











A.4 POy Injection into 1-D Sediment Columns

0.5 mM PO4 Sorption during 1D transport (T7), 0.3 h/pv
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50 mM PO4 Sorption during 1D transport (T8), 0.3 h/pv
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70; Y17, 1-D Lab, 3 ft, 3.4 h/pv
_ 60
%In 50§ Calcium inject
£ 40 9.97 mM PO4
8 301
20~
10 Ca, groundwater = 20 mg/L
0 3 Ca, injection sol'n =20 mg/L
\ ‘ \ ‘ \ \
0 1 2 pore vol 3 4 5
1.0-4Y17,1-D Lab, 3 ft, 3.4 h/pv
0.8+
o 5 inject
90'6 ] 9.97 mM PO4
O0.4{ electrical
] conductivity
0.2
] Citrate
0.07 T .‘ T @ T — @
0 1 2porevol 3 4 5
10.0*E 1-D Lab, 3 ft, Y17, 3.4 h/pv
1 inject: 10 mM PO4
b Sr (0.13 mg/L)
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| PO4 (inj = 9.97 mM)
Rf =2.29
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Sr (mg/L)

4Y23, 1-D Lab, 3 ft, 7.5 h/pv o
705 inject
—~ 607 2.61 mM PO4
S 50—
£ 40— Ca, groundwater = 31 mg/L »{"‘""’””*f*w———nw,,,,‘
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5 3
E Ca, injection sol'n = 22 mg/L
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0.8 2.61 mM PO4
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O'Oi conductivity
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0 1 2 pore vol 4 5
1.0
1Y23, 1-D Lab, 3 ft, 7.5 h/pv
0'87: inject
] 2.61 mM PO4
0.6-
0 4j Sr, injection sol'n = 0.11 mg/L, lonic Str.=25.8 mM
"7 4 Sr,groundwater = 0.11 mg/L, lonic Str. =11.5 mM
0.2 ° Strontium /,,,,/————J‘*””’”’k ]
0.0 | | ‘ | |
0 1 pore vol 3 4
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Sr (mg/L)

Y24, 1-D Lab, 3 ft, 3.8 h/pv inject

0.63 mM PO4

Calcium

Ca (mg/L)
w
¥

.Wndwater =31 mg/L o ——©
~ H//r

Ca, injection sol'n =21 mg/L
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0 \ \ ‘ ! ‘ \
0 1 2 pore vol 4
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1Y24, 1-D Lab, 3 ft, 3.8 h/pv inject
0.8 0.63 mM PO4
: e
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00.47: 504
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1.0
] Y24, 1-D Lab, 3 ft, 3.8 h/pv inject
0.8 0.63 mM PO4
0.6
0.4- Sr, injection sol'n =0.11 mg/L, lonic Str.= 15.0 mM
] Sr, groundwater = 0.11 mg/L, lonic Str. =11.5 mM
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1Y84, 1-D@100 ¢

= >
go- fast soln inject — fast gw inject
1 5.5h/pvx24h slow 5.5 h/pv x 24h
7 soln = gw inject '
60— 13 mM (NH4)2 PO4 411 hipv

x30d

Cation (mg/L)

Ca, gw = 25 mg/L
Ca, inj. =19.4 mg/L

‘\
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pore vol
1.0 Y84, 1-D@100 c -
7 fast soln inject I fast gw inject
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> 1 soln = gw inject '
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o 0.2+ Sr \
T e ‘
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1
007"Ve3, 1-D@100 >
80— fast soln inject fast gw inject
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Q0.6 (NH4)2PO4 322 h/pv
Q i x 30days
©0.4- PO4 |
0.2- o
i - 7.7777.’*“"‘ —@—@—
OO T 1 T 1 T ] " T T T T ] N A_{

| |
9 10 11 12

o 1 2 3 4 5 6 7 8
pore vol
[
0'“; Y83, 1-D@100 cp >
—~0.4- fast soln inject fast gw inject
= 7 5.4nh/pv slow 5.4 h/pv x 24h
o 1 X 24h gw inject
£ 03 - 322 hipv
] 30d
.E 0.2 X ays
I >
] Sr, inj. = 0.08 mg/L o (NH4)ZPOA
O_O T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T
0O 1 2 3 4 5 6 7 8 9 10 11 12
pore vol

A.35



—~ g0 fastsolninject m fast gw inject
—
= : 6.9 h/pdx24h gw inject 6.9 h/pv x 24h
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T40 Sr-85 Desorption with 70 mM Citrate Injection

12
] Rf =1.04, Kd =0.0 Q =0.502 mL/h
0 $i peak conc =12x gw  pv =1.84 mL
® 9 eluted: 50.44% Sr-85 .90 h/pv
n in 22 pv (144 h)
c 64 136% mass eluted initial: 14726 dpm
2 compared to gw or 6529 pCi
% 3 Co0=21959 pCi/L

0+ “ T ‘
0 5 10 15 20 25
pore volumes
T33 Sr-85 Desorption with 100 mM Citrate Injection
8.0
] Rf=<1.1,Kd <0.2 initial: 14726 dpm
v 50 peak conc: 5.3x gw or 6529 pCi
02 4 eluded: 11.34% in 11 pv (14h)  Co0=21959 pCi/L
wn ] sequestered: 69.4% Q=1.431mL/h
< 4'0f (compared to gw desorbed) pv=1.84mL
-S 1 >> or missed initial peak 0.7834 pv/h
g 204 S
= 1 *fifl—i,i‘i - R
0.0 T ‘ T T ‘ T ‘ T T T ‘ T T T ‘ T T T
0 2 4 6 8 10 12
pore volumes
40 T37 Sr-85 Desorption with 10 mM Citrate Injection
o ] Q=0.532mL/h
B30] P asam:
=T 7. pv
(g ] “‘Rf
=) 2'% | pedk conc =3.8x g W
Q1| area41.73 o
© 1.0/ eluted: 25.2% Sr-85 initial: 14726 dpm
4% in20pv (144 h) or 6529 pCi
0.0% 3L9%sequestered  C0=21950 pCill._
0 5 10 15 20
pore volumes
T34 Sr-85 Desorption with 10 mM Citrate Injection
301 Rf = <1.1,Kd = <0.2 Q=1523mL/h
£ ] peak conc: 3.2x gw pv =184 mL
o 1 eluded 26.64% in 110 pv (141h)  0.828 pv/h
P 204 sequestered 28.0% initial: 14726 dpm
o) ] (compared to gw desorbed) or 6529 pCi
'*3 4 C0=21959 pCi/L
0.04—
0
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‘:r36 Sequential: 10 mM cit -> 125 days -> 70 mM cit inj

] Rf=<1.1, Kd =<0.2 Q=1.38mL/h
B 47 peak conc = 4.2x gw pv = 1.84 mL
L] e!uted: 17.24% Sr-85 0.615 pv/h
n 37 in 70 pv (120 h) initial: 14726 dpm
S .1 53.4% sequestered or 6529 pCi
= 2*: (compared to gw desorbed) C0=21959 pCi/L
O 1
07\\H‘\\H‘\H\‘\H\‘\\H‘H\\‘\H\T\\H‘H\\‘\H\‘H\\‘Y\\;‘ﬁ\‘\\\\‘\\\\
0 10 20 30 40 50 60 70
pore volumes
400 - : : I
? Sequential Low and High Ca-Citrate-PO4 Injection:
- 1 3. btc for gw injection after low conc injection
£ 3004? l
c 11 Sr-90 mass eluded:
= L “\ 5121.3 dpm or
T.200- ¢ ¢ 0.00231 uCi
o | '
g ¢
& 100 Jo/’/*iﬂ\/‘\‘
0 I A A A L A (R

pore volumes

2.010* : : : —
— Sequential Low and High Ca-Citrate-PO4 Injection:
- . 4. btc for high conc injection
£ 15104
= | _

[
Z1.010*
Q 1 —— o
X . Sr-90 eluded: e e
(7) 5.0 105 55694 dpm or
4 0.0251 uCi
0.0 \ I I \

I
0 0.25 0.5 0.75 1 1.25 1.5
pore volumes

T35 Sr-85 Mobility after 90 day Treatment of 10 mM Citrate

1.0 Rf = 28.79, Kd =5.52 Q=1.646 mL/h
9D peak conc = 1.1x gw pv =184 mL
p 0.7 eluted: 17.38% Sr-85 0.895 pv/h
c 05 in 400 pv (451 h) initial: 14726 dpm
o 53.1% sequestered or 6529 pCi
% 0.2 (compared to gw desorbed) Co0=21959 pCi/L

0 50 100 150 200 250 300 350 400
pore volumes
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A.5 Sr, Sr-90 lon Exchange on Untreated Sediment

. 1.008
O 3
© ]
o ]
< 0.10< _ _
) E apatite-laden sediment
c § .
o
= 0.014
= e —m-m
© ] untreated sediment
O-OO T T \\\\H‘ T \\\\H‘ T \\\\H‘ T \\\\H‘
0.01 0.1 10 100

timel(h)

Sr-85 Sorption Isotherm on 100N Sediment

10%=
3 Na washed 100N sed.
] 3.67mMNa2co3 &
3 IS =11 mM, pH 9.9 |
10°4 1g/20mL )
é Langmuir:
102+
CE
° =
E
3 ]
o 10%
o] Ca washed 100N sed.
1073 3.67 mM Ca(NO3)2
: IS=11 mM, pH =6.83
E 1g/20mL M =3 umol
] K=2
10-8 T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ LRULLLL

10 108 10 10 102 10° 10?
C (umol/mL)
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fraction Sr-85

fraction Sr-85

T32A Sr-85 Desorption in Untreated 100N Sediment

1.00 Rf =47.57, Kd =9.09 cm3/g initial: 14726 dpm
] eluted: 28.72% or 6529 pCi
0.75- in 350 pv (183 h) C0=21959 pCilL
7 Q=3.52mL/h
0.50- pv =1.84 mL
. 1.913 pv/h
0.25—
0.00
0 100 200 300 400
pore volumes
1.00 T32 Sr-85 Desorption in Untreated 100N Sediment
T Rf = 61.315, Kd = 11.8 cm3/g
0.75 initial: 14726_dpm
1A= or 6529 pCi
1 Q=3.703mL/h C0=21959 pCill
0.50- 2\61 1%‘ mL eluted: 37.02%
| ooy in 140 pv (70 h)
0.25-
0-00 T T T T ‘ T T T T ‘ T T T T ‘ T T T ‘ T T T ‘ T T
0 25 50 75 100 125 150

pore volumes
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A.6 Sr, Sr-90 lon Exchange on Apatite (<100 h)

Sr-90 (aq)

1 half-life

] 3.4 min
0.2
1 half-life 8 h
4 2.07 g apatite/L
0 T T T T
0.01 0.1 1 10 100
time (h)
1

Sr-90 Adsorption Rate (multistep), T47
1. rapid for easy access sites
2. slow (hours) for intraparticle diffusion

ratel=7.2/h, rate2=0.045/h
©18=0.18*exp(-c14*7.2) + 0.20*exp(-c14*0.045)+0.62

Sr-90 fraction aqueous

. rate 1=12.2/h, rate2=0.085/h
€15=0.59%exp(-c14*12.2) + 0.17*exp(-c14*0.085)+0.24

5.14 g/L

14960/

ratel=32.2/h, rate2=.085/h
+ * * +

40 60
time (h)

Tex Sr-90 Adsorption Rate, T47.1-7

1 rate=12.2/h, 34m|n
4 intrinsic 5.9/(h g/L)

Sr-90 fraction aqueous

1 rate= 32 2/h 1.3 min, intrinsic 1. O7/(h g/L) 30.13 g/L
T

0 0.5 1.5 2
time (h)
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S (umol/g)

Kd (cm3/g)

. Sr-85 Sorption Isotherm on Apatite

10°
é Na washed apatite
7 3.67 mM Na2CO3
10%< IS =11 mM, pH 9.44
] 1g/2440 mL
_ Langmuir:
E S = MKC
vl 1+KC
10 M = 30000 _
_ (30 mmol)
K=05_ A
10°=
—; Ca washed apatite
3 3.67 mM Ca(NO3)2
1024 IS =11 mM, pH 7.12
19 /2440 mL
_ M = 30000 (30 mmol)
E K =0.002
10_47 T \HHH‘ T \HHH‘ T \Hm T HHH\‘ T \HHH‘ T \Hm TTTTT
108 10°® 10 10 10° 102 10*
C (umol/mL)
2000
] .. Sr Adsorption to Apatite
1500 u |
] u
1000 m
] |
500
07 \\\\\\‘ \\\\\\‘ T T T T
10 10 10*

-3
10 apatite (g)/mL
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Sr-90 Adsorption Rate, T47.1-7

%2
>
S
go.
—
S 0. —=— 1496 g/L "
S
= 0.4 —e—207g/L —a
o ———0.96 g/L
= 0.2 —— 0.35g/L
- L—-\.—. —e—027g/L
U) ﬂ‘ T T T ‘ T T T ‘ T T T ‘ T T T T T
0 20 40, (hrs)60 80 100
v 1 _
o 1 - sorption Rate, T47.1-7
o 0.8- ) _
3 —
o
c 0.6 —=— 1496 glL
o _
= 04- —e—207g/L
S —— 0.96 g/L
= 0.2 —— 0.35¢g/L
5] —e—027g/L
T \\\\\H‘ T \\\\\H‘ T \\\\\H‘ T T T TTTT
0.01 0.1 t (HTS) 10 100
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A.7 Sr,Sr-90 lon E

xchange on and Incorporation in Apatite

Influence of Ca/Sr Ratio on Sr-90 Uptake at 82C

1 4 - S P e A
0.8
S 06’
\(7)/ 1 gg(aq):Sr(aq)
Y— 04i —o6—251
] 22'0+ 0.378 g apatite/L
0.2 Z ZoLrgw T55.6-16
1—¥-251 + 140 mg/L Mg 1S=35 mM
1 ® 220 gw
T \\\\\\\‘ \\\\\\‘ \\\\\\‘ L
4
1 10 100t (hrs) 1000 10
1 Influence of Ca/Sr Ratio on Sr-90 Uptake at 82 C
o 0.84
I ]
S 0.6
S ]
% 04 185 75
= ] 25118575
0.24 20.018=22 0.378 g/L Apatite
1 SO 1SE1eTs (0.018 g apatite in 50 mis)
\\\\\H‘ \\\\\H‘ T \\\\H\‘ T T T TT1TT
1 10 100 t (hrs) 1000 10"
1 :
] Influence of lonic strength and Caat 82 C
o 0.8 v =
© ]
o 0.6+
o ]
(7) 04{ Ca(aq):Sr(aq)
= 1 $g :g = 2-575 0.378 g/L Apatite
0.2 ¥ 136,1S = 17, GW (0.018 g apatite in 50 mls)
] — 8136, 1S = 45, GW t55.15
T \\\\\H‘ T \\\\\H‘ T \\\\\H‘ T T T T TTTT
1 10 100 t (hrs) 1000 10*
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Sr-90 fraction aqueous

] T(C) ionexl ionex2 Srinc \
0.4 @m)y  (uh) (Uh)
182 045 012 7.3E-4 AR\
1 N
142 050 022 7.2E-4 A\
22 050 0.22 6.2E-4 W\
O'T, 0.378 g/L AN\

82 ¢9=0.28*exp(-c8*0.45)+0.54*exp(-c8*0.00073)+0.18*exp(-c8*0. th

42 c11=0.18*exp(-c8*0.50)+0.72*exp(-c8*0.00072)+0.1*exp(-c8*0.2.
22 ¢12=0.14*exp(-c8*0.50)+0.81*exp(-c8*0.00062)+0.05*exp(-c8*0.2

1 62 c10=0.18*exp(-c8*0.50)+0.64*exp(-c8*0.00073)+0.18*exp(-c8*0. 1}2\
2 \
2)

0 T \\\HH‘ T T \\HH‘ T T \\HH‘ T \\\HH‘ T \\\777\7:7\:\/\
0.1 1 10 100 10° 10*
time (h)
| T56-T59 Sr- 90 Ads. + Seq. to Apatite
i !\ X -
» 0.8 ]
) i
o
S i
: |
g
c 06
© 7
I3} 4 T(C) ionexl ion ex2 Srinc
s ] 1y () (Uh)
8. 04] 8 055 00012 82E5
b} | 42 050 0.0012 4.2E-5
1 22 050 0.0012 1.2E-5
0.2
O T \\\HH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘ T T T TTTTT
0.1 1 10 100 10° 10*

time (h)
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A.8 Sr, Sr-90 lon Exchange on Apatite and Sediment with Incorporation in

Apatite

fraction Sr-90 (aq) fraction Sr-90 (aq) fraction Sr-90 (aq)

fraction Sr-90 (aq)

1 —
0.9- Sr uptake by Apatite in Groundwater
0.8 with Sediment, 62C
i model fit:
0-7§ ion exch 1: 0.45/h
0.6+ ion exch 2: 0.025/h
0.54 ¢ incorp: 3.5e-5/h
0.4 1.0 g 100N sediment — LS s abd
0'32 0.0175 g apatite "\'\.\
"3 50 mL groundwater
0-2 T T \\HH‘ T T \\\\H‘ T T \\HH‘ T \\HH‘ T T T T TTTT
0.1 1 10t (hrs) 100 1000 10
1 —
0.9- Sr uptake by Apatite in Groundwater
0.8 with Sediment, 42C
i model fit:
0.7§ ion exch 1: 0.45/h
0.6+ ion exch 2: 0.025/h
0.54 n incorp: 6.5e-5/h
'3 1.0 g 100N sediment
0'4§ 0.0175 g apatite " " =
0.35
>3 50 mL groundwater
0-2 T T \\HH‘ T T \\\\H‘ T T \\HH‘ T T \\HH‘ T T T T TTTT
0.1 1 10t (hrs) 100 1000 10
1 —
0.9- Sr uptake by Apatite in Groundwater
0.8 with Sediment, 22C
i model fit:
0-7§ ion exch 1: 0.45/h
0.6+ ion exch 2: 0.025/h
0.55 B g incorp: 6.5e-5/h
0.4 1.0 g 100N sediment ——B— mEE
‘3 0.0175 g apatite
0.35
>3 50 mL groundwater
0-2 T T \\HH‘ T T \\\\H‘ T T \\HH‘ T T \\HH‘ T T T T TTTT
0.1 1 10t (hrs) 100 1000 10
1 —
0.9- Sr uptake by Apatite in Groundwater
0.8 with Sediment, 82C
0.71 model fit:
= ion exch 1: 0.5/h
gg ion exch 2: 0.025/h
O. = 1.0 g 100N sediment incorp: 2.9e-5/h o A AasA
‘3 0.0175 g apatite B
0.3 A
>3 50 mL groundwater
0-2 T T \\HH‘ T T \\\\H‘ T T \\HH‘ T \\HH‘ T T T T TTTT
0.1 1 10t (hrs) 100 1000 10
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Sr-90 and Untreated 100N Sediment (T14.1)

fraction Sr-90
o
o
o

solid phase extrggtions

conclusions: this is a control. Shows 85% of the Sr-90 is
1 onion exchange sites

—Mll—ion exchangeable (0.5M KNO3)
—~/—carbonate (0.05M EDTA)
—A—residual (4M HNO3)

X

500 1000 1500 2000 2500 3000
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