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Outline
a USGS
» Basic Theory and Operation science for a changing world

B Deployment, measurements, processing

» Application Sampler
B Characterization Imaging
B Time-lapse Imaging
B Real Time Imaging

» Managing Expectations, Limitations and Pitfalls
B Consequences of Limited Resolution
B Tools and Approaches for Reducing Risk

» Case Study
B Brandywine M.D. Defense Reutilization Marketing Office

October 27, 2016 2



Electrical Imaging Step 1: Deploy Data 7
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Collection Hardware

Surface Electrode Array

Step 1: Electrode arrays are installed in
the field and connected to a data
collection system.

s
" electrode lines

Borehole Electrode Array

Data Collection System
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Step 2: Collect Tomographic Data

Current Injection and Potential Field

current 'l
flow lines _ .} °

o

> /

Current : e
Sink ; = Current
Source

Subsurface Potential (Volts)

Step 2:

« Currentis inject between a pair of
electrodes

« Voltage is measured across
another pair

* Many such measurements are
collected to form a tomographic
data set.
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Step 3: Convert measurements to images 7
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via tomographic inversion

Tomographic
Image(s)

Step 3:

« Data sets are inverted to recover

Tomographic . . : :
images” of electrical properties

Datasets

~

Tomographic
Inversion

-~ =
=

« Static images show absolute
properties

« Time-lapse images show changes
over time

Time-lapse data

-/ « Conductive and capacitive
properties

October 27, 2016 October 27,2016 | 5



What can electrical properties tell us 7
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about the subsurface? N

A geophysical property dependent on many subsurface properties....

Surface area
(Sp)

Satu ratlon
(S=4d ¢)

Moisture
content (6)

Fluid
~—}--—-> conductivity

(Sw)

Groundwater
composition

Porosity (¢, Temperature

(M

1

= O-W(T |ntSn * Osurf (SP’O-W’S’T)

Ocarth =
Pearth

.. ) October 27, 2016 6
m and n are exponents related to pore space connectivity/tortuosity
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The Detection Problem: Finding a plume
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Electrical Resistivity Anomaly  Electrical Resistivity Electrical Resistivity
C ti Tomogram
(plume) ohm-m ross section ohm-m g
10 250 250
= 20 200 200
c 20 -
@. 30 10 150 - 150
10 0 100 100
20 40 20 40
distance, ft distance, ft distance, ft
“The Needle” “The haystack + needle” “Blurry Haystack”

= Plume is masked by geologic heterogeneity

October 27, 2016
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Time Lapse Difference Imaging

BEFORE ohm-m

- = | 250
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- Plume is revealed by subtracting out pre-injection background, removing
unrelated spatial contrasts; i.e., we removed the haystack
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Vadose Zone Contamination (Hanford)

B Electrode
) Lines

High conductivity zones correspond to elevated
saturation and high nitrate concentrations from

past waste infiltration.

SN TERKT
L;?%Ts Farm\‘\“ i B ‘
g Norh h 2006/2007 Surface ER Survey
137800 @ tank 2

e BY-Cribs
" infiltration ==t
{Dgallery Yu-
- = boundary
- area .

A137600; « electrode s R

= ; BY Ta :

o i i

g S

= el

-2 T s .

o

< :

137400 L BT
by do B BRE R B R R 8 B B R R R
= 583200 573400 573600 573800 574000
Easting (m)

Octoier2Z/ 2008.6 Data courtesy HydroGeophysics, Inc.



Hanford B-Complex Subsurface Contaminant Imaging

Water Table Surface

BX Tank Log10 Electrical Conductivity (S/m)
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Example 2: Time-lapse monitoring of 7
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stage-driven river water intrusion

Stage Vs. Time

Fluid conductivity (e.g. specific 1072
conductance) contrast between ""
106.8
river water and groundwater 116.40< ek
enables river water to be imaged . . E1o64
as it infiltrates into the aquifer ; y .. < 1052
. . i Z 106
during high stage. 1630 3%_ -
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Example 3: Real-Time monitoring of 4
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amendment delivery via surface infiltration

Plan view of 300 Area Treatment Site
‘ Photo at A facing A’

. - : )
e Injection Wells u

o Monitoring Wells :
-~ Buried Drip Lines : Phosphate tanks

@
ERT Sensor Locations = D 1-6¢

ERT electrode

: : Cable —— : —
e \\ | |

ERT Exclusion Zone
Boundaries -

e ~ 10 m thick uranium contaminated vadose zone

e saturated zone hydraulically connected to Columbia River
* phosphate amendment binds uranium to sediments




7:04 AM 11/6/15

Northing (m)

L

594.08 284.10 594 .12 594 14 594.16
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Easting (m)
Delta Cond. (5/m)

0.000 0.001 0.003 0.004 0.005
animation
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e c phoenix.pnnl.gov 7 =
olyphosphate Injection
e = =

11/9/2015 4:04:00 PM

594.10 594.16
Easting (m)
Delta Cond. (S/m)

0.000 0.001 0.003 0.004 0.005

New image every 12 minutes

T 0 @ E a0 -
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Solute velocity and arrival time analysis

_ 0A Depth A:veraged Solute Migration Velocity A
E 2 -
A 10 4
0 40 50
High K zone Low K zone Distance (m) Mﬁon-velc’dty-(m/d)
0.0 1.5 3.0

_ 0A me (0.002 S/m incrase)
é 2 s .
£
A 10

% = Illlllllll | ER S R RER G BRR | rrrTrTrTrTT rrTrrTT
0 10 20 30 40 50 60 70 80

Distance (m) Arrival Time (days)

0 5 10
October 27,2016 | 15
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Developing Realistic Expectations

—

Pros:
=  Minimally invasive

= Relatively low cost

= Can cover a large area

= ‘Sees’ in between wells

= Good at the “when and where”

-
\G/

v
A
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Developing Realistic Expectations

—

Pros:
=  Minimally invasive

= Relatively low cost

= Can cover a large area

= ‘Sees’ in between wells

= Good at the “when and where”

-
\G/

v
A

cons:

= |ndirect — correlation or
Interpretation requires

= Limited resolution

= Not good at the “what”

Not an either/or proposition!
Geophysics is most powerful
when used in combination with
conventional measurements!
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Consequences of Limited Resolution
3D Images Consequences of limited resolution
True sty o) * Images are smeared versions of
Conductivity ¥ .1 reality
— . < N
R s e  Averaging (high values are under-
0.020 S/m _4\__\«.1 ~

predicted, low values are over-
predicted)

Conductivity (S/m)

lo:o31
oo M * Laboratory scale measurements do
i not translate directly to field scale
Conductivity (S/m)
o-o-o E e Resolution decreases with distance
o o o o N
S g E 8 8 Conductivity (5/m) from electrOdes

U
pow EmhL . . . .

o e Prior information can improve
0.001

resolution (buyer beware)
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Gt o oo rhe oo o
Analys 125'9-5215:;5] Analyse m‘-?ﬂms] Anailysa us'masa
|'J Former Solvent I'I
| UST Loeation | /
B-28 Huorﬂruinll {
* Blatant overselling of =
efey s . £
capabilities by service <
providers is common g o ——
w \ e mn
0 50 250 300 380 \\.4130 “-\_450 500
e Tools and approaches are . :  Distance 0\
available to test feasibility et iy S ey e
and reduce risk e | oy | || vty | | s || (e | gt | | At g
;ZE Z.-:::-ﬂ PFCE a2 PCE 17,800 PCE 11,000 PCE 2350

Bottom Lline:

J Highly resistive (ORANGE/RED) - high dissclved phase concentrations and/or DNAPL
J Maoderately increased resistivity (YELLOW) - low dissolved phase concentrations
J Medium resistivity {GREEN) - mostly clean or low impact arsas

J Low resistivity/highly conductive (BROWM] - weathered (likely] DNAPL and/or
related dissclved phase contamination



Managing expectations and reducing risk I
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through pre-modelling feasibility assessment

Conceptual Model ‘True’ Resistivity Model
1. Assign
—» Physical — 2 :ﬂ‘i':‘ird
Properties ¢
+ Realistic
Error
Synthetic Resistivity Image +
Go/No-Go Svnthet
Decision for 3. Inverse ynthetc
-af— 4 Compare —g— !
the Geophysical Modeling Data
Method

Note ... represents best case scenario
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Example: Pre-modelling a DNAPL Spill

0 10 20 30 40 50 60 70 80 90 100

p (ohm m)

500

100

0 10 20 30 40 50 60 70 80 90 100

50

1 1 1
0 10 20 30 40 50 60 70 80 90 100
X (m)

More info at:

https://www.serdp-estcp.org/Tools-
and-Training/Webinar-Series/07-28-
2016

https://www.serdp-estcp.org/Tools-
and-Training/Webinar-Series/06-30-
2016

http://water.usgs.gov/ogw/frgt

http://e4d.pnnl.gov

—> Borehole electrodes
substantially improve
resolution of the plume


https://www.serdp-estcp.org/Tools-and-Training/Webinar-Series/07-28-2016
https://www.serdp-estcp.org/Tools-and-Training/Webinar-Series/06-30-2016
http://water.usgs.gov/ogw/frgt
http://e4d.pnnl.gov/

Case

Lanhanm ;
s A g AN
e S

e " Andrews
FB- |

jetOkeek

/ + Current pump &
s treat building

Area 3

Former pump &
_treat building

ESTCP 0717/0579-PR
study area

Area 2
S

\‘» )

Bio-remediation '\ XL
injection boundary *, N

\ \, o~
*.Brandywine BRMO '

. Boundary\
. ]
/

Study: Brandywine M.D. DRMO

Brandywine Defense Reutilization Marketing Office
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(DRMO)

Eight-acre former storage facility owned by
Andrews AFB

Contaminated with PCE (soil) and TCE
(groundwater), both onsite and offsite

Record Of Decision specified enhanced
bioremediation

Amendment injections occurred 2008-2010

Original ESTCP project: Optimized Enhanced
Bioremediation Through 4D Geophysical
Monitoring and Autonomous Data Collection,
Processing and Analysis (ER200717), Major et
al. (2014)

October 27,2016 | 22



7

Pacific Northwest

ER 200717 Project Summary N

Primary Objective: Demonstrate the capability to autonomously image 3D bio-
amendment distribution with time.

Test Site Configuration Baseline ERT Image
Injection
N iecti ints
Injection Well B6 Sample Well Injection Well B7 v Poinis s
electrodes
(3/7/08) (3/10/08) 0
ERT/IP Well {
1
| L 2 %
=L od Sy ,
° . R |
0 g N 14 E4
TE ER £
“E i \ B Q o
S E / | RN Sample Rorts A 6
“+E” . — ER !
© s = Electrodes —if | | 18% {58 8
‘g F? i_r ,i 1 E e 1
™ B ;E—_,_ § o *d ‘: ‘"BN 1
iE * i " _,
2 310 4 .
10 fJ ERT }Z:\ 6 8 10
2 e T "“f@ Do ALas

-3.5 -2.5 -1.5
Log10 conductivity |(S/m)
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Injection points

Summary

Elapsed time (days): 0

e Successfully imaged the 3D
Ghangs inlogt0 emplacement and migration of
conductivity

(Sim) amendment.
0.85
0.75

822  Observed secondary increase in

0.45 conductivity within the treatment zone

0oy after about 1 year.
0.15

8855, e Validated the cause of the secondary
increase to be bio-induced solid-phase

transformation (likely FeS precipitation).

(w)z

-10

86 20
Y,

5 10 ) animation

Johnson, T.C., Versteeg,R.J., Day-Lewis, F.D., Major, W., and Lane, J.W., 2015. “Time-Lapse Electrical Geophysical Monitoring of
Amendment Emplacement for Biostimulation”, Ground Water53(6):920-932. doi:10.1111/gwat.12291



Post Remediation Assessment Objectives

|dentify the long-term geophysical
footprint of active bioremediation
at a VOC contaminated site.

Determine the significance of the
geophysical footprint with respect
to solid phase mineral
transformations and/or biofilms
induced by the treatment process.

Demonstrate the use of 1 and 2
above to map gradients in the
geophysical footprints of
biostimulation along a transect
crossing the boundary of the
treatment area at an active
remediation site, and interpret those
gradients in terms of long-term
biogeochemical impacts.
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Depth (m)

'-10D:t'o' 10 20 30 40 50
Istance (M
(m) Bulk Cond. (S/m)

Se-4 5e-3  5e-2
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Crosshole Imaging/Fluid Sampling Arrays

Eight vertical arrays installed via

untreated _
- t A direct push
20 - o \N * Each array includes 24
5 ° ) electrodes and 3 fluid
] sampling ports
10 A o
E 5_ | e Enables 3D crosshole imaging
g T Tazs= directly in the ER0717
g 0- *o, * injection zone
{0 . LA ¢
P -5-
> __ * Enables 2D crosshole imaging
-10 - — inside and outside of the
45 ] rO/ treatment area.
-20 ¢ * Enables depth-discrete pore
95 tre?t‘?d llllll fluid sampling inside and

E . outside of treatment zone
X-distance (m) |
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Core Sampling/Logging Holes

untreated Four continuous core boreholes completed with
25 - pvc
20 A O— . .
i 2 * Enables direct lab measurement of electrical
15 4 geophysical properties with depth, inside and
10 ] outside of treatment zone
7 % . . . .
s - * Enables assessment of microbial communities
> S8 N - and biogeochemical solid phase product inside
@) . e o .
S 0 o and outside of
o - o o treatment zone.
->-c_’ ™ 1 e Enables 1D
10. b geophysical
- O— logging profiles.
151 ° «  Critical to relate
220 - ¢ ¢ field-scale images to
treated long-term
23 10 5 o0 biogeochemical
X-distance (m) Impacts
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Surface Imaging Arrays

Surface ERT Arrays

untreated * Enables evaluation of larger scale, lower resolution, less
25 - t T expensive surface based imaging for impact assessment.
20 . o \N * Enables inspection of the treated-to-untreated
- L transition zone.
15 -
10 - o
A -
E o w
& 1 Tleiel -
% 0 - S.So 5.;
@ o o
P -5
> =0
-10 4 » = 4
l o 72 m long surface B8
. . . 012
-15 4 |l imaging arrays with
| electrodes at 1 m o.c. =0
"20 - i \_C/ 4
1 treated 3 8
'25 T T T T T T 1 012

10 -5 0 5 10
X-distance (m)

0
Dist:
istance|(m) Bulk Cond. (S/m)

5e-4 5e-3 5e-2
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Borehole Imaging Results

»:—Y‘ - «\':0780 » 0 2 =
-10 2 0 2 ) 2t O 8 0 22

. Xi-2 I
xi-1 ] I
| 1 I
25 xi-3 T 50 |
20 ™\ o \N % l I
1 £ = B | =
- 3
15 | < = £
= £
; S s % g s
10 - o S © © | 3
o] o
s i - :
5 0] o !
o o o |
P -5 Xi-2 I
> i
-10 4 S l |
- o © — - | _
P4 = € E E
51 1 T.m; 0 £ g 6 | 5
- Q
0] 1 8 I8
| '
-25 +v+—vr—vr-—vr-r-"T"rr 5 |
X-distance (m) 14 12 I
y-distance (m) y-distance (m) | y-distance (m)
treated : untreated

* High phase (polarization) in the treated zone relative to untreated
* Highest polarization and conductivity occur in the vicinity of the injection well
(profile xi-2)
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10000 — —
" Fe Vs. SpC
v’ Long-term geophysics
1000 - . . .
= é footprint of bioremediated
DD ° . . . . . .
E . ‘© site exists and is identified
E L ] * C
IS'_) ;t» ¢ < P—
© y o) . . .
g 10 T © O Origin of geophysical
. ysis signature in terms of solid
’ ‘ ||{|’\ R R pOK HCfurn .
10 1(;0 10|00 10(|)00 phase mlneral
SpC (uS/cm) transformations and/or
™ biofilms (in progress)
- ISO 2
£
élm : : = € O O Interpretation of images in
g 8 g s § Qo
3 . ) © terms of long-term
" = biogeochemical impacts
50 , O
TE’ 10 ::gs § §6 ?:‘
1 § £ §
o [4 8
2 10 e

2
*og., 0 G 2
* (nvz ﬁ.d\st. (o

14 12 10 - 2
y-distance (m) y-distance (m) y-distance (m) October 27, 2016 30
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>
a
» Remediation performance assessment using

) . . . ] science for a changing world
geophysical imaging is advancing

B Reduced monitoring costs, autonomous, continuous in
space and time, minimally invasive, good at the “when
and where”

» Important to understand limitations, avoid overselling
B Feasibility and expectations through pre-modelling

» Quantitative interpretation requires coupling with
laboratory analysis = site specific relationships
between geophysical and geochemical parameters -
mapping geochemical property estimates

October 27, 2016 31
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Supplementary Slides

ZUSGS

science for a changing world

. Naval Facilities Engineering Command

ENGINEERING AND EXPEDITIONARY WARFARE CENTER

October 27, 2016 32
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Engineered Vadose Zone Desiccation
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Dry nitrogen injection
system

Extraction
Blower

Instrument

Pre-desiccation
ERT Image

Nitrogen
< Injection Extraction
- q Coarse-grained
e ™ . " high permeability
BC-Cribs Desiccation TT Field Site 1 unt
'§,. 2.6 6.
§«1o, High gas-flow
'55_ pathways
g2 inferred from ERT
o
14
Fine-grained
elevated =
contamination n
lenses > £cs a7
33,.50'054(8‘; ) 4246 ) i?“
"9 (m ) Northind 7,206 | 33



Time-lapse 3D imaging of engineered vadose zone desiccation

§

S o

Ext. well

Inj. well

Change in moisture content

Elapsed time (days): 36.0 . _ l Truex et al. (2013), Vadose Zone Journal 12(2):,
-04 -03 -02 -0.1 0.

doi:10.2136/vzj2012.0147

animation
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Challenges

Wireless communications

Secure supercomputer access

Coordination between supercomputer and field system

How do we set the inversion parameters before we see the data?

Control 873 . Inversion
Visualization )
Web Server 1

October 27, 2016 Wireless transfer

Eictober 27, 2016 36
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Hanford 300 Area surface-based ERT computational mesh
Home
Autonomous time-lapse 3D electrical resistivity
tomography monitoring of river bank storage using a
Availability and Licensing ospclrinsed - Mot Mll  transient mesh-warping water table boundary with
2 - conditional solution constraints.

‘ Capabilities

Development and Collaboration
Download and Installation

Quality Assurance and Testing

Training & Technical Support

I ‘ ‘
f |

s v

|

|

|

|

<]

|

y |
e =

Short Courses

Documentation

Technical Support

Energy and Environment

EED Home .

E4D is a three-dimensional (3D) modeling and inversion code designed for imaging and itoring using

static and time-lapse 3D electrical resistivity (ER) or spectral induced polarization (SIP) data. To address the ml

computational demands of inverting large scale 3D and 4D data sets, E4D was designed specifically to run on Linux/Unix-

| based distributed- y. parallel, high-p ing systems. However, E4D will run on any system with at

| least two processing cores, and can be piled for Wind based ing systems using Cygwin =, (see installation

documentation-Section 3.0 7). E4D executes by reading a number of user-created ascii text input files, executing a

particular run mode (e.g.; mesh generation, ER forward simulation, ER inversion, SIP inversion etc), and reporting results

Run-time options made available through input files are designed to enable flexibility and a high level of customization for a
: R 3 # £t

CAD o bt fo st odbioooo R Ry ¥

= SN s
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