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Agenda

»  Return on investigation

* Why you should not use wells for site characterization
— Break for Q&A
« Smart Characterization and mass flux

+ Stratigraphic flux and NAPL flux mapping
— Break for Q&A

» Natural source zone depletion
— Break for Q&A
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Introduction
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Focused

Smart characterization oUMPINgG

10% of cross-section _ _
Client avoided

spending > $5M
on slurry wall
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LNAPL Recovery

(10 ft LNAPL) Smart characterization Bioventing

Return on Investigation

Client avoided
spending ~$3M
on MPE system
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LNAPL recovery Smart Natural Source

(> 25 acres) characterization Zone Depletion

Return on Investigation

Client avoided
spending $4 - $5M
on active LNAPL
recovery
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40 years of Smart Natural Source

LNAPL recovery characterization Zone Depletion

Return on Investigation

Site stuck In
LNAPL recovery

moving to NFA
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LNAPL Smart LNAPL
Recovery characterization Recovery

Validated high cost
of LNAPL recovery
from deep wells
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Cost

Remediation
Cost
Site
Charactenzation
Cost

Traditional




' What we
were seeing




What we
were seeing

Characterization Remedies

Monitoring wells Pump & treat

Excavation



' What we
were seeing
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High-Resolution
Characterization

Permeability injection
profiling

L1
Vertical aquifer profiling

Remedies
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Cost

Traditional Smart Characterization

Return on Investigation (ROI)

Remediation
Cost

Site

Charactenzation
Cost
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Why to not use wells for
characterization
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Characterization 7 Monitoring
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Precision vs. Accuracy

Precision: Is it repeatable?

Accuracy: Is it correct?



High precision Low precision S &

LOow accuracy High accuracy

Smart Characterization

Monitoring wells
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Monitoring well nest

© Arcadis 2016
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Monitoring well nest

© Arcadis 2016
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Monitoring well nest

© Arcadis 2016
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Monitoring well nest

© Arcadis 2016
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High-Resolution
Boring

Monitoring well nest

© Arcadis 2016
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High-Resolution
Boring

©

High Precision
Low Accuracy

onitoring well nest

Less Precision
High Accuracy

IS
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Hydraulic Gradient
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PERMEABILITY X GRADIENT
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PERMEABILITY ..
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Wells give a false sense
of security:

Dispersion
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Wells are bad at mapping NAPL
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Does 15 ft of LNAPL
In a well mean lots
of LNAPL In soil?

G 15 ft =—
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Does 15 ft of LNAPL
in a well mean IOtS Depth, ft SignaIE(:;::i:::}erence
of LNAPL in soil? “ ' '

| <1 ft LNAPL
INn formation

Theknas<s in




Does 15 ft of LNAPL
In a well mean lots
of LNAPL In soil?

Silt/Clay

G 15 ft =—
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Depth, ft Signal (% Reference
Emitter) S S g

0

100

15.0

<1 ft LNAPL
In formation

20.0

25.0
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Does 0.01 ft of LNAPL
In a well mean little
LNAPL In soil?



Does 0.01 ft of LNAPL
In a well mean little
LNAPL In soil?

@ ARCADIS =

39



Does 0.01 ft of LNAPL
In a well mean little
LNAPL In soil? 5

Residual LNAPL does not

drain into a well

A ARCADIS

Devign & Consultancy
for natural and
busilt assets
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Wells provide average permeability
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© Arcadis 2016
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TOO HIGH
TOO LOW

TOO HIGH
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Questions?




Design & Consultancy
for natural and
built assets

Smart Characterization & mass
flux
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Smart Characterization

Dynamic, flux-focused approach defines the relevant mass...
mass that moves leads to risk and liability

. Components
. - -:::: —— 3 3 m;? » Classical geologic interpretation
) . N |- Il.ll » The right tool for the job to map flux
; = !5: EIE!! + Real-time, quantitative data
) I Ilii- II‘ , » 3D analysis

L alﬁ-. . _ . _
| - Adaptive investigation strategy

» Dynamic conceptual site models

“1 -. -uidl

100
120

Consltancy
and
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Source

A ARCADI
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Monitoring well

-

Concentration: 1 mg/L
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Conventional Approach
Mass per volume

Source Plume: 1 mg/L

I Monitoring well
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What is Mass

Flux?
Mass per area per time

Concentration x Groundwater Flow (K, gradient)

= 1 Ib/yr/ft?

Source

Monitoring well
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\What is mass discharge?

Mass per time

Mass flux x area
1 Ib/yr/ft2 x 100 ft2

=100 Ib/yr

Source

Monitoring well

100 ft=



Sand
K=10%cm/sec

Silt
K =10

Concentration

100 ppb

106

10 10<

A ARCADIS

100

Relative
Mass Flux

TRANSPORT

SLOW
ADVECTION

STORAGE

Devign & Consuldtancy
for natural and

buslt assets
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0
100 Perfectly homogeneous
50% of flow ovaiaty
Cumulative "
% of flow 50% of cross
section
50%

50% % of profile
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Real world

100%

Cumulative
% of flow 90% of flow
" p—t
50% <10% of cross
section

50% % of profile
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Aquifer deposition
creates complex - NS
permeability networks,

and zones of higher

and lower mass flux
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Flux-mapping tools




Smart Characterization Methods

Permeability mapping e e —— ==

! i Ayl B W o me mome

« Cone penetrometer testing (CPT) I
+ Hydraulic profiling tool (HPT) 3 ‘Y
«  Waterloo profiler

. Sieve data ol | -

Plume mapping y. |

+ Vertical aquifer profile GW L ]
sampling

» Screening tools (like MIP)

« Whole-core saturated soill LTI | L
»  Optical screening (LIF) h! =
» DyeLIF chlorinated solvent DNAPL mapping -
+ UVOST-HP/TarGOST-HP for relative NAPL mobility

» Passive flux meters

111111
—— - ———

......

Design & Consultancy
!'ur_mmimd




Permeability Profiling Tools

Geoprobe HPT, Waterloo
APS:

* Inject 200-300 ml/min of
water

- Record aquifer response
+ Collect GW samples
CPT:

- Ambient pressure response
to cone advancement

£ ARCADIS g

Waterloo &3228
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Optical Screening Tools

Polycyclic aromatic hydrocarbons (PAHSs) fluoresce in
response to excitation by specific wave-lengths of light

Kerosene Gasoline Diesel Oill




Real Time Data

Acquisition

)
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Fingerprinting PR -
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Fluid Pressure, PSI| Fluorescence log
25 50

Sand

10

15

” I Sand

25
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Vertical Aquifer Profiling (VAP)

What is it? What does it
provide?

Methods:

Dissolved Concentration « Screen-based

phase profile across
groundwater depth of aquifer
sampling

» Combo w/
permeabllity-
profiling tools




Screen-Based Waterloo/HPT-GWaARO'\D'S‘E:"“w

Single-push

V

L]

n

Multiple-push

L]

Able to sample moderate-lowerK

(]

Slow/no sampling in moderate-lower K zones
Cost-effective for lower #s of samples
No K-data integrated

Slug-testing possible

Cost-effective for higher #s of samples
K-data integrated

No slug testing

]

(]

]

L

L]

]

SR Ee Depths: 100+ ft reachable with direct-push 8040 rigs 19July2016 66



Membrane Interface Probe A ARCADIS &

Gas Return Tube
( I ) (from MIP Controller) _\ (to detector)
1

Permeable Membrane
v
™ -

¥ 9
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MIP changed -
the rUIeS = . w [frunmP(mmm] \ (to detector)

Prior to MIP, conventional wisdom
was NOT to sample soll below
water table

...and we couldn't sample
groundwater in low-K formations

Measurement Tip
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We never knew what we were missing...

* Provided insights about
mass distribution in low-
K storage zones

« Changed our CSM to re-
evaluate importance of
diffusion in our transport |

framework /

Low-K zone with
more than 90 % of
mass and less
than 1% of flow

0 10 20 30 40 50 1e+6 1e+7
Pore Pressure (PSI) ECD detector
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MIP Is a great screening tool, but...

MIP is more than just concentration:

Concentration

+ Composition

+ Aquifer permeability and geology
+ Membrane variability

+ NAPL presence/absence
MIP RESPONSE

MIP Is not quantitative

« (Cannot use output to design remedy or delineate
plume/NAPL




Depth, ft

Data from a DNAPL Source Zone

MIP Detector Responses (uV)

1.E+05

1.E+06 1.E+07

0

10 -

20 -

30 -

40

1.E+08

Mobile Lab Whole-Core Soil TCE
Concentration, PPM

0 2000 4000 6000 8000

Positive
NAPL
result




How do you see mass in storage zones?

Sand

Interbedded
sand/silt/clay

Mass in
storage zone

Sand



GRAB GW
SAMPLING

Sand

Interbedded
sand/silt/clay

Mass in
storage zone

Sand



GRAB GW WHOLE-CORE SOIL SAMPLING
SAMPLING

Sand

Interbedded
sand/silt/clay

Mass in
storage zone

Sand

What is it?
High-resolution, saturated soil samples
Analyzed like a typical soil sample



A ARCADIS |

Stratigraphic Flux




Where the Groundwater 2 ARCADIS &=
Flows...

Most soll types are not
aquifer material

« The aquifer matrix is laid down
IN high-energy environments

» High-energy environments are
heterogeneous and
anisotropic

100 50 0
Percent Sand
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| | Meandering Channel
Link mass flux analysis

— Crevasse

with classical geological splay
Interpretation to describe Floodplain
the 3-D aquifer Cut bank —

architecture

Levee

*  Focus evaluation on
zones that matter

~ Qverbank
deposits

*  Helps prioritize

) ) Channel deposit
remediation efforts , =z

Lateral
accretion

3 Transport zones B Storage zones



Facies and Permeability

Detailed soll
descriptions key:

* High permeability, coarse
grained at base

» Decreasing permeability
& grain size toward top

« 5+ orders of magnitude
variability in K

Hydraulic
Conductivity

(cm/s)
<10~

~10-4

~10-3

~10-2

>10-1
<10%

A

A ARCADIS |

BORING NAME - Point bar deposit

Bedforms &

;| Facies

Overbank
Deposits

Channel
Fill
Succession

Bed scour

Devign & Consultan
lurmhnlmd




Basis for Interpolating @ ARCADIS | gz
BormgS A B

BORING NAME - Point bar deposit - Chan nel W
Migration

Accretion from right to
left:

-
w o= N R W

=] ‘ Depth (ft)
Lithology log

lllllllll

lllllllll

« Depositional

environment allows for —L T

better interpretation B 275 5y SN EEEE

between borings = ENEEN

. . 15 | M i EEEEE

* Provides first basis for T2 2 Xt anmE
the interpretation of e
stratigraphic flux — 1
transport vs storage 3
L g

s [ _
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Case Study: Flux Based
Optimization of P&T System




Scope (3 ARCADIS

Optimize capture of existing
P&T system

» Stratigraphic flux transect
around northwest corner
of property

HPT for relative K

 Vertical aquifer profiling
for concentration
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Geologic Setting
Sea Island Section of o
Atlantic Coastal Province:

 barrier islands
+ salt marsh deposits
» streams

After Reinson, 1992



Geologic Setting @ ARCADIS |z

Cypresshead Formation:

* Upper — “massively bedded” fine sand
» Lower- greater clay and silt fraction

z »
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Hydraulic Profiling 3 ARCADIS i

_ HPT-02
DPT-02 Soil Log Pressure EC
Sand/Silt | . 5
Geoprobe® HPT Tool R— = ,.
15
Fine Sand . Transport
25 K -
e ) —
; =) -l n
Sand/Silt - E.“ - @WA ction
= &
o .
@
2 X
Fine Sand @ )
&
Sand/Silt
Silt/Clay
Fine Sand
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Flow (Q) I Pressure (P) = Est. K (Q/P)

ft/day
T 0.1 25 50 75

.3

= * Q/P corrected based on empirical
% ot relationship with slug test data
$ ' developed by Geoprobe

™
]
E

8 £ £ &t L B

i
li




Stratigraphic Correlation

HPT Est. Hydraulic Conductivity

150 ft/day
100 ft/day

30 ft/day

10 ft/day

3 ft/day

1 f/day

0.3 f/day

0.1 f/day

Feet MSL
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NORTHEAST SOUTH
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NAPHTHALENE

> 10,000 ug/L
1,000 - 10,000 ug/L
100 - 1,000 ug/L
14 - 100 ug/L
ND - 14 ug/L

ND

Naphthalene (ppb) @ ARCADIS |gzs=

SOUTH
NORTHEAST A
A q o '\ 0 N AL A P AD
70+ .
1 250 T
60 I - >
8000
50 - - presd
D 4 7 0
< 40 T ;:?
© 30— 29
L 1 .
ND
20 —+ Mo
10 +—

0.0 500 n T

V.E.=7X
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Stratigraphic Flux

0.0

Hydraulic Conductivity

(K)

1,000

1,500

0.0

NN

A ARCADI

Concentration

(C)

1.000

Dr-u;n & 'I.‘.mu.lt-mcr

1,500



Stratigraphic Flux A ARCADIS |&z

NORTHEAST
. . A 9 ", % 3\ &
Relatr:e; ISI(L;S c()L(l)l::)rtsleza.*.-*,) o A Y\?‘i'ﬁ %?'i'“h e %?195 %?@ ﬁ?ﬂﬁ
lsoo,ooo Ll I
60—+ :
100,000 [ I
50 =1l H
— el |
A
30
10,000 § +
S 20
9 7
3,000 [ —
<1.000 0.0 500 1,000 V.E. = 7x 1,500

90% of flux occurs in
10% of cross-section



Stratigraphic Flux A ARCADIS &+

NORTHEA_:?»T P .
Focused flux A A A A
enables o] | ; :
optimization .l hs &. !I =1
. | - B =
with new - E E I ig .
options o ERY 1 JE}
Existing 30 E I =
.

recovery wells 2
not co-located 1

with flux RW-2 — RW-1

500 1,000 V.E. = 7X 1,500
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Case Study: Stratigraphic
Based Site Strategy

Improvement




“Free Product” Map A ARCADIS &=
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MW-17 Hydrograph A ARCADIS
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MW-17 Diagnostic Gauge Plot A ARCADIS &

LNAPL Thickness (feet)

PERCHED 5
0 | & "
177 L7 181 183 185 187 189 191

PotentiometricSurface Elevation (feet AMSL)

+ LNAPL Thickness ==-Linear (LNAPL Thickness)

94
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. i . A ARCADIS | sz
LNAPL Transmissivity Evaluation

Test
Initiation

Date
MW-15 9/28/2011

Test Well ID

MW-16 9/29/2011

LNAPL Recovery Impractical < 0.1 to 0.8 ft2/day



ﬁARCADI =

Updated LNAPL CSM

MPE not practical Stratigraphy
because LNAPL 4 P ™™ controls LNAPL

Mobility too low. bt
recoverability

Use bioventing to e ——
depletion of LNAPL ==

LNAPL accumulates in
POty __ wells from perched
== LNAPL zones

Interpret all data, then choose right characterization tool
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Questions?

A ARCADIS | gz
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NSZD vs LNAPL ReCOVery a ARCADIS | sz

bualt assets

1000

High LNAPL

~ «~ _ Iransmissivity
100 = —

=k
-

Low LNAPL
Transmissivity

(Gallons/Day)

LNAPL Recovery Rates

0.1

0.01
0 500 1000 1500 2000 2500 3000

Operating Time
(Days)



NSZD is
not VINA

m Dissolved Mass (0.09%

m LNAPL Mass

Sorbed Mass (.05

Electon . .
Acceptor Flux ——»p R Y

—pp

Groundwater Flow

MNA for
dissolved
phase
plumes

NSZD for
LNAPL

source
Z0oNnes
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NSZD Processes in Groundwater A ARCADIS &

or... What do wells tell us about NSZD?

Mobile or Residual LNAPL !

Electron Ty e o R TS TS - Electron
Acce ptor > - vy :. ol TN R0l R § N e ‘____- b : S Acceptor <1 0% of total NSZD
> » "
Flux > . Depletion
Groundwater Flow -
Mass loss occurs from: Courtesy ITRC, 2010

Dissolution: Estimated from flow and concentration data
Biodegradation: Estimated from geochemical data
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NSZD Processes in the Vadose Zone AARADISIE="

or... What don’t wells tell us about NSZD?

Introduce 0, Released into  Released as Soil Gas /
Into Soill GW Soils/GW Dissolved Gas

Oxygen Transport
>90% of total NSZD

Biodegradation

Volatilization of
CH,and HCs

v
Dissolved
Plume
Groundwater Flow >
Mass loss occurs from: Modified from ITRC. 2010 and Ririe, 2013

Volatilization: Estimated from soil gas concentration data
Biodegradation: Estimated from soil gas efflux, soil gas depth profiles, or temperature anomalies
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NSZD Rates in Perspective
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A ARCADIS | gz
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Methods for Quantifying NSZD = AARCAD

- — o — ——— e — e e e mr e . — e s
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Passive
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Devign & Consultar
!"urmh.nlmd
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Gradient Method

- Depth (m bgs)
&

21

A ARCADIS

Concentration (%

Source: Evaluating Natural Source Zone Depletion at Sites with LNAPL, Interstate Technology & Regulatory Council -
LNAPLs Team, April 2009.

Design & Consultancy
for natural and
built assets
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Dn-rl £ Emu.ltm

Gradient Method

Legend:
@ Coepleted LI Dorng with na NAFL Detactions
@  Corpleted L Dosng with NAPL Detectons (0 £0%)

. Cornglated LF Borwg with NAPL Delect ors (S0-200%)

. Completed LI Domng with NAFL Celectons (200 400%)
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| Strucres
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Soil Gas Profile £ ARCADIS =

0
—e— Carbon Dioxide
2 ——Methane
48 —4+—0xygen
T ——Gasoline Range Organics /
6 —+—Nitrogen

—e—Nitrogen + Methane

- - =Atmospheric Nitrogen

—
+
>
-
-
e
)
D
7))
(O
@
-
N
p
<

Depth (feet below ground surface [fbg])
o

0 10 20 30 40 50 60 70 80
Concentration (%)
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A ARCADIS | gz

Results

Site Wide 9 R > @
FA— g L ﬁ | ;Z" NSZD-S
1,300 _ o e | o | = 900
gallons/acrelyear mae® _ B - el . 4 gallonsfacrelyear
BRIt . e : S
NSZD-2 & .:}-.'f i
1,800 I

Legend: ‘!g 4
@  Compicted LIF Boring with no NAFL Detoctions s | | - | - 2 4 Al R
@  Corpicted L Borng with NAPL Detectons (0 50%) B e e . _ | : , J NSZD-6
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.Mtrm.mmcmmme, SR L S | K = 3 Woaek f gallons/acrelyear

e
+
>
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-
i
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D
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. Corrglated | Borrg with NAFL Deleatons (=400 %)

Jm Vil Conresy Righvoieiny e o ' - - 2,000
s | gallons/acrelyear

, | Sructures
.'_':muw
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CO, Flux: Instantaneous £ ARCADIS &+

Instrument measures build-up of CO, concentration over short
duration (~30 seconds per measurement) using infrared gas
analyzer to calculate flux

Collected data across known LNAPL extent and in upgradient
(“background”) areas.
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CO, Surface Flux: Time-Integrated ®&ARCADIS &

Deploy CO, traps at eight locations for semi-
annual monitoring

Soil gas samples for analysis of CH, to
capture losses associated with incomplete
mineralization to CO,

Atmospheric CO; to
- Upper Media
(barometric pumping)

|
|

. M
Ll lg

i

R e (| [N el -
CO, sorbent e
canisters placed on Receive
iIn-ground receiver -
Trap Cﬁmidné {HEG;;::IdE;;:nJ Trap Cartridge Early Field Source:

Design (transparent mockup) Configuration CSU 2011
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£ ARCADIS g
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3 ARCADIS &z

Remediation History

1968 Release

N 69,000 50K gal LNAPL
+ recovered immediately
p-_

O 60.000

-

e

) &

O % 55 000

N O

(O

O 50.000

‘-

N

N 45 000

P 1965 1980 1995 2010

Declining Recovery
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AARCADIS &=
LNAPL in Monitoring Wells
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£ ARCADIS 2=

MIW-8
2006 2008 2010 2012 2014 2016
o 13 180
+=
14 % - 160 &
z -
>
— 15 140 3
-
7 18 120
kS _I ———
- =17 100 @
(S - T =
S §'18 80 58
N . Ao 2
(O
2 20 0 S
< =
21 20 3
22 0

--DIP —-—DTW —--LNAPL Recovered 19 July 201 115



LNAPL Baildown Test £ ARCADIS &z

N,

LNAPL ===
EXTENT

=
[

LNAPL Transmissivity
(foot’/day)

Test Well ID Date

Cooper, : :
Cooper & Bredehoeft & Arithmetic

Jacob Papedopulos Mean

Bouwer & Rice

N
++
>
T
-
R
7p
Q
7
©
O
Q
N
2
Z

11/17/14
MW-8 11/17/14
MW-2 6/1/15
MW-8 6/1/15




Potential LNAPL Recoverability A ARCADIS

1

Potential
N - aY | \“l\ﬁ LNAPL
- lelt_Of - Recovery Rate
> Practical | (gallons/day)
- Recovery —1
- 3 - e —5
e —) 2
9 S e
4 0.1
O 5 0.01 e iy, 005
l..._.
- = | —0.02
N —
w — _0'01 Ru:'
Z o)
0.001 e = —0.005 Iy ="3zs
0 0.5 1 1.5
0002 ASTM E2856

LNAPL Thickness (ft)
LNAPL Density = 0.84 kg/L —0.001 e



Speculative LNAPL Recovery A ARCADIS &=

oy

Recoverable @ ——————
LNAPL

CPEN FIELD

Mobile but not

; B Recoverable
* / LNAPL
[ | :

\ Residual

N
++
>
T
-
R
7p
Q
7
©
O
Q
N
72,
Z

10 Wells might produce about 100 gal/yr... but for how long?



NSZD Rate from CO, Traps £ ARCADIS &=

NSZD-1
(background)

187 (May/June 2014)
124 (June 2019) NSZD-2

21 5,286 (May/June 2014)
3,825 (June 2015)

s

S LNAPL
% EXTENT

NSZD-3 | )
7,808 (May/June 2014) | & e NS7ZD-4
1,993 (June 2015) 4,680 (May/June 2014)
. 2,898 (June 2015)

N
++
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-
R
7p
Q
7
©
O
Q
N
2
Z

NSZD rates in gallons per acre per year



LNAPL Recovery vs. NSZD PRARLALIS

Entire LNAPL Zone

—
h-.________-

N

3+ /\ LNAPL Recovery N\,
> ~+ 18 gal/acrelyr ——
O .. Recoverable LNAPL Only

- - ~

el

(/p)

D 4 NSZD

L - < 4,200 gal/acrelyr
&

‘-

N

(/)

4

2R

NSZD is >200x More Effective than LNAPL Recovery



Challenges with Soil Gas Methods ARCADIS &z

Pre-existing {

Preferential
Pathwa S

;

Trap = Preferential Pathway

» Surface Conditions/Caps
« Subsurface Heterogeneities
+ Wind Conditions

s » Impacts at great depth

L] L]
Depth (feet below ground)
- e - - .~ - o

Soil Gas Concentration

* Need for Intrusive Work




Temperature-Based NSZD Concept £ ARCADIS &

& Thermal Anomalies Identified by

e Measuring Temperature Distribution
=~ Down Existing Wells
e “Snapshot” Data by Lowering Thermocouple /
Temperature Probe, or

Over Longer Time Periods Using Data
Loggers Placed at Different Depths




Temperature Case Study B AARCADIS &
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Questions?
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