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St Transport and Fate
of Contaminants in Groundwater

Transport:

— The movement of chemicals under the
influence of physical processes (e.g.
advection, diffusion)

Fate:
— Contaminant change into other chemical species

— Contaminant transfer to subsurface solids or
surface environments
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. The Scientific Method

Examination of
multiple working
hypotheses and
continual
Skepticism are the
essential elements
of the scientific
method.

Construct
Hypothesis




Observe and Conclude

Remedial
Investigation Report

Inductive Approach

Structured
compilation of
relevant data and
observations

reviewed by DTSC

leads to:

Concluding
hypothesis

Hypothesize and Test

Site Conceptual |
Model Report

Deductive Approach

Hypothesis
formulated from initial
observations and
scientific theory

created in peer-
reviewable modules

Tested, modified, and
confirmed by:

Supporting
observations and data




T a )nceptual Model (SCM) Definition

» The SCM organizes information in a clear
and transparent structure and facilitates
the identification of data gaps

« The SCM is one of the primary planning
tools used to support the decision making
process managing contaminated land and
groundwater on a large scale



Figure 4. Elements of Site Conceptual Model
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I Background Information I
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Contaminant Distribution, Transport, and Fate Parameters

Phase distribution of each contaminant (gaseous, aqueous, sorbed, free-phase NAPL, or residual NAPL)
in the unsaturated and saturated zones.

Spatial distribution of subsurface contaminants in each phase in the unsaturated and saturated zones.
Estimates of subsurface contaminant mass.

Temporal trends in contaminant concentrations in each phase.

Sorption information, including contaminant retardation factors.

Contaminant transformation processes and rate estimates.

Contaminant migration rates.

Assessment of facilitated transport mechanisms (e.g., colloidal transport).

Properties of NAPLs that affect transpon (e.g., composition, effective constituent solubilities, density, viscosity).
Geochemical characteristics of subsurface media that affect contaminant transport and fate.

Other characteristics that affect distribution, transport, and fate (e.g., vaper transport propenies).

Contaminant Distribution, Transport, and Fate Paremeters

+ Phase diatrioution of each contamingrt (g aqusous, sorbed, froa-phase NAPL, of resicual NAPL| U S E PA
n the unsaturated and seturated Zones

+ Spatial distribution of subsuface contaminants in each phase in 1he unsaturated and saturated ronss. . .
e e it Publication 9234.2-25
L Comaenart omaion ot o e EPA/540-R-93-080
» Contaminant migratian rates.

« Assessmert of faciitated wansport mechanisms (0.Q., colioical iranspary).

« Propertee of NAPLS that attect ranspon (0.9.. compostion, effecive constitvent sclubilities, density, viscosity). P 893 '963507
« Geochemical characienstics of subsurface media that atect contaminant transport and fate

« Other characteristics that affect distribution, tranepont, and Iate (e.g.. vapor 1ranspon Groparies). Septe m ber 1 993




SCM Approach
in the DTSC Process

The California DTSC also requires the SCM approach as follows:

Define where the chemicals are, understand how they are moving,
identify applicable physical parameters for each contaminant, assess
how contaminant may migrate within existing site conditions, and
describe phase and location where contaminants are found.
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United States Office of Environmental EPA/240/B-068/001
February 2006

Enviros al Protection
AAAAA Washington, DC 20460

<EPA Guidance on Systematic
Planning Using the Data
Quality Objectives Process

EPA QA/G-4

The DQO Process has been
applied at the SSFL
systematically to
characterize groundwater.

\ 4

INCREASING LEVEL OF EFFORT

ITERATE
AS
NEEDED

In this process, data gaps
are identified at each new
investigation phase.
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stalled at SSFL Through Time
1984 -2009
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‘of Scientific Expertise

Drs. Cherry, McWhorter and Parker Dr. William Arnold (Sandia Labs) and
(Groundwater Panel)

Dr. Scott James (LLL) (Modeling)
Dr. Ross Wagner

] (Geology)
— MWH Dr. Bob Will (Schlumberger)
Dr. Ramon Aravena (U Waterloo) F. Modeli 9
(Environmental Isotopes) (Fracture Modeling)
Dr. Nick Johnson
Dr. David Friedman (Hydrogeology)
(Clemson U)
Aqua Resource |
U. Waterloo
3D Groundwater Flow Model
U. Guelph ( ) Dr. Mark Logsdon
|[GRC/H&A USGS Dr. William Woessner (Hydrogeochemistry)
(U Montana) |
Dr. Tom Al
(U New Brunswick) Dr. Doug Mackay
(Geochemistry) (U.C. Davis)

‘96‘97‘98‘99‘00‘01‘02‘03‘04‘05‘06‘07‘08‘09‘10‘11

1990s 2000s




end fate L groundwater contam/nants has
;‘f‘f;anced strongly through the scientific-method
“and this has been reported in the Groundwater
"‘V‘fend SCM documents

. There is sufficient knowledge now to design
remedial treatabillity studies

- Confirmatory studies in progressfor-data gaps



The Scientific Method Applied at SSFL

. Chlorinated Solvents Degradation

The Former Sodium Disposal Facility (FSDF) Area
WS9A- Southwest Drainage Study Area
Tritium at SSFL

TCE Iéate ,Sunimary

§ \lmplicatiohs for Remediation

.. Plume Monitorability




Thest e . Processes Influencing
F | Transport and Fate

How Contaminants Move  How Contaminants Change

Transport Processes Reaction Processes
» Advection (Flow) « Sorption

— Groundwater — Adsorption

— DNAPL — Absorption
* Molecular Diffusion « Chemical Reactions

 Biological Reactions
« Radioactive Decay




R S
i

e\
! TR T
3 oy

L]

f Chlorinated Solvents
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The compound changes into another
compound that may be more or less
hazardous



e I e T T B T e S S I T T S TR T

Key Question

Is complete dechlorination
occurring in SSFL groundwater?

I

H
TCE Harmless
111-TCA Compounds?



?’@I;adation and Dechlorination
S g Processes for TCE and TCA

TCE Input Contaminants 111-TCA

cis1,2-DCE

DCA

4

Environmentally Ethane

{

TSR ST

E Complete
Dechlorination Ethane Harmless

‘ Compounds

Carbon Carbon
Dioxide Dioxide



SR By :.3"\""*~De€'radat|on and Dechlorination
| Processes for TCE and TCA

+ MCL =5 pg/L TCE 111-TCA  MCL = 200 pg/L '

' Input Contaminants '

MCL =6 ug/L cis1,2-DCE

U DCA MCL = 5 ug/L

Complete Environmentally Ethane
. Dechlorination  Ethane Harmless

: Compounds
:

€@ &

Carbon Carbon
Dioxide Dioxide



S Pathways for TCE and TCA

Biotic Pathways Abiotic Pathways

Premise:
> In abiotic TCE degradation, 3
11.1-TCA TCE daughter products, i.e. cis-DCE & T(I:E 11.1-TCA
minor VC, are only produced in minor
.-------:'—""' i amounts and have decay rales " i ‘\
i i sufficient to prevent accumulation. g “
’ ‘ /1 \
1,1-DCE trans-DCE ¢is-DCE= ! 2 cis-DCE 7 \
0 from biotic TCE I
Premise: '“"l“’r degradation I “
1,1-DCE has two il — [ 4 %\
potential parents: i = /] : “
abiotic degradation of \ i § [ )
1,1,1-TCA and TCE vC 0 J nat o ),
and the biotic degradation i a g i 2
of TCE. minor | ] [ LY
| I 7 I \
Premise: c g " $ Y
The presence of ethene 3 ' ’ ‘ \
IS su in id
1,1-DCA |,¢ m?,t’;:legmﬁuci:ze eth.ene acetylene NSR* acetylene 1,1-DCE
dechlorination of TCE. i & ethen Premige: : 1
B The prgsence of acelyfene is |
u concluEwiJﬂsd abiotig -
: TCE degradajgon. 4
coO ethene

/
Complete Dechlorination




« Degradation is transformation of a
compound without specification of
dechlorination

» Dechlorination is the process that breaks
these compounds down into harmless
chemicals

» Dechlorination causes plumes be smaller
than they would otherwise be



Types of Studies

Conducted Concerning Degradation

Specific sampling and analysis for diagnostic
degradation products

Compound Specific isotope Analysis

Laboratory microcosm studies

Identification of microbes in rock core (in Progress)

Application of Bio Traps (in progress)

UNIVERSITY
oGUELPH

IIIIIIIIIIII

Waterloo

%

UoN LV E RS 1T X

UNIVERSITY
oGUELPH

UCDAVIS

UNIVERSITY OF CALIFORNIA




- X A - ey
Porewater VOC Concentration (ug/L)
0.1 1 10 100 1000 10000 100000 1000000
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+TCE 1,1-DCE AcDCE = tDCE

Results from
Rock Core

Rock core results show
abundant TCE
degradation products



.. Groundwater TCE
Concentratlons are Decreasing

N

concentration

Maximum Concentration

Most Recent
Concentration
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time

Comparison of
most recent
results to
maximum
historical values
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Historical High TCE Result (ug/L)

Chatsworth Formation Wells (Recent Results Estimated or <MDLs) 4 Chatsworth Formation Wells

Extraction Wells (Recent Results <MDL) Extraction Wells

O Shallow Wells (Recent Results Estimated or <MDLs) ® Shallow Wells

—— One to One Comparison Line



Bottles sealed in-situ to capture
volatile compounds indicating

L. Zimmerman MSc. Thesis, U of Guelph 2010
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“SSFL RockCore Examined for Bacteria
e Causing Dechlorination

Microbial DNA from Coreholes C12,
C13 and C14:

Looking for bacteria that contribute to
TCE biodegradation.

osine -
DNA is amplified
by PCR and

EITEUFEGRGE:-NC-IM Photo of agarose gel showing
bands of Bacterial DNA

Provided by G. Lima Post Doc U of Guelph, 2011



** ‘Substantial Organic Matter SSFL Rock
il it Fosters Microbial Activity

1 ~y
C4_334_A2 60x C4_334_A2 500x

SEM BSE Images of Thin Slices of SSFL Rock Core
Solid Organic Carbon (foc) in Rock Matrix



tains Reactive Minerals in SSFL Rock

rs Abiotic Dechlorination

The Chatsworth Formation
contains :

Reactive Minerals:
- pyrite
- biotite
- hornblende
- iIron minerals
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sworth Formation Summary

The turbidite origin gives the Chatsworth
Formation compositions favorable for TCE
and TCA Dechlorination

C4_334_A2 500x

T e e e e T



"bégradatlon' Causes TCE Plume Shrlnkage

_ No degradation
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Module 2: Summary and Implications

- Ry XS,
E"-‘L SN e e

Various lines of evidence show complete
TCE and TCA dechlorination is occurring

« Even extremely slow degradation rates can
be effective at retarding plumes

Studies are in progress to determine the
extensiveness of dechlorination

Ability to monitor dechlorination over time



The Scientific Method Applied at SSFL

Chlorinated Solvents Degradation

The Former Sodium Disposal Facility

(FSDF) Area
WS9A- Southwest Drainage Study Area

Tritium at SSFL

.. TCE Fate Summary

Implications for Remediation

Plume Monitorability
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Formation Beneath All
Study Areas

atsworth ormation
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Total Equivalent Porewater Concentration along Plume Longsect
Concentration averaged over 20 ft intervals (ug/L Porewater)

Elevation in ft AMSL
1600 1800 2000

1400

1200

anatbgs

& Center of Samples
— Water Table

-~ Faults

-~ Concentration Contour

1000

Groundwater Flow

T
500




.= Hydraulic Conductivity

‘Varies Greatly Across Site

Hydraulic Conductivity (cm/sec)

1E-01

1E-02

1E-03

1E-04

1E-05

1E-06

1E-07

1E-08

X Maximum X
B Geometric Mean
X Minimum X
| ]
X
% | ]
[ ]
p 3
X X
FSDF Tritium Bell Northeast
Plume Canyon Plume

These 4 areas
span a large
range of site
hydrogeologic
conditions



-SDF Ponds Used for
“Wastewater Disposal
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metallic sodium-and’
sodium/potassium mixtures
from equipment and for
waste disposal.




Geologic Map

FSDF area of
groundwater

" impacted by TCE and
other compounds

<

Geologic Units

Alluvium

[Tss| santa Susana Fm

Simi Conglomerate
Chatsworth Fm m

- Chatsworth Fm Shale

0 Feet 2 500







FSDF TCE and Groundwater
Elevation Contours

= -
et / Direction of

|::> groundwater flow
2]

aligned with
stratigraphic dip

FSDF area of
TCE-impacted
groundwater

A----A’ Line of section

TCE (ug/L)

0 to 1

1 to 10
® 10 to 100
® 100 to 1000
@® 1000 to 10000

0 500 1000 FT \ 7 *Geometric mean of all samples




During
Pumping

Water L

T empgl e

Tembl n@

T
G
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11.75

(Lined) 13.5
Temp 12/04/04
(Lined) 13.5

280

270

260

250 —

240

230

220

210

200

190

180

Downward
Flow in
Borehole

Most Water
Out

Stabilization
Out Fractures

Open

yel
~

Apparent Limit of
Major Flow

Apparent Limit of
Active Flow

Lined

P .

Liner attachment Water Liner descent
to Casing Addition beneta"ﬂtgI ;Nater

Li
A\ Tether

Clamp
|

Eversion Point
“EP”

Tripod w/ pulley
and winch cable

Methods to
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Temperature
Profiling
shows active
groundwater
flow in
numerous
fractures
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Exceeded screening level:

® In recent data set

In historical data set
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Transport Summary

 FSDF contaminated area is small;
consistent with the low bulk hydraulic
conductivity and small fractures

 Contaminants are found in the low
permeability rock matrix at shallow depth

* The same processes that control the
FSDF plume are controlling the NE plume
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Chilorate and Other Chemicals
~ In FSDF Groundwater

Fiitla

RS-54

1,1,1-TCA

Benzene

Methylene Chloride

Boron

Cadmium r

Cobalt

71 Gopper
Molybdenum 'Z

Nickel ¢

Chloride :

RD-33A ESAD
Chloride

Perchlorate




4"'; "lvt m

" Module 3 Summary and Implications

FSDF contamination is very localized, consistent
with the low hydraulic conductivity (K)

Even though the bulk K is low, fractures are the
main pathways for contaminant migration

Matrix diffusion limits plume migration

TCE and TCA dechlorination is likely occurring



The Scientific Method Applied at SSFL
Chlorinated Solvents Degradation

The Former Sodium Disposal Facility (FSDF) Area

= 4. WS9A- Southwest Drainage Study Area

Tritium at SSFL
TCE Fate Summary
. Implications for Remediation

Plume Monitorability










Aerial Perspective of TCE
'~ . . = (and transformation product)
R i il detections in on-site seeps
Systems Test Laboratory (STL)-IV Delta Test Area

. S e R T e

Perspective view looking north-northeast On-site seeps with TCE

(blued shading TCE above drinking water) detections



Low-level detections of TCE
and degradation products
at 3 on-site seeps (all below
drinking water standards)
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PR Plumes in Relation to Seeps

Seeps sampling indicates plumes have
reached onsite seeps but not offsite

v Site Boundary
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No Contamlnants

Possibilities why:
Contaminants are not at the
seep because;

— Seep not on plume flow line

— On plume flow line but not
arrived

Contaminants are actually at
the seep but;

— Loss due to surface
volatilization at seep

— Trapped in the mud around the
seep




FC P 2  :‘_‘ - 0 Have Plumes
Se * Reached Offsite Seeps?

Monitoring well clusters to sample
groundwater beneath seeps

Well Cluster
Seep

= Well Cluster

——~~~‘H
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Groundwater Flow
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Module 4: Summary and Implications

-
E &
5%

 No TCE in more distant seeps is expected
due to plume retardation-degradation

* Monitoring wells being installed to confirm
absence of plumes at more distant seeps

 Pump and treat controls the onsite
contaminated seeps



The Scientific Method Applied at SSFL
Chlorinated Solvents Degradation
The Former Sodium Disposal Facility (FSDF) Area

WS9A- Southwest Drainage Study Area

Tritium at SSFL

TCE Iéate ,Sunimary

§ \lmplicatiohs for Remediation

.. Plume Monitorability




Tritium (°H)

Radioactive isotope of
hydrogen with a decay half-life
of 12 years.

'H is normal Hydrogen
+ + i
°H is heavy hydrogen ('/ ‘ $

3H is radioactive hydrogen I Reuton 2 heutrone

Protium Deuterium Tritium




Rocket Engine Testing for NASA
« 1949-2006

* Six Test Stands — 17,000 Rocket
Engine & Component Tests

e Last test March 3, 2006

Nuclear Research & Liquid Metal
Research for DOE RS
* Nuclear Power Research: 1956-1983 ey
« Ten reactors :
« Sodium component test facilities
« DOE Program ends 1988

Sources of Tritium




~ Two Sources of
|'um |n SSFL Groundwater

Rainfall * Nuclear Research

fallout from nuclear Operations

atmospheric tests — Experimental nuclear
1950-1963 reactors

— Radioactive materials
used in research




Picocuries (pCi) — 2 disintegrations per minute
Tritium Unit (TU) — 1 Tritium atom in 10’8 H atoms

Picocuries per liter = 1 pCi/L ~ 3 TU

Maximum Concentration for
Drinking Water = 20,000 pCi/L

Lowest Detection Limit ~ 0.02 TU



B e R

1.iS'a Sensitive Tracer of the

-" -" . 3 !_:'\. : - _'!". RN
L s L B v R
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e,x’b‘e Tritium at SSFL measurable over 8
\30‘ orders of magnitude (100,000,000)
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Contaminant Studies Atmospheric Tracer Studies



Tritium in Rain from Atmospheric Nuclear Tests
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 Porous Medium

— Provides groundwater
age (up to 50 years)

 Fractured Rock

— Indicator of flow
directions and matrix
diffusion effects




Sandstone

400 ft




. Many Wells Sampled for
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moSphetic Tritium in Monitoring Wells
| | Decreases with Depth

| o ‘.. | « Present day tritium in
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Example from two
cluster well locations
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Atmospheric tritium is used as a tracer to tell us how far
dissolved contaminants can travel in 50 years

Atmospheric tritium has not migrated far due to matrix
diffusion

3H transport down a simple fracture

h Input fracture

Retardation

A

e

> >
Time

>

q-- > Front of detectable >H at time t1

<— Plug flow position at time t
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Max Tritlum in Rock Core
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odule 5 Summary and Implications

« Atmospheric tritium is an excellent tracer for

dissolved contaminant transport by SSFL
groundwater

« SSFL tritium contamination from nuclear
operations shows a small plume consistent

with lower permeability and strong matrix
diffusion



The Scientific Method Applied at SSFL
Chlorinated Solvents Degradation

The Former Sodium Disposal Facility (FSDF) Area
WS9A- Southwest Drainage Study Area

Tritiumn at SSFL

TCE Fate Summary

§ \lmplicatiohs for Remediation

.. Plume Monitorability
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timates of TCE Released to
~ Ground (1955-1984)

T e e e e T

530,400 Gallons

NASA 1993

Gearge C. Marshall Space Flight Canter
Marshail Space Flight Center, Alabama 35812

9 . 643 drums RECORDS SEARCH AND

TRICHLOROETHYLENE

RELEASE ASSESSMENT
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Environmental Management Office
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Huntsville, Alabama

Prepared by
CHMHILL
June 1993 VOLUME 1 of 2

~ 95% used between 1955 to 1966



F == “Can the Sandstone Beneath
e SSF‘L Accommodate this DNAPL?

Two Calculations:

1. Assume that DNAPL goes into the
fractures without dissolving

2. Assume that the DNAPL dissolves
completely and then resides as dissolved
and sorbed mass in the rock matrix
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A L= [ B .
A
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S

tsworth Rock Is Required To
d?'nmoda

te 500,000 gal of TCE DNAPL

Cubic Matrix Blocks Fracture Spacing : 1 meter
Fracture Aperture: 100 microns
Footprint of DNAPL Release : 10 acres

——

Resulting Depth of
DNAPL Penetration = 150 meters

Fracture Porosity = 3¢/L

500,000 gal can be accounted for in the fractures beneath
only 10 acres to depth of about 150 meters.

Thus, the total DNAPL input volume can be accounted for
by fracture porosity near the input locations.
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Dissolved TCE can the
| “Store” in the Rock Matrix?

Dissolved
Contaminant

500,000 gallons
TCE DNAPL
represents less than
0.5 % of the
mountain’s TCE
storage capacity

Water



Rocket Test

These calculations e
show that it is ~ fim
reasonable that the

amount of
contaminants released
can be stored within
the footprint of the site
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Tritium at SSFL

TCE Fate Summary

. Implications for Remediation

.. Plume Monitorability




To protect human health and the environment

* Prevent contaminants from reaching off site
receptors

* Restore the groundwater to drinking water
conditions

» Reduce risk where appropriate



Nearly all the contaminant mass is in the
rock matrix between the fractures.

Decades Intermediate Now
ago
/A /i
H O
Om DNAPL

Dissolved

Spacing chase Phase

Fracture Dissolved




Plume
Front
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=~ " Pump and Treat Remediation

Useful for control of plume fronts but not for
contaminant mass reduction

Therefore mass reduction
technologies must be considered
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“T ech‘h 'Togles for TCE Mass Reduction

 Remove Mass

— Bring the contaminants from the rock to the
surface for destruction

— Requires injection and pumping

« Mass Destruction In Situ
— Inject substances to destroy mass in the rock
— Requires injection and diffusion



* Remove Mass
— Surfactant flush
— Air sparging
— Vacuum
— Heat

 In-Situ Destruction
— Chemical oxidation
— lron particle injection
— Enhanced microbiological



S o*ntrolled by Diffusion

Time Period 1: TCE in Fracture
0 to 50 years

Distance into Rock

diffusion in

TCE in fracture

?

Distance into Rock

diffusion in

)
- |
o
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7]
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Time Period 2: Remediation Stage
50 to 150 years

~h

Clean gw in fracture



TCE Diffusion in Sandstone at the SSFL (150 years)

Remediation (source C = 0) from 50 to 150 years
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This video shows TCE
diffusion in and out of a
column of SSFL sandstone

Source in fracture is
removed after 50 years



Carus Chemical Co. =

NaMnO, (dowt%)

FLUTe Multilevel
Well-head Seal / Vent for Arrival Monitoring




‘manganate Application in
Fractured Rock

Permangana!e Injected R | Early
in fracture Time
VOC Diffusion D — f S
Out of Matrix
B ,
Zone Diffusion into L_ater

Diffuses into porous matrix to destroy
agueous and sorbed mass



Electro-thermal dynamic
Steam-enhanced extraction In-situ thermal desorption stripping

-r-'g&:!:’
Ny TERRATHERM
S EE In Situ Thermal Desorption - Utilizing Thermal Conduction Heating ET-DS P ™
Steam Enhanced Extraction Electro-Thermal Dynamic Stripping Process

DigTAM™ Termparature Sensor




aﬁ,# % = Treatability Studies for
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Investlgatlon and Remedy Design

Office of Research and aste a

Devel nt ponse

‘Washin, DC 20460
AS40/R-92/071 obs

wEPA Guidance for Conducting
Treatability Studies under
CERCLA

Final




. Treatability Studies
“Soon to Begin at SSFL

Laboratory Studies Field Trials

— Permanganate — Bedrock Vapor

Extraction (at Bowl
— Thermal ( )

— In Situ Chemical

— Enhanced biological Oxidation (in Northeast)



US National Resource Council

(2004). Contaminants inthe ;5o\ 1o Media with Mild Heterogeneity and

Subsurface: Source Zone Moderate to High Permeability (IV) Fracture Media with Low Matnx
Assessment and Remediation. (¢.g., colian sands) Porosity

m (¢e.g., crystalline rock)
(I1) Granular Media with Mild Heterogeneity @ ‘

and Low Permeability
(e.g., lacustnine clay)

SUBSURFACE

Porosity
(¢.8., limestone, sandstone ¢
or fractured clays)

‘ (V) Fracture Media with High Matrix

(1) Granular Media With Moderate to
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i
%
i
/
i
a
g

High Heterogeneity
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SSFL



Y % : e - § .
AL ¢ ' & % < LR = - C W,
T P = ey - s o e 3 :

~" " Quotes from NRC (2004)

« The challenges of managing contamination in this
hydrogeologic setting include describing the extent of the
source zone, characterizing the fracture network, delivering
remedial solutions to the targeted areas in some cases, and
understanding the potential for reverse diffusion to sustain
contaminant concentrations in the transmissive fractures
after depletion of DNAPL.

 “Reverse diffusion of contaminants from these areas can
sustain elevated contaminant concentrations in
groundwater for long periods of time.”




SEPA s aruain

2003

The DNAPL Remediation
Challenge: Is There a Case
for Source Depletion?

“Molecular diffusion initially retards
contaminant migration via advection,
as the rock-matrix porosity serves as
a sink. However, once the source is
removed and the contaminant
concentrations in the fracture
network decrease, diffusion out of
these stagnant intra-matrix regions
can sustain contaminant
concentration in the advective flow
paths within the fracture network. “
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* Module 7: Summary and Implications

* [he options for contaminant mass
reduction are limited because nearly all
mass is in the low permeability matrix

* Appropriate treatability studies will begin
soon



“T'he natural reduction in concentration by
physical, chemical and biological processes
that occur without human intervention
...makes use of natural processes to
contain, attenuate and control contaminants
at sites.”

USEPA, 1999
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The Scientific Method Applied at SSFL
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TCE Fate 8ummary

Implicatibns for Remediation

8. Plume Monitorability




'What do we Mean by
Groundwater Monitorability’?

Feasibility of finding and delineating the
contaminants so that the nature and extent is reliably
established




Good
Monitorability:

Interconnected
fracture network
causes plume to
spread laterally

Poor Monitorability:

Paths converge to
dominant fracture —
“Superhighway”
concept
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od and Poor Monitorability

a. Fan Shaped
Plume

Relatively easy
to locate

Funnel Shaped
Plume

More Difficult to
Locate




B . . e
'S Influencing Monitorability

« Channeling in individual fractures

Groundwater in fractures:
0.001 — 0.1 % of rock vol.

* Mixing at fracture junctions

. Diffusion to rock matrix | 3

» Relative size of contaminant inputs
» Time since contamination began

* Monitoring well samples capture water from a
large volume of fractured sedimentary rock
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Travel path
for two
molecules
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area of closed fracture



Causes
Dilution and
Spreading

Co—>
Initial
contaminant
concentration

Junction

mixture <
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C'e

Applies to lateral and vertical
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_Lots of Wells Show Contamination
s and Lots of Wells Do Not

428 monitoring wells used to define extent of contamination



= = =" 2. Site Characterization vs.

Long Term Monitoring

——

- Site Characterization
. i Kk
— Determine nature and extent g:;qfsfgc wore

— Understand the nature and extent p— monitoring wells
and multilevel

— Predict future plume behavior systems
 Long Term Monitoring -
— Confirm predictions of plume behavior Us
Sin
— Protect potential receptors - monﬁoring

— Observe remediation performance wells
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Mo‘dule 8: Summary and Implications

SSFL groundwater plumes are monitorable
because:

Orderly, dense fracture networks cause strong spreading
Strong matrix diffusion leaves trails

Contaminant inputs are large enough

Sufficient time has passed for diffusion and spreading
Well capture volume is large due to small fracture porosity

Processes governing the plumes are understood



Summary

1.

Natural Processes of degradation and decay are
occurring and are decreasing contaminant levels

Groundwater flows in the fractures but mass is in the
matrix where these degradation processes occur

Long term monitoring of groundwater conditions and
contaminant concentrations is important to verify the
plume stability and continued attenuation

Remediation strategies must be based on the fact
that nearly all contaminant mass resides in the low
permeability matrix blocks between fractures












Thank You!

We welcome your.guestions!




