water chemistry.

Water levels were measured from fiven-activewells in 2017. The constructed water
table contours suggest that groundwater may travel in a general direction doemgirad
west to east or southwest to northeast (Fi@djeprovided that groundwater is connected via
fractures or fracture network. ADEM documents show wetter dischargettom the ProBlend
facilities may contain high levels of chromium, lead, and.Zlinis raises concesrabout

potential contamination on wells located hydraulically downgradient from the facjfigsre
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21). More information on subsurface fracture distribution and cdnmgcand field groundwater

tracer testingireneeded to assess groundwater and contaminant transport in the study area.

Melissa Griffin
Mothers Well
323 ft

Figure 21: Water table elevations based on 2017 water tale measureméivesvaell locations

Contaminant levels

Table4 shows the concentrations of trace elements in groundwater analyzed. Arsenic
concentrations range froflto 14 pg/L in 9 wells. The asenic level in welPW9wasabove
the U.S. EPA MCL of 0.01 mg/L (Figu2?). Well PW9is located just north of Fruithuraells
PWe6, PW14, PW15, PW16, PW17, PW18, PW19, PW2B moderate arsenic levels located

both east and west of Fruithurst. Geochemical analysiscéifsamples shosa moderate arsenic
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level that isslightly higher than that of average upper crustal rocks (T3bl&rsenic may occur

as a major or minor constituent in more than 200 minéBatsen and fmmel, 2003) The
dissolution or desorption of naturally occurring arsébearing minerals may release arsenic into
groundwater even if the arsenic concentration in the solid phase is not high. Pyrite is faund in
certain portion of the cores that rgecollectedFigure ¥). The pyrite grains were large enough
to be seen without the aid of any magnification (Fidi#e Pyrite may host arsenic as a
substitution in its crystalline lattice and can be a possiaitaralsource of arsenic mobilized in
groundwater(Lee et al., 2018 Notable arsenic levavasfound inthe coreand rock sampke

(Figure BB, Table 2 by XRF and ICPMS analysisFurther geochemical analysis is needed to

guantify arsenic content in these pyrite grains.
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Table4: Concentrations of trace elements found in groundwater sample
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Figure 22: Groundwater arsenic levels measured in mg/L in the study area around Fruithurst,
AL. The open red hexagons represent all tested wells with arsenic theldetection limit.
Symbols are scaled to differez@ncentrations of arsenic measured. Solid red circles represent
samples that are above the U.S.EPA MCL of 0.1 mg/L.
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Lead concentrations in well water range fririto 15 ug/L. Leadin well PW6 had
concentratioaexceeding the U.S. EPA MCL of 0.015 mgHidure23, Table4). Well PW2,
PW10, and PW1had measurable amourits1.3 pg/L) Well PW10 is located south of
Fruithurst and had a moderate level measured at 2.1 pgéd concentration in rock sample
Wootenwell-1 is below theaverage othe uppercontinental crusfTable2). The variationsn
lead levels across the study area appear to be from natural inputsspetidddistribution of

leaddoes not seem to follow any trends.
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Figure 23: Measurable amounts of lead wayeesent in four wells. Only one well located east of
Fruithurst was found to be above the U.S. EPA MCL of 0.015 mg/L.
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Chromium concentrations in well water range frorh174to 9.4 ug/L, with measurable
concentrations in wellBW6, PW14, PW15, PW16, PWIFW18, PW19, PW2(Figure 2).
The highest Cr concentration was measured at 0.0094 mg/L in well PW6, located east of
Fruithurst. The rock sample Wooterell-1 had eleven times the enrichment of chromium than
average upper crustal ro€kable2). Chromiumwas also identified in the XRé&halysisof
sample IG252 (Figure 6B). Despite the relatively high Cr concentration found in Woeteii-
1 coresample none of the measuredatersamplesave chromiunabove the MCL of 0.1 mg/L
This suggestthat chromiumis mostly locked in the aquifer bedrock and is not mobile in

groundwater.
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Figure 24: Chromium is found in wells throughout the study area. None of the wells exceeded

the MCL limit 0.1 mg/L set by the U.S. EPA.
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Concentrationsf Zn in well waterange from4.37 to 131.55 pg/I(Figure 5), well
bel ow EPAOGs Se c on direcmyockManple \Wdoterkell-Ihihgs/ah enrichment
factor of 2.598relative to thoséound in the upper continental cry3able?2). Zinc was also
identified in the XRF analysis of core sample2&2 (Figurel6A). High levels of zinc (2,600
3,000 mg/kg) were found in the ProBlend soil samples (Tablé&gure 5 shows thatvells
with the highest levels of zinc aneostlylocatedto theeast ofFruithurst or downgradient from
the ProBlendfacilities where Zrrich waterwasdischarged intgroundwate Figure 21). The
elevated zinc levels may be linked to the release of zinc by ProBtetetived from natural
sources of aquifer bedrockluantitative analysis of more aquifer bedrock samples is needed to

better understand the source of dissolved zinc in groundwater.
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Figure 25: Zinc concentration in well watefThe highest levels were measured east of
Fruithurst.
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The concentrations of barium in groundwater range fodsiito 287.02ug/L, well below
EPAGs Secondar {FiguweCh). BariiminZockrsgmple Wootewell-1 has a
slightenrichment comparei® the average upper continental crust (T&pl&Vith awide range
and relatively lowconcentrations waterandlack ofanynotable spatiarends, bariunin

groundwateis likely derivedfrom a naturabedrocksource.
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Figure 26: Bariumconcentration in well wateiThe levels dbarium vary throughout the study

area.
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The concentration ofeteniumin well water ranges frord.04to 3.26ug/L (Table 4) The
highest Se concentration 8226ug/L was found inVell PW15, belowtheE P ARIGL limit of
0.05mg/L (Figure 27) Seleniumconcentration imrock sampldrom Wootenwell-1 is below
0.3 mg/kg(Table 2) XRF analysiglid notreportmeasurable amounts of seleniuncore
sample IG252 The 2018 soil sample of the ProBlend dirt pile had measurable concentrations
0.7 mg/kg (Table). Quantitative analysis of more aquifer bedrock and well water samples is

needed to better understand the source of selenium in groundwater.
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Figure 27: Seleniuntoncentration in well watetOne well measured above the MCILO@5

mg/L.
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Radium226 in well water range fromd.0106 to 5.71 disintegrations per minute (dpm), or
0.005to 2.57 pCi/La | | bel ow of5 pOVI6(FabledC PW9 had the highest level at
5.71 dpmBased on théulk geochemicahnalysis oWootenwell-1, the rock is about 47%
enriched in uraniumelative to those in upper continental cr(isible?2). This level of uranium
may be responsible for sustainable levels of radium or radon in the groundwater in the presence
of fractures. Figuredo e s n 6 t dubterofelexated levels of radium, but somewhat

similar background levelsere observedcross the study area
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Figure 28 Radium levels were measured in disintegrations per minute (dpm). One dpm is
equivalent® 0.45 pCi. The highest concentrations measured were 5.71 dpm or 2.6vefiCi
PW9) This is below the U.S. EPA MCL of 5.0 pCi/L.
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Radon222 concentrations in well water range frar8to 8,449pCi/L (Table4). Wells
CW1, PW7, PW22, PW23 have radon levelabove the advisory limif 4,000 pCi/L,set forth
by the U.S. EPA (Figure®. The highest leveht 8,499 pCi/Lwasmeasuredn well PW23
located just west of Fruithurst. A nearby we&lW7,also hadh concentratioabove the advisory
limit, whichmeasured at 5,391 pCi/lBW22 located north of Fruithursalso tested above the
advisory limit at 6,586 pCi/L. The well that had previously served as the town water,source
CW1, had levels measured at 4,077 pCi/L just above the U.S. EPScagVimit. The remaining
samples measuredriedsignificantlyacross the study area, which may be due to the different
screening intervaland lithologyof wells. Many of thewvell watersamplesexcept PW1 and
PW2 have radon levelsieasured above 3@Ci/L. The U.S. EPA has stated that levels above
300 pCi/L could have adverse health eff¢Eteport to Congress: Radon in Drinking Water
Regulations2012) However, the advisory limit has been set at 4,000 pCi/L. With the concern
on potential halth effectsof long-term exposure afadon everat lower levels, it becomes vital

to map the spatial and temporal variation of radon level in well water
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Figure 29: Radonconcentration of well water in the study ardde highest radon levels were

measured just weand northof Fruithurst. CW1lwellt hat had previously ser)
water source also tested above the advisory limit. Radon levels in the other wells vary
significantlyacross the study area.
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Figure 30 shows concentratioraf bis (2ethylhexyl) phthalate (DEHRheasured in well
water. Measurable amoun{s 0.01 mg/kg) are founuh four wells PW2, PW6, PWS8, PW1a@ll
near Fruithust and Problend facilitiéthe U.S. EPA has an MCL of DEHP set to @.00g/L.

All four of the well sampleshave DEHPmeasurd above this limit (Figur&0). Interestingly,

PWL1 is located just about 1 mile south of Problend rubber. &2 and P\8 are located
northeast of Problend, in the downgradient direction of groundvrata this factory (Figure

21). A dirt pile located at the ProBlend site was sampled in 2017 andf@0DEHP analysis
(Figurel?7). The 201%&o0il samplehadDEHP concentrations of 2.1 mg/kg. The 2018 sample did

notshowany detectable levels.
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Figure 30: Bis (2Ethylhexyl) Phthalat¢DEHP) was detected in four wells across the study
area. The two highest concentrations were measured northeast of Fruithurst.
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