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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 

• Iterative synthesis of multiple 
investigations – 
“Continuous Characterization” 
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Fractured Rock 
Techniques 

Williams, 
Kath, 
Crawford, 
Chapman, 
2005 

USGS GaWSC 
Univ. of 
West Georgia 

Williams, 
Kath, 
Crawford, 
Chapman, 
2005 

2 Hydrolgists 
& 2 Geologists 
(“Mappers”) 

Williams & others, 2005 

High-yield 
wells located 
near mapable 
geologic 
contacts in 
crystalline 
rock 
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Claire R. Tiedeman 

Importance of Hydrogeologic 
Characterization to Effective 

Bioaugmentation of 
Contaminated Fractured 

Sedimentary Rocks 
(NAWC, W. Trenton NJ) 

NGWA Virtual Conference on 
Fractured Rock 

October 27, 2010 

Multidisciplinary Hydrogeologic 
Investigation Critical To Effective 

Bioaugmentation 

• Detailed stratigraphic framework 

• Single & cross-hole hydraulic testing 

• Tracer testing 

• Flow and transport modeling 
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Geologic Framework NAWC 

Lacombe & Burton, 2010 

Geologic Framework NAWC 

Lacombe & Burton, 2010 

Geologic Framework NAWC 

Lacombe & Burton, 2010 

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 

Lacombe 

Gamma Ray Logging + Rock Core: 
Stratigraphic Framework 

Lacombe Williams, Johnson, Lacombe 

Borehole 
Geophysics 

• Imaging logs 
(OTV, ATV) aid 
correlation and 
fracture 
identification 

• Borehole 
flowmeter 
(ambient & 
pumping) for 
transmissivity 
and water levels 
in water-yielding 
zones 

• Not all fractures 
yield water 
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One snapshot in time prior to bioaugmentation

 

 

    Intermediate wells critical 
to evaluating effectiveness 
of bioaugmentation

Single-Hole Hydraulic Testing 

Shapiro & Tiedeman 

Conclusions: 
• Along beds connecting 

36BR & 15BR: 
Low K downdip 
High K updip 

• High-angle fractures 
near 71BR provide 
cross-bed hydraulic 
communication. 

~low K 

high K 

low K 

high K 

Cross-Hole Hydraulic Testing 

Packers separate 
each borehole into 5 
isolated zones. 

? 

Conclusions: 
• Primary flow paths between 

36BR and 15BR are along two 
thin fissile mudstone beds. 

• Cross-bed fractures enable 
flow between these two beds. 

Aquifer 
tests done 
in 15BR 
to assess 
hydraulic 
connections 

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

Bioaugmentation in Dipping 
Fractured Mudstones at NAWC 

• Objectives: 
Evaluate 
effectiveness, 
longevity, 
spatial extent, 
processes. 

Inject Pump 

Electron Donor 
Microbes 

TCE  DCE  VC  Ethene 
3 Cl- 2 Cl- 1 Cl- 0 Cl-

Bioaugmentation Implementation 
• Injected: 

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

• Flush water. 

• Total injection volume: 
~160 gallons 

Injection 
bladders 

EOS 

• EOS® visible in 73BR-D2 
water sample taken day 
after injection of 
amendments 

Summary of TCE Reductions 

84,000 
<100 

59,000 
200 

13,000 
3,000 

5,000 
5,000 

Red: max TCE conc (µg/l) pre-bioaug 
Blue: min TCE conc 1.5 yrs post-bioaug 

Results look good! 
BUT…….. What is missing 
from this analysis??? 
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w/ Imbrigiotta & others 

• 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’s in 
Rock Core 

The Rock Matrix 

• Profile shows TCE 
concentrations in primary 
porosity of rock core prior 
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 

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

• DNAPL at 26.8 m bls 

• 2010 rock coring will 
identify bioaugmentation 
effect on matrix TCE 

w/ Imbrigiotta & others 

Thermal Conductive Heating Pilot Study 

Lebron, Kueper, Heron, Navy, TerraTherm, Queens 

Conclusions 
• Hydrogeologic characterization at the 

NAWC was critical to achieving effective 
bioaugmentation of the rock fractures: 

• Designing strategy for injection of  
bioaugmentation amendments. 

• Determining importance of monitoring at 
intermediate wells. 

• Interpreting bioaugmentation results 
(ongoing). 

Take Home 

• Tools are available for characterization 
and monitoring in fractured rock 

• Hydrogeologic framework 

• VOC’s in rock core 

• Site Conceptual Models needed for 
selection of methods and synthesis 

• Iterative synthesis of multiple 
investigations – 
“Continuous Characterization” 
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