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';': Terminology: Natural & Engineered Remedy

Engineered Remedylso referred to in other guidance
documents as active remediation, is generally considered to be ===~

Standard Guide for Estimating Natural Attenuation Rates for Non-Aqueous Phase

more resource intensive in terms of cost, energy use and GHG
emissions (ASTM E2876). o e

:% D:‘;j:j:t‘;:;iﬁ::f“..:::::."CT"T‘T":."L.;‘.?;‘.‘i‘# or Trate
Natural RemedyAlso referred to in other guidance documents

as passive or knowledgiriven remediation, is generally a less L

resource intensive remediation system mainly relying on e ————————————

natural or insitu and enhanced bioremediation measures. ASTM E3361

Monitored Natural Attenuation (MNA)A natural remedy
documented through site characterization and monitoring.



https://store.astm.org/e3361-22.html

';': Remedy Transition

Engineered Remedy

More engineered interventio]1

Shorter timeframe

Higher cost

Higher GHG emissions

Higher energy use

Remediati

Natural Remedy
Less engineered interventio
Longer timeframe
Lower cost

Lower GHG emissions

Lower energy use

ARIS



';': Natural Attenuation & Natural Source Zone Depletion (NSZD)

Natural Attenuation (NA) Natural Source Zon®epletion(NSZD)
| LNAPL |
| footprint | ﬁ ﬁ ﬁ y
ﬁﬁﬁﬁﬁﬁﬁﬁ,‘ - /////\
£ i
Hydrocarbon D i
Vapors Vadose & i
Plume zone ::; !

v N
. 'SSOI-VEd ) Satu rated
Contaminants zone

Plume

Ground water flow
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':': Natural Attenuation Estimation Methods

1. CO, Efflux Method e
2. Temperature Gradient Method
3. Soil Gas Gradient Method

4. Groundwater Monitoring Method

5. NAPL Composition Method ASTM E3361

adzt GALIX S GSOKy2f23ASa 9 | LIWINRIFOKSa T2



https://store.astm.org/e3361-22.html

';': Natural Attenuation Processes & Pathways

CO, Efflux

L]

3
Soil gas

gradient
(0,, CO,,/ CH,, HC)

=

Monitoring
groundwater
chemistry

8

1 Fuel Release Source

(above or below ground surface)
and downward mlgratlon Ground Surface
FEPR .f ? 7777
& 0)#
Temperature usion |
< gradient b daemtdlct'
§ 2 9 ~# methane lodegradation
ShERNDoLN ¥ 43 oxidation volatilization )
it c
e et ? (hydrocarbon vapours) = .S
| . utgassmg‘\ g 1 z B3
— > T VY
N LR ——
temperature | biodec radation = - ¥ ——
n'iethano enesis sorption
s Groundwater = ~degassing dlspersmn ™)
g St EEEER R R b et 32
LNAPL 5 Dissolved
composition Plume
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';': CO, Efflux Method - Assumptions & Site -Specific Considerations

M1 Attenuation of NAPL constituents
through biodegradation

constituents to CO

{ CQ transport in soil gas from the source
to the ground surface (point of 1
measurement) 1

{ Background source: GProduced from
natural soil respiration

{ Estimate the portion of CL&fflux
attributable to contaminant
biodegradation

1 Ground surface cover
1 Vegetation

1 Complete mineralization of NAPL 1
1’

High natural organics (e.g., peat)

| High permeabillity soils and barometric

pumping
Low gas permeabillity soils
Preferential pathways (e.g., utilities)

ARIS



':': CO, Efflux Method 7z Example Implementation

DC% Gas Analyzer (CO,)

0O,

( t CO,

Step 1.Instal

| DCC

Step 2.Estimate the CCEfflux,J-o,
Step 3.Correct for background sources

T R
T TR

J sz :sz -

Jsg = attributed to NAPL soil respiration (umol CO,/m?/s)
Jeoz = total measured (umol COy/m?/s)

J

Figure fromlasonVerginelli(2021)

fnszn = fcs&

NSR Jwse = attributed to natural soil respiration (gmol COs/m?/s)
Step 4.Estimate the NSZD Flux
Inszp in gallons/acre/year.
M,,, = Molar weight of hydrocarbon (g/mol)
MWSHC'EDZ [ Skc:coz = Stoichiometric ratio of a mole of hydrocarbon

Po

degraded per mole of CO; produced

P = Density of hydrocarbon (kg/L)
2
U = Unit conversion factor = 33.7— xﬂ xlxgﬂ”m
pg  acre L

ARIS



';': Example: CO, Efflux Method

LI-8100A

Dynamic closed chamber LFCOR Biosciences

Active air flow connected to infrared detector Automated Soil Gas
Flux System

‘Survey System

Measurement time scale: snapshot (minutes)
Continuous monitoring

Static trap E-Flux FossiFuel Trap
Sorbent material to passively capture £LO

Measurement time scale: weeks (~1 to 4 weeks)

Forced diffusion dynamic chamber Eosense
Flow regulated by gas permeable membrane eosFDsoil CQflux sensor

Measurement time scale: snapshot (minutes)
continuous monitoring

10
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';': Background Sources of CO

A CQ produced from natural soil respiration

background location

CO, Efflux = Contaminant Soil Respiration + Natural Soil Respiration A A/
e @ T
A Two general approaches: 9 e @
A Sampling background locations o o ® _ o
I 1 1 l, o :
A Sampling & analysis of radiocarbéfQ) . ®° o
.. 0 @ @
A Design of program for background correction is  sampling fot4C Analysis
site specific:
A Heterogeneity in surface cover & Contemporary (modern)
. organic carbon is 14C-
vegetation rich, while fossil fuel
I§arbon is 14C-depleted

A Heterogeneity in hydrogeologic conditior

@
Modem CO,

e ¥

11




':': CO, Efflux Method 7 New Guidance Content

P Appendix XiB
h &—A 100.00 o 2000
23 - gauge F:f; 99 95 Chamber Pressure [CO,]g 1800 £
sample needle | \(;i:;) . hHF"‘IW o %
E . ! © 99.90 1400 ‘g
Appendix XID: based | ’ = 99.85 1200 2
| Pressurerelease = CO, 1000 =
on the MS Research of | o 4 mechanism 2 99.80 J 800 5
Lindsay Reynolds (Shaw)ﬂi_{—; £ 99.75 600 5
el TN Lo “[coy) 400 4
4.5 ml exetainer F —— =" Soil gas 99.70 = 200 8
housing sample | Z‘é)"tai”i"g 99.65 0
. | 2
Ba(OH)solution i R 0 500 1000 1500
! Stripgped Chamber Closure Time (s)
of CO,
N
14 F[CO,]5 — F4[CO,]4
FCSR — 1 - FS — 1 - .
BaCQprecipitate shipped to the AMS [CO;]p — [CO,],
lab for analysis and reporting of
fraction of modern carbon Laboratory reported fraction of modern carbon

12 ARIS



- Temperature Gradient Method 7z Assumptions & Site -Specific
Considerations

{1 Attenuation of NAPL constituents through § Low gas permeability surface cover that

aerobic biodegradation and oxygen could limit soil gas transport
avallability 1 High natural organics (e.g., peat)

1 Production of biogenic heat from aerobic 9§ Confined NAPL conditions (ASTM E2856)
oxidation of hydrocarbons (notably 1 Geologic or anthropogenic sources of heat
methane) not related to the NAPL

{ Background correction for heat exchange
with the atmosphere and other sources of
heat in the subsurface

13 ARIS



';': Temperature Gradient Method 7z Example Implementation

Data logger Step 1.ldentify the temperature profile
Step 2.Correct for background sources (select from

Temperature ,—-|

sensors 0, three approaches)
t t . t co, Thermal correction Measurement at
approach background location

Background correction es
t ] R v

CH;and VOCs Thermal correction from surface
heating and coolinga a A A HA 1 € no
method

Thermal correction from surface

heating and coolingmodeling o

Step 3.Estimate the NSZD Fluks,q

14 ARIS



';': Temperature Gradient Method 7z New Guidance Content

Advances in the irsitu estimation of soil thermal conductivity

1. Active heat source is supplied and changes in temperature are monitored (KRakaraniet al. 2021)

2. Longterm temperature monitoring to estimate thermal diffusivity (Sweeney, unpublished and Kulkarni
et al. 2021)

C requires estimate of volumetric heat capacity based on solil type and moisture content.

Advances in correcting for background sources
A Solution to heat conduction in-D at steady state
A Solving for three nknown variables:

1. boundary condition of heat source/sink at the ground surface
2. NSZD related heat source S o 5
3. depth of the heat source o{ AYIA®]1EeE aSUK2ZR
A Iterative al gorithm & optimized fit Thermal estimation- of natural source zone depletion rates without
between the observed and predicted background correction Water Research 169 (2020) 115245

temperature profiles Kayvan Karimi Askarani, Thomas Clay Sale”

Givil and Environmental Engineering Department, Colorado State University, 1320 Campus Delivery, BO1, Fort Collins, CO. 80523-1320, USA

15 ARIS



';': Soil Gas Gradient Method z Assumptions & Site -Specific Considerations

16

Spatial Changes in soil gas composigon

vertical profile in the vadose zone resulting

from biodegradation of NAPL constituents

Vertical gradients in 9 CQ, or hydrocarbon 1

concentrations in soil gas
Diffusive gas transport in the vadose zone

Low gas permeability surface cover that
could limit Q ingress

Low gas permeability soils

Soil gas advection from barometric pumping
effects or high methane concentrations

ARIS



':': Soil Gas Gradient Method z Example Implementation

Soil gas nested probes

\\
t

TR

_‘t tcoz
By ¢ 1t

CH,and VOCs

Figure from DdasonVerginelli(2021)

17

Step l.dentify the Q concentration profile in soil gas

Step 2.Estimate the concentration gradient of, @ soil gas
Step 3.Estimate the reaction length

Step 4.Estimate the diffusion coefficient

Step 5.Estimate the mass flux

Step 6.Correct for background 2lemand (two approaches)
Step 7.Estimate the NSZD Flukep

Inszp = JesrSHc:02

Jxszp in gallons/acre/year
Stc.oz = Stoichiometric mass ratio of g of hydrocarbon
degraded per g of O; consumed

ARIS



';': Soil Gas Gradient Method 7z New Guidance Content

Types of Soil Gas Profiles & Analytical Solutions

(a) Linear profiles

C(0) = CO min C(0) = Oz max
z=0 1
“ CO, 0,
\
\
\
\
\
\
\
\
\
\
\
z=L
C(L)=COzmax  C(L)= Oz pmin

18

(b) Semi-curvilinear profiles

C(O) = CoZ,min C(O) = oE,max
C(z*) = CO,- C(z")= O,
\
\
CO, '\

\

|

|
C(L) = oz,min C(L) = CoZ,max

(c) Curvilinear profiles

C(O) = CoZ,min C(O) = oZ,max

C(L) = o2,min C(L) = Co2,max

Adapted fromVerginelli and Baciocchi (2021)

ARIS



';': Soil Gas Gradient Method 7z New Guidance Content

Review of Chemical of Concern (COGpecific Attenuation Rates

A Analytical Models
Examples:
A BioVapor(DeVaull 2007; API 2010)
A PVI Screen (US EPA, 2016)
A PVI2D Yaiet al., 2016)

A Numerical Models
Example reactive transport models y R
A L&hVI%t a|_ (1999) MIN3RDusty Simulationz:n‘gjo‘l;(;il:r);:gicsingtI;Ier(szézl(g?,)
A MIN3RDusty, Molins and Mayer (2007) & other |
models used in assessing vapor intrusion: Yao
and Suuberg2013) and SERDP (2014)

19 ARIS
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. Groundwater Monitoring Method Z Assumptions & Site -Specific

Considerations

Spatial (upand downgradient of the
source) changes in the groundwater
chemistry including dissolved gas
concentrations resulting from
biodegradation of NAPL constituents in
the saturated zone

Dissolution and flow of NAPL
constituents in groundwater

1 Availability of groundwater monitoring
data and hydrogeologic parameters

1 Assessment of confined NAPL conditio
(ASTM E2856) for data interpretation

ARIS



':" Groundwater Monitoring Method Z Example Implementation

Groundwater monitoring wells Step 1.Estimate source mass depletion due to dissolution

Rear = Reap—aic + Rear—bio

21

& flow
Step 2.Estimate the assimilative capacify, based on
groundwater monitoring data
Step 3.Assess conditions falegassing & calculaté,
accordingly _
Step 4.Estimate the rate of biodegradation in the saturated
- ZOhe
— Step 5.Estimate the total rate in the saturated zorte,;

(kg/day)

R_.; = total mass loss of hydrocarbons in the saturated source zone

combination of dissolution and flow of the hydrocarbons (R ;_ i<}
and the rate of hydrocarbons biodegraded (R ;_nin)-

ARIS



':': The Challenge

1. Identifying a single model that
incorporates all of the relevant processes
in saturated and unsaturated zones.

2. Interconnected processes through

A Infiltration (downward towards water
table)

A Soil gas transport (upwards towards
ground surface)

3. LNAPL source zones typically straddle the
water table

More collaborative effort needed towards estimating
methane production.

22

NA in vadose

& saturated
zones (15)

9 1

Degassing
& Boullition
(2)

Multiphase
How (9)

Based on review of 35 RTMs
by Lariet al. (2019)

ARIS



';': Groundwater Monitoring Method Z New Guidance Content

Modified Control Volume Method

Estimate methene generation based on:

1. Sampling& analysis otlissolved M Ar,

2.

3
4.

CQ and CHdata

Degassingpatch model of Amos et al.

(2005)

. Model calibration
Include degassing into the assimilative

capacity,0

0 8

Rear = Rsap—ais +

=
L

Using a Batch Model to Estimate Methane Production

Degassing Method Natural Source Zone Depletion Case
Reyengd2020)
Applied NAPL Science Review (ANSR)

Stu

Degassing can be significant for confined NAPL/low permeability conditions

23
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NAPL Composition Method 7z Assumptions & Site -Specific
Considerations

Changes in the composition of NAPL constitue § Finite NAPL mass with no additional releases
over time during the assessment period
NAPL sampled consecutively from a single 1 Availability of NAPL compositional data over tir
location is representative of the same NAPL ba  (minimum of approximately four years and 9 to
over time (monitoring period) 10 NAPL samples)
1 Conversion of fraction/percent rates into
volumetric rates will require an estimate of total
NAPL volume at the onset of the monitoring
period

ARIS



';': NAPL Composition Method 7z Example Implementation

A Conservative compound(s) increase in concentration
Groundwater/product monitoring well due to weathering NAPL

A Mass loss of other compounds due to biodegradation,
volatilization and dissolution

A Absolute mass loss rate estimated relative to the
increase in conservative compound(s)

A Mass loss from single conservative compound

Douglas et al. (1996)

Environmental Stability of Selected Petroleum
Hydrocarbon Source and Weathering RatiBS&T

Baedeckeat al. (2018)
Weathering of Oil in a Surficial Aquifgéroundwater

25 ARIS



';': NAPL Composition Method z New Guidance Content

Monitoring&Remediation DeVaulket al. (2020)

//’/ ’///

Petroleum NAPL Depletion Estimates and Selection
of Marker Constituents from Compositional
Analysis

by George E. DeVaull, lleana A. L. Rhodes, Emiliano Hinojosa, and Cristin L. Bruce

U Marker choice is the most persistent and based
on measured data fot an a priorimarker

choice)

U Applies even if traditional biomarkers are
absent (such as for gasoline or diesel)

26 ARIS



';': Example Problems

27

Example implementations

Seven Case Studies

#1 #2 #3 #4 #5 #6

—
e
)
=

O
c
>
o
=

Q)

Monitoring
NAPL
Composition
Temperature
Gradient

#{

CQ Efflux

Temp
Gradient

Soil Gas
Gradient

ARIS



';v Example Problems - Case Studies

Location &

Climate NAPL Type

Intended
Application of
the Estimated

Rates

Remedial
Concern(s)

Method-Specific
Technologies

28

Estimated Rates

Lateral &
Vertical Extent
of Source Zone

Factors in
Method
Selection

Approach to
Rate
Calculations

Assessment of
Seasonal
Variability

Ground Surface

Applicability in
Support of
Decision(s)

Background
Sources &
Correction

Methods

'.,.
ARIS
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AP
Guidance

Document
(2017)

111111111111111111111111

A NSZD is an important new tool in managing LNAPL contaminated sites
A Many guidance documents describe multiple methods

INTERNATIONAL

Standards Worldwide

A Guidance documents are strong on describing methodologies, and
GAYUIUNRYAAOE TAYAUGlIOGAZ2YEa 2F GKS O

A Direct comparisons of different methods are scarce

A Guidance documents create a sense of method equivalence

A Users need more direct guidance and pitfall awareness

Proprietary and Confidential Information
© 2025 All Rights Reserved



NSZD Rates and Active Remediation

10000 ¢
Active Remedies
(Palaia, 2016)
1000 | )
NSZD
(Garg et al., 2017)
100 ¢
10

10



NSZD Rates and Active Remediation

10000 ¢
Active Remedies
(Palaia, 2016) -
Range of 3Qs
SSM (Battelle, 2024)
1000 |

NSZD
(Garg et al., 2017)

100 E

10

10



A Data Review on CO2 Trap Data

1) Most of the (more recent) data presented is from d@aps
(unless otherwise noted)

2) Materials included in peer reviewed publication

3) Materials expected to be thoughdrovoking

NEIWPCC Bulletin 95
650 Suffolk Street, Suite 410 July 2025
Lowell, MA 01854

LDST

A Report on Federal & State Programs to Control Leaking Underground Storage Tanks

Ly o | | . | . I =0 A~ [ h A = 01 N [ | A 1



1) Review of published data

2) Explaining the data

3) Why these findings should matter
4) Recommendations



CQ traps

(from diffusion or short-term mu |t| p I e d ays

pressure changes)
4 Radiocarboni{C) correction
FLLX ASR G2 26&
OF Nb2ye o%t2aa
production rate alternative to
ol Ol ANRdzy R OPp
T A Old carbon flux converted to
NAPL mass losses using basjc
& stoichiometric assumptions

A This method often used as a

& @  Fossil fuel CO2 reference
&

\4 R
Modern CO2 &

Atmospheric CO2 l A Total CQfluxes measured ovar




Characteristic Scale and Measurement Error

Minimum volume
for reference

I element

& After: A. Corey, 1994
"B Mechanics of Immiscible Fluids
_ in Porous Media
| (pic from engr.colostate.edu)

Measurement >

Element Volume —




Dynamics of Soil Respiration

3
Precipitation
(1-H € U d
2 ——

Wi

O A
Values are approximatg.
Original data from Arcadis/ExxonMobil StuMalanderet al, 2015. Available at IPEC 2015 Websijte.
° ¢ ¢ N Time series from

0 5 | 15 20 Automated DCC
Time (days) X  DCC survey mod

\

CO2 Flux mM/mz2.s)

\
WwSL2 NI AYyRAOFGSR GGNI LI REGI | 2528RHE
(for total CO2 fluxes? For NSZD rates?) - CO2 Trap Flux

fossil fuel

© 2025 Julio Zimbron All Rights Reserved



CO2 Flux (LM/m2/s)

Dynamics of Soil Respiration

Mean f‘

5 10 15 20
time (days)

time measurement and doing what is known as the
GolF O1T ANRdzy R O2 NNBO

[ Flux :
w 1
0

\

Time series from
Automated DCC

@ DCC survey mod

. . — \
-

CO2 Trap Flux
fossil fuel

IA2YE




The Magnitude of the Measured Rates (an evolving tar

Percentile

100%

75%

50%

25%

0%
10

McCoy, 2012
Garg etal., 2017

Kulkarni et al., 2022

100 1000
NSZD rate losses (gallons/acre.yr)

10000



IND. GENERATION
TRAP + RAIN-COVER

e .1
A9 0 Y
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1st Prototype

(20092011):
Largest footprint
Backgrounecorrected
Digandrefill installaton e,
CQ Trap ¢ ) ....
Methodology 2"e Gen. 3rd Gen. '
(201F2015): (2015date):
Intermediate size Footprint minimized . . “,
Radiocarborcorrected Radiocarborcorrected SERERCR o,
Dlg-and refill mstallatlon Dlrectpush mstallatlon K
Timeline < = e < = < R °
20 3:;:,, 2015 2020 v 12025
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CQ traps: earlier prototypes
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Radiocarbon Correction Effects

CQ Efflux, background correction v<C

Groundwiater

Monrtoring8Remediation Practical Applications
e S e

Comparison of Radiocarbon- and Background
Location-Corrections on Soil-Gas CO, Flux-Based
NSZD Rate Measurements at Petroleum Impacted Sites

by Julio A. Zimbron

Abstract

The measurement of contaminant natural source zone depletion (NSZD) rates has become an important tool to manage petroleum con-
taminated sites. Most NSZD rate measurement methods rely on a balance on the biodegradation by-products (either carbon or heat). Carbon
balance-based methods stoichiometrically convert measured soil-gas CO, flux related to contaminant degradation to equivalent contaminant
mass loses. CO, flux-based methods require separating the fraction of the total CO, flux produced by NSZD from the fraction of CO, flux

Study focused on two practices to estimate noise (background correctio&*@nd
correction) on the same measurement

Effect of measurement error (special variability, different deployment periods, method

biases) is minimized, allowing focus on given practice




Comparing Both Corrections

Zimbron, 2022. GWMR
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Comparing Both Corrections

Zimbron, 2022. GWMR
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-2.5 -1.5 '[—]EﬁS' 05 15 25 35 45 55 65 75 85 95 105
Flux,,.-Fluxg; (uMol CO,/m?/s )

A Five sites data suggests higiassof background correction
A HoweverKurkarnj et al, 2022 (40 sites) found no consistent bias of any method tested



Soll Installation Method

"The biennial NSZD monitoring event was
conducted in November 2022 using direct
push, onetime use, shallownstall, low
profile CQtrap receivers."

-+— 10000

»
[8.2]

|

oy

1000

Mean NSZD Rate (gallons/acre/yr
(W]
# of Measurements

Data and report available at:
colorado.govédphe J-10 J-12 J-14 J-16 J-18 J-20 1-22 J-24

100 0



Evolution of COTrap Best Practices

a) Trap Design

b) Soil
Installation

c) Radiocarbon
Correction

15T. GENERATION

Monitoring&Remediation Practical Applications

Comparison of Radiocarbon- and Background
Location-Corrections on Soil-Gas CO, Flux-Based
NSZD Rate Measurements at Petroleum Impacted Sites

Data using up to date practices:

Zimbron, Julio A. "Comparison of

wlk RA20F N2yl yR . I
[ 20 GA2yn/ 2NNBOG A 2
CfdzEmn. &SR b{ %5 wl
Petroleum Impacted Sites." Groundwater
Monitoring & Remediation 42.3 (2022): -
122.

(5 sites, n=36 observations)

NAFVAC, 2024. Fact Sheet: Natural Sou!
Zone Depletion. Available at
exwc.nafvac.navy.mil

(5 sites, averages reported)



100%

75%

S50%

Percentile

25%

0%

—@—Garg et al., 2017

——Kulkarni et al., 2022
—8—/7imbron, 2022
—&— NAVFAC, 2024

—&— McCoy, 2012
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100 1000

NSZD rate losses (gallons/acre.yr)



Why the OM of NSZD rates matter?

1) Remedy transition (population example)
2) Remedy transition into NSZD as a remedy (2024 Battelle Exam
3) Site longevity: ASTM Example



NSZD Rates and Active Remediation

1 Active Remedies NSZD

| (Palaia, 2016) (Garg et al., 2017)
NSZD
1,000 | (Zimbron, 2022)

NSzD
(NAVFAC, 2024)

100

NSZD rate (gallons/acre/yr)

10

NSZD can outperform active remedies
X ubnot as often as initially thought




An (Not Uncommon) Example

20,000

15,000

10,000

5,000

NSZD Rate (gallons/acre/year)

| 8,291

Q1 rate:

\ 4

1) Single Stick Method

2) 09/2022-06/2023 (Q1Q3)

3) Multiple locations

4) Soil Transport Properties
from Reported Values

5) Seasonal results not
consistent with Conceptual
Site Model

Q3 rate: 6) Sitewide value: ~8,000

Recreated, not exact data,
(Q mean values are exact)

3,112 gallons/acre/yr led to site

10

time [days}l

H\lll\lllmmmu (I rlosure
250

300

Recreated data
(Q mean values are exact)



Hypothetical Example: Site Longevity

From ASTM Guidance Document:

G{A0S GAGK [b!t[ YlIlaa 2F ouwXZnnn 3JlLff2y
NSZD rate: 700 gallons/acre/year ) S )
BH on @SINABER (2 yYySINIeé O2YLJX SUS RSLJX SiA:

Same example, but NSZD rate of 150 gallons/acre/year
C ~130 years to nearly complete depletion

4 EXxpected site longevity can change from decades to centuries, based
on NSZD rates

4 Perhaps the final outcome (NSZD Is an acceptable remedy) would
not change, but seems these comparisons should be based on more
realistic rates, rather than those based on early data




TopQaQC flags

1) Measurement at a scale below the characteristic scale of the problem

2) Background correction (i.e., applied to short term CO?2 fluxes or the
thermal gradient method)

3) Outlier values (i.e., site wide average > 1,000 gallons/acre)

4) Calculated values using soll transport property from literature

5) Modeled NSZD values



- Are values outliers (> 1,000 gallons/acre per year)?

- Is a background correction being used?

Y
Y
- Are soll transport properties measured? Y
- If measured, were they measured outside relevant location and time? Y
- Are measurements too sparse (i.e., < characteristic scale)? Y

Y

- Geospatial bias: NSZD measurements at prescreened high NSZD locations
than distributed across NAPL source)

2 SNB LI NI 2F GKS RIGlF SRAGOSR o6SOId

ok
%
Z
Q
py

- Are results inconsistent with conceptual site model? Y N
Examples:
- Sharkfin temperature profile with maximum outside Aerobic Anaerobic
Interface
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Closing Thoughts

1) An NSZD target of 1,000 gallons/acre/yr is overly optimistic
2) Industry should continue to improve best practices (expect

NSZD rates to drop)
3) Incorrect characteristic scale can be a significant source of

error- available guidance documents have been silent on
this

4) Theapparent agreement between different methods that
use different characteristic scale should be further

Investigated
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Measured Rates: an evolving target?

100%
McCoy, 2012
Garg et al., 2017
75% Kulkarni et al., 2022
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E A0
)
o
25%
0%
10 100 1000 10000
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NSZD Rates and Active Remediation

10000 ¢
Active Remedies
(Palaia, 2016) -
Range of 3Qs
SSM (Battelle, 2024)
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(Garg et al., 2017)
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NSZD rate measurements are recommended as routine best practice ARaprtonFsrst S P o Coted Lesing Undargrund sroe Tnk
to support remedial decision making (baseline) Exit Strategy Toolkit for Optimization and

Termination of Active Remediatiop Systems
NSZD methods:

o often require additional instrumentation (chambers, canisters,
thermistors) or a high level of effort, sophistication (numerical or
analytical models)

o non-compositional (bulk LNAPL only)

ASTMWKTBEET ®

New GU\de

Sites Toward Site Closure

NSZD rates can vary significantly over time and space

1, 5cope

he pmposei guide wouid be focused D“!S\S)
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NSZD is often used as one of multiple lines of evidence for
terminating active remediation

closure.

Keywords »
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x Goal Developsimple compositional NSZD method to facilitate
O broader uptake of NSZD measurements in support of improved

remedial decision making at petroleum release sites
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Soil -Gas Method Based on Vapor Transport Modeling
(Verginelli and  Baclocchi , 2021)

Nested Soil -
Gas Probes

YA

C, = measured

VADOSE
ZONE

CAPILLARY/SMEAR ZONE

SATURATED ZONE

SOIL GAS
PROFILE

ANAEROBIC

z=L dC/dz ,. =0
(no flux)

CHUIE wjdg]

A Fre o slger EN

Jo = Inszp = DM * Csouree/lr

z=0 C,-¢=Cgsource

1-D Steady State Vapor
Diffusive -Reactive Transport

Q6 Qit—._

Qo( 0 to 1
Effective Diffusion Coefficient
@) O t o)

Reactive Pathlength

) o {0
v —ia

k,, = firstorder biodegradation rate constant

q,, = volumetric moisture content of soil

g.= total porosity of soil

HI' RAYSyairzyfSaa | SyNRQa /2y
CsourcE Source vapor concentration

L = diffusive reactive length (reaction rate/diffusion rate = 1)
Deff = effective diffusion coefficient
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SIMPLIFIED METHOD
Approach o Prones ?

/1\

o 2 Methods

o Simplified Approach : based on depth-discrete soil-gas concentration data)

C, = measured

VADOSE
ZONE

o Screening Approach : based on maximum concentrations measured in MWSs

o methods can be applied to assess both bulk and chemical specific NSZD rates sy e e
CAPILLARY/SMEAR ZONE

o both methods involve 3 general steps:

_ _ _ _ SATURATED ZONE
o Step 1: Estimate the diffusive Areactiveo pat
o distance above vapor source where reaction rate / diffusion rate or SCREENING METHOD
Damkdohler Number = 1 W
/
0 location roughly coincides where maximum source vapor concentrations G
(Csource) decrease by 0.37x (ITRC, 2014) ZONE
o Step 2 Estimate the effective diffusion coefficient (  D#ff) F
. — L
= Deff * P ] RS 0 o ) A G
o Step 3 Estimate the NSZD rate  (Jusp = D * Coource/Lr ) = fr st e

SATURATED ZONE
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Simplified Method
Estimate the L

: Step 1
r (from Soil -Gas Data)

Soil gas probes

Soil gas concentrations

Selection of control points

; VOC 0, C
<DL [ - upper o
) Minimum soil gas concentration in the
| aerobic zone above the detection limit
— (DL}
= 0L .
\\\ / " . "
. \\.\r,/ Diffusive reaction length (Lg)
[
| Az
- AN ““m(c,,,/C
N ‘*\\ lower upper
E @ <% ‘e c
\ " “lower
E\ P Maximum soil gas concentration at the
% ‘ = 2% > greatest depth
MAPL Nomenclature

dysrp: NSZD flux

D= Diffusion coefficient

Lg: Diffusive reaction length

Cirae. Maximum soil gas concentration

Copyrights of Equilon Enterprises LLC

C.pper ShoUld be selected
as minimum soil gas
concentration > DL*

* will underestimate NSZD

rate if use C,,ner < DL

Ciower Should be
selected preferably in
the aerobic zone (O, >
17 2%)

method requires a
minimum 2 depth
discrete vapor
concentrations > DLs
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Simplified Method :Step 1

Estimate the L

R

(from Soil -Gas Data)

Depth below ground surface (ft)

-
o

-
N

-
H

16

Hal's Chevron, VW-10, 11/20/2003

Ly=1.1ft(0.34m)

\

| =—@=data

_h e e an fit
| ==———95% confidence interval
Aoaniud sl s sl 1uAn“ PRRTTT RN T AT SR TTT AR
o - - [ —_ — [ — — [
HIN o 8 o o (=] o o (=]
8 8 8 8 8 8
o o =1 o o
o o o (=1
o o o
o o
o
Benzene Soil Gas Concentration
(ug/m?3)
ITRC, 2014

Copyrights of Equilon Enterprises LLC

;o Az
© In(Cpe /Cper)

fit a regression line through
depth vs. log soil gas
concentration (L; = slope)

requires a minimum 2 depth

discrete vapor concentrations >
DLs
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L, from Aerobic Biodegradation Rates Reported in
the Literature

AROMATICS

N=31 ~-4f¥——  benzene

N =30 —e N - toluene

N=10 — N-— ethylbenzene

N=27 e tls A Lo xylenes

N=8 AL trimethylbenzene

N=4 A cumene

n=7 - @ - naphthalene

ALKANES

methane Pt N =40

propane ._...Q - N=20

n-butane A N=18

n-pentane (A} N=2

cyclohexane — I\ — N=6

n-hexane - o — N=o

methylcyclohexane —-if$- N=6

trimethylpentane-—#s@ X > N=17

n-octane L CAC N=10

n-nonane A} N=4

n-decane w—  LPH — N=11

n-dodecane A |TRC, 2014 Nza
0.01 0.1 10

: 1
Reaction length (m), Ly

Compared to benzene:

shorter Cumene

Naphthalene*

similar TEX TMB
cyclohexane*
>C8 n-alkanes methane”*

longer n-hexane
trimethylpentane

Cs, C, n-alkanes

*more varied

(*Important for Screening Method)

Awater-phase degradation rates (k)
from field studies

Aeffective diffusivity (De™) from assumed:
- soil moisture, ¢, = 0.13 cm3/cm3
- total soil porosity, g, = 0.425 cm3/cm?3

Achemical-specific parameters (H, Def)
at reference temp (20AC to 25AC)

.geometricmean e datavalues

<> median A arithmetic mean
- . — dataranges: 50%, 68% (2 s), 100%
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Simplified Method

: Step 2

Estimate the Effective Diffusion Coefficient (

For layered vadose zone

D eff ) 0) —

Tier 1: Default Values

TABLE 3. CLASS AVERAGE VALUES OF THE VAN GENUCHTEN SOIL WATER
RETENTION PARAMETERS FOR THE 12 SCS SOIL TEXTURAL CLASSIFICATIONS

Saturated Residual van Genuchten parameters
Soil texture water water

(USDA) content. 8; | Content. 8; | o (1/cm) N M
Clay 0.459 0.098 0.01496 1.253 0.2019
Clay loam 0.442 0.079 0.01581 1.416 0.2938
Loam 0.399 0.061 0.01112 1.472 0.3207
Loamy sand 0.390 0.049 0.03475 1.746 0.4273
Silt 0.489 0.050 0.00658 1.679 0.4044
Silty loam 0.439 0.065 0.00506 1.663 0.3987
Silty clay 0.481 0.111 0.01622 1.321 0.2430
Silty clay 0.482 0.090 0.00839 1.521 0.3425
loam
Sand 0.375 0.053 0.03524 3.177 0.6852
Sandy clay 0.385 0.117 0.03342 1.208 0.1722
Sandy clay 0.384 0.063 0.02109 1.330 0.2481
loam
Sandy loam 0.387 0.039 0.02667 1.449 0.3099

Mass or Sieving Fraction of total Sampls in 3%

(=)
(=]

an
a0
70
a0
a0

30
20
10

=]

Tier 2: Geotechnical Analysis

fine-grained | course-grained

Clay Silt Sand Gravel %
fine medium | course | fine mediurmn | course finz mediurm| course | 5
.~ ¥ ) T
/" ’,/ J.f Gravel Sanl:L,f rd
A Wi [ s
/ J|r fmedumﬁand ‘,/ '._,f’
L/ i I| =l tlayey Gravel with Sand
fine SandJ . ,,_r.--"""
/ L1 | /
V| _H 1] [/
1 %
a— 7
0.002  0.004 0.0z 0.08 0.2 063 2 8.0 Z0 iz

Grain or Sieve Sizes in mm

https:geoprobe.com

https: CivilBlog.org

syringe

step 2: continued step 3: sampling volume (V)
withdrawal and analysis

FIGURE 1. Generalized schematic of in situ measurement approach.

Johnson et al., 1998
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Simplified Method Validation

NSZD Rates Consistent with Those Determined Using Numerical Model
Beaufort, SC (Lahvis et al., 1999)

Reaction leneth NSZD flux (g/m?/day)

. eaction length,

Constituent Crmgx (g/m?3) 2 Def (m?/day) ¢ A

&/m) Lr (m)® PEMIAN Y simplified | | (1999) ¢

approach d

Benzene 0.145 0.15 1.35E-02 0.013 0.02 (0.00736-0.0433
Toluene 5.41 0.19 1.33E-02 0.379 0.47 (0.198-0.839)

Ethylbenzene 0.592 0.11 1.14E-02 0.059 0.06 (0.0233-0.117)
Xylenes 3.12 0.10 1.33E-02 0.34 0.36 (0.117-0.691)

a GGaseous phase concentrations detected at 12 cm distance from the water table (ref. Table 1 of Lahvis et al. 1999)

b Calculated with eq. (11) using the gaseous phase concentrations detected at 12 cm and 73 cm distance from the water
table (ref. Table 1 of Lahvis et al. 1999)

¢Calculated with the Millington and Quirk (1961) equation assuming an average porosity of 0.36 and air-filled porosity
0f 0.17 (geometric mean of the values between 12 and 104 cm above the water table. Ref. Table 2 of Lahvis et al. 1999).
The diffusion coefficients in air for the different BTEX were taken from the database of BioVapor (API, 2012)

d Calculated with eq. (13)

¢ Average mass fluxes from groundwater to the unsaturated zone (Ref. Table 9 of Lahvis et al. 1999). The range values
in parentheses represent the minimum and maximum values obtained from three different assumptions in extrapolating
mass flux from the base of the model domain (z = 43 cm) to the water table (z = 0): 1) no reactions in this zone; 2)
reaction rates remain constant; and 3) reaction rates are proportional to mass flux of O at z=43 cm.

Copyrights of Equilon Enterprises LLC

d Site in

o Az
K In (ngwer / C@P‘”’ )

De based on average
total and air-filled
porosities (reported in
Lahvis et al., 1999)
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NSZD rates (gal/acre/year)

Simplified Method Validation:

NSZD Rates Consistent w/ Those Derived Using BioVapor Applied to
USEPA (2013) PVI Database

(a) Simplified Approach

100000
10000 |
1000
100 4 ?
10 4
1] M=76
0.1 4 *
0,01 4
3 M =86
0,001
0,0001 ;
Benzene TPH
Median NSZD rates:
Benzene: 0.2 gallacrelyear
TPH: 211 gal/acrefyear

2E+2

2E+H1

2E+0

2E-1

2E-2

2E-3

2E-4

2E-8

2E-6

- Z2E-7

(Aepj,wyB) ajel qZsSN

NSZD rates (gal/acre/year)

(b) BioVapor

100y = NSZD rates
b T o determined from
1000 4 2E+0 ;
vo0 ] s N model (BioVapor)
T = calibration to soil

10 2E-2 5'* .

; - 2 soil-gas data
T JE3 @ _ _

01 | ’ ea B contained in US
0,01 2E-5 é EPA PVI Database
q Dlm M=88 Petroleum Vapor Intrusion
s 7 Database | US EPA

0,000 r - 2E-7

Benzene TPH

Median NSZD rates:
Benzene: 0.2 gallacrefyear
TPH: 207 gallacrelyear

o PVI database filtered to eliminate data from a) locations where < 2 soil-gas samples were
collected from single borehole and b) dissolved-phase sources (only analyzed data
associated with LNAPL (weathered gasoline sources) (variety of solil types, surface covers)

Copyrights of Equilon Enterprises LLC September 2025 69


https://www.epa.gov/ust/petroleum-vapor-intrusion-database
https://www.epa.gov/ust/petroleum-vapor-intrusion-database

NSZD Rates Strongly Correlated w/ Maximum Source Vapor
Concentrations (C  source )

1E+3 e 2E+0 1E+5 —¢ 2E+2
E 4 Vd
1 (a) Benzene el (b) TPH .
. 1E¥2 3 2E-1 1E+4 o5 2E+1
5 ? = 5 : z
> 1B %2 8§ __% 1E+3 L oF+0 N
9 ] O a E v
S 1Es0 ; 2E3 3 c i )
= ] 3 8 1E+2 E2E-1 o
S 1E1 | ~ © i =~
o 1B g ke i =
9 o ] 3M o 1E+1 EzE-z %
] 1E+0 2E-3
N 1E3 E6 = E. 3 <
] . 2] [
= ] o Biovapor Z e O Biovapor oE-4
1E-4 NSZD (LR = 1 m; Clay) 2E-7 NSZD (LR = 0.9m, Clay) [t
100  a---. NSZD (LR = 0.4 m; Sand) = = =NSZD (LR = 0.3 m, Sand)
1E-5 LA LLL ) LR R ) LA LLL ) RELALRALLL ] LR L] AL LLLL) LR LLLL 2E—8 1E-2 LR LA LR ) LA RLL | LI L AL ) LA LL ] LA L RLL 2E-5
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+3 1E+4 1E+5 1E+6 1E+7 1E+8 1E+9
Max soil gas concentration (pg/m?) Max soil gas concentration (pg/m?3)

o results imply that maximum source vapor concentrations (Csorce) COllected from groundwater monitoring wells screened across the water
table could be used for NSZD screening

o NSZD rates were bounded by 25" and 75" percentile Lg, which allows for broader application to other COCs
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Screening Method

Vapor Concentrations (C

. COC-Specific NSZD Rates Based on Maximum

source ) In Monitoring Wells

Diffusion coefficient Dimensionless First-order water phase
in air Henry's constant biodegradation rate constants (k)
Compound Dir H 25™ percentile 75™ percentile
(m’/h) ) (") (h?)
Benzene 0.0317 0.227 0.087 0.78
Toluene 0.0313 0.276 0.19 1.4
Ethylbenzene 0.0270 0.328 0.31 14
Xylenes 0.0257 0.218 0.089 0.64
Naphthalene 0.0212 0.020 0.054 5
Hexane 0.072 75.2 6.3 50
TPH 0.0317 - - -
Requires:
1st-order reaction rates (k,) from DeVaull (1997) reported in ITRC (2014)
site-specific Deff
maximum vapor concentrations (Csource) measured in monitoring wells
a 6‘0’ j
O 0O t——
0

1000000 2E+3
100000 2E+2
— 10000 2E+1
1]
Q@
5 1000 o 2E+0
o «
2 100 R 2E-1
& 2 A8 )
= 10 SN NS 2E-2
® O AV N e
=) 1 $ 72N 2E-3
@ W0
-la 0.1 o e*.\\,?- 2E-4
i
a 001 2E-5
N
v 0.001 2E-6
=z
0.0001 2E-7
0.00001 2E-8
0.000001 2E-9
1E4+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+8
Maximum vapor concentration (pg/m?3)

(AepjwyB) ayer QZSN

Jnszp = O

t Csource/ U
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Screening Method

1: SELECT BIODEGRADATION RATE

. NSZD Rates from C

First-order water phase
biodegradation rate constants (k.)
Compound 25" percentile | 75™ percentile
(b (b
Benzene 0.087 0.78
Toluene 0.19 1.4
Ethylbenzene 0.31 1.4
Xylenes 0.089 0.64
Naphthalene 0.054 5
Hexane 6.3 50
TPH - -
3: CALCULATE NSZD RATE
MONITORNG p——
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/L ]
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3 3
2} 1000 |
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2 11
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2E-9

== Maximum vapor concentration (pg/m?)

{(Aepjw/b) aer aZSN

SOURCE

Measurements

2: DETERMINE D®f//L,

(a) Benzene

01
Biodegradation

Rates
(DeVaull,2007)

==\ 75% %ile

N\ 25t %ile
005 0.1

SOIL MOISTURE 0, (-)
(c) Ethylbenzene

Deff/L 5 (m/day)

0.01

015 02 025 03

.........
-~
-

01 | o :
Biodegradation

Rates
(DeVaull, 2007)

=N 75% %ile

\ 25th %ile
005 01
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(b) Toluene
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ARIS ETools

https://arisenv.ca

Soil gas concentrations

Az

VOC O

lower

Full details and references
in the User Guide and FAQs

Vapour Substance (CAS Number)

4»

benzene (71-43-2)

Soil Type

4»

Sand

System Temperature °C

10 e

cupper(l’g/ms)

<>

100

Soil gas concentration at the upper control point

Clower (hg/m?)

100000 o

Soil gas concentration at the lower control point

Vertical distance, Az(m)

Vertical distance between the upper and lower control points, where Cupper

and Cyq\yer @re measured, respectively.

SUBMIT
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ARIS ETools

https ://arisenv.ca

SGM Output
System Temperature Kelvin Tg 2.83E+02 Kelvin
Diffusivity in air Daijr 7.73E-01 mZ/day
Diffusivity in water Oh2o 8.90E-05 m2/day
Henry's law constant at the system temperature Hg 1.24E-01 E
Effective diffusion coefficient Deff 1.44E-06 mz.’s
Reactive diffusive length LR 2.90E-01 m

NSZD flux ' 4.500E-02
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Application 3 US Refinery Site

Benzene NSZD Flux Heat Map for Monitoring Event #1
Seect Honitring Event Below Area-Wide Flux: 1035.43 g/day
e 63 multi-level vapor wells (benzene and bulk NSZD rates)
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Method Limitations Related to Gas

o Vvapor transport must be diffusion dominated:

o gas-phase advection is generally considered negligible
(McHugh and McAlary, 2009; USEPA, 2015; Jourabchi
and Lin, 2021; Lari et al., 2024)

o gas-phase advection associated with barometric pumping
generally <1 m bgs (McHugh and McAlary, 2009; Eklund,
2016)

o exception - - near LNAPL source zones where rate of gas
production from methanogenesis is high (Thorstenson
and Pollock, 1989; Molins et al., 2010; Yao et al., 2015)

o neglecting gasd phase advection results in conservative
NSZD rates (underestimates)

Copyrights of Equilon Enterprises LLC

-Phase Advection

Cco, Temp

Seasonal _»
Variation

Aerobic

Anaerobic

<«— Depth

enzene

0 Concentration ———»
Temperature

Source: Ririe (2013)
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Practical Considerations

o Suitable sites :
o those that benefit from baseline NSZD estimates to support remedial decision
making, as advocated in

o Exit Strategy Toolkit (L.U.S.T.Line i Bulletin 94, September 2024) (https://neiwpcc.org/our-
programs/underground-storage-tanks/I-u-s-t-line/

o ASTM E3488-25 Moving Sites to Closure - https://store.astm.org/e3488-25.html)

o those with relatively deep vadose zones (i.e., > 1 m thick)

o less suitable sites

o those where accuracy is needed as the method tends to underestimate NSZD rate
because method only quantifies mass loss from volatilization and if C,., located in
anaerobic region of vadose zone

o those with significant variability in De"
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