
A S S E S S M E N T O F H E A L T H RI S K S F R O M P E R - A N D P O L Y F L U O R O A L K Y L  

S U B S T A N C E S  ( P F A S, P F O A) E X P O S U R E I N C O N T A MI N A T E D W A T E R S O U R C E S I N  

W E S T  VI R GI NI A  A N D R E C O M M E N D A TI O N S F O R A D V A N C E D  T E C H N O L O GI C A L  

T R E A T M E N T S  

b y  

Yass er D a hl e h  

A pr of essi o n al p a p er s u b mitt e d i n p arti al f ulfill m e nt  
of t h e r e q uir e m e nts f or t h e d e gr e e  

of  

M ast er of S ci e n c e  

i n 

L a n d R es o ur c es a n d E n vir o n m e nt al S ci e n c es  

M O N T A N A S T A T E U NI V E R SI T Y  
B o z e m a n, M o nt a n a  

M a y 2 0 2 5  



© C O P Y RI G H T  

b y  

Yass er D a hl e h  

2 0 2 5  

All Ri g ht s R es er v e d  



ii 

A C K N O W L E D G E M E N T S  

I wis h t o a c k n o wl e d g e s e v er al k e y s u p p ort ers w h o h a v e pl a y e d a vit al r ol e i n t hi s j o ur n e y. 

First a n d f or e m ost, I a m si n c er el y t h a n kf ul t o m y c oll e a g u es at w or k, w h os e u n w a v eri n g s u p p ort 

a n d e n c o ur a g e m e nt pr o vi d e d a s oli d f o u n d ati o n t hr o u g h o ut t his pr oj e ct. Y o ur c oll a b or ati o n, 
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A B S T R A C T  

T h e P ar k ers b ur g, West Vir gi ni a ar e a h as f a c e d si g nifi c a nt c o nt a mi n ati o n of p er - a n d 
p ol yfl u or o al k yl s u bst a n c es d u e t o h e a v y i n d ustri al r el e as es fr o m D u P o nt a n d C h e m o urs 
f a ciliti es. T h es e s o c all e d “f or e v er c h e mi c als ” h a v e i nfiltr at e d l o c al gr o u n d w at er a n d s urf a c e  
w at er s o ur c es w hi c h h as p os e d a s u bst a nti al  h e alt h ris k t o r esi d e nts w h o m ai nl y r el y o n pri v at e 
w ell s f or dri n ki n g w at er. T h er ef or e, m y  p a p er ass e ss es t h e e xt e nt of P F A S c o nt a mi n ati o n i n 
P ar k ers b ur g, e v al u at es t h e ass o ci at e d h e alt h ris ks, a n d i d e ntifi es c ost -eff e cti v e r e m e di ati o n 
str at e gi es. I c o n d u ct e d a h u m a n h e alt h ris k ass ess m e nt usi n g gr o u n d w at er  c o nt a mi n ati o n fr o m 
t h e U. S. G e ol o gi c al S ur v e y ( U S G S) a n d bl o o d s er u m c o n c e ntr ati o ns fr o m t h e C 8 H e alt h Pr oj e ct. 
Ris k q u oti e nts ( R Q)  ar e a m etri c us e d i n c o n d u cti n g h u m a n ris k ass ess m e nt s t h at e v al u at es t h e 
p ot e nti al h a z ar d of a c o nt a mi n a nt. T h e y  w er e  c al c ul at e d b as e d o n t h e gi v e n e x p os ur e l e v els, 
w hi c h h a d r e v e al e d t h at all s a m pl e d l o c ati o ns e x c e e d e d s af e t hr es h ol ds, wit h W o o d C o u nt y 
h a vi n g t h e hi g h est R Q v al u es ( C hil d R Q = 1 6 1. 2 1, A d ult R Q = 8 6. 2 8). Bl o o d c o n c e ntr ati o n d at a 
f urt h er c o nfir m e d t h e el e v at e d e x p os ur e , w hi c h r e i nf or c es t h e ur g e n c y f or i nt er v e nti o n. I als o 
e x a mi n e d  t h e ‘ pr o b a bl e li n k’ b et w e e n P F A S e x p o s ur e a n d a d v ers e h e alt h o ut c o m es as w as 
d et er mi n e d b y t h e C 8 S ci e n c e P a n el. Testi c ul ar  c a n c er ( R el ati v e Ris k p t o 3. 0), a ut oi m m u n e  
dis e as es ( R R u p t o 3. 2 ) a n d h e art dis e as e ( R R u p t o 1. 3 8) s h o w e d t h e str o n g est ass o ci ati o ns 
w hi c h hi g hli g ht s t h e l o n g -t er m p u bli c h e alt h i m pli c ati o ns of P F A S c o nt a mi n ati o n. I n a d dr essi n g 
c o nt a mi n ati o n l e v els, t h e U. S. E n vir o n m e nt al Pr ot e cti o n A g e n c y’s ( E P A) B est A v ail a bl e 
Te c h n ol o gi es w er e e v al u at e d, w hi c h i n cl u d e d gr a n ul ar a cti v at e d c ar b o n, a ni o n e x c h a n g e, a n d 
r e v ers e os m osis/ n a n ofiltr ati o n. W hil e r e v ers e os m osis/ n a no filtr ati o n d e m o nstr at es t h e hi g h est 
r e m o v al effi ci e n c y of 9 9. 9 %, t h e e v al u at e d hi g h c osts, r e a c hi n g u p t o 8 4 milli o n U S D, pr es e nt e d 
fi n a n ci al ch all e n g es f or l o c al m u ni ci p aliti es. Gr a n ul ar a cti v at e d c ar b o n  off er m or e c ost -eff e cti v e  
s ol uti o ns b ut w o ul d r e q uir e s u p pl e m e nt al tr e at m e nts t h at w o ul d m e et E P A’s n e wl y u p d at e d 
stri n g e nt st a n d ar ds. Gi v e n P ar k ers b ur g’s o n g oi n g eff orts t o u p gr a d e w at er tr e at m e nt 
i nfr astr u ct ur e, t hi s st u d y r e c o m m e n ds a h y bri d a p pr o a c h th at c o m bi n es gr a n ul ar a cti v at e d c ar b o n 
a n d r e v ers e os m osis/n a n ofiltr ati o n  t o b al a n c e effi c a c y as w ell as aff or d a bilit y. M y fi n di n gs 
u n d ers c or e t h e n e e d f or i m m e di at e r e g ul at or y a cti o n a n d c o nti n u e d m o nit ori n g t o h el p miti g at e  
P F A S e x p os ur e , ulti m at el y pr ot e cti n g p u bli c h e alt h.  
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C H A P T E R O N E  

I N T R O D U C TI O N 

B a c k gr o u n d  

T h e P ar k ers b ur g ar e a, w hi c h is i n West Vir gi ni a, i s a p pr o xi m at el y 3 0 0 0 h e ct ar es a n d is  

c h ar a ct eri z e d b y a  ri c h t a p estr y of l a n d us es. T h es e i n cl u d e a gri c ult ur e, i n d ustri al d e v el o p m e nts, 

w etl a n ds, a n d ri v ers. T h e ar e a is sit u at e d al o n g t h e O hi o Ri v er, a n d t h e r e gi o n m ai nl y b e n efits 

fr o m its str at e gi c l o c ati o n n e ar m aj or tr a ns p ort ati o n c orri dors, s u c h as I nt erst at e 7 7, w hi c h 

ulti m at el y f a cilit at es e c o n o mi c a cti vit y a n d c o n n e cti vit y ( West Vir gi ni a GI S  Te c h ni c al C e nt er, 

2 0 2 1). P ar k ers b ur g, West Vir gi ni a, is a cit y l o c at e d at t h e j u n cti o n of t h e O hi o a n d Littl e  

K a n a w h a Ri v ers t h at h as a ri c h hist or y d ati n g b a c k t o t h e l at e 1 8t h c e nt ur y. A c c or di n g t o t h e l ast 

2 0 2 0 c e ns us, t h e p o p ul ati o n of t hi s cit y is a p pr o xi m at el y 3 0, 0 0 0, w hi c h r e pr es e nts a d e cli n e  

c o m p ar e d t o pr e vi o us y e ars, m ai nl y d u e t o e c o n o mi c c h a n g es ( U. S. C e ns us B ur e a u, 2 0 2 0). 

P ar k ers b ur g is c h ar a ct eri z e d b y a bl e n d of ur b a n a n d r ur al s etti n gs. 

T h e r e gi o n i s s urr o u n d e d b y v ari o us t y p es of w etl a n ds a n d is m ar k e d b y t h e Littl e  

K a n a w h a Ri v er. Wetl a n d s a ct as n at ur al filt ers t h at i m pr o v e t h e o v er all q u alit y of w at er b y 

tr a p pi n g s e di m e nts a n d a bs or bi n g p oll ut a nts b ef or e t h e y r e a c h t h e O hi o Ri v er. T h e e c ol o gi c al 

i m p ort a n c e of t h e P ar k er s b ur g ar e a h as di v ers e h a bit ats t h at e n c o m p ass w etl a n ds a n d ri v ersi d e 

e c os yst e ms w hi c h als o pl a y a m aj or r ol e i n m ai nt ai ni n g bi o di v ersit y. T h es e n at ur al ar e as s u p p ort 

a v ari et y of pl a nt a n d a ni m al s p e ci es w hil e pr o vi di n g ess e nti al e c os yst e m s er vi c es i n cl u di n g 

w at er p urifi c ati o n, fl o o d c o ntr ol, a n d h a bit at f or  wil dlif e ( E P A , 2 0 1 5). T h e  w at er w a ys pr o vi d e  a  

vit al a n d ess e nti al h a bit at f or wil dlif e, w hi c h c o ntri b ut es t o t h e e c ol o gi c al h e alt h of t h e ar e a.  T h e  

s urf a c e w at er s o ur c es i n cl u d e t h e O hi o Ri v er a n d its tri b ut ari es, w hil e gr o u n d w at er m ai nl y 

c o m es fr o m diff er e nt a q uif ers t h at s u p p l y dri n ki n g w at er f or l o c al r esi d e nts ( West Vir gi ni a 



2  

D e p art m e nt of E n vir o n m e nt al Pr ot e cti o n, 2 0 2 1). H o w e v er, r esi d e nts h a v e  r ais e d c o n c er ns 

t hr o u g h o ut t h e e arl y 2 0 0 0s a b o ut c o nt a mi n ati o n-r el at e d iss u es t h at ar os e d u e t o i n d ustri al 

a cti viti es, r es ulti n g i n e xt e nsi v e m o nit ori n g a n d r es e ar c h st u di es c o n d u ct e d t o f ull y u n d erst a n d 

t h e e xt e nt of t h e i m p a ct fr o m a nt hr o p o g e ni c a cti o ns ( S hi n et al., 2 0 1 8). 

T h e P ar k er sb ur g ar e a is gr e atl y s u p pli e d wit h si g nifi c a nt gr o u n d w at er r es o ur c es, w hi c h 

ar e ess e nti al f or b ot h p u bli c w at er s u p pl y a n d pri v at e us e. Gr o u n d w at er i n t his r e gi o n pri m aril y 

e xist s i n a q uif ers, wit h t h e m ost pr o d u cti v e s o ur c e s l o c at e d i n k arst a n d all u vi al f or m ati o ns (U. S. 

G e ol o gi c al S ur v e y, 2 0 2 2 ). T h e all u vi al a q uif ers ar e f or m e d b y s e di m e nt d e p osit e d b y ri v ers a n d 

str e a ms a n d ar e m ai nl y c h a r a ct eri z e d b y a hi g h p er m e a bilit y, all o wi n g f or si g nifi c a nt r e c h ar g e 

fr o m s urf a c e w at er, p arti c ul arl y d urin g p eri o ds of  h e a v y r ai nf all or s n o w m elt  (U. S. G e ol o gi c al 

S ur v e y, 2 0 2 2 ). T h e all u vi al a q uif ers i n t h e P ar k ers b ur g r e gi o n ar e ess e nti al f or l o c al w at er 

s u p pl y, m ai nl y i n m u ni ci p al s yst e ms a n d pri v at e  w ell s. T h es e  a q uif ers  s u p pl y  a b o ut 1 8 9. 3 billi o n 

lit ers of gr o u n d w at er. F urt h er m or e, t h e O hi o Ri v er all u vi u m is m ai nl y sit u at e d i n t h e fl o o d pl ai ns 

of t h e O hi o Ri v er  Vall e y t h at r e a c h es a b o ut 4 5 0 kil o m et ers  of a gr a di e nt b et w e e n West Vir gi ni a  

a n d O hi o’s b or d ers ( U. S. G e ol o gi c al S ur v e y, 2 0 2 2 ). 

A p pr o xi m at el y 4 4 milli o n i n di vi d u als i n t h e U nit e d St at es, r e pr es e nti n g a b o ut 1 3 % of  

h o us e h ol ds, d e p e n d o n d o m esti c w ell s as t h eir pri m ar y s o ur c e of dri n ki n g w at er ( U. S. G e ol o gi c al 

S ur v e y, 2 0 1 6 a, b). T his r eli a n c e o n pri v at e w ell s hi g hli g ht s a si g nifi c a nt as p e ct of A m eri c a’s 

w at er s u p pl y l a n ds c a p e.  Alt h o u g h t h e E n vir o n m e nt al Pr ot e cti o n A g e n c y ( E P A) pl a ys a cr u ci al 

r ol e i n r e g ul ati n g w at er q u alit y fr o m p u bli c s o ur c e s a n d m u ni ci p al w at er s y st e ms, it d o es n ot 

e xt e n d its o v ersi g ht t o pri v at e w ell s. As a r es ult,  r e s p o nsi bilit y f all s o n t h e o w n ers of pri v at e 

w ell s t o e ns ur e t h e s af et y a n d q u alit y of t h eir dri n ki n g w at er. T his l a c k of r e g ul ati o n c a n p os e  

s u bst a nti al ris ks, as v ari o us c o nt a mi n a nts — i n cl u di n g t h os e t h at o c c ur n at ur all y i n 



3  

gr o u n d w at er — m a y b e pr es e nt i n t h es e w ell s. C o m m o n c o nt a mi n a nts i n gr o u n d w at er c a n i n cl u d e  

h e a v y m et als, nitr at es, a n d n at ur all y o c c urri n g mi n er als, all of w hi c h c a n a d v ers el y aff e ct h u m a n 

h e alt h if i n g est e d at h ar mf ul l e v els (C D C, 2 0 1 9). S p e ci fi c all y, a b o ut 2 3 % of West Vir gi ni a  r eli es 

o n pri v at e w ell s f or dri n ki n g w at er , a n d as w as m e nti o n e d e arli er, E P A d o es n ot r e g ul at e t hi s , a n d 

t h e y ar e o utsi d e of t h e West Vir gi ni a D e p art m e nt of E n vir o n m e nt al P r ot e cti o n j uris di cti o n ( West 

Vir gi ni a U ni v ersit y, 2 0 2 4) . 

T h e D u p o nt a n d C h e m o urs f a ciliti es, w hi c h ar e l o c at e d n e ar P ar k ers b ur g,  West Vir gi ni a, 

w er e  k n o w n t o b e  t h e m aj or s o ur c e of P F A S c o nt a mi n ati o n i n l o c al w at er s yst e ms. T h es e  

f a ciliti es w er e i n v ol v e d i n t h e pr o d u cti o n of Tefl o n a n d ot h er fl u or o p ol y m er pr o d u cts t h at h a d 

u s e d  p er - a n d p ol yfl u or o al k yl s u bst a n c es ( P F A S) s u c h as p erfl u or o o ct a n oi c a ci d ( P F O A). It h as 

b e e n d et er mi n e d t hr o u g h a l a ws uit t h at m or e t h a n 7, 1 0 0 t o ns of sl u d g e c o nt ai ni n g P F O A w er e  

d u m p e d o n t h e Pl ai ntiff Te n a nt's pr o p ert y as w ell a s i nt o t h e O hi o Ri v er  ( H off m a n, 2 0 2 3). T h e  

c h e mi c als e nt er e d t h e gr o u n d a n d l o c al w at er s o ur c es. Cl e ar e vi d e n c e r e g ar di n g t h e i m p a ct o n 

t h e e n vir o n m e nt a n d h e alt h si n c e 1 9 7 6 w as u n c o v er e d d uri n g t h e l e g al i n v e sti g ati o ns of t h e 

Te n n a nt vs. E.I. d u P o nt d e N e m o urs & C o m p a n y l a ws uit.  ( Bil ott, 2 0 2 0). T his tri al l e d t o t h e 

E P A c h ar gi n g D u P o nt f or vi ol ati n g t h e T o xi c S u bst a n c es C o ntr ol A ct ( T S C A). S e cti o n 8 ( e) 

r e q uir es c o m p a ni es t o r e p ort p ot e nti al ris ks of t h e c h e mi c als t h e y us e wit hi n t h eir pr o d u cti o n 

( H off m a n, 2 0 2 3). F urt h er m or e, e vi d e n c e h as s u g g est e d t h at D u P o nt w as  f ull y a w ar e of t h e 

d a n g ers of P F A S, p arti c ul ar ly P F O A ; h o w e v er, t h e y c o nti n u e d t o r el e as e t h e c h e mi c als i nt o t h e  

e n vir o n m e nt. S o m e  of t h e k e y pi e c es of e vi d e n c e  t h at i n di c at e d D u P o nt w er e a w ar e of P F O A’s 

t o xi cit y a n d p ersist e n c e i n t h e e n vir o n m e nt , w er e  t h e i nt er n al st u di es t h at wer e  c o n d u ct e d i n 

1 9 6 0s a n d 7 0s, d e m o nstr ati n g t h at  P F O A c a us e d h e alt h iss u es i n a ni m als  at s p e cifi c d os a g es , 

i n cl u di n g li v er d a m a g e a n d r e pr o d u cti v e h ar m ( Ri c h, 2 0 1 6). E v e n w h e n D u P o nt k n e w a b o ut t his  
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t h e y di d dis cl os e t h es e ri s ks t o r e g ul at ors , or t h e p u bli c , f or s e v er al d e c a d es ( L er n er, 2 0 1 5). A  

s ettl e m e nt of $ 6 7 0 milli o n  U S D  w as r e a c h e d i n 2 0 1 7 d u e t o P F A S c o nt a mi n ati o n ( Ri c h, 2 0 1 6). 

I n r es p o ns e t o p u bli c h e alt h c o n c er ns, l e g al a cti o n s, a n d r e g ul at or y pr ess ur es, D u P o nt a n d 

C h e m o urs h a v e t a k e n st e ps t o r e d u c e  e mi ssi o ns a n d pr o vi d e r e m e di ati o n eff orts, w hi c h i n cl u d e  

i m pr o vi n g wast e w at er tr e at m e nt pr o c ess es a n d e n vir o n m e nt al r est or ati o n pr oj e cts w hi c h ar e  

ai m e d at miti g ati n g t h e pr e vi o us r el e as es ( Ri c h, 2 0 1 6).  

P er - a n d p ol yfl u or o al k yl s u bst a n c es ( P F A S) ar e a l ar g e gr o u p of s y nt h eti c c h e mi c als 

w hi c h ar e  c h ar a ct eri z e d b y a c a rb o n -fl u ori n e ( C-F) b o n d, w hi c h is o n e of t h e str o n g est c h e mi c al 

b o n ds i n or g a ni c c h e mi str y. T his t y p e of b o n d m a k es P F A S v er y st a bl e a n d r esist a nt t o 

d e gr a d ati o n w hi c h is w h y it h a d e ar n e d t h eir ni c k n a m e of b ei n g “f or e v er c h e mi c als ”. O n e of t h e  

m o r e w ell -k n o w n P F A S c o m p o u n ds i n cl u d es p erfl u or o o ct a n oi c a ci d ( P F O A); t his c o m p o u n d i s a  

f ull y fl u ori n at e d, ei g ht -c ar b o n c h ai n wit h a  c ar b o x yli c a ci d gr o u p ( C 8 H F 1 5 O 2). T h e  c ar b o n -

fl u ori n e b o n d m ai nl y gi v es P F A S t h eir u ni q u e pr o p erti es, s u c h as b ei n g w at er a n d oil -r e p ell e nt, 

as w ell as t h er m all y st a bl e a n d c h e mi c all y r esist a nt ( B u c k et al., 2 0 1 1). T h e  c h e mi c als ar e  

c o m m o nl y us e d i n i n d ustri al a n d c o ns u m er pr o d u cts d u e t o t h eir u ni q u e pr o p erti es. E x a m pl es 

i n cl u d e n o n-sti c k c o o k w ar e w h er e P F O A w as hist ori c all y us e d i n t h e pr o d u cti o n of  

p ol yt etr afl u or o et h yl e n e ( P T F E), t hi s c o ati n g is us e d i n n o n -sti c k c o o k w ar e li k e  Tefl o n ( N R D C, 

2 0 2 3). 

P F A S h as b e e n li n k e d t o s e v er al a d v ers e h e alt h eff e cts as r es e ar c h h as i n di c at e d t h at t h e  

c h e mi c als di sr u pt e n d o cri n e f u n cti o n w hi c h l e a ds t o h or m o n e i m b al a n c es a n d r e pr o d u cti v e  

iss u es ( Ver n er et al., 2 0 2 0). E pi d e mi ol o gi c al st u di es h a v e als o ass o ci at e d P F A S e x p os ur e wit h 

el e v at e d c h ol est er ol l e v el s, i m m u n e s yst e m d ysf u n cti o n, a n d i n cr e as e d ris k of c a n c ers  i n cl u di n g 

ki d n e y a n d t esti c ul ar  c a n c er ( Ver n er et al., 2 0 2 0). T h e y h a v e  als o s h o w n t o i m p a ct f et al 
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d e v el o p m e nt, w hi c h c o ntri b ut es t o l o w birt h w ei g ht a n d d e v el o p m e nt d el a ys  ( Ver n er et al., 

2 0 2 0). T h e p ersist e n c e of P F A S i n o ur h u m a n b o di es f urt h er i n cr e as es t h es e h e alt h ris ks as t h e y 

a c c u m ul at e o v er ti m e w hi c h l e a d t o c hr o ni c e x p os ur e s c e n ari os ( Li n dstr ö m et al., 2 0 1 1).  

R e m e di ati o n m et h o ds f or t h es e w etl a n ds i n cl u d e p h ysi c al a p pr o a c h es li k e s e di m e nt 

dr e d gi n g a n d a cti v at e d c ar b o n filtr ati o n, c h e mi c al t e c h ni q u es s u c h as i n sit u c h e mi c al o xi d ati o n 

a n d s or b e nt a m e n d m e nts, a n d bi ol o gi c al str at e gi es li k e p h yt or e m e di ati o n a n d m i cr o bi al 

d e gr a d ati o n  (I nt erst at e Te c h n ol o g y a n d R e g ul at or y C o u n cil [I T R C], 2 0 2 0). H o w e v er, t h e m ai n 

c h all e n g es p ersist d u e t o t h e str o n g c ar b o n -fl u ori n e b o n ds i n P F A S, w hi c h m a k e t h e m r esist a nt t o 

d e gr a d ati o n a n d t h eir hi g h t e n d e n c y t o bi o a c c u m ul at e i n w et l a n d bi ot a ( A n d ers o n et al., 2 0 1 6). 

O bj e cti v es  

I h a v e u n d ert a k e n s e v er al o bj e cti v es t h at ar e  ai m e d at u n d erst a n di n g t h e i m p a cts of P F A S 

c o nt a mi n ati o n i n t h e P ar k ers b ur g ar e a. First, I h a v e c o n d u ct e d  t w o h u m a n ris k ass ess m e nts b as e d 

o n bl o o d c o n c e ntr ati o ns a n d gr o u n d w at er c o n c e ntr ati o n m e as ur e m e nts, gi v e n  m a n y r esi d e nts 

d e p e n d o n w ell s s o ur c e d fr o m gr o u n d w at er i n P ar k ers b ur g, West Vir gi ni a. S e c o n dl y, I a n al y z e d 

r es e ar c h fr o m t h e C 8 S ci e n c e P a n el (C 8 S ci e n c e P a n el, 2 0 1 2 ) t o e x pl or e t h e pr o b a bl e li n k 

b et w e e n s p e cifi c dis e as es a n d P F A S e x p os ur e, p arti c ul arl y f o c usi n g o n t h e r el e as es of P F O A  

fr o m t h e Was hi n gt o n W or ks pl a nt. Fi n all y, I r e vi e w e d a n d i d e ntifi e d a d v a n c e d t e c h n ol o gi c al 

tr e at m e nts c a p a bl e of d e gr a di n g or filt eri n g P F O A a n d P F A S w hil e als o e v al u ati n g t h eir effi c a c y 

a n d c o n d u cti n g a  c ost a n al ysi s, a n d r e c o m m e n di n g t h e m ost c ost -eff e cti v e  tr e at m e nt f or 

P ar k ers b ur g,  West Vir gi ni a.  
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C H A P T E R T W O  

H U M A N RI S K A S S E S S M E N T  

P r o bl e m F o r m ul ati o n  

T h e P ar k ers b ur g ar e a, w hi c h is sit u at e d i n West Vir gi ni a, h as b e e n aff e ct e d  si g nifi c a ntl y 

b y p er - a n d p ol yfl u or o al k yl s u bst a n c es ( P F A S) d u e t o t h e hist ori c al r el e as es fr o m t h e D u P o nt  

a n d C h e m o urs f a ciliti es. T h es e f a ciliti es u s e d  P F A S -c o nt ai ni n g s u bst a n c es i n t h eir m a n uf a ct uri n g 

pr o c ess es  ( Fi g ur e 1), r es ulti n g i n wi d es pr e a d c o nt a mi n ati o n of l o c al gr o u n d w at er a n d s urf a c e 

w at er s o ur c es ( C 8 S ci e n c e P a n el, 2 0 1 2). As m a n y r esi d e nts i n P ar k ers b ur g r el y o n pri v at e w ell s 

s o ur c es fr o m t his c o m pr o mis e d gr o u n d w at er, t h er e is a l e giti m at e c o n c er n r e g ar di n g t h e p ot e nti al 

h e alt h ris ks ass o ci at e d wit h P F A S e x p os ur e ( Vi n ei s et al., 2 0 1 1). E x p os ur e t o P F A S i s li n k e d t o 

v ari o us h e alt h o ut c o m es, i n cl u di n g h or m o n al di sr u pti o n as w ell as i n cr e as e d ris k of c ert ai n 

c a n c ers ( Ver n er et al., 2 0 2 0). T h er ef or e, I h y p ot h e si z e t h at r esi d e nts i n t h e P ar k ers b ur g ar e a ar e  

e x p os e d t o c o n c er ni n g l e v els of P F A S  t hr o u g h t h eir dri n ki n g w at er, p osi n g si g nifi c a nt p u bli c 

h e alt h ris ks. T o i n v esti g at e t h e p ot e nti al h e alt h i m p a cts a n d ass o ci at e d ris k s of P F A S e x p os ur e i n 

P ar k ers b ur g, I r e vi e w e d e xisti n g bl o o d c o n c e ntr ati o n d at a, gr o u n d w at er c o nt a mi n ati o n l e v els, 

a n d r el e v a nt h e alt h st u di es r el at e d t o P F A S e x p os ur e. 



7  

Fi g u r e 1:  D u p o nt Was hi n gt o n W or ks Pl a nt i n r el ati o n t o P ar k ers b ur g, W V  a n d t h e s urr o u n di n g 

ar e as. ( A d a ms, 2 0 2 1).  

H a z a r d I d e ntifi c ati o n  

B e c a us e  P F A S ar e hi g hl y r esist a nt t o d e gr a d ati o n a n d bi o a c c u m ul at e i n li vi n g or g a nis m s, 

e x p os ur e t o t h es e  c h e mi c als c a n m a g nif y t hr o u g h t h e f o o d w e b, p osi n g si g nifi c a nt h e alt h ris ks t o 

b ot h wil dlif e a n d h u m a ns. I n t h e P ar k ers b ur g ar e a, m a n y r esi d e nts r el y o n gr o u n d w at er s o ur c e d 

fr o m pri v at e w ell s, m a ki n g t h e m p ot e nti all y v ul n er a bl e t o P F A S c o nt a mi n ati o n ( Vi n eis et al., 

2 0 1 1). As i n di vi d u als c o ns u m e w at er  a n d f o o d fr o m t h es e aff e ct e d ar e as, t h e y m a y e x p eri e n c e  

e x p os ur e  t o P F A S t hr o u g h di et ar y i n g esti o n, w ater i n g esti o n, air e x p os ur e, a n d d er m al c o nt a ct.  
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P F A S e x p os ur e c a n l e a d t o n u m er o us h e alt h iss u e s, i n cl u di n g h or m o n al disr u pti o ns, 

d e cr e as e d  r e pr o d u cti v e h e alt h, a n d p ot e nti al c ar ci n o g e ni c eff e cts ( Ver n er et al., 2 0 2 0). T h es e  

c o m p o u n ds c a n i m p air i m m u n e s yst e m f u n cti o n a n d ar e  ass o ci at e d wit h i n cr e as e d c h ol est er ol 

l e v els ( H off m a n et al., 2 0 2 1). T h e t o xi c eff e cts of P F A S e xt e n d b e y o n d j ust r e pr o d u cti v e h e alt h, 

aff e cti n g t h yr oi d f u n cti o ns a n d vit al  s yst e ms i n t h e b o d y, b ut t h e eff e cts ar e still b ei n g r es e ar c h e d 

( Li n dstr ö m et al., 2 0 1 1). 

D os e R es p o n s e  

M ost of t h e P F A S ar e effi ci e ntl y a bs or b e d u p o n i n g esti o n a n d distri b ut e d t o vit al or g a ns 

t hr o u g h t h e bl o o dstr e a m ( P ér e z et al., 2 0 1 3; K u d o, 2 0 1 5), w h er e t h e y c a n p ersist a n d a c c u m ul at e 

f or e xt e n d e d p eri o ds d u e t o t h eir pr ol o n g e d h alf-li v es i n t h e h u m a n b o dy ( Ols e n a n d Z o b el, 

2 0 0 7). T his m aj or fi n di n g r es ult e d i n f urt h er st u di es o n t h e ass o ci ati o ns b et w e e n P F A S e x p os ur e  

a n d a r a n g e of a d v ers e h e alt h o ut c o m es, s u c h as ki d n e y a n d t esti c ul ar  c a n c er, a ut oi m m u n e  

dis or d ers, i m m u n e s u p pr essi o n, n e ur o d e v el o p m e nt al i m p air m e nts, t h yr oi d d ysf u n cti o n, 

pr e e cl a m psi a, a n d r e d u c e d f ertilit y, a m o n g ot h ers ( G ar g et al., 2 0 2 0; A g e n c y f or  T o xi c 

S u bst a n c es a n d Dis e as e  R e gistr y, 2 0 2 1). T h e pri m ar y r o ut es of P F A S e x p os ur e f or t h e g e n er al 

p o p ul ati o n i n cl u d e t h e c o ns u m pti o n of c o nt a m i n at e d dri n ki n g w at er a n d f o o d, i n h al ati o n of  

i n d o or air a n d d ust, a n d c o nt a ct wit h c o ns u m er pr o d u cts ( S u n d erl a n d et al., 2 0 1 9) ( Fi g ur e 2). 

H o w e v er, n o si n gl e e x p o s ur e p at h w a y is u ni v ers all y d o mi n a nt a cr oss all p o p ul ati o ns or s etti n gs.  

T h er e is li mit e d r es e ar c h t h at s p e cifi c all y a d dr ess e s t h e i m p a cts of P F A S o n l o c al 

p o p ul ati o ns a n d s p e ci es, p arti c ul arl y c o n c er ni n g t h eir e x p os ur e t o c o nt a mi n at e d w at er s u p pli es. 

T h er ef or e, I u s e  t h e c urr e nt lit er at ur e a n d ris k ass e ss m e nt m o d els t o est a blis h h e alt h ris k 

q u oti e nts f or P ar k ers b ur g r esi d e nts b as e d o n a v ail a bl e d at a o n P F A S c o nt a mi n ati o n l e v els. M y 
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a n al ysi s i n cl u d e s fi n di n gs fr o m e xisti n g st u di es, c o n c e ntr ati n g o n t h e m ost v ul n er a bl e 

p o p ul ati o ns aff e ct e d b y P F A S e x p os ur e.  As p art of m y e v al u ati o n, I a p pl y ri s k q u oti e nt 

c al c ul ati o ns as r e c o m m e n d e d b y t h e  E P A  t o b ett er  u n d erst a n d p ot e nti al h e alt h ris ks i n t hi s 

c o m m u nit y , l e v er a gi n g q u a ntit ati v e m e as ur es of P F A S c o nt a mi n ati o n pr es e nt i n l o c al 

gr o u n d w at er  a n d bl o o d c o n c e ntr ati o n l e v els.  

M et h o d s  

G r o u n d w at e r D at a  

T h e pri m ar y d at a f or t hi s ass ess m e nt w as  s o ur c e d fr o m t h e U. S. G e ol o gi c al S ur v e y 

( U S G S) p u bli c ati o n titl e d “O c c urr e n c e of P er - a n d P ol yfl u or o al k yl S u bst a n c es a n d I n or g a ni c 

A n al yt es i n Gr o u n d w at er a n d S urf a c e  Wat er Us e d as S o ur c es f or P u bli c Wat er S u p pl y i n West 

Vir gi ni a ” ( U S G S , 2 0 2 2). T his p u bli c ati o n pr o vi d es c o m pr e h e nsi v e m e as ur e m e nts of P F A S 

c o n c e ntr ati o ns i n gr o u n d w at er, w hi c h s er v e d  as t h e f o u n d ati o n f or c al c ul ati n g e x p os ur e l e v els 

a m o n g r esi d e nts r el yi n g o n pri v at e w ell s i n P ar k ers b ur g, West Vir gi ni a. T h e U S G S  r e p ort 

pr o vi d es d et ail e d gr o u n d w at er q u alit y d at a, i n cl u di n g c o n c e ntr ati o ns of v ari o us c o nt a mi n a nts 

s u c h as h e a v y m et als, nitr at es, a n d or g a ni c c o m p o u n ds, m e as ur e d a cr oss m ulti pl e w ell s i n t h e  

r e gi o n. 

D at a w er e  c oll e ct e d b y U S G S b et w e e n 2 0 1 9 a n d 2 0 2 1 a n d r e pr es e nt t h e gr o u n d w at er  

c o n diti o ns i n t h e st u d y ar e a. R a w s o ur c e w at er w a s s a m pl e d f or gr o u n d w at er a n d s urf a c e -w at er  

sit es at t h e p u bli c w at er s yst e m’s first a v ail a bl e t a p b ef or e u n d er g oi n g a n y tr e at m e nt. S a m pl es 

w er e t a k e n fr o m  t h e p u bli c s u p pl y of w at er i n West Vir gi ni a, w hi c h  h a s g e ol o gi c al c o n diti o ns 

w h er e gr o u n d w at er sit es h a v e hi g h -yi el d a q uif ers of k arst a n d all u vi u m pr o p erti es. A t ot al of 1 7 3 

s a m pl es w er e t a k e n fr o m gr o u n d w at er, w hil e 1 0 6 s a m pl es w er e t a k e n fr o m s urf a c e w at er.  E a c h 
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s a m pl e  w as a n al y z e d f or  p H, s p e cifi c  c o n d u ct a n c e, w at er t e m p er at ur e, diss ol v e d o x y g e n, 

t ur bi dit y, a n d al k ali nit y. Of  all t h e s a m pl es  a n al y z e d , P F A S c o n c e ntr ati o ns w er e d et e ct e d a cr oss 

2 4 % of t h e sit es . O ut of t h e s a m pl es t a k e n, m ost of t h e P F A S c o n c e ntr ati o ns w er e hi g h er i n 

gr o u n d w at er s a m pl es t h a n i n s urf a c e  w at er. T h e m et h o d of s a m pli n g f or p ot e nti al P F A S 

c o nt a mi n ati o n i s t a k e n fr o m t h e N A W Q A ( M c M a h o n et al. , 2 0 2 2), w hi c h c o nsists of t w o, 2 5 0 -

m l hi g h -d e nsit y p ol y et h yl e n e ( H D P E) b ottl es t h at w er e s e nt f or  l a b a n al ysi s. C o n c e ntr ati o ns of 

P F O A a n d P F O S  at  t h e sit es t est e d h a d e x c e e d e d t h e hi g h t hr es h ol d of 7 0 n g/lit er (Ta bl e 1 ). Hi g h 

P F A S c o n c e ntr ati o ns r efl e cts 2 4 % a b o v e t h e r e p orti n g l e v el a n d t h e r e m ai ni n g 7 6 %  w er e  u n d er 

t h e r e p orti n g l e v el (Fi g ur e 2 ). 

T a bl e 1:  Fi v e l o c ati o ns i n Vir gi ni a t h at w e r e gr e at er t h a n t h e P erfl u or o o ct a n oi c A ci d , 

P erfl u or o o ct a n es ulf o ni c A ci d r e p orti n g l e v el of 7 0 n g/lit er. 

Sit e N a m e  L o c ati o n  P F O A + P F O S C o n c e nt r ati o n  

( n a n o g r a ms p e r lit e r) 

W o o -0 2 1 5  W o o d C o u nt y, L o c ati o n 1  1, 5 4 0  

W o o -0 2 1 6  W o o d C o u nt y, L o c ati o n 2  1 5 6  

W o o -0 1 2 1  W o o d C o u nt y, L o c ati o n 3  1 0 4  

M al -0 4 1 0  M ars h all C o u nt y, L o c ati o n 4  9 8  

B e r -0 4 6 8  B er k el e y C o u nt y, L o c ati o n 5  7 1  
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Fi g u r e 2:  T h e l o c ati o ns w h er e s a m pl es w er e t a k e n fr o m gr o u n d w at er a n d s urf a c e w at er s o ur c es 

f or d et e ct e d p erfl u or o o ct a n o at e ( P F O A) a n d p erfl u or o o ct a n es ulf o n at e ( P F O S) c o n c e ntr ati o ns. 

( U S G S, 2 0 2 2). 
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Bl o o d C o n c e nt r ati o n L e v els  

T h e s e c o n d pri m ar y d at a fr o m t his ass ess m e nt ar e  fr o m t h e C 8 H e alt h pr oj e ct, w hi c h w as 

t h e r es ult of a s ettl e m e nt a gr e e m e nt c as e of J a c k W. L e a c h. J a c k L e a c h r esi d e d i n P ar k ers b ur g 

w h o h a d r ais e d a l a ws uit  a g ai nst D u P o nt b e c a us e  of his cl ai m t h at P F A S c o nt a mi n ati o n w as t h e 

c a us e of t h e c a n c er h e d e v el o p e d ( Bil ott, 2 0 2 0). T h e l e g al s ettl e m e nt i n v ol v e d D u P o nt f u n di n g 

t h e C 8 H e alt h Pr oj e ct, w hi c h w as l e d b y a gr o u p of s ci e ntists t o st u d y t h e r el ati o ns hi p b et w e e n 

h e alt h i m p a cts a n d C 8 e x p os ur e ( Bil ott, 2 0 2 0). Wit hi n a p eri o d of 1 3 m o nt hs b et w e e n 2 0 0 5 a n d 

2 0 0 6, a l ar g e  a m o u nt of d at a w er e  c oll e ct e d, w hi c h i n cl u d es cli ni c al l a b or at or y t esti n g. Bl o o d 

s a m pl es of a d ult s a n d c hil dr e n w er e t a k e n a n d pr o c ess e d t o d et e ct P F A S l e v els. T h e e ntir e C 8 

pr oj e ct s ur v e y e d a t ot al of 6 9, 0 3 0 p e o pl e, wit h p arti ci p a nts dr a w n fr o m v ari o us w at er distri cts 

i n cl u di n g: Cit y of B el pr e ( O hi o), T u p p ers Pl ai ns ( O hi o), Littl e Hi c ki n g Wat er  Ass o ci ati o n 

( O hi o), L u b e c k P u bli c S er vi c e Distri ct ( West Vir gi ni a), M as o n C o u nt y ( We st Vir gi ni a), a n d 

Vi ll a g e of P o m er o y ( O hi o), all of w hi c h s urr o u n d e d  t h e P ar k ers b ur g C o u nt y  of t h e P F A S 

c o nt a mi n ati o n fr o m D u p o nt a n d C h e m o urs f a ciliti es. S er u m c o n c e ntr ati o ns w er e  c oll e ct e d fr o m 

v ari o us a g e  a n d s e x gr o u ps t o c o m p ar e c o n c e ntr ati o n l e v els ( P er er a et al., 2 0 0 9). F or t his 

ass ess m e nt, I e xtr a ct e d t h e m e a n l e v els of P F O A a n d P F O S f or all g e n d ers u n d er 1 2 y e ars of a g e, 

c at e g ori zi n g t hi s as ‘ C hil d’  e x p os ur e, a n d d et er mi n e d t h e t ot al m e a n f or p arti ci p a nts a g e d 2 0 a n d 

ol d er as ‘ A d ult’ e x p os ur e  ( Ta bl e 2). 
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T a bl e 2:  T ot al S er u m c o n c e ntr ati o ns of P erfl u or o o ct a n oi c  A ci d  a n d P erfl u or o o ct a n es ulf o ni c  A ci d 

f or m e a n a g e a n d g e n d er gr o u ps 

A g e G r o u p  T ot al m e a n P F O A  

C o n c e nt r ati o n f o r f e m al e 

a n d m al e ( n g/ m L) 

T ot al m e a n P F O S  

C o n c e nt r ati o n f o r f e m al e a n d  

m al e ( n g/ m L)  

C hil d ( A g es < 1 2 y e a rs)  7 7. 6  2 3. 6  

A d ult ( A g es 2 0 -3 9 y e a rs)  5 8. 1  2 0. 1  

A d ult ( A g es 4 0 -5 9 y e a rs)  9 9. 4  2 3. 6  

A d ult ( A g es > 6 0 y e a rs)  1 1 3. 8  2 9. 2  

A d ult M e a n ( A g es > 2 0)  9 0. 4  2 4. 3  

E x p os ur e  Ass ess m e nt  

F or m y e x p os ur e ass ess m e nt, I us e d t h e f oll o wi n g ass u m pti o ns t o esti m at e  t h e t hr es h ol d i nt a k e 

v al u e of a  c hil d a n d a d ult , f or t h e fi v e g e o gr a p hi c  l o c ati o ns li st e d a b o v e:  

a.  C hil d’s A g e: 6 -1 1 w h o  dri n ks 9 5t h p er c e ntil e w at er p er d a y = 1, 3 1 6 ml/ d a y  

b.  A d ult’s A g e: 2 0 a n d a b o v e  w h o  dri n ks 9 5t h p er c e ntil e w at er p er d a y = 2, 9 5 8 ml/ d a y  

c.  C hil d’s w ei g ht = 2 0 k g  

d.  A d ults w ei g ht = 8 4 k g  (U. S. E P A, 2 0 1 1)  

e.  E x p os ur e t o P F A S i s t hr o u g h c o ns u m pti o n of  c o nt a mi n at e d gr o u n d w at er r etri e v e d fr o m 

pri v at e w at er w ell s.  

f. C o n c e ntr ati o n of P F A S, 1  p pt = 1 n g/ L  
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g.  Ris k Q u oti e nt of 1 or gr e at er i n di c at es t h at t h e m e as ur e d c o n c e ntr ati o n h as e x c e e d e d t h e 

t hr es h ol d v al u e, e q u al t o 1 is at t hr es h ol d l e v el, a n d l ess t h a n 1 i n di c at es t h at t h e  

c o n c e ntr ati o n is b el o w t h e t hr e s h ol d  

T h e m ai n e x p os ur e  p at h w a y f or P F A S is vi a i n g e sti o n of c o nt a mi n at e d w at er, w hi c h I 

ass u m e d t o b e t h e o nl y e x p os ur e t o h u m a ns t hr o u g h gr o u n d w at er  r etri e v e d fr o m pri v at e w ell s 

a n d dir e ctl y i n g est e d wit h o ut a n y t y p e of p urifi c ati o n. As a r es ult of c h a n g e s fr o m r e g ul at or y 

b o di es, t h e 9 5t h p er c e ntil e w as ass u m e d t o r ef er as t h e a m o u nt of w at er c o n s u m e d b y t h e t o p 5 % 

of t h e p o p ul ati o n t o e ns ur e t h at t h e ris k ass ess m e nt c o ns er v ati v el y a c c o u nts f or i n di vi d u als 

c o ns u mi n g a hi g h l e v el of w at er. 

F urt h er m or e, I us e d  t h e t hr es h ol d v al u e fr o m t h e E ur o p e a n F o o d S af et y A ut h orit y ( E F S A) 

w hi c h h a d est a blis h e d a t ol er a bl e w e e kl y i nt a k e  ( T WI) f or P F A S of 4. 4 n a n o gr a ms p er kil o gr a m 

of b o d y w ei g ht p er w e e k ( n g/ k g b w/ w e e k) w hi c h i s b as e d o n t h e c u m ul ati v e eff e cts o n t h e 

i m m u n e s yst e m ( E F S A, 2 0 2 0). E P A’s a p pr o a c h f o c us e d m ai nl y o n dri n ki n g w at er st a n d ar ds a n d 

h e alt h a d vis ori es i nst e a d of s etti n g a T WI. E P A  s et a lif eti m e h e alt h a d vis or y l e v el of 4. 0 p pt  f or 

P F O A a n d P F O S ( E P A, 2 0 2 2), w hi c h w o ul d n ot  f e asi bl y all o w f or t h e d et er mi n ati o n of t h e 

t ol er a bl e i nt a k es f or b o d y w ei g ht p er w e e k.   

T h e e q u ati o ns b el o w w er e  us e d t o c al c ul at e t h e t hr es h ol d v al u es f or P F A S e x p os ur e, w hi c h will  

ass ess t h e ass o ci at e d h e alt h ris ks b y c o m p ari n g esti m at e d w e e kl y e x p os ur e  t o est a bli s h e d 

t hr es h ol ds. 

E q u ati o n 1: T hr es h ol d Val u e  = ( 𝑘 𝑔  𝑏 𝑜 𝑑 𝑦  𝑤 𝑒𝑖 𝑔 ℎ 𝑡 ) ∗  ( 4. 4 𝑛 𝑔  𝑡 𝑜 𝑡 𝑎𝑙  𝑃 𝐹 𝐴 𝑆  𝑘 𝑔  𝑏 𝑜 𝑑 𝑦  𝑤 𝑒𝑖 𝑔 ℎ 𝑡 ) 

C hil d T hr es h ol d: 2 0 k g b o d y w ei g ht * 4. 4 n g P F A S / k g b o d y w ei g ht / w e e k) =  8 8 n g/ w e e k  

A d ult T hr es h ol d: 8 4 k g b o d y w ei g ht * 4. 4 n g P F A S / k g b o d y w ei g ht / w e e k) =  3 6 9. 6 n g/ w e e k  
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E q u ati o n 2: Ris k Q u oti e nt C al c ul ati o n  

Ris k Q u oti e nt =  We e kl y Esti m at e d E x p os ur e  ÷ We e kl y  I nt a k e T hr es h ol d  

T h e l o c ati o n n e ar est t o P ar k ers b ur g i n W o o d C o u nt y h a d t h e hi g h est R Qs, c al c ul at e d at 8 6 f or  

a d ult s a n d 1 6 1 f or c hil dr e n. 

T a bl e 3 : P erfl u or o o ct a n oi c A ci d  a n d P erfl u or o o ct a n es ulf o ni c A ci d ris k q u oti e nt c al c ul ati o ns f or 

B er k el e y C o u nt y sit e i n Vir gi ni a . 

P F O A + P F O S ( P F A S) C o ns u m pti o n b y Dri n ki n g S o ur c e w at er  

C hil d  ( 1. 3 1 6 L / d a y dri n ki n g s o ur c e w at er) ( 7 1 p pt P F O A + P F O S) = 9 3. 4  

n g/ d a y  

A d ult  ( 2. 9 5 8 L / d a y dri n ki n g s o ur c e w at er) ( 7 1 p pt P F O A + P F O S) = 2 1 0 

n g/ d a y  

We e kl y C o ns u m pti o n –  C hil d & A d ult  

C hil d  ( 9 3. 4 3 6 n g/ d a y) ( 7 d a ys) = 6 5 4.1  n g/ w e e k  

A d ult  ( 2 1 0. 0 1 8 n g/ d a y) ( 7 d a ys) = 1, 4 7 0. 1 n g/ w e e k 

Ris k C h ar a ct eri z ati o n –  C hil d & A d ult  

C hil d  R Q =  We e kl y E x p os ur e / M a x We e kl y I nt a k e  = 6 5 4. 1  n g/ w e e k / 8 8 

n g/ w e e k =  7. 4  

A d ult  R Q =  We e kl y E x p os ur e / M a x We e kl y I nt a k e  = 1, 4 7 0. 1 n g / w e e k/ 3 6 9. 6 

n g/ w e e k =  3. 4  
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T a bl e 4 : P erfl u or o o ct a n oi c A ci d  a n d P erfl u or o o ct a n es ulf o ni c A ci d ris k q u oti e nt c al c ul ati o ns f or 

M ars h all C o u nt y sit e i n West Vir gi ni a . 

P F O A + P F O S ( P F A S) C o ns u m pti o n b y Dri n ki n g S o ur c e w at er  

C hil d  ( 1. 3 1 6 lt s/ d a y dri n ki n g s o ur c e w at er) ( 9 8 p pt P F O A + P F O S) = 1 2 9. 0 

n g/ d a y  

A d ult  ( 2. 9 5 8 lt s/ d a y dri n ki n g s o ur c e w at er) ( 9 8 p pt P F O A + P F O S) = 2 8 9. 9  

n g/ d a y  

We e kl y C o ns u m pti o n –  C hil d & A d ult  

C hil d  ( 1 2 8. 9 6 8 n g/ d a y) ( 7 d a ys) = 9 0 2.8  n g / w e e k  

A d ult  ( 2 8 9. 8 8 4 n g/ d a y) ( 7 d a ys) = 2, 0 2 9.2 n g / w e e k  

Ris k C h ar a ct eri z ati o n –  C hil d & A d ult  

C hil d  R Q =  We e kl y E x p os ur e / M a x We e kl y I nt a k e  = 9 0 2. 8 n g / w e e k / 8 8 n g 

/ w e e k = 1 0. 3  

A d ult  R Q =  We e kl y E x p os ur e / M a x We e kl y I nt a k e  = 2, 0 2 9. 2  n g / w e e k / 

3 6 9. 6  n g / w e e k = 5. 5  
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T a bl e 5 : P erfl u or o o ct a n oi c A ci d  a n d P erfl u or o o ct a n es ulf o ni c A ci d ris k q u oti e nt c al c ul ati o ns f or 

W o o d C o u nt y sit e i n West Vir gi ni a ( P ar k ers b ur g  Ar e a) . 

P F O A + P F O S ( P F A S) C o ns u m pti o n b y Dri n ki n g S o ur c e w at er  

C hil d  ( 1. 3 1 6 lt s/ d a y dri n ki n g s o ur c e w at er) ( 1 0 4 p pt P F O A + P F O S) = 1 3 6. 9  

n g/ d a y  

A d ult  ( 2. 9 5 8 lt s/ d a y dri n ki n g s o ur c e w at er) ( 1 0 4 p pt P F O A + P F O S) = 3 0 7. 6  

n g/ d a y  

We e kl y C o ns u m pti o n –  C hil d & A d ult  

C hil d  ( 1 3 6. 8 6 4 n g/ d a y) ( 7 d a ys) = 9 5 8.1  n g / w e e k  

A d ult  ( 2 8 9. 8 8 4 n g/ d a y) ( 7 d a ys) = 2, 1 5 3. 4 n g / w e e k 

Ris k C h ar a ct eri z ati o n –  C hil d & A d ult  

C hil d  R Q =  We e kl y E x p os ur e / M a x We e kl y I nt a k e  = 9 5 8. 0  n g / w e e k / 8 8 n g 

/ w e e k = 1 0. 9  

A d ult  R Q =  We e kl y E x p os ur e / M a x We e kl y I nt a k e  = 2, 1 5 3. 4 2 4  n g / w e e k / 

3 6 9. 6  n g / w e e k = 5. 8  
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T a bl e 6 : P erfl u or o o ct a n oi c A ci d  a n d P erfl u or o o ct a n es ulf o ni c A ci d ris k q u oti e nt c al c ul ati o ns f or 

W o o d C o u nt y sit e i n West Vir gi ni a ( P ar k ers b ur g  Ar e a) . 

P F O A + P F O S ( P F A S) C o ns u m pti o n b y Dri n ki n g S o ur c e w at er  

C hil d  ( 1. 3 1 6 lt s/ d a y dri n ki n g s o ur c e w at er) ( 1 5 6 p pt P F O A + P F O S) = 2 0 5. 3  

n g/ d a y  

A d ult  ( 2. 9 5 8 lt s/ d a y dri n ki n g s o ur c e w at er) ( 1 5 6 p pt P F O A + P F O S) = 4 6 1. 4 

n g/ d a y  

We e kl y C o ns u m pti o n –  C hil d & A d ult  

C hil d  ( 2 0 5.3  n g/ d a y) ( 7 d a ys) = 1, 4 3 7. 1  n g / w e e k  

A d ult  ( 4 6 1.5  n g/ d a y) ( 7 d a ys) = 3, 2 3 0. 1  n g / w e e k  

Ris k C h ar a ct eri z ati o n –  C hil d & A d ult  

C hil d  R Q =  We e kl y E x p os ur e / M a x We e kl y I nt a k e  = 1, 4 3 7. 1 n g / w e e k / 8 8 

n g / w e e k =  1 6. 3  

A d ult  R Q =  We e kl y E x p os ur e / M a x We e kl y I nt a k e  = 3, 2 3 0. 1 n g / w e e k / 

3 6 9. 6  n g / w e e k = 8. 7  
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T a bl e 7 : P erfl u or o o ct a n oi c A ci d  a n d P erfl u or o o ct a n es ulf o ni c A ci d ris k q u oti e nt c al c ul ati o ns f or 

W o o d C o u nt y sit e i n West Vir gi ni a ( P ar k ers b ur g  Ar e a) . 

P F O A + P F O S ( P F A S) C o ns u m pti o n b y Dri n ki n g S o ur c e w at er  

C hil d  ( 1. 3 1 6 lt s/ d a y dri n ki n g s o ur c e w at er) ( 1, 5 4 0 p pt P F O A + P F O S) = 

2, 0 2 6. 6 n g/ d a y  

A d ult  ( 2. 9 5 8 lt s/ d a y dri n ki n g s o ur c e w at er) ( 1, 5 4 0 p pt P F O A + P F O S) = 

4, 5 5 5. 3 n g/ d a y  

We e kl y C o ns u m pti o n –  C hil d & A d ult  

C hil d  ( 2, 0 2 6. 6 n g/ d a y) ( 7 d a ys) = 1 4, 1 8 6.5  n g / w e e k  

A d ult  ( 4, 5 5 5. 3 n g/ d a y) ( 7 d a ys) = 3 1, 8 8 7. 2 n g / w e e k 

Ris k C h ar a ct eri z ati o n –  C hil d & A d ult  

C hil d  R Q =  We e kl y E x p os ur e / M a x We e kl y I nt a k e  = 1 4, 1 8 6. 5  n g / w e e k / 8 8 

n g / w e e k =  1 6 1. 2  

A d ult  R Q =  We e kl y E x p os ur e / M a x We e kl y I nt a k e  = 3 1, 8 8 7. 2 n g / w e e k / 

3 6 9. 6  n g / w e e k = 8 6. 3  
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T a bl e 8:  P erfl u or o o ct a n oi c A ci d  a n d P erfl u or o o ct a n es ulf o ni c A ci d ris k q u oti e nt c al c ul ati o ns f or 

Bl o o d C o n c e ntr ati o ns b as e d o n t h e C 8 H e alt h S ur v e y Pr oj e ct.  

P F O A C o n c e ntr ati o n - Bl o o d A bs or pti o n 

C hil d  ( 1. 3 1 6 lt s/ d a y dri n ki n g w at er) ( 7 7. 6 p pt P F O A) = 1 0 2. 1 n g/ d a y  

A d ult  ( 2. 9 5 8 lt s/ d a y dri n ki n g w at er) ( 9 0. 4 p pt P F O A) = 2 6 7. 4 n g/ d a y  

P F O S C o n c e ntr ati o n - Bl o o d A bs or pti o n  

C hil d  ( 1. 3 1 6 lt s/ d a y dri n ki n g w at er) ( 2 3. 6 p pt P F O S) = 3 1.1  n g/ d a y  

A d ult  ( 2. 9 5 8 lt s/ d a y dri n ki n g w at er) ( 2 4. 3 p pt P F O S) = 7 1.9  n g/ d a y  

We e kl y C o ns u m pti o n –  C hil d  

P F O A  ( 1 0 2. 1 2 2 n g/ d a y) ( 7 d a ys) = 7 1 4.9  n g / w e e k  

P F O S  ( 3 1. 0 5 8 n g/ d a y) ( 7 d a ys) = 2 1 7. 4 n g / w e e k 

P F A S T ot al  = 9 3 2. 3  n g / w e e k  

We e kl y C o ns u m pti o n –  A d ult  

P F O A  ( 2 6 7. 4 0 3 n g/ d a y) ( 7 d a ys) = 1 8 7 1. 8 n g / w e e k 

P F O S  ( 7 1. 8 7 9 n g/ d a y) ( 7 d a ys) = 5 0 3.2  n g / w e e k  

P F A S T ot al  = 2 3 7 5. 0  n g / w e e k  

Ris k C h ar a ct eri z ati o n –  C hil d & A d ult  

C hil d  R Q =  We e kl y E x p os ur e / M a x We e kl y I nt a k e  = 9 3 2. 2 6  n g / w e e k / 8 8 

n g / w e e k =  1 0. 6  

A d ult  R Q =  We e kl y E x p os ur e / M a x We e kl y I nt a k e  = 2 3 7 4. 9 7 4 n g / w e e k / 

3 6 9. 6  n g / w e e k = 6. 4  
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Ris k C h a r a ct e ri z ati o n  

First, I p erf or m e d a ris k c h ar a ct eri z ati o n t o s h o w t h e ris k of i n g esti n g dri n ki n g w at er  

fr o m gr o u n d w at er a n d s urf a c e w at er s a m pl es. Fi v e l o c ati o ns w er e pi c k e d b a s e d o n t h e hi g h est 

c o n c e ntr ati o ns of P F O A a n d P F A S . T h e Ris k Q u oti e nt ( R Q) w as c al c ul at e d usi n g t h e t hr es h ol d 

v al u e a n d ris k q u oti e nt e q u ati o n. Wat er  c o ns u m pti o n c o n c e ntr ati o n w as c al c ul at e d b as e d o n a  

w e e kl y b asis f or t h e c o m bi n ati o n of P F O S a n d P F A O. T his v al u e w as t h e n t a k e n t o di vi d e b y t h e  

m a xi m u m w e e kl y i nt a k e  f or c hil d a n d a d ult R Q ( Ta bl es 3 -7) . T h e s e c o n d ri s k c h ar a ct eri z ati o n 

w as p erf or m e d t o s h o w t h e ris k of i n g esti n g dri n ki n g w at er b as e d o n a v ail a bl e bl o o d 

c o n c e ntr ati o n d at a i n t h e P ar k ers b ur g ar e a. P F O A a n d P F O S w er e c al c ul at e d s e p ar at el y. T h e  

c o n c e ntr ati o ns p er d a y w er e first t a k e n w hi c h w as t h e n m ulti pli e d b y s e v e n t o c al c ul at e t h e  

w e e kl y e x p os ur e. T h e P F O A a n d P F O S w er e t h e n a d d e d f or b ot h a d ult a n d c hil d a n d di vi d e d b y 

t h e m a xi m u m w e e kl y i nt a k e t hr es h ol d ( Ta bl e 8 ). 

T a bl e 9:  Ris k Q u oti e nts f or all  lo c ati o ns a n d b l o o d c o n c e ntr ati o ns fr o m t h e C 8 Pr oj e ct . 

L o c ati o n / B C  C hil d R Q  A d ult R Q  

B e r k el e y C o u nt y  7. 4  3. 4  

M a rs h all C o u nt y  1 0. 3  5. 5  

W o o d C o u nt y  1 0. 9  5. 8  

W o o d C o u nt y  1 6. 3  8. 7  

W o o d C o u nt y  1 6 1. 2  8 6. 3  

Bl o o d C o n c e nt r ati o ns ( C 8 

P r oj e ct)  

1 0. 6  6. 4  
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T h e R Qs c al c ul at e d i n di c at e t h e h u m a n h e alt h ris ks ass o ci at e d wit h P F O S/ P F O A f or b ot h 

a d ult s a n d c hil dr e n  ( Ta bl e 9). A n R Q of 1. 0 or m or e si g nifi es t h at t h e m a xi m u m w e e kl y i nt a k e  

e x c e e ds t h e t hr es h ol d li mits s et b y t h e E ur o p e a n F o o d S af et y A ut h orit y ( E F S A). T h e t hr es h ol d 

v al u es w er e gi v e n f or b ot h a d ult a n d c hil d si n c e c hil dr e n ar e i n t h e v ul n er a bl e c at e g or y 

i n di c ati n g hi g h er ris k q u oti e nts.  

T h e r es ult s s h o w e d t h at all t h e R Qs  e x c e e d e d t h e R Q v al u e of 1, i n di c ati n g a hi g h ris k of 

h u m a n h e alt h i m p a cts f or b ot h c hil dr e n a n d a d ult s.  T h er e  w as n ot a si n gl e c at e g or y or sit e 

l o c ati o n w h er e t h e R Q w as ≤  1 . 0, s u g g esti n g c ert ai nt y t h at a n y e x p os ur e w o ul d l e a d t o n e g ati v e 

h e alt h eff e cts. I o bs er v e d t h at t h e hi g h est R Qs  w er e i n W o o d C o u nt y fr o m all t h e gr o u n d w at er  

a n d s urf a c e w at er s a m pl e s t a k e n i n West a n d E ast Vir gi ni a. W o o d C o u nt y i s w h er e t h e 

P ar k ers b ur g c o nt a mi n at e d sit e is l o c at e d, s o it  is pl a usi bl e t o ass o ci at e t h e hi g h q u oti e nts wit h t h e 

D u P o nt c o nt a mi n ati o n. O n e of t h e l o c ati o ns i n W o o d C o u nt y, w hi c h h a d t h e hi g h est R Q, is 

s p e cifi c all y  at t h e  c o nt a mi n ati o n p oi nt. T h e bl o o d c o n c e ntr ati o n h e alt h st u d y als o s h o w e d 

si g nifi c a nt R Q v al u es t h at e x c e e d e d t h e t hr es h ol ds, f urt h er str e n gt h e ni n g t h e fi n di n gs fr o m t h e  

gr o u n d w at er s a m pl es a n d t h eir ass o ci ati o n wit h e x p os ur es a n d h e alt h i m p a cts o n l o c al r esi d e nts.  

It’s als o i m p ort a nt t o n ot e t h at t h e R Qs c al c ul at e d i n di c at e d si g nifi c a ntl y el e v at e d l e v els 

of P F A S/ P F O S e x p os ur e a m o n g r esi d e nts i n t h e st u d y ar e a, wit h v al u es f ar e x c e e di n g t h e  

t hr es h ol ds. T h es e R Qs hi g hli g ht t h e ur g e nt n e e d t o i m pl e m e nt miti g ati o n m e as ur es t o r e d u c e t hi s 

e x p os ur e a n d pr ot e ct p u bli c h e alt h. A c c ess t o u n c o nt a mi n at e d dri n ki n g w at er is criti c all y 

i m p ort a nt si n c e pr ol o n g e d e x p os ur e h as b e e n li n k e d t o a d v ers e h e alt h o ut c o m es ( Bil ott 2 0 2 0). 

T h e si g nifi c a nt li mit ati o n of t h e gr o u n d w at er st u di es aris es fr o m t h e s o ur c e  of t h e w at er 

s a m pl es a n al y z e d f or R Q s. T h es e s a m pl es w er e t a k e n fr o m s o ur c es i nt e n d e d f or dri n ki n g, w hi c h 

u n d er g o diff er e nt pr o c ess es c o m p ar e d t o w at er t h at c o m es dir e ctl y fr o m tr e at m e nt pl a nts. T his i s 
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cr u ci al si n c e dri n ki n g w at er t y pi c all y i n cl u d es a d diti o n al tr e at m e nts a n d filtr ati o n pr o c ess es 

d esi g n e d t o e ns ur e s af et y a n d c o m pli a n c e  wit h P F O S a n d P F A S li mit s b ef or e r e a c hi n g t h e  

c o ns u m er. Ulti m at el y, t his s k e ws t h e fi n di n gs of t his st u d y, l e a vi n g a m aj or g a p i n a ct u al R Q 

l e v els. I s u g g est f urt h er r es e ar c h is r e q uir e d t h at u s es dir e ct s a m pl es fr o m tr e at m e nt f a ciliti es a n d 

is m or e c o m pr e h e nsi v e a n d a c c ur at e i n d efi ni n g R Qs.   
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C H A P T E R T H R E E  

P R O B A B L E LI N K  T O I L L N E S S E S  

T h e C 8 S ci e n c e P a n el d et er mi n e d t h e h e alt h eff e ct s of P F A S e x p os ur e usi n g d at a fr o m 

t h e C 8 H e alt h S ur v e y Pr oj e ct, w hi c h i n cl u d e d a p pr o xi m at el y 7 0, 0 0 0 p arti ci p a nts fr o m t h e 

P ar k ers b ur g,  West Vir gi ni a ar e a. T his pr oj e ct, t o g et h er wit h v ari o us e pi d e mi ol o gi c al  st u di es a n d 

t o xi c ol o gi c al r es e ar c h, h el p e d est a blis h a ' pr o b a bl e li n k' b et w e e n P F O A e x p os ur e a n d n u m er o us 

dis e as es, as will b e el a b or at e d o n f urt h er  ( C 8 S ci e n c e P a n el, n. d.). T his u n d ers c or es t h e p ot e nti al 

ris ks p os e d b y P F A S e x p os ur e t o t h e p u bli c, pri m aril y t hr o u g h i n g esti o n, w hi c h is o n e of t h e 

m ai n p at h w a ys of e x p os ur e  ( C 8 S ci e n c e P a n el, n. d.). 

M et h o ds  

O v er a p eri o d of  1 0 m o nt hs, s u m m ari es of pr o b a bl e li n k e v al u ati o n r e p orts w er e pr e p ar e d 

b y t hr e e e pi d e mi ol o gist s a n d s u bs e q u e ntl y s u b mitt e d t o t h e W o o d C o u nt y C o urt  ( C 8 S ci e n c e 

P a n el, n. d.). T h es e s u bst a nti v e r e p orts ai m e d t o ass ess v ari o us h e alt h -r el at e d c o n c er ns a n d t h eir 

p ot e nti al c o n n e cti o ns t o P F A S. T h e t er m “ pr o b a bl e li n k ” h as b e e n d efi n e d i n t hi s s ettl e m e nt 

a gr e e m e nt t o m e a n t h at it’s m or e li k el y t h a n n ot t h at t h er e is a li n k b et w e e n P F O A e x p os ur e a n d 

h u m a n dis e as es  (C 8 S ci e n c e P a n el, n. d. ). T h e s u bmi ssi o n d at es f or t h es e e v al u ati o ns a n d li n k 

e v al u ati o n r e p ort n a m es ar e as f oll o ws , w hi c h d esi g n at e t h e s p e cifi c h e alt h c o n diti o ns e v al u at e d 

b y t h e C 8 S ci e n c e P a n el f or t h eir p ot e nti al li n k t o P F O A e x p os ur e . 

•  D e c e m b e r 5, 2 0 1 1  –  Pr o b a bl e Li n k E v al u ati o n of ( 1) Birt h D ef e cts, ( 2) Pr e g n a n c y -

I n d u c e d H y p ert e nsi o n a n d Pr e e cl a m psi a, ( 3) Mis c arri a g e a n d Still birt hs, ( 4) Pr et er m 

Birt h a n d L o w Birt h Wei g ht.  

•  A p ril 1 6, 2 0 1 2  –  Pr o b a bl e Li n k E v al u ati o n of ( 5) C a n c er, ( 6) Di a b et es.  
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•  J ul y 3 0, 2 0 1 2 –  Pr o b a bl e Li n k E v al u ati o n of ( 7)  A ut oi m m u n e Dis e as e, ( 8) I nf e cti o us 

Dis e as e, ( 9) N e ur o d e v el o p m e nt al Dis or d ers i n C hil dr e n, ( 1 0) R es pir at or y Dis e as e, ( 1 1) 

Str o k e, ( 1 2)  T h yr oi d Dis e as e.  

•  O ct o b e r 2 9, 2 0 1 2  –  Pr o b a bl e Li n k E v al u ati o n of ( 1 3) H e art Dis e as e, ( 1 4)  Ki d n e y 

Dis e as e, ( 1 5) Li v er Dis e a s e, ( 1 6) Ost e o art hritis, a n d ( 1 7) P ar ki ns o n’s Dis e a s e  

T h e S ci e n c e P a n el us e d s p e cifi c crit eri a t o est a bli s h a ‘ pr o b a bl e li n k’ as is o utli n e d b el o w:  

1.  C o nsist e n c y:  E vi d e n c e fr o m s e v er al ot h er st u di es s h o wi n g t h at t h er e is a c o nsist e nt 

ass o ci ati o n b et w e e n P F O A e x p os ur e a n d t h e li n k e d dis e as es.  

2.  Str e n gt h of Ass o ci ati o n:  T his i s q u a ntifi e d usi n g R el ati v e Ris k ( R R) , w hi c h c o m p ar es 

t h e dis e as e ris k i n i n di vi d u als e x p os e d, t o t h os e w h o ar e u n e x p os e d or mi ni m all y 

e x p os e d. R R gr e at er t h a n 1. 0 w o ul d i n di c at e a n i n cr e as e d ris k of e x p os ur e, R R l ess t h a n 

1. 0 i n di c at es a d e cr e as e d ris k. T his t a k es i nt o c o nsi d er ati o n t o d e m o gr a p hi c  v ari a bl es 

i n cl u di n g a g e a n d g e n d er. O d d s R ati o  w as als o a n ot h er m ar k er t o m e as ur e  t h e ris k i n 

e x p os e d c o m p ar e d t o t h e  ris k i n t h e u n e x p os e d or l o w-e x p os e d ( 1. 0 = n o ass o ci ati o n 

b et w e e n e x p os ur e  a n d o ut c o m e, > 1 =  e vi d e n c e of i n cr e as e d ris k wit h i n cr e as e d e x p os ur e, 

< 1 = e vi d e n c e of d e cr e as e d ris k wit h i n cr e as e d e x p os ur e.  

3.  D os e -R es p o ns e R el ati o n s hi p:  E vi d e n c e s h o wi n g t h at t h e ris k of dis e as e i n cr e as es wit h 

hi g h er l e v els of P F O A e x p os ur e.  

4.  C h a n c e or Bi as:  P ot e nti al f or t h er e t o b e a r es ult of c h a n c e or bi as, w hi c h is e v al u at e d 

wit h t h e 9 5 % C o nfi d e n c e I nt er v als t h at ass ess t h e  R R’s st ati sti c al pr e cisi o n. P -v al u es 

w er e  als o us e d t o d et er mi n e li k eli h o o d of c h a n c e  w h er e p < 0. 0 5 w o ul d i n di c at e t h at t h e  

r es ult w as d u e t o c h a n c e.  
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5.  Bi ol o gi c al Pl a usi bilit y:  E vi d e n c e s h o wi n g a ni m al st u di es d e m o nstr ati n g m e c h a nis m wit h 

w hi c h P F O A e x p os ur e w o ul d r es ult i n t h e ass o ci at e d dis e as e  ( C 8 S ci e n c e P a n el, n. d.). 

T h e crit eri a o utli n e d e arli er w as us e d  t o r a n k a n d hi g hli g ht t h e ‘m ost li k el y ’ li n ks, arr a n g e d fr o m 

hi g h est t o l o w est , b as e d o n t h e R el ati v e Ris k ( R R) v al u es. Of t h e 1 7 e v al u ati o ns c o n d u ct e d, t h e  

C 8 S ci e n c e P a n el d et er mi n e d t h at o nl y fi v e d e m o nstr at e d a pr o b a bl e li n k t o C 8 e x p os ur e. I 

e x a mi n e d  t h es e fi v e e v al u ati o ns a n d c at e g ori z ed  t h e m b y t h e hi g h est li n k e d pr o b a bilit y t o t h e 

l o w est b as e d o n t h e a b o v e crit eri a (Fi g ur e 3  a n d  Ta bl e 1 0) . T h e d at a o n r el ati v e ris ks w er e  

d eri v e d fr o m st u di es t h at m e as ur e d t h e i n cr e as e i n s er u m l e v els.  

Pr o b a bl e Li n k E v al u ati o n of H e art Dis e as e  

T h er e is a pr o b a bl e li n k b et w e e n e x p os ur e t o P F O A a n d hi g h c h ol est er ol t h at w as 

di a g n os e d. St u di es b y t h e S ci e n c e P a n el t o a n al y z e pr o b a bilit y l e v els h a d c o n d u ct e d a cr oss -

s e cti o n al st u d y of 4 6, 0 0 0 a d ult s, w hi c h s h o w e d a n i n cr e as e i n c h ol est er ol wit h a n i n cr e as e i n 

P F O A, c o nsi d eri n g t h e a dj ust m e nt of d e m o gr a p hi c v al u es, i n cl u di n g a g e,  g e n d er, e d u c ati o n, 

s m o ki n g, B MI, al c o h ol, a n d e x er cis e. T h e  a n al ysi s of t h os e w h o h a d hi g h c h ol est er ol of 2 4 0 

m g/ d L or gr e at er, als o s h o w e d t o h a v e  a n i n cr e as e d h y p er c h ol est er ol e mi a a n d t h at w as ass o ci at e d 

wit h hi g h l e v els of P F O A i n s er u m c o n c e ntr ati o ns.  T h e R R s h o w e d a li n e ar tr e n d wit h a n 

i n cr e as e i n P F O A of 1. 0, 1. 2 1, 1. 3 3, a n d 1. 3 8 (p < 0. 0 0 0 1 ). T his e v al u ati o n c o n cl u d es t h at m ost of 

t h e cr oss-s e cti o n al st u di es h a d p ositi v e e vi d e n c e  of t h e pr o b a bilit y of e x p os ur e t o P F O A. 

H o w e v er, a f e w st u di es di d n ot h a v e t h e s a m e r es ult s  ( C 8 S ci e n c e P a n el, n. d.). 
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Pr o b a bl e Li n k E v al u ati o n of A ut oi m m u n e Dis e as e  

T his e v al u ati o n di d n ot fi n d a n y pr o b a bl e r el ati o n wit h P F O A a n d a ut oi m m u n e dis e as es 

s u c h as r h e u m at oi d art hriti s, l u p us, t y p e 1 di a b et es, Cr o h n’s  dis e as e, or m ulti pl e s cl er osis. 

H o w e v er, t he r e w as  a pr o b a bl e li n k wit h o nl y ul c er ati v e c oliti s a n d P F O A e x p os ur e , w hi c h h as a  

str o n g d os e -r es p o ns e gr a di e nt. A s e p ar at e a n al ysi s w as c o n d u ct e d f or 1 6 1 c as es . A n i n cr e asi n g 

e x p os ur e i n R R v al u e w er e  as p er t h e f oll o wi n g: 1. 0, 1. 8 9, 2. 5 8, a n d 3. 1 8 wit h a p -v al u e of  

< 0. 0 0 0 1. A n ot h er a n al ysi s h a d a  p ositi v e tr e n d of i n cr e asi n g e x p os ur e  f or 3 0 c as es w hi c h h a d t h e 

f oll o wi n g R R v al u es: 1. 0, 1. 4 9, 1. 8 4, 2. 1 8 a n d p-v al u e of 0. 2 8  ( C 8 S ci e n c e P a n el, n. d.) . 

Pr o b a bl e Li n k E v al u ati o n of T h yr oi d Dis e as e  

T h e o v er all a n al ysi s wit h t h e pr o b a bl e li n k e v al u ati o n of  th yr oi d d is e as e s h o we d  t h er e 

w as n ot a  l ar g e i n cr e as e i n tr e n d f or i n cr e asi n g P F O A i n s er u m wit h R Rs v al u es of 1. 0, 1. 2, 1. 2, 

1. 3 a cr oss t h e c at e g ori es a n d a p -v al u e of 0. 0 9. H o w e v er, t h e r es ult s h a d i n c o nsist e n ci es b et w e e n 

m e n a n d w o m e n  ( C 8 S ci e n c e P a n el, n. d.). 

Pr o b a bl e Li n k E v al u ati o n of C a n c er  

T h er e w er e t w o t y p es of c a n c ers t h at h a d p ositi v e  tr e n ds wit h i n cr e asi n g e x p os ur e b as e d 

o n t h e m e as ur e d s er u m l e v els. Testi c ul ar  c a n c er h a d a p ositi v e tr e n d wit h i n cr e asi n g R R a n d 

e x p os ur e wit h 1. 0, 1. 2, 1. 7 a n d 3. 0 wit h a p -v al u e = 0. 0 4. T h yr oi d c a n c er als o s h o w e d p ositi v e  

c orr el ati o n, h o w e v er, t h e  tr e n d w as i n c o nsist e nt: 1. 0, 2. 2, 2. 3, 1. 7 wit h a p-v al u e = 0. 3 4. 

T h er ef or e, it w as n ot c o n si d er e d s uffi ci e nt e vi d e n c e t o c o n cl u d e a pr o b a bl e li n k. Ki d n e y C a n c er 

h a d a n or m al p ositi v e i n cr e as e of 1. 0, 1. 0, 1. 7, a n d 1. 4 wit h a p -v al u e = 0. 1 8  ( C 8 S ci e n c e P a nel, 

n. d.) . 
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Fi g u r e 3 : R el ati v e ris k of s er u m l e v els i n P ar k ers b ur g r esi d e nts f or t h e fi v e pr o b a bl e li n ks t o 

h e alt h -r el at e d ill n ess es or c a n c ers. 
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T a bl e 1 0 : R a n k of t h e hi g h est pr o b a bl e li n k of e x p os ur e t o P er - a n d P ol yfl u or o al k yl S u bst a n c es  

wit h t h e s p e cifi c ill n ess or c a n c er.  

R el ati v e Ris k  R a n k ( F r o m 1 -5, 1 b ei n g hi g h est, 5 l o w est)  

H e a rt Dis e as e  1  1. 2 1  1. 3 3  1. 3 8  3  

A ut oi m m u n e Dis e as e  1  1. 4 9  1. 8 4  2. 1 8  2  

T h y r oi d Dis e as e  1  1. 2  1. 2  1. 3  5  

Testi c ul a r C a n c e r  1  1. 2  1. 7  3  1  

Ki d n e y C a n c e r  1  1  1. 7  1. 4  4  

Dis c ussi o n  

T h e  fi n di n gs fr o m t h e C 8 S ci e n c e P a n el’s e v al u ati o ns pr o vi d e d i m p ort a nt i nsi g hts i nt o 

t h e h e alt h ris ks d u e t o P F O A a n d P F A S e x p os ur e. T h e p a n el’s m et h o d ol o g y i n cl u d e d 

e pi d e mi ol o gi c al st u di es, t o xi c ol o gi c al r es e ar c h, a n d a l ar g e -s c al e h e alt h s ur v e y, w hi c h h a d 

e st a blis h e d a ‘ pr o b a bl e li n k’ b et w e e n P F O A e x p os ur e a n d dis e as es. I will di s c uss t h e r es ult s of 

t h e pr o b a bl e ris ks a n d t h e i m pli c ati o ns o n h u m a n h e alt h as w ell as ar e as t h at ar e n e e d e d f or 

f urt h er r es e ar c h. 

T h e C 8 S ci e n c e P a n el i d e ntifi e d at l e ast fi v e h e alt h o ut c o m es wit h a pr o b a bl e li n k t o 

P F O A e x p os ur e, i n cl u d i n g h e art dis e as e, a ut oi m m u n e dis e as e, t h yr oi d dis e as e, t esti c ul ar c a n c er, 

a n d ki d n e y c a n c er. A m o n g t h e m, t esti c ul ar c a n c er s h o w e d t h e str o n g est ass o ci ati o n wit h a  

r el ati v e ris k i n cr e asi n g t o 3. 0 at t h e hi g h est s er u m e x p os ur e l e v els ( Ta bl e 1 0). T his r es ult is of 

c o nsi d er a bl e c o n c er n gi v e n t h e i n cr e as e i n t esti c ul ar c a n c er at a gl o b al s c al e d u e t o p ossi bl e 

e n vir o n m e nt al t o xi ns ( S mit h et al., 2 0 1 1). H o w e v er, f urt h er r es e ar c h is n e e d e d t o u n d erst a n d t his 

ass o ci ati o n , p arti c ul arl y fr o m P F O S a n d P F A S e x p os ur e i n t h e P ar k ers b ur g ar ea.  
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A ut oi m m u n e  dis e as es w er e  r a n k e d s e c o n d as t h e y als o h a d hi g h R R v al u es , w hi c h 

pr o vi d e e vi d e n c e of ass o ci ati o n. H o w e v er, t h er e  w as a l a c k of li n k s t o ot h er a ut oi m m u n e 

c o n diti o ns s u c h as r h e u m at oi d art hritis a n d l u p us , w hi c h s u g g est e d t h at t h e  eff e cts of P F O A  

li n k a g e is s p e cifi c t o t h e t y p e of t h e dis e as e. T his o p e ns f urt h er i n v esti g ati o n t o t h e  

i m m u n ol o gi c al p at h w a ys i nfl u e n c e d b y P F A S e x p os ur e. 

H e art dis e as e r a n k e d t hir d i n t er ms of pr o b a bl e li n k str e n gt h as it h a d a c o n sist e nt 

st atisti c all y si g nifi c a nt i n cr e as e i n ris k wit h hi g h er P F O A e x p os ur e. T h e li n e ar tr e n d i n R R  

v al u es ( 1. 0, 1. 2 1, 1. 3 3, 1. 3 8) wit h a str o n g p -v al u e of ( < 0. 0 0 0 1)  w hi c h u n d ers c or e  c ar di o v as c ul ar  

ris ks fr o m P F O A. 

L ast, ki d n e y a n d t h yr oi d c a n c ers h a d w e a k er ass o ci ati o ns wit h i n c o nsist e nt tr e n ds a cr oss 

e x p os ur e c at e g ori es. R R  v al u es f or t h yr oi d di s e as e ( 1, 1. 2, 1. 2, 1. 3) h a d a  p -v al u e of 0. 0 9, w hi c h 

w o ul d i n di c at e a s m all i n cr e as e i n ris k, w hil e ki d n e y c a n c er h a d a p ositi v e tr e n d i n c o m p aris o n, 

h e n c e w h y it w as r a n k e d hi g h er t h a n t h yr oi d di s e a s e.  R R v al u es f or ki d n e y c a n c er als o h as a  

dis c o n n e ct w h er e it d e cr e as es fr o m 1. 7 t o 1. 4.  

Li mit ati o ns  

T h e C 8 S ci e n c e P a n el’s a p pr o a c h w as c o nsi d er e d m et h o d ol o gi c all y r o b ust as it h a d 

s e v er al crit eri a  ar e as , i n cl u di n g c o nsist e n c y, str e n gt h of ass o ci ati o n, d os e-r e s p o ns e r el ati o ns hi p, 

a n d bi ol o gi c al pl a usi bilit y , w hi c h w as us e d t o e v al u at e t h e ‘ pr o b a bl e ris k’. H o w e v er, t hi s is n ot 

wit h o ut li mit ati o ns, as t h es e ar e m er el y ‘ pr o b a bl e’ ris ks t h at d o n ot ali g n wit h s p e cifi c  

c orr el ati o ns of h e alt h i m p a cts. F urt h er m or e, t h e cr oss -s e cti o n al d esi g n of s o m e a n al ys es li mits 

t h e a bilit y t o est a blis h c a us ati o n si n c e it c apt ur es d at a as a si n gl e p oi nt i n ti m e. T his d esi g n 

c o m pli c at es d et er mi ni n g w h et h er P F O A e x p os ur e  h a p p e n e d b ef or e dis e as e  o ns et , or if ot h er  

f a ct ors i nfl u e n c e d t h e o b s er v e d ass o ci ati o ns. L o n git u di n al st u di es c a n tr a c k p arti ci p a nts o v er 
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ti m e a n d c a n pr o vi d e m or e s u bst a nti al e vi d e n c e f or c a us alit y b y est a bli s hi n g r el ati o ns hi ps 

b et w e e n e x p os ur e  a n d h e alt h o ut c o m es. A n ot h er li mit ati o n i s t h e h et er o g e n eit y of t h e st u d y  

d esi g ns w h er e s o m e st u di es i n t h e C 8 S ci e n c e P a n el’s e v al u ati o ns w er e c o n d u ct e d f or 

p o p ul ati o ns i n s p e cifi c g e o gr a p hi c ar e as t h at di d n ot h a v e hi g h P F O A c o nt a mi n ati o n. T h er e  w er e  

als o i n c o nsist e n ci es b et w e e n m e n a n d w o m e n i n t h e r es ult s, w hi c h c a n s u g g est h or m o n al 

i nfl u e n c es i nst e a d of a bi ol o gi c al eff e ct. F urt h er m or e, it’s n ot e w ort h y t o p oi nt o ut t h e ris k r ati os 

w er e g e n er all y l o w w hi c h s u g g ests t h at w hil e P F O A e x p os ur e m a y c o ntri b ut e t o a d v ers e h e alt h 

o ut c o m es, t h e str e n gt h of ass o ci ati o n wit h a n y s p e cifi c c o n diti o n i s li mit e d.  

C o n cl usi o n  

T h e C 8 S ci e n c e P a n el’s e v al u ati o n pr o vi d e s str o n g e vi d e n c e  of  t h e ass o ci ati o n of h e alt h 

ris ks d u e t o P F O A e x p os ur e, p arti c ul arl y  f or t esti c ul ar c a n c er, h e art dis e as e, a n d a ut oi m m u n e  

dis e as e. T h e  fi n di n gs hi g hli g ht t h e i m p ort a n c e of f urt h er r es e ar c h t o u n d erst a n d t h e m e c h a nis m s 

of P F A S t o xi cit y a n d t o i d e ntif y str at e gi es f or r e d u c e d e x p os ur e. T h es e fi n di n gs s er v e as a  

f o u n d ati o n f or i nf or mi n g p oli c y d e cisi o ns a n d s af e g u ar di n g p u bli c h e alt h. T h e li mit ati o ns of 

cr oss -s e cti o n al d esi g ns a n d h et er o g e n eit y i n st u d y d esi g ns hi g hli g ht t h e n e e d f or f urt h er 

l o n git u di n al r es e ar c h t o e st a blis h c a us alit y, w hi c h c a n i m pr o v e e x p os ur e as s ess m e nt a c c ur a c y 

a n d h a v e  a m or e g e n er ali z e d r es u lt a cr oss t h e di v ers e p o p ul ati o ns. 
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C H A P T E R F O U R  

G R O U N D W A T E R T R E A T M E N T  A N D C O S T  I M P A C T 

T h e U. S. E P A h as i d e ntifi e d a n d est a blis h e d t h e t e c h n ol o gi es t h at ar e li st e d as “ B est 

A v ail a bl e Te c h n ol o gi es ”  ( B A Ts) t o r e d u c e t h e l e v el of P F A S i n w at er s o ur c es t o s u p p ort 

c o m pli a n c e wit h t h e E P A  P F A S M a xi m u m C o nt a mi n a nt L e v els ( M C Ls)  ( U. S. E n vir o n m e nt al 

Pr ot e cti o n A g e n c y [ E P A], 2 0 2 4).  T h es e  w er e i ntr o d u c e d  i n 2 0 2 4 as p art of t h e n e w c o m pli a n c e  

r e g ul ati o ns t h e E P A s et f or si x P F A S ( P F O S, P F O A, P F N A, P F B S, P F H x S, a n d G e n X) 

a n n o u n c e d u n d er t h e fi n ali z e d N ati o n al Dri n ki n g Wat er St a n d ar ds. B A Ts ar e li st e d b as e d o n a  s et 

of c rit e ri a  t h at E P A h as d efi n e d, w hi c h i n cl u d e t h e f oll o wi n g ( E P A, 2 0 2 4): 

1.  R e m o v al Effi ci e n c y  –  T his ass ess es t h e tr e at m e nt t e c h n ol o g y’s c a p a bilit y of eff e cti v el y 

r e m o vi n g P F A S fr o m w at er, it dir e ctl y i m p a cts t h e l e v els of P F A S l eft i n tr e at e d w at er as 

w ell as d et er mi ni n g c o m pli a n c e wit h r e g ul at or y st a n d ar ds.  

2.  F ull S c al e O p e r ati o ns  –  T his e v al u at es w h et h er t h e t e c h n ol o g y w as s u c c e ssf ul i n f ull -

s c al e o p er ati o n al s etti n g w hi c h is st u di e d t hr o u g h pil ot st u di es or l a b or at or y t ests. T his 

ulti m at el y pr o vi d es i nsi g hts i nt o h o w r eli a bl e, effi ci e nt, a n d pr a cti c al t h e t e c h n ol o gi es ar e  

i n t er ms of o p er ati o n al f u n cti o n.  

3.  G e o g r a p hi c A p pli c a bilit y  –  T h e eff e cti v e n ess of t e c h n ol o g y v ari es a cr oss diff er e nt 

g e o gr a p hi c r e gi o ns wit h u ni q u e e n vir o n m e nt al c o n diti o ns a n d w at er q u alit y iss u es. P F A S 

c o nt a mi n ati o n c a n aff e ct t h e g e ol o g y a n d h y dr ol o g y of a r e gi o n, s o t e c h n ol o gi es t h at ar e  

a d a pt a bl e  a n d eff e cti v e i n v ari o us e n vir o n m e nt al c o nt e xts ar e  cr u ci al. 
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4.  C o m p ati bilit y wit h ot h e r t r e at m e nt p r o c ess es  –  T his ass ess es h o w e as y it i s f or a  

tr e at m e nt t e c h n ol o g y t o w or k wit h t h e c urr e nt a n d e xisti n g t e c h n ol o gi es, t hi s ess e nti all y 

m e a ns s m o ot h er a n d c ost -eff e cti v e tr a nsiti o ns i n u p gr a di n g t e c h n ol o gi es.  

5.  C o m pli a n c e of t h e w at e r s yst e m  –  C o m pli a n c e is t h e e v al u ati o n of w h et h er t h e 

t e c h n ol o g y f ulfill s r e g ul at or y a n d f e d er al st a n d ar d s i n t er ms of w at er q u alit y. 

6.  R e as o n a bl e C osts  –  L astl y, c ost i s cr u ci al i n s el e cti n g t h e b est P F A S tr e at m e nt m et h o ds, 

as t h es e t e c h n ol o gi es ar e  us u all y e x p e nsi v e t o c o n str u ct, o p er at e, a n d m ai nt ai n, m a ki n g 

t h e m oft e n i m pr a cti c al a n d l ess li k el y t o b e a p pr o v e d b y cit y c o u n cil s. 

I a n al y z e d l e a di n g tr e at m e nt t e c h n ol o gi es usi n g t h e E P A’s B A T crit eri a, t o d et er mi n e t h e 

m ost eff e cti v e s ol uti o ns f or t h e dri n ki n g w at er n e e ds of P ar k ers b ur g r esi d e nts. A d diti o n all y, I 

p erf or m e d  a c ost ass ess m e nt t o e v al u at e t h e e x p e n s es t h e cit y will i n c ur f or  t h es e t e c h n ol o gi es i n 

c o nj u n cti o n wit h t h eir c urr e nt s yst e ms, i d e ntif yi n g t h e m ost c ost -eff e cti v e o pti o n. E P A h as 

i d e ntifi e d t h at t h e “ B est A v ail a bl e Te c h n ol o gi es ” i n cl u d e gr a n ul ar a cti v at e d c ar b o n, a ni o n 

e x c h a n g e, r e v ers e os m osis, a n d n a n ofiltr ati o n . 

Gr a n ul ar  A cti v at e d C ar b o n  

T his tr e at m e nt m et h o d w or ks b y p assi n g c o nt a mi n at e d w at er t hr o u g h a filt er b o x t h at h as 

gr a n ul ar  a cti v at e d c ar b o n  ( G A C). T h e P F A S i n t h e c o nt a mi n at e d w at er att a c h es t o t h e a cti v at e d 

c ar b o n, a ds or bi n g t h e P F A S m ol e c ul es b ef or e b ei n g r el e as e d f or  c o ns u m pti o n. T his st e p o c c urs 

t y pi c all y at t h e e n d of tr e at m e nt pl a nts. T h e eff e cti v e n ess of t his tr e at m e nt m et h o d r eli es o n t h e 

ty p es of P F A S c o m p o u n ds pr es e nt i n t h e w at er a n d c o nt a ct ti m e wit h t h e c ar b o n ( E P A, 2 0 2 4). 

F orr est er a n d B ost ar di (2 0 1 9 ) s h o w t h at r e m o v al  effi ci e n ci es ar e 9 0 % or gr e at er  f or c ar b o x yl at e 
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a n d s ulf o n at e P F A S c o m p o u n ds. As f or P F O A a n d P F O S, t h e m a xi m u m r e m o v al effi ci e n ci es ar e  

gr e at er t h a n 9 9 % ([ E P A, 2 0 2 4).  

C ost  I m p a ct: T h e c ost of h a vi n g a G A C tr e at m e nt t e c h n ol o g y v ari es o n t h e  d esi g n fr a m e w or k 

a n d p ur p os e of m e c h a nis m. A s m all s yst e m wit h a d esi g n of 5 0 ,0 0 0 b e d lif e c a n tr e at 0. 5 milli o n 

g all o ns p er d a y. B e d lif e  is t h e n u m b er of d a ys b et w e e n G A C r e pl a c e m e nts w h er e t h e v ol u m e of 

w at er t h at is tr e at e d d uri n g t h e b e d lif e is di vi d e d b y t h e v ol u m e of t h e G A C b e d. A c c or di n gl y, a 

hi g h er n u m b er w o ul d i n di c at e a l o n g er b e d lif e  a n d effi ci e nt tr e at m e nt  ( Ta bl e 1 0). T h e n e xt 

bi g g er d esi g n fr a m e w or k h as t h e s a m e b e d  lif e b ut a hi g h er  milli o n g all o ns p er d a y ( m g d)  of 

5. 8 0 9. T h e hi g h est d esi g n h as a tr e at m e nt q u a ntit y  of 5 6. 2 7 1 m g d, h o w e v er, t hi s is m ai nl y 

f o c us e d o n s urf a c e w at er  tr e at m e nt. T h e first t w o d esi g ns ar e  o nl y f or gr o u n d w at er.  

A ni o n E x c h a n g e  

A ni o n e x c h a n g e m e c h a nis m s w or k b y p assi n g c o nt a mi n at e d w at er t hr o u g h  a v ess el t h at 

h as a m e di a f or a ni o n e x c h a n g e. T h e a ni o ns, w hi c h ar e us u all y c hl ori d e or h y dr o xi d e, ar e  

e x c h a n g e d wit h t h e P F A S. T h e m e di a is r e pl a c e d o n c e t h e e x c h a n g e r e a c h es it s li mit a n d d o es  

n o t f u n cti o n f or its p ur p os e. R e m o v al of P F A S d e p e n ds m ai nl y o n t h e p H of t h e c o nt a mi n at e d 

w at er a n d effi ci e n c y i n cr e as es w h e n w at er is m or e a ci di c a n d h as l o w er p H.  A ni o n E x c h a n g e is 

als o l o c at e d at t h e  e n d of  tr e at m e nt pl a nts, w hi c h i s si mil ar t o gr a n ul ar a cti v at e d c ar b o n  ( E P A, 

2 0 2 4) . R e m o v al effi ci e n c y of t his tr e at m e nt m et h o d s h o ws t h at 9 0 % or gr e at er of c ar b o x yl at e 

a n d s ulf o n at e P F A S c o m p o u n ds ar e r e m o v e d. W o o d ar d (2 0 1 7 ) als o i n di c at e d t h at f or P F O A a n d 

P F O S t h e r e m o v al effi ci e n c y w as gr e at er t h a n 9 9 %, w hi c h is a g ai n si mil ar t o G A C effi ci e n ci es 

(E P A,  2 0 2 4).  
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C ost I m p a ct  

As f or t h e  A ni o n E x c h a n g e s yst e m, t h e d esi g n fi g ur es ar e t h e s a m e as t h e G A C w h er e t h e  

d esi g n f or t h e l o w -c ost gr o u n d w at er tr e at m e nt h as a d esi g n of 0. 5 0 0 m g d, h o w e v er, t h e b e d 

v ol u m es is 1 2 0, 0 0 0. T h e mi d -c ost c o m p o n e nts wit h t h e 5. 8 0 9 m g d d esi g n h as a b e d  v ol u m e of 

1 6 0, 0 0 0. T h e s urf a c e  w at er wit h hi g h -c ost  c o m p o n e nts h as a d esi g n of 5 6. 2 7 1 m g d a n d 1 2 0, 0 0 0 

b e d v ol u m e . 

R e v ers e Os m osi s / N a n ofiltr ati o n ( R O/ N F)  

R O a n d N F ar e b ot h m e m br a n e pr o c ess es w hi c h w or k b y s e p ar ati n g t h e c o nt a mi n a nts 

fr o m t h e w at er b ei n g filt er e d a n d ill ustr at e d i n Fi g ur e  4 . T h e s yst e m eff e cti v el y i s ol at es s ol ut e 

c o m p o u n ds, s p e cifi c all y P F A S, b y p us hi n g a s ol v e nt t hr o u g h a m e m br a n e  u n d er pr ess ur e  

e x c e e di n g t h e st a n d ar d o s m oti c pr ess ur e. T y pi c all y, t hi s c o nsists  of  a  s pir al -w o u n d c o nfi g ur ati o n 

t h at h as m a n y m e m br a n e e n v el o p es w hi c h ar e als o l a y er e d wit h t h e  f e e d s p a c ers a n d r oll e d 

t o g et h er as ill ustr at e d i n F i g ur e 4  b el o w. St u di es  ( B o o n y a-Ati c h art, 2 0 1 6; Li p p, 2 0 1 0)  s h o w e d 

t h at t h e m a xi m u m r e m o v al effi ci e n cies, 9 9. 9 % w a s r e m o v e d f or P F O A a n d t hi s tr e at m e nt w as 

f or t h e c ar b o x yl at e P F A S ( E P A, 2 0 2 4).  

Fi g u r e  4 : T h e R e v ers e O s m osis tr e at m e nt pr o c ess s h o wi n g t h e s pir al f or m ati o ns of t h e 

m e m br a n e ( E P A, 2 0 2 4).  
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C ost I m p a ct  

R O a n d N F c ost a g ai n h a d si mil ar d esi g n fr a m e w or ks r a n gi n g fr o m l o w c ost t o hi g h -c ost 

c o m p o n e nts. C ost fi g ur es ar e gi v e n i n T a bl e s 1 1 t o 1 3 b el o w.  

C urr e nt U p gr a d e Pl a ns i n P ar k ers b ur g  

I n 2 0 2 4, t h e P ar k ers b ur g Utilit y B o ar d a n n o u n c e d t h at it h a d al m ost c o m pl et e d t h e d esi g n 

of a w at er tr e at m e nt f a cilit y. T his f a cilit y w o ul d e ns ur e t h at it ali g ns wit h t h e n e wl y pr o p os e d 

f e d er al P F A S st a n d ar ds of b el o w f o ur p arts p er trilli o n i n dri n ki n g w at er. H o w e v er, t h e B o ar d h as 

a d mitt e d t h at wit h t h e c urr e nt t e c h n ol o gi es, it is n ot a bl e t o filt er P F A S t o t h es e n e wl y pr o p os e d 

l e v els a n d t h e y’r e w or ki n g c urr e ntl y w or ki n g wit h d esi g n pl a ns t o d esi g n a n e w f a cilit y ( W T A P, 

2 0 2 4).  

T ot al C ost R es ult s  

T h e c osts c o nsist of s e v er al c o m p o n e nts i n t h e tr e at m e nt s yst e ms r e q uir e d t o f u n cti o n as 

p er t h e r e q uir e d st a n d ar d s. E x a m pl es f or G A C tr e at m e nt w o ul d i n cl u d e t h e pr ess ur e v ess els, 

fi b er gl ass t a n ks, pr o c ess pi pi n g, b a c k w as h pi pi n g, i nfl u e nt a n d tr e at e d w at e r pi pi n g, a m o n gst 

ot h er it e ms . T h es e ar e  all t h e pr o c ess c osts e x cl u di n g t h e i n dir e ct a n d a d d -o n c osts. E x a m pl es of 

i n dir e ct c osts ar e t h e m o bili z ati o n a n d d e m o bili z ati o n, ar c hit e ct ur al f e es f or t h e tr e at m e nt 

b uil di n g, sit e w or k, l a n d c ost, a n d mis c ell a n e o us all o w a n c e s. T h e o p er ati o ns a n d m ai nt e n a n c e 

c osts will als o b e i n cl u d e d, w hi c h i n cl u d e t h e m a n p o w er s al ari es, b uil di n g a n d H V A C 

m ai nt e n a n c e, e n er g y f or li g hti n g a n d v e ntil ati o n, a n d t h e h ol di n g t a n ks s oli ds dis p os al . 
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T a bl e 1 1 : Gr a n ul ar A cti v at e d C ar b o n Tr e at m e nt c osts fr o m l o w c ost t o hi g h d esi g n s yst e ms.  

G A C Tr e at m e nt –  
L o w -C ost  
C o m p o n e nts  

G A C Tr e at m e nt 
–  Mi d -C ost  
C o m p o n e nts  

G A C Tr e at m e nt –  Hi g h -
C ost C o m p o n e nts  

P r o c ess C ost  $ 4 4 8, 2 4 6  $ 4, 4 6 4, 0 8 8  $ 1 9, 3 1 4, 4 3 1  

S yst e m C ost  $ 7 8 1, 5 4 2  $ 7, 6 1 1, 9 5 0  $ 3 0, 4 5 9, 5 8 2  

O & M C ost  $ 2 9, 4 5 9  $ 3 5 3, 1 0 8  $ 2, 5 2 2, 4 6 2  

T ot al C ost  $ 1, 2 5 9, 2 4 7  $ 1 2, 4 2 9, 1 4 6  $ 5 2, 2 9 6, 4 7 5  

T a bl e 1 2 : A ni o n E x c h a n g e  Tr e at m e nt c osts fr o m l o w c ost t o hi g h d esi g n s yst e ms.  

A E Tr e at m e nt –  
L o w -C ost  
C o m p o n e nts  

A E Tr e at m e nt –  
Mi d -C ost  
C o m p o n e nts  

A E Tr e at m e nt –  Hi g h -C ost  
C o m p o n e nts  

P r o c ess C ost  $ 3 0 5, 9 9 6  $ 2, 9 1 5, 1 9 1  $ 2 6, 2 1 1, 3 7 6  

S yst e m C ost  $ 5 5 3, 8 9 8  $ 5, 0 8 0, 6 4 8  $ 4 0, 7 0 9, 8 6 7  

O & M C ost  $ 3 6, 0 0 8  $ 5 1 8, 4 6 0  $ 4, 8 8 8, 9 7 1  

T ot al C ost  $ 8 9 5, 9 0 2  $ 8, 5 1 4, 2 9 9  $ 7 1, 8 1 0, 2 1 4  

T a bl e 1 3 : R e v ers e Os m o sis / N a n ofiltr ati o n ( R O/ N F) Tr e at m e nt c osts fr o m l o w c ost t o hi g h 
d esi g n s yst e ms.  

R O/ N O Tr e at m e nt –  
L o w -C ost  
C o m p o n e nts  

R O/ N O Tr e at m e nt –  
Mi d -C ost C o m p o n e nts  

R O/ N O Tr e at m e nt –  
Hi g h -C ost C o m p o n e nts  

P r o c ess C ost  $ 1, 3 1 7, 6 9 3  $ 6, 3 8 6, 7 0 7  $ 3 0, 4 9 4, 0 9 9  

S yst e m C ost  $ 2, 2 7 2, 7 5 5  $ 1 0, 0 2 1, 1 6 5  $ 4 5, 9 8 9, 2 1 2  

O & M C ost  $ 1 1 7, 3 4 2  $ 1, 0 0 5, 2 1 1  $ 7, 9 7 6, 1 3 7  

T ot al C ost  $ 3, 7 0 7, 7 9 0  $ 1 7, 4 1 3, 0 8 3  $ 8 4, 4 5 9, 4 4 8  
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Fi g u r e  5 : C ost c o m p aris o n a n al ysi s of B A T tr e at m e nt t e c h n ol o gi es, w hi c h i n cl u d es t h e t ot al l o w, 

m e di u m, a n d hi g h -c ost c o m p o n e nts ass o ci at e d wit h e a c h tr e at m e nt m et h o d.  

Dis c ussi o n  

T h e fi n di n gs of m y a n al y sis  hi g hli g ht  t h e r ol e of B est A v ail a bl e Te c h n ol o gi es ( B A Ts) 

w hi c h a d dr ess es P F A S c o nt a mi n ati o n i n dri n ki n g w at er, m ai nl y i n t h e c o nt e xt of P ar k ers b ur g’s 

w at er tr e at m e nt r e q uir e m e nts. Usi n g E P A’s crit eri a f or B A Ts w hi c h i n cl u d e  r e m o v al effi ci e n c y, 

f ull-s c al e o p er ati o ns , g e o gr a p hi c a p pli c a bilit y, c o m p ati bilit y wit h e xisti n g s yst e ms, r e g ul at or y 

c o m pli a n c e a n d c ost, I f o u n d t h e y pr o vi d e a t h or o u g h a n d f ull y c o m pr e h e n si v e fr a m e w or k t o 

h el p ass ess t h e s uit a bilit y of tr e at m e nt t e c h n ol o gi es  a n d s p e cifi c  a p pli c ati o n t o P ar k ers b ur g’s 

c o nt a mi n ati o n. M y a n al y sis i n v ol v es eff e cti v e n ess a n d e c o n o mi c f e asi bilit y, p arti c ul arl y 

c o nsi d eri n g t h e cit y of P ar k ers b ur g alr e a d y f a c es fi n a n ci al c h all e n g es i n w at er tr e at m e nt 

i nfr astr u ct ur e u p gr a d es. 

L o w C o st Mi d C o st Hi g h C o st 

G A C 1 2 5 9 2 4 7 1 2 4 2 9 1 4 6 5 2 2 9 6 4 7 5 

A E 8 9 5 9 0 2 8 5 1 4 2 9 9 7 1 8 1 0 2 1 4 

R O / N F 3 7 0 7 7 9 0 1 7 4 1 3 0 8 3 8 4 4 5 9 4 4 8 

0 

1 0 0 0 0 0 0 0 

2 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 

5 0 0 0 0 0 0 0 

6 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 

8 0 0 0 0 0 0 0 

9 0 0 0 0 0 0 0 
U.

S. 
D

OL
L
A

R
S 
(
$) 
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First, I f o u n d t h at gr a n ul ar a cti v at e d c ar b o n ( G A C) is a tr e at m e nt t h at  is hi g hl y eff e cti v e  

i n r e m o vi n g P F A S, s p e cifi c all y f or c ar b o x yl at e a n d s ulf o n at e c o m p o u n ds, w hi c h h as effi ci e n ci es 

t h at e x c e e d 9 0 % a n d 9 9 % f or P F O A a n d P F O S al o n e. H o w e v er, G A C s yst e ms f or gr o u n d w at er 

tr e at m e nt will v ar y d e p e n di n g o n t h e d esi g n fr a m e w or k a nd o p er ati o n al d e m a n ds  a n d t h at it is 

ess e nti al t o c o nsi d er l o n g -t er m a n d m ai nt e n a n c e c osts, w hi c h m a y n ot b e fi n a n ci all y f e asi bl e f or  

t h e cit y. 

A ni o n e x c h a n g e ( A E) als o d e m o nstr at e d hi g h r e m o v al effi ci e n ci es wit h si mil ar  

p er c e nt a g e r es ult s t o G A C . A E s yst e ms ar e p ositi o n e d at t h e e n d of tr e at m e nt pl a nts w hi c h c a n 

b e c o m p ati bl e f or i nfr astr u ct ur e t h at is alr e a d y t h er e. H o w e v er, I n ot e d t h at t h es e s yst e ms n e e d 

m or e fr e q u e nt m e di a r e pl a c e m e nt, w hi c h w o ul d i n cr e as e o p er ati o n al c osts i n t h e l o n g t er m. As 

f or t h e c ost ass ess m e nt, A E s yst e ms ar e m or e e x p e nsi v e t h a n G A C f or s m all -s c al e a p pli c ati o ns, 

b ut t h e c osts i n cr e as e hi g h er f or l ar g er s yst e ms, s p e cif i c all y f or s urf a c e w at er tr e at m e nt. Mi d -c ost 

tr e at m e nts, h o w e v er, ar e m or e e x p e nsi v e f or G A C i n c o m p aris o n t o A E. T h es e c o m p aris o ns c a n 

b e vis u ali z e d i n Fi g ur e 5 a n d d et ail e d i n Ta bl es 1 1 -1 3 . 

L astl y, R e v ers e Os m osi s ( R O) a n d n a n ofiltr ati o n ( N F) h a d t h e m ost eff e cti v e  

t e c h n ol o gi es w h er e t h e r e m o v al effi ci e n ci es r e a c h e d 9 9. 9 % f or P F O A a n d ot h er c ar b o x yl at e 

P F A S. I f o u n d t h at m e m br a n e -b as e d pr o c ess es ar e  m or e r eli a bl e b ut, u nf ort u n at el y, c o m e at 

m u c h gr e at er u pfr o nt a n d o p er ati o n al c osts i n c o m p aris o n t o G A C a n d A E. I n Fi g ur e 5 , t h e c ost 

is si g nifi c a ntl y gr e at er i n all l e v els of c o m p o n e nts c ost (l o w-hi g h). R e g ar di n g t h e a p pli c a bilit y of 

t hi s t e c h n ol o g y f or P ar k ers b ur g, t hi s tr e at m e nt m et h o d w o ul d b e m or e s uit a bl e f or t h e cit y b as e d 

o n t h e hi g h -ris k q u oti e nt l e v els a n al y z e d i n C h a pt er 2. O n t h e ot h er h a n d, t h e hi g h c osts c a n b e  

fi n a n ci all y b ur d e ns o m e f or citi es wit h s m all er m u ni ci p aliti es t h at c a nn ot  aff or d t o p a y s u c h hi g h 

c osts i n t h e s h ort a n d l o n g t er m.  
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I n m y r es ult s of P ar k ers b ur g’s c urr e nt u p gr a d e pl a ns, I n ot e d t h at t h e cit y is alr e a d y 

w or ki n g t o d esi g n a n e w w at er tr e at m e nt f a cilit y t h at will c o m pl y wit h E P A’s n e wl y pr o p os e d 

P F A S st a n d ar ds. I als o d et er mi n e d t h at t h e e xisti n g t e c h n ol o gi es ar e n ot s uffi ci e nt t o m e et t h e 

n e w r e g ul at or y r e q uir e m e nts of b el o w t h a n f o ur p arts p er trilli o n. T his hi g hli g hts t h e n e e d f or 

f urt h er r es e ar c h f or P ar k ers b ur g t o e v al u at e t h e tr a d e-offs b et w e e n tr e at m e nt eff e cti v e n ess a n d 

t h e c osts of B A T s el e cti o n. B as e d o n t h e p erc e nt a g es of effi ci e n c y a n d c ost s, I b eli e v e t h at 

c o m bi ni n g t e c h n ol o gi es s u c h as G A C f or i niti al tr e at m e nt a n d R O/ N F f or fi n al tr e at m e nts c a n  

r es ult i n a b al a n c e d s ol uti o n t o m e et E P A’s r e g ul at or y r e q uir e m e nts w hil e r e d u ci n g o p er ati o n al 

a n d m ai nt e n a n c e c osts.  

C o n cl usi o n  

M y a n al ysi s of t h e E P A’s B est A v ail a bl e Te c h n ol o gi es pr es e nts vi a bl e s ol uti o ns f or  

a d dr essi n g t h e P F A S i ss u e i n P ar k ers b ur g. E a c h h a s it s str e n gt hs a n d li mit ati o ns, a n d t h e 

tr e at m e nt m et h o ds will d e p e n d o n t h e P F A S c o m p o u n ds c urr e ntl y i n t h e gr o u n d w at er, t h e s c al e 

of tr e at m e nt r e q uir e d, a n d t h e fi n a n ci al r es o ur c es a v ail a bl e i n t h e cit y. I r e c o m m e n d c o n d u cti n g a  

t h or o u g h e v al u ati o n, c o n si d eri n g b u d g et ar y co nstr ai nt s, t o d et er mi n e t h e m ost s uit a bl e tr e at m e nt 

a p pr o a c h.  



4 1  

R E F E R E N C E S CI T E D  

A d a ms, R. L. ( 2 0 2 1). Ass essi n g t h e i m p a cts of p er - a n d p ol yfl u or o al k yl s u b st a n c es o n 
h u m a n h e alt h a n d t h e e n vir o n m e nt i n West Vir gi ni a.  M ast er's t h esis, West Vir gi ni a  
U ni v ersit y. R etri e v e d 
fr o m htt ps://r es e ar c hr e p o sit or y. w v u. e d u/ c gi/ vi e w c o nt e nt. c gi ? arti cl e = 9 2 6 0 & c o nt e xt = et d  

A g e n c y f or T o xi c S u bst a n c es a n d Dis e as e R e gistr y. ( 2 0 2 1).  T o xi c ol o gi c al pr ofil e f or  
p erfl u or o al k yl s. U. S. D e p art m e nt of H e alt h a n d H u m a n S er vi c es. R etri e v e d 
fr o m htt ps:// w w w. ats dr. c d c. g o v/ T o x Pr ofil es/t p 2 0 0. p df  

A n d ers o n, R. H., et al. ( 2 0 1 6). O c c urr e n c e of s el e ct p erfl u or o al k yl s u bst a n c es at U. S. Air  
F or c e a q u e o us fil m -f or mi n g f o a m r el e as e sit es. E n vir o n m e nt al S ci e n c e & Te c h n ol o g y, 
5 0( 1 9), 1 0 9 4 9 – 1 0 9 5 7.  

Bil ott, R. ( 2 0 2 0).  E x p os ur e: P ois o n e d w at er, c or p or at e gr e e d, a n d o n e l a w y er's t w e nt y -y e ar  
b attl e a g ai nst D u P o nt. Atri a B o o ks.  

B o o n y a -Ati c h art,  A., B o o nt a n o n, S. K., & B o o nt a n o n, N. ( 2 0 1 6). R e m o v al of 
p erfl u or o o ct a n oi c a ci d ( P F O A) i n gr o u n d w at er b y n a n ofiltr ati o n m e m br a n e.  Wat er  
S ci e n c e a n d  Te c h n ol o g y, 7 4( 1 1), 2 6 2 7 – 2 6 3 3.  htt ps:// d oi. or g/ 1 0. 2 1 6 6/ wst. 2 0 1 6. 4 3 4  

B u c k, R. C., et al. ( 2 0 1 1). P erfl u or o al k yl a n d p ol yfl u or o al k yl s u bst a n c es i n t h e  e n vir o n m e nt:  
Ter mi n ol o g y, cl assifi c ati o n, a n d ori gi ns.  I nt e gr at e d E n vir o n m e nt al 

Ass ess m e nt a n d M a n a g e m e nt, 7( 4), 5 1 3 – 5 4 1.  

C 8 S ci e n c e P a n el. ( 2 0 1 2).  Fi n al r e p ort of t h e C 8 s ci e n c e p a n el. R etri e v e d  
fr o m htt p:// w w w. c 8s ci e n c e p a n el. or g  

C 8 S ci e n c e P a n el. ( n. d.).  Pr o b a bl e li n k r e p orts. R etri e v e d 
fr o m htt p:// w w w. c 8s ci e n c e p a n el. or g/ pr o b _li n k. ht ml  

C e nt ers f or Dis e as e C o ntr ol a n d Pr e v e nti o n. ( 2 0 1 9).  Pri v at e gr o u n d w at er s y st e ms:  A n 
o v er vi e w of  w at er q u alit y a n d h e alt h ris ks. R etri e v e d 
fr o m htt ps://st a c ks. c d c. g o v/ vi e w/ c d c/ 4 8 0 4 0  

E ur o p e a n F o o d S af et y A ut h orit y ( E F S A). ( 2 0 2 0). Ris k t o h u m a n h e alt h r el at e d t o t h e  
pr es e n c e of p erfl u or o al k yl s u bst a n c es i n f o o d.  E F S A J o ur n al, 1 8( 9), 
e 0 6 2 2 3.  htt ps:// d oi. or g/ 1 0. 2 9 0 3/j. efs a. 2 0 2 0. 6 2 2 3  

F orr est er, E., & B ost ar di, C. ( 2 0 1 9).  P F A S R e m o v al: G A C & I X. C al g o n C ar b o n C or p or ati o n. 
We bi n ar.  

G ar g, S., et al. ( 2 0 2 0). A  r e vi e w o n t h e s o ur c es, o c c urr e n c e a n d h e alt h ris ks of p er -/ p ol y- 

https://researchrepository.wvu.edu/cgi/viewcontent.cgi?article=9260&context=etd
https://www.atsdr.cdc.gov/ToxProfiles/tp200.pdf
https://doi.org/10.2166/wst.2016.434
http://www.c8sciencepanel.org/
http://www.c8sciencepanel.org/prob_link.html
https://stacks.cdc.gov/view/cdc/48040
https://doi.org/10.2903/j.efsa.2020.6223


4 2  

fl u or o al k yl s u bst a n c es ( P F A S) arisi n g fr o m t h e m a n uf a ct ur e a n d dis p os al of el e ctri c  a n d 
el e ctr o ni c pr o d u cts.  J o ur n al of Wat er Pr o c ess E n gi n e eri n g, 3 8, 
1 0 1 6 8 3.  htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.j w p e. 2 0 2 0. 1 0 1 6 8 3  

H off m a n, K. ( 2 0 2 3). T h e D e vil t h e y K n e w: C h e mi c al D o c u m e nts A n al ysi s of I n d ustr y 
I nfl u e n c e o n P F A S S ci e n c e. E n vir o n m e nt al H e alt h P ers p e cti v es, 
1 3 1( 5).  htt ps:// w w w. n c bi. nl m. ni h. g o v/ p m c/ arti cl es/ P M C 1 0 2 3 7 2 4 2/  

I nt erst at e Te c h n ol o g y a n d R e g ul at or y C o u n cil (I T R C). ( 2 0 2 0). P F A S Tr e at m e nt 
Te c h n ol o gi es. R etri e v e d fr o m  htt ps:// pf as -1.itr c w e b. or g/ w p -
c o nt e nt/ u pl o a ds/ 2 0 2 0/ 1 0/tr e at m e nt _t e c h _ 5 0 8 _ A u g -2 0 2 0 -Fi n al. p df  

K u d o, N. ( 2 0 1 5). M et a b oli s m a n d p h ar m a c o ki n eti cs. I n J. D e Witt ( E d.),  T o xi c ol o gi c al  
eff e cts of p erfl u or o al k yl  a n d p ol yfl u or o al k yl s u bst a n c es  ( p p. 1 5 1– 1 7 5). H u m a n a  
Pr ess.  htt ps:// d oi. or g/ 1 0. 1 0 0 7/ 9 7 8 -3 -3 1 9 -1 5 5 1 8 -0 _ 6  

Li n dstr ö m, A. B., et al. ( 2 0 1 1). P erfl u or o al k yl a ci ds: A r e vi e w of t h e s ci e n c e a n d 
p oli c y.  E n vir o n m e nt al S ci e n c e & Te c h n ol o g y, 4 5( 1 9), 8 1 5 0 – 8 1 5 2.  

Li p p, P., S a c h er, F., & B al d a uf, G. ( 2 0 1 0). R e m o v al of or g a ni c mi cr o -p oll ut a nts d uri n g 
dri n ki n g w at er tr e at m e nt b y n a n ofiltr ati o n a n d r e v ers e os m osis.  D es ali n ati o n a n d Wat er 
Tr e at m e nt, 1 3, 2 2 6 – 2 3 7.  htt ps:// d oi. or g/ 1 0. 5 0 0 4/ d wt. 2 0 1 0. 1 0 6 3  

M c M a h o n, P. B., et al. ( 2 0 2 2). P erfl u or o al k yl a n d p ol yfl u or o al k yl s u bst a n c es i n  
gr o u n d w at er us e d as a s o ur c e of dri n ki n g w at er i n t h e E ast er n U nit e d 
St at es.  E n vir o n m e nt al S ci e n c e & Te c h n ol o g y, 5 6( 4), 2 2 7 9 –  
2 2 8 8.  htt ps:// d oi. or g/ 1 0. 1 0 2 1/ a cs. est. 1 c 0 4 7 9 5  

N at ur al R es o ur c es D ef e n s e C o u n cil ( N R D C). ( 2 0 2 3).  F or e v er C h e mi c als C all e d P F A S S h o w  
U p i n Y o ur F o o d, Cl ot h es, a n d H o m e. R etri e v e d 
fr o m htt ps:// w w w. nr d c. or g/st ori es/f or e v er -c h e mi c als -c all e d -pf as -s h o w -y o ur -f o o d-
cl ot h es -a n d -h o m e  

Ols e n, G. W., & Z o b el, L. R. ( 2 0 0 7). Ass ess m e nt of li pi d, h e p ati c, a n d t h yr oi d p ar a m et ers 
wit h s er u m p erfl u or o o ct a n o at e ( P F O A) c o n c e ntr ati o ns i n fl u or o c h e mi c al pr o d u cti o n 
w or k ers.  I nt er n ati o n al Ar c hi v es of O c c u p ati o n al a n d E n vir o n m e nt al H e alt h, 8 1( 2), 2 3 1 –  
2 4 6.  htt ps:// d oi. or g/ 1 0. 1 0 0 7/s 0 0 4 2 0 -0 0 7 -0 2 1 3 -0  

P er er a, F. P., et al. ( 2 0 0 9). Pr e n at al air b or n e p ol y c y cli c ar o m ati c h y dr o c ar b o n e x p os ur e  
a n d c hil d I Q at a g e 5 y e ars.  E n vir o n m e nt al H e alt h P ers p e cti v es, 1 1 7( 8), 1 3 2 2 –  
1 3 2 7.  htt ps:// d oi. or g/ 1 0. 1 2 8 9/ e h p. 0 8 0 0 3 7 9  

P ér e z, F., et al. ( 2 0 1 3). A c c u m ul ati o n of p erfl u or o al k yl s u bst a n c es i n h u m a n  
ti ss u es. E n vir o n m e nt I nt er n ati o n al, 5 9, 3 5 4 –  
3 6 2.  htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. e n vi nt. 2 0 1 3. 0 6. 0 0 4  

https://doi.org/10.1016/j.jwpe.2020.101683
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10237242/
https://pfas-1.itrcweb.org/wp-content/uploads/2020/10/treatment_tech_508_Aug-2020-Final.pdf
https://pfas-1.itrcweb.org/wp-content/uploads/2020/10/treatment_tech_508_Aug-2020-Final.pdf
https://doi.org/10.1007/978-3-319-15518-0_6
https://doi.org/10.5004/dwt.2010.1063
https://doi.org/10.1021/acs.est.1c04795
https://www.nrdc.org/stories/forever-chemicals-called-pfas-show-your-food-clothes-and-home
https://www.nrdc.org/stories/forever-chemicals-called-pfas-show-your-food-clothes-and-home
https://doi.org/10.1007/s00420-007-0213-0
https://doi.org/10.1289/ehp.0800379
https://doi.org/10.1016/j.envint.2013.06.004


4 3  

Ri c h, N. ( 2 0 1 6). T h e  L a w y er W h o B e c a m e D u P o nt’s W orst Ni g ht m ar e.  T h e N e w  Y or k  
Ti m es M a g a zi n e. R etri e v e d fr o m  htt ps:// w w w. n yti m es. c o m  

S hi n, H. J., et al. ( 2 0 1 8). O c c urr e n c e of p erfl u or o al k yl s u bst a n c es i n w at er  a n d s e di m e nt 
i n t h e criti c al z o n e of t h e U p p er O hi o Ri v er B asi n S yst e m.  E n vir o n m e nt al P oll uti o n, 2 3 5, 
2 0 5 – 2 1 5.  

S mit h, A., J o h ns o n, B., & Willi a ms, C. ( 2 0 1 1). Titl e of t h e arti cl e.  J o ur n al N a m e, 
Vol u m e(Iss u e), P a g e r a n g e.  htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. e x a m pl e. 2 0 1 1. 0 3. 0 1 3  

S u n d erl a n d, E. M., et al. ( 2 0 1 9). A r e vi e w of t h e p at h w a ys of h u m a n e x p os ur e t o p ol y - 
a n d p erfl u or o al k yl s u bst a n c es ( P F A Ss) a n d pr es e nt u n d erst a n di n g of h e alt h 
eff e cts.  J o ur n al of E x p os ur e S ci e n c e & E n vir o n m e nt al E pi d e mi ol o g y, 2 9( 2), 1 3 1 –  
1 4 7.  htt ps:// d oi. or g/ 1 0. 1 0 3 8/s 4 1 3 7 0 -0 1 8 -0 0 9 4 -1  

U. S. C e ns us B ur e a u. ( 2 0 2 0).  Q ui c k F a cts: P ar k ers b ur g cit y, West Vir gi ni a. R etri e v e d 
fr o m htt ps:// w w w. c e ns us. g o v  

U. S. E n vir o n m e nt al Pr ot e cti o n A g e n c y ( E P A). ( 2 0 1 5).  Wetl a n d f u n cti o ns a n d v al u es. 
R etri e v e d fr o m  htt ps:// w w w. e p a. g o v/sit es/ d ef a ult/fil es/ 2 0 1 6 -
0 2/ d o c u m e nts/ w etl a n df u n cti o ns v al u es. p df  

U. S. E n vir o n m e nt al Pr ot e cti o n A g e n c y ( E P A). ( 2 0 2 2).  Dri n ki n g Wat er H e alt h A d vis ori es f or  
P F O A a n d P F O S. R etri e v e d fr o m  htt ps:// w w w. e p a. g o v/s d w a/ dri n ki n g -w at er - h e alt h -
a d vis ori es -pf o a -a n d -pf os  

U. S. E n vir o n m e nt al Pr ot e cti o n A g e n c y ( E P A). ( 2 0 1 1). E x p os ur e F a ct ors H a n d b o o k: 2 0 1 1 
E diti o n ( E P A/ 6 0 0/ R -0 9/ 0 5 2 F). N ati o n al C e nt er f or E n vir o n m e nt al Ass ess m e nt.  

U. S. E n vir o n m e nt al Pr ot e cti o n A g e n c y ( E P A). ( 2 0 2 4).  N ati o n al pri m ar y dri n ki n g w at er  
r e g ul ati o ns: P er- a n d p ol yfl u or o al k yl s u bst a n c es ( P F A S) tr e at m e nt. R etri e v e d 
fr o m htt ps:// w w w. e p a. g o v/s yst e m/fil es/ d o c u m e nts/ 2 0 2 4 -0 4/ pf as -n p d wr _f a ct -
s h e et _tr e at m e nt _ 4. 8. 2 4. p df  

U. S. E n vir o n m e nt al Pr ot e cti o n A g e n c y ( E P A). ( 2 0 2 4).  2 0 2 4 c ost of P F A S tr e at m e nt  
t e c h n ol o gi es. R etri e v e d fr o m htt ps:// w w w. e p a. g o v/s yst e m/fil es/ d o c u m e nts/ 2 0 2 4 -
0 4/ 2 0 2 4 -pf as -t e c h-c ost _fi n al -5 0 8. p df  

U. S. G e ol o gi c al S ur v e y. ( 2 0 1 6 a).  C o nt a mi n ati o n i n U. S. Pri v at e Well s. R etri e v e d 
fr o m htt ps:// w at er. us gs. g o v/ e d u/ g w -w ell -c o nt a mi n ati o n. ht ml  

U. S. G e ol o gi c al S ur v e y. ( 2 0 2 2).  O c c urr e n c e of P er - a n d P ol yfl u or o al k yl S u bst a n c es a n d 
I n or g a ni c A n al yt es i n Gr o u n d w at er a n d S urf a c e  Wat er Us e d as S o ur c es f or P u bli c Wat er  
S u p pl y i n West Vir gi ni a  ( S ci e ntifi c I n v esti g ati o ns R e p ort 2 0 2 2-5 0 6 7). R etri e v e d 
fr o m htt ps:// p u bs. us gs. g o v/ p u bli c ati o n/sir 2 0 2 2 5 0 6 7  

https://www.nytimes.com/
https://doi.org/10.1016/j.example.2011.03.013
https://doi.org/10.1038/s41370-018-0094-1
https://www.census.gov/
https://www.epa.gov/sites/default/files/2016-02/documents/wetlandfunctionsvalues.pdf
https://www.epa.gov/sites/default/files/2016-02/documents/wetlandfunctionsvalues.pdf
https://www.epa.gov/system/files/documents/2024-04/pfas-npdwr_fact-sheet_treatment_4.8.24.pdf
https://www.epa.gov/system/files/documents/2024-04/pfas-npdwr_fact-sheet_treatment_4.8.24.pdf
https://www.epa.gov/system/files/documents/2024-04/2024-pfas-tech-cost_final-508.pdf
https://www.epa.gov/system/files/documents/2024-04/2024-pfas-tech-cost_final-508.pdf
https://water.usgs.gov/edu/gw-well-contamination.html
https://pubs.usgs.gov/publication/sir20225067
https://www.epa.gov/sdwa/drinking-water


4 4  

Ver n er, M. -A., et al. ( 2 0 2 0). H e alt h eff e cts of p er - a n d p ol yfl u or o al k yl s u bst a n c es 
( P F A S). E n vir o n m e nt al H e alt h P ers p e cti v es, 1 2 8( 7), 
0 7 7 0 0 3.  htt ps:// w w w. n c bi. nl m. ni h. g o v/ p m c/ arti cl es/ P M C 7 9 0 6 9 5 2/  

Vi n eis, P., et al. ( 2 0 1 1). T h e i m p a ct of n e w r es e ar c h t e c h n ol o gi es o n o ur u n d erst a n di n g 
of e n vir o n m e nt al c a us es of dis e as e: T h e c o n c e pt of cli ni c al v ul n er a bilit y.  E n vir o n m e nt al 
H e alt h P ers p e cti v es, 1 1 9( 3), 2 9 1 – 2 9 5.  htt ps:// d oi. or g/ 1 0. 1 2 8 9/ e h p. 1 0 0 2 5 0 3  

West Vir gi ni a GI S Te c h ni c al C e nt er. ( 2 0 2 1).  West Vir gi ni a l a n d us e a n d l a n d c o v er. 
R etri e v e d fr o m  htt ps:// w v gis. or g  

West Vir gi ni a U ni v ersit y. ( 2 0 2 4).  P F A S a n d t h e h e alt h of West Vir gi ni a ns. R etri e v e d 
fr o m htt ps://s cit e c h p oli c y. w v u. e d u/s ci e n c e -a n d -t e c h n ol o g y-n ot es -
arti cl es/ 2 0 2 4/ 1 0/ 1 6/ pf as -a n d -t h e-h e alt h -of -w est -vir gi ni a ns  

W o o d ar d, S., B err y, J., & N e w m a n, B. ( 2 0 1 7). I o n e x c h a n g e r esi n f or P F A S r e m o v al a n d 
pil ot t est c o m p aris o n t o G A C.  R e m e di ati o n, 2 7, 1 9 –  
2 7.  htt ps:// d oi. or g/ 1 0. 1 0 0 2/r e m. 2 1 5 1 5  

W T A P. ( 2 0 2 4).  D esi g n al m ost c o m pl et e f or P ar k er s b ur g Utilit y B o ar d's P F A S tr e at m e nt 
f a cilit y. R etri e v e d fr o m htt ps:// w w w. wt a p. c o m/ 2 0 2 4/ 0 4/ 1 0/ d esi g n -al m ost -c o m pl et e -
p ar k ers b ur g -utilit y -b o ar d s -pf as -tr e at m e nt-f a cilit y/ 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7906952/
https://doi.org/10.1289/ehp.1002503
https://wvgis.org/
https://scitechpolicy.wvu.edu/science-and-technology-notes-articles/2024/10/16/pfas-and-the-health-of-west-virginians
https://scitechpolicy.wvu.edu/science-and-technology-notes-articles/2024/10/16/pfas-and-the-health-of-west-virginians
https://doi.org/10.1002/rem.21515
https://www.wtap.com/2024/04/10/design-almost-complete-parkersburg-utility-boards-pfas-treatment-facility/
https://www.wtap.com/2024/04/10/design-almost-complete-parkersburg-utility-boards-pfas-treatment-facility/

