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PROBLEM: 1,4-Dioxane is Widely Occurring

Data collected from U.S. public water systems during 'y
UCMR3 (2073-2015) KEY POINTS
Voo e oS  1,4-D detected above method
e, : P reporting limit (MRL = 0.07 ug/L) in
sample(s) from 21% of public water
systems
* 1,4-D detected above health-based
reference concentration (RC = 0.35
ug/L) in sample(s) from 7% of public
water systems
1,4-Dioxane
~ Below MRL . Source:Adamson, Pina, Cartwright, Rauch,
; ﬁﬁgﬁ ggL R -' Miles Anderson, Mohr, and Connor, 2017, STOTEN
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PROBLEM: 1,4-Dioxane Sites are Challenging to Manage

Historical Max. 1,4-D * 1,4-D plumes are generally dilute
Concentr;?g:s at400 _-* Recent survey of 400 primarily
o e commercial/industrial sites:
Historical Max. 1,4-D T median site had historical max.
Concentrations at Wells .
concentration of 110 pg/L
1E+ S— :
| * 1,4-D plumes are often diffuse

~ 182 with poorly defined “source areas”
> |
= 1E+ e Similar concentrations throughout
g | much of plume
a5 1Ew
%  |nsitu remedial options are limited

1E-1

| — * Many typical methods are likely to
1E_2 . . _ o] eq e
AF Plants Installations Commercial/Industrial/DoD Sites be ineffective or cost-prohibitive
Source:Chiang, Anderson, Wilken, Source:Adamson et al., 2015, ES&T;
and Walecka-Hutchison, 2016, updated 2023 (unpublished)
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1,4-Dioxane (ug/L)

1E+s
1E+2
1E*1j
1E+0

1E+1

1E-2

Historical Max. 1,4-D
Concentrations at Wells

AF Plants Installations

Historical Max. 1,4-D

Concentrations at Most Recent * Long-term management using
400 Sites Max. 1,4-D Monitored Natural Attenuation
Concentrations .
~ 400 Sites (MNA) may be an option

Commercial/Industrial/DoD Sites

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

Source:Adamson et al., 2015, ES&T;
updated 2023 (unpublished)
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* Requires understanding of
relevant attenuation processes
and associated rates

* Median of the most recent
max. detections at these same
sites is 17 pug/L ({ from 110
ug/L historical max.)

* “Attenuation” is likely occurring
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PROBLEM: MINA May be Best Approach at Some Sites

Evidence for attenuation of 1,4-D at field sites
7 (e.g, Adamson et al, 2015;Li et al, 2075; Gedalanga et al,,
20176;da Silva et al,, 2018: Jackson et al,, 2022)

FE’ES/.b/.//.l"y Of Better understanding of 1,4-D behavior and

distribution at contaminated sites

MNA f Or 7 y 4 -0 2 (e.g, Adamson et al, 2074, 20176; Chiang et al,, 2016, Karges et

al,2018)

Improved forensic tools to support MNA

3 evaluations
(e.g, Gedalanga et al,, 2016; Zhang et al., 2017; Bennett et al.,
2018;Danget al, 2018: Miao et al, 2021)
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P — “x\
PROJECT OBJECTIVES \

1. Demonstrate protocol for directly measuring rate constants for natural
biodegradation of 1,4-Dioxane using '“C-labeled 1,4-Dioxane

2. Develop decision framework to evaluate MNA as a remedy for 1,1,1-TCA, 1,1-
DCA, 1,1-DCE, and 1,4-Dioxane

* Develop F&T model (similar to BIOCHLOR) to estimate rate constants for these
compounds

* Build new version of BioPIC software that includes F&T model

3. Collect and evaluate various lines of evidence (LOEs) for MNA for 1,4-Dioxane
« Specific focus on understanding prevalence, rates, and convergence between
LOES Focus of this talk
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OVERVIEW OF TECHNICAL APPROACH

Pacific ’IIIII' :
Region 1\ 1 site
4 sites Mid-West

—_T_- R‘egion

e 10 sites where data was
collected

« 8DoD

« 2 Industrial/ Commercial

Southeast * 1,4-dioxane present
Region

3 sites « Max at any site = 10,000 ug/L
« Generally Max < 100 ug/L

REMIEC

EMERGING CONTAMINANTS (@ o Fo]:] ) " i Lot {1 b
SUMMIT




OVERVIEW OF TECHNICAL APPROACH

/

* Collect groundwater
samples from 4 or 5 existing
monitoring wells along
groundwater flow path

North
< Well 1 I
2
~~
Q
g O
Q
2
°
<
§
S
A
<
3
g Well 4
Well 2
O pe/L
/L
Well 3
O pg/L
Wi mple
O Lor tnroira0
O eeeeeeeee (not sampled
fo )

230 ft
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OVERVIEW OF TECHNICAL APPROACH

Well 1 I

Focus on data that support lines
of evidence approach for MNA

Groundwater Flow Direction

cometabolic)

Clemson

Well 4
(primary, secondary, tertiary)
Well 2
O >0.5 ug/L
Well 3 zspelt

O >10 pg/L

Well Sampled for

O ESTCP ER-201730

O Other Well (not sampled
for ESTCP ER-201730)

230 ft

—————
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* Concentration vs. distance data,
hydrogeologic parameters
» Key for predicting degradation
rates using F&T model

* Geochemical data (e.g., DO)

» CSIA data (6%H, 613C)
e Biomarkers for biodegradation
(THFXO/DXMO, ALDH, possible

» 14C-1,4-Dioxane Assay developed by

OCTOBER 3-5, 2023



RESULTS: 1,4-Dioxane Degradation Rates from 14C Assay

54 groundwater samples analyzed

 Statistically significant 1,4-D rate constant
(k..) obtained in 24 samples

At least 1 significant rate constant at 9 of
10 sites (i.e., 90% of all sites)

o 25—-75% of locations at these sites
had significant rate constant

Median k., = 0.0138 yr!

Min k.. = 0.0021 yr?! Max k.. = 0.367 yr!

Range of k.., values

e (ollective results show that Half life = 328 yr Half life = 50 yr Half life = 1.9 yr

biodegradation of 1,4-dioxane is occurring

at a relatively slow rate when observed K¢ Significant at 45% of sampled locations

Source: Ramos Garcia et al., 2022, JHM,; Adamson et al., 2022, JHM
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B SERDP & PRODUCTS
Final Report

‘ ER-zoa730 Final Report.pdf

Development of a Quantitative Framework
for Evaluating Natural Attenuation of 1,1,1-
TCA, 1,1-DCA, 1,1-DCE, and 1,4-Dioxane in
Anthony Danko, Ph.D.
Groundwater Principel investigator

MNAVFAC EXWC
ER-201730 Phone: (B05) 982-4805 User's Guide
anthony.s.danko.civi@us_nawvy.mil BioPIC User's Guide and Tool

POINT OF CONTACT

‘ ER-z01730 BioPIC User's Guide
and Tool.zip

16/2023

User's Guide

Free Excel-based modeling S
tOO| R B Er-201730 MNA Rate Constant

Estimator User's Guide and Tool.zip

“MNA Rate Constant ——
Estimator”

https://www.serdp-estcp.org/projects/details/bd9c56ae-
002e-40fc-88cf-4a9c8566de93/er-201730-project-overview



https://www.serdp-estcp.org/projects/details/bd9c56ae-002e-40fc-88cf-4a9c8566de93/er-201730-project-overview

RESULTS: 1,4-Dioxane Degradation Rates from F&T Model

|MNA Rate Constant Estimator |Site Mame ‘Generic Site ‘Run Name ‘ 1 |Darel0‘[her |
1,4-Dioxane 4. SOURCE DATA Source Width| 100 |(feet) Enter: | ovoseate | 2020 el | e tedeed
lug/t) fugt) fug/t) KEY:
a t e 1. ADVECTION Year Source Released 1970 [rexxx) 1,4-Dioxane 500 1,000 Enter directly 115
5 P 5 iculated, ean
Seepage Velocity Vs 90.0 (ft/yr) Year for Initial Source Concentration 2000 (xexxx) caleu zi;:; 0.02
Restore Formula Source Attenuation Rate: Colculated
or Select a typical rate below, or adjust the rate so Column O best 0.000 (per year) e
matches Column P Jocke:
Hydraulic Conductivi K L5E404 Typicol Source Attenuation Rotes: | Constant source: *Some source atten -  Foster source atten 'ﬁsﬁmf;’mﬁ:ﬁ:ﬁﬂf
. ydraulic Conductivity . (fesyr) {for simplest way to run mode! enter zero] | enter Dperyear | 022 per year 045 per year ¢ P e
E S t I m a t O r Hydraulic Gradient i 0.0012  |(fi/ft) 5. FIELD DATA FROM MONITORING WELLS ALONG PLUME CENTERLINE
Effective Porosity ne 0.2 -]
Year Data was
2. ADSORPTION Collected: {ug/L) (ugt) (ught) fug/t) (ught) (ugt) (ug/t) (ug/L) Criteria (ug/L)
Total Porosity n 0.23 i-) 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 1.0 (-) Well Name foptional) Mw-1 MW-2 MW-3 Mw-4 MW-5 MW-6
on TN NN N N S Sy ([ Restore ]
V4 ~ \ 3. GENERAL 6. BIODEGRADATION: ADJUSTTO MATCH FIELD Biodegradation Rate Constant Estimation Tools (Optional)
Calibrate Model to Data From this Year| 2020 (xxxex) DATA; USE 6B OR 6C FOR HELP 6b: Estimate from Biomarker Data Bc: Initial Estimate from Field Data (Above)
L
Intended Use #1 See Outpu i Yemr| 2020 o) Frs Order e ostat. [ BmarerToe . P —
L -
Mcw W [F=ry - - - — 1,4-Dioxane| 0.027 I(peryear,l DXMO ‘ DXMO - (per year) ],4-Di0xane(per year)
. . ——— ] F L Preliminary plume rate
D e t e r m I n e a r.o rl a t e istance from Source to Receptor| 4000 |(ft) Tt T Enter Biomark prmA - (per year)
or 6¢. Change to better match Data RMO - (per year)
field :?‘nai::\e:r::r e Reset RDEG -- (per year)
Total er year)
per y:

s
/4

relevant natural
degradation processes
(by calibrating model
with Cvs d data)

\------l—'

\

-

RUN

Toggle Automatic
Recalculation:
Currently ON

Plots Below

Plots below can be edited. For model cutput data used in the plots below, see cell B47 in the "Complex” model.

1,4-Dioxane

Complex Model

Back to
Select Model Page

H
=1
51

Concentration (ug/L)
=
e

" " N 1,4Di L] Field Dat:
1,4-Dioxane Modeled Concentrations in 2020 o S
----- eceptor — — Criteria (ug/l)
10,000.
o =3

4,000
Distance from Source (feet)

8,000

-

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.

Intended Use #2:

Evaluate how far

a dissolved plume
will extend under
natural

== attenuation

scenario



RESULTS: Comparison of 1,4-Dioxane Degradation Rates

e Model-predicted
site-wide rates
were typically
larger than “C-
derived rates

e Differences were
not entirely
unexpected

Source: Adamson et al., 2022, JHM

SITE

1

2

LEGEND

14C assays—range of all site results

14C assays—result for single well

Model predictions-range

Model predictions- best fit

<0.0001

1,4-Dioxane Biodegradation Rate Constant (per yr)

E O
O
A
OO
00
I A
O
llllllllllllllllllll &llllllll
O
—0
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----ﬂp--
O OO
0.001 0.01 0.1




RESULTS:

Well B

Source
Well

Well 4

®)

.

Well 3

O

CSIA Data

Well A A

Well C

Well D

=5 g/l

>100 pg/L

- >1000 ng/L

O
@)

Well Sampled for
ESTCP ER-201730

Other Wells (not sampled
for ESTCP ER-201730)

52H %ﬂ

AB2H %o

20 -+

10 4

-10 4
220 4
230 +
_40 4

-50

100 -
90 4
80 4
70 1
60 4
50 4
40 3
30 4
20 ]
10 1

§1C%o

AR

—P. tetrahydrofuranoxidans K1
—R. rhodochrous on isobutane
—R. rhodochrous on propane
e Well 1
A Well 2

Well 3
u Well 4

01 2 3 45 6 7 8 910
ASMC%o

« Well delineated 1,4-D plume (co-
occurring w/ CVOCs) (Panel A)

 Strong evidence for isotope
fractionation (6'3C and &4H shift up
and to the right) in downgradient
wells (Panel B)

» Comparison using published isotope
enrichment factors helps establish
biological pathways for observed
patterns (Panel C)

» Evidence for 1,4-D degradation
obtained at 7 of 9 stuady sites

MIEC
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RESULTS: Influence of Geochemical Conditions

e Median DO (1.15 mg/L) was higher at

1.5

Dissolved Oxygen Concentration

wells with significant 1,4-D
degradation than at wells where no
rate could be obtained (0.61 mg/L)
(Wilcoxon Rank Sum test; p = 0.052)
» (Consistent with more favorable
conditions for aerobic
biodegradation pathway for 1,4-D

 Significant 1,4-D degradation was
observed at several wells with <
1 mg/L DO (due to mixing w/in
long-screened wells)

g

Log Dissolved Oxygen Concentration

(mg/L)

0.5

o

-0.5

-1.5

=25

B No significant rates using 14C

B significant rates using 14C

Source: Adamson et al., 2022, JHM
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RESULTS: Biomarker Abundance

e Biomarkers for direct metabolism of
1,4-D were infrequently detected (<

=]

%3]

10% of wells), so limited utility for iE b

predicting rate constants : Q 35}0
e Possible biomarkers for cometabolism g, =% 0 0 0 0

were detected more frequently (25% - e § £2.850 o

5% of wells, depending on biomarker), n% § ;S ;

but no clear correlation with rate 5% & %

constants (see figure) - E e
o Alternate method based on lab-based 14C-Derived Rate

kinetic parameters is included in MNA Constant

model (as “initial guess” during

calibration), but generally

underpredicted rate constant

REMIEC
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RESULTS:

1,4-dioxane
concentrations
decreasing with
distance from source
location?

[
o

Convergence Between Different LOEs for Degradation

1,4-dioxane
biodegradation
established using 14C

Is 1,4-dioxane
biodegrading
based on model
predictions?

Is model-predicted 1,4-
dioxane rate constant
consistent with rate
constants from *C assay?

Are 2H and/or
13C enriched
along the flow

Are geochemical

Are inhibitory CVOCs

conditions supportive | present at low levels

of 1,4-dioxane
biodegradation?

and/or decreasing
with time/distance?

e \Widespread
prevalence of
1,4-D
degradation
based on
multiple LOEs

e Not all LOEs
converged at all
sites

Source: Adamson et al., 2022, JHM



NEW DECISION SUPPORT TOOLS FOR REMEDY SELECTION

chlorinated ethanes

OESTCP BSERDP

BioPIC: Pathway ldentification Criteria

A Decision Guide to Achieve Efficient Remediation of Chlorinated Ethenes, Chlorinated Ethanes, and

1,4-Dioxane
Start Ethenes Start Ethanes Start MNA Overview MMNA Overview MNA Overview
PCF, TCE, rls-[F, VT 1,1,1-TCA, 1,1-I0F, 1,1-TA 1,4 Mnsans PCE, TCE, cis-DCE, WT 1,1.3-TCA, 1,1-00CE, 1,1-DCA 1,-Di A

sutomated by BioPIC is displeyed in the form of flowcharts under the tab "Cverview.”

For further suppart and puidance in how fo answer guestions within BaPIC, consult the Final Repots for the following projects:

1. Cihorinated Ethemes: Development and Vaidation of @ Cuantitative Framework and Mensgement Dapectation Tool for the Sakection of Dicremedistion Approaches (Moniteres Matural Atteniation [MMA], Dicstidlation sndfor Bosugmentation) st Chlorinatad
Envaronmental Bestorabon/Contaminated GroundwaterFrrsistent Contamination/ER 201125

Ethene Stes (ESTCP BR-201124), hitps Jffwerw.serdp cstop. m

Restoration/Contamirate d-Grourdwaler Persistem -ComammationER-201730

Notes: Click the "Start” button above to begin the process for the target compounds. You will automatically go through a "Guided Tour” where you answer the pop-out guestions. If the ™Yes” or "No” buttons are selected,
the next question will appear on the screen, "Decision Criterion” and "Help® buttons provide explanations of the varicws Decision Criteria and guidance for answering a ghven question. An overview of the processes

2. Oiorinated Frhiones and 1,4 MNoxwone: Dewelopment of & Cuantfathve Framewnrk for Fyalusting Matural Attsnuatian of 1,1,1-TCA, 1,.1-0CA, 1,1-DCF, and 1,4-Dikeare In Srouncwater (FSTCP FR-M11730), https:/fwwo serdpesstep anzProaram-AreasFrvraonmental

REMIEC
EMERGING CONTAMINANTS

SUMMIT

Updated BioPIC: decision framework w/ new modules for 1,4-dioxane and

plus...

MNA Rate
Constant
Estimator:

new F&T model
to support
primary LOE

OCTOBER 3-5, 2023



KEY TAKEAWAYS: 1,4-Dioxane Source Decay vs. Biodegradation

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

(log-scale)
Median = 2.2 yr ;’4-D sourct:)e
1,4-D Degrading Pure Cultures e(_:ay can be
(Ramos-Garcia, Danko et al., 2022) 0.3 11 rapld
« 1,4-Dis
Source Attenuation Rates Median = 3.6 yr b.’ d dabl
(n = 22 sites + 131 wells; Adamson et al., 0.3 * 14 1o e.gr.a .a &
2015) - once itisin
_ groundwater, but
Site-Wide IEi(t)degradation Med’la" =9yr rates can be slow
ates —— ivity i
(n = 9 sites; Adamson et al., 2022) 4.0 > 1000 and aCtIVIty IS. :
location-specific
Well-Specific Biodegradation Median = 66 yr
Rates (n=18 wells; Adamson et al., 2022) 1.9 ——— 328
REMIEC
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e Widespread prevalence of 1,4-D degradation capacity (90% of
sites based on 4C assay)

e FEvidence for 1,4-D degradation capacity at monitoring
locations/sites that are anoxic

e Widespread prevalence of in situ 1,4-D degradation (based on
model predictions/isotope fractionation)

e Slow 1,4-D rates are common (may be an artifact of protocol)

e Lines of evidence for 1,4-D natural attenuation did not always
converge

e \/ariability within sites was observed

e |ack of prevalence of direct biomarkers for 1,4-D degradation

e General lack of predictive power for biomarkers

REMIEC
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Journal of Hazardous Materials
Volume 424, Part D, 15 February 2022, 127736

ELSEVIER

Establishing the prevalence and relative rates of
1,4-dioxane biodegradation in groundwater to
improve remedy evaluations

David T. Adamson * & &, John T. Wilson ®, David L. Freedman ¢, Angel Alejandro Ramos-Garcfa %, Carmen
Lebrénd, Anthony Danko ©

Journal of Hazardous Materials
Volume 424, Part C, 15 February 2022, 127540

ELSEVIER

Evaluation of natural attenuation of 1,4-dioxane
in groundwater using a '*C assay

Angel A. Ramos Garcia 2, David T. Adamson ®, John T. Wilson ¢, Carmen Lebrén d,Anlthy S. Danko ¢, David L.

Freedman ® & &

Groundwater
Monitoring&Remediation

Commun ication

State of the Practice Worldwide: Development of a Quantitative Framework for
Evaluating Natural Attenuation of 1,1,1-TCA, 1,1-DCA, 1,1-DCE, and 1,4-Dioxane in
Groundwater

David T. Adamson }% John T. Wilson, Charles J. Newell, Brian A. Strasert, Phillip C. de Blanc,
David L. Freedman, Carmen Lebrén, Anthony Danko
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