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';v Terminology: Natural & Engineered Remedy

Engineered Remedy: Also referred to in other guidance

documents as active remediation, is generally considered to be SR

more resource intensive in terms of cost, energy use and GHG
emissions (ASTM E2876). -
Natural Remedy: Also referred to in other guidance documents

Phase Liquids in the Subsurface

as passive or knowledge-driven remediation, is generally a less

resource intensive remediation SyStem mainly relying on -— T =

natural or in-situ and enhanced bioremediation measures. ASTM E3361

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

ARIS


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

';': Remedy Transition

Engineered Remedy Natural Remedy

More engineered intervention Less engineered intervention

Shorter timeframe Longer timeframe

Higher cost Remediatio Lower cost
Higher GHG emissions Lower GHG emissions
Higher energy use Lower energy use




':’v Natural Attenuation & Natural Source Zone Depletion (NSZD)

Natural Attenuation (NA) Natural Source Zone Depletion (NSZD)
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';': Natural Attenuation Estimation Methods

1. O, Efflux Method G

2. Temperature Gradient Method I —

3. Soil Gas Gradient Method o

4. Groundwater Monitoring Method

5. NAPL Composition Method T

Multiple technologies & approaches for data collection & interpretation for each method...



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

';v Natural Attenuation Processes & Pathways

CO, Efflux
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';v CO, Efflux Method - Assumptions & Site-Specific Considerations

e Attenuation of NAPL constituents
through biodegradation

e Complete mineralization of NAPL
constituents to CO,

e CO, transport in soil gas from the source
to the ground surface (point of
measurement)

e Background source: CO, produced from
natural soil respiration

e Estimate the portion of CO, efflux
attributable to contaminant
biodegradation

Ground surface cover

Vegetation

High natural organics (e.g., peat)

High permeability soils and barometric
pumping

Low gas permeability soils

Preferential pathways (e.g., utilities)

ARIS



';': CO, Efflux Method - Example Implementation

DC% Gas Analyzer (CO,)  Step 1. Install DCC

Step 2. Estimate the CO, Efflux, J,,
Step 3. Correct for background sources

t 7 7 7 Jsg = attributed to NAPL soil respiration (umol CO,/m?/s)
— — Jeoz = total measured (umol COy/m?/s)

CH, and VOCs Ll £ L f;ii = attributed to natural soil respiration (gmol CO/m?/s)

Figure from lason Verginelli (2021) Step 4. Estimate the NSZD Flux

My Suc.co2U
Po

fnszn = fcs&

Inszn in gallons/acre/year.

M,,, = Molar weight of hydrocarbon (g/mol)

Skc:coz = Stoichiometric ratio of a mole of hydrocarbon
degraded per mole of CO; produced

P = Density of hydrocarbon (kg/L)

: Il
[ = Unit conversion factor = 33.7 — kg, m  gallon

H— K —N
pg  acre L

ARIS



';.. Example: CO, Efflux Method

LI-8100A

Dynamic closed chamber LI-COR Biosciences

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

Measurement time scale: snapshot (minutes)
Continuous monitoring

Static trap E-Flux Fossil-Fuel Trap
Sorbent material to passively capture CO,

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

Forced diffusion dynamic chamber Eosense
Flow regulated by gas permeable membrane eosFD soil CO, flux sensor

Measurement time scale: snapshot (minutes)
continuous monitoring

10

ARIS



';': Background Sources of CO,

* CO, produced from natural soil respiration background location

CO, Efflux = Contaminant Soil Respiration + Natural Soil Respiration A A/
/’// ® o \\‘\\
 Two general approaches: e o ©
* Sampling background locations o o © o ©
* Sampling & analysis of radiocarbon (14C) @ ® : o L
.0 0 ). -~
* Design of program for background correction is Sampling for 14C Analysis
site specific:

* Heterogeneity in surface cover & Contemporary (modern)
organic carbon is '*C-

vegetation rich, while fossil fuel
. . . - iec 140
 Heterogeneity in hydrogeologic conditions | caonis “C-depleted

@
Modem CO, 4 Fossil fuel CO,

e ¥

11 ARIS



';': CO, Efflux Method - New Guidance Content

o~
)
.

J/

Appendix X1-B

—p | 100.00 [CO.] 2000
23— gauge —A Chamber Pressure 2’8 1800 £
) 99.95
sample needle — hﬂr'ﬁw 1600 £
— = 99.90 1400 ¢
- 4 = 1200 3
Appendix X1-D: based - 9985 o 1000 ©
p | = 2 =
on the MS Research of /,,4 mechanism 2 99.80 u 500 5
. - Q
Lindsay Reynolds (Shaw) £ 99.75 600 &
| 99.70 *1CO:la s
4.5 ml exetainer —— =" Soil gas 200 O
housing sample containing 99.65 0
_ co,
- Chamber Closure Time (s)
of CO,

14Fg[C0,]p — 1*F4[€C0O5],
[CO,]5 — [CO,],

Frp=1-"F_=1-
BaCO, precipitate shipped to the AMS
lab for analysis and reporting of
fraction of modern carbon Laboratory reported fraction of modern carbon

12 ARIS
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Considerations

Attenuation of NAPL constituents through
aerobic biodegradation and oxygen
availability

Production of biogenic heat from aerobic
oxidation of hydrocarbons (notably
methane)

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

. Temperature Gradient Method - Assumptions & Site-Specific

Low gas permeability surface cover that
could limit soil gas transport”

High natural organics (e.g., peat)

Confined NAPL conditions (ASTM E2856)
Geologic or anthropogenic sources of heat
not related to the NAPL

ARIS



';v Temperature Gradient Method - Example Implementation

Data logger Step 1. Identify 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
t t t Background correction yes

:

CH4and VOCs Thermal correction from surface
heating and cooling — “single-stick” no
method

Thermal correction from surface

heating and cooling - modeling no

Step 3. Estimate the NSZD Flux, J\,,

14 ARIS



';v Temperature Gradient Method - New Guidance Content

Advances in the in-situ estimation of soil thermal conductivity

1. Active heat source is supplied and changes in temperature are monitored (Karimi Askarani et al. 2021)
2. Long-term temperature monitoring to estimate thermal diffusivity (Sweeney, unpublished and Kulkarni
et al. 2021)

— requires estimate of volumetric heat capacity based on soil type and moisture content.

Advances in correcting for background sources
* Solution to heat conduction in 1-D at steady state
* Solving for three unknown variables:

1. boundary condition of heat source/sink at the ground surface
2. NSZD related heat source

e . )
3. depth of the heat source Single-Stick™ Method
: ) .. . Thermal estimation of natural source zone depletion rates without
* Iterative algorithm & optimized fit backeround correction
. r \I | r
between the observed and predicted 5 Water Research 163 (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



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

16

Spatial Changes in soil gas composition —
vertical profile in the vadose zone resulting
from biodegradation of NAPL constituents
Vertical gradients in O,, CO,, or hydrocarbon
concentrations in soil gas

Diffusive gas transport in the vadose zone

Low gas permeability surface cover that
could limit O, ingress”

Low gas permeability soils

Soil gas advection from barometric pumping
effects or high methane concentrations

ARIS



';v Soil Gas Gradient Method - Example Implementation

Soil gas nested probes

Step 1. Identify the O, concentration profile in soil gas
0, Step 2. Estimate the concentration gradient of O, in soil gas
= Step 3. Estimate the reaction length
( ‘t t CO, Step 4. Estimate the diffusion coefficient
Step 5. Estimate the mass flux

= t t t Step 6. Correct for background O, demand (two approaches)

Step 7. Estimate the NSZD Flux, J
CH, and VOCs e

Inszp = JesrSHc:02

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

Figure from Dr. lason Verginelli (2021)

17 ARIS



';v Soil Gas Gradient Method - 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

(b) Semi-curvilinear profiles

C(0) = CO4min

C(O) = oE,max

CO, "\
\
1

C( L) = oz,min

C( L) = CoZ,max

(c) Curvilinear profiles

C(0) = COxmin

C(O) = oZ,max

———-—ﬂ

C(L) = o2,min

C( L) = Co2,max

Adapted from Verginelli and Baciocchi (2021)

18
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';v Soil Gas Gradient Method - New Guidance Content

Review of Chemical of Concern (COC) - Specific Attenuation Rates

* Analytical Models
Examples:
e BioVapor (DeVaull, 2007; API1 2010)
e PVI Screen (US EPA, 2016)
 PVI2D (Yai et al., 2016)

* Numerical Models
Example reactive transport models =
* Lahvis etal. (1999) S e ot
 MIN3P-Dusty, Molins and Mayer (2007) & other
models used in assessing vapor intrusion: Yao
and Suuberg (2013) and SERDP (2014)

19 ARIS



Considerations

e Spatial (up-and down-gradient of the

20

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

+ Groundwater Monitoring Method - Assumptions & Site-Specific

e Availability of groundwater monitoring
data and hydrogeologic parameters

e Assessment of confined NAPL conditions
(ASTM E2856) for data interpretation

ARIS



':" Groundwater Monitoring Method - 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 capacity, A_, based on
groundwater monitoring data

Step 3. Assess conditions for degassing & calculate A,
accordingly i

Step 4. Estimate the rate of biodegradation in the saturated
zone

— Step 5. Estimate the total rate in the saturated zone, R_,

(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

« Infiltration (downward towards water
table)

« 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
O .
Multiphase Degassing

0 & Ebullition

Flow (9) (2)

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

ARIS



';': Groundwater Monitoring Method - New Guidance Content

Modified Control Volume Method

Estimate methene generation based on:
1. Sampling & analysis of dissolved N,, Ar,
CO, and CH, data

2. Degassing batch model of Amos et al. Using a Batch Model to Estimate Methane Production
(2005)
3. Model calibration Degassing Method Natural Source Zone Depletion Case Study
4. Include degassing into the assimilative Reyenga (2020)
capacity, A, « A, Applied NAPL Science Review (ANSR)

Rear = Rsap—ais +

=
L

Degassing can be significant for confined NAPL/low permeability conditions

23 ARIS
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NAPL Composition Method - Assumptions & Site-Specific

Considerations

Changes in the composition of NAPL constituents e
over time

NAPL sampled consecutively from a single o
location is representative of the same NAPL body
over time (monitoring period)

Finite NAPL mass with no additional releases
during the assessment period

Availability of NAPL compositional data over time
(minimum of approximately four years and 9 to
10 NAPL samples)

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 - Example Implementation

Groundwater/product monitoring well

25

Conservative compound(s) increase in concentration
due to weathering NAPL

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

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

Mass loss from single conservative compound

Douglas et al. (1996)

Environmental Stability of Selected Petroleum
Hydrocarbon Source and Weathering Ratios - ES&T
Baedecker at al. (2018)

Weathering of Oil in a Surficial Aquifer - Groundwater

ARIS



';v NAPL Composition Method - New Guidance Content

Monitoring&Remediation DeVaull et 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

» Marker choice is the most persistent and based
on measured data (not an a priori marker
choice)

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

26 ARIS



';': Example Problems

&

4

L)

&

4

L)
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Example implementations

Seven Case Studies

#1 #2 #3 #4

CO, Efflux

CO, Efflux

O
o]0)]
=
T 2
=S
@)
S >
O

Composition

#5

CO, Efflux

#H6

Temperature

Gradient

#7

CO, Efflux

Temp
Gradient

Soil Gas
Gradient

ARIS



';'» Example Problems - Case Studies

. Lateral &
Locgtlon & NAPL Type Vertical Extent Ground Surface
Climate Cover

of Source Zone

Intended
EEGIE] Application of
Concern(s) the Estimated
Rates

Factors in Applicability in
Method Support of
Selection Decision(s)

Background
Sources &

Approach to

Technologies ESIEITE] (RESE Rate Correction

Method-Specific

Calculations Methods

Assessment of
Spatial Coverage Seasonal
Variability

28
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* NSZD is an important new tool in managing LNAPL contaminated sites
* Many guidance documents describe multiple methods

P I £ ;: s FRTR NSZD R
2018 NSZD Guidance Document  technical bulletin sebigiinkas
= = (& LNAPL Site Management Dacument
G 1 d INTERSTATE @ ) @
" . A o’
uidance ST = ENA/FAC
AITRCE . O=6
% { g mm:‘ = “Currently, it [the CO, Trap] is the
Document : : 6
u g < @ L NSZD rates
+ AMOLVINOIY -
(']

(2017) INTERNATIONAL

Standards Worldwide

e Guidance documents are strong on describing methodologies, and
“intrinsic” limitations of the multiple methods

* Direct comparisons of different methods are scarce

* Guidance documents create a sense of method equivalence

* 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 E
NSZD
(Garg et al., 2017)
100 -
10

10



10000 ¢

1000 t

100 E

10

10

NSZD Rates and Active Remediation

Active Remedies
(Palaia, 2016)

NSZD
(Garg et al., 2017)

Range of 3Qs
SSM (Battelle, 2024)




A Data Review on CO2 Trap Data

1) Most of the (more recent) data presented is from CO, Traps
(unless otherwise noted)

2) Materials included in peer reviewed publication

3) Materials expected to be thought-provoking

NEIWPCC Bulletin 25
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



CO2 traps

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

pressure changes)

Atmospheric CO2 l - Total CO, fluxes measured over

Radiocarbon (*#C) correction
applied to obtain an “old
carbon” (fossil fuel) CO,
production rate- alternative to
“background correction”

T T - Old carbon flux converted to
NAPL mass losses using basic
&= stoichiometric assumptions
This method often used as a
& =) @  Fossil fuel CO2 reference
a4 %

Modern CO2 &




Characteristic Scale and Measurement Error

—

Minimum volume
for reference

I element

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

Measurement

Element Volume —




CO2 Flux mM/m2.s)

Dynamics of Soil Respiration

Precipitation

(1-27) d
W1l
W Values are approximate.
Original data from Arcadis/ExxonMobil Study, Malander et al, 2015. Available at IPEC 2015 Website.
- - - -
5 15 20
Time (days)

Report indicated “trap data consistent with DCC data”
(for total CO2 fluxes? For NSZD rates?)

© 2025 Julio Zimbron All Rights Reserved

|

Time series from
Automated DCC

@ DCC survey mode

Q

CO2 Trap Flux tot

CO2 Trap Flux
fossil fuel



Dynamics of Soil Respiration

3
v |
N ux
E 2 [ 2
2
1 1
T
0
o 0 0
-1
0 : 10 15 20 Time series from

' Automated DCC
time (days) (X  DCC survey mode

— The characteristic scate of CO, Fluxis inthe orderof ~5days |
Most DCC NSZD measurements are conducted using single
time measurement and doing what is known as the
“background correction”

CO2 Trap Flux tot

|

CO2 Trap Flux
fossil fuel




The Magnitude of the Measured Rates (an evolving target)

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



CO, Trap
Methodology

Timeline

Publications

1ST. GENERATION
TRAP + RAIN.COVER

r—li)(m—1-l

]

IND. GENERATION
TRAP + RAIN-COVER

r—“lxm—1 IRD. GENI 1oN
TRAP ¢+ RAIN-COVER

A O W Y

1t Prototype
(2009-2011):
Largest footprint
Background-corrected
Dig-and-refill installation

2"d Gen. 3rd Gen.
(2011-2015): (2015-date):
Intermediate size Footprint minimized

R ‘_7di ocarb on-corr ecteg’ Radiocarbon-corrected
Dig-and refill installation Direct-push installation

1@00 O,

B R < < < < <
2015

20

2012 WeCoy 2017, Garg - 2022, Kulkarni ) i bron 2024, NAVFAC
etal., et al.
% ". e ...|' -‘:"““‘ c}‘::’ an K
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’0.0, ‘$:t'
o S 244
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CO:2 traps: earlier prototypes

IST. GENERATION
TRAP + RAIN.COVER
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Radiocarbon Correction Effects

CO, Efflux, background correction vs 14C

Groundwiater

Monrtoring8Remediation Practical Applications
U Tractical Applications

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 correction and 4C
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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* Five sites data suggests high biass of background correction
* However, Kurkarni, et al, 2022 (40 sites) found no consistent bias of any method tested



Soil Installation Method

Data and report available at:
colorado.gov/cdphe

r—

Mean NSZD Rate (gallons/acre/yr

10000

1000

100

1-10

"The biennial NSZD monitoring event was
conducted in November 2022 using direct-
push, one-time use, shallow-install, low-
profile CO, trap receivers."

»
oy ~J 0]

LN
# of Measurements

1-12 1-14 1-16 1-18 1-20 1-22 1-24



Evolution of CO, Trap Best Practices

a) Trap Design

b) Soil
Installation

Monitoring&Remediation Practical Applications

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

c) Radiocarbon
Correction

Data using up to date practices:

Zimbron, Julio A. "Comparison of
Radiocarbon-and Background
Location-Corrections on Soil-Gas CO2
Flux-Based NSZD Rate Measurements at
Petroleum Impacted Sites." Groundwater
Monitoring & Remediation 42.3 (2022): 116-
122.

(5 sites, n=36 observations)

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

(5 sites, averages reported)
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25%
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Why the OM of NSZD rates matter?

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



NSZD Rates and Active Remediation

1 Active Remedies NSZD
1 (Palaia, 2016) (Garg et al., 2017)
e .

1,000 (Zimbron, 2022)

NSZD
(NAVFAC, 2024)

100 -

NSZD rate (gallons/acre/yr)

10 -

NSZD can outperform active remedies
... but not as often as initially thought




NSZD Rate (gallons/acre/year)

20,000

15,000

10,000

5,000

\ 8,291

An (Not Uncommon) Example

Q1 rate:

\ 4

1) Single Stick Method

2) 09/2022-06/2023 (Q1-Q3)

3) Multiple locations

4) Soil Transport Properties
from Reported Values

5) Seasonal results not
consistent with Conceptual
Site Model

Q3 rate: 6) Site-wide 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 e
250

300

Recreated data
(Q mean values are exact)



Hypothetical Example: Site Longevity

From ASTM Guidance Document:

“Site with LNAPL mass of 32,000 gallons/acre
NSZD rate: 700 gallons/acre/year
-> 30 years to nearly complete depletion”

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

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




Top Qa/QC flags

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

2) Background correction (i.e., applied to short term CO2 fluxes or the
thermal gradient method)

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

4) Calculated values using soil transport property from literature

5) Modeled NSZD values



A QA/QC (non-exhaustive) Checklist ..

- Are values outliers (> 1,000 gallons/acre per year)? Y N
- Is a background correction being used? Y N
- Are soil transport properties measured? Y N
- If measured, were they measured outside relevant location and time? Y N
- Are measurements too sparse (i.e., < characteristic scale)? Y N
- Geospatial bias: NSZD measurements at prescreened high NSZD locations (rather Y N
than distributed across NAPL source)
- Were part of the data edited because “did not make sense”? Y N
- Are results inconsistent with conceptual site model? Y N
Examples:
- Shark-fin temperature profile with maximum outside Aerobic Anaerobic
Interface

“nﬂ'\\l:mllm |\|C7r\ A~ d 5 I\Illlﬁ:v\ﬂ l\l\ll\ll\lﬁ ﬁﬁﬁﬁﬁﬁﬁ llll:ll\‘- MMMMM :v\n\



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) The apparent agreement between different methods that
use different characteristic scale should be further

investigated
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Measured Rates: an evolving target?
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Soil Gas Gradient Method for Estimating
Natural Source Zone Depletion (NSZD)

Simplified Approach
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Screening Approach
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Groundwater

Monitoring well
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Groundwater Flow (saturated zone)
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Cautionary Note

” o

The companies in which Shell plc directly and indirectly owns investments are separate legal entities. In this content “Shell”, “Shell Group” and “Group” are sometimes used for convenience to reference Shell plc and its subsidiaries in general. Likewise, the words “we”, “us” and “our” are also used to refer
to Shell plc and its subsidiaries in general or to those who work for them. These terms are also used where no useful purpose is served by identifying the particular entity or entities. ““Subsidiaries”, “Shell subsidiaries” and “Shell companies” as used in this content refer to entities over which Shell plc either

directly or indirectly has control. The terms “joint venture”, “joint operations”, “joint arrangements”, and “associates” may also be used to refer to a commercial arrangement in which Shell has a direct or indirect ownership interest with one or more parties. The term “Shell interest” is used for
convenience to indicate the direct and/or indirect ownership interest held by Shell in an entity or unincorporated joint arrangement, after exclusion of all third-party interest.

Forward-Looking statements

This content contains forward-looking statements (within the meaning of the U.S. Private Securities Litigation Reform Act of 1995) concerning the financial condition, results of operations and businesses of Shell. All statements other than statements of historical fact are, or may be deemed to be, forward-
looking statements. Forward-looking statements are statements of future expectations that are based on management’s current expectations and assumptions and involve known and unknown risks and uncertainties that could cause actual results, performance or events to differ materially from those
expressed or implied in these statements. Forward-looking statements include, among other things, statements concerning the potential exposure of Shell to market risks and statements expressing management’s expectations, beliefs, estimates, forecasts, projections and assumptions. These forward-

.o

looking statements are identified by their use of terms and phrases such as “aim”; “ambition”; “anticipate”; “aspire”, “aspiration”, “believe’’; “commit”; “commitment”; “could”; “desire”; “estimate”; “expect”’; “goals”’; “intend”; “may”’; “milestones”; “objectives’; “outlook”; “plan”’; “probably”’;
“project”; “risks”; “schedule”; “seek’’; “‘should”; “target”; “vision”; “will”’; “would” and similar terms and phrases. There are a number of factors that could affect the future operations of Shell and could cause those results to differ materially from those expressed in the forward-looking statements
included in this content, including (without limitation): (a) price fluctuations in crude oil and natural gas; (b) changes in demand for Shell’s products; (c) currency fluctuations; (d) drilling and production results; (e) reserves estimates; (f) loss of market share and industry competition; (g) environmental and
physical risks, including climate change; (h) risks associated with the identification of suitable potential acquisition properties and targets, and successful negotiation and completion of such transactions; (i) the risk of doing business in developing countries and countries subject to international sanctions;
(j) legislative, judicial, fiscal and regulatory developments including tariffs and regulatory measures addressing climate change; (k) economic and financial market conditions in various countries and regions; (l) political risks, including the risks of expropriation and renegotiation of the terms of contracts
with governmental entities, delays or advancements in the approval of projects and delays in the reimbursement for shared costs; (m) risks associated with the impact of pandemics, regional conflicts, such as the Russia-Ukraine war and the conflict in the Middle East, and a significant cyber security, data
privacy or IT incident; (n) the pace of the energy transition; and (o) changes in trading conditions. No assurance is provided that future dividend payments will match or exceed previous dividend payments. All forward-looking statements contained in this content are expressly qualified in their entirety by
the cautionary statements contained or referred to in this section. Readers should not place undue reliance on forward-looking statements. Additional risk factors that may affect future results are contained in Shell plc’s Form 20-F and amendment thereto for the year ended December 31, 2024 (available
at www.shell.com/investors/news-and-filings/sec-filings.html and www.sec.gov). These risk factors also expressly qualify all forward-looking statements contained in this content and should be considered by the reader. Each forward-looking statement speaks only as of the date of this content October 23,
2025. Neither Shell plc nor any of its subsidiaries undertake any obligation to publicly update or revise any forward-looking statement as a result of new information, future events or other information. In light of these risks, results could differ materially from those stated, implied or inferred from the
forward-looking statements contained in this content.

Shell’s net carbon intensity

Also, in this content we may refer to Shell’s “net carbon intensity” (NCI), which includes Shell’s carbon emissions from the production of our energy products, our suppliers’ carbon emissions in supplying energy for that production and our customers’ carbon emissions associated with their use of the
energy products we sell. Shell’s NCl also includes the emissions associated with the production and use of energy products produced by others which Shell purchases for resale. Shell only controls its own emissions. The use of the terms Shell’s “net carbon intensity” or NCl is for convenience only and not
intended to suggest these emissions are those of Shell plc or its subsidiaries.

Shell’s net-zero emissions target

Shell’s operating plan and outlook are forecasted for a three-year period and ten-year period, respectively, and are updated every year. They reflect the current economic environment and what we can reasonably expect to see over the next three and ten years. Accordingly, the outlook reflects our Scope
1, Scope 2 and NCI targets over the next ten years. However, Shell’s operating plan and outlook cannot reflect our 2050 net-zero emissions target, as this target is outside our planning period. Such future operating plans and outlooks could include changes to our portfolio, efficiency improvements and the
use of carbon capture and storage and carbon credits. In the future, as society moves towards net-zero emissions, we expect Shell’s operating plans and outlooks to reflect this movement. However, if society is not net zero in 2050, as of today, there would be significant risk that Shell may not meet this
target.

Forward-Looking non-GAAP measures

This content may contain certain forward-looking non-GAAP measures such as adjusted earnings and divestments. We are unable to provide a reconciliation of these forward-looking non-GAAP measures to the most comparable GAAP financial measures because certain information needed to reconcile
those non-GAAP measures to the most comparable GAAP financial measures is dependent on future events some of which are outside the control of Shell, such as oil and gas prices, interest rates and exchange rates. Moreover, estimating such GAAP measures with the required precision necessary to
provide a meaningful reconciliation is extremely difficult and could not be accomplished without unreasonable effort. Non-GAAP measures in respect of future periods which cannot be reconciled to the most comparable GAAP financial measure are calculated in a manner which is consistent with the
accounting policies applied in Shell plc’s consolidated financial statements.

The contents of websites referred to in this content do not form part of this content.

We may have used certain terms, such as resources, in this content that the United States Securities and Exchange Commission (SEC) strictly prohibits us from including in our filings with the SEC. Investors are urged to consider closely the disclosure in our Form 20-F and any amendment thereto, File No 1-
32575, available on the SEC website www.sec.gov

Copyrights of Equilon Enterprises LLC September 2025
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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)
o NSZD rates can vary significantly over time and space
O

NSZD is often used as one of multiple lines of evidence for
terminating active remediation
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Goal: Develop simple compositional NSZD method to facilitate
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Soil-Gas Method Based on Vapor Transport Modeling

(Verginelli and Baciocchi, 2021)
1-D Steady State Vapor

_ Diffusive-Reactive Transport
':;es“;d i°"' SOIL GAS
as Probes 2 ,
PROFILE perr &€ _kw 0w . _
/ / \ dz? H
Y ) z=L dC/dz,, =0
C,=measured| | ': no bio (no flux)  Effective Diffusion Coefficient
1
s AEROBIC 0ql0/3
VADOSE ? D = Dair - =57~
'. €)= C ' cosh[(L — z)/Lg]
ZONE Lr ll source  cosh[L/Lg] Reactive Pathlength
\ I
1
\ Jo = JInszp = D * Csoyrce/Lr L. = De// - H
R =
< )
.................................................... L 2 zZ= 0 Cz=0 = CSOURCE

k,, = first-order biodegradation rate constant

CAPILLARY/SMEAR ZONE ANAEROBIC 0, = volumetric moisture content of soil
I_ 0. = total porosity of soil

H = dimensionless Henry’s Constant

SATURATED ZONE

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 Probes *

/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 MWs

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

o both methods involve 3 general steps:

- Step 1: Estimate the diffusive “reactive” pathlength (Lg)
o distance above vapor source where reaction rate / diffusion rate or

SATURATED ZONE

SCREENING METHOD

Damkohler Number = 1 ;““,3,‘;’.7‘“9 *
o location roughly coincides where maximum source vapor concentrations
(Csource) decrease by 0.37x (ITRC, 2014) g
- Step 2 Estimate the effective diffusion coefficient (D°") i ionin
i — Peff * = *
- Step 3 Estimate the NSZD rate ( Jys,p = D* * Coyree/lr ) 0 =l e et

'1'

SATURATED ZONE
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Soil gas probes

Soil gas concentrations

Simplified Method: Step 1
Estimate the Ly (from Soil-Gas Data)

Selection of control points

MAPL

|

VOC o,
= [DOL. 2
7
<DL, |
N /
AN 7

..-—""/-F-

L

C

upper o
Minimum soil gas concentration in the

aerobic zone above the detection limit
(DL

Diffusive reaction length (L)

Az
L. =
(e /Coper)

Clc_twer _ _
Maximum soil gas concentration at the

greatest depth

MNomenclature

dysrp: NSZD flux

D= Diffusion coefficient

Lg: Diffusive reaction length

Cirae. Maximum soil gas concentration

Copyrights of Equilon Enterprises LLC

Cupper ShoOUld be selected

as minimum soil gas
concentration > DL*

* will underestimate NSZD

rate if use C,p,pe < DL

Cower ShoOUld be
selected preferably in
the aerobic zone (O, >
1-2%)

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

Estimate the Ly (from Soil-Gas Data)

Depth below ground surface (ft)

»

o

-
o

-
N

-
H

16

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

Ly=1.1ft(0.34m)

\

- data

e an fit

| ==———95% confidence interval

|
PRI BT A TT S R TA 11T AR ]
= - —_
HN o

£

00T
0000T F

8

00000T E
0000001 E
0000000T £

000000001

Benzene Soil Gas Concentration
(ug/m?)
ITRC, 2014
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;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 (*Important for Screening Method)

n-decane «.— N —
n-dodecane o m.

AROMATICS
N=31 . A o benzene
N =30 —_—e N toluene
N=10 — &N-— ethylbenzene
N=27 bl A Lanl xylenes
N=8 AL trimethylbenzene
N=4 LAY cumene
n=7 - @ - naphthalene
ALKANES
methane Pt
propane A
n-butane A
n-pentane (A}
cyclohexane — I\ —
n-hexane = ‘A‘ —
methylcyclohexane —-if$-
trimethylpentane-—#s@ X >
n-octane L CAC
n-nonane A}

ITRC, 2014

N=40

N=20

N=18

=
"
N

(4]

"
<@ 1]

= = =2 2 = = =2 =
n n n n n
= B =R
= o =~

F-Y

0.01 0.1 1
Reaction length (m), Ly

10

Compared to benzene:

shorter Cumene
Naphthalene*
similar TEX TMB

cyclohexane*
>C8 n-alkanes methane*

n-hexane

trimethylpentane
Cs, C, n-alkanes

longer

*more varied

 water-phase degradation rates (k)
from field studies

- effective diffusivity (D) from assumed:
- soil moisture, 6, = 0.13 cm3/cm3
- total soil porosity, 6, = 0.425 cm3/cm?

« chemical-specific parameters (H, D¢f)
at reference temp (20°C to 25°C)

. geometric mean ¢ data values

<> median A arithmetic mean

— [ - data ranges: 50%, 68% (2 o), 100%
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Simplified Method: Step 2 For layered vadose zone

L
Estimate the Effective Diffusion Coefficient (Deff) |0 -——7—
P
i e
e
i
Tier 1: Default Values Tier 2: Geotechnical Analysis Tier 3: In-Situ Tracer
TABLE 3. CLASS AVERAGE VALUES OF THE VAN GENUCHTEN SOIL WATER fine-prained | course-grained )
RETENTION PARAMETERS FOR THE 12 SCS SOIL TEXTURAL CLASSIFICATIONS = syringe
P Clay Sile Sand Gravel % )
c - - .
Saturated Residual van Genuchten parameters o 100 fine | medium | course | fine | medium | course | fine | medium| course | 5§
Soil texture water water .E / .-'/ ,-/ ] .
(USDA) content. 8; | Content. 8; | o (1/cm) N M s % /"' ‘_/ J,f Gravel Sand )=
B a0 - J,”
dium Sand
Clay 0.459 0.098 0.01496 1.253 0.2019 S an [ [ fmeclum San "{. =
E - L/ i I| =l tlayey Gravel with Sand
il —
Clay loam 0.442 0.079 0.01581 1.416 0.2038 - @ fine SandJ ,,-[r"
= / L1 | /
& a0 =
Loam 0.399 0.061 0.01112 1.472 0.3207 % . P - Pl ] 7
Loamysand | 0.390 0.049 0.03475 1.746 0.4273 E 10 g/—/-’—’ i X J'/
= - L~
Silt 0.489 0.050 0.00658 1.679 0.4044 0.002  0.008 002 008 0E 0.683 2 .0 0 a1
Grain or Sieve Sizes in mm
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 :
: i 3 1 1 Vv
]Sand}’clay 0.384 0.063 002109 | 1.330 0.2481 step 2: continued if?&drasﬂl:;?&:';l';:?:( )
oam
FIGURE 1. Generalized schematic of in situ measurement approach.
Sandy loam 0.387 0.039 0.02667 1.449 0.3099 https:geoprobe.com httpS CIVIIBlogorg Johnson et al., 1998
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Simplified Method Validation

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

Reaction length,

NSZD flux (g/m?/day)

o Az
K In (ngwer / C@P‘”’ )

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 541 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¢ based on average
total and air-filled
porosities (reported in
Lahvis et al., 1999)

96110/3

Deff — Dair W
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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 (b) BioVapor
100000 2E+2 100000 2E+2 NS7ZD rates
10000 T 10000 -
o H T o determined from
1000 4 2E+0 = 1000 4 IE+0 .
: . Q D Q model (BioVapor)

100 - 261 O 3] 100 4 - 2E-1 O . . .

o o B g o] o B calibration to soil

. = é S . JWE e é soil-gas data
E ] @ i : :

01 . il o % % 01 ] . . 2,3 contained in US
001 | s S ﬁ 001 ] s 2 EPA PVI Database
0001 ] N =56 Z oo ] N =88 Petroleum Vapor Intrusion
T = S 58 Database | US EPA

00001 . Loog7 0,0001 . L oE7
Benzene TPH Benzene TPH
Median NSZD rates: Median NSZD rates:
Benzene: 0.2 galfacrefyear . Benzene: 0.2 gallacrefyear
TPH: 211 galfacrelyear +  TPH: 207 gal/acrelyear

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 soil types, surface covers)
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NSZD Rates Strongly Correlated w/ Maximum Source Vapor
Concentrations (Cs5oyrce)

1E+3 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
G : =z = : =
] i L
1E+1 1 2E-2 O ] 7]
> T N > 1E+3 L 2E+0 N
9 ] O ] E v
S 1Es0 ; 2E3 3 c i )
= 3 = £ 1E+2 E2E T
> 1E-1 1 E-4 -y i )
vl : — — r —
9 o ] 3M o 1E+1 EzE-z %
£ g o S
o ] 9 1E+0 2E-3
N 1E3 E6 = E. 3 <
] . 2] [
= ] O Biovapor Z e O Biovapor [ 2E-4
1E-4 NSZD (LR = 1 m; Clay) 2E-7 NSZD (LR = 0.9m, Clay) [
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 (Cgorce) collected from groundwater monitoring wells screened across the water
table could be used for NSZD screening

o NSZD rates were bounded by 25" and 75t percentile L, which allows for broader application to other COCs
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Screening Method: COC-Specific NSZD Rates Based on Maximum
Vapor Concentrations (Cgoyrce) iIn Monitoring Wells

Diffusion coefficient Dimensionless First-order water phase
1000000
in air Henry's constant biodegradation rate constants (k) 2E+3
Compound Dy H 25™ percentile 75™ percentile 100000 2E+2
(m’/h) ©) (b (") — 10000 2E+1
B 0.0317 0.227 0.087 0.78 @
enzene d::"\ 1000 5 JE+0 =
Toluene 0.0313 0.276 0.19 1.4 = \&2 W
2 100 < 211 N
Ethylbenzene 0.0270 0.328 0.31 1.4 o ,,'\Q 6‘\6@1 3 o
Xylenes 0.0257 0.218 0.089 0.64 S 10 o@\"‘“ 2N L &2 & 282 g
@.
Naphthalene 0.0212 0.020 0.054 5 % 1 o \Y A %,\6‘\ 2E-3 ®
Hexane 0.072 752 6.3 50 o BN )
- 0.1 o 8> 2E4 =
TPH 0.0317 - _ _ c & 3
fa) 0.01 2E5 T
N Y]
Requires: cn 0001 2E'6 S
1st-order reaction rates (k,,) from DeVaull (1997) reported in ITRC (2014) z D DDD_I 2 E-?
site-specific D DDDDD'I 2E_8
maximum vapor concentrations (Csoyrce) measured in monitoring wells D 000001 2E-9
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+8
0ql0/3 Maximum vapor concentration (g/m?3)
DS = Dy -
Oe?

Inszo = D7 - Csource/ Lr
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Screening Method: NSZD Rates from Cy,rce Measurements

1: SELECT BIODEGRADATION RATE

2E+3
2E+2
2E+1
2E+0
2E-1
2E-2
2E-3
2E-4
2E-5
2E-6
2E-7
2E-8

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
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ARIS ETools

https://arisenv.ca

Soil gas concentrations

Az

VOC O

AN

lower

Full details and references
in the User Guide and FAQs
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Vapour Substance (CAS Number)

4»

benzene (71-43-2)

Soil Type
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Sand

System Temperature °C
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<>
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Soil gas concentration at the upper control point
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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.
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ARIS ETools

https://arisenv.ca
SGM Output

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

NSZD flux ' 4.300E-02
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Application - US Refinery Site
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Method Limitations Related to Gas-Phase Advection

o vapor 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 heglecting gas—phase advection results in conservative
NSZD rates (underestimates)

Copyrights of Equilon Enterprises LLC
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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 — 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 Def

Copyrights of Equilon Enterprises LLC September 2025
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Cautionary note

The companies in which Shell plc directly and indirectly owns investments are separate legal entities. In this content “Shell”, “Shell Group” and “Group” are sometimes used for convenience to reference Shell plc and its subsidiaries in general. Likewise, the words “we”, “us” and “our” are also used to refer
to Shell plc and its subsidiaries in general or to those who work for them. These terms are also used where no useful purpose is served by identifying the particular entity or entities. ““Subsidiaries”, “Shell subsidiaries” and “Shell companies” as used in this content refer to entities over which Shell plc either

directly or indirectly has control. The terms “joint venture”, “joint operations”, “joint arrangements”, and “associates” may also be used to refer to a commercial arrangement in which Shell has a direct or indirect ownership interest with one or more parties. The term “Shell interest” is used for
convenience to indicate the direct and/or indirect ownership interest held by Shell in an entity or unincorporated joint arrangement, after exclusion of all third-party interest.
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Forward-Looking statements

This content contains forward-looking statements (within the meaning of the U.S. Private Securities Litigation Reform Act of 1995) concerning the financial condition, results of operations and businesses of Shell. All statements other than statements of historical fact are, or may be deemed to be, forward-
looking statements. Forward-looking statements are statements of future expectations that are based on management’s current expectations and assumptions and involve known and unknown risks and uncertainties that could cause actual results, performance or events to differ materially from those
expressed or implied in these statements. Forward-looking statements include, among other things, statements concerning the potential exposure of Shell to market risks and statements expressing management’s expectations, beliefs, estimates, forecasts, projections and assumptions. These forward-
looking statements are identified by their use of terms and phrases such as “aim”; “ambition”; “anticipate”; “aspire”, “aspiration”, “believe’’; “commit”; “commitment”; “could”; “desire”; “estimate”; “expect”’; “goals”; “intend”; “may”’; “milestones”; “objectives”; “outlook”; “plan”; “probably”’;
“project”; “risks”; “schedule”; “seek’’; “should”; “target”; “vision”; “will"”’; “would” and similar terms and phrases. There are a number of factors that could affect the future operations of Shell and could cause those results to differ materially from those expressed in the forward-looking statements
included in this content, including (without limitation): (a) price fluctuations in crude oil and natural gas; (b) changes in demand for Shell’s products; (c) currency fluctuations; (d) drilling and production results; (e) reserves estimates; (f) loss of market share and industry competition; (g) environmental and
physical risks, including climate change; (h) risks associated with the identification of suitable potential acquisition properties and targets, and successful negotiation and completion of such transactions; (i) the risk of doing business in developing countries and countries subject to international sanctions;
(j) legislative, judicial, fiscal and regulatory developments including tariffs and regulatory measures addressing climate change; (k) economic and financial market conditions in various countries and regions; (l) political risks, including the risks of expropriation and renegotiation of the terms of contracts
with governmental entities, delays or advancements in the approval of projects and delays in the reimbursement for shared costs; (m) risks associated with the impact of pandemics, regional conflicts, such as the Russia-Ukraine war and the conflict in the Middle East, and a significant cyber security, data
privacy or IT incident; (n) the pace of the energy transition; and (o) changes in trading conditions. No assurance is provided that future dividend payments will match or exceed previous dividend payments. All forward-looking statements contained in this content are expressly qualified in their entirety by
the cautionary statements contained or referred to in this section. Readers should not place undue reliance on forward-looking statements. Additional risk factors that may affect future results are contained in Shell plc’s Form 20-F and amendment thereto for the year ended December 31, 2024 (available
at www.shell.com/investors/news-and-filings/sec-filings.html and www.sec.gov). These risk factors also expressly qualify all forward-looking statements contained in this content and should be considered by the reader. Each forward-looking statement speaks only as of the date of this content on or about
Sept 24, 2025. Neither Shell plc nor any of its subsidiaries undertake any obligation to publicly update or revise any forward-looking statement as a result of new information, future events or other information. In light of these risks, results could differ materially from those stated, implied or inferred from
the forward-looking statements contained in this content.

Shell’s net carbon intensity

Also, in this content we may refer to Shell’s “net carbon intensity” (NCI), which includes Shell’s carbon emissions from the production of our energy products, our suppliers’ carbon emissions in supplying energy for that production and our customers’ carbon emissions associated with their use of the
energy products we sell. Shell’s NCI also includes the emissions associated with the production and use of energy products produced by others which Shell purchases for resale. Shell only controls its own emissions. The use of the terms Shell’s “net carbon intensity” or NCl is for convenience only and not
intended to suggest these emissions are those of Shell plc or its subsidiaries.

Shell’s net-zero emissions target

Shell’s operating plan and outlook are forecasted for a three-year period and ten-year period, respectively, and are updated every year. They reflect the current economic environment and what we can reasonably expect to see over the next three and ten years. Accordingly, the outlook reflects our Scope
1, Scope 2 and NCI targets over the next ten years. However, Shell’s operating plan and outlook cannot reflect our 2050 net-zero emissions target, as this target is outside our planning period. Such future operating plans and outlooks could include changes to our portfolio, efficiency improvements and the
use of carbon capture and storage and carbon credits. In the future, as society moves towards net-zero emissions, we expect Shell’s operating plans and outlooks to reflect this movement. However, if society is not net zero in 2050, as of today, there would be significant risk that Shell may not meet this
target.

Forward-Looking non-GAAP measures

This content may contain certain forward-looking non-GAAP measures such as adjusted earnings and divestments. We are unable to provide a reconciliation of these forward-looking non-GAAP measures to the most comparable GAAP financial measures because certain information needed to reconcile
those non-GAAP measures to the most comparable GAAP financial measures is dependent on future events some of which are outside the control of Shell, such as oil and gas prices, interest rates and exchange rates. Moreover, estimating such GAAP measures with the required precision necessary to
provide a meaningful reconciliation is extremely difficult and could not be accomplished without unreasonable effort. Non-GAAP measures in respect of future periods which cannot be reconciled to the most comparable GAAP financial measure are calculated in a manner which is consistent with the
accounting policies applied in Shell plc’s consolidated financial statements.

The contents of websites referred to in this content do not form part of this content.

We may have used certain terms, such as resources, in this content that the United States Securities and Exchange Commission (SEC) strictly prohibits us from including in our filings with the SEC. Investors are urged to consider closely the disclosure in our Form 20-F and any amendment thereto, File No 1-
32575, available on the SEC website www.sec.gov
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Natural Source Zone Depletion (NSZD)

Consolidation of Several Methods (ASTM E3361-22): 1
1. CO, Surface Efflux
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3.  Soil Gas Gradient (O,, CO,, CH,, HC) 2 ©
o0 Q
o . — <
4. Monitoring Groundwater Chemistry (gases, hydrocarbons, electron 'S
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1 1
Monitoring NAPL Composition (over time) bl
L]
e #1 through #4 - \
* monitor parameters for rates out of (or into) NAPL body > 4
» snapshot of loss in time — rate [kg-loss/day] dwat
* #s4 & 3 HC — can be ‘constituent-specific’ NAPL grounawater
* #5
* monitor NAPL composition change over time
* relative mass loss of NAPL itself — rate [kg-loss/(kg-NAPL)-day]
* Bulk Rates & Constituent-specific
\ * #4 HC (groundwater monitoring over time) — depletion rates for soluble chemicals /
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NAPL Composition Method How does this work?

A conserved marker (chemical) in the NAPL

O Example
* Initial concentration = 1% initial 1% . . . . .
. ’ = = 50% of initial total is remaining
* Later concentration = 2% final 2%

O This works for any ratio

* |f the marker depletes — the bulk NAPL depletion estimate is a (conservative) underestimate

In practice: multiple NAPL sampling events & composition analyses

O We fit a trend to the conserved ‘marker’ concentration (mass fraction) over time
O To yield an estimate of trend in bulk NAPL depletion rate

Cr (t) _ Xmarker (t(})
CT(tO) Xmarker(t)

cr(t) = NAPL total concentration in soils (g-NAPL) / (g-soil)
Xmarker () = ‘Marker’ concentration in NAPL (g-marker) / (g-NAPL)
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NAPL composition method

How to choose markers:

Analyze and quantify constituents in the NAPL (g-compound/g-oil)]

O As many constituents as possible / practicable

DeVaull, et al., 2020

O Fit a trend to each mass fraction constituent in the NAPL

O ‘Best’ marker (case-by-case) is the constituent that increases at the greatest rate
* With checks and validation of the confidence intervals on the trend
* Multiple markers can be summed to improve the confidence intervals

* And because we’re fitting mass fraction trends to all constituents — combine with bulk trend to get constituent depletion

Other (older) methods make an a priori choice of ‘biomarkers’

O biomarkers: hopanes, steranes, isoprenoids (from chemistry) in crude oil Douglas et al, 1996

* ‘Markers’ may turn out to be either be traditional biomarkers or other constituents
* Now can use this method to be used when no traditional “ biomarkers’ are present (such as gasoline, diesel)

* If the marker depletes — the bulk NAPL depletion estimate is a (conservative) underestimate
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Application Steps

Sampling and Analysis
O NAPL collection — quarterly samples for about minimum two to four years (or more) — approximately
e Analysis methods = ASTM D3328-06, USEPA methods 8015 (GC-FID) & 8260 (GC-MS); others (modified)

Data Quality, Assurance
O Application Options:
1. All data together (such as for a single petroleum release)
2.  Well-by-well analysis (multiple spills, treatment areas, complex sites)
Data Analysis: calculations
O Fit trends / Rank order / Identify ‘markers’
O Set of equations [DeVaull et al, 2020]; or an on-line calculator [ARIS]: https://arisenv.ca/e-tools/
Results
O Total rate of bulk NAPL depletion (% per year, half-life)

O Constituent-specific depletion rates (any constituent measured in the NAPL)

* Qualified (confidence limits on trends for constituents and bulk NAPL)
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[BE]

[FY]
3 [CA]

4 [HT]
5 [PC]

6 [BK]

7 [LA]

Consolidated Results — Compositional NSZD
Use Half-life or time to 50% depletion (useful when monitored time intervals vary)

Crude Oil Spill. one-time. (Bemidji, MN. USGS Study Site)

Terminal. USA. Mixed gasoline/diesel. one monitoring well

Former Refinery. USA. Mixed gasoline/diesel. each of 11 wells

(well-by-well)

Terminal. USA. Mixed gasoline/diesel. (well-by-well)

Former Refinery. EU. Mixed gasoline/diesel. Multiple extraction

wells pumped to 6 technical chambers, each evaluated.

Former Refinery. USA. Mixed gasoline/diesel. Each of 7 wells. 6

in water-table NAPL, one (outlier) submerged.

Former Refinery. USA. Mixed gasoline/diesel. 38 wells, each
evaluated (3 to 6 samples, 2 to 8 years of monitoring)

Copyright of Equilon Enterprises LLC, 2025

13.6 + 2.9 years

7.3 £ 1.8 years

12 (4.9 to 39) years
(median, range)

4.6,12.3, 18.3, 20.3 years

12 (11 to 15) years
Average (quartiles)

Average 3 (-0.3 to 6);
outlier 20 (13 to 27)

Average (quartiles)
10 (4 to 17) years

Many instances:
50% total depletion
in 7 to 15 years

NAPL depletion due
to composition
change

\_

g Method quantifies R

)
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mEU

B Former refinery and product distribution terminal

m Varied gasoline and diesel —range LNAPL

m delineated LNAPL at/near the water table

B Pumped LNAPL recovery from multiple wells into technical chambers [TC]
m ~18 NAPL Analyses over 5 years

B Similar composition across technical chambers

Case Example

[PT]
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LNAPL Analysis and Preliminary Evaluation

GC/FID & GC/MS analysis

o Qualitative chromatogram comparisons June 2016 T ’
O Similar composition, not identical ' M {3!
P — "“tll“ M'M
O Expert check: peak baseline and integration
June 2017
m Chromatogram (non-polar separation) "
. . 4. . Ul oL \& ﬂ“
m Integrate: simulate a batch distillation
m “% distillation” cuts — illustrate bulk change June 2019
TC1 estimated total mass trend
s yiaedibeed * ““ A ‘w ‘
[ M ....... ey b S .y, 0.95
03 8
u.:n AN §-zo N ot .75 June 2020
§ I SN =\ 050 lllustrates
cumulative (distillation) %C; --.“\ /..._.’—"\"Av-'"-\‘ 025 Ioss of
> d .
30T om0 05| lighter ends
5 + + + + +
2016 2017 2018 2019 2020 2021 2022
time (year)
[PT]
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chromatograms
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: ‘; L ;’ Imm,}l%WWW?’MJXMFUqﬂ’aﬁ"ww’wl’“’hwhL ~—? 2

\ A\M WM ” }”M’n'fl‘wlJ%wf"'””jx

1.000

0.990

v

: i
| 5‘

0.984

»Jw-.llw fohag

T &“

1] 0.988
W u‘ir)j'm'J”“"ww“ .

Correlation Coefficients
(relative to June 2016)
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Example

Constituent Depletion

bulk depletion to 50%
12.2 (10.5 to 14.6) years

(avg, quartiles)

<L
TL
0L
69
89
L9
929
S9
v9
€9
9
T9
09
6S
8§
LS

n-paraffin
depletion

® total sum

© normal paraffins

@ alkylbenzenes, naphthalene

O iso-, cyclo- paraffins
O ether

© unidentified constituent

mean and quartile ranges shown

X no estimate (omitted)

© carbon no. range

(aromatics) volatilization,

dissolution & degradation

(< C10) volatilization &

degradation

ial rates

icini

if
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Case Example

[CA]

m USA

B Former refinery and product distribution terminal

B Varied gasoline and diesel —range LNAPL

B Assessed, remediated, delineated remaining petroleum LNAPL
m Well-by-well trend analysis (2 to 4 samples each)

m 14 wells, 4 to 13 years of data

m Varied attenuation across site (spatial)
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LNAPL Depletion Estimates Based on LNAPL Compositional Analysis
— All Locations. Median for 50% Depletion: 12 Years

Copyright of Shell International B.V.

MW-112
MW-101
HV-PTE-D1
PB-MW-4P
PW-11
MW-008
PW-16

MW-35
587-04
583-05

DM-27

VERA-01
MW-109
MW-021

0.49
0.81
0.83

0.35

0.39

~1

0.4

0.20
(0.29 to 0.02)

0.7

0.80
(0.80 to 0.79)

~1

~1

0.4

0.56

2007 to 2020
2016 to 2020
2016 to 2020
2012 to 2020
2006 to 2016

2007 to 2020
2006 to 2016

2005 to 2016
2007 to 2016
2007 to 2020

2016 to 2020
2016 to 2020
2007 to 2020
2007 to 2020
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12.6
3.49
3.49
7.80
9.95

12.6
9.95

11.5
9.12
12.6

3.47
3.49
12.6
12.6

12
21
14

5.1
7.3

7.4
4.9
(6.4 to 1.9)
18
39
(41 to 38)

9.5
15
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NSZD Rates: Estimates from NAPL Composition Change

o Al
YA mee easlX)NT
R 1

Fockt 1! FEIZS, “FF{2E

X.X time (years) to 50% depletion
Y.YY fraction remaining (in time range)
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Composition —Specific Results

Comparison across all evaluated wells

Time to 50% depletion (years)

KEY:

time for 50% depletion (years)

5< 10<  20< 100< 2100

| heavy outline border - selected markers
empty boxes - no quantified change
(due to noise, detection, etc.)

5%
analyzed mass distributions (5%-50%-95%)
B 50%| initial and final
95%

*[blank spaces] —

insufficient confidence in estimate

1 2 3 4 5 6 7 8 9 10 11 12 13 14
MW- MW- |HV-PTE{PB-MW- MW- VERA-| MW- MW-
name 112 101 D1 4P PW-11 | 008 | PW-16 | MW-35 | 587-04 | 583-05 | DM-27 01 109 021
1 |lsopentane 3.8 4.2 3.3 2.2 6.8
2 |<=nC5 55.2 3.9 4.6 3.5 2.2 8.2 2.6
3 |>nC5<=nC6 4.9 31 33 12
4 |>nC6<=nC7 4 5.5 3.6 18 24
5 |Benzene 5.2 4.2 13 5.4 31 3.5
6 (2-Methylhexane 3.9
7 (2,3-Dimethylpentane 25
8 [3-Methylhexane 41
9 (lsooctane 4.3 2 24
10 [n-Heptane 5.6 4 8.5
11 |Methylcyclohexane 8.1 5.2 15 2.6
12 |>nC7<=nC8 1 23 5 21 8.7
13 (2,3,4-Trimethylpentane 2 4.5
14 Toluene 4.3 11
15 [n-Octane 31 11 6.3
16 [>nC8<=nC9 1.7 6.2 5.1 5.7 7.3 21 8
17 |Ethylbenzene 4 3
18 |[p&m-Xylene 1.3 5.5 4.8 2.6
19 |o-Xylene 1.8 I| 5.3 41 141
20 [>nC9<=nC10 3.2 |I 6.2 8.8 2.8
21 |1,2,4-Trimethylbenzene -25 I 5.6 5.6 3.6 51 7.7 31
22 [>nC10<=nC11 r 7.1 5.8 | 62 (| 56 |I 20 4.4
23 [>nC11<=nC12 11 95 8 -39 5.9
24 |>nC12<=nC13 19 4.2 l 9 43 7.5 21
25 >nC13<=nC14 11 11 17 16 86 inf. I 6.8 32
26 [>nC14<=nC15 7.9 5.4 13 11 17 127 409 1 58
27 [Farnesane I
28 |>nC15<=nC16 8 5.1 13 13 18 13 I 41
29 [Norpristane I
30 [>nC16<=nC17 8.4 4.2 11 11 19 9 13 70
31 |Pristane
32 |>nC17<=nC18 3.4 3.7 10 12 23 11 12 33
33 [Phytane
34 (>nC18<=nC19 2.7 3.5 15 18 26 8.5 15 38
35 (>nC19<=nC20 2.2 33 7.4 136 -222 43 394 15 68
36 |>nC20<=nC21 23 2 31 8.1 -28 16 15 48
37 |>nC21<=nC22 61 2 3.2 21.3 11 12 -353 19 20 60
38 |>nC22<=nC23 68 1.7 2.6 -19.8 16 18 -462 19 64
39 [>nC23<=nC24 -49 1.7 2.6 -4.7 131 72 1.5 -80 29 244
40 [>nC24<=nC25 -6.7 1.5 2.7 -3.7 -61 45 -20 213 -29
41 (>nC25 1.6 21 -3.6 -6 -5.1
Total [ 12 |[[ 83 [[ 11 ] 5 [[7a ][ na|]72 ] a8 18 35 [[ nia |[ nia [[ 92 ] 13
September 23-25, 2025

Copyright of Equilon Enterprises LLC, 2025

94



L SZou< (T

L GZou=>pZou< (or
L $Zou=>£20u< (6€
L €70U=>72Ju< (8€
L 22ou=>T2Ju< (L€
L TZOU=>07Ju< (9€
L 020U=>6TJUu< (S€
| 6TIU=>8TJU< (V€

- auejhyd (€€

L 8TJOU=>/TJu< (Z€
4 sueisid (1€

L £TJU=>9T)u< (0€
4 sueysudion (62

L 9TIU=>GTIU< (82

J auesauueq (Lg

L STOU=>pTIu< (92
L yTOU=>ETIu< (ST
| €TOU=>ZTIU< (¥2

L ZTOuU=>TTJu< (€2
L TTOU=>0TJu< (Z¢
4 suszuaqjAyrowiay - 2T (T2
L 0TJU=>62JUu< (02
4 susjAx -0 (6T

J augjAy -wgd (81
J asuszuaqiAyaa (£t

L 6JU=>8Ju< (9T

L 9Ued0-u (ST

4 suanjo] (vt

4 sueyuadjAyrowin] - p's‘z (€T
4 8ou=>/0u< (2t

4 suexayophojAyran (1T
4 sueidaH-u (o1

1 duepoos| (6

4 suexayAyrsn-¢ (8
4 sueruadjAyprawng-gz (£
1 auexayjAyisN-z (9
4 auazuaq (g

| /Ju=>9)u< (v

[ 9Ju=>5Ju< (g

4 5ou=> (g

4 suejuados) (T

_ (paseq-1uaniisuod) |eyog
L (paseq — xny) |eroL

-
9jel uedw ueyy Ja1ea.43
" -O ' -
! O— .
" O~ ]
£ .
(0] E1e
C - 58 . £ —pP— i
5 0fF €%
Q R —0- :
— lgzeii
m M - (8] © < Q0 i
= fl: @c0@00 —O=
+ : O T
L 5. -
m —O+4+— -
—O—F—
C T*I. -
.|{
& T|i.—
S —.‘-—
a —|l Y— -
l—m l._ 4
.|+|_
T .|+|..
—O
n TT.
O o
3 © ) 4/// X i
Q BRE &
—_— —Q@— 098 9
o ——O0—1~ | 2 S |-
e ="t .m o n___a .
D t % i m m\ll_
——— 2 8%
) £ %
.V < |
.
b S ) © ~ © n < o0 ~N - o An o o0
Q) uonajdap %0s 01 awi JuUaN}ISU0I
oc / (1dVN [e101) uonajdap %0S 01 dwil uelpaw ||eI3A0

[CA]

95

September 23-25, 2025

Copyright of Equilon Enterprises LLC, 2025



Case Example

[BK]

m USA

B Former refinery

B Varied gasoline and diesel —range LNAPL

W delineated LNAPL

B Adjacent SVE

m 7 wells, 3 to 13 samples, over 2 to 14 years

m Varied composition in different wells

Copyright of Equilon Enterprises LLC, 2025
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Results

Average: 2.4 year half-life

Outlier: 20 year half-life (submerged NAPL)

0.9
0.8
0.7
0B
0.5
0.4
0.3
0.2
0.1

Cumulative Mass Fraction

AEC-11

—2018.11
—2018.26
2019.22
2021.02
202295

Equivalent Carbon (EC)

30

[BK]
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Realative Constituent Depletion Rates
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Summary:

Potential Candidate Sites

« Anywhere NAPL can be sampled over time (monitoring or extraction wells).
« Single spill or complex sites

« Also applicable for petroleum in soils, and/or oil spills to surface water

« Analytical data — needs QA / QC need: guidance

Results
« Total bulk NAPL depletion (% per year, half-life)
- Constituent-specific depletion (any constituent measured in the NAPL)
Anything that can be analyzed and quantified (not just volatile or soluble chemicals)

« With Confidence Limits; Method is biased conservative if markers deplete calculator

Possible Applicability
« Comparisons to and evaluation of active remediation effectiveness (and why)
- Trajectory to depletion (risk); correlate composition change to viscosity, surface tension, mobility

« General trends across portfolios of similar sites

Copyright of Equilon Enterprises LLC, 2025 September 23-25, 2025
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