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NAPL Sites: A Decade of Reflection

Einerson and MacKay (2001) — Classic paper on mass flux and discharge.

Kavanaugh et al, 2003
SEPA e

Kavanaugh et al, 2013

MATIONAL RESEARCH COUNCIL
OF THE HATCNAL ACADEMES

: Research and Guidance

The DNAPL Remediation
Challenge: Is There a Case
for Source Depletion?
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o DoD / DOE research
o ITRC

ALTERNATIVES FOR MANAGING

THE NATION’S COMPLEX
CONTAMINATED GROUNDWATER SITES

o LNAPL Remediation
o Mass Flux

o DNAPL Strategies
o DNAPL Characterization

o EPA
o Tl Waivers

o Site closure
0o DNAPL Delineation
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Mass Flux / Mass Discharge

Capture Zone Extraction Well I TDF: Technol O i
: ﬂ; echnology Overview

N
- \ Use and Measurement of

Source ame ) Mass Flux and Mass Discharge

/

7’
-
- -
- -

—— Mass Discharge (M,) = Sum of Mass Flux (J) Estimates

Mass discharge affects plume length, risk.

Easily estimated with pumping wells. , E_

Transect A

Example: If need 90% reduction in risk, then
goal is 90% reduction in mass discharge
from source.

www.ITRCweb.org

August 2010
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Outline

1.

Concepts

Mass flux / Mass discharge
DNAPL architecture

Back-diffusion

2. Site Characterization Methods
3. Case Studies
4. Appendices
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CONCEPTS

1.1 MASS FLUX / DISCHARGE
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Mass Discharge = Source / Plume Strength

Plume

[

Source

Strength Plume
Strength

United States
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Mass Discharge = Source / Plume Strength

Plume
Source Plume Plume
Transect Transect 1 Transect 2
X =251t X =300 ft X =600 ft
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Mass Discharge = Source / Plume Strength

ITRC, 2016

Plume

Across any Transect, a Contaminant Plume Conveys:
Groundwater Discharge, Q (e.g., L/day)
Contaminant Mass Discharge, Md (e.g., g/day or kg/year)

Md=Q x C (L/day x mg/L = mg/day)
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Source Strength Affects Plume Length

Site A: Source Strength = 30 kg/y

Site B: Source Strength = 10 kgly

Note: all other conditions are equal for the two sites.

United States
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Mass Discharge Example

Plume

Source Plume Plume
Md=30 kg/y Md=15 kgly Md=5 kgly

Biodegradation occurring along flowpath.

United States
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Mass Discharge Example

Plume o
Source Plume Plume
Md=30 kg/y Md=15 kgly Md=5 kgly
Pumping well
Q =500 gpm

C =Md/Q =5 ug/L

United States
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Frequency of Sites with VOC/SVOC
Mass Discharge Ranges

18 Smaller chlorinated solvent sites: ITRC. 2016
T3 Common Md = 1 to 100 kgly ’

14

12

Number
of Sites 10

0%

o-—- , , , ,
<0.01 0.01to 0.1to 1to 10to 100t~ 51000
0.1 1 10 100 1000
Mass Discharge Interval (kqg/
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Remedial Performance Monitoring

® |Mmd
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Remedial Performance Monitoring

Source
Treatment
Result
® wvw1 C 100x
@ viw-2 C I 2X
MW-3 C 10x

Concentration Trends
— large variability between wells

Mass Discharge Trend
— Single metric, overall / average indicator

- Directly proportional to risk reduction
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What Is Mass Flux? [itrc 2016

1. Specific Discharge, q =K x i ( L )

m?/day
2. Average concentration, C, (g/L)
3. Mass Flux, (J) = q x C (- merday )
2
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Mass Discharge Uses at NAPL Sites

€ Focus remediation — high mass flux zones

A Cross-Section A

High mass flux zone

90% of mass discharge
typically in <10% of
cross-sectional area.

United States
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Mass Discharge Uses at NAPL Sites

& Focus remediation — high mass flux

@ Prioritize - multiple zones or sites
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Mass Discharge Uses at NAPL Sites

¢
¢

@ Interim remedial goal

Case Studies Section 3.1, and

u RlSk redUCtiOn goal Carey, McBean, and Feenstra (2014b)

Mean MdR MdR Interval

EISB: 105x (20x to 556x)
ISCO: 21X (4x to 110x)
Thermal: 31x (6x to 150x)

MdR = Mass discharge reduction
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Mass Discharge Uses at NAPL Sites

& Focus remediation — high mass flux

¢
¢

Prioritize - multiple zones or sites

nterim remedial goal
= Risk reduction goal

= Empirical databases — What's attainable?

® Relative timeframes

€ Plume response to treatment

€ Performance monitoring

\’EPA ironmental Protectio 24t Annual NARPM Training Program
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Transition from Active to Passive Treatment

Case Study — Well 12A Superfund Site, Washington

STEP 1: Active source treatment until interim source strength reduction goal is achieved.

EISB

Treatment
Supply Well
e

STEP 2: After this goal is achieved, transition to MNA in source zone

‘ ‘ @ Supply Well

United States
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CONCEPTS

1.2 DNAPL TRENDS
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Residual NAPL (Ganglia)

DNAPL Ganglia (singlets)

Residual NAPL
 Small

* Discontinuous
* Immobile
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NAPL Pool (Free Phase)

Coarse sand | T4 “al g B | NAPL Pools
@ . W * Above low-K soll
R + Horizontal NAPL layer

* Large mass

Fine sand ' ; - .

Source: Schwille, 1988
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NAPL Pool (Free Phase)

NAPL below pool surface is
generally not available to
groundwater flow.

Source: Schwille, 1988

(o)
3
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NAPL Pool (Free Phase)

DNAPL Pool

Typical thickness at chlorinated solvent sites: 2 to 10 cm

Source: Schwille, 1988

(o)
3
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Fresh DNAPL Source Zone

Timeframe: Years

(free phase
NAPL)

Timeframe: Decades +

Source: Schwille, 1988

United States
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Concentration Profile Above Pool

Johnson and Pankow, 1992

Width = 10 ft
M, ~ 1to 5 kgly

—

Elevation Above Pool (m)

POOL
(Initial Length = 4 m, Solubility = 1100 mg/L)

Scale

Aqueous Concentration (mg/L)

- [ IS
S

0.01 0.1 1 10 100 200 400 600 800 1000

1.0m
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Plume Thickness above a DNAPL Pool

0.20

o
—
3

0.05

SAND

Aquifer Thickness (m) Above DNAPL Pool with
90% of Mass Discharge
o
o

0.00

Pool Length (m)

High intensity plumes over 1 to 6 inches above silt/clay layers.
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Surface Discharge from a DNAPL Pool

/q
Mdgyr s = | 2L,W,(0.001 Cs;) TTTx Jarvqy, +6.zD,
p

Md, - = surface discharge (kgly)

L, = pool length (m) Md proportional to:
W, = pool width (m) « GW velocity

C., = solubility (mg/L) -
qXSO=I specific discharge (m3/m?/y) ’ SO|Ub|“ty _
ar, = transverse dispersivity (m) * Pool length, width
6; = total porosity

T = tortuosity coefficient

D, = free-water diffusion coefficient (m?/y)

GW Flow

Dissolved plume
) . Md,,

DNAPL Pool

United States
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Surface Discharge from a DNAPL Pool

Solubility

1,2-DCA: 8,500 mg/L
TCE: 1,400 mg/L
PCE: 200 mg/L

Md proportional to:
« GW velocity

Higher C - Higher Md

. Solubility

Faster NAPL depletion » Pool length, width

GW Flow

Dissolved plume

—

DNAPL Pool

[—— Mdsunc
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Surface Discharge from a DNAPL Pool
rp Q

— ’ Velocity = 100 ft/y
DNAPL Pool Md = 10 kgly

r -
‘ | Velocity = 300 ftly
DNAPL Pool Md = 30 kgly

“Strategic Pump-and-Treat “(SP&T) may increase mass discharge
from a NAPL zone, and reduce remediation timeframe.

Carey, McBean, and Feenstra (2014b)
ITRC (2016) — Reese Air Force Base

United States
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Source Mass Flux - Guilbeault et al., 2005

If we can see where the mass is coming from, we can focus remediation.

New Hampshire PCE Site « Transect 3 m d/g of source

* 12 borings, 257 samples
* 15 local PCE maximae
LU el """""""" e _' * 1% to 62% of solubility

IIII!

» Concentrations vary up to 100x
within 1 foot of soil core

3 [PCE] %

=0 O O OpeOheOoeOneiei0=00C

E -
§ '°F | (ugiL) __ solubility
= = 72000 [l 30
> — aso00 [ 20

g < Md = 15 kgly

- 240 | 0.1

6oE- 24 0.01
0 5 10 15 20 25 meters

Data indicate multiple, thin DNAPL layers present, several meters wide
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NAPL Accessibility vs. Mass Discharge

Silty fine sand (K=10 ft/d)
Coarse sand (K=200 ft/d)

—

United States
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NAPL Accessibility vs. Mass Discharge

Silty fine sand (K=10 ft/d)
Coarse sand (K=200 ft/d)

—

Pool

United States
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NAPL Accessibility vs. Mass Discharge

Silty fine sand (K=10 ft/d)
Coarse sand (K=200 ft/d)

—

Pool

United States
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NAPL Accessibility vs. Mass Discharge

Relative
Mass Discharge

Negligible
Low
Silty fine sand (K=10 ft/d) Note: Rate of NAPL depletion is
inversely proportional to
Coarse sand (K=200 ft/d) accessibility.

—

Pool

Moderate to High

United States

\e’EPAEnvironmental Protection 24" Annual NARPM Training Program

Agency



Mass Discharge vs. NAPL Mass

Readily-accessible NAPL
(Higher Risk)

Risk and Mass Discharge

Poorly-accessible NAPL
(Lower Risk)

NAPL Mass, or Source Zone Volume

United States
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Mass Discharge Trend with Time

Fresh Source

Modified from Parker et al., 2003

Vo | United States
\__/ Environmental Protection
\’ Agency

Mass Discharge
(Ib/year)

Mass discharge

from source zone
(kgly)

Time since release (y)
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Mass Discharge Trend with Time

Aged Source

Typical source zone mass discharge = 1 to 100 kg/year

Natural
. Aftenuation

Mass Discharge
(Ib/year)
V4

Time since release (y)

Vo | United States
\__/ Environmental Protection
\’ Agency
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Mass Discharge Trend with Time

Aged Source

Typical source zone mass discharge = 1 to 100 kg/year

Natural
. Aftenuation

Mass Discharge
(Ib/year)
V4

Time since release (y)

Newell et al., 2006:
Median TCE DNAPL half-life of 6 years

Mass discharge reduction 30x in 30 years

Vo | United States
\__/ Environmental Protection
\’ Agency

24" Annual NARPM Training Program




Naturall-Occurring Source Strength Decline
at Tuscon Airport Site

Mass discharge estimates based on pumping wells near source zones.

1200 Exponential Regression
Md = 659.1 -0.092x

1000 R2=0.58
% o0 ° N
£ Initial Md (Md,) = 660 kg/y
§ 600 Decline rate (A,,,) = 0.092 y-!
P Decline half-life =7.5y
3 400
(9}

200

Modified from Brusseau et al. (2011)
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Estimating Mass: Mass Discharge Method

Estimating initial mass (MQ) in source zone (based on Newell et al., 2005):

M. =Md./ A [M, in kilograms, Md, in kgly, and A, in y-.]
o o Md

Md, = initial mass discharge

/
5O
g1 90
R SO~o
- O ~O~ O
G
=
Time

United States
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Estimating Mass: Mass Discharge Method

Estimating initial mass (MQ) in source zone (based on Newell et al., 2005):

M- =Md./ A [M, in kilograms, Md, in kgly, and A, in y ']
o o Md o o Md

Example calculation for Tuscon Airport Site:

M, = (660 kg/y) ! (0.092 y7)
= 7,164 Kg ~ Minimum NAPL mass in subsurface
(Readily-accessible NAPL)

Calculation assumes uniform decline rate, and
is based on readily-accessible NAPL mass.

May underestimate mass in pool-dominated source zones.

United States
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Multicomponent DNAPL Dissolution

€ More soluble compounds preferentially depleted

@ Less soluble compounds persist for longer time
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Multicomponent DNAPL Dissolution

¢
\ 4

€ Evidenced by trends in dissolved concentrations
downgradient of source zone

= Declining conc. for more soluble compounds
* Due to declining mole fraction in weathered DNAPL

= |ncreasing conc. for less soluble compounds, as mole
fraction (and effective solubility) increase over time

\Q;EPALEJr?\i/ti?gnsntwaetr?til Protection 24" Annual NARPM Training Program
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Emplaced Source Experiment — Borden, Ontario
(Rivett and Feenstra, 2005)

Max

V Mean 97.3m

Min DNAPL Source

= N N W W
a0
o

Average Concentration (mg/L)

100 -
50—N%
0 200 400

Time (days)
-=PCE =~TCE ==TCM

Source: Rivett and Feenstra (2005)
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Emplaced Source Experiment Model

€ Mechanisms for declining source
strength:

1. Reduction in effective solubility (TCM)  Fiow

2. Intra-source bypassing i.e. preferential

channeling L

Residual

€ NDM-MC (Multicomponent DNAPL ™™™
dissolution)

= Customized for 3-component DNAPL

Carey et al. (2016b)
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Calculation of apparent f,, , versus time with exponential regression
models for TCM, TCE, and PCE in the Emplaced Source experiment

Apparent Dilution Factor, f . pineq (dim.)

0.9 1 Carey et al. (2016b)
0.8 o O
0.7 m. = u
.......... Q.,
0.6 e O o ° © O
m g - = fovg = 0.74°0001x
05 | - A A % Q "o.Q .................... 2= 0.27
o e e o)
5
04 - Q A. A & [ | u... o
A -, e =
A-a A
0.3 . ‘A " £, =0.86e000
A, A R2=0.72
0.2 fog = 0.82670005x e
B R?=0.86 A AR A
0.1, A 4
0 T T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450 500

Time (days)

A TCM-Observed B TCE-Observed O PCE-Observed
""" TCM-Model -===== TCE-Model --==:» PCE-Model

United States
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Enhanced NAPL Depletion and
Mass Discharge Decline

€ Enhanced Dissolution
= Enhanced In-Situ Bioremediation (EISB)
= [n-Situ Chemical Oxidation (ISCO)

= Strategic Pump-and-Treat

€ Enhanced Volatilization — Thermal, SVE

Mean MdR MdR Interval

EISB: 105x (20X to 556x)
ISCO: 21x (4x fto 110x)
Thermal: 31x (6x to 150x)

Complex sites

United States
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Chu et al. (2003) EISB Model Results

Case 1:

 Low electron donor
concentration

« Biofilm grew away from NAPL-
water interface BiofilM

» Less effective dissolution
enhancement DNAPL Pool

« Created no-flow zone above
NAPL

Case 2:

* Unlimited electron donor

 Biofilm grew adjacent to NAPL-
water interface

* Most effective enhancement
due to maximum concentration DNAPL Pool

gradient

United States
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Sleep et al. (2006) DNAPL EISB Study

Injection Extraction
Well Well

38 cm

Dissolved plume

s NN
v iR

76 cm

Source zone dimensions: 12cm x 18 cm x 2.5 xm
Initial NAPL Saturation (Sn): 6.9% (residual DNAPL)

United States
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EISB in Lab Experiment

25 Phase 1: Phase 2: Phase 3: Phase 4:
Stabilization HL=600d HL =87 d HL =
| Period | | | -
L, F010185 ‘m t=185 to 405 d t=405 to 820 d =820 to 885 d
Half-life: 600 d

Increased decline
rate due to methane-
clogged pores

—_
(@)

Half-life: 88 d

—_
o

Equivalent PCE Mass Discharge (mg/day)

()]

0 100 200 300 400 500 600 700 800 900 1000
Time (days)

Mass discharge data from Sleep et al. (2006).

United States
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CONCEPTS

1.3 BACK-DIFFUSION TRENDS
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Conceptual Model of Forward Diffusion

DNAPL = Primary Source

»
|

Well [EE

Sand

Source

<
«
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Conceptual Model of Back-Diffusion

»

. Back-Diffusion out of Clay Well

Sand

Silt or CIa |

Agency
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Secondary Source Zone

Primary
Source Zone

United States
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actors Influencing Remediation Timeframe

Influencing factors: - Velocity - Length of clay lens
- Thickness - Biodegradation
- Retardation - Contact time

Diffusion rate TR
Transverse dispersion L

THICK silt/clay:
- Matrix Diffusion ToolKit

(ESTCP, www.gsi-net.om)

United States
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Connecticut Site (Chapman & Parker, 2005)

100,000
Pl
o 1% TCE solubility
10,000
R
“ /g//v
o 1,000
A =
O
. | =
R ] ) 100
1) y : 1 3
e+ ¢ 1 W ku)
S \ = 10
I A T TO P R PR
I TCE MCL
L X f \
v R 1
ot 100m 1990 1995 2000 2005
DNAPL Source Zone
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Connecticut Site (Chapman & Parker, 2005)

Sheetpile installed
Around DNAPL zone

100,000 .
= |
5y 10,000 - n .
Ei s, Mi
< c |
O .
"c'U' 1,000 E
00 £ Y
S .
A ‘ 8 -
N | ) 100 =
A y # 1 3
. P ]
A 1 O
A oog =
X J --------------------
ot
100 m 1990 1995 2000 2005
DNAPL Source Zone
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Connecticut Site (Chapman & Parker, 2005)

100,000
T
B) 10,000 -~
=
<. 5
9O
"c'U' 1,000
OO0 I
(b}
. » c
o ] ) 100
A y # 1 3
2 P 5
A 1 O
k = 10
X f |
ot
% 1
100m 1990 1995 2000 2005
DNAPL Source Zone

Concentration reduction
stalled at 93% (15x)
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Connecticut Site (Chapman & Parker, 2005)

Plume strength due to back-diffusion in 2000: 36 kg/y

100,000

10,000 -

1,000

TCE Concentration (ug/L)

] | 100
1) 4 $ 1
P

S

10
X XA J
ot

= 1

o 100 m 1990 1995 2000 2005

DNAPL Source Zone

United States
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Case Study — Florida Site

Extraction Well Injection Well
Transect Transect Site Characteristics
» Beach sand aquifer
N A MW-1B « Continuous, thin clay
x layer across site
A MW-2B » Other discontinuous,
thin silt/clay layers
A MW-3B « Multiple, thin
suspended DNAPL
layers in source zone
A MW-4B
Grant R. Carey Carey et al. (2015) R

Approx. source zone extent

steven . Chapman - Anyplication of an Adapted Version of
P ———— seth L Parker ~ MT3DMS for Modeling Back-Diffusion

VT Rt O I o Remediation Timeframes




TVOC Trend After Source Containment

Hydraulic isolation system
100,000 started August 2002 5
/<

10,000
- Observed Trend
Ef
C
2 1,000 o
< ™
£ R
S . Expected trend
S 100 ithout back-diffusi
o . without back-diffusion
O \\\ /
o AN
> NS
= >

10 \\\

O S N TCE MCL =5 ug/L
1
2002 2003 2004 2005 2006 2007 2008

Year

Modified from Parker et al., 2008

United States
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2-D Model Grid

200 columns, 158 rows (layers)
Minimum grid spacing: Az =1.25cm, Ax=0.5m
Run-time = 45 minutes for 85-y simulation (At = 0.24 d)

10,
8- v =130 ftly
_ -inch thick TCE pool Oy, = 1.5 mm
g
I5 Clay layer thickness = 8 inches, foc = 0.5%
S
D 4
. :’l> v = 65 ftly
5| Q, = 1.5 mm
0 | | | | | | | | |
0 10 20 30 40 50 60 70 80 9 100

Distance (m) Carey et al. (2015)

United States
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I Simulated TCE After Source Removal

M

M

M

< EPA

clay

0
= 136 kg

t=20y
=1.1kg

clay

t=30y
= 0.06 kg

clay

M.y = TCE mass in clay assuming 20 m width. TCE
t = time since source removal. Concentration
(mg/L)

—_
o

I1OO

10

Elevation (m)

Elevation (m)

0.005

Elevation (m)

50 60
Distance (m)

99.96% mass depletion in clay, avg. C

30 years after source removal:

well —

1210 126 ug/L | | Careyetal. (2015)

United States
Environmental Protection
Agency
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I Remediation Timeframe Sensitivity Analysis

See Appendix A

— H
clay clay

100
= silt/clay layer thickness

R = retardation coefficient

v = groundwater velocity

S
>
g 2 L., = silt/clay layer length
s
o “GE'J ar, = transverse dispersivity
§ E 10 = Half-life - biodegradation
8% n C.., = solubility
s E
é s v Clay Contact time — between NAPL
: HaIf-I|fe Contact and silt/clay

clay Tlme

7 = tortuosity coefficient

H H sol L
screen L = well screen length
1 H ﬂ |—| |_| I_l sScreen

Carey et al. (2015)

United States
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PID (ppmv)

GW Conc. (ug/L)
TR0

+ 393,680

+ 295,260

Elevation (ft amsl)

-44

+ 164,853

Classic diffusion profile through silt/clay
(forward diffusion from overlying sand). High
concentrations in aquitard will cause long
remediation timeframe.

T)&  Other site - TCE in siltlcla)H

PID may be used to
supplement soil samples for
evaluating diffusion
direction, and vertical
penetration depth in silt/clay.

(Order-of-magnitude)

! —

+ Soil sample with calc@gted
concentration (ug/L)

Hydropunch GW
"7 TCE concentration (ug/L)

—@— PID (ppm) — log scale
B Silt/clay/organic matter

. Sandy silt
Fine sand, silty/clayey sand

Medium to coarse sand
Fill

\%EPALEJr?\i/ti?gnsntwaetr?til Protection 24" Annual NARPM Training Program

Agency




Back-Diffusion Example

TCE DNAPL Source Zone
(2 m long by 5 cm thick)

c 10 ft

S

©

5

0 CLAY (f,. = 0.1%) 10 ft
0 50 100 150 200 250 300 350 400

Distance (m)

1. Numerical model — minimum vertical grid spacing: 1.25 cm

2. NAPL source 1955 to 2015, then depleted.
3. Model run for 100 years after source depletion (to 2115).
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Profile Below DNAPL: Forward-Diffusion

DNAPL (Sand) Concentration gradient:
Sand to Clay
Clay
Interface between
Sand and Clay t=1
2.5
z20{1=0Y Evidence of “fresh”
= NAPL source above clay
15 Depth = 5 ft
1.0 A
t=60y
0.5 . . .
0.001 0.1 10 1000

Concentration (mg/L)

Vo | United States
\‘.’ Environmental Protection
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Profile Below DNAPL: Back-Diffusion

., L Depleted DNAPL (Sand) ] Concentration gradient:

Clay to Sand
Clay
t=+5y
t=+75y
2.5 - - y | t=+25y
/
t=+50y
EZO
w15 | Depth = 5 ft
1.0 -
0.5 . . .
0.001 0.1 10 1000

Concentration (mg/L)

Vo | United States . .
< EPAEnvironmental Protection 24" Annual NARPM Training Program
\’ Agency




Back-Diffusion Example — Case 1:
Minimal Attenuation Along Flowpath

MW-1 MW-2 MW-3  MW-4 MW-5 MW-6 MW-7
61 1 TCE (mg/L)
: = |
S I | — Sand
>
Q@ 2
L 5
0 /

T \ \ \ \ I 0.5
0 50 100 150 200 250 300 350 400 I
Distance (m) 0.05

_——  MW-1

= 100 . MW-2 w3 v

= MW-5 MW-6 0.005

= . ® —— —@

je)

© 1

S o4

o MCL Year: 2015

o

O 00T e e e e e e e e e e e e e e o e o Time Since

g 0.001 Source Depletion:
0 50 100 150 200 250 300 350

Oy

Distance (m)

United States
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Back-Diffusion Example — Case 1:
Minimal Attenuation Along Flowpath

6 TCE (mg/L)
| P
£, || == i
~ 47 | — 1 500
T
S S Sand
S Cla 50
Q 2-
L 5
0 ‘ M 0.5
0 50 100 150 200 250 300 350 400 I
Distance (m) 0.05
_——  MW-1 MW_2
_| -
E’ 100 MW-3 MW-4 MW-5 MW-6 MW-7 0.005
~ 10
[
= 1
S o
o MCL Year: 2040
o
O 00 e e e e e e e e e e e e e e e e o Time Since
g 0.001 Source Depletion:
0 50 100 150 200 250 300 350 25y

Distance (m)

United States
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Back-Diffusion Example — Case 1:
Minimal Attenuation Along Flowpath

6 0 n TCE (mg/L)
g 4- I 500
S _ Sand
g Clay 50
O 2
L / 5
O ] ‘ ‘ M 0.5
0 50 100 150 200 250 300 350 400 I
Distance (m) 0.05
— Mw-1 MW_2
_| -
E’ 100 MW-3 MW-4 MW-5 MW-6 MW-7 0.005
~ 10
c
o
5 o
o MCL Year: 2065
o}
O 00T e e e e e e ——————— Time Since
g 0.001 Source Depletion:
0 50 100 150 200 250 300 350 50 y

Distance (m)

United States
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Back-Diffusion Example — Case 1:
Minimal Attenuation Along Flowpath

61 M m_ O TCE (mg/L)
§, 4- I 500
S Sand
g Clay 50
Q 2-
I, // 5
0 ‘ ‘ ‘ : : ‘M 0.5
0 50 100 150 200 250 300 350 400 I
Distance (m) 0.05
_——  MW-1 MW_2
_| -
E’ 100 MW-3 MW-4 MW-5 MW-6 MW-7 0.005
~ 10
[
o
S o
o MCL Year: 2090
o
O 00 e e e e e e e e e e e e e e e e o Time Since
g 0.001 Source Depletion:
0 50 100 150 200 250 300 350 75y

Distance (m)

United States
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Back-Diffusion Example — Case 1:
Minimal Attenuation Along Flowpath

6 m m 0 TCE (mg/L)
§, 4- I 500
S Sand
g Clay 50
Q 2-
I, // 5
0 \ \ I I I I T — 0.5
0 50 100 150 200 250 300 350 400 I
Distance (m) 0.05
_——  MW-1 MW_2
_l -
E’ 100 MW-3 MW-4 MW-5 MW-6 MW-7 0.005
~ 10
C
)
g 1 ﬁ
S o
o MCL Year: 2115
o
O 00 e e e e e e e e e e e e e e e e o Time Since
g 0.001 Source Depletion:
0 50 100 150 200 250 300 350 ) y

Distance (m)

United States
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Back-Diffusion Example — Case 2:
Strong Attenuation Along Flowpath

6-n TCE (mg/L)

g 4 \ I 500

I5 Sand

"(-U, a 50

% 2 y

L 5

0 \ \ \ \ \ I 0.5
0 50 100 150 200 250 300 350 400 I
Distance (m) 0.05

_——  MW-1
= 100  MW-2
o)) MW-3 0.005
E MW-4
[
ke)
= 1 MW-5
o MW-6
o - Year: 2015
S MCL MW-7
QO 0.01 Time Since
o 0.001 \ Source Depletion:
= 0 50 100 150 200 250 300 350 400

Oy

Distance (m)

United States
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Back-Diffusion Example — Case 2:
Strong Attenuation Along Flowpath

6-n TCE (mg/L)
g 4 I 500
C
o)
= 50
>
o 2
L 5
0 \ \ \ \ \ \ 0.5
0 50 100 150 200 250 300 350 400 I
Distance (m) 0.05
_——  MW-1
= 100 A MW-2
g} MW-3 0.005
£ MW-4
[
0
= o1 MW-6
o - vw.y Year: 2040
Q 0.01 MCL —
o v Time Since
© 0.001 ISl Source Depletion:
; 0 50 100 150 200 250 300 350 400 25 y

Distance (m)

United States
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Back-Diffusion Example — Case 2:
Strong Attenuation Along Flowpath

6 TCE (mg/L)
= | i
~ 47 500
I5 Sand
S Cl 50
o 2+
Ll 5

0 i I I I I 0.5

0 50 100 150 200 250 300 350 400 I

Distance (m) 0.05

— Mw-1
= 100 , MW-2
g’ MW-3 0.005
< 1 MW-4
Ke)
= 1 MW-5
g o MW-6
o - vw.y Year: 2065
o v Time Since
© 0.001 Source Depletion:
; .

0 50 100 150 200 250 300 50 y

Distance (m)

United States
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Back-Diffusion Example — Case 2:
Strong Attenuation Along Flowpath

6 TCE (mg/L)
z — i
g 4] ] 500
< | Sand.
S Cl 50
QD 2+
L 5
0 \ \ \ \ 0.5
0 50 100 150 200 250 300 350 400 I
Distance (m) 0.05
_——  MW-1
= 100 A MW-2
go) MW-3 0.005
£ MW-4
[
Ko
= o1 MW-6
O ’ MW-7 Yeal’ 2090
5 oo MCL
o v = Time Since
& 001 — Depletion:
; 0 50 100 150 200 250 300 350 400 75 y

Distance (m)

United States
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Back-Diffusion Example — Case 2:
Strong Attenuation Along Flowpath

6 TCE (mg/L)
£ 4 i I 500
S . Sand
© 50
° | Cl
i 5
0 \ T T \ \ I 0.5
0 50 100 150 200 250 300 350 400 I
Distance (m) 0.05
— MW-1
< 100 , MW-2
g MW-3 0.005
~ 10
c
§e)
© 1
% 0.1
% - vw.y year: 2115
QO 0.01 - = Time Since
%0001 \&\ Source Depletion:
; .

o

50 100 150 200 250 300 350 400 ) y
Distance (m)

United States
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Remediation Timeframe vs. Contact Time

Note — based on thick aquitard assumption.

1000 R— =
Site-specific -7

. example _e
b —"D’
2 -
S 100 ,a"‘D”
) e
g o"’ \
I_ L d
_5 NAPL Contact Time: 10y
3 Remediation Time: >100y
£ 40
Q
_%:3 NAPL Contact Time: 1y
m Remediation Time: 25y

1

1 10 100

NAPL Contact Time with Clay (y)

—O=R=1 ={= R=5

United States
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Integrated Source-Plume Management

€ Recognize potential limitations in:
= DNAPL treatment

- Attainable, interim reduction in mass discharge

* Interim goal: Transition to passive source
treatment?

= Plume restoration (back-diffusion)

- Characterize mass stored in silts/clays, and time
to deplete once source treated or contained

* Plume area larger than source — governs
timeframe

United States

\e’EPAEnvironmental Protection 24" Annual NARPM Training Program
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Initial Framework for DNAPL Remedy Evaluation

1. Site characterization

= DNAPL architecture — ganglia vs. pools
= Mass discharge (Md) history

= Potential for back-diffusion

2. Define attainable interim goals for DNAPL source zone

e.g. Mass discharge reduction?

3. Evaluate back-diffusion timeframe in plume

4. Predict time to attain interim goals for DNAPL treatment,
and targets for plume strength reduction

United States
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2. SITE CHARACTERIZATION
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Conceptual Model — Aged Source Zones

€ Pool / layer-dominated

X = Particularly if highly
heterogeneous geology

. gonpettr(\jin pools maysha_\/eb |
& epleted so average S, is below
ﬂi residual saturation threshold
= Horizontal layers of residual
DNAPL

€ Thin, high intensity GW plumes

@ Persistent source strength with
slow declines at discrete
elevations

United States

\e’EPAEnvironmental Protection 24" Annual NARPM Training Program
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Example of DNAPL Pool Line of Evidence

Legend
. Silt or Clay

Sand

O PID reading
+ Positive dye tes

Lo o

PID =—p

\e’EPAEr?\i,tifgn?ﬁ?ﬁtiu Protection 24 Annual NARPM Training Program
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Other lines of Evidence for DNAPLS Pools

€ Visible NAPL in wells (free phase)
€ NAPL seeping from soil cores

€ Persistently high concentrations in transmissive
formation (3;100 solubility in monitoring wells)

€ Slow source strength decline rate

€ Heterogeneous or layered geology in aged NAPL
source zone

€ Thin aqueous plumes downgradient of source zone
(pools or horizontal layers of residual DNAPL)

€ Very high soil concentrations (>> partitioning threshold)
& CPT-MIP profiles

& Parker et al. (2003) — core drainage method

United States

\e’EPAEnvironmental Protection 24" Annual NARPM Training Program
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Five Methods for Mass Discharge

ITRC, 2016

€ Method 1: Transect Method

® Method 2: Well Capture/Pumping Methods
€® Method 3: Passive Flux Meters

€ Method 4: Using Existing Data (Isocontours)
€ Method 5: Solute Transport Models

Plume
Source Strength
All methods are Source Strength i

“ready to go” I
1
1
i
|

United States
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Well Capture Mass Discharge Calculation

Einarson and MacKay, 2001; ITRC, 2016 Nichols and Roth, 2004
Figure 4-8

Measure Q, C, ., from well  contaminant

Calculate mass discharge SOoUree  Groundwater

based on total capture of Bl OVl ed

plume by pumping system Contaminant
—~Plume
— Suppl
=Qx Cwell <5 : Wpe%y
)) /}_ Capture
= -~_Zone
M, = Mass discharge [ ~. & /
(grams per day) RO = =
C,..; = concentration in S 4
recovery well effluent T~ -~
(grams per liter) M
Q = Well pumping rate Lram x| = grams
(liters per day) litef~ day day

\Q;EPALEJr?\i/ti?gnsntwaetr?til Protection 24" Annual NARPM Training Program

Agency



Hypothetical Example of Regional Supply Wells

Capture Zone

Water pumped to treatment plant.
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Hypothetical Concentrations and Pumping Rates

Concentration versus Time Pumping Rate versus Time

Well A has
Higher K, Q

Concentration (ug/L)
Well Pumping Rate (gpm)

W M

Well A has
Lowest concentration. - ¢

United States

\e’EPAEnvironmental Protection 24" Annual NARPM Training Program
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Mass Discharge (Md)

Mass Discharge Evaluation

Total Md :
= « Stable — long-term impact
8 - Well with lowest
o concentration has highest
cs%’ loading (higher K, Q)
? « Total Md — simple metric that
O directly relates to risk
&
©
=
Well A
I o
I °
) I e

United States

\e’EPAEnvironmental Protection 24" Annual NARPM Training Program
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Transect Method

€ General trends
= Closer spacing at source, wider downgradient

= 5-10 ft screens vs. multilevel samplers
* % of transect area being monitored
* Mass discharge vs. mass flux monitoring

* Value of pre-characterization work (e.g. MIP)

\e’EPAILEJ:\i/E?gnSnthr?tSaI Protection 24 Annual NARPM Training Program
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NAPL Depletion Model (NDM)

NAPL SUB-ZONE (i.e. layer)

Surface Discharge
(Mdsurf)

[ |

‘ N 1:o t1
1 1

Mdsurf (kg/y)

[ [T TT] HEEEE — ° |Through-Discharge
Depleted NAPL — T (Md )
HEEEEEEE HEEEE >

1 N -

\ J\ J
| |

Back-diffusion in Forward diffusion

depleted portion from pool into
of NAPL pool underlying aquitard
(M db-diff) (M df—diff)
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NAPL Depletion Model (NDM)

NAPL Sub-zone Md,,, ¢ Md;,,,

 Length » Tortuosity + Column application (first or uniform to all
«  Width - D,  Efficiency factor

« Thickness o « Optional Pool S, (2), k,,(2)

* Cn Shos Pr * U/G sub-zone? * Van Genuchten a,,, n

o Kyt » f. multiplier * Opw Oaw

* Gradient =1or2 * S,p S,

« Total porosity « LayerAz

 Column Ax

« Temporal discretization

Enhanced Attenuation

Residual layer dilution factor f, . (t)
« U/G sub-zone?

. . ®©
« f.4 (enhanced dissolution factor) 0 Lo 3 00 0.2
. . L ) )
o f enhanced hydraulic gradient 0.15 0.25 0.35 0.45 Relative Permeability,
grad y
« f__ (enhanced biodegradation) NAPL Saturation, Sn Ko
bio
« Daughter product ratios h=5 cm h=5 cm
....... h=10 cm ceeeeee =10 cm
- = h=20cm - = h=20cm
——h=30 cm ——h=30 cm

Vo | United States
\__/ Environmental Protection
\’ Agency
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Estimating Input Parameters Based on K

Reference Empirical Relationship (K in m/s)
Carey et al., 2016a 7= 0.60 K?0-030 (i)
6, = 0.30 K026 (i)
Carey et al., 2016¢ 96 =0.41 K0‘064, K<1x102 m/s (III)

0, = (0.29 K 0026) _0.03, K > 1x102 nis)

Carey et al., 2016¢c | a7y =0.08 K01, v< v, (V)
ary = 0.08 K016 (v V)05, v > v, Vi)

(

Carey et al., 2016e | Qaw = 0.112 (100 K) =" (vii)

n=13.14 (100 K) 0246K > 1x10-4 m/s _(viii)
(

S,, = 0.015 (100 K)-0218 ix)

United States

\e’EPAEnvironmental Protection 24" Annual NARPM Training Program
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Example No. 1: Mixed Source Zone

€ Mixed source zone — encompasses soil
volume with DNAPL pools and/or residual
DNAPL, and includes soil where DNAPL is

absent Length (L) ‘
ﬂk
K\@\ DNAPL
X — .
@\6 Source Height (H)
Zone -.__bl_l.y

—

C.... < Solubility

avg

‘ —

e.g. TCEC

= 140 mg/L (10% of solubility)

avg

\Q;EPALEJr?\i/ti?gnsntwaetr?til Protection 24" Annual NARPM Training Program
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Example No. 2: Defined NAPL Layers

Modified from Anderson et al., 1992

See Appendix B for
LNAPL Site Case Study

Groundwater

Flow \

C > 100 mg/L

Carey et al. (2014b)

United States
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MdR vs. MR for Single & Multiple Pools

Multiple pools with heterogeneous thickness - exponential Md decline

B 100%
Md (M
Md, \M,

©
=
~— 60% T
©
=

40% -

20% -

0% 20% 40% 60% 80% 100%
M/ M,
Carey et al. (2016e) 8202 5ot B20.9
Pool #12 Combined Pools O  Pool Depletion
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Grant R. Ca rey Ca rey et al. (201 4b) REMEDIATION Autumn 2014

edward A. McBean DNAPL Source Depletion: 2. Attainable
Goals and Cost-Benefit Analyses

Stan Feenstra

CASE STUDIES

3.1 PREDICTING Md REDUCTION

United States

\e’EPAEnvironmental Protection 24" Annual NARPM Training Program

Agency



Empirical-Based Attainable Goals

® Objective: To estimate attainable
source strength (Md) reduction goal for
DNAPL zones at:

= Complex sites

= More simple sites
@ Technologies: EISB, ISCO, Thermal

\’EPAU"“‘”IS ttttt tion 24t Annual NARPM Training Program



Empirical Databases

€ McGuire et al. (2006) — concentration reduction at
individual wells for EISB and ISCO at DNAPL
sites

= Some wells had low starting concentrations

= Median reduction of all wells

€ SERDP/ESTCP TEST

= Median concentration reduction at individual wells

@ Stroo et al. (2012):
= 1 to 2 orders-of-magnitude (OOM) reduction

\’EPAU Wironmental Protecti 24" Annual NARPM Training Program



Md Reduction (MdR) at DNAPL Sites

Pre-treatment Md
Post-treatment Md

Md = mass discharge (source strength)

MdR = 5x =2 80% reduction
MdR = 10x = 90% reduction
MdR =  20x = 95% reduction
MdR = 100x =2 99% reduction
MdR = 1,000x =2 99.9% reduction

MdR better indication of order-of-magnitude change than % reduction

\Q;EPALEJr?\i/ti?gnsntwaetr?til Protection 24" Annual NARPM Training Program
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Md Reduction (MdR) at DNAPL Sites

€ Started with McGuire et al. (2006) dataset for
EISB and ISCO

@ Filtered out wells with C < 1% solubility (less likely
to be directly downgradient of source)

- Focus on “Source Wells” trends

€ Calculated site MdR based on mean of all “Source
Well” concentration trends

& Calculated mean and confidence interval of all site
MdR (log-normal)

Note: Medians from other studies ignore influence of sites
with poor and excellent performance.

\’EPAU Wironmental Protecti 24" Annual NARPM Training Program



Thermal Studies based on Triplett-Kingston (2008)

Ratio of Pre- to
Triplett Kingston| Pre-Treatment | Post-Treatment | Post-Treatment Geometric
(2008) Site ID |Source Strength |Source Strength Source MdR% Mean Site
(Table 5.5) (kgly) (kaly) Strength, MdR
MdR
Site 1 51.5 0.187 275.4 99.6% 275.4
Site 2 59.9 4941207 | 4.7 78.6% 4.7
Site 3 48 0.125 384.0 99.7% 384.0
Site 4 31.8 2.11 15.1 93.4% 15.1
Site 5 684 82.3 8.3 88.0% 8.3
Site 6 4.64 0.0734 63.2 98.4% 63.2
9.42 0.0267 352.8 99.7%
Site 7 . 33.0
4.93 1.6 3.1 67.5%

. 1.71 0.595 2.9 65.2% 07
Site 8 2.43 0.969 25 60.1% '
Site 9 0.40 0.03 13.1 92.4% 13.1

0.0192 1.78E-07 107,865.2 100.0%
Site 10 16,979.8
2.86E-04 1.07E-07 2,672.9 100.0%
Site 11 0.0968 0.0607 1.6 37.3% 1.6
Site 12 1.24 0.0535 23.2 95.7% 23.2

_ 9.27 0.017 545.3 99.8% 495.9
Site 13 7.35 0.0163 450.9 99.8% '
Site 14 1.31 2.84 0.5 -116.8% 0.5

Carey et al. (2014b)

24" Annual NARPM Training Program
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MdR Mean and Confidence Interval

Mean MdR Conf. Int.

EISB: 105x (20x to 556x)
ISCO: 21X (4x to 110x)
Thermal: 31x (6x to 150x)

Complex sites:

« Use low end of confidence Interval

Carey et al. (2014D)
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Average Mass Discharge Reduction

c a) EISB Sites b) ISCO Sites c) Thermal Sites
o
= 1000 e 1000 1000
—
IS
) n=14
o X n=13
c D =1 T
Ss 100 h=16 100 100 —
5 S 11 26 O o
© 09 = = n=12 n=14
£ m 0O n=23 n=13 u u
® 3 10 10 ez 30O -L 10 4
UV Q n=12
= n=21 nss @ M
(V5]
o u -]
g 1 T T T T 1 1 T T T T T 1 1 T T T 1
o) © Q © o) S Q Q © A ~\ Q N © QA
(%) Q N Q S N o N Q S S N S ) S
S TS S LS S S
\.\ \.\ °. . N\ \ o X% IXZ) \.\ Xe)
P SO O PR SO PN & &2
Q A Q Q\/ < Q\l <
& X & 0 () \a & \4 &
S S N ISR S N S S
& O & g & 9 ¢ Q &
< < QF < <

(o)
3

WY 4

EPA

. Median-Total chlorinated VOCs

D Median-Parent chemical of concern

n=16 number of sites in study

<«— Upper bound of mean confidence interval
<«— Mean

<+— Lower bound of mean confidence interval

United States
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CASE STUDIES

3.2 CONNECTICUT SITE
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Connecticut Site (Chapman & Parker, 2005)

100,000

Q @,
o )
] (
10,000 - i —RT
L] - ] | ]

e 1,000

] 1 100

1990 1995 2000 2005

DNAPL Source Zone

Concentration reduction
\e’EPAILEJr?\IIE‘ragnSn:ZtﬁtSaI Protection 24t Annue Sta”ed at 93% (1 5X)
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Case Study: Beth Parker et al. (2003)

& Connecticut site

€ Large DNAPL source zone . .
Drainable Core Technique
= Bottom of sand aquifer, above aquitard (PG Gy A0
°
€ Multiple lines of evidence @[« Soilcore
. . . °
= Visual inspection : Vertical holes:
251t05 '
= Soil samples — close vertical spacing : 0> SRR
- Partitioning threshold, S, & layer thickness _i_
= Dye tests (Sudan V) H\ !
= Drainable core technique - Pool thickness l Clay plug

\Q;EPALEJr?\i/ti?gnsntwaetr?til Protection 24" Annual NARPM Training Program
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1996/97 Source Zone

Sheetpile GW Flow /'

Enclosure 7

o Type 1 - Free phase and residual DNAPL
at bottom of aquifer

o Type 2 - Residual DNAPL at bottom
of aquifer

® Type 3 - Multiple layers of free phase
and residual DNAPL

® Type 4 - Suspended free phase and
residual DNAPL

® Type 5 - Bottom and suspended
residual DNAPL

(O No DNAPL detected

Cb DNAPL source zone

1

I] Source zone region no. 1

Scale, in m

I
0 5 10

Field Data summarized in Stewart (2002) and Parker et al. (2003)
o
.
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DNAPL Sub-Zones

Carey et al. (2016e)

Sheetpile /'
Enclosure 7
4 S
*\6
® N o Type 1 - Free phase and residual DNAPL
() at bottom of aquifer
AN
® o Type 2 - Residual DNAPL at bottom
\\8 o of aquifer
Type 3 - Multiple layers of free phase
o}
o \\9 © 2nd residual DNAPL
N 10 Type 4 - Suspended free phase and
° o p 11 ® | sidual DNAPL
— Type 5 - Bottom and suspended
o} o
[ ) 4a ¢ o @ esidual DNAPL
o 0 > > 3 4
1 q O No DNAPL detected
°
° i .O ¢ — Cb DNAPL source zone
/O*;y o 1
o o}
@) I] Source zone region no. 1
. Scale, inm
DNAPL source zone profile types:
- : : 0 5 10
Type 1 h = median thickness
Type 2
Pool B Res.| h=10cm

4th Annual NARPM Training Program



Typical DNAPL Architecture
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Typical DNAPL Architecture

Sand Aquifer

DNAPL Pool(s) Residual DNAPL

Clayey Silt Aquitard

United States
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NAPL Depletion Model (NDM):
Mass Discharge-Based

Carey et al. (2014a)

Surface Dissolution
(MC{suﬁ)

( \

I“

1
HEEEEEEN HEEN :’Fhrough-DiSCharge

Depleted NAPL

(Mdy,)

[T T 111717 [T 111 -

L T I v v v v v
\ Y J\ Y J
Back-diffusion in  Forward diffusion Free Software and course:
depleted portion from pool into Email: qcarev@porewater.com
of NAPL pool underlying aquitard ]

(M) (Md, ) Download: www.porewater.com
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NAPL Depletion Model (NDM):
Mass Discharge-Based

Surface Dissolution
(M({sun’)

t
[T

NAPL
[T 1] P
v v

[ |
[TTTTTTT]
Depleted

I“

F 3 T I v Y
( J\ J
| |
Back-diffusion in Forward diffusion
depleted portion from pool into
of NAPL pool underlying aquitard
(Mdy_irr) (Md.qir)

e

i

Empirical Relationship (K in m/s)

7=0.60 K 030

(i)

6, = 0.30 K002
6, =0.41 K°064, K <1x102 m/s
g, =(0.29 K 0926) - 0.03, K> 1x102m/s

(ii)
(i)
(iv)

hrough-Discharge
(Mdthru)

ary =0.08 K016, v<y,

OLTV_NE = 0.08 K016 (VC/V)O'S, V> '’

(v)
(vi)

a,, = 0.112 (100 k) 0211
n =13.14 (100 K) 024
S, = 0.015 (100 k) 0218

K> 1x10-4 m/s

{vii)
(viii)

(ix)

Carey et al. (2016a,c,e)
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Model Validation Goals

1. DNAPL mass in simplified source zone
consistent with Chapman and Parker
(2005).

2. Simulate Initial (1994) Mass discharge —
estimated to be 360 to 720 kgly.

3. Predicted mass discharge decline half-life —
estimated to be about 10 years (Chapman
and Parker, 2005).

\’EPAU Wironmental Protecti 24" Annual NARPM Training Program



NDM Simulation Results
Simulated DNAPL mass = 4,250 kg

= Chapman and Parker (2005) estimated 5,000 to 20,000 kg

= QOur simplified source zone ignored several large areas with
thicker DNAPL

« Limited contribution to overall mass discharge

« Simulated DNAPL mass consistent with observed on that basis

\Q;EPALEJr?\i,tifgn?ﬁ?ﬁtiu Protection 24 Annual NARPM Training Program
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NDM Simulation Results

Simulated 1994 Mass Discharge

S 800 - .
g 700
600 -
O .
= o Estimated
S5 | Modeled
LS 400 -
<2 Md -
9 i thru
o = 300
@ 200
®© 100 - Md rf
E Su

0 -
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Modeled vs. Estimated Md Half-Life

Md = Mass discharge

Modeled Md decline half-life: 9y

350 +

Chapman and Parker (2005)

w
o
o

historical half-life (1950s to 1990s): 10 y

N
(o)
o

N
o
o

—
(o)
o

Mass discharge for Source Zone
Monitored Natural Attenuation (MNA)

Mass Discharge (kg/y)

United States
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Modeled Relative Depletion Timeframes

Time to attain Md reduction goal
EISB: 11 years
1,400 - SP&T. 17 years
MNA: 28 years

1,200 -

RN
o
o
o

Enhanced Bioremediation (EISB) Mass discharge

800 - reduction goal: 10x

600 -

Strategic Pump-and-Treat (SP&T)

Mass Discharge (kg/y)

400 -

200 A

oooooooooooooooooo

Time (y) -




DNAPL Architecture Sensitivity Analysis

€ Varied NAPL architecture and re-ran model — any
other scenarios that match 1994 Md and half-life?

= Length/2
Width / 2

Uniform thickness of 4”, 8”, or 1 ft
a) All pooled DNAPL; or
b) All residual DNAPL

Zero flux through all DNAPL sub-zones

Type 1 —residual zone is suspended above pool.

€ No other scenarios matched both observations.
= Half-life criteria: 10 years +/- 25%

\Q;EPALEJr?\i/ti?gnsntwaetr?til Protection 24" Annual NARPM Training Program
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Case Study Summary

1. We can use process-oriented NAPL depletion
models when architecture well defined

= Predict relative timeframes for natural and
enhanced dissolution

= Interpretive tool — improve our understanding

2. When architecture has higher uncertainty but still

relatively well understood — may be able to use
model as forensic tool

= Evaluate range of potential architectures
= |dentify data gaps

3. Multiple goals needed to calibrate a NAPL depletion
model

Vo | United States . .
N EPAEnvironmental Protection 24" Annual NARPM Training Program
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Section 4

SUMMARY
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Summary
€ Mass flux / Mass discharge

= |Improved site understanding, CSM
= Improved remedial efficiency

= Pumping well data - easy Md estimates

€ NAPL Source Zones

= Aged sites — mainly NAPL layers remaining
= Exponential Md decline trends
- Layer depletion, preferential channeling, weathering

= Md used to predict interim goals and relative
timeframes, focus remedy, monitor performance, etc.
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Summary

€ Back-diffusion
= NAPL - Primary source

= Diss. Mass in silt/clay = Secondary source
- May extend timeframe by decades to centuries
= Large area at some sites
* Plume size >> Primary source zone

= Site characterization - soil sampling, modeling

® Integrated framework for long-term site
management (source + plume)

United States
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Questions?

Grant Carey
] Porewater Solutions
x Porewater Solutions
Expertise « Experience « Innovation
613-270-9458

gcarey@porewater.com
www.porewater.com

United States
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Appendix A

CASE STUDY OF
BACK-DIFFUSION (FLORIDA)
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Modeling Challenges

 Analvtical solutions not available for:

* Thin silt/clay lenses _—
» Enhanced degradation rates =/

« Numerical models

« Small grid spacing, time steps
* Prohibitive for 3-D models
 ISR-MT3DMS: new approach

\’EPAU Wironmental Protecti 24" Annual NARPM Training Program



In-Situ Remediation (ISR-MT3DMS)

MT3DMS v5.3

BioRedox RCT package

Public domain — available 2017

(a) Integrated-Depth Model

V] 2500 Distance () 5000 7300

(b} Cross-Section Model

Elevation (ft)
-

(BTEX concentration contours of 0.001, 0.01, 0.1, 1, and 10 mg/L)

Aerobic Nitrate-Reducing IronReducing Sulfate-Reducing Methanogenic
Zone Zone Zone Zone Zane

* Reactions: solvents, hydrocarbons, metals
* Unique visualization methods

* Mineral precipitation/dissolution

* Rate stimulation/inhibition

Carey, Van Geel, and Murphy (1999) nnual NARPM Training Program



In-Situ Remediation (ISR-MT3DMS)

MT3DMS v5.3

RN NN NN NN NN NN NN NN NN NN EE NN EE RN NN SN NN NN NN NN NN N ENEEEEEEEEEEEEEEEEEE

BioRedox RCT package

Contact Time Calculator

NAPL Depletion Model

FREE (www.porewater.com)

Md / Md,

Sheetpile
Enclosure

DNAPL source zone profile types:

Type 1

m h=7.5to 10 cm
eJo]ll h=51t0 7.5cm

Type 2

Res.

h=10 cm

100% 7

80% |

60% -

40% -

20%

0% 20% 40%

80%

100%

~

2

Type 1 - Free phase and residual DNAPL
at bottom of aquifer

Type 2 - Residual DNAPL at bottom
of aquifer

Y Type 3 - Multiple layers of free phase
and residual DNAPL

[ Type 4 - Suspended free phase and
residual DNAPL

Y Type 5 - Bottom and suspended
residual DNAPL

O No DNAPL detected

ﬂb DNAPL source zone
1

D Source zone region no. 1

Scale, in m

0 5 10

Parker et al., 2003

Parker et al., 2004
Chapman and Parker, 2005
Stewart, 2002

0.3
‘g’ 0.2
e
RS
g 0.1
w
O o
0.0 0.2
Relative Permeability, k
h=5cm eeeeeee h=10 cm
= = h=20cm h=30cm

Carey, I\/IcBeah, and Feenstra (2014a,b; 2015a,b,c)  Training Program




In-Situ Remediation (ISR-MT3DMS)

MT3DMS v5.3 Collaborative research:
- Dr. Brent Sleep (U. of Toronto)

BioRedox RCT package

Contact Time Calculator ﬁ

: e
NAPL Depletion Model —-—

_ : Large model linked to
Local Domain Approach | i |ocal 1-D diffusion model(s).

United States
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Case Study — Florida Site

Extraction Well
Transect

_—

=

Approx. source zone extent

- L\ Illtad Cradtna

Modified from Parker et al., 2008

Injection Well
Transect

A MW-1B

A MW-2B

A MW-3B

A MW-4B

/

Site Characteristics

Beach sand aquifer

Continuous, thin clay
layer across site

Other discontinuous,
thin silt/clay layers

Multiple, thin
suspended DNAPL
layers in source zone

Grant R. Carey

steven . Chapman - Appfjcation of an Adapted Version of
getn L Parker - MIT3DMS for Modeling Back-Diffusion

REMEDIATION Autumn 2015

rick Mcoregor -~ Remediation Timeframes



TVOC Trend After Source Containment

Hydraulic isolation system
100,000 started August 2002 5
/<

10,000
- Observed Trend
Ef
C
2 1,000 Sl
< ™
£ A
S . Expected trend
S 100 ™~ ithout back-diffusi
o o without back-diffusion
O \\\ /
o AN
> S
= >

10 \\\

O S N TCE MCL =5 ug/L
1
2002 2003 2004 2005 2006 2007 2008

Year

- L\ Illtad Cradtna

Modified from Parker et al., 2008 24" Annual NARPM Training Program



2-D Model Grid

200 columns, 158 rows (layers)
Minimum grid spacing: Az =1.25cm, Ax=0.5m
Run-time = 45 minutes for 85-y simulation (At = 0.24 d)

10—
8- v =130 ftly
. -inch thick TCE pool a, = 1.5 mm
£ .
I5 Clay layer thickness = 0.2 m, foc = 0.5%
S
D 4
. :’l> v = 65 ftly
5| Q, = 1.5 mm
0 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100

Distance (m) Carey et al. (2015)

United States
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Source Characteristics

TCE C=1,100 mg/L _
Source DNAPL source removed at t=35y.
Model |
: o e 16 layers
° in clay
TCE pool: S=1100 mg/L, 5 m x 0.05 m grevsseassasseeny

[¢)]
T
<\

Elevation (ft)

Distance (m) : 0 05
Carey et al. (2015)

United States
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I Simulated TCE After Source Removal

M.y = TCE mass in clay assuming 20 m width. TCE
t = time since source removal. Concentration
(mg/L)
~10
E
ke
M.y = 136 kg % 100
m
0 10 20 30 40 50 60 70 80 90 100
10
E
t=20y =
S 1
Mgay = 1.1 kg %
m
0.1
_ E
t=30y = 0.005
S
Megay = 0.06 kg :
w 0
50 60

Distance (m)

30 years after source removal:

99.96% mass depletion in clay, avg. C,.; = 12 to 126 ug/L | EERAEECER)
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Remediation Timeframe Sensitivity Analysis

(@) RTF vs. clay length 322 ] 100 m
(Well screen=3 m) £ s | 50 m

S on | 10m
2 20

10 {°m

0 20 40 60 80 100
Clay Layer Length (m)

N
o

(b) RTF vs. screen length
(x =50 m)

\

f

imeframe (y)
W W
o O

T
N
o

Carey et al. (2015)

Remediation
— —
O 01 O O,

10

o
-
-

United States
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Remediation Timeframe Sensitivity Analysis

(a) Transverse Dispersivity (b) Groundwater Velocity
40 __60 x=50m

5 =30 = @ 40

EU GE) 20 BB Lscreen =3m

O © —0O 8 @© 2

@ = 1 & 20

E o £ o Heay = 0.2 m

FEO S E o

F o 5 10 15 20 © 000 010 020 030 040
Transverse Dispersivity, a,,... Groundwater Velocity, v (m/d)
(c) Clay layer thickness (d) Contact time (DNAPL and clay)

o 400 o 30
@ foc = 1.5% c 29 ©
& 300 =
o R=8.7 © 20 . e .
£ 250 £ 90 d contact time = remediation timeframe = 20
= __.200 = __15
52150 -
T 100 foc = g'g/° T
® 50 - ® o
5 o 5 o
o 0 010203040506070809 1 X 0 5 10 15 20

Clay Layer Thickness, H,,, (M) Contact Time, {; (y) NeENRIEIMNE))

Jnited
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I Remediation Timeframe Sensitivity Analysis

a) Biodegradation Half-life in Clay Layer b) Source Concentration (mg/L)

30 35 —
" |RTF=26y R RTF =32y
%25 RTF =23 ) %30 RTF = 26 y
= £ o5
%20 S RTF=21y
= £ 20
15 =
S 5 15
T 10 ©
S B 10
5 s S
Y ¥ S
0 0
HL = oo HL=5Yy HL=1y C,.=200 C,.=1,100 C.=8,500
57 e ) Note: K, uniform
Source conc. increase: >4,000%
Leroon =3 M Timeframe increase;: 50%
Hclay =0.2m

\‘.';EPA ILEJr?\;EfgnSrrt‘l?atﬁtsf:ll Protection _Carey e.t.al (201 5) I'ralnlng Program
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I Remediation Timeframe Sensitivity Analysis

100
H

oay = Silt/clay layer thickness

clay
R = retardation coefficient

v = groundwater velocity

L., = silt/clay layer length

clay
ar, = transverse dispersivity

Half-life - biodegradation

C,, = solubility
Clay Contact time — between NAPL
I HaIf—Iife Lonact and silt/clay

Ratio of Maximum to Minimum
Remedation Timeframe
o)

clay Time
l 7 = tortuosity coefficient

sol [
T screen _
I I . O Locreer = Well screen length

1 4

United States
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Florida Site Conclusions

« Characteristics with largest influence:

* Low-K layer thickness
 Retardation coefficient (f,,)
« Groundwater velocity

f,. is critical for:
1. Mass stored in silt/clay

2. Soil > GW concerntrations

« Characteristics with moderate sensitivity:

* aq, silt/clay length, biodegradation half-life

 Back-diffusion timeframe least sensitive to:

 Solubility, NAPL contact time, 7z, well screen length

United States
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Appendix B

CASE STUDY OF LNAPL
DEPLETION MODEL (GERMANY)
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Modeling LNAPL Depletion at a

Former Xylene Processing
Facility (Germany)

Originally presented at

by Grant R. Carey, Ph.D. CleanUp 2015
Porewater Solutions (Melbourne, Australia)

Ottawa, Ontario, Canada
WWwWWw.porewater.com gca rev@porewater.com

United States
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LNAPL Depletion Modeling

€ Model Uses
Through-Discharge, = Timeframe
Ma,,, based on = Confirm CSM
average velocity at .
downgradient = |dentify data gaps
boundary (vVp_gay) = Regulatory negotiations

LNAPL Source Zone ¢ Critical field properties
] § ¥ 7 = FF == = LNAPL thickness

Surface Discharge, Mdsurf " Transverse dISperSIVIty

based on average velocity € Case study example
across bottom surface area (v,;)

United States
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Transverse Vertical Dispersivity

Carey et al. (2016¢)

10000 Region | Region I Region lll
Diffusion-dominated Mixed Mechanical
Dispersion-dominated
1000 ¢ a
’ TV LE
100 - a =q (V/Vc)0'5
= TV_NE TV LE
i
10 -
Critical Pe
1 - (c) Seagrgn et al. (1999)
. Experiment 2B
0.1 : : y=\f ~0.30 s = B
0.001 0.1 10 1000 025 { A vem 03m/d
Peclet Number, Pe ‘; 0.20
S 0.15
(2]
5 0.10
] . 20.05
v, ~ 3 to 5 m/d for pool dissolution 2000 - ,
0.1 10
Velocity (m/d)
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Transverse Vertical Dispersivity (LE) vs. K

r t al. (201 7 - -
Carey et al. (2016¢) 0.7 This study:
. Pore-scale (Table 1,2) — -0.16
0.6 - ary £=0.08K
A Macro-scale - \
S
O Olsson and Grathwohl, 2007 é 0.5 -
>
X Chiogna etal., 2010 E
3 0.4 -
+ Rolle etal, 2012 g
(2}
% Rolle etal, 2013 g 0.3 -
(]
mm_Regression (this study) E
=
== == Confidence interval % 0.2 1
(&)
=== Regression (Chiogna et al., 2010)
0.1 -
O T T T 1
0.00001 0.0001 0.001 0.01 0.1

Hydraulic Conductivity (m/s)
K=0.2cm/s

Schafer & Therrien: ar, ;=10 mm
Small-scale: ar, ;£ =0.22 mm
Larger-scale: ar, ;= 0.4 mm

(o)
3

< ’EPALEJr?\i,tifgn?ﬁZtﬁtiu Protection 24 Annual NARPM Training Program

Agency



Former Xylene Processing Facility (Germany)
Modified from Schafer and Therrien (1995)

@ Groundwater extraction well

Modeled groundwater elevation contour
Particle trace

‘ LNAPL source zone

Scale, in meters

I 4

0 100 200

i

e Bl
L I

Vo | United States . .
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Estimated Mass Discharge Based on Schafer and Therrien (1995)
Modified from Schafer and Therrien (1995)

Modeled xylene biodegradation
1200 - « DO and NO3 reduction only

« May underestimate actual by 2x
« Fe(lll) and SO4 reduction

N
o
o
o

800 -
600 -

400 —

"L il IS

Pre-Pumping t=0.6y =14y t=2.4y =34y =45y

Mass Discharge (kgly)

B Extraction Wells OBiodegradation

United States

\e’EPAEnvironmental Protection 24" Annual NARPM Training Program

Agency



NAPL Depletion Model (NDM):
Sub-zone Mass Discharge

Carey et al. (2014a)

I L (Mdthru)

[

\ J
|

A 4
[TTTTTTTT] [TTTT] — .
- Depleted NAPL l_ﬁ» Through-Discharge
o

Surface Dissolution
(Md,)

Free Software:
Email: gcarey@porewater.com
Download after Sep. 30t: www.porewater.com

United States
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NAPL Depletion Model (NDM):
Sub-zone Mass Discharge

Carey et al. (2014a)

Y

» Depleted NAPL|  |—

HEEEEEEEN NN >

[

\ J
|

Surface Dissolution
(Mdsun’)

Through-Discharge

(Mdy,)

Carey et al. (2016a,c,e)

Empirical Relationship (K in m/s)

7= 0.60 K0.030

(i)

6,= 0.30 K002
0, = 0.41 K094, K < 1x102 m/s
6, =(0.29 K 0926) —0.03, K> 1x102 m/s

(i)
(iii)
(iv)

Uy = 0.08 K-D'lﬁ, v< V.

ory yg = 0.08 K018 (v /v)0>, v > v,

(v)
(vi)

a,, = 0.112 (100 k) 0211
n=13.14 (100 k)%2% K >1x10-4 m/s

s, = 0.015 (100 k) 0218
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Saturated Source Zone Thickness vs. Time
Modified from Schafer and Therrien (1995)

2.5 -
= Modeled water table decline
E.2.0 -
"
2151 B Hop= 1.7 € 0441
[ ~
4 ‘s\
)
1.0 - /
w N\\
S R Bt N
N I s
054 Ty
we- s
OO T T T T 1
0 1 2 3 4 5

Time (y)

Note: Effective thickness of the LNAPL source zone was determined based on
an assumed source zone bottom elevation of 19.75 m, and the fluctuating
water table elevation. t=0 corresponds to May 1, 1988.

(o)
3
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Modeled and Estimated Mass Discharge

B NDM - Md,,;

2500 1 { NDM - Md,,,,,
= T calculated Total Md
2 2000 -

(]

O

o

£ 1500 A

(&

2

=

® 1000 -

©

=

5001 |

o H B
Pre-Pumping =0 =06y =14y t=24y =34y =45y

Notes:

1. Groundwater extraction system started at t=0.

2. Md = mass discharge.

3. Range in calculated total Md is based on the potential difference between including and excluding
xylene biodegradation under manganogenesis, ferrogenesis, and sulfate reduction.

United States
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Remediation Timeframe Analysis

Goal

€ Evaluate influence of Q on depletion
timeframe

Approach

€ Assume constant, average wate
table elevation

‘\ \‘\‘\ "

| \’

= Source zone 0.85 m thick below water I

table
€ Evaluate influence of increasing Q on %i%rzmx)s
GW velocity Qx1 (system design)
. R41.3 Qx2
€ Model LNAPL depletion for each R41.3 Qx4
scenario

\Q;EPALEJr?\i/ti?gnsntwaetr?til Protection 24" Annual NARPM Training Program
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Velocity vs. Pumping Rate

LNAPL Source
Zone Vg

‘ Vbot

2.0

D18
E1s
213
§ 1.0
D 0.8

>
0 0.5

R41.3 Qo3

. |
Pumping © 0.0 ' ' ' '
Well 3: 0 200 400 600 800

R41.3 Pumping Rate (m*3/d)

-~Downgradient Boundary Transect
—+Bottom surface of source zone

Note: Pumping rates at extraction wells R41.2, R41.4, R41.6, and R41.8 were simulated to be
constant for all scenarios where the R41.3 well pumping rate was greater than zero.
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Strategic Pump-and-Treat

Q, = historical average

. t Remediati
pumpmg rate R41.3 Combined on

Pumping Rate Pumping Rate Timeframe
Scenario (m3/d) (m3/d) (y)
30 1 MNA 0 0 25.1
25T MNA: 25y Qx1 167 2044 12.5
334 2211 9.7

N
o
1

6.7
Q: 13y
Q;+10%: 10y
Q +25%: 7y

Depletion Timeframe (y)
s o

5 -
e Y 3
0 500 1,000 1,500 2,000 2,500 3,0 DS \Alell
. ‘c‘ ‘.‘ y vV l
Total Pumping Rate (m*3/d) h

H‘\HHNH“\‘ i “\‘H\‘Wu‘\ H M\H | \

United States
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Summary

€ Transverse dispersivity based on K

€ Model matched estimated mass discharge

= Without any input calibration
€ MNA may be appropriate if no receptors at risk
€ Increased pumping rate at R41.3

= Small incremental cost EIELE AV a]os=Talo RN

= Large reduction in remediation timeframe

United States
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Appendix C

SUPPLEMENTAL SLIDES
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Mass Discharge and Concentration

€ Concentration-based approach may not account for
important site characteristics

= Large vs. small releases ITRC, 2016

= Pumping rate at the receptor well

Case A: Large Release Case B: Small Release
High Max. Conc. and High Md High Max. Conc. and Low Md

KEY Evaluation of mass discharge (M,) can increase

POINT: understanding of site and be an important component of
- the site conceptual model

\e’EPAEr?\i,tifgn?ﬁ?ﬁtiu Protection 24 Annual NARPM Training Program
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Mass Flux Can Be Highly Variable

Isoconcentration
Contours

Flux Sampling Points

Transect Wells Flux Results

(o)
3

ITRC, 2016

Figure 2-4

Contaminant
Concentration

Highest

Lowest

Groundwater Flux

q Fast
—>
— Slow

24" Annual NARPM Training Program
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Mass Discharge vs. Traditional Approach

€ Traditional Approach: Measure existing POE ITRC, 2016
plume concentrations to assess we

= Impact on receptor wells

= Natural attenuation rates

= Remedial options

€ Mass Discharge Approach: Define rate of
mass discharge across specified cross-
sectional areas of plume to assess

= Impact on receptor wells

= Natural attenuation rates

= Remedial options

KEY Mass discharge approach sometimes offers a better
BENEFITS: understanding of potential risks and attenuation rates,
and can lead to sounder remediation strategies.

Mass dischar-gé.app-roach based on Einarson and Mackay (2001) ES&T, 35(3): 67A-73A




