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LNAPL transmissivity and
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petroleum pipeline release site:

- Is it time to transition to a nature-based
LNAPL management strategy?
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LNAPL Concepts

Parameter Potential lines of evidence

Stability LNAPL age (time since release)

Well observations

Trends in dissolved phase extent, dissolved mass, centre of mass location

LNAPL mobility lines of evidence

NSzZD
Mobility LNAPL age (time since release)

LNAPL saturations compared to residual levels

LNAPL transmissivity

Recovery system performance

LNAPL stability lines of evidence
Recoverability LNAPL transmissivity

Recovery system performance

Other LNAPL mobility lines of evidence

Adapted from: CRC CARE Technical Report 46
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In-well LNAPL
thickness

does not correlate well
with LNAPL mobility or
recoverability

LNAPL Transmissivity (ft2/d)

LNAPL Transmissivity as a Function of Apparent NAPL Thickness
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Hawthorne, J. Michael, Dennis Helsel and Charles Stone (2015) Nationwide (USA) Statistical Analysis of LNAPL
Transmissivity (Tn), sponsored by The American Petroleum Institute, (2015 Battelle Bioremediation Symposium)
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% LNAPL
Tra n S m i s s iv i ty Standard Guide for

Estimation of LNAPL Transmissivity’

a M. A number in parenmeses
nce e last revision of reapproval.

— Standardized way to assess
LNAPL mobility and recoverability

—Based on LNAPL flow into a well

de minimis criteria:
T, < 0.8 ft?/day

1. Scope

1.1 This guide provides field data collection and calculation
methodologies for the estimation of light non-aqueous phase
liquid (LNAPL) transmissivity in unconsolidated porous sedi-
ments. The methodologies presented herein may, or may not
be, applicable to other hydrogeologic regimes (for example,
karst, fracture flow). LNAPL transmissivily represenis the
volume of LNAPL (L) through a unit width (L) of aquifer per
unit time () per unit drawdown (L) with units of | .

).
LNAPL transmissivity is a directly proportional metric for
LNAPL recoverability whereas other metrics such as apparent
LNAPL thickness gauged in wells do not exhibit a consistent
ionship o re rability. The recoverability for a given
gauged LNAPL thickness in a well will vary between different
soil types, LNAPL types or hydrogeologic conditions. LNAPL
transmissivity accounts for those parameters and conditions.
LNAPL transmissivity values can be used in the following five
Estimate LNAPL recovery rate for multiple tech-
) Identify trends in recoverability via mapping; {3)
Applied as a leading (startup) indicator for recovery: (4)
Applied as a lagging (shutdown) indicator for LNAPL recov-
ery: and (5) Applied as a robust calibration metric for multi-
phase models (Hawthorne and Kirkman, 2011 (1)* and ITRC
({2)). The methodologies for LNAPL transmissivity estimation
provided in this document include short-term aquifer testing
methods (LNAPL baildown/slug testing and manual LNAPL
skimming testing), and long-term methods (that is, LNAPL
recovery system performance analysis, and LNAPL tracer
testing). The magnitude of transmissivity of any fluid in the
subsurface is controlled by the same variables (that is, fluid
pore space saturation, soil permeability. fluid density, fluid
viscosity, the interval that LNAPL flows over in the
and the gravitational acceleration constant). A dir
emalical relationship exists between the transmissivity of a
fluid and the discharge of that fluid for a given induced
drawdown. The methodologies are penerally aimed at measur-

rel:

itee E50 on Environmentsl
and is e direct responsitd

Current  adition
in 2011

VEZ2ES56-1

The boldface nambers in parentheses refer to the list of references at the end of
ihis standard

ing the relationship of discharge versus drawdown for the
occurrence of LNAPL in a well, which can be used to estimate
the transmissivity of LNAPL in the formation. The focus,
therefore, is to periJc standard methodology on how to obtain
accurate measurements of these two parameters (that is,
discharge and drawdown) for multi-phase occurrences to
estimate LNAPL transmissivity.

Crpanization of this Guide:

.1 Section 2 presents documents referenced.

.2 Section 3 presents terminology used.

and use.

4 Section 5 presents general information on four meth-
ods for data collection related to LNAPL transmissivity calcu-
lation. This section compares and contrasts the methods in a
way that will allow a user of this guide to assess which method
maost closely aligns with the site conditions and available data
collection opportunities.

1.2.5 Sections 6 and 7 presenis the test methods for each of
the four data collection options. After reviewing Section 5 and
selecting a test method, a vser of this guide shall then proceed
to the applicable portion of Sections & and 7 which describes
the detailed test methodology for the selected method.

1.2.6 Section 8 presents data evaluation methods. After
reviewing Section 5 and the pertinent test method section(s) of
Sections 6 and 7, the user of this guide shall then proceed to the
applicable portion(s) of Section £ to understand the method-
ologies for evaluation of the data which will be collected. It is
highly recommended that the test methods and data evaluation
procedures be understood prior to initiating data collection.

2
2
22
2.3 Section 4 presents significance
-

1.3 The values stated in inch-pound units are o be regarded
as standard. The values given in parentheses are mathematical
conversions to 51 units that are provided for information only
and are not considered standard.

52050, United Stoles



NSZD is a big player in long-term stability

Mabhler et al (2012), doi: 10.1111/j.1745-6584.2012.00949.x

— Glacier: melting &
evaporation lead to
glacier stability/retreat

— Analogously, NSZD
leads to LNAPL body
stability

— NSZD magnitudes are
enough to balance
LNAPL gradients
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NSZD measurement options

F

I
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4. Compositional
change

oundwater
Flow / from: American Petroleum Institute Publication #4784



I i c a I N S Z D Representative Degradation Rates from Different
y p Methanogenic Systems

] Equivalent
magnitudes
Degradation
Methanogenic  Rate (Gal/ Original
System Acre/Year) = Measurement  Reference
Anaerobic 500,000  Methane Gerardi
are g reater than What digesters generation’ 2003
" " Ethanol 20,000 Carbon dioxide, Sihota et al.
I S O bS e rve d I n release sites methane efflux' 2013
d d Landfills 10,000  Methane Spokas
Wetl a n S a n IeSS generation'~ et al. 2006
' I NSZD at 2000°  Carbon dioxide ~ Table 3°
than What IS typlcal LNAPL sites efflux
at Ia n dfi I I S Wetlands 200 Methane flux to Le Mer and
atmosphere! Roger 2001
Peat 4 Methane Stamp et al.
ebullition’ 2013

1,000 US gallons LNAPL depleted/acre/year
~ 1 litre LNAPL depleted/m?/year
= 1 mm depletion in LNAPL thickness/year
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Case study

-» Petroleum pipeline release



Pipeline release

Approximate
incident location

— Summer 2020

— 50,000 gallons of crude
oil released to ground

— Initial response

e excavated 20,000
tons impacted soil

* LNAPL recovery

— July 2021

* biosparge migration
control

Biosparge Wells . Measurable LNAPL

Observed (»1 mmj (8)
Permanent Slotted

Stand Pipe (P35P) (2) Non-Measurable LNAPL

(<mm) (8)
Slotted Stand Pi o )
(SSP) (19) e - Pipeline Right of

nmmn ol Way

 containment curb

* engineered liner
installed

Decomissioned
S5P (15) mm  Milimetres

O

]

N

&  Monitoring Well

) Monitoring Well
{Decommissionsed)

@ Off Site Monitoring Well
Location
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LNAPL assessment

Things we did:

— Analyze recovery system performance

— Develop LNAPL gauging data plots

— Perform Tn testing

— Characterize LNAPL composition

— Assess LNAPL and dissolved phase stability
— Perform NSZD assessment

Things we did not do:
— Produce in-well LNAPL thickness contour plots
— Use in-well LNAPL thicknesses to determine remedial strategies

Battelle 1 © 2024 GHD. All rights reserved.



LNAPL Transmissivity (T )

. Mean T, Estimate (ft?/day)
Location
Oct 2020 Mar 2021 Aug 2021

1 0.0
2 1.0
3 5.9
4 3.7
S 0.4
6 -

7 -

de minimis criteria T, < 0.8 ft’/day

Battelle | © 2024 GHD. All rights reserved.



NSZD testing: passive CO, traps, biogenic heat

Slotted Stand Pipe (SSP) (19)
Permanent Slotted Stand Pipe
(PSSP) (2)
Decomissioned PSSP (1)
Decomissioned SSP (14)
Carbon Dioxide (CO2) Trap Location
(3)
SSP at which Temperature Profiling
was Conducted (6)

L= Pipeline Right of Way

Pend
endant /

4
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Mean NSZD Rate (gal/acre/year)

250,000

200,000

150,000

100,000

50,000

Baseline NSZD Rates

Pre-liner Post-liner | |
29,000
May-21 Dec-21

28,000
4,000

Mar-22 Mar-23 Aug-23 Oct-23
Event Dates

M Biogenic heat M CO2 Traps

Battelle | © 2024 GHD. All rights reserved.



Where are we now? Enhanced NSZD

SUMMER
MONTHS
S5P COVER _\SEiF —\
mare: =1 ; . e " : WATER I
HEATER .5'
L ANAN W] ARSI IS N
HEATING COIL
.-r"'"‘f
thermal P
treatment
— saturated zone =
. < — S5P SCREEN
— Increase water <
temperature by %{
10-15°C * < P
<
'f: GROUNDWATER TEMPERATURE
= INCREASE
Prnpnsed Enhanced -
Matural Source Zone
Depletion Locations (19)
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Keeping the end
In mind...

—LNAPL and associated dissolved
plumes are stable or in decline

— LNAPL recovery has progressed

) : to a practical end-point
considered appropriate — There Is either no risk associated

when: with the remaining LNAPL

- Or_

any potential exposures can be
effectively managed/controlled

L3 A transition to a nature-
based LNAPL
management strategy is

Battelle | © 2024 GHD. All rights reserved.
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LNAPL saturation:

% of pore space
filled with LNAPL.

The difference in LNAPL
saturation levels

that control whether or not
LNAPL is observed in a well
can be small

LNAPL droplet >
) ( =1 -mm dlameter)




utgassing of CO,, CH,
from pore space
adjacent to LNAPL

courtesy of Julio Zimbron/E-Flux LLC



NSZD Rate Estimate Summary

Method

Time frame

Mean NSZD Rate Range

CO, Traps
Pre-Liner

Post-Liner

Biogenic heat
Pre-Liner

Post-Liner

May 2021

Dec 2021
Mar 2022
Mar 2023
Aug 2023
Oct 2023

May 2021
Mar 2022

Oct 2023

long-term

long-term
long-term
long-term
long-term
long-term

snapshot
snapshot

long-term

(U.S. gal/ac/ yr) (L/ m?/yr)

980

29,000
27,950
51,250
176,300
258,950

2,900
4,000

6,000

0.9

27.4
26.2

31.6
165.0
242.3

2.7
3.8

5.6
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Technique: Passive CO, Traps

Pre / Post | Deployment

NSZD rate estimate

May 2021 Pre-liner 6 days
Dec 2021 Post-liner 11 days
Mar 2022 Post-liner 13 days
Mar 2023 Post-liner 13 days
Aug 2023 Post-liner 2 days
Oct 2023 Post-liner 1 day

* Trap saturated with carbon

Mean
CO,-02
CO,-03
CO,-01
CO,-02
CO,-01
CO,-02
CO,-01
CO,-02
CO,-01
CO,-02

980
35,000
23,000
27,500
28,400

35,000"
32,500"

218,000*

134,600

397,400*

120,500

(U.S. gal LNAPL/ac/yr) | (LLNAPL/m?/ yr)

0.9
33.2
21.5
25.7
26.6
32.7
30.4

204.0
125.9
371.7
112.8

Battelle © 2024 GHD. All rights reserved.



Excavated area

Battelle 1 © 2024 GHD. All rights reserved.



Daily average hydrocarbon mass destruction

as a Active remediation vs NSZD rate comparison
remedial .

metric

18.0

16.0

14.0

12.0 SVE system daily mass
recovery trending below
NSZD rate estimates

6.511

Hydrocarbon mass recovery (kg per SVE area of influence per day)

6.0
N
4.0
20
0.0
1/18/2020 3/8/2020 4/27/2020 6/16/2020 8/5/2020 9/24/2020 11/13/2020 1/2/2021

Time (days)

= Site average NSZD estimate (CO2 flux) Site average NSZD estimate (Biogenic heat gradient]

SVE CatOx System daily mass recovery m— SVE CatOx System mass recovery (30 day moving average)



Examples of Site-Wide Average NSZD Rate Measurements at Field Sites
Site-Wide NSZD Rate Site-Wide NSZD Rate
(All Sites) (Middle 50%)

NSZD Study Number of Sites (Gallons/Acre/Year) Reference
Refinery terminal sites 6 21007700 2400-3700 McCoy 2012
1979 crude oil spill l 1600 — Sihota et al. 2011
Seasonal range 310-1100 — Sihota et al. 2016
Refinery/terminal sites 2 1100-1700 [250-1550 Workgroup, L.A.

LNAPL 2015
Fuel/diesel/gasoline 5 300-3100 1050-2700 Piontek et al. 2014
Diverse petroleum sites [1 300-5600 600-800 Palaia 2016
All studies 25 300-7700 700-2800
Saturated zone electron 9 0.4-53 1.7-19 This paper
acceptor biodegradation (see Appendix S1)
capacity

table from Garg et al, 2017 (doi: 10.1111/gwmr.12219)

Most of the action is in the vadose zone
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