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LNAPL composition is important for physical behaviour
and environmental consequence, and will evolve over time

Direct measure of the effect of NSZD on source

\/\/hy composition

COm DOSIUOﬂa| ®  Understand how (Mmultiple) NSZD mechanisms
9, (weathering) varies across a site, and in terms of specific
Cha nges ' components

Potentially, attribute difference in weathering to LNAPL
distribution relative to water-table, soil type, moisture
content, or other features.
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® May be able to measure differences in bulk

rates across a site
- Could we gain more insight on
source area risk remaining”?
® Enhancement of our CSMs, such that:

2> improved selection of remedial
technologies

- improved targeting for remediation
areas

- improved understanding of
processes and effect on NSZD rates?

Consider
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® Approach

® Keylearnings

Opjectives

® *Application to an Alberta Site
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Goal: Sustainability Assessment, NSDZ as "base case”

Is NSZD
Perform aone- significantly
time NSZD contributing to
evaluation plume stability/
recession?

Is NA/NSZD an Is the Are NSZD
actual/feasible LNAPL body rates needed

part of the stable/ for remedy

remedy? shrinking? selection?

Will NSZD Include NSZD as a

be used as component of the
aremedy remedy
endpoint?

Include NSZD as a
component of the
LCSM

if required, is NSZD
an approved/
Will NSZD supported long-term
be used to remedy?
refine the
LCSM?

Perform a
screening-level
NSZD assessment

Perform long-term
NSZD monitoring

Decision logic flowchart for selection of NSZD measurement data quality levels; Technical

& Environmental
Ecometrix | wisence measurement guidance for LNAPL natural source zone depletion; CRC Care, 2018




Approach
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Initial Time : Future Time
Evaporation

1 mole 1 mole

1L X (Final Volume)

1M Affects only 1 1.6 M

constituent
A mixture of two
compou ﬁdg + o+ Lost Water
- ) + - +
+ A
Volume Lost=1L - X

C.:
Volume Lost = Vy; (1— C‘”) ‘ =1 *(1-1/1.6) ‘ =375 mL
a,t

Ecometrix | Byingens ... and over time




Cumulative Loss In Mixture as a whnole

Same Theory Applied to Hydrocarbon & Chromatograms — Gas Chromatography, Flame lonization
Detector (CC-FID)

Total moles of the mixture
decreases over time

Bio markers (a) are
compounds with moles
staying constant (not
degraded) - mole fraction
continuously increases

100

Modified equation represents

LI\EJAPL near Plume Edge
Cumulative LNAPL Fraction el

L LNAPL From H
Lost: 5 13y, Plume Center
2 Ly . < 1 Xa,i) |
MT,i Xa,t | E .
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We may want to consider
individual constituents within the
= mixture, and their rate of loss.. say
benzene.

The moles of benzene remaining
(Mg) at any given time t,

Has to be related back to the initial
numMmber of moles.

Loss of Specific

Con5t|tuent5 This is done by correcting the mole
fraction (Xg) for the cumulative
LNAPL fraction loss, based on the
It - biomarker (Xg).
IRl | n _u\w y Mpt _
AT PR i, = XBts Xail Xag
: \‘ﬁ’ J yﬁ"l IHIEW‘1 - w-li.i?_,‘gﬁ‘ Pl . !
| ?IMHH: I i ";' .-, ’ pae S SRR REILEEETELELL
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Simpler the structure or one aspect of the structure, easier
for microbe to break down

® More branching, more difficult to biodegrade
°
: : Ceometry of branches matters; branches next to each
BlOdeg rad ation other are more difficult than branches further way
and Molecular . | - |
Leverage this behavior in estimating the fraction of LNAPL
Structure degraded/weathered/lost.

(After ITRC)

- Octane & Toluene
o Arxx T '
© .. A Typical Asphaltene
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Key Learnings

a) Selecting Optimal/Multiple Marker Constituents
D) Spatiotemporal Understanding
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Selecting
Biomarkers —
DeVaull et al.
2020
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Appropriate for finite LNAPL mass with no additional sources or releases over the
investigation time.

Method: Select the most appropriate conserved marker constituents: measured
composition data; parameter transformations; regression analyses.

Where there are N constituents, the most conserved constituent has the highest
positive (kappa) k,; value (rank ordered: rate of change of concentration)

More than one marker: Improved quantification certainty

(h} 02 r Fra T
3 result for summed constituents ‘_:" {b} 12
— . ith (g) = £ 1 to i of 3 ,
}i 0.15 el Zuy WIth () = Z 1 to i of 2y, Vil Ep 1.1 5~ 4 summed marker constituents - selected
] =
B | =
= = 1
= 0.5 £
=
35 2 0.9
0 =
= =
= 005 | z 08
W -
o 01 F = 07
= ; Result for =
x I 95% 2-sided individual 5] [
18 confidence interval constituents ¥y z 06
s 95% 2-sided confidence interval
0.2 e P B o Y PP S S I 1
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Mean individual rate rank order Elapsed time (years)



Crude Oil Weathering in Shallow Subsurface
(Bemidji, Minnesota; C4 to C40)

Constituent code Relative constituent
[rank index] - i - 1
(initial half-life - years) degradation rates
total (12.3) -
nC4 |551(3.4) ——
iCS [50] (5.1) —_——
nCS [54] (4.4) —_—————
IM Pentane [40] (6.1} ———
nC6 |52] (4.8) I e
O i
nz [32] (7. .
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Crude Oil Weathering in Shallow Sulbsurface Gasoline and Diesel Mixture Weathering
(Bemidji, Minnesota; Multiple wells C4 to C40) (Petroleum Terminal Site; Single Well C5 to C20)

Constituent code Relative constituent ' Relative constituent
[rank index] . i - 1 . . 1
(initia] half-life - years) degradation rates degradation rates Conventional
il 123 1t ® Total (mean average) markers (>C20) not
e —— o Tso cxclo paraifing
iC5 (5 LN  —— e a— s
nCs [54] (4.4) —_— e ©® Alkylbenzenes, naphthalene p resen t
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Building a
Spatiotemporal,
Site-Wide
Model
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ROW-00 | &

T08.50

A-D30 I R-D0S &=
710.23) g e

T ROW-00BA
R-002 707.33

MW-178
R-008 [ 707.24

LEGEND

¢ MONITORING WELL, OBSERVATION WELL,

OR PIEZOMETER WITH NO MEASURABLE LNAPL

MONITORING WELL, OBSERVATION WELL,
OR PIEZOMETER WITH MEASURABLE LNAPL

RECOVERY WELL

GROUNDWATER ELEVATION (ft. AMSL)
(CORRECTED FOR LNAPL WHERE PRESENT)
GROUNDWATER ELEVATION CONTOUR

(f. AMSLYCONTOUR INTERVAL = 10 ft)

AREA THAT IS PERENNIALLY OR EPHEMERALLY
DRY (BOUNDARY ESTIMATED)

ESTIMATED CAPTURE AREA

* Legacy Releases (1904-1960s)

* LNAPL recovery started in the 1980s, recovery
well system

* Priortorecovery, LNAPL body and dissolved
phase stabilized (not migrating or expanding)




Well by Well (36 Ssamples, 9 Wells, 2003-2020); IP13 as marker

® Thedifference in degree of weathering for a given time point between locations identifies that the

samples should not be lumped into a singular Losses over time model.

Time Series Fraction Lost

e A-041 e HB-005 MW-179 e ROW-006A
e ROW-007 e ROW-008 e ROW-009 Time Series Benzene
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Entire LNAPL Body:

Constituent Decline Curve Vs LNAPL Weathering
Includes All data points from 2003 to 2020

* Hexane = n-Henicosane nC21

o 0.015 - 0.0012
g ? =
E [ ] JI . - 0.001 %DE:%
o 0.01 m _ $= e . - 0.0008 -g ::;
k= " %% e o - 0.0006 B %
= o e =4 8
& 0.005 o - 0.0004 8 g
Preferential degradation of 7 "= o E
heavier and lower 3 ale -l B M . - 0.0002 & p
concentration alkane C21 § 0 LI ¢ LI L =R

0 01 02 03 04 05 06 07

Cumulative LNAPL Fraction Lost (Moles/Mole)
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Data Potentially Supports Sequential Hydrocarbon
Degradation

B MCHX # Tol

Consider MW-179 alone: could conclude 0.04
Methylcyclohexane is not degraded/lost.

Combining Data into a single CSM
identifies a likely lag period at MW-179;
MCHX will decline once other substrates
depleted

0.025 L

Whether Running Time Series on multiple .

Moles Remaining
MethylCycloHexane (MCHX)

wells or combining multiple wells on a plot A " "
. . . . . * *
like this, multiple wells will give a better 090 o b eu 8
. . *
understanding of overall degradation as 0 et B
0 0.1 0.2 0.3 0.4 0.5

compared to a single well analysis
Cumulative LNAPL Fraction Lost (Moles/Mole)

MW-179 points indicate a potential Substrate Lag
rather than lack of methylcylohexane degradation
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Rack to AB....
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Then (1993) and Now (2021).....
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Constitutent Mole Remaining

Preliminary Estimates — 1993 to Present: weathering of LNAPL,

2.50
[ ]
200 ™ y=-2.5550x+2.1144
R?=0.9638
1.50 e MCH
. Ethyl Benzene
1.00 g . M/P-xylene
. e 1,24TMB
0.50 e e )
O e B Linear (1,2,4-TMB)
° “ i
0.00
000 010 020 030 040 050 060 070 0.80
Total LNAPL Fraction Loss
Constituent Mole Remaining
= Xﬁ,t* Xa,i /Xa,t
Biomarker Selected: C24
Ecometrix | fyetigene

Constituent Fraction Loss

but biodegradation?

1.20 y = 2.0544x - 0.546
R?=0.9615
1.00 ? e MCH
0.80 o |y =1.2492x .: Ethyl Benzene
R?=09895| 5773 M/P-xylene
0.60 R /
o y = 0.3466x ¢ 124TMB
0.40 3
’ . R*=0.7247 e (12
0.20 . e Linear (Ethyl Benzene)
O e )
T TTotes L cesitt =2  ( IR Linear (1,2,4-TMB)
0.00 e o
0.00 0.20 0.40 0.60 0.80 U Linear (C12)
0.20

Total LNAPL Fraction Loss

Constituent Fraction Loss
= (Xg:-Xpt)/ Xps

Slope >1, constituent is lost at a faster rate than
LNAPL is weathering as a whole;

Slope <1, constituent is lost at a slower rate than
LNAPL is weathering as a whole;



®  Build a functional/mechanistic PHC CSM
Hydrogeological CSM and Water Balance

Historical PHC and Biodegradation Indicators data (Decades, and
more recent)

® | NAPL Delineation (LIF? Shoutout)

NSZD- .

Supporting
I:ra me\/\/Ork chg|%aifl Communities, soil, groundwater, LNAPL (University of

NSZD: Compositional Analysis, Rates using Gradient Method

Stable Isotopes — Direct evidence of Biodegradation

Additional forensics approaches to evaluate sources, and
contributions of sources
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Ecometrix

4 )
Direct

understanding of
NSZD effects on
source

\_ J
a )
Used alone or with
other data to

identify NSZD
behavior

4 N

Single or short
time frame
sampling events

N\ J

Environmental
INTELLIGENCE

\

-~

Supports
improved
targeting of
source zone for
active remedies

AN

AN

Concluding Thoughts: Cumulative Effect of NSZD through Compositional
Analysis

Enables
Conceptualization
of Site as a whole
(vs individual

wells)

J

Continue to
Evaluate

approach with
additional Sites
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Thankyou

ehaack@ecometrix.ca
Andrew.Kirkman@bp.com
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1. Vertical gas transport
2. Lateral Groundwater Transport

Conceptualisation
of LNAPL NSZD
processes
(Mmodified from AP
2017)

Saturated Zone
ffgassing of CH, and CO.

lectron
Acceptor h*
Flupx fod Fe' Groundwater
o)

Flow
Biodegradation
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