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Even with the complexities of fractured rock aquifers,
remediation technologies are being implemented. . .

Drilling bedrock boreholes (mudstone)
Naval Air Warfare Center, West Trenton, NJ

Steam injection apparatus (limestone)
Loring Air Force Base, Aroostook County, ME
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Geologic complexity of fractured rock aquifers

e Hierarchy of void space

e Complex fracture connectivity Borehole FSE6
eLarge range of hydraulic properties Depth below  Acoustic Transmissivity
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%USGS Granite and schist, Mirror Lake, NH
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Even relatively “simple” fractured rock environments are
subject to significant complexity in the characterization

: , of contaminant transport
e Hierarchy of void space
e Complex fracture connectivity

eLarge range of hydraulic properties

Naval Air Warfare Center
Borehole 68BR
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In fractured rock, where is the DNAPL ?

Small “pool” heights of DNAPL force DNAPL into small aperture fractures

Residual DNAPL

Unconsolidated porous _~Water pressure

"

DNAPL pressure
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Small “pool” heights of DNAPL force DNAPL into small aperture fractures
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H = DNAPL head

b = fracture aperture

g = gravitational acceleration

6 = contact angle (DNAPL — water)

o = interfacial tension (DNAPL — water)
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TCE

m Coal Tar/Creosote
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Aperture required to stop migration (microns)

9 micron (9 x 10° meters) fracture aperture
needed to stop 1 meter “pool” height of TCE

e Diameter of human hair ~50 microns



In fractured rock, where is the DNAPL,
and where is the dissolved phase DNAPL ?

High permeability
flow path

DNAPL forced into small
aperture sections of fractures

Fracture surface

Complex topology of fracture surfaces

Chemical diffusion into matrix porosity
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Most remediation technologies are inconsistent with the
geologic complexities of fractured rock aquifers

Influent flushing solution Contaminated fluids
(e.g., steam, alcohol, pumped to on-site or
surfactants, chemical oxidizers, off-site treatment
microbial agents, etc.)
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Chemical and/or microbial reactions with DNAPL and its dissolved
hase, or increase mobility and/or solubility of the DNAPL
2 USGS p y y
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Most remediation technologies require
contact with the DNAPL or its dissolved phase

Naval Air Warfare Center
Borehole 68BR
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Remediation technologies will be effective in the most permeable fractures
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Even with all the complexities associated with fractured
rock. . . reducing contaminant mass in permeable
fractures may be a part of addressing project objectives

TCE and DCE are electron acceptors
which compete with all other electron
acceptors
R Qrganic
Sch M Degradation
Qe,/OOC TEAPS: Oy, Fe(lll)
1l Vi
//l .
7 Sorptio
// &
/
c,/
/ Other reactions (precipitation,
Matrix speciation, adsorption, exchange)
diffusion
Reactive transport models will be critical in evaluating the
%USGS cost/benefit of applying remediation technology in fractured rock



Designing and monitoring remediation at the
Naval Air Warfare Center, West Trenton, NJ

458RO 8BR P
29BR 416R®
336R®
618RO soor® O 10570 Bioaugmentation
47BR®
Bioaugmentation - i7oreg (US Navy, Geosyntec,
(US Navy, USGS, 4 USGS 2005)
39BR
a26r®

Geosyntec, 2008) ; ,

Thermal conductive heating

846R® (US Navy, TerraTherm,
Queens Univ., USGS, 2009)

346R®
Legend
0 100 200 300 400 Feet @ Bedrock borehole
: ) : f f »— NAWC Boundary
0 30 60 a0 120 Meters Fault
Building

@ Pump-and-treat well
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In situ bioaugmentation

EOS & KB-1 Injection Pumping Well
36BR AI5BR Below
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*Water pumped from 36BR-A into 2 bladders (bladders
pre-flushed with argon to keep formation
water anaerobic)

*One bladder dosed with EOS and Vitamin B12

e|Injection of ~50 gallons EOS solution

eInjection of 20 L microbial consortium KB-1

e|Injection of ~100 gallons EOS solution

eInjection of ~100 gallons formation water (anaerobic)
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29BR

c3gR®
41BR®

356R®

sor® O ‘EE“'\ Bioaugmentation pilot study (2005)

47BR®

using EOS and KB-1
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ThRee using EOS and KB-1
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Interpreting the contaminant concentrations at points of
ground water discharge

Water Level Change (ft)

1.5

Aquifer test conducted at g
the NAWC by manipulating the ’

discharge of pump-and-treat
wells

0.5

Responses to pumping indicate potential contaminant pathways,
= USGS but do not indicate the residence time and chemical mixing
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Ground water flow and transport models
have been developed that represent the
results of /n situ hydraulic and tracer
experiments

Ground water drawn into 15BR
comes predominantly along
the strike of bedding

Diagram of bedding used in the
ground-water flow model of the
%USGS mudstone at the NAWC

science for a changing world

15BR draws significantly less water
from the down- dip-direction of bedding

Highly Weathered Rocks

Less Weathered Rocks
Low K Mudstone Beds

High K Mudstone Beds
Deep Rocks



Interpreting the contaminant concentrations at points of
ground water discharge

Depth
3J6BR Below
73BR 70BR  T1BR 25BR  15BR LS (m)
. Fil | ‘
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e Remedial design Is improved through direct evidence of ground water residence
times and chemical mixing

e Designing the monitoring of remediation is improved through the understanding
of the geologic framework, flow regime, and direct evidence of

chemical transport
» Multilevel monitoring boreholes (70BR, 71BR, and 73BR) were installed prior to
= the bioaugmentation experiment
a USGS
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From complexities of fractured rock, we should anticipate. . .

eComplex distribution of DNAPL (free and dissolved phase),
with contaminant mass in small aperture fractures and the
primary porosity of the rock

eRemediation technology will be most effective in most
permeable fractures

eDesigning containment and remediation requires
understanding of geologic framework, ground water flow
regime, and chemical residence time and mixing

eMonitoring at manipulated boreholes, pumped boreholes,
and intermediate locations

science for a changing worfd



A few final thoughts.

-We ha\fe had—gTeathuccess |rl_develop|ng tools foro i
7 un erflow and chemical t transport

--«Ln fracture rock..-our success ‘makes it possible to
deS|gn‘ahd‘?_plemeﬁt contalﬂment and remediation J
strategres r e N Sl
&
-Expectatlons of remed;étlon success mus\'be tempered
by the reaIrty of the C ymplexities of fractured rock. . =
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