Evolving conceptual models for Natural Source Zone Depletion

Methanogenesis, Gas Transport, and Sequenced
Biodegradation
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https://www.enviro.wiki/index.php?title=Natural_Source_Zone_Depletion_(NSZD)

Definitions & cautionary note

The companies in which Royal Dutch Shell plc directly and indirectly owns investments are separate legal entities. In this presentation “Shell”, “Shell group” and “Royal Dutch Shell” are sometimes used for convenience where
references are made to Royal Dutch Shell plc and its subsidiariesin general. Likewise, the words “we”, “us” and “our” are also used to refer to Royal Dutch 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 presentation refer to entities over which Royal
Dutch Shell plc either directly or indirectly has control. Entities and unincorporated arrangements over which Shell has joint control are generally referred to as “joint ventures” and “joint operations”, respectively. Entities over
which Shell has significantinfluence but neither control nor joint control are referred to as “associates”. 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.

This presentation 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 Royal Dutch 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 Royal Dutch 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”’, “’believe’’, ’could”’, “estimate’’, "’expect’’, "’goals’”’, “intend’’, ’may’’, *’objectives”’,

’ ’ ’
rroa o1 rroas

"“outlook”, ““plan’’, “probably”’, “‘project’’, "‘risks’’, “schedule”, “’seek’’, "’should”’, “‘target’’, *'wil
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and similar terms and phrases. There are a number of factors that could affect the future operations of Royal Dutch Shell and
could cause those results to differ materially from those expressed in the forward-looking statements included in this presentation, including (without limitation): (a) price fluctuationsin 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; (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 businessin developing countries and countries subject to international
sanctions; (j) legislative, fiscal and regulatory developments including regulatory measures addressing climate change; (k) economic and financial market conditions in various countries and regions; (I} 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; and (m) 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 presentation 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 Royal Dutch Shell’s
Form 20-F for the year ended December 31, 2018 (available at www.shell.com/investor and www.sec.gov }. These risk factors also expressly qualify all forward-looking statements contained in this presentation and should be
considered by the reader. Each forward-looking statement speaks only as of the date of this presentation, 12 September 2019. Neither Royal Dutch Shell plc nor any of its subsidiaries undertake any obligation to publicly update
or revise any forward-ooking 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 presentation.

We may have used certain terms, such as resources, in this presentation that the United States Securities and Exchange Commission {SEC) strictly prohibits us from including in our filings with the SEC. U.S. Investors are urged to

consider closely the disclosure in our Form 20-F, File No 1-32575, available on the SEC website www.sec.gov.
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Background




What do we usually look for? - Key Electron Acceptors For MNA

Dissolved Oxygen “Hole” Nitrate “Hole” Ferrous Iron “Blob”

KEY POINT

MNA focused
on
groundwater
plume: how far
and at what
concentration
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Note: Yellow/Red Is BTEX Plume Concentrations in mg/L



Biodegradation Capacity of Saturated- Zone Electron Acceptors

Electron Acceptors Electron Donors
DO, NOJ, Fe’*, SO /* BTEX

Source Zone

Biodegradation
Concentration (25 mg/L)

Capacity (17 mg/L)

o Concentration (8 mg/L

Groundwater Flow

Electron Acceptor mass-balance underestimated
LNAPL source zones biodegradation significantly
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NSZD Conceptual Model




Vapor Fluxes drive LNAPL loss

SEY Y GV Mass transfer calculations indicated that the primary reactions in the
I AKX anoxic zone are...and outgassing of CH, and CO,

Molins et al., 2010

“...the main degradation
pathway can be
attributed to
methanogenic
degradation of organic

Groundwater Flow—— p

compounds ....”

ITRC, 2009

Amos & Mayer, 2006

transfer of biogenically
generated gases from
the smear zone provides
a major control on
carbon balance

2006 the saturated zone

ML CYTIC R mass loss associated with oxygen diffusion through the vadose zone
Johnson is more significant (2 OOMs) that dissolution and biodegradation in
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Natural Source Zone Depletion and sequenced biodegradation
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Fig. 1. Conceptual model of contamination in the vadose zone at the

Bemidji site.

LNAPL+H,O > CO,+ CH,
CH4 + O2 > CO,+H,0

KEY NSZD focuses on source depletion: how long.
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NSZD Conceptual Model

KEY PROCESSES
Surface Efflux

Aerobic Transport ﬁCOZ @02

Ad
Me.thar.re & VOC ? CH, + 20, — CO, + 2H,0+Heat
Oxidation

Anaerobic Transport
ﬁcoﬁm ﬁvoc

Outgassing, Ebullition \VA
Methane : CyHys + 4.75H,0 — 2.375CO,+ 8.625 CH,
Generation
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NSZD Rates Being Observed

Site-wide NSZD Rate

NSZD Study
(gallons/ acre /year) (L/Ha/yr)

Six refinery & terminal sites (McCoy et al., 2012) 2,100 - 7,700 20,000 - 73,000
1979 Crude Oil Spill (Bemidji) (Sihota et al., 2011) 1,600 15,200
Two Refinery/Terminal Sites (LA LNAPL Wkgrp, 2015) 1,100 - 1,700 10,500 - 16,000
Five Fuel/Diesel/Gasoline Sites (Piontek, 2014) 300 - 3,100 2,900 - 30,000
Eleven Sites, 550 measurements (Palaia, 2016) 300 - 5,600 2,900 - 53,000
Refinery/distribution depot, France (unpublished Shell data) 15,600
Retail site in Spain (poster @ GQ2019 by Sweeney, Sayas, et al) 260 - 54,000

|
KEY NSZD rates are in the range of 1000s - 10,000s

POINT L/Ha/yr [100s to 1000s of gallons/acre/year]
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NSZD and LNAPL Composition Change: What
degrades?




LNAPL Composition Changes
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Different constituents degrade
at different rates

Methanogenesis depletes high
MW alkanes faster
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LNAPL Composition Changes
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Implications for Practitioners




The NSZD Journey

m Focus on
dissolved phase

m Ignoring
attenuation

of LNAPL itself
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NSZD being
recognized

Variability in
measurement

Bulk rates

Standard method(s)

Understand compositional & risk
change

Cost-effectively increase NSZD
rates

Fit into regulatory framework
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Questions and more information

More information:
m Garg et al (2017) Overview of Natural Source Zone
Depletion: Processes, Controlling Factors, and

Composition Change.

https://doi.org/10.1111/gwmr.12219

m CLAIRE-UK (20192) An Introduction to Natural Source Zone
Depletion at LNAPL Sites

https: .claire.co.uk/component/phocadownload/ca

tegory/17-technical-bulletins?download=681:tb-20-an-
introduction-to-natural-source-zone-depletion-at-Inapl-sites
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