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Take Home

® Tools are available for characterization
and monitoring in fractured rock

* Site Conceptual Models needed for
selection of methods and synthesis

* |terative synthesis of multiple
investigations —
“Continuous Characterization”
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SGS can help develop three-dimensional subsurface
conceptual models and evaluate remedy effectiveness
in fractured-rock aquifers through:
* Geologic framework development
* Surface geophysics to delineate geologic heterogeneity
Borehole geophysics to identify permeable fractures
Straddle packer deployment for hydraulic testing and

é USGS geochemical sampling

Aquifer testing to identify site-scale hydraulic properties

Fractured Rock
Techniques

Technical L and connections

Assistance *‘-/ N .
from USGSin * Groundwater flow modeling to estimate flow directions
the Characterization and rates

and Remediation of

Tracer testing to identify transport properties and
processes

Measurement of contaminants in the rock matrix
Monitoring to assess biodegradation and long-term water
quality

Empirical calculations and reactive transport modeling
to understand processes controlling remediation and to
estimate contaminant mass removal
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SGS can help develop three-dimensional subsurface
conceptual models and evaluate remedy effectiveness

Fractu red ROCk in fractured-rock aquifers through:
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* Straddle packer deployment for hydraulic testing and
% USGS geochemical sampling
AL * Aquifer testing to identify site-scale hydraulic properties
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* Groundwater flow modeling to estimate flow directions

the Characterization and rates

and Remediation of
® Tracer testing to identify transport properties and

rocesses
Measurement of contaminants in the rock matrix

® Monitoring to assess biodegradation and long-term water
quality

* Empirical calculations and reactive transport modeling
to understand processes controlling remediation and to
estimate contaminant mass removal
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Multidisciplinary Hydrogeologic
Investigation Critical To Effective
Bioaugmentation
® Detailed stratigraphic framework
* Single & cross-hole hydraulic testing
* Tracer testing

* Flow and transport modeling




Geologic Framework NAWC
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Gamma Ray Logging + Rock Core:
Stratigraphic Framework
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Geologic Framework NAWC

® <1994: Initial Conceptual Model:
Soil; Shallow; Deep

® 2000: Preliminary stratigraphic model
(—20 layers) useful for water levels

® 2005: Detailed stratigraphic model
(—60 layers) for VOC concentration
patterns & paths

® 2010+: Hydrostratigraphy refined,
bedding is explanatory, but not the only
factor
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Single-Hole Hydraulic Testing
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Conclusions:
« Along beds connecting

36BR & 15BR:

Low K downdip

High K updip
« High-angle fractures
near 71BR provide
cross-bed hydraulic
communication.
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Bioaugmentation Implementation

* Injected:
* Electron donor solution
(EOS®) and microbes known
to degrade TCE (KB-1®).

* Flush water.

Injection
bladders

* Total injection volume:
~160 gallons

* EOS® visible in 73BR-D2
water sample taken day
after injection of
amendments
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Cross-Hole Hydraulic Testing

Aquifer Depih
tests done | __36BR 73BR  71BR 15BR |G
in 15BR [
to assess

hydraulic

connections _L—"_ 10
Packers separate
each borehole into 5
isolated zones.
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Conclusions:
* Primary flow paths between
36BR and 15BR are along two
15 thin fissile mudstone beds.
« Cross-bed fractures enable

|§D§G§ flow between these two beds.

Bioaugmentation in Dipping
Fractured Mudstones at NAWC

* Motivation:
Extremely high
concentrations of
TCE have persisted
despite 15 years of
pump and treat.

73BR 71BR

* Objectives:
Evaluate
effectiveness,
longevity,

spatial extent,
processes.
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Summary of TCE Reductions

Depth
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Results look good!
15m [BUT........ What is missing
Euq from this analysis???




VOC’s in
Rock Core

Sediment analysis
methods adapted to
rock core

Univ. Waterloo,
Beth Parker,
John Cherry &
students

Continuing
research to improve
accuracy

Available from
commercial
contractor

USGS approach is
low-cost screening
method: Lower
accuracy and higher
detection limit

Voc concentration in the rock matrix are
measured by methanol extraction from core
samples, following Sterling and others
(2005, Ground Water 43(4);557-573).

Rock core is sampled as it is removed from
the core barrel, ideally with minimal expo-
sure to the atmosphere. Broken or weath-
ered core can be sampled directly. A chisel
and hammer are used to sample intact rock
core, which is then crushed by hand
(practical for mudstone!). The sample is
placed in a pre-weighed glass jar with 50 ml
of methanol. Samples are analysed after sev-
eral months of extraction in cold storage.

Trichloroethene concentration (micrograms per liter)

The Rock Matrix
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* Profile shows TCE 1 "
concentrations in primary ._,-’
= e s ——
porosity of rock core prior H el

to bioaugmentation.

* Samples showing TCE in
water pumped from
multi-level monitoring
wells and during packer
testing

All shallow samples have
high TCE in rock matrix,
but lower TCE in samples

Depth below land surface (meters)

* Highest sample TCE at
depth, but highly variable
TCE in rock matrix .

* DNAPL at 26.8 m bls ~m-Pumped from T0BR zones

* 2010 rock coring will s —=—Pumped from 70BR
& - & S Approximate botom during coring
identify bioaugmentation dstaction it Pumped from HBR
effect on matrix TCE samples packer-test intervals.

o Pumped from 73BR

packertest intervals.
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Conclusions

Thermal Conductive Heating Pilot Study

erformance Assessment Summary

* Hydrogeologic characterization at the
NAWC was critical to achieving effective

TCE Conc in Rock S. I 3 c
e bioaugmentation of the rock fractures:
s “eRes » Designing strategy for injection of

bioaugmentation amendments.

* Determining importance of monitoring at
intermediate wells.

. [—s— o e Interpreting bioaugmentation results
Ao S mafko 6% overal (ongoing).
Lebron, Kueeer, Heron, Naﬂ, TerraTherm, Queens zi_.s,g_s.
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