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» Characterization and Remediation of Fractured Rock
(FracRx-1) http://fracturedRX-1.itrcweb.org

» Download PowerPoint file
* Clu-in training page at http://www.clu-in.org/conf/itrc/FracRx/
* Under "“Download Training Materials”

» Download flowcharts for reference during the training
class

* https://clu-in.org/conf/itrc/FracRx/ITRC_TrainingHandout_FracRx-
Figurel-1.pdf

Use “Join Audio” option in lower left of Zoom webinar to listen to webinar
Problems joining audio? Please call in manually

Dial In 301 715 8592
Webinar ID: 871 8828 2141#



http://fracturedrx-1.itrcweb.org/
http://www.clu-in.org/conf/itrc/FracRx
https://clu-in.org/conf/itrc/FracRx/ITRC_TrainingHandout_FracRx-Figure1-1.pdf
https://www.facebook.com/itrcweb/
https://twitter.com/itrcweb
https://www.linkedin.com/company/itrc?trk=top_nav_home
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Characterization and Remediation of
—ractured Rock

ITRC Guidance: Characterization and
Remediation of Fractured Rock (FracRx-1)

Sponsored by: Interstate Technology and Regulatory Council (www.itrcweb.org)
Hosted by: US EPA Clean Up Information Network (www.cluin.org)



http://www.itrcweb.org/
http://www.cluin.org/
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» Coursetimeis 2 ¥ » Questions and feedback

hours * Throughout training:
» This event is being type in the "Q & A” box
recorded * At end of class: Feedback

form available from last slide

» Trainers control slides = Need confirmation of your

* Want to control your participation today? Fill out
own slides? You can the feedback form and check
download presentation box for confirmation email and
file on Clu-in training certificate
page

Copyright 2020 Interstate Technology & Regulatory Council




ITRC (www.itrcweb.org) — Shaping the

* INTERSTATE

Future of Regulatory Acceptance

TR

X
-
m
0
I
r4
e
0
Q
=
*

=
9]
4
2
0
Y

*

AJOLVINOIY

» Host organization @
» Network FC oS
* State regulators

= All 50 states, PR, DC
Federal partners

DOE DOD EPA

ITRC Industrv Affiliates
Program P

- |AP
Academia

Community stakeholders
» Follow ITRC

» Disclaimer
* Full version in “Notes” section

* Partially funded by the U.S.
government

= |ITRC nor US government
warranty material

= |TRC nor US government
endorse specific products

» ITRC materials available for
your use — see usage policy

» Available from www.itrcweb.org

* Technical and regulatory
guidance documents

* Online and classroom training
schedule

* More...



http://www.itrcweb.org/
http://itrcweb.org/Documents/Policy/ITRC-Usage-Policy-for-ITRC-Materials-Final-11-5-12.pdf
http://www.itrcweb.org/
https://www.facebook.com/itrcweb/
https://twitter.com/itrcweb
https://www.linkedin.com/company/itrc?trk=top_nav_home
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Meet the ITRC Trainers HRC
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Dave Scheer John Dougherty
Minnesota PCA CDM Smith
St. Paul, MN Edison, NJ

Doughertyjn
@cdmsmith.com

dave.scheer@state.mn.us

& | Tamzen Macbeth
& | CDM Smith
| Helena, Montana
& macbethtw@cdmsmith.com

Melissa Boysun

ERM

Zurich, Switzerland
melissa.boysun@erm.com

Ted Tyler
Dan Bryant Cardno
Woodard & Curran Mesa, AZ

East Windsor, NJ

ted.tyler@cardno-gs.com
dbryant@woodardcurran.com

Read trainer bios at https://clu-
in.org/conf/itrc/FracRx/#tabs-2



https://clu-in.org/conf/itrc/FracRx/#tabs-2
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Difficult, But Not Impossible




" The Problems and Site Challenges
with Fractured Rock Remediation
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Solutions &
Remedies

runramiliarity with 1001S °
Unrealistic RAOs




Challenge: Rock Sites are Complex HRC

general groundwater
flow direction

ITRC FracRx-1 Figure 11-3




° The Problems and Site Challenges
with Fractured Rock Remediation
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PN

Solutions &
Remedies

Expanding
Pyramid of

P Complex A
and Costs

Unrealistic RAOs

Inefficient Use of Tools
Increased Characterization Costs
Choosing to Contain vs Remediate

Ineffective Remedial Design
Increased Remediation Costs
Less Likely to Achieve RAOs

RAO - remedial action objective




' The Nature of the Solution
Solutions and Remedies
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Solutions &
Remedies

RAO - remedial action objective
CSM - conceptual site model
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" Solution: Understand Fractured Rock
Characteristics
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Figure B-7 Foliated schist in outcrop.
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Figure B-4. Inclined sandstone bedding
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> The Nature of the Solution
Solutions and Remedies
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Develop an Initial CSM
Use Appropriate Tools in Logical Manner

Refine & Optimize the CSM
Solutions &
Remedies

RAO - remedial action objective
CSM - conceptual site model
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Solution: The Tool Table
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_ Suibace Geophysics
|_GroundPenetratingRada(GPR) __ JoL-Q | v | v | v | v
| High Besolution Seismic Beflection2Dordl)  [QL-Q | v | v v
| Seismic Refraction a-Q | v | v | v v
| Multi-Channel Analyses of Surface Waves(MASW) [OL-Q | v | v | v | v
| Electrical Resistivity Tomography (ERT) QL-SQ | v v v o
| Yerylow Frequency (VLF) oL A A A
__ElectolMagnetic (EM) Conductivity oL T A
_Magnetometric Besistwity oL v | v v
__Induction Resistivity (Conductivityl 0gging) a-Q | v I L)V
| Besistivity (Elog) GL-sQ| v v
|___GPACross-Well Tomography e I - T A A )
| Optical Televiewer -9 | v | v | v |V
| Acoustic Televiewer GL-Q v v
| Natual Gammal og Q-9 | v | v | v |V
____Neutron [porosityl Logging -9 | v | v v
| Dluclear Magnetic Riesonance L 09ging @ | v [ v I v | v
| V¥ideolog QL-SQ | v v v v
| LCaliperlog OL-Q Y o4 v v
L Temperature Profiling a-Q | v | v v
— Eulave Foim Selsmic Q-6 | v v




“ The Nature of the Solution
Solutions and Remedies
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Develop an Initial CSM
Use Appropriate Tools in Logical Manner
Refine & Optimize the CSM

SMART
Specific
Measureable
Applicable
Relevant
Time Bound

Establish SMART Objectives
nformed Remedial Design

Effective
Remedy
Achieve

RAO - remedial action objective
CSM - conceptual site model




A Better Way..... Based on the Latest
Research Specific to Fractured Rock
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Characterization and Remediation of Fractured Rock

Welcome

Characterization
and Remediation
of Fractured Rock

The Fractured Rock Puzrie

%
£ 45

|

45 $5 =2

5

ITRC Technical and
Regulatory Guidance:

Characterization and
Remediation of

Fractured Rock
http://fracturedRX-1.itrcweb.orqg



http://fracturedrx-1.itrcweb.org/
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Fate & Transport

» Key to your success - a team with broad expertise:
hydrogeology, structural geology, geophysics,
geochemistry, and engineering
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*“What You Need to Know About

Fractured Rock

See Training Handout
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HYDRAULIC CHEMISTRY

REGIONAL BOUNDARIES
RECHARGE/DISCHARGE AREAS
1D,2D0R3D DISPERSION

SEDIMENTARY:
STRATIGRAPHIC

STRATIGRAPHIC UNIT

REGIONAL TERRANE SETTING UNFRACTURED MATRIX

[PRIMARY POROSITY) DIFFUSION LOW K DEPOSITS

]
‘GEOLOGIC
FRAMEWORK

FRACTURE-APERTURES. GRAIN SIZE AND
A - PERMEABILITY
AND CONNECTIVITY SORTING CHEMICAL AND DEGRADATION
BIOCHEMICAL CONTROL

CHEMICAL AND
BIOCHEMICAL
CONTROL

PRIVARY POROSITY IN
UNFRACTURED "MATRIX"
PORCSITY TYPE h STRUCTURE AND
" STRUCTURE AND ENTRY NAPL BEHAVIOR ENTRY PRESSURE OF
SECONDARY POROSITY PRESSURES OF FRACTURES
RACTURES)

T —
COMPETENT/WEATHERED 'UNCONSOLIDATED'
BEDROCK TYPES SEDIMENT TYPES

ISDTROPIC OR
ANISOTROPIC, HYDROSTRATIGRAPHIC
2 ANISOTROPIC, N
DOMINATED BY FRACTURE FLOW DIRECTION e e e LUl e N CONTRY
SETS

—
ROCK STRUCTURES FABRIC ‘GEOLOGIC
FRAMEWORK
CARCY; NON-DARCY DARCY / INTERSTITIAL
Flow

CHANNEL FRACTURE FLOWTYPE
FLOW

STRUCTURAL CONTROL srmé::wenmm:

EMPLACEMENT

GRAIN SIZE
SORTING

- . HYDROSTRATIGRAPHIC -
STRUCTURAL CONTROL oA ORGANICS TO ORGANIC (ORGANIC TO DRGANIC
CARBON, METALS TO SORPTION CARBON, METALS TO
SELECT MINERALS SELECT MINERALS.

FRACTURE & MATRIX FLOW g CONTAMINENT CHEMICAL
CHARACTERISTICS CHARACTERISTICS

PHYSICAL

CHARACTERISTICS

ITRC FracRx-1 Figure 1-1
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Similarities and Differences
Bedrock vs. Unconsolidated
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HYDRAULIC

GEOLOGY REGIONAL soLDARES

RECHARGE/DISCHARGE AREAS.

] il
STRATIGRAPHIC
REGIONAL TERRANE SETTI STRATIGRAPHIC UNIT
unir

FRACTURE-APERTURES. GRAIN SIZE AND
AND CONNECTIITY PERMEABILITY SORTING

PRIVARY POROSITY IN

UNFRACTURED "MATRIX"
e POROSITY TYPE %
'UNCONSOLIDATED "

SEDIMENT TYPES CONDARY POROSITY
(FRACTURES)

POROSITY OF

ISDTROPIC OR
ANISOTROPIC, ANISOTROPIC,
DOMINATED BY FRACTURE FLOW DIRECTION DEPENDENT ON
SETS DEPOSITIONAL SETTING

[
ROCK STRUCTURES FABRIC

DARCY, NON-DARCY DARCY / INTERSTITIAL
EHANNEL FRACTURE FLOW TYPE Flow
FLOW

GRAIN SIZE
SORTING

- HYDROSTRATIGRAPHIC
STRUCTURAL CONTROL
ONTROL

HYDRAULIC ADVECTION

Bedrock Unconsolidated

UNFRACTURED MATRIX
[PRIMARY POROSITY)

CHEMICAL AND
BIOCHEMICAL CONTROL

STRUCTURE AND ENTRY
PRESSURES OF FRACTURES

STRUCTURAL CONTROL

STRUCTURAL CONTROL

ORGANICS TO ORGANIC
CARBON, METALS TO
SELECT MINERALS

CHEMISTRY

DISPERSION

DIFFUSION

DEGRADATION

NAPL BEHAVIOR

ENTRAINMENT

EMPLACEMENT

SORPTION

Fate and Transport

ITRC FracRx-1 Figure 1-1

LOW K DEPOSITS

CHEMICAL AND
BIOCHEMICAL
CONTROL

STRUCTURE AND
ENTRY PRESSURE OF
STRATA

HYDROSTRATIGRAPHIC
CONTROL

STRATIFIGRAPHIC
con

(ORGANIC TO DRGANIC
CARBON, METALS TO
SELECT MINERALS.

See
Training
Handout




w0 Geologic Characteristics that Affect
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ITRC FracRx-1
Figure 1-1

[ Bedrock ]

r

Structural Tectonics

N

A\
a4 N
Competent/Weathered
Bedrock Types
A\
-
Rock Structures
& Fabric
A\

[ Microtextures

GEOLOGY

REGIONAL TERRANE SETTING

GEOLOGIC
FRAMEWORK

LITHOLOGY

SITE SPECIFIC
GEOLOGIC
FRAMEWORK

TEXTURE

Unconsolidated

DEPOSITIONAL
SETTING

UNCONSOLIDATED
SEDIMENT TYPES

DEPOSITIONAL
FEATURES

GRAIN SIZE
SORTING
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ITRC Guidance

TR

AJOLVINOIY

* ADOTONHOAL *

» |dentify similarities and differences
between characterizing fractured rock o)
and unconsolidated media sites e = ‘ Chemistry
(Chapters 2 - 4)

» Recognize the skills, approaches, and tools
available to characterize fractured rock sites
and develop CSMs (Chapter 5)

» Apply improved approaches to develop
Remedial Action Objective (RAOs) and select
remedies (Chapter 6)

» Describe development of a monitoring strategy
for fractured rock sites (Chapter 7)

f

Monitor J
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Terrane Analysis — Regional Setting “R
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N,J‘l/z mile

F

(Ofe]V] IS NE I ETll Source USGS -

Note NE-SW trend in landscape and arrangement of physiographic provinces:
initial clue to bedrock and groundwater flow characteristics.
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* Terrane Analysis — Lithology,
Structure, Anisotropy, Hydrology
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Rock type, layering, and structure
impart directional component to oty &L 18N WA
hydrology and groundwater flow. Courtesy Jeff Hale
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Terrane Analysis — Initial CSM

COUNCIL «

Assemble source, hydraulic gradient,
bedrock influence, hydrology,
and receptors for initial CSM.

o
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N Potentiometric
% Contour

DN
Supply Wells N

\ \\\\Ei)\\y\\\\\\\\\\\\\ d'

\ Potentiometric

N Contour

Source

N\

Potentiometiio:: 3%

Contour

\
& S§\\\

N
\Q\\\\\\\\\\\\\\\\\\ f

River i\ Supply: Welts

nnmk

Source Jeff Hale,‘prepared for ITR
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1] 2 3 4 5 6
> ? t Lithology Structure Anisotropy Heterogeneity Hydrology
eceprlors . _ .
p = " Isotropic li: horizontal
. . 2 S R piane.
» Regional Setting |3 s s
5 prohibit) vertical
. Y= migration of NAPL.
» Lithology AP —
of 8 Potential m:e“&%ﬁ‘"age
» Structure 3| ssoces i
] E Preferential fiuid complex deposkional
°| 8 migration along strike ey sl
» Anisotropy z 8 (momutapoge | L
§ é 3 ‘e’:;gﬁfbf].tjgf differential weathering.
] e c 3
. | o & : : Homogeneous for
8| c g - s, SN | Down-dip migration . 7
» Heterogenelty HEHEE Rl o
= 2 s & Fluctuation of LNAPL
ip wit
» Hydrology 3% e
ol £ table elevation.
|2 _ .
The Terrane Analysis 2|2 e tow,

. . . < |5 : ,
Matrix (Appendix B) is atool | ¢ ¢ | Domdo Ar;zﬁgot%g::ﬂ:;veto
that breaks down terrane x 7 | contaminants through | S

) ) ) . © “vadose” zone via heterogeneity

analysis into its basic elements | £ I sssocatd v
. . - A . complex structural S J. Hale,
with helpful tips. < anarecnarge. | defomaton. | prepared or

ITRC FracRx-1 Appendix B

£ o
. .

Fing / Faulting

depositional history
and environment.

ITRC; Photos J.
Hale et al.,
Kleinfelder
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* Terrane Analysis — The Challenge of
Karst
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Karst landscapes develop when fractured, soluble bedrock
Interacts with surface water or groundwater to develop
macroscale secondary porosity features such as voids, conduits,

sinkholes, and caves. Source USGS

» Appendix A in
the document
discusses Karst
ISsues In detall

ITRC FracRx-1, Appendix A
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’ Hydrology of Fractured Rock —

The Basic Questions
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» \Where iIs the fluid?

» Are there multiple
phases?

» How does it move?

ITRC FracRx-1 Figure 1-1

HYDROLOGY

REGIONAL BOUNDARIES
RECHARGE/DISCHARGE AREAS

SEDIMENTARY:
STRATIGRAPHIC
HYDROSTRATIGRAPHIC

UNIT

STRATIGRAPHIC UNIT

CRYSTALLINE:
CONTINUOUS

FRACTURE-APERTURES
AND CONNECTIVITY

GRAIN SIZE AND

PERMEABILITY SORTING

PRIMARY POROSITY IN
UNFRACTURED “MATRIX”

POROSITY OF
SEDIMENTS

POROSITY TYPE

SECONDARY POROSITY
(FRACTURES)

ISOTROPIC OR

ANISOTROPIC,

DEPENDENT ON
DEPOSITIONAL SETTING

ANISOTROPIC,
DOMINATED BY FRACTURE
SETS

FLOW DIRECTION

DARCY, NON-DARCY
CHANNEL FRACTURE
FLOW

DARCY / INTERSTITIAL

FLOW TYPE FLOW

HYDROSTRATIGRAPHIC
CONTROL

e HYDRAULIC ADVECTION




* What Bedrock Characteristics Control
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Orientation
Planarity or waviness:
Aperture
Infilling Roughness
‘ s
Length =

Fracture Densit

\

ITRC FracRx-1 Figure 3-2

‘Connectivity
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* Primary Considerations for Flow in
Sedimentary vs Crystalline Rock
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Hydrology

» Influence of fractures
» Bedding or layering
» Fracture systems

» Mechanical and
chemical weathering

rrrrrr

Courtesy Melissa Boysun
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>0 Primary Considerations for Flow In
Sedimentary vs Crystalline Rock
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Low K

» Influence of fractures
» Bedding or layering
» Fracture systems

» Mechanical and
chemical weathering

Courtesy Johannes Mark
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> Primary Considerations for Flow In
Sedimentary vs Crystalline Rock
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e
» Influence of fractures &

|
» Bedding or layering iN
» Fracture systems Z
» Mechanical and iRt e
chemical weathering | am

Courtesy Johannes Mark
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> Flow in Bedrock Drives the Approach
to the Investigation

ADOTONHOAL *

TR

AJOLVINDIY *

=
9]
4
2
0
Y

*

Matrix Porosity

xHydroIogy
§

» Matrix flow
» Discrete fracture flow

» Interconnected fracture
network flow

s A -: ” "‘j
Discrete From PGA Ltd.
Fractures

Interconnecte
Fracture Network
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Fluid Dynamics
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» Pressure and density
gradients

» Laminar vs turbulent
* Darcy vs non-darcy flow
* Scale dependence

» Multi-fluid systems

* Wetting vs non-wetting
phases

e Effects of density contrast

oy PRI
- | resibuum

U B B8 S \ s N \ - .. s v'. ”~

\ O 505 Y Tall S T A0 W o R D A 5 A R

RVEY \ CX LIS TN P (TN 7\ i A SN SN NP TNT N
W) NS s~ R Y e N K N ey NAS S N NN~

N/ Y dnd I - Y e LS g Tt £ s~

. \’\\'/\/ \’:\\\BEDRogK\(\_'hn’_\’:'/\/..\’\ /1,\\’:'/\; N

A (RS - v N\ - N - LY T
» \/‘/_/1‘\/‘/f iy a Y DTSR

\ \ A= AN -
Ex 3 - 7 ~\7
;= ~110 fit “L L ool o

Courtesy Dan Bryant
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Intersection of Scale and Fracture

Flow Properties
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» Macroscopic
» Mesoscopic

Microscopic Mesoscopic Macroscopic

-
Orientation

Connectivity

» Microscopic Length
Fracture o Freavency/
.. ensity
Characteristics Apasiins
Planarity
L Roughness
—
. Transmissivity
Hydrau_llc I
Propertles Capacity/Porosity
— Permeability
[ Laminar Flow
FIOW B Turbulent Flow
Mechanisms

ITRC FracRx-1 Figure 3-1

Transport _
Mechanisms

Capillary Flow
< pillary
Entrainment

Advection

Dispersion

Diffusion

~——
-

P

<mm-Fracture - Borehole/Multi-well - Site - Regional
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Macroscopic Flow: The Big Picture
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[ » Occurs at regional or site-wide scale
\ " » Regional factors beyond the site that could influence
flow
* Faults
* Rivers
* Tides
* Changes in lithology
» Remote Sensing and Terrane Analysis to evaluate
Interaction of multiple structures
* QOrientation, length, connectivity
* Karstis considered as a whole
* Overall flow behaving as continuous Darcian flow system

» Knowing how structures interact helps direct
Investigation at smaller scales




> Mesoscopic Flow: Where
We Learn the Most
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» Plume delineation, flow between multiple
wells/boreholes
* QOrientation, aperture, density, length, and connectivity
* Influence of matrix characteristics

» Boreholes and Outcrops
* Fracture analysis
* Hydraulic testing

» Flow in fracture sets
* Advection, entrainment, dispersion

» Primary scale of investigation
* Majority of investigation and characterization techniques
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> Microscopic Flow: Tools for Fine-
Tuning your Site Understanding
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» Individual fracture, to matrix interaction
» Microscopic and individual fracture analysis
* Investigate individual fracture characteristics
* Core samples
* Aperture increases by dissolution, or decreases
by infilling
» Flow between fractures and matrix

» Interface between fracture and matrix and
matrix storage effects F&T

Courtesy Jeff Hale

We may not get down to this scale very often
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How to Integrate this with your CSM
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» Better understanding of
where the fluid is and
where it's going

» Started to look at how
multiple phases interact

» Incorporated flow and
fracture data from multiple
scales

» Fate and Transport - last piece
of puzzle before creating initial
CSM

» Understanding fate and
transport in fractured rock

* Unique properties of the
contaminant

* Characteristics of the rock

» Consider fate and transport
mechanisms involved
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Contaminant Fate and Transport in
Saturated Fractured Rock 3

Non-porous a=1 No
» Common fate and transport matrix + | Diffusion
mechanisms - e
* Density driven vertical migration
* Dissolution and advection
e Matrix diffusion/back diffusion Jisdivtey " \[’)Vﬁh |
* Sorption/retardation i Sl
* Degradation
= Example: abiotic and biotic
transformation 0BT i With
mautrix DlﬁUS_lon &
m.,{;‘l Sorption |
—~  Fate & p’- T

Transport
9

Freeze and Cherry 1979
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Henry's
Constant

Chemical Liquid Vapor

Density Pressure Solubility

g/lcm”"3  mm HG Reactivity

(water =1 (volatile>=  mg/L
g/cm”3) 1 mm HG)

atm-

m”3/mole Likg

0.0103 abiotic
trichloroethene (TCE)| 1.46 |58 @ 20 C| 1100 ('EP A) 166 biogeochemical
transformation

» Identify properties of contaminant (example, TCE)

» Consider how these properties affect flow in bedrock:
* Flow through bedding planes
* Flow through vertical fractures
* Flow through primary (matrix) porosity

ITRC FracRx-1Table 4-1
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Chemical Liquid Vapor . Henry's
Density Pressure SOy Constant

g/cm”3 mm HG
(water =1 (volatile >= mg/L  atm-m”~3/mole
g/cm”3) 1 mm HG)

Reactivity

trichloroethene

(TCE) 1.46 58 @ 20C| 1100 |0.0103 (EPA) 166

abiotic
biogeochemical
transformation

Fate and Transport Mechanisms Likely
Based on density, likely to sink in saturated zone

Potential for partitioning to vapor phase

- Potential for dissolved plume and matrix diffusion

Potential retardation along fracture walls and/or within rock matrix

Abiotic transformation potential

ITRC FracRx-1 Table 4-1

—~ [Fate &

Transport
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Contaminant Fate and Transport in
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» Example dense non-aqueous
phase liquid (DNAPL) release Early

» Vertical migration into saturated Time ;ﬂl
(

- 7o B T -
S =l :
ot | Arrr;_.f..:,\ + |
1 'I‘IJ,, rr r———

zone WI} %\'t',"‘."—;g_-{{ ‘1 '{_}4 e

» Dissolution and advection
within fractures

» Matrix diffusion/back diffusion, |ntermediate =
and potential sorption Time

» Consider potential for abiotic
and/or biotic transformation

. ) Tt

- | Late 7 7| TR
Fate & - Time ‘I:_; p lTIi .

T t )
it

Parker et al. 2012
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LNAPL In Fractured Rock
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» Light non-aqueous phase liquid
(LNAPL) migration in vertical
fracture

* Down dip in unsaturated zone
* Along strike in saturated zone

» Dip of fracture can also affect
difficulty of identifying LNAPL

* Steeper fractures are less likely
for a well to intersect

» In a horizontal fracture, hydraulic
gradient could influence migration

—~ [Fate &

Transport

Courtesy Ted Tyler
Stri Flow along
strikenear
er table
Flow |
T
down — (
dip

Courtesy Alex Wardle
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DNAPL in Fractured Rock
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» DNAPL migration in vertical fracture

* Down dip in unsaturated zone

* Down dip and potentially along
strike in saturated zone

Shallow well away from source area
likely to miss DNAPL and highest
dissolved concentrations

Fracture dip can increase difficulty
of identifying DNAPL but may help
In locating the dissolved plume (see
document for additional detail)

In a horizontal fracture, hydraulic
gradient could influence migration

Fate &

Transport

Courtesy Ted Tyler

along
strike
on capillary

barrier
Courtesy Alex Wardle
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SOURCE ZONE DOWNGRADIENT EXTENT
Matrix Storage Matrix Flow Fracture Flow Fracture Flow Matrix Flow Matrix Storage
Vapor*
Dissolved
Sorbed

Fate;& L '

Transport \ .

ITRC FracRx-1 Table D-1
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21 Compartment Model — Sandstone
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DNAPL spill site underlain by fractured uncemented sandstone

Key:

- Orange = high concentration

- Yellow = moderate concentration
- Green = low concentration

ITRC FracRx-1 Table D-3a

-

SOURCE ZONE DOWNGRADIENT EXTENT
Matrix Storage Matrix Flow Fracture Flow Fracture Flow Matrix Flow Matrix Storage
v Medium Medium Medium Medium
apor
Medium Medium
Dissolved
Medium Medium
Sorbed

Fate;& L
Transport-\ .
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SOURCE ZONE DOWNGRADIENT EXTENT
Matrix Storage Matrix Flow Fracture Flow Fracture Flow Matrix Flow Matrix Storage
i, A
- -
/ . Medium Medium NA
7 7 i i
Vapor . /f// /5?’:; i /,//?’/ /f// /,?/4/
i g i i 7
i i L
e S e, S S e S S
f’/ 7 /35" _ /; /35: 77 /S;" ; i ;/ /
NAPL ;§ //:;’//?’/ 7 . // //f;//%% 7 /%/f/f/ . /// 7
MA | Medium Medium | HMA
Dissolved i i
i %// 7 T
- 1 Medium Medium i %/@/
Sorbed s s

DNAPL spill site underlain by fractured shale bedrock

Key:

- Orange = high concentration

- Yellow = moderate concentration
- Green = low concentration Transport \

Fate;& L '

ITRC FracRx-1 Table D-5a
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21 Compartment Model — Granite O
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SOURCE ZONE DOWNGRADIENT EXTENT
Matrix Storage Matrix Flow Fracture Flow Fracture Flow Matrix Flow Matrix Storage
. .

Medium Medium i

- o /:/ . /:/ /:/ ’/ . /:/

. . . MNA MA e

NAPL o 7 o 7 7 7 7 7

]

o . . 7 7 i

y Medium Medium .
. 7 7 7 7 7

Dissolved

/ % Medium Medium / /
Sorbed 7 7 0 . i i

DNAPL spill site underlain by fractured granite bedrock

Key:

- Orange = high concentration

- Yellow = moderate concentration B @
- Green = low concentration Transport'\ -

ITRC FracRx-1 Table D-5b
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Combined 21 Compartment Model and
Conceptual Hydrogeologic Model 3

Conceptual Hydrogeologic Model
é CSM Source:
% Jim Studer,
3 InfraSUR

.x--y_'}r\-—--7--, -

~300 meters ® ~10:1 v/h e Not to Scale

Source Zone

Matrix Storage Matrix Flow Fracture Flow Fracture Flow

Dissolved

ITRC FracRx-1 Figure D-6

Transport
¢
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Follow ITRC

Chemistry

Transport
Monitor

Q&A Break
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https://www.facebook.com/itrcweb/
https://twitter.com/itrcweb
https://www.linkedin.com/company/itrc?trk=top_nav_home
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Today’s Road Map — Connects to “R
ITRC Guidance
» ldentify similarities and differences - @

between characterizing fractured rock - { )

and unconsolidated media sites. 1 ) Chemistry
(Chapters 2 - 4) .

» Recognize the skills, approaches, and tools
available to characterize fractured rock sites
and develop CSMs (Chapter 5)

» Apply improved approaches to develop
Remedial Action Objective (RAOs) and select
remedies (Chapter 6)

» Describe development of a monitoring strategy
for fractured rock sites (Chapter 7)




> Developing a Fractured Rock CSM
(Conceptual Site Model)

» Not a comprehensive
start-to-finish “cookbook”

Define the problem and uncertainties
and assess the CSM

fo r b u i I d i n g a fractu re d Identify data needs/gaps & resolution e

ro C k C S M Establish data collection objectives

> D iSC u SS eS key e I e m e n tS Design data :;I:::tsi:n & analysis

=0 + COUNCIL
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unique to those sites

Select Investigation Tools

» Follows Integrated Site R

Characterization process
developed N 2015 ITRC Implement investigation

G u i d an C e Perform data evaluation and interpretation

(Multiple Line of Evidence)

ITRC ISC-1, 2015, Figure 4-1

Update CSM & determine if objective(s) were met.

Figure 4-1 Integrated Site Characterization
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> Developing a Fractured Rock CSM —
Key Elements
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» Iteratively develop and assess the CSM (Section 5.1)
» Clearly define the problem statement (Section 5.2)

» Identify significant data gaps and needs, and resolution
requirement (Section 5.3)

» Establish data quality objectives (Section 5.4)
» Select tools and techniques (Section 5.5)

» Carefully interpret, manage and present the data (Section
5.7)
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> Developing a Fractured Rock CSM -
Process Summary
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“Significant” Data Gaps

Initial Characterization Objectives

» Missing or incomplete
Information, which limits the

v formulation of a scientifically

Data Gap Resolution defensible interpretation of

What are specific Characterization Objectives? environmentgl Co_nditi_ons
and/or potential risks in a

Data Collection Objectives bedrock hydrogeologic
system.

» Likely to exist if more than one

v CSM can be supported by the
Tools Table data

What do|you need?

How do you get there? > Reference: |
http://www.ct.gov/deep/lib/dee

p/site clean up/quidance/Site
Characterization/Final SCG

D.pdf



http://www.ct.gov/deep/lib/deep/site_clean_up/guidance/Site_Characterization/Final_SCGD.pdf
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Examples of Objectives
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>

>

>

Characterization Objective: Determine the lateral
and vertical extent of dissolved phase VOCs

Data Gap: Vertical and lateral extent of dissolved
phase VOCs is unknown

Data Collection Objective: In areas beneath the
source, and between the source and receptor(s),
gather data:

* Fracture locations

* Fracture orientations

* VOC concentrations
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Tools Matrix Format and Location
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The Fractured Rock Puzzle

» The tools matrix
IS a
downloadable
excel
spreadsheet

» Tools segregated
Into categories
and
subcategories

Tools Table can be downloaded on the
opening page of ITRC FracRx-1

Tool

Surface Geophysics

Downhole Testing

Single well tests
Cross Borehole Testing

Solid Media Sampling Methods

Solid Media Evaluation and Testing Methods

Discrete Groundwater Sampling & Profiling

Multilevel sampling

Microbial Diagnostics

Stable Isotope and Environmental Tracers



http://fracturedrx-1.itrcweb.org/5-5-select-investigation-tools/
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm#Geophysi
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm#Surface_Geophysics
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Downhole_Geophysics
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Hydrauli
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Single_Well_Tests
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Cross_Borehole_Testing_header
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Discrete
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Solid
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Solid_Media_Sampling_Methods
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Solid_Media_Evaluation_and_Testing_Methods
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Direct-P
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Discrete2
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Multilevel_Sampling
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#DNAPL_Presence
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Chemical
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Environm
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Stable
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#On-site_Analytical
http://fracturedrx-1.itrcweb.org/
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» Contains over 100 tools
» Sorted by:

L L g

* Characterization objective 3 3 o

g 2 ¢

= Geology Sl RS

= Hydrogeology 3

= Chemistry facstuas

. . . M (GPR) v v v v
* Effectiveness in media " bigh Fesaluion Seismic Afeoion Pl or 0] T /
. ms}ww‘wes [MESY) |OL-0 :: :: :: ::
= Unconsolidated/Bedrock bt et Lol wsal v vl v ¢
w&gmmm o -
= Unsaturated/Saturated e T -
| i il i QL-0 v v v v
» Ranked by data quality Gt el oy o e
. . | Acoustic Televiewer GL-3 v v
* Quantitative (—Massadanale S EE EE EEeE
. . . | Dluclear Magnetic Besonance Logging aL-@ | v | v [ v | ¥
* Semi-gquantitative e I A N A
] ) | Temperatue Profiling GL-O 7 7 v
e Qualitative —Hiistansimt E— -

Tools Table can be downloaded on the opening page of ITRC FracRx-1



http://fracturedrx-1.itrcweb.org/5-5-select-investigation-tools/
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Tools Matrix Functionality :
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Click any box for a
description or definition

Sub Geology

Zone
surface

£ 2

E.3 Geology

Geologic data provide a means to describe the physical matrix and structure of the subsurface and to classify the sedimentary, ignecus, or metamorphic environment. Data related to lithology and distribution of strata and
facies changes are generated through a variety of qualitative and quantitative collection tools and methods.

Initial methods and tools used to characterize site geology include site walkovers to help gain a preliminary understanding of the site prior to a major field mobilization, which can involve the use of both intrusive and
nenintrusive tools. Outcroppings offer insight into structural features of the bedrock, and much information can be obtained through basic geclogic mapping technigues (for example, measuring strike and dip of planar
features and plofting on a stereonet).

Following a surface investigation, the next step in site characterization commonly involves collecting a continucus core of sediments and bedrock. Data provided by this core sampling may include lithology, grain size and
sorting, crystalinity, geclogic contacts, bedding planes, fractures and faults, depositional environment, porosity, and permeability. Generally, numerous boreholes are drilled to determine the vertical and horizontal variability
of the site-specific geclegy. The depositional envirenment and facies changes should also be mapped as much as possible, and these data may be combined with surface and borehole gecphysical data to interpolate
conditions between the holes. Downhole geophysical tools and direct-push tools — for example, membrane interface probe (MIP), hydraulic profiling tool (HPT), and Waterloo profiler — can provide detailed information on
the geology and contaminant distribution at a site.

Effective site geology characterization requires that personnel are trained and experienced in field geology and are able to accurately assess the collected data. It is also important that the team use consistent investigative
methods — for example, characterizing soil or rock type using the same, agreed upon classification system. The team must determine the level of data resolution necessary to adequately characterize a specific site and
whether surface and borehole geophysical data are of sufficient resolution.

Unfortunately, collection efforts at contaminated sites often yield insufficient geclogic data, leading to a high degree of uncertainty in subsurface interpretation. Historically, there has been a tendency to oversimplify
conceptual site models (CShs), which has led to the misperception that physical (geclogic) conditions of the site can be engineered around — that is, limitations in site characterization data can be compensated by
overdesigning remediation systems. However, remedy performance success rates have been poor under such circumstances, whereas investing in adequately detailed site characterization has provided a positive return
on investigation in terms of improved remedy success rates and reduced life cycle costs.

Oversimplification of CSMs is particularly relevant to glaciated regions with complex depositional environments. In the northeast and Midwest, many glaciated sites contain both bedrock and glacial aquifers that have

DMAPL issues. Under such conditions, hydrogeological and geological expertise specific to glacial environments and their depositional characteristics is required for developing an accurate and complete CSM, and is key
to the success of a DNAPL remedy.

ITRC FracRx-1
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Detailed Tool Descriptions
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Click on any tool

» Additional
reference
material

» Description

Click '

Ground Penetrating Radar

» Applicabllity|-
» Limitations |

Annan 2005
Bayeretal 2011
Beres etal. 1999
Bradford 2006

Bradford and Deeds
2006

Bradford, Dickins. and
Brandvik 2010

Bradford and Babcock
2013

Clement, Barrash, and
Knoll 2006

Guerin 2005
USEPA 2004

Ground penetrating radar (GPR) creates a cross-
sectional imaging of the ground based on the
reflection of an electromagnetic (EM) pulse from
boundaries between layers of different dielectric
properties. The quality depends on soil and water
conditions as penetration is reduced by clay, water,
and salinity. GPR is useful in resolving stratigraphic
layers; however, independent confirmation of lithology
is required

GPR generates a 20 profile, but it can be run with
multiple lines in a grid pattern to generate a pseudo-
3D image. Penetration and resolution of features
depend on antenna frequency and material
conductivity and interferences, and are generally
limited to 20 meters (m) deep. GPR can identify
internal structures between material-bounding
reflectors (e.g., cross-bedding) in some cases

GPR can be used to locate geologic material or
property contacts associated with dielectric property
contrasts (e.g., proxy for porosity in some water-
saturated clastic sediments) as well as subsurface
infrastructure (e.g., pipes, tanks, cavities)

Data Quality
onsolidated
saturated

Data Quality
« varies with antennas and
subsurface EC

« relatively sharp boundaries

« qualitative to quantitative
depending on field conditions,
prior knowledge/subsurface
calibration, experimental quality,
appropriate modeling

Applicability/Advantages

« relatively fastto acquire, and
processing methodology well
established

« primarily used in materials with
low EC (sand, gravel, or rock
except shales)

e can be run repeatedly in time-
lapse mode to track changes in
moisture (above water table) or
EC or dielectric properties
(plume or spiil bodies, including
several experiments tracking
presence and changes in dense
nonaqueous phase liquid ]

[DNAPL] in sandy aquifers)

Saturated

« minimal penetration in
electrically conductive (silts
and clay-rich or conductive
pore water) units

« interpretation of features and
depths semiquantitative
withoutindependent
reference (well or cone
penetrometer [CPT))

ITRC FracRx-1
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[Tools collect these types of information

Lithology Contacts

Porosity

Permeability

Dual Permeability

Faults

Fractures

Fracture Density

Fracture sets

Rock Competence

Mineralogy

Ground Penetrating Radar (GPR)

QL-Q v v v v
High Resolution Seismic Reflection (2D or 3D) QL-Q v v v
Seismic Refraction QL-Q v v v v
Multi-Channel Analyses of Surface Waves (MASW) [QL-Q v v v v
Electrical Resistivity Tomography (ERT) QL - sQ v v v v
Very Low Frequency (VLF) QL v v v v
ElectroMagnetic (EM) Conductivity QL v v v v

__Downhole Testing

Green shading indicates that tool is applicable to characterization objective

ITRC FracRx-1
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Integrated Borehole Log - Example
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Core
Intervals

_Bedrock Canng Information

Depth Recovery

(Feet)

-_—
0 (%) 100

Bedrock
Description

157 - 167 feet

167 - 177 feet

177 - 187 feet

187 - 197 feet

- 158

~ 160

- 162

- 164

- 166

- 168
=170
=172
174
- 176
- 178
L 180
- 182
- 184
- 186
- 188
- 190
; 192
- 194
- 196
- 198

[ 200

Sharpner's
Pond Diorite

Andover
Granite

Sharpner's
Pond Diorite

a)uBID Jan0pUY

10 puod sjaudieys

ayl

8)|UBID JAAOPUY

Integrated Borehole Logs
Borehole Geophysical Logging Results
Acoustic Caliper Magnetic Sus. sP Fluid Tt HPFM - Ambient
Depth —_— T2 (gpm) 0 epth | FLUTe Transmissivity
OTV Image ATV Amplitude ATV Travel Time 4 (Inches) 7 |0 (10e-3Sl) 24 © (mV) 30 | 10 (DegC) 19 7 - Over 1-Foot Intervals Packer Testing Final FLUTe
- ‘ i HEEM.~ Pumpln el Results Construction
: I | X
0 90° 180°270° 0° | 0 90° 180°270° 0° | 0° 90° 180°270° 0° | Tadpole Plot Nat. Gamma Ray SPR Fluid Conductivity :‘J_Z , (gerr;) y 02| 0 (ecm2/s) 0.02
legative = Flow Down |
0 (Degrees) 90 | 0 (cps) 240 = 1900 (Ohms) 3500 | 220 (uSicm) 340 Positive = Flow Up
% s3 1 g - 158 - — 158
1 885 |88 - = a
So0q |22
332 |558F 160 1 — 160
S&z [S23E
338 |2S3p ] Packer Test 4 SE e
=2 @ (139-169 feet) =
i Fe2 4] EL 2
lm Trans. = 18.2ft2/d | =
r s CVOCs = ND 8 - 2
L 164 - 1,4-Diox. = ND é H 164 -
L 4 e B E
L 2
F1ee 4| — 166 -
- 168 - f— 168 -
[ 170 4 - 170 =
| flow into & gp I g e H
Ithe borenol L 172 49 £ 172
under pumging
\conditions r 1 £ B
[ - 174 - D - 174
—'7 g
r 1 g B B
IR SE- 7 &
B =3 iz
— — - 178 < 50— 178 —
i L 5 e =
- 180 - - 180
- 4 = H
1 182 4 - 182 —
2 [ :I Packer Test 5
5 - ru (169-199 feet) i 1
(] - e — -
é i é §U= . ] Trans. = 12.5 ft2/d .
88 |522Er 4 CVOCs = ND i 4
g5 |98%: 1.4-Diox. = 0.31 ug/L
—H— 28 |832% - 186 - — 186 —
g @ Slec ®
Sg [§3e 4 - 4
a® o|®
=C 315
g A - 188 - - 188 —
@
190 = 190 —=
1 192 4 =l 192
flow into & gp j 1 2
{the borehol| r = S E
. ! |under pumging B q E
conditions 194 § : 194
B 5 8 - JE:
B 3
- 196 - S8 106
L 3 g A ji:
[ L 198 - | — 198 -
~ 200 - - 200 —

Courtesy Rob Garfield, Hager-Richter Geoscience
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Plan View - Example
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ITRC FracRx-1
Figure 5-5
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Geology

Select Investigation Tools

Hydrogeology

L

Chemistry

)

Develop and Implement Work Plan

» Select tools

» Drill bedrock boreholes
» Collect rock cores as necessary

» Test boreholes for hydrologic characteristics and contaminant
distribution (packer testing/packer sampling, heat pulse flow
meter, multi-well aquifer pump testing, etc.)

» Sample and analyze groundwater

ITRC ISC-1, 2015
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A typical fractured rock characterization work
plan should:

» Emphasize characterization and data collection
objectives

» Present a data collection process

» Include the tools selected

» Be forward-looking to discuss what
procedures/software/models may be used for data
evaluation and interpretation

» Include data evaluation process
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Develop a Workplan
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ITRC endorses a dynamic field approach to
site characterization to the extent practical at
fractured rock sites

A dynamic work plan can involve
» Real time data assessment

» Frequent (up to daily) calls or data uploads between
the field team and project stakeholders to review
field activities and data, to make decisions next
steps for efficiently completing the characterization.

» Continuously or frequently updating the CSM
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Implement a Site Investigation
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» If real time or near-real time data are being generated during the
Investigation, these results can be evaluated as they are generated to
help guide further data collection activities

We stress that characterization activities must be designed
to not spread contamination!

» Do not leave open holes where flow can occur between
previously unconnected fractures.
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Using this case study site as an example...

» See how regional ("macroscopic) structure influences
site-scale (“mesoscopic”) structure

» Recognize the usefulness of measuring and
analyzing in-situ bedrock fracture orientation data

» Understand how fracture orientations affect
» Modeled groundwater flow directions (anisotropy)
» Observed plume geometry
» DNAPL migration

» See the hydraulic and fate-and-transport parameters
that were quantified to understand the fracture
system and the matrix
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Courtesy Michael Gefell
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Source: Basemap from Connecticut Geological and Natural
History Survey, 1990. White-colored map area = sedimentary rocks (“red beds”)
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Bedrock Conceptual Model
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Cross Section Perpendicular to Inferred Strike of Fractures (Primary
Groundwater Flow Direction)
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bedding

/
plane < ’
fractures &

steep cross-cutting fractures

Courtesy Michael Gefell
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In Situ Fracture Orientation Data
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™ 3-D Model of DNAPL Observations in
Bedrock
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Looking North-Northeast Along Strike of Fractures

® —~_Top of Bedrock Surface
(colors vary with elevation)

Former On-site Wells at
Top of Bedrock Surface
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» Bulk permeability = 104 cm/s
» Matrix porosity = 8%

» Fraction organic carbon = 0.5%
» Fracture aperture = 97 microns
» Fracture spacing = 155 cm

» Fracture porosity = 0.006%

T ———
Pt S g T
; e, o T A e
SIa Wi Je B
{ ) A -

. LA

Courtesy Mrichael Gefell

Courtesy Michael Gefell
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Today’s Road Map — Connects to “R
ITRC Guidance
» |dentify similarities and differences = W 3

between characterizing fractured rock - { )

and unconsolidated media sites. 1 ) Chemistry
(Chapters 2 - 4) .

» Recognize the skills, approaches, and tools
available to characterize fractured rock sites
and develop CSMs (Chapter 5)

» Apply improved approaches to develop
Remedial Action Objective (RAOs) and select
remedies (Chapter 6)

» Describe development of a monitoring strategy
for fractured rock sites (Chapter 7)
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Challenges

Solutions &
Remedies

» Attaining prescriptive levels (e.g., MCLS)
generally more challenging than in
overburden

» Focus on “SMART” RAOs and risk
reduction

» Consider remedies that have reasonable
timeframes and costs, and that:

* Address most critical risks

* Foster partial cleanups SAR!

_ pecific
* Address community concerns Measureable
* Progress towards complete restoration Applcable

Time Bound




" Establish Remedial Action Objectives
(RAOSs)
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» “SMART” RAOs and risk reduction may consider:

* Groundwater discharge to surface water
* Vapor discharge
* Mass flux zones
e Source zones
» Acknowledge uncertainty

» Develop contingency plan

Remediation Objectives, Section 3 of ITRC Guidance:
Integrated DNAPL Site Strategy (IDSS-1, 2011)

SMART
Specific
Measureable
Applicable
Relevant
Time Bound



http://www.itrcweb.org/GuidanceDocuments/IntegratedDNAPLStrategy_IDSSDoc/IDSS-1.pdf
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Special Considerations in Bedrock
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Properties Difference at Fractured Impact
Rock sites

Hydraulic
conductivity/
mass storage

NAPL

Groundwater
flow
direction/flux

Abiotic/biotic
reactions

Wider range of hydraulic
conductivity and contaminant
mass storage domains

NAPL distribution may be
even more complex than in
porous media

Groundwater flow is more
complex, especially on local
scales

Wide range of biotic and
abiotic interaction with
fracture surfaces and rock
matrix

ITRC FracRx-1, Summary of Section 6.2

Injection and extraction based
remedies can be more difficult to
implement successfully

NAPL more difficult to
remove/contact

Preferential flow can complicate
amendment distribution; passive
remedies (e.g. barriers) can be
more difficult to install

Need to understand rock types and
whether matrix degrades or
Immobilizes contaminants; can
enhance MNA at some sites
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» Begin technology screening with consideration of
general rock types
* Rock type affects fate, transport, storage,

geochemistry characteristics, and therefore
remediation

= Differences in hydraulic characteristics
= Differences in organic carbon content
= Abiotic transformation reactions
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» Highly soluble contaminants may exhibit strong
matrix diffusion

* Subsequent back diffusion following remediation
of contamination within fractures

» NAPLs may be transported great distances

* Horizontal and/or vertical transport in fracture
network

» Water-contaminant-rock interactions very
different on fracture surfaces than in rock matrix
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Table 6-2. Remediation Tech logy S ing Matrix for Fractured Bedrock E nvironments

Hydrogeology Physical Cortainment Chemical / Biological
. ) e A% In- Situ Chenical In-Situ Chemical A : ~
Represertative Rock Types/ Origin Transmissivity (Flow) — Vapor & sartactart| CNARC P8 Permeable Oxidation Reduction In-Situ Bioremediation
Removal Thermal | Air Sparge | Multiphase 3 Reactive Shortlived | Longlived | MNA
Matri Frac Storage Extraction | Flushing’ | Recovery [ Treat Barrier Shortived | Longdived | Shortlhed | Long-lhed | 728" czfm
e fagi e oxidant oxidant reductant | reductant
XSG
Coal Bitu minous H L H Y u u Y U Y ¥ N N N N N N Y Y
B Anthracite L L L Y u U Y U Y Y N N N N N N o3 Y
" E Limestone (including Karst) H Lor H H 2 Y u Y u Y Y ¥: N Y N X; N Y Y
] § | Carbonates T
o Dolo mite & Recrystallized
«© (raestone L LorH L Y Y u o0 u Y Y Y Y Y N i Y Y Y
; Cemented Sandstone,
g Conglomerate, & Cther L H L Y Y u Y Y e, ) 7 b Y Y Y Y Y Y Y
£ Coarse Grained Rocks
E Clastics Uncemented Sandstone,
Conglomerate, & Other H L H Y Y u Y N Y X3 N N Y N N N Y Y
Coarse-Grained Rocks
Shale & Mudstone H H H Y Y u Y. Y Y Y Y: N Y N Y N Y Y
" Edrashas Tuff /Sooria / Pumice H L H U u U Y N Y Y N N Y N N N Y Y
s Basalt / Rhyolte L H L u u u Y X Y ¥ Y Y Y Y Y Y Y ¥
o T
v Intrusives IRE & A L H L u u u v v v ¥ ¥ y ¥ ¥ ¥ v ¥ v
9 g Crystalline Intrusives
§a Foliated Metamorphsics
&g {e.g., Gneiss & Sohist) L H L u u u Y Y Y Y Y Vi Y > ¢ Y Y Y b
T Metamorphics Unfolizted Metamorphics
b (2.9., Quartzite, L L 1 u u u Y N Y Y N N Y N N N Y ¥
Amphibolite]
NAPL Y Y N Y Y N N N Y Y N N N N N
Vadose Zore NMatrix Storage (sorbed mass) Y Y N Y N N N N N Y N N N N Y
Treatrmant Zore and Phase Vapor phuse X % N Y N N N N N Y N N N N 3
Corsideratiors NAPL U Y N N Y ¥: N N ) & Y Y Y ¥ Y N
e — Matrix Storage (sorbed mass) U Y N N N N N N N Y N Y N Y Y
Dissolved phase u Y N N N N Y Y ¥ Y ¥ Y Y Y Y
Vapor phase (desohed gas) U Y N N N N Y Y Y A Y Y Y Y ¥

* This table is for general technology screening only. Technology s election must be based upon careful review of site-specific anditions.
1. Surfactant usein bedrock presents a high degree of uncertainty and was not recommended as afracured bedrock remediation technology in previous ITRC guidance (ITRC, 2003). However, some ca e studies have demonstratedsuccess with fractured bedrodk s ites in somes cenarios.

H=High Y =Yes,generallyapplicable r diation technaol
L=Llow U = Unlikely to be applicable rem ediation technology
N =No,generally not applicable remediation technology

ITRC FracRx-1, Table 6-2
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INTERSTATE

COUNCIL «

* ADOTONHDIL *

* AOLYINO3Y

- - Transmissivity (Flow)
2 1_ Representative Rock Types/Origin Matrix
Storage
Com partm ent Matrix Fracture g
Model —
EI : Coal Bituminous H L H
ements - Anthracite L L
by Rock Typ e ° E Limestone (including H L or H H
= = Carb Karst)
) = arbonates Dolomite & Recrystallized
A _ Yy L LorH L
> Limestone
i) Cemented Sandstone,
g Conglomerate, & Other L H L
-_g Coarse-Grained Rocks
& Clastics Uncemented Sandstone,
Conglomerate, & Other H L H
Coarse-Grained Rocks
Shale & Mudstone H H H
E Extrusives Tuff/Scoria/Pumice H L H
S Basalt/Rhyolite L H L
g iR Grani.tes & Othfar L H L
8 4 Crvstalline Intrusives
2 § Foliated Metamorphsics L H L
o3 X (such as Gneiss & Schist)
2] =
3 Metamorphics | Unfoliated Metamorphics
2 (such as Quartzite, L L L
=2 Amphibolite)

ITRC FracRx-1, Table 6-2

1] H — “ngh”
“L” = “Low”
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Range of Technologies
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Physical@ Contaminant@ Chemical@Biological® |
In-situlhemical@ In-situhemical®@ In-situBioremediationt
Airl Vaporli& Surfactant?| Pump®@ Perme;.able Oxidationl Reductionf ]
Removalll [ Thermalf] Spargeld Multlph.a sefl Flushing@ Treatl® React.lve Short-lived?} Long-lived@| Short-lived?] Long-lived® Short-livede} Long-lived?)
Extraction Barrierf ) : carbonf carbon@
oxidant@ oxidant@ reductant@| reductant® substrated | substratem

Tabbe 0.2

Tnchrology Serwening Matiix for § sactured Bedisch f]

P

* et O\

Irwemes ey (Mo

Cravemt

[y

~ersome

(R Sr——

ITRC FracRx-1, Table 6-2
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General Technology Applicability
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Example: Physical Removal
Y = Generally applicable

N = Not generally applicable
U = Unlikely applicable

Physical
, Vapor & | o) factant
Removal Thermal | Air Sparge | Multiphase 7
Extraction [ Flushing
e e e
Y u U Y U
Y U U Y U
\f Y u Y u
Y Y u Y u
Y Y u Y X
Y Y U Y N
Y Y ) Y Y
U U U Y N
U ) U Y Y
u U u Y Y
U u u Y \ (
u u u Y N

ITRC FracRx-1, Table 6-2
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» Removal

* Limited to unsaturated, “soft” or weathered rock

* Good for high matrix storage and primary porosity
» Thermal methods

* Different methods have individual advantages and
disadvantages for different types of rock

» Air sparge

* Distribution pathways likely to be very limited
compared to those in porous media
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Physical Technologies

Vapor and Multiphase Extraction
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» Both commonly applied in bedrock

» Design more challenging due to discrete fracture
control of vapor and fluid migration in bedrock

» Commonly coupled with other technologies
* Usually component of thermal methods

* Commonly coupled with peroxide ISCO for off gas
control
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Surfactant / Cosolvent Flushing
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» Challenging due to heterogeneous fluid flow

* Preferential migration through transmissive, large-
aperture fractures

* Little or no contact with NAPL in less-transmissive
fracture zones, primary porosity, or matrix storage

» ITRC (2003) recommended against application of
surfactants/cosolvents in fractured rock aquifers
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Containment Technologies
Pump and Treat
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» Widely applied, but special rock considerations

* Communication with overburden or weathered
bedrock

* Fracture orientations and anisotropy
* Multiple intersecting fracture sets

* Capture-zone geometry more complex than in
porous media, estimate using:
= Modeling
= Hydraulic head measurements
= Groundwater contaminant concentrations
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Containment Technolo_gies _
Permeable Reactive Barrier Zones

* INTERSTATE

X
-
m
0
I
r4
e
0
Q
=

TR

COUNCIL

* AMOLVINDIY

» Accurate fracture identification and depth
resolution are critical

* Target transmissive, water-bearing fractures
* Careful coring and logging to identify depths

* May be ineffective if a transmissive fracture Is
missed

» Injected media may affect fluid flow

» PRBZ technologies most applicable to sites with
significant secondary porosity
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Chemical and Biological Technologies
In-Situ Chemical Oxidation & Reduction
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In-Situ Chemical Oxidation (ITRC ISCO-2, 2005) &
Reduction (ISCR) (ITRC IDSS-1, 2011)

» Reagent distribution is critical consideration

* Distribution through transmissive secondary porosity
rather than primary porosity or matrix storage
domains

» Fracture orientation and density-driven flow
» Oxidant demand generally low (fracture surfaces)
» Long-lived oxidants diffusively penetrate rock

» NAPLs have much less interfacial surface area or
trapped in less-transmissive fractures

» ZVI for permeable reactive barrier applications



http://www.itrcweb.org/Guidance/ListDocuments?TopicID=10&SubTopicID=17
http://www.itrcweb.org/Guidance/ListDocuments?TopicID=5&SubTopicID=10
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Chemical and Biological Technologies
Bioremediation and Monitored Natural Attenuation
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» Also widely applied

» Reagent distribution challenges like ISCO &
ISCR

» Consideration of microbial distribution between
groundwater and primary porosity, and biofilms

» Ability of microbes to migrate into and survive
within primary porosity is not well known
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» Remedial paradigm has shifted to accept that
combined remedies are almost always necessary

* Emphasize strengths, minimize weaknesses

» Rock often requires development and/or
modification of standard overburden approaches

» Spatial and/or temporal separation

» Requires careful designs to consider both
positive and negative interactions between
technologies

» The 21-Compartment Model may help develop
and communicate combined remedy strategies
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» Bench and field pilot tests provide relevant data

* Treatability, rock-chemistry interaction, reagent
distribution, and overall effectiveness

» Relevant differences from overburden include:

* Rock surface area exposed to groundwater,
contaminants, and reagents is very different

= Generally don’t use crushed rock for bench tests.

* Fracture-controlled groundwater flow can be much
faster than in granular overburden
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Using this case study site as an example...

» See how hydraulic containment was modeled to
support the remedial design for VOC-affected
bedrock groundwater

» Understand the multiple lines of evidence that
are used to confirm that the existing remedy Is
protective
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Bedrock GW Remedy: 2 — Monitored Natural Attenuation
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» MNA parameters monitored every 2 years at
select wells inside and outside of capture zone

» VOC, 1,4-dioxane and tetrahydrofuran (THF)
concentration trends and attenuation half-lives
updated in annual MNA reports

* Concentrations decreasing, even downgradient of
bedrock DNAPL zone

» Quantitative polymerase chain reaction (QPCR)
analysis demonstrated degraders present for
CVOCs, BTEX, 1,4-dioxane and THF
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» |dentify similarities and differences
between characterizing fractured rock ooy )
and unconsolidated media sites. - | , \ Chemistry
(Chapters 2 - 4) N

» Recognize the skills, approaches, and tools
available to characterize fractured rock sites Transport
and develop CSMs (Chapter 5) .

» Apply improved approaches to develop -
Remedial Action Objective (RAOs) and select
remedies (Chapter 6)

» Describe development of a monitoring
strategy for fractured rock sites (Chapter 7)

‘i

Monitor _ |
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» Develop a groundwater monitoring strategy for
your fractured rock site taking into account:

* Results of the site characterization

* Information needed to ensure that the selected
remedial strategy attaining site-specific cleanup
goals
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» Compliance monitoring

* Assess compliance with regulatory requirements
and protection of human health and the
environment

» Operational monitoring

* Assess whether a remediation system is meeting
or approaching its functional objectives

» Progress/Performance monitoring

* Assess the effectiveness of a remedial in
achieving functional objectives
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» Subsurface gas

* Monitory migration and/or degradation of contaminants in the
fractured rock

» Groundwater

* Monitor concentrations of dissolved contaminants and water
level elevation data are needed to monitor groundwater flow

» Surface water

* Monitor groundwater discharge, surface water quality and
Impact to groundwater

» Aquifer matrix materials

* Groundwater or subsurface vapor monitoring data are
Indicators of conditions in the aquifer matrix materials
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» Characteristics of the rock type(s) at the site
* |Igneous, sedimentary, metamorphic

» Fracture network and bedding orientation and lateral
extent
* Need data from multiple wells

» Role of hydrogeochemical zoning
* Minerals may release metals into solution and low pH

» Location of potential sensitive receptors
* Monitoring must evaluate the potential for exposure to receptors

» Characteristics of other media
* May provide insight into extent of fracture network
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Selection of monitoring locations is based on:

» Fracture network

* Where are the most transmissive features and what is there
orientation?

» Groundwater gradient and flow direction
* Where is groundwater, and hence contaminants, flowing?

* |s flow being refracted by the fracture network or is an
equivalent porous media model acceptable?

» Geochemistry

* Focus monitoring on fracture zones with site related
contaminants.
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Monitoring: Locations
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» Source zone wells

» Impacted zone wells

» Distal portions and boundaries of the area of
Impact

» Up gradient and cross gradient wells

» Sentinel wells
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Integrated Borehole Logs
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» USEPA guidance “"Groundwater Remedy
Completion Strategy. Moving Forward with an
End in Mind” suggests four elements to an
effective remedy evaluation

1. Remedy operation

2. Remedy progress toward groundwater RAOs
and associated clean up levels

3. Remedy attainment of RAOs and cleanup levels
4. Other site factors
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» Former Industrial Site in Greenville, South Carolina
llustrates development of a remediation monitoring
strategy

» Media to monitor
* Groundwater and surface water
» Monitoring network design

* Weathered rock zone grades into competent bedrock
consisting of metamorphic gneiss with little matrix
porosity

* Fractures in the bedrock were predominantly sub-
horizontal

* Water-bearing fracture zones could be readily identified
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» Monitoring network design (cont’d)

* 15 monitoring wells in the source area and 37
monitoring wells in the impacted zone and
adjacent areas in saprolite and bedrock

* Included upgradient, cross gradient, and sentinel

wells

* Wells installed upgradient and down gradient of
ZV1 barriers to monitor remedy progress

* Additional cross gradient wells were installed to
confirm the treatment area boundaries

* Periodic surface water sampling is conducted
down gradient \ of the impacted zone
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Using this case study site as an example...

» See how the monitoring network for this site
was designed

» Recognize methods that can be used to
reduce monitoring cost, while remaining
protective

» Appreciate how historical data can be used to
support reducing the monitoring frequency
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» Bedrock monitoring wells installed in two general depth
zones — screen depths based on core inspection,
packer tests, and/or geophysical logs:

* Shallow bedrock — top 30 feet of bedrock
* Deep bedrock — 60 to 125 feet below top of rock
» Annual, sampling for VOCs (biennial for MNA
parameters) at subset of monitoring wells

* No-purge sampling at wells with higher concentrations
reduced sampling cost by half relative to low-flow

» Comprehensive network sampled by low-flow every 5
years for VOCs and 1,4-dioxane

» Long-term sampling frequency is based on historical
trend statistics, and frequency-scenario testing
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Courtesy Michael Gefell
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» Mann-Kendall, Sen’s Slope and Linear Regression
Trend Test Results (number of wells with trend at 90%

Semi-Annual 18-19

Biennial 15 10 0

» Regulator approved reduced sampling during RD/RA
* 23% no sampling, water levels only
* 52% every 5 years
* 16% of wells annual
* 3% biennial
* 6% variable (in source zone — remediation monitoring)
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Dispelling
the
Fractured
Rock Site
Myth
These
Sites
Really Can
Be Cleaned
Up!

Courtesy Dan Bryant
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» |dentify similarities and differences
between characterizing fractured rock Biroooy )
and unconsolidated media sites - | | \ Chemistry
(Chapters 2 - 4) A/

» Recognize the skills, approaches, and tools A
available to characterize fractured rock sites Transport
and develop CSMs (Chapter 5)

» Apply improved approaches to develop -
Remedial Action Objective (RAOs) and select
remedies (Chapter 6)

» Describe development of a monitoring strategy
for fractured rock sites (Chapter 7)

‘i

Monitor _ |
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» The tools matrix is a
downloadable excel
spreadsheet located in
Appendix A

» Tools segregated into
categories and
subcategories, selected by
subject matter experts

» A living resource intended to

be updated periodically

Surface Geophysics

Downhole Testing

Single well tests

Cross Borehole Testing

Solid Media Sampling Methods

Solid Media Evaluation and Testing Methods

Discrete Groundwater Sampling & Profiling

Multilevel sampling

Microbial Diagnostics

Stable Isotope and Environmental Tracers



http://www.itrcweb.org/documents/team_DNAPL/DNAPL.xlsm
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm#Geophysi
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm#Surface_Geophysics
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Downhole_Geophysics
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Hydrauli
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Single_Well_Tests
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Cross_Borehole_Testing_header
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Discrete
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Solid
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Solid_Media_Sampling_Methods
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Solid_Media_Evaluation_and_Testing_Methods
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Direct-P
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Discrete2
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Multilevel_Sampling
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#DNAPL_Presence
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Chemical
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Environm
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#Stable
http://dnapl.aciwebs.com/Content/Appendix%20D%20Tools%20Descriptions.htm?#On-site_Analytical
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» Use ITRC's Fractured Rock Document to guide
your decision making so you can:

* Develop quality Conceptual Site Models (CSMs) for
fractured rock sites (based on the state of the
science)

* Set realistic remedial objectives

* Select the best remedial options

* Monitor remedial progress and assess results
» SO0 your site teams can make confident and

effective decisions ...... going beyond containment
and monitoring - - to actually remediating sites



http://fracturedrx-1.itrcweb.org/
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» 2nd question and answer break

» Links to additional resources
* https://clu-in.org/conf/itrc/FracRx/resource.cfm

» Feedback form — please complete

* https://clu-in.org/conf/itrc/FracRx/feedback.cfm
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Certificate (PDF)

We would like to receive any feedback you might have that would make this service more
valuable.
Please take the time to fill out this form before leaving the site.

&Ihks

 Tomtet Stares 1=
s Daytime Phone Number:

Need confirmation of your participation
today?

1 | Email Address:

) certify that I attended this live
seminar or viewed the archive in its |=

Fill out the feedback form and check box
for confirmation email and certificate.
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