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Potential Application of Environmental Tracer in Hydrogeochemistry
Using Sorption Properties
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ABSTRACT

This study provided sorption properties of chlorofluorocarbons (CFCs), and elucidated potential application of CFC
sorption data in hydrogeochemistry. Prior sorption studies were reviewed for hydrophobic organic compounds similar to
the CFCs, because there were only few CFC sorption studies. The CFCs are regarded as relatively conservative chemicals
in groundwater environments based on their moderate hydrophobicity. However, thermally altered carbonaceous matter
(TACM) can significantly increase sorption capacity and nonlinearity for hydrophobic organic compounds such as CFCs,
compared to general soil organic matter. CFC sorption behavior are close to the sorption for reviewed organic chemicals.
Therefore, the CFC sorption data can be used for determining hydrogeochemical properties and predicting transport of
organic contaminants in TACM-containing aquifer environments.
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g A F4el= si, PAr, 0, MC 5l

37 FZAAH(environmental tracer)= A|8}e] AU

(groundwater age)s FGsro 22X Xelg= Aol A5} 36Cl, ‘He, “Ar, I, 2UP%U So] &

0] 64 4= Wk ks 9 o) ddA S o ., 2006).
& ] AETH GRE AlFehks F83 =2 g 3 FHAE T CFC= - tisollr 1945 o]
AREEAL itk AskrE Adle 54 = BAPt A8k €3 5 3 Ak ddiE %@o}ﬂ‘% M2 Y I

o= 3k olF, Aet AFEE A A7HA
g 2e5E AIZES 9u]dit} (Kazemi et al., 2006). 3+
7 FEAE ol &gt ek Al T A WA F

ol53
BHoz &g &
) tHBusenberg and Plummer,

A0 wizly] e 8l8-E o]8F AL AE W 33 Busenberg, 2000; IAEA, 2006; Kazemi et al., 2006).
ZAz1e] =3 =2 ol83l= wpow U 4 Ut CFC % 34 FHA=2 &85= FF+= CFC-11, CFC-
(Lee et al, 2008). o|2J3+ &7 Zzxje] ERHE u)$ 12, CFC-1132] Al &F(Table DZ, 19303t) o] 5 7§t
gerald, Asks: Ak oF 60 mlRiel @A Askol  ® AF /SRSl CRCE T2 Al B9
= °H, 3HPHe, “He, ®Kr, CFCs (chlorofluorocarbons), A3HA Eg=o] 7] 3=t AR VA HULt. o]
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Table 1. Physical properties of chlorinated volatile organic compounds (Mackay et al., 2006)

TCE PCE CFC-11° CFC-12° CFC-113°
F Cl ClI
Cl cl ¢l Cl | Cl p
Molecular C
Structure < 1y iy F
/ 1 ICl IICI
ci c Cl \ F7 N
Cl

Formula CzHClﬂ, C2C14 CC]}F CC12F2 CC]FQCCle
Molecular Weight 1314 165.8 137.4 1209 187.4
(g mol™)
Density (g cm™) 1.46 1.62 1.49 1.33 1.57
Solubility (mg L™") 1400° 240° 1500 2400¢ 280
log K, 2.51° 3.48¢ 253 2.16 3.16

*more information for the CFCs in (Choung and Allen-King, 2010)
bsolubilities of TCE and PCE from (Broholm and Feenstra, 1995)

‘logK,,, of TCE and PCE from (Ferris, 1999)
dsuperheated liquid solubility
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Fig. 1. Historical concentrations of the CFCs in the North
American atmosphere (atmospheric concentration data from
IAEA, 2006).

E9] th7] FE 19609tHREE] B 2)olx F7]2 0.
2 2gHeH, ojde] & Ame S 2R F
7] sk olE=Ado] Ak (Fig. 1).
S

o] YPFTeEZN FAs= AS 71 U= SHIAEA,
2006). CFC Algl At} 54 7'H-2 AJgkrAlollA CFC
7} A58k B9 CFC & (mass)2] £2410] §lojolrt H]
wA et sl Al F8S 7FsA Sk
23ANA CRee] B AlASHE tiEE] x|8)kst
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A 712 F2(sorption)?] ATF CFCE 274 #7] 3}
1= (hydrophobic organic chemical: HOC)Z4], HOCS]
e TS sk BREC EAlske ©ad &
Z(carbonaceous matter: CM; A7818} FolllX= 7]
E2 5H%hol] o3 9&gS S 4 JAH(Chiou et al,
1979; Karickhoff et al.,, 1979). 3}A|g}, 7]& TS0
CFC] 3] Fa3P 1ef=oRA] B olf= ths
7 2tk 1) CFCE o8-8 Al Ao 9 A=<l
H]&-Z}H(non-sorbing) FHAE E-8-== *H, *HPHe 5%
CFCE M2 Ay, §29] d3o] ZA ezl o
Stk A7, 2) A F2S 7HES A, gRbdeE o)
T HAHEY 22 {7 g@a e (Lo Bl B
CFCo 244 AAEE=E-E AF [K.] F=E,
Table 1)E <13l AslAlRIA CFCe] F2to] w9 SEA|
k= Aold

2 AT B g Ak 04 A 7] S
E2?l CFCE ©]83 Aslr A} 4 7o 2o
PollA AR ERE ARolA St vk §31e
FaFo] ATk, 71=9] ATtellA of FE] Fio] T8
A ThFolA|A] k=R adstal, Yok CFC 83
AAeE20] &84 dial AASEIA} gt o]d] E A
ToXME 71ES] HOC % o885 S4oE dos ¢
Zdellx] HOC £3oll 9aks 718 = e f71El sl
golrar, 34 CFC Aekr Al 4 7= AeEst
o HFHoZ 949 ol tigh AAES st} gt st
Agk, CFCell tist F2F A7 A Fh=A] Lgkor
2, CFCS} vl A4S Ad HOCE: trichloroethylene
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[TCE], tetrachloroethylene [PCE])®] &3 A4S 40
2 &7 ol2e Asi

2. 278 7/l 2fetE &% 0B

FHe T B A BBl TAYeE )
k= S&A|(sorbent)2 o] (transfer)F = HFH-S IZ=
=3 —’Fﬂzlz‘ilﬂﬂ < Al S TSk e EY

ot} thes EFE Tol ¥ vhES dovl= H3A
sg3sitt. HOC &3 ¥k 7| partitioning(absorption)
I} adsorption®] F 7HA & 71Eog HHKIG A}
= 7] BEREo] 32M 729 14| vlEZ 2 (matrix) &
HESHe P Uehlel, S 1A EHle] 245
g 23193 &3 712S 2@t (Schwarzenbach
et al, 2003). dldo] == HOCZT EYEAE F7187)
o) FRS Uephe WEAA 48 FRAe et 2o
(Chiou et al., 1979; Karickhoff et al., 1979):

q=K,.C, (M

71M q(pgke)®t CuugLye 22 F2AC EAlek
& w9} 78 ] 83l T=E ANskaL, KAL/
kep= 3 Bl AlE ARG HOCY F3& B/
EHE A71ER A At JoeBE, EYEHE
U £o2 F32F B AlSE g8K(normalization)s 4=
At (Koe=Kal foo). SHARE, A3 &2 il o
HOCY] §3l% (S, pg/L)2}t Hlugs of, vluwd & &
3 =X AEET} Hohe Aloke] Atk HOC] HIA
& FFe F7 U FroA B (Grathwohl et
al., 1990; Ball and Roberts, 1991; Weber et al.,
1992; Huang et al., 1997; Kleineidam et al., 1999;
Allen-King et al.,, 2002; Jeong et al., 2008), TH3Z<l
HXE F2H24e Freundlich®} Langmuir $2 5241
(isotherm)e |t}

bC,
q= KfCZ : Freundlich ¢= %o

50, : Langmuir  (2)

() AolA, K([ugkel/[ngLIMet ne& 242t Freundlich
A9} Zolt}. Freundlich S22 S&HA|9] w0
R F3 oUAE e F3 Axo] BaUshl &
Eehs 7Fge ek e, ) F3El st
/IS 2 F3 dUAE 7= F3F A13e] A
xq_i uﬁﬂ _,_;;]_Qi o:]_ﬁ,] _b;;d— oﬂq;qh Al—\:H;GO

Z 745 Hof BlAy 2o Jeh | Et(Farrell

A3+ Freundlich S-3] %‘L o] |
2} 54e wmsly] Slsel ol AgEE %%1015}
(Carmo et al., 2000; Allen-King et al., 2002; Kleineidam

et al, 2002): ¢=K.(C,/S)". WA, Langmuir % 5
2] A% FAT FH AUA TREL A T

B

ER HOCZ FHE Ae 7P ol tﬂrﬁ‘r
Langmuir 52412 H) §3 850, pgke), &2

31 (b, L/ug)__i yveld 4= o} Langmuir »_l—té"—'
< &8l sEeME HAE T2 58S Ko, & A
9So] TaERA H HHR FHO2 W) Farel
and Reinhard, 1994).

Weber et al. (1992y= Bl Bk} HH =M th
Fe FEOI f71E AREF HOCY HIAE FES
AFststr] 98ted, E3A< Distributed Reactivity
Model (DRM)2] 73S =3k

L rN'

m . i n;
q=xK;,C,*Y x,KC, 3)
i=1

(3) AW, xalt x, & Z¥ A3 vdE F2S e
e &3 aA4Pde] 22k E-8(mass fraction)yS R|AISH
t}. KdIQ‘ A3 _if_;‘d-oﬂ}\-] Ak P .__71- ﬁ]T(maSS_
averaged sorption coeff.y& YERNH, me BIIE F2ke]
T/ A JNEEA HPHCE | e 25 ARSI o]

21gk DRM &3 Bl 7 FF9 te &2 =Hle]
2438 = = @4l EF( ). H]@?ﬂJ soft carbon¥}

SZ49 hard carbon)Z TAJE Bl &2 B H&
%]' 4= (Leboeuf and Weber, 1997; Huang et al.,
1997).

Soft¢} hard carbon®] AMZ & &3 HAYUZL 1
2} et 285 Jidelt. aEAF S (polymer)]
U 2= glassy -2 rubbery JEHIE 45 4 2
o}, f7] 315rE©°] rubbery JEIZ S2HE uf dissolution
7%l o5l AHE = = WM, glassy JEIE] 2
2 dissolution?} hole-filling WIFHUZ©| Aol YeERATH
(Xing and Pignatello, 1997). 714 ‘hole’o|&t 1A}
FA7} 7HA 3 Y BA7 1 Z (microvoid) < oJw]SH}.
HOCSH HIBE Ed f71E9 FF2 F= 4%
partitioning® 2 YE=H] 1184} sl A9l dissolution
7183 AR, $5E 71ETe] §3k vy 53
© 24 hole-filling WIFHUZEH} FAFslcH(Pignatello and
Xing, 1996; Xing and Pignatello, 1997). ©] £Jd=, &
oyt EZEA HOCY HIAY §39) =2 JS3s
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A7) 98] wRHe] 2 wad B4 ANe =
AT AHEE U AtK(Chiou and Kile, 1998; Xia
and Ball, 1999 ).

ZH 2ol o]8F = dual-mode 3 22 AH
partitioningZ} 198 Langmuir E}}e] &2 2ds A%
sfo] JgE Ed=, Okt SR f71ES3 HOC
partitioning®} adsorption®] o2 UEFATHHuang et
al., 1997; Leboeuf and Weber, 1997):

QObCW)
1+5C,

w

9=9;% 4, =Kd,lcw+(

2 @elM g g 27 dual-mode &
A §4 ol Jojshe HY B wuE F2 wEg
ofulgic}

Polanyi-Manes &2} ©]&(Manes, 1998)2 &
4 A 3= A vldd 2 Ads] Sls
89 Aol f7] S Ao A8E F2 welolr)
(Xia and Ball, 1999; Allen-King et al., 2002; Ran et
al., 2004; Nguyen et al., 2007). Polanyi-Manes =z
o]2oA FQ ML T2 FElH (g cal/mol)ZA, ©l=
FRLE 7] RS 1124 23 1 Aol FH
AES F-53k= London forcedl <J3l A=t

£=RTIn(C,/S) 5)

oJ7]A R (cal/K - moly2 o7 1A d<ro)al, (K= &&=
oltt. g2 FoIX 7] SjtEe] AT} A THOE

o] HAdoll wEbA] EERKItt. Crittenden et al. (1987)y
2 Zildd) sk & (g, em’kg) Aol 73
A2E AT

log(g,) = log0y , +a(&/V,)" ©6)

21 614 Qpu(em’/kgye H F2F R, V(em?/
mol)= 713} A {7] StEe] 559, 18l
o} b= BEETECITE st ke ok 771 skt
B3] F2) oM BE ZAFES Yeh7] sk 25
¥, =S4, A ] 52 EFSK= linear solvation
energy relationship(LSER) 2.2 2= 4= )TH(Crittenden
et al, 1999). LSERS HEAJZ] Polanyi-Manes ©]2-2
detoly @ aEAke] FRERE & d5g vt ok
HOC && ®H2A Polanyi-ManesS ©]-g3}o] 7jel
dual-mode &2 T3} 2th(Xia and Ball, 1999):

&7y

b
al
q=0,,10 +K,/Cy (7
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Dual-mode $2} ®&l& T5 partitioning?} adsorption
o M= o 79 FF THRlS tissitt sl

X
2]
Z=43E dual-mode Bd2 Tdst &2 ofluix] xHlA
7He 9 31§32 714%kaL, Polanyi-Manes &2
< 283 dual-mode FF 2O 79 89 vA ¥
=5 A= WAYUS (pore-filling)S 733
71E F2 AFEAE TulgS EAE, uigS 24
E28E B9 AZF, wood char, soot, ZE, o}%
g e 5 Okt FEAIC o8 R gslaa
(polycyclic aromatic hydrocarbons) 22 3} 7] -£nj
(@l: chlorobenzene, TCE %) 5= |83l 8 &3
WAYEC] pore-filling 713YS Bk vF Ark(Xia
and Ball, 1999; Karapanagioti et al, 2001; Kleineidam
et al., 2002; Ran et al., 2004; Nguyen et al., 2006;
Nguyen et al., 2007). oJ& Aol Hag {2 b0
E}5L2 Polanyi-Manes &3 223} w9~ Ax|sh= HEF
< YRt o A7ES f7] sikEEe] FEAe &
A= mAl FFEE HIsket oM, & 24 A4
< 7 tEEC] A2 A 72 SjkE vlsl) Aok
S S F AdSS HAFAUTHRan et al, 2004;
Nguyen et al., 2007). Allen-King et al.(2002) &<
Polanyi-Manes @13} partitionings Y= 43 2
9] 23t &= ¥ (dual-mode)°], HOCS} Tht3t EF/E
e W EAske Bvd #7118 1] FF s =AY
skt oA 7R AFsiar AIjkeRdct. oleigh AlQt
S HOCY ©e 83 T ZHdMe Do o) Haw
7155 39 FF 7] F2 8L, w5t 5
7VE partitioning®] A& 2] @ao] Frlsk= 71
< dlo]Elel] 2AskaL ot

3. E2F 2 E|XZ0| E=XSl= Carbonaceous
Matter (CM)

Edoly =AM Yehe Vs T FEkt
(humic acid), =94 (fulvic acid) o] AEZ vF3
f7ER 27 T A3, A= (kerogenelH £ 712
(black carbon) 53 Z-& F71EE0] XAt o7 =
H CMo|tK(Luthy et al, 1997; Huang et al, 2003;
Cornelissen et al., 2005). °]& 5FH CM2 Hof 2J3t
g 2Rl o3l FAE, HISAde] T vA| I=

Fgskar k.

o
=
doll o3 WA 28-S W CME Ykl B &

¢
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7150l Hls) w2 &3l F=olA HOC &3+ °F 1000
v S7A7I B1dE 3 54S Beltke ol Ad
209 S 3] B = AT Grathwohl, 1990; Luthy et
al., 1997; Allen-King et al., 2002; Cornelissen et al.,
2005; Koelmans et al., 2006). ©]21gt CM EE7A9
vl et FejE EAshH, 29 7, ARZ, MR,
F T2~ (coke) o] EFHT

Char, soot, charcoal 5-2] &2 7122 A= (biomass)
o] Bebd Aol oJall FAE, 7] wolu 19
Z(surface run-off) 5= &3l o|53l EZF &5 EZ
HHGoldberg, 1985; Huang et al., 2003). AZZ-S Ak
71, 32 f7] SHjel= &al=A] o= B4 cMeE A
o=k Killops and Killops, 2005; Vandenbroucke and
Largeau, 2007). °|& A= HZLe] F8 CMe|t}.
oj9h= thxZ o=, Mekd A ¢h¥s] cMeERE A
H Ho= IFE F Uth(AllenKing et al., 2002).
AR ek A 182 EdEo] ¢ W A v
E] Zolo ujEzo] & 259} ke F7 slellA xd
PRl 44 Z18-(diagenesis - catagenesis Z7])2 &

o} FAE}(Killops and Killops, 2005).

i1}
i
I [¢]
ol

4. CFC2} TAlst 77| slgrEe

CFCs} AR 224 A4S AW e 254 7]

Williston Basin

Gafion

By

Greater Green River
Santa Clara,CA

Basin
iliard-
el
i al
Livermore, CA Uing

@ sacramento Basin Biﬁ%o Q Ni%ra

Denver Basin

Sanann D

Basin W°°dfg

X& m?w‘lle OakRidge

\ near Lula, OK /" Reservation, National Park,
N VA

Barnett-

% @

Permian Basin
<@

\.

" Shale Gas Plays
Sedimentary Basins

State Boundary

Rio Grande
Embayment

slgk=E & TCESH PCECl #3k A7} &hds] 3=
oJ$ith. TCESF PCE= AslrAlolA 7P EakAl A&
T Jd= 249 =4 T shtelr] wiEe|th A A4
7] o]%F A3 EFE T 7] B Tl 0.5 %gllg
ojste] w2 BHES deE TCEPCE F3 A7t
FE 5] A9 v 2 Ae]FEol F Santa
Clara(Grathwohl and Reinhard, 1993)9} Livermore
Valley(Farrell and Reinhard, 1994), 2Z€}sv} 5= Lula
A]9(Lee et al, 1988; Piwoni and Banerjee, 1989), 7
ytt 2Eelg]Q F Samia(Allen-King et al, 1996)9}
Borden A %(Ball and Roberts, 1991), Q3}°0]Q F
Columbus A]¥(Ong and Lion, 1991), ¥dgx=o] F
Rantoul X% (Jeong et al., 2008} T F(Pavlostathis
and Jaglal, 1991; Wang et al, 2012) 5] Ut} o]
ATEe] e 83 FE(C/5~10%00M 43 TCEY
PCEQ] K, #+2 v 3743 (US Environmental Protection
Agency[US EPA], 199614 €ut#Ql ESF f715S 9
3l AAS= FHTCE K,~%F 100 L/kg, PCE K,~F
300 L/kg)2 T} 10-1,0008 ol =2 gh& BAFUH. &
HEAE, ol AT AYES BF HF A £x3)
Aom tiFEe Al 7RE Aikele AlYSEC] EA
shk= A Hollth(Fig. 2).

FH 23] A $90 MY 7k (shale gas)S AJaks)
= Ad & = Aol ZAA g X ol E=A)

Sturgeon Falls, Z .l
= Gloucester, ON -
&Bil!ings { 1

Waterloo :
Collingwood
Moraine, ON &

Michigan Basin
Basi * Southern
Forest NJ
City Basin *
. Delmarva
\ peninsula,

\ VA, MD, DE

Shenandoah

H@asville

Texas-Louisiana-Mississippi
Basin

Fig. 2. Locations of prior TCE/PCE sorption (@) and CFC () studies with the locations of sedimentary basins and shale gas plays on
US and southern Canada map (The map was modified from http://www.eia.doe.gov/pub/oil gas/natural gas/analysis publications/maps/

maps.htm).
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A -

sk=dl, ol e AztE o} 3717 ’\Vgtﬁ Al
7R BA @0lM FE o] AR et
31 Itk(Tissot and Welte, 1984). AZZT} o] A3}
Aol EAlshs s 7]U: 2 oleS e A

Al

0

gkl

7 -

° o-ﬂ_o K

kel

24

o] = Rantoul X|¥9] EZE| A=F 722 CMo] g
=0 IS AAIG v} ATk(Binger et al., 1999; Ran
et al., 2004; Jeong et al., 2008).

9ese] A=A 871 5 132 &7l = 5. 84 FHXIZMe| CFC &3 97 ¥ &
& slonl, g HA B0 ojFel BHE + 2 017
QoA AFHE AT AHFENA dldET = TCEY
PCES] E3 Ave HZBe) EAlhe Qo) o) 4%E  CFCE 87 FEAR ol89 J1E A7 L A FF
CMel| ofsliA o]FojHthar AR ETh AHE HE A7 AT F AT AEEE T (Table 25 THOE A7)
=2 /utt RE12]Q F Samia, Borden A} = FHE A 5 AR AFH AGS Fv] A9 HF
Table 2. Summary for previous CFC studies in field and laboratory
Location Geology CFC Age-Dating Results T(r)::ee;s
Delmarva Peninsula (Dunkle et p Coastal plain area enclosed by igneous/meta-
al., 1993; Reilly et al., 1994; morphic terrains such as the Piedmont Prov- )
Bohlke and Denver, 1995; ince and the Blue Ridge Mountains > Alp;()iarently Q(t)l;lsewhatlve CFC;nod- o
Busenberg and Plummer, 2000) B Unconfined sandy aquifers (<~50 m depth) ?e dges with ofher non-sorbing SHAH
Kirkwood-Cohansey aquifer under largely aerobic conditions > Lracei"s L - ¢
system in southern New Jersey P> Tertiary-Quaternary aged aquifer sediments ocal contamination eflects
(Szabo et al., 1996) (quartz sand) with negligible f,.
: I}:ocatedb n the B'tl'ue Rdldget Moug'ta 1;)15 drock P Consistent CFC-modeled ages with Sy
Shenandoah National Park, recambrian gramitic anc metmorphic bedrocks SF P
.. with early Cambrian clastic rocks . H/’He
Virginia (Plummer et al., 2001) . . P Post-1955 leveling off effects of CFC
» Supplied groundwater through thin late Ter- atmospheric arowth curve SFs
tiary-Quaternary age residuum and colluvium b g
P Fractured rock aquifers in the Appalachian Val-
ley and Ridge Province > Consistent vertical fl loci
Oak Ridge Reservation, Ten- p Highly weathered rock (i.e., saprolite) up to ~10 dc(e)tr; ?}fiierﬂzdvtf léic_logv 3}? O;iaysH/ JH
nessee (Cook et al., 1996) m from ground surface He Y > SH/*He
» Bedrock of sedimentary rocks- limestone and
shale
. . . P Most conservative behavior of CFC-
Sturgeon Falls, Ontario, Canada : Igoc;t?dl mn p')lg)st-glagle;! Stu;g?%l rlvgr( dzeéta 12 among three CFCs S
(Cook et al., 1995) uricia aqurer CoNSISng of Sty S M -y, Slightly retarded CFC-113 (Rf=1.7),
depth) with low f,. (mean f,.=0.03 %gC/g) and biodegraded CFC-11
P Glacial aquifer up to ~60 m depth beneath a > CC(I):ncsisltle nt groundwater ages using i
Waterloo Moraine, Ontario, thick unsaturated zone (~25 m) > lbri . thick °H
Canada (Johnston et al., 1998) B Aquifer sediments consisting of glacial-depos- Nonequilibrium effects by thick unsat- 3yapye
. . . . urated zone
ited sand, silt, and gravel during the Pleitocene L
» Local contamination effects
Bedford, Indiana- Laboratory P Limestone deposited in the Mississippian o Sli‘%}lt retardation for CFC_I}, -
S . : (Rf=1.1) and CFC-113 (Rf=1.5) CI
Study (Ciccioli et al., 1980) (carboniferous) Period k . k
» No retardation for CFC-12
P Located near Ottawa in large basin centered in
Michigan known as reservoir of petroleum and
Gloucester, Ontario, Canada- shale gas > Sionifi dation for CFC-11
Laboratory Study » Shallow glacial aquifer (fine sand) with Zlegn; 1{:;1;1 t retardation for CFC-113 -
(Jackson et al., 1992) foc=0.06 %gClg I
» Bedrock of the Ordovician aged limestone with

shale

“Retardation factor, R=1+ (0,/ mK,, where p, and 7 is bulk density and porosity of aquifer sediments
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A9 AY 7k AL A9 FA] AISEITHFg. 2).
29 CFCE o]&3 Agky A 4 A7ES
TCE/PCE &3 7 A= 2 4 &4 vpgEe
2 ¥l vk G AFE0] §E A AHelAM
==, v=r HYA] F2] Oak Ridge Reservation,
Aot 9] Bedford A193} Hutt eI F9
Gloucester A|&Jo] o710 g3t

Oak Ridge Reservation®] 733 Appalachian EZ%-A
loll YIx1ekAIRE, CFCE o83l 383 A8l A7t
HIEE 2220 AF94a CHEPE 49 A5k Adl
o} AXBIFTHCook et al., 1996). ©] A Ho] ez
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QItjelut 50 Bedford A|9ellX] FaE A= o] A
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At 2822 59 Gloucester Aol AHFZE o
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o] ¥¥3}al It(Marshall et al., 1979). ©|2]3+ x]&s}t
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Gloucester A s EZ S0l EAsh= A2y} &
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P CFC A AR, £ 7123 o] ol ofsf ¥

FE fi7leell o3 F2 dgs 2 e A
K Choung and Allen-King, 2010).

6. I& 3 XA

CFCE °]8% 7<l s Ao 4 7R
T’qi HEH/H thas widol] ok &3 7 3
e iﬁﬂoﬁoki gk, ofoll thsf B2 At &
) 351‘310131 tHEZQl 2 AR et 2t

AR OE Ao ATt =] ds B9 CFC
£ o83 Al A F8 7S A8l Algks
W=TH(Weissmann et al., 2002; Cook, 2003).

« A7t FdEE AR Y _E 2 289 37
(excess air)ll tigt ZH oS5 CFCY g3lxo
Qs VIAAY Aeke Ul CFC 55 712
JtH(Busenberg and Plummer, 1992; Plummer and
Busenberg, 2000).

< HlZe] FAVE FA% BEX= CFC7T A8k
of] 83lj=]7] ool EYF F=l o8l FEs s
4= ATHCook and Solomon, 1995; Johnston et
al, 1998).

« A5A "7 7ollA CFCE AEsle] d3de=
o] £4E 4= 9tk Cook et al, 1995; Oster,
1996; Bohlke and Krantz, 2003).

o AR ANFH Z2 B4 Al CFCe =71 o
7] 249 ggom =71 4 AtH(Dunkle et al.,
1993; Johnston et al., 1998).
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T3] ke AN 7159 gl T Aol 1
3L, CFC H|oEE 0|83l AlEdo]A9] 75 Uuks]

Q1 frlEoel tigh Jd F2o] F= o]&H U} 1A
9, CFCe &5 7] SIjHE=A TCE, PCE9} vwi--
Ak 82 549 EO%U% T H8Ed 7 =
A} e Gl f71E Qo gl o8 AsE CM
o] EAlsh= oMM = f7ekA o] AT
zko] Jgpo] A YERE & Aok Goll s W3
CME 3 53-8 she B3 EdX o w3EsiA|
© ZAL o5 CM2 UREAQ] f7]E<] Biste] F3lol
73l 7] o]F AFolA HlwA EsHA wAE S Q)
THGoldberg, 1985). W& CFCE ©]83+ A5l <d
4 7L 7 ZA 284 davt Jdem, CFC 5%
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