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Complex Sites

Complex Sites

Asked: What is the
percentage of
remediation projects that
are complex?

Response: More than half
of the respondents
thought less than 25% of all
sites are complex. (brown,
darker blue, and purple)

\\\l)

Remediation Management
of Complex Sites: Tools
and Approaches to
Reduce Uncertainty

Federal Remediation Technologies
Roundtable (FRTR)

May 14, 2014

Anna Willett, P.E., ITRC Director

' . Interstate Technology & Regulatory Council

www.itrcweb.org

Q9. F g

of

sites that are complex

Complex Sites

Complex Sites

Asked: Do you work on
complex sites?

4 Response: About half of
respondents have worked
on 6 or more complexsites
and half have been
working on complex sites
for 15+ years
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Complex Sites

Complex Sites

Back Diffusion Combined Remedy

Remediation Strategy
« Each remedial
technology has unique
k3 5 7 optimal conditions
5 i5* 2 where it preforms most
: efficiently

c [ =4 4 c
o Of . . Bioremediation / Mass Removal
a ) a Combined remedies /
Ef E 2IE allows for the most - ch !
2] 1] 2] efficient treatment o e

Oxidation & Reduction

Treatment Efficiency ($/Ib)

possible

Dissolved Concentration

Managing Complex Sites

Plan &
Design

Monitor &
Control
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M :
anaging Complex Sites

Monitor &
Control

Actionable Data
- p o

Actionable Data |
N — -
~ Actionable Data

Definition: AnY data collection
activity specn’ﬁ'ca((g
lanned to define project
direction

VEXdVV\PleZ SMtl’\EV'SOV\ et al (2015)

Nested Wells
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Actionable Data

Actionable Data
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———

2 Fail Small/Win Big

Definition: Actionable data that defines
efficacy and/or mechanism o
contemplated treatment
strategy, performed using site
media usually at sub full=scale
often consisting of:

and often involving: h
» Advanced Diagnostics

Advanced Diagnostics

is it A what is the

degrading? mechanism?
< GCSIA « DNA/RNA diagnostics
- SIF= (e.g., qPCR)
e 14C assay « PLFA
« analog « mineralogical (e.g.,

degradation magnetic susceptibility)
e proteomics ¢ proteomics

Recorded Webinar:
On Microbial Insights Website

Successful Advanced
ISCO Analytical Practices

carbon removed from
10 contaminant mass

13C <<< 12C

rebound from soil & groundwater
equilibrium driven partitioning

X

TREATMENT

*Cag)* *Crag)

BASELINE ISOTOPIC
CONDITIONS

IMMEDIATELY AFTER TREATMENT

*Clag)* *Crag) 2

REBOUNDED ISQTOPIC
CONDITIONS

ISOTOPIC CONDITIONS

rebound from untreated groundwater flux

\\\l)
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v Advanced Diagnostics

-~ Mechanism Combinations
Y Nearly endless combinations
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¥ Bedrock (soluble amendments
are a myst)

Texas Case StUdy Bio Contribution of a Chem/Big
e

gent Train of Benzene
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Texas Case StUdy: Bio Contribution of a Chem/Bio Treatment Train of Benzene

\\\l)

Texas Case StUdy: Bio Contribution of a Chem/Bio Treatment Train of Benzene

Pilot Test Injection Area

\\\I)
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Texas C
ase Study:
Y Bio Contributi
/ ontributigoeef a Chem/Bio Treatment T
rain of Benzene

ISCb pilot Test

asics
. Dissolved petrole
- Benzene driving visk
« Fine sand aquifer
. pilot test goals:

Y define treatment efficacy

. define delivery efficienc

. Assess bio com onent o? combined

chew/bio com ined vremedy

um (gasoline)

15
. Base (NaOH) activated sodium persulfate
- Two destructive mechanisms
- Direct chemical oxidation by the persulfate
vadical
. Anaerobic oxidati
reduction (sulfate forme
parSulfatz)

Bench testing provided information on:
. dose/treatment efficiency relationship

. and oxyanion generation

on stimulated by sulfate
d by the reductio
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1 Chem/Bi
/Bio Treatment Train of Benze
ne

Te'.,’
isCo Pilot Test

asics
. Dissolved petroleum (gasoli
. Benzene driving risk
« Fine sand aquifer

. pilot test goals:
. define treatment efficacy

. define delivery efficienc
nent o? combined

. Assess bio cow\Eo
chew/bio coM ined remedy

ne)

17
« Base (NaOH) activated sodium persulfate

- Two destructive mechanis

. Direct chemical oxidation
radical

. Anaerobic oxidation stimulat
reductiov\(smfatc formed by
pcrs-alfate)

ms
by the persulfate

¢d by sulfate
the reduction of

Bench testing provided information 0n:
o dose/trcatment efficiency relationship
. and oxyanion gemmtiov\

\\\PL

hem/Bi
Bio Treatment Train of Benzen
e

plan to Assess Bio QOW\pover\t
. Basic: benzene comevxtmtiontrey\ds
. ISCO relatively quic attribute
degradation within first month
. postt month = bio
. Covrrelate bio to decreasé in sulfate

cov\cev\tratiov\s

1 . Advanced Diagnostic = SIP
. Apply amendment
. Monitor for indicators that chemical
oxidation complete ORP & Sulfate)
. when ORP negative, deploy **C
benzene bated biotrap

. Incubate for one wmontl

WS
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HOW

Stable Isotope Probing

\\\l)

in a nut sheli in a nut shell - p idation and TCE

electron donor

electron donot electron donor
(oxidized}

{food) \ / {oxidized)

electron acceptor 4 electron acceptor
{reduced}

{reduced}

HOW

Stable Isotope Probing

20

\\\l)

stable isotope probing (SiP):
takes ge of the doner p

the electron donor contaminant is labeled

and its fate tracked

= electron donor

y {oxidized)

10
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Texas Case StUdy: Bio Contribution of a Chem/Bio Treatment Train of Benzene

Performance Monitoring

Biotrap Incubation
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Texas Case StudyV: rin ot

of Benzene

nn!ribial nsights

Resuus Bio-Trap* Units.
Table s Wolmnmmﬂwom'wmmmm
o

2/23/2007
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“ oyment )
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) utff‘ zed
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Ontario Case StUdy Reductive Biotic & Abiotic

23
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14,000 ug/| TCE to 7. & ug/
q4q.9% treatment efficiency

12



21/11/2017

Case! .
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114,000 ug/| TCE to 7. 6 ug/! 23
|a9.9% treatment efficiency 1
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Case StUdy: Reductive Biotic & Abio

L

26

14,000 ug/| TCE to 7.
949.9% treatment efficie
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Hyvor Z1oc,,
fabiotic ol %

Where-

Sl abiot, fraction

1 = base(ing total v
€ne and etp,

t

Cs with

ne
2l0oc,,= /oerf’ormance mom’toring ¢
total VO With ethene and
ethane
27

Resu(ts ' 1

3 wells approachmg O = bioti,

3 wells approaching 1 = abioti,

2 wells “Mixed” (t

biotic O.4-7 & 0.69)

o
@ on
7 ach/'ew'ng Site c/eanup -
AR R Y | )

Complex Sites

Degradation
Pathways —

28
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Where:

Javiori, = abioti, fraction

e, = baseline total vorg With
€thene gpny ethane

[
S N

|
] :‘ﬂxﬁm’mﬂ'

a2
&

K

3 wells approachmg 1 = abioti,

R | Reduction 4
. Bio + Biogeochemica :
- tudy Bio+ F |
. i Case S
Missour

30
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Case Study: N : al ReductiOn = = ’

gl Blogeo‘Chem'C l09¢ochemical Redyetiy,
i Trans ormation

@NAFAC aka.

: bi,ogeochewcal transformation
. B/OZ?ochem:cal reductiyve
c

‘{’:-:\\l:;z\(‘ EX‘:\'C _EV-1601 _— de 0 rl'Vla tl‘o“ (B I'R D)
HEMICAL TRANSFORMATION . ‘ . .
et o R et Has been ysey to remediate

Responsiblt fes Nt ch/ormated VOCs and othey

Attenuation of Chlorinated Organic
LCom;

B S e compounds for aboy s 10 years

Technical Protocol for _—
A

It involves abiot;, reduction b
reactive jropn Minerals — Similar to

VI. These ferroys iron ~Containing
Winerals jnclyde.

Mackinawite

Alfﬁnte .
agnetite

Gréen pyst

Reviey of Abioti,
Otic Degy, dati 2
Solvents by Reactiv. Jr29ation of Chlori,
Ctive B S ated

Using Permeable Mulch Biowalls
and Bioreactors

rals quifers

Can be g mechanism of MNA

U.S.AIR FORCE
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Visso Biogeochemical Reduc Engineering Biogenic Iron Sulfide
(1) Iron Reduction
Fe** + organic matter — Fe2+ | H2.0 + co,

(2)  sulfate Reduction

SOLS T organic matter — g2~ , H20 + co,

(3)  Iron Sulfide Precipitation
# HS=+ Fe2 _, Fosy v

0-0=¢g

Addition of sulfate to form FeS to treat
Chlorinated \vocs is a Patented Process:
* Kennedy - US Patent off #6,884,3552 g1
* Contact Jim Studer of Infrasuy,

. /kz‘uder@/nfms‘UR—Lchcam

\\ \ l ) * 505-858-313,




Case Study:
Missouri

Synergies

Groundwater

lonit mg&Bemeg@ggg

ational Ground Wat

More details

in article

-
Thinking Outside the
Boxcar: Effective &

Sustainable Combined
Remedies | pA2

Total Dissolved Gas
Pressure Measurements

4 for Assessing
Contaminant
<) Degradation
"™ processes | p67

including SEFA -

Biotic and Fe-based Abiotic Reductive
Pathways are Compatible & Complementary

« Fevvic iron inhibition disproven
— Wei and Finneran Sci. Techwol., 2011, 45 ((6E7h)

. Fe Reduces Dehalococcoides (PHC)
inhibition
_ Sulfide (precipitates with ferrous iron)
_ Abiotic treatment of 1,1, 2trichlorethane
— ron reducers supply vitamin B12

. Some reduced minerals are not very
reactive with dichloroethene —
biodegradation can manage

« Generally, fermentable donors have a
higher delivery efficiency than zero
valent iron (ZVI) which results in a
greater radius of influence (ROI)

. Lower redox potentials

. Minimize surface pacification

« Extend treatment longevity and
manage reboun

34
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Missouri ;
ri Case StUdy. Bio + Biogeochemical Reduction

21/11/2017
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Missouri Case StUdy: Bio + Biogeochemical Reduction

Missouri Case StUdy: Bio + Biogeochemical Reduction

e = w168 —y w298 ——MW-308 MW-328

00020

Pt Study Injections |

N |

00018 1
1

1

0.0016

Mol. Concentration (mol.1)

36

Concentration (M/I)

0.0

000 -
‘September-12 March-13 September-13 March-14 temhar March-15 September-15 March-16 September-16

THIMN@ e concotatonoconpouns e ot e oo s s cn s s cncensionce 001t
] O

Figure 1.
Groundwater Total CVOC Degradatoin Trends

\\\I)
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Missouri Case StUdy: Bio + Biogeochemical Reduction
S By S ey S

1.00 @
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37

Average (n=8) Normalized Total CVOC Molar
Concentration

Total CVOC Moler Conc. and f,;;. Trends

® Total CVOCs @ fabiotic
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.-

\\\l)

Recorded Webinar:

On Regenesis Website

Arkansas Site - Fractured Bedrock
Plume Stop + Bio
Biogeochemical + Bio

38
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@ REGENESIS'

Back Diffusion of VOCs from a Fractured Sandstone
Aquifer Treated At Former Industrial Facility

Project Highlights WS I )

Large-scale piot tests confimm management of chiorinated VOC back
diffusion from fractured bedrock aquifer

. Te along biotic and abiotic patway:

trestment longevity to manage

forg term back diffusion

Project Summary

Fractured bedrock aquifers can be extremely heterogeneous which not
anly results in compiex dissolved phume behanior, but ¢an 3ko hinder
instu
promate microblal sctivity and sbiotic degradation. However, due to the

of 3 pump a industral
site in Arkansas, WSP determined that an in stu pilot test with advanced
substrates was warranted

Ab the Arkansas site, 3 2016 pilot study was conducted using

2 mutifunctional amendment formulation. REGENESIS®

3D-Microemusion®, BOI Phus®, and CRS® were injected to remediate

affected groundwater within & fractured sandstone bedrock aguafer

impacted by chiorinated solvents. The contaminants at the site included
(TCE), 1.1.1-trichoroethane (TCAL

products. The phume on site underlies several developed properties and

theeatens a stream located approximately 1.500 feet from the source area.

Resuits of the first pllot study yielded an 82% reduction within 9 months.

was measured approximately 80 feet from the appiication location. tmnocen
i

A second pilot study was undertaken in 2017 to emplace 3 sorbent il
og) g P - 0-DECHLOR EMICAL

ecrock fracture faces to manage back diffusian from the bedrock BUCKS

‘primary porosity. This test also included the addition of bioremadiation v ATON

the sorbed The

Frac e PLUME B3

After cnly one month, an 81% reduction was achieved in samples located ool

50 feet downgradient.

Prefiminiary indications of these smendmen . e ffusion

emanating from the fractured bedrock matr in this aquifer. WP is confident (hat favarable performance monitorng

results and by geologic setting will include REGENESIS products that extend

treatment longevity.

REGENESIS | 1011

19
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MiChigan Case StUdy: Abiotic Reduction + Aerobic Bio i

39

\\\I)

M iChigan Case StUdy: Abiotic Reduction + Aerobic Bio

40

\\\I)
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Michigan Case Study:

Abiotic Reduction + Aerobic Bio

SOUTHORN DRY WL \L\
‘

ORP: negative
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Michigan Case St

P

43
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®
/n Srtu Wicrocos

Assess the key step 5
anaerobic oxidation:

P&'Jud'.\on o LB =K

>
Study 2 tools:
bugs — qPCR
SIP-DNA
pic 0% ¥0%

4

pre vs. post CB con
idea. about rake

3}

_.,‘
‘,‘

ms — Study 2

nown Stience

100% "C hlwoberzene
ne chlobenzene

ion + Aerobic Bio

2hed!

centrations -

Michigan Case Study:

44

/i Situ MICrocosms — Study 2

Assess the key step 5
anaerobic oxidation?

reduction fo ¢B S known S¢ie

bugs — qPCR .+ AL
SIP-DNA 100% B o

Sire: Michigan ¢
Sample: MW-102 PRy

LAB REPORT

Procedure: SIP with 100% 1€ Chlorobenzene with DGGE

Band  Similar Gepuy

1€ Nanaral abundance Bands
L1 Bacteroid iy
12 Geobacter spp,

1.3 Marnilabiaceae (Gt
1.4 Acietot oy

15 Trichococcus -

16  Geobacter 9.

7 Ticbococcus spp.

18 Bacteriodales. (order)

HC Enriched )

21 Acietot .

pic 0% 20% B Slbobert e i
pre vs. post CB concent
idea. about rate R
Simdarity Index.
>0.9 = excellent
0.7+ 0.8 = good
0.6 = unique sequences

Similarity Indey

aerobic bacteria kunpwn,

i o ml .
Arpwmatic compounds, ineralize

L[Lc_hggm;_u&-
Atroto ; )
Daecertrant/ faeultative fermentative

! Acinetobacter -

# Trichococcus pp.

22
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Michigan ~~ =

micrga@rgphltéc

S————
REPORT

Balcke et ar (Ro0g) demonstipeey

- A ex=sity Mitrocosms-that the v oce

Extremely, high oXyaen affinities

for Chlovocatesinpt 1,2»diox55«maso -

Support Vvu;grggg(gp_' 1ilic

AL Zi’
degradatipn, Chlorobenzeinge-
In Go

aer
aro)

Ssétt (2010) this

Phevomenon, i tteotto-gu
“wunexplainey disp
véwaL Chlorigle (v
are-thought o pe

WS l ) Subsurface envir,

obic bacteria known tomineralize
vatic conponis,

W/ facultative fermentat
PRe@rance of
C) from wnge
Anaerobis
onents %

NN S 301,

Michigan Case Study: abiot

Concurrent and C
Reduction and Microaerophilic

Degradation of Mono-, Di-, and
Trichlorobenzenes

omplete Anaerobic

micrgagrgphﬂic
Balcke ¢t ol (200
v eX=Sitre-pmag,

Extreme]

46

SUPPOrt yuicyy, hilic
degradatisy,

chlavrtmzewes.

. Gpssetr
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Multi-Component &
Multi-Functional Amendments

Questions?

Contact: Matt Burns

¢ 978-844-3907 (mobile)

¢ matt.burns@wsp.com

¢ linkedin.com/in/mattburnswsp

Actionable Data

Bonus Material e R

Actionable Data - = ===
~ Fail Small/Win Big

Definition: Actionable data that defines
efficacy and/or mechanism of
contemplated treatment
strategy, performed using site
media usually at sub full=scale
often consisting of:

and often involving: h
“ + Advanced Diagnostics

Advanced Diagnostics

is it what is the
degrading? mechanism?
CSIA « DNA/RNA diagnostics
Sip== (e.g., qPCR)
14C assay ¢ PLFA
analog « mineralogical (e.g.,
degradation magnetic susceptibility)
\\ \ l ) e proteomics ¢ proteomics

24
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CSIA
stable
N 104 yr
20 10" yr
CS: Compound Specific (i.e., contaminant) 100 yr
40 10% yr
I: Isotope - a form of the same element 10°yr
that contain an equal number of protons &0 10 yr
but differ in number of neutrons (i.e, differ 2 100 yr
in atomic mass) g8 Z-N -
ped
49 % 10°s
P 100
A\: Isotope Analysis (i.e., elements that 10s
make up the contaminant) 120 ’ 1005
! Is
Stable: Don't deal with radioactive 140 1025
isotopes 1075
160, i 3 1045
-
10%s
no data
20 40 60 80 100
\\ \ ) Atomic Number
l By BenRG - Own work, Public Domain, hitpsfcommonswikirmedia orginfindex phpecudd=7000237
M atomic number
CSIA SR
all
N
- . . 2]
Figure to Right: shows isotopes of elements il
that comprise most chemicals of interest to . e 0TI
remediation professionals (e.g., Carbon has 2
stable isotopes ?C and 2C). ,
si| = | =5 |
Hydrogen :ns‘:»‘rs'
Relevance: Chemical bonds of lighter 2 e e e
isotopes are slightly more reactive than bonds g 17 0 70 77 | '
involving heavier isotopes. So compounds 2 T"FHN,N
20 with heavier isotopes tend to accumulate in c Carbon el
residual contaminated matrix. Bl [
20 | ¥F | ®Ne *Na
[ [N w.:mq »n[7si[ e 75 [Fei
Definitive : Enrichment of heavier isotopes, e
referred to as fractionation, is definitive
evidence of chemical degradation as non- L s o )
destructive processes like dilution and “ca i0dars
dispersion generally do not have significant — =
disparate effects on isotopes. = 0000
[ 10 ka-103 Ma
WS l )

Brookhaven National Laboratory which has an interactive Table of Nuclides

25
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CSIA
0 13Chocolate Fractionation Q“/
51
Chocolate Fractionation used with permission from
\\ \ ) Dr. Mike Hyman, Department of Microbiology
North Carolina State University
CSIA
Reporting: data are
expressed in relation
to an international
standard (i.e., §) and
multiplied by 1,000
(i.e., %o).
52
International Standard
Pee Dee River Belemnite
http://atoztheusa.blogspot.com/2013/03/delaware-state-fossil.html
WS l )

26
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CSIA

CSIA

Isotopic Effects of Parent
Compound Degradation

‘ T Pargm
e e o R . .
P Parent compound fractionation is
o L unequivocal proof of degradation
._\;‘; W==r. - o s oen s o
5%
as &, Parent
g
w
Time —
WS l )
CSIA
CSIA
Isotopic Effects of Parent
Compound Dearadation
| Parent
P The undegraded daughter
54 1 “ " Sireri product can get no heavier than
——v—"_ _ % arem_ «— the initial signature of the parent
T .,I""V_{-
=$ ' for daughter products,
— r_,-/' fractionation alone does not prove
Q L daughter product degradation
o Daughter Product
Time — >
WS l )

27
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CSIA

CSIA

Isotopic Effects of Degrading
Daughter Product

[ ] a2
' Fractionation greater than the
f Parent - A — initial isotopic signature of the
- e i J parent compound is definitive
_ TCE R i ph A evidence of degradation
| — = —..;'_'_.'_-__. ___________________ .__,..é‘: _______ -~
"\ . C A =
N e e -t .
= N v \A I g The undegraded ultimate
= 5, Parent i P4 daughter product can get
oy Cis-DCE a7 — no heavier than the initial
‘5_? ooam A " Ethene signature of the parent
0 A . >
Vinyl Chloride _g-~
* 1
WS I ) Time 4.~| I I
CSIA
CSIA
Permanganate Treatment at MA Site
MW-1 MW-2
Sample Pre-ISCO  Post-ISCO | Pre-ISCO  Post-ISCO
TCE Concentration (ug/1) 3,000 80 400 500
TCE CSIA, 83C (%o) -29.6 -37 -344 -25.7
\\/ v
56
» large decrease in * increasein TCE
TCE concentration concentration
» correspondinglarge » significant isotopic
isotopic fractionation with
fractionation
* treatmenteffective
WS l )

28
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CSIA

57

CSIA

Activated Persulfate Treatment at Swiss Site

MW-4
Pre-ISCO Post-ISCO1 Post-ISCO 2

PCE Concentration (ug/I)
PCE CSIA, 63C (%o)

6,100 480
-25.8 -23.7
N "

large decrease in
PCE concentration

isotopic
fractionation

1,700
-24.5

N S

Large
concentration
rebound

isotopic rebound
too

Consistent with
mixing of treated

WS I ) and untreated
groundwater
CSIA
CSIA
Permanganate Treatment at Texas Site
MW-1
Pre-ISCO Post-ISCO1 Post-ISCO 2
PCE Concentration (ug/l) 6,000 80 600
PCE CSIA, 63C (%o) -27.3 -16.8 -33.1
N S N S
58
« large decreasein ¢ concentration
PCE concentration rebound
* isotopic * Isotopic signature
fractionation lighter than pre-
ISCO.
» Consistent with
non-treatment
\\\l) (pushing water
around)
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Ataglance
CSIA Rebound Summary
carbon removed from rebound from soil & groundwater
contaminant mass equilibrium driven partitioning
BASELINE ISOTOPIC 1ISOTOPIC CONDITIONS REBOUNDED ISOTOPIC
CONDITIONS IMMEDIATELY AFTER TREATMENT CONDITIONS
rebound from untreated groundwater fiux

Multi-Component &
Multi-Functional Amendments

Questions?

Contact: Matt Burns

» 978-844-3907 (mobile)

* matt.burns@wsp.com

¢ linkedin.com/in/mattburnswsp
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