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Problem Statement: QY GS|

1,4-Dioxane Sites are Challenging to Manage

Historical Max. 1,4-D  1,4-D plumes are generally dilute
Concentrations at 400
Sites * Key concern at DoD sites
Historical Max. 1,4-D _.- * Recent survey of 400 primarily
Concentrations at Wells commercial/industrial sites:
1E+3 median site had historical max.
concentration of 110 pg/L
~ 1B
>
= 4En
g | * 1,4-D plumes are often diffuse
é—; 1E+0 with poorly defined “source
T areas”
iEal | __ _ * Similar concentrations
AF Plants Installations Commercial/Industrial/DoD Sites throughout much of plume
Source: Chiang, Anderson, Wilken, Source:Adamson et al., 2015, £S&T;
and Walecka-Hutchison, 2016, updated 2023 (unpublished)

Remediation 3



Problem Statement: QY GS|

1,4-Dioxane Sites are Challenging to Manage

Historical Max. 1,4-D * Long-term management using
Concentrations at 400  Most Recent Max. Monitored Natural Attenuation
Sites - .
14D (MNA) may be an option
Historical Max. 1,4-D Concentrations at . '
Concentrations at Wells 400 Sites * Requires understanding of

1E+s

relevant attenuation processes
| - 1 and associated rates
e 1 | | P e |- * Median of the most recent
1E+ “«T max. detections at these same
| sites is 17 pug/L (decreased
180 from 110 pg/L historical max.)

)

ke

=

@

=

@

3

(]

< |

T OB e “Attenuation” is likely

TEx occurring, but what type?
AF Plants Installations Commercial/Industrial/DoD Sites
Source: Chiang, Anderson, Wilken, Source:Adamson et al., 2015, £S&T;
and Walecka-Hutchison, 2016, updated 2023 (unpublished)
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What Processes Can Contribute to Dilute/Diffuse 1,4- Qy GSI

ENVIRONMENTAL

Dioxane Plumes?

e Plume biodegradation

g

Q

<

[ |

Distance
0 Source depletion
g e Other
8 & considerations
a
:lrr Low source
Time strength?
e Migration (advection) Mult|9|e and/or
on-going sources?

Matrix diffusion?

3

114'D Plume
Length

Time



QW GSI

Summary of Empirical Rate Data for 1,4-Dioxane . rowen

Range of 1,4-D Half-Lives (yr)
(log-scale)

Median = 2.2 yr .
1,4-D Degrading Pure Cultures 0.3 1 KEY POINTS:

(Ramos-Garcia, Danko et al., 2022)

* 1,4-D source
decay can be

Median = 3.6 yr

Source Attenuation Rates rapid
(n = 22 sites + 131 wells; Adamson et al., 2015) 0.3 * 14
1,4-D is
Median = 9 yr biodegradable,
Site-Widg Biodegradation Rates | but rates can be
(n = 9 sites; Adamson et al., 2022) 4.0 _> 1000 slow and activity

is location-
specific

. . Median = 66 yr
Well-Specific Biodegradation Rates

(n=26 wells; Adamson et al., 2022) 1.9 — 328




Using Rates to Model Natural Attenuation WGS|
Scenarios ENVIRONMENTAL
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Using Rates to Model Natural Attenuation QY GS|

ENVIRONMENTAL

Scenarios

MNA Rate Constant Estimator |sire Name |Generic Site ‘Run Name 1 |Da1e/0ther ‘
N 2000 Source | 2020 Actual | 2020 Modeled
(oat) (ught) (ug/t) KEY:
1. ADVECTION Year Source Released| 1970 | froocx) 14-Dioxane| 500 1,000 Enter directly 115
. - . Calculoted, can
o n s a n Seepage Velocity Vs 90.0 |(ft/vr) Year for Initial Source Concentration 2000 fsexoex) e 0.02
Restore Formula Source Attenuation Rate: o
or Select a typical rate below, or adjust the rate so Column © best] 0.000 (per year) .
matches Column P. -
'l X . SR | LTy ————
Estl m ato r Mydrouc Conductity K| LSEA08 [[0hr) | g WK e s s e B e
Hydraulic Gradient i 0.0012 _|(i/fe) 5. FIELD DATA FROM MONITORING WELLS ALONG PLUME CENTERLINE
Effective Porosity  ne 02 |H) I
2. ADSORPTION Collected: (ug/t) (ug/t} (ug/t) (ug/t} (ug/t) (ug/t) (ug/l) (ug/t) Criteria (ug/L)
Total Porosity  n 023 |M 2020 1,4-Dioxane 250 100 51 49 8 1.00
Fraction Organic Carbon  foc 0.002 |+ Distance from Source (ft) 560 650 930 1085 2000
Retardation Factor  Rf 10 |M Well Name {optional) |  Mw-1 Mw-2 MW-3 MW-4 MW-5 MW-6
Restore |
3. GENERAL 6. BIODEGRADATION: ADJUST TO MATCH FIELD Biodegradation Rate Constant Estimation Tools (Optional)
Calibrate Madel to Data From this Year| 2020 (o) DATA; USE 6B OR 6C FOR HELP 6b: Estimate from Biomarker Data 6c: Initial Estimate from Field Data (Abave)
See Output in this Year| 2020 [fo0q First Order Rate Constant Biomarker Type: = First Order Rate Constant
Intended Use #1 e e e e e e e Rl el sy U — 14 Oicane | (Pe year) o | DAV - lper year) 1""““““““’””"” oS [ T T R ———— ~
. reliminary piom
Distance from Source to Receptor| 4000 |(ft) e e Enter Biomarker prma| {per year) ,
i i s P e PO Intended Use #2:
Determine appropriate = e | :
ge.
Total _ (per year)

rate constants for RUN s T wowe | e

o o Plots Below Complex Model Select Model Page

Evaluate how fara
re I eva nt n atu ra I Plots below can be edited. For model output data used in the plots below, see cell B47 in the "Complex" model. d ISSO Ived p I u m e WI I I
1,4-Dioxane Modeled Concentrations in 2020 LD | fedoee

I
I
I
I

degradation processes o -—: extend under natural
I
I
\

(by calibrating model -1 attenuation scenario
with Cvs d data)

\----_,

4
\

- .

Concentration (ug/L)

o 1,000 2,000 3,000 4,000 5,000 6,000 1,000 8,000
Distance from Source (feet)

RMSE: Root Mean Square Error. The lower the number, the better fit between the model and the field data. The number is the typical error between a measured point and the model results.



Using Rates to Model Natural Attenuation QY GS|

ENVIRONMENTAL

Scenarios

Plume

Biodegradation Rate
4 :
Low/High High / High

0.1yrt __|

0.01yrt —1

| | High / Low |
Low / Low n/ | Source

> Attenuation Rate

0.01 yr 0.1yr? 9



Scenario #1: “Iypical” Rates for 1,4- Qv GSI

ENVIRONMENTAL

Dioxane Based on Multi-Site Data

Plume
Biodegradation — * High source

Rate )
A attenuation

0.1yrt __| biodegradation

0.01yr! — . | | | x

Low / Low ngh:/ Low

; C | | Source

» Attenuation
Rate

0.01 yr 0.1 yr? 10




Scenario #1:

“Ipical” Rates for 1,4-

Dioxane Based on Multi-Site Data

1,4-Dioxane Modeled Concentrations in 2003

10,000. r
i
|
[
[
1,000. + '
i
— i
5 H 1,4 Dioxane
[
= 100. + : ----- Receptor
2 !
E i — — Criteria {ug/L}
t i
c 10 + '
] (]
c i
=2 i
et i
z [
ﬁ L ____________T_____________"
3 '
a i
=t I
— 01 T T T T ll T T
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000

Distance from Source (feet)

8,000

INPUT VALUES:

1,4-D release date = 1970

Regulatory criterion = 1.0 pug/L

1,4-D initial concentration = 1000 pg/L 1,4-D source rate = 0.1 yr?!

Seepage velocity = 50 ft/yr

1,4-D plume rate = 0.01 yr!

QW GSI

ENVIRONMENTAL

2003

11



Scenario #1:

“Ipical” Rates for 1,4-

Dioxane Based on Multi-Site Data

QW GSI

ENVIRONMENTAL

1,4-Dioxane Modeled Concentrations in 2023

10,000. r
i
|
[
[
1,000. + '
i
— i
5 H 1,4 Dioxane
[
= 100. + : ----- Receptor
2 !
E i — — Criteria {ug/L}
t i
S 10 + '
] (]
c i
=2 i
et i
z [
ﬁ L _______T_____________"
3 '
a i
=t I
— 01 T T T T ll T T
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000

Distance from Source (feet)

8,000

INPUT VALUES:

1,4-D release date = 1970

Regulatory criterion = 1.0 pug/L

1,4-D initial concentration = 1000 pg/L 1,4-D source rate = 0.1 yr?!

Seepage velocity = 50 ft/yr

1,4-D plume rate = 0.01 yr!

e Similar
concentrations
throughout
majority of
plume length
(1-10 ug/L)
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Scenario #1:

“Ipical” Rates for 1,4-

Dioxane Based on Multi-Site Data

1,4-Dioxane Modeled Concentrations in 2043

10,000, :
]
1
I
1
1000, + !
]
— ]
§ H 1,4 Dioxane
I
= 100. + : ----- Receptor
2 X
E i —— Criteria {ug/L)
t 1
£ 10 ¢+ !
E i
S 1
et ]
z i
3 ]
a 1
<+ i
— 01 1 T T T ll T T
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000

Distance from Source (feet)

8,000

INPUT VALUES:

1,4-D release date = 1970

Regulatory criterion = 1.0 pug/L

1,4-D initial concentration = 1000 pg/L 1,4-D source rate = 0.1 yr?!

Seepage velocity = 50 ft/yr

1,4-D plume rate = 0.01 yr!

QW GSI

ENVIRONMENTAL

2043

13



Scenario #1: “Iypical” Rates for 1,4- Qv GSI

Dioxane Based on Multi-Site Data

1,4-Dioxane Modeled Concentrations in 2063 206 3
10,000,

1,000. +

1.4 Dioxane

----- Receptor ¢ Max
— — Criteria (ug/L) concentration

100. +

10. +

1.4-Dioxane Concentration {pg/L)
--_.........|_ A Lt L I A

e Plume does

L] L] L) L) L) L)
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000

Distance from Source (feet) nOt Stablllze
* Semi-
INPUT VALUES: detached
1,4-D release date = 1970 Regulatory criterion = 1.0 ug/L
1,4-D initial concentration = 1000 pg/L 1,4-D source rate = 0.1 yr?!

Seepage velocity = 50 ft/yr 1,4-D plume rate = 0.01 yr! ¥




Scenario #2: Conditions Very Favorable for 1,4- Qy GS|

ENVIRONMENTAL

Dioxane Biodegradation

Plume
Biodegradation — ¢ High source

Rate )
A attenuation

Low/High 8 High / High * High plume

o1yt | x biodegradation

0.01yr* —

Low / Low ngh:/ Low

; C | | Source

» Attenuation
Rate

0.01 yr 0.1 yr? 15




Scenario #2: Conditions Very Favorable for 1,4- Qy GS|

Dioxane Biodegradation

1,4-Dioxane Modeled Concentrations in 2003 2003
10,000,

1
i
|
[
[
1,000. + ]
i
— i
5 H 1,4 Dioxane
[
= 100. + : ----- Receptor
5= '
- : — — Criteria {ug/L}
£ .
E w0} :
o i
c i
=2 i
et i
z [
= L T_____________"
3 {
3 :
"'_; Gul L] L] L} L) ll L) L)
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000

Distance from Source (feet)

INPUT VALUES:
1,4-D release date = 1970 Regulatory criterion = 1.0 ug/L
1,4-D initial concentration = 1000 pg/L 1,4-D source rate = 0.1 yr?!

Seepage velocity = 50 ft/yr 1,4-D plume rate = 0.1 yr? ®




Scenario #2: Conditions Very Favorable for 1,4- Qy GS|

Dioxane Biodegradation

1,4-Dioxane Modeled Concentrations in 2023 202 3
10,000,

1,000. +

(]
!
:
!
_ !
= : 1.4 Dioxane
% 100. T E ----- Rece ptor ® Max
E [ P M
E [ ——triterir{ug/t) concentration
S 10 ¢ !
8 E <10 ug/L
s 0 = * Diffuse?
a H .
3 o1 ' e (Concentrations

L] L] L) L) L) L)
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000

Distance from Source (feet) va ry by ~ 2
orders of
INPUT VALUES: magnitude
within plume
1,4-D release date = 1970 Regulatory criterion = 1.0 pg/L (0.1 -10 ug/L)
1,4-D initial concentration = 1000 pg/L 1,4-D source rate = 0.1 yr?!

Seepage velocity = 50 ft/yr 1,4-D plume rate = 0.1 yr? 1




Scenario #2: Conditions Very Favorable for 1,4- Qy GS|

Dioxane Biodegradation

1,4-Dioxane Modeled Concentrations in 2043 2043
10,000.
1
i
i
1,000, + '
_ i
= H 1,4 Diaxane
% 100, + I: ----- Receptor
2 i
E i — — Criteria {ug/L}
E i
S i
P | S A i — — I
a ]
< i
— 01 1 i t } ll T T
0 1,000 2,000 3,000 4,000 5,000 B,000 7,000 8,000
Distance from Source (feet)
INPUT VALUES:
1,4-D release date = 1970 Regulatory criterion = 1.0 pug/L
1,4-D initial concentration = 1000 pg/L 1,4-D source rate = 0.1 yr?!
Seepage velocity = 50 ft/yr 1,4-D plume rate = 0.1 yr?! 18




Scenario #2: Conditions Very Favorable for 1,4- Qy GS|

ENVIRONMENTAL

Dioxane Biodegradation

1,4-Dioxane Modeled Concentrations in 2063 2063
10,000,

1
]
1,000 i
o g * Dilute o
= L] 1.4 Dioxane
% 100. T E ----- Rece ptor ® Max
S ] — .
E ! — — o concentration
g 10 ¢ ]
8 E <1pug/L
R O e D S —— e - Diffuse @
2 i .
S N | . | | : | _ * Plumeis
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 . .
Distance from Source (feet) S h rn kl ng
INPUT VALUES:
1,4-D release date = 1970 Regulatory criterion = 1.0 ug/L
1,4-D initial concentration = 1000 pg/L 1,4-D source rate = 0.1 yr?!

Seepage velocity = 50 ft/yr 1,4-D plume rate = 0.1 yr? ¥




Scenario #3: W GSI

ENVIRONMENTAL

Persistent 1,4-Dioxane Source

Plume
Biodegradation —— ¢ Low source

Rate .
A attenuation

Low plume
biodegradation

0.1yr* __|

0.01yr! —| x

Low / Low ngh3 / Low

| Source
» Attenuation
Rate
0.01 yr! 0.1 yr! 20




Scenario #3:

Persistent 1,4-Dioxane Source

QW GSI

ENVIRONMENTAL

1,4-Dioxane Modeled Concentrations in 2023

2023

10,000. r
]
i
1
i
1,000, + g
]
— '
5 H 1,4 Dioxane
1
= 100. + : ----- Receptor
=] !
E i — — Criteria {ug/L}
= i
S 10 4 :
=2 i
c '
S i
et L]
z [
s 1. === - - - - - - - - - - - -
8 |
2 i
= [
- 0.1 T T y T + T T
0 1,000 2,000 3,000 4,000 5 000 6,000 7,000 8,000
Distance from Source (feet)
INPUT VALUES:
o

1,4-D release date = 1970

1,4-D initial concentration = 1000 pg/L

Seepage velocity = 50 ft/yr

Regulatory criterion = 1.0 pug/L
1,4-D source rate = 0.01 yr*
1,4-D plume rate = 0.01 yr!

Not Dilute

* Max
concentration
~ 600 pg/L

Not Diffuse

* Concentrations
vary by ~ 3
orders of
magnitude
within most of
plume

21



Scenario #3:

Persistent 1,4-Dioxane Source

QW GSI

ENVIRONMENTAL

1,4-Dioxane Modeled Concentrations in 2063

2063

10,000, r
]
I
1
I
1,000. + '
1
— ]
5 H 1,4 Dioxane
1
= 100. + : ----- Receptor
=] !
E i — — Criteria {ug/L}
t 1
c 10 + '
=2 1
. ]
o
2 i
s 1. = = —_—-
g r
2 i
= [
- 0.1 T t y T + T T
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000
Distance from Source (feet)
INPUT VALUES:
o

1,4-D release date = 1970
1,4-D initial concentration = 1000 pg/L
Seepage velocity = 50 ft/yr

Regulatory criterion = 1.0 pug/L
1,4-D source rate = 0.01 yr*
1,4-D plume rate = 0.01 yr!

Not Dilute

* Max
concentration
~ 400 pg/L

Diffuse?

* Concentrations
vary by ~ 2
orders of
magnitude
within most of
plume
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When is a 1,4-Dioxane Source “Persistent”? WGSIH

ENVIRONMENTAL

e Source is in vadose zone with limited —-__________

recharge > c \ Concentrations will still

o , decrease (slowly) at most/all
e Source is in saturated zone with ~ -----------mmmmmmmmmme > locations over time
poor flushing and/or slow dissolution .- >

e Source is in low-permeability zone
(matrix diffusion)

-
-
-
—_____
-
-
-

Concentrations may plateau

e Source is continuing to be released to ---------------------- > over time

the subsurface

e Points of compliance (or other

t
t
: . . C . mmmmmmmmmmmmmmeemeeeo] > i i
monitoring locations) are distant from C /\ Concentrations could still
t

source Increase over time

23



When is a 1,4-Dioxane Source “Persistent”? ”GSI

e Source isin vadose zone with limited

recharge c \ Concentrations will still

o _ decrease (slowly) at most/all
e Source isin saturated zone with locations over time

. . . t
poor flushing and/or slow dissolution »
/' Source is in low-permeability zone <,
I (matrix diffusion) E _
: , o i C ~  Concentrations may plateau
I e Source is continuing to be released to :L ------------------ > overtime
! the subsurface | t
|
|
i e Points of compliance (or other l
: L . . e > : :
| monitoring locations) are distant from ! C Concentrations could still
\\ source /' : Increase over time
\~ _’
Fmmmmmmm e ——mmmmm———————————————
|
|
L

--+ KEY POINT: Each of these cases could also result in dilute, diffuse plumes. 24



SUMMARY AND IMPLICATIONS WGS|

* Dilute and diffuse plumes of 1,4-D can originate

Septic system
from common fate and transport processes

example:
g Effluentserves =& e High source decay rates + low plume
" as low ppb T biodegradation rates
source of 1,4-D  Location of max. concentration may shift over time
present in ,
' * Multiple sources may be present
consumer —
& products * Prevalence of dilute and diffuse 1,4-D plumes
suggests that empirically derived rates are
= reasonable
~ * Attenuation is likely occurring - driven by source
& decay
e * Persistent 1,4-D sources are still possible in

some cases

25



QW GSI

ENVIRONMENTAL
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Problem Statement:

QW GSI

1,4-Dioxane Sites are Challenging to Manage

Distribution of Historical Maximum 1,4-D

Concentrations

1,4-Dioxane (ug/L)

1E%
1E+2
1E4
1E+0:
161

1E-2.

AF Plants Installétions

Commercial/
Industrial/DoD Sites

Source: Chiang, Anderson, Wilken,
and Walecka-Hutchison, 2016,
Remediation

Source:Adamson,
Anderson, Mahendra, et
al., 2015, £S&T

Typical in situ treatment strategies may be
ineffective and/or costly

Long-term management using Monitored
Natural Attenuation (MNA) may be an option

* Requires understanding of relevant attenuation
processes and associated rates

e “Attenuation” is likely occurring, but what type?

27



Problem Statement:

QW GSI

1,4-Dioxane Sites are Challenging to Manage

Distribution of Historical Maximum 1,4-D

Concentrations

1E+3 -
__1E2
|
2
3 1B
g _
a 1E+0
< :
T 1E1

1E2. - — Commercial/

AF Plants Installations Industrial/DoD Sites

Source: Chiang, Anderson, Wilken,
and Walecka-Hutchison, 2016,
Remediation

Source:Adamson,
Anderson, Mahendra, et
al., 2015, £S&T

1,4-D plumes are generally dilute
* Key concern at DoD sites (see chart)

* Recent survey of 400 primarily
commercial/industrial sites shows that
median site had historical maximum
concentration of 110 ug/L

1,4-D plumes are often diffuse with
poorly defined “source areas”

* Similar concentrations throughout
much of plume

28



Problem Statement:

QW GSI

1,4-Dioxane Sites are Challenging to Manage

Distribution of Historical Maximum 1,4-D

Concentrations

1,4-Dioxane (ug/L)

1E%
1E+2
1E4
1E+0:
161

1E-2.

AF Plants Installétions

Commercial/
Industrial/DoD Sites

Source: Chiang, Anderson, Wilken,
and Walecka-Hutchison, 2016,
Remediation

Source:Adamson et al.,
2015, £S&T;updated 2023
(unpublished)

Typical in situ treatment strategies may be
ineffective and/or costly

Long-term management using Monitored
Natural Attenuation (MNA) may be an option

* Requires understanding of relevant
attenuation processes and associated rates

* Median of the most recent maximum
detections at these same sites is 17 ug/L
(decreased from 110 ug/L historical maximum)

e “Attenuation” is likely occurring, but what
type?

29



