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A laboratory study was undertaken to investigate
the feasibility of using minimally invasive geophysical
techniques to monitor microbe-induced sulfide precip-
itation in saturated sand-packed columns under dy-
namic flow conditions. Specifically, the effect of zinc
and iron sulfide precipitation on geophysical signatures
was evaluated during stimulated sulfate-reduction by
Desulfovibrio vulgaris. Four inoculated columns and one
non-inoculated control were operated under a contin-
uous upward flow velocity of 50cm/day with the fol-
lowing measurements made: multi-port fluid sampling,
cross-column acoustic wave propagation, induced po-
larization, time domain reflectometry and saturated
hydraulic conductivity. Over a period of seven weeks,
the onset and progre
the columns was confirmed through decreasing sub-

on of sulfate reduction within

strate and aqueous metals concentrations, increased
biomass, and visible regions of sulfide accumulation.
Decreases in initial lactate and sulfate concentrations
(2.8mM and 4.0mM, respectively) followed predicted
stoichiometric relationships and soluble Zn(II) and
Fe(II) concentrations (0.31mM and 0.36mM, respec-
tively) were reduced to levels below detection through
sequestration as insoluble sulfide phases. The areas
where sulfide precipitation and accumulation occurred
resulted in significant changes in two of the three geo-
physical measurements. High frequency (400-600kHz)
acoustic wave amplitudes were reduced by nearly an
order of magnitude over the course of the experiment
with no significant accompanying change in wave ve-
locity. Neither the wave amplitudes nor the velocities
changed significantly in the downgradient portions of
the column where microbial activity and sulfide precip-
itation were depressed due to depleted substrate and
metals concentrations. The frequency content of the
transmitted waves remained unchanged throughout the
course of the experiment. Over the frequency range of
the induced polarization measurements (0.1-1000Hz),
significant changes in both the phase shift and calcu-
lated imaginary conductivity were observed with only
minimal changes in the real conductivity. No signif-
icant polarization effects were observed in the down-
gradient regions lacking visible precipitates. There
were no significant changes in either the electromag-
netic wave travel times or amplitudes recorded by the
time domain reflectometry system. Saturated hydraulic
conductivity measurements showed a final decrease of
nearly two orders of magnitude from those recorded
initially. All of the above results were compared to
a substrate- and metals-amended but non-inoculated
control column. Geophysical measurements in the con-
trol column showed no change in acoustic wave ampli-
tudes, induced polarization, or hydraulic conductivity
over the same time-period. Final destructive analysis
of the columns was performed in order to assess the
sediment-affixed cell densities throughout the column
using phospholipid fatty acid analysis. Both scanning
and transmission electron microscopy were performed
to evaluate the nature of the microbe-sulfide associa-
tions and to elucidate the spatial arrangement of the
sulfides within the sedimentary pore space. Evaluation
of the multiple data sets suggests that microbe-induced
sulfide precipitation is both directly detectable using
geophysical techniques and capable of altering satu-
rated flow conditions. The geophysical monitoring ap-
proach may prove useful at the field-scale for the time-
course monitoring of contaminant metals remediation
during engineered bioremediation.
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Effective bioremediation strategies require an un-
derstanding of the coupled biogeochemical processes
that are associated with them. Initial steps have been
made to investigate the potential of high resolution
geophysical methods for monitoring such proc
a non-invasive manner. Although geophysical meth-
ods cannot detect these processes directly, they may
be able to detect changes in chemical and physical pa-
rameters associated with them. We performed lab-scale
experiments using multiple and identical flow-through
measurement columns to investigate the effect of bio-
logically induced sulfide precipitation (Zn and Fe) on
electrical, seismic, and radar responses. In this presen-
tation, we focus on the analysis of low-frequency elec-
trical responses to the biostimulation experiments. One
of the columns was used for monitoring fluid chemistry

es in

and microbiology, and two of the other columns (a bi-
otic and an abiotic column) were used to acquire com-
plex conductivity measurements between 0.1 and 1000
Hz. Seven non polarizing Ag-AgCl electrodes, located
along the length of the column, were used to measure IP
changes; these ports were positioned at the same loca-
tion as the fluid sampling ports located on the biogeo-
chemical measurement column. Samples from the in-
fluent and effluent were collected in all columns. Each
column was filled with quartzite sand (20 30 mesh), and
the experiments were performed in an anaerobic cham-
ted and fluid enriched in lactate
and sulphate, iron and zinc introduced. The biostimu-

ber. Bacteria were inj

lation resulted in Fe and Zn sulfide precipitation, which
formed as a precipitation front. The precipitation front
initiated at the location of the bacterial injection (in
the middle of the columns), and gradually migrated
toward the location of nutrient injection (at the base
of the column). Measurements from different electrode
pairs, located along the length of the column, were used
to assess the electrical response of the migrating precip-
itation front. At the active front of precipitation and
intense microbial activity, distinct changes in the mea-
sured phase shift (up to seven mRads) and calculated
imaginary conductivity (more than 2 orders of mag-
nitude increase) were observed, and minimal changes
(maximum of 10% relative increase) in the real conduc-
tivity (conduction magnitude) were observed. Concur-
rent with observed changes in imaginary conductivity,
the metal concentration in solution, the sulfate con-
centration, and the lactate concentration were reduced,
When the
precipitation rate at a particular location decreased,
the imaginary conductivity also declined.

while the microbial population increased.

Following
completion of the microbiologically induced precipita-
tion, the imaginary conductivity and phase returned to
the initial background level. These measurements indi-
cate also that the IP effect followed the active microbial
front throughout the column. Our results indicate that
the temporally variable IP effect was not exclusively
the result of the precipitated sulphides but resulted in-
stead from the dynamic, biologically induced redox ac-
tive precipitation front associated with elevated micro-
bial activity.
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Geophysical field data have traditionally provided
qualitative information on aquifer structure for hydro-
geologic characterization; however, there is increasing
interest in the application of petrophysical models to
convert geophys
or radar velocity, for example, to hydrologic parame-
ters, such as permeability, porosity, water content, and
(or) salinity. Unfortunately, application of theoreti-
cal or empirical petrophysical models may be inappro-
priate in many situations, given the limited and vari-
able resolution of tomographic estimates. The resolu-
tion of tomograms is a function of (1) the measurement

cal tomograms of electrical resistivity

physics, for example, electrical conduction or electro-
magnetic wave propagation; (2) the parameterization
and regularization used for inversion; (3) measurement
error; and (4) the length scale of heterogeneity. We
present a framework to predict how core-scale rela-
tions between geophysical properties and hydrologic pa-
rameters break down in the inversion, which produces
smoothly-varying pixel-scale estimates. Our approach
upscales the core-scale relationship to the pixel-scale
based on the model resolution matrix from the inver-
sion, random field averaging, and spatial statistics of
the geophysical property. In synthetic examples, we
use the approach to evaluate the utility of tomograms
for quantitative hydrologic estimation, in light of their
resolution-dependent limitations. Comparison of ex-
amples for cross-borehole electrical resistivity tomogra-
phy and radar tomography demonstrates the role of the
measurement physics on the spatially-variable pixel-
scale relationships between geophysical estimates and
hydrologic parameters of interest. The goals of this
work are to (1) raise awareness of the limitations of
geophysical data, (2) provide a framework to improve
survey design and assess tomograms for hydrologic esti-
mation, and (3) promote additional research to improve
the links between geophysical and hydrogeologic char-
acterization.

NS13A-04 1415h

Inversion of Hydrological Tracer Test
Data Using Tomographic Constraints

Niklas Lindel'2 (1-510-495-2507; nlinde@Ibl.gov)
Stefan Finsterle! (1-510-486-5205;
safinsterle@lbl.gov)

Susan Hubbard! (1-510-486-5266;
sshubbard@]lbl.gov)

1Lawrence Berkeley National Laboratory, 1 Cyclotron
rd. ms 90-1116, Berkeley, CA 94720, United States

2Uppsala  University, Department of Earth Sci-
ences/Geophysics Villav. 16, Uppsala 75236, Swe-
den

Most approaches that utilize geophysical data to de-
termine the permeability structure of the subsurface
presuppose a known and stationary petrophysical re-
lationship or assume that such a relationship can be
accurately established from laboratory data, borehole
data, and sometimes from geophysical attributes at col-
located tomographic pixels. In this study, we invert hy-
drological tracer test data using the shape and relative
magnitude variations within the geophysical attribute
anomalies derived from tomographic data to regional-
ize the inverse problem. The approach does not require
that the petrophysical relationship be known a-priori,
but that it is linear and stationary within each geophys-
ical anomaly. We use the estimated errors associated
with the acquisition geometry to define a space-varying
measure that describes how large deviations from the
background model must be to constitute an anomaly.
To avoid interpreting anomalies that do not carry hy-
drogeological information (such as inversion artifacts),
Synthetic
studies are used to investigate (1) under what condi-
tions the problem is well-posed, (2) how a weak petro-
physical relationship affects the results, (3) how much
correlation between the geophysical attribute and the
permeability is lost through the geophysical inversion
process, (4) the effects of errors in the geophysical data
acquisition on the inversion results, and (5) how a poor
description of the acquisition geometry affects the re-
sults. Data from the DOE Hanford, WA and Oyster,
VA sites are used to assess the validity and robustness
of the approach.
cal estimates through our inversion procedure, the re-

our initial permeability model is constant.

In addition to obtaining hydrologi-

sults can be used (1) to estimate a-posteriori the petro-
physical relationship; (2) to assess if the relationship is
stationary between anomalies; and (3) to compare the
results with earlier estimates that did not include the
tracer data. The inversion statistics will also be use-
ful for assessing what type of geophysical data (i.e.,
radar velocity, radar attenuation, seismic velocity, or
seismic attenuation) contributes most to the solution.
This work was supported, in part, by the U.S. Dept. of
Energy under Contract No. DE-AC03-76SF00098.
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The objective of differential surface-wave analysis
is to identify temporal perturbations in the shear-wave
velocity, and hence monitor in time the degree of water
saturation and/or water pressure in shallow soils. We
are testing a new analysis technique to directly mea-
sure perturbations in velocity by a direct comparison
of seismic traces obtained before and after a change
in the water saturation. Perturbations in phase veloc-
ity are measured by computing the Fourier transform
of the difference of normalized traces. The perturbed
structure can then be computed relative to a reference
structure that need only approximate the actual struc-
ture. In effect, the perturbations of surface-wave group
or phase velocity are inverted directly to velocity per-
turbations instead of inverting the dispersion curve for
shear-wave structure. The test site is the Panola Moun-
tain Research Watershed, a small controlled watershed
where a thin (1-5m) soil overburden lies above gran-
ite. The water level varies significantly between times
of rain and drought. Typically rain events are followed
by a decayed runoff, indicating significant variations in
water saturation in the soils.
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Magnetic property measurements of Hamilton Har-
bour cores show that concentrations of hydrocarbons
(PAH) and some heavy metals (Pb, Zn, Fe) in an up-
per contaminated sediment layer are strongly corre-
lated with magnetic susceptibility. The magnetic con-
trast between contaminated and clean pre-colonial sed-
iments is sufficient to generate a total field anomaly
(ca. 2-20 nT) that can be measured with a magne-
tometer towed above the lake bottom. Systematic mag-
netic surveying (> 500 line km) of the harbour using
an Overhauser marine magnetometer clearly identifies
a number of localized magnetic anomalies that coincide
with known accumulations of contaminated sediments
on the harbour bottom.

Apparent susceptibility maps calculated from the
total field data provide a further attribute for classi-
fying contaminant impact levels, as susceptibility is di-
rectly linked to pollutant levels. Magnetic detection of
near-surface anomalies requires a closely-spaced survey
grid and careful post-cruise processing to remove diur-
nal, regional and water-depth related variations in the
magnetic field intensity. These results demonstrate the
potential of lake-based magnetic surveying as a rapid
reconnaissance method for mapping large areas of bot-
tom contamination prior to detailed coring work.
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Ground-penetrating radar data were used to inves-
tigate the internal structure and development of an
active parabolic sand dune in the Bigstick Sand Hills
of southwestern Saskatchewan, Canada. This study is
part of a broader investigation into the morphodynam-
ics of parabolic sand dunes on the Canadian prairies.
The study dune is up to 9 m high and has been mi-
grating eastwards during the last 70 years at an av-
erage rate of about 2 ma-1. The radar survey was
conducted in a grid configuration using a Sensors and
Software Inc. Noggin Plus (250 MHz). Radar pro-
files oriented downwind reveal a variety of high- and
low-angled dipping reflectors which are interpreted as
cross-stratification and bounding surfaces. Well de-
fined sets of grainflow cross-stratification along profiles
near the central downwind axis were used to resolve
former slipface positions and compared with historical
aerial photographs. Radar profiles orthogonal to the
prevailing wind direction were characterized by convex-
up and concave-up cross-stratification along the dune
head which are interpreted to be the result of scour
and fill processes and migration of superimposed bed-
forms. Radar profiles over the trailing arms revealed an
arrangement of stratification similar to the profiles ori-
ented along the main downwind axis. Observations of
exposed surface stratigraphy following extensive wind
erosion lend support to the interpretations made from
the GPR data. Taken together, the results provide a
basis for a tentative model of the stratigraphic devel-
opment of parabolic dunes.
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Temporal Variation in Glacier Retreat and Bed
Characteristics Derived From GPR Data Stagnation
Glacier on Bylot Island in the eastern Canadian Arc-
tic (72°N 78°W) has been rapidly retreating over the
last 50 years. Over 40 km of ground-penetrating radar
(GPR) surveys were conducted in the ablation area of
the glacier in 1993, 1994, 1999, and 2002 to examine its
hydrological, structural and bed characteristics. This
polythermal glacier has exhibited a dramatically vary-
ing hydrological regime over the period of this study
that is thought to result from the changing subsurface
thermal structure. The GPR surveys have recorded
changes in the bed characteristics that are interpreted
to be a function of changes to the thermal structure
of the glacier. The radar signature of the glacier and
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its bed have been observed to change over the study
period on a seasonal and inter-annual basis. The re-
sults presented demonstrate how GPR can be utilized
to monitor that changing internal physical, thermal and
hydrological structure of a polythermal glacier.
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Two-dimensional electric resistivity imaging (ERI)
is the most exciting and promising geological tool in
geomorphology and stratigraphy since development of
ground-penetrating radar. Recent innovations in 2-D
ERI provides a non-intrusive mean of efficiently resolv-
ing complex shallow subsurface structures under a num-
ber of different geological scenarios. In this paper, we
test the capacity of ERI to image two large pre-late
Wisconsinan-aged valley-fills in central Alberta and
north-central Montana. Valley-fills record the history
of pre-glacial and glacial sedimentary deposits. These
fills are of considerable economical value as ground-
water aquifers, aggregate resources (sand and gravel),
placers (gold, diamond) and sometime gas reservoirs in
Alberta. Although the approximate locations of pre-
glacial valley-fills have been mapped, the scarcity of
borehole (well log) information and sediment exposures
make accurate reconstruction of their stratigraphy and
cross-section profiles difficult. When coupled with
borehole information, ERI successfully imaged three
large pre-glacial valley-fills representing three contrast-
ing geological settings. The Sand Coulee segment of
the ancestral Missouri River, which has never been
glaciated, is filled by electrically conductive pro-glacial
lacustrine deposits over resistive sandstone bedrock.
By comparison, the Big Sandy segment of the ances-
tral Missouri River valley has a complex valley-fill
composed of till units interbedded with glaciofluvial
gravel and varved clays over conductive shale. The
fill is capped by floodplain, paludal and low alluvial
fan deposits. The pre-glacial Onoway Valley (the an-
cestral North Saskatchewan River valley) is filled with
thick, resistive fluvial gravel over conductive shale and
capped with conductive till. The cross-sectional pro-
file of each surveyed pre-glacial valley exhibits discrete
benches (terraces) connected by steep drops, features
that are hard to map using only boreholes. Best qual-
ity ERI results were obtained along the Sand Coulee
and Onoway transects where the contrast between the
bedrock and valley-fill was large and the surficial sedi-
ment was homogeneous. The effects of decreasing reli-
ability with depth, 3-D anomalies, principles of equiv-
alence and suppression, and surface inhomogeneity on
the image quality are discussed.
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A 2D seismic reflection profile and a correspond-
ing pseudo-3D single fold volume were obtained at the
ICDP Mallik gas-hydrate research well in the MacKen-
zie River Delta of the N.W.T., Canada in February
2002. While the main target of this work was to obtain
seismic images of the gas-hydrate zones, the permafrost
itself displayed numerous features. These data were si-
multaneously acquired over 240 14-Hz geophone singles
using the Univ. of Alberta seismic vibrator sweeping
from 12 to 180-Hz. Common midpoints were spaced at
2-m. The stratigraphy imaged, to about 1400-m depth,
consists primarily of flat-lying Tertiary to Quarternary
fluvial, deltaic, and glacial sediments. Both the stacked
2D profile and the minimally processed volume display
short (50 to 100 m) discontinuous zones of high re-
flectivity and support earlier surveys conducted in the
vicinity (Miller et al., USGS Open-File Report 2003-
36). The source of these short variations in reflectiv-
ity remain unknown in part due to the lack of quality
logs or core through the permafrost zone that extends
to depths of about 640-m. However, the permafrost
is not completely frozen and has a complex structure
that includes i) zones saturated with unfrozen brines
in which salts have been concentrated during the freez-
ing process, and ii) zones of free gas saturation the
source of which may be dissociation of gas hydrates
or even methanogenic bacteria. The differences in the
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