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Preface

This 1992 Annual Report from Pacific Northwest Laboratory (PNL) to the U.S. Department of Energy
{DOE) describes research in environment and health conducted during fiscal year 1992. This year the
report consists of four parts, each in a separate volume.

The four parts of the report are oriented to particular segments of the PNL program, describing
research performed for the DOE Office of Health and Environmental Research in the Office of Energy
Research. In some instances, the volumes report on research funded by other DOE components or by
other governmental entities under interagency agreements. Each part consists of project reports
authored by scientists from several PNL research departments, reflecting the multidisciplinary nature
of the research effort.

The parts of the 1992 Annual Report are

Part 1: Biomedical Sciences
Program Manager: J. F. Park J. F. Park, Report Coordinator
S. A. Krem|, Editor
Part 2: Environmental Sciences

Program Manager: R. E. Wildung L. K. Grove, Editor

Part 3: Atmospheric Sciences
Program Manager: W. R. Barchet R. E. Schrempf, Editor

Part 4: Physical Sciences
Program Manager: L. H. Toburen L. H. Toburen, Report Coordinator
W. C. Cosby, Editor

Activities of the scientists whose work is described in this annual report are broader in scope than the
articles indicate. PNL staff have responded to numerous requests from DOE during the year for
planning, for service on various task groups, and for special assistance.

Credit for this annual report goes to the many scientists who performed the research and wrote the
individual project reports, to the program managers who directed the research and coordinated the
technical progress reports, to the editors who edited the individual project reports and assembled the
four parts, and to Ray Baalman, editor in chief, who directed the total effort.

T. S. Tenforde
Health and Environmental Research Program
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Foreword

This report summarizes progress in environmental sciences research conducted in FY 1992 by Pacific
Northwest Laboratory (PNL) for the U.S. Department of Energy’s (DOE’s) Office of Health and
Environmental Research. The research is directed toward developing a fundamental understanding of
subsurface and terrestrial systems as a basis for both managing these critical resources and addressing
such formidable environmental problems as environmental restoration and global change. These
studies are making outstanding contributions in a number of scientific disciplines and in the
interdisciplinary research so critical to obtaining a system-level perspective. The Technology Transfer
section of this report describes a number of examples in which fundamental research is laying the
groundwork for the technology needed to resolve important environmental problems. The Interactions
with Educational Institutions section of the report illustrates the results of a long-term, proactive
program to make PNL facilities available for university and preuniversity education and to involve
educational institutions in research programs. Other sections of the report summarize Laboratory-
Directed Research and Development projects intended to nurture new cutting-edge scientific
capabilities, identify PNL-university collaborations, and summarize publications and presentations,
which provide an important measure of the success of these efforts.

Each project in the PNL research program is also a component of an integrated approach conducted
at the laboratory, intermediate, and field scales, and designed to examine muiltiple phenomena at
increasing levels of complexity. This approach is being implemented with a strong emphasis on
muiltidiscipiinary teaming. The complex areas under investigation include the effect of fundamental
geochemical and physical phenomena on the diversity and function of microorganisms in deep
subsurface environments, new ways to address subsurface heterogeneity, and new ways to determine
the key biochemical and physiological pathways (and corresponding DNA markers) that control
nutrient, water, and energy dynamics in arid ecosystems and, consequently, the response of these
systems to disturbance and climatic change. University liaisons continue to expand, so that more than
30 universities nationwide are now included. These relationships both strengthen the research and
help train the scientists who will address long-term environmental problems in the future.

The Environmental Science Research Center has enabled PNL to enlarge on fundamental knowledge
of subsurface science to develop new concepts and tools for understanding natural systems, and also
to reach out to the universities and transfer this knowledge for use by government and industry. New
PNL investments have been made to develop advanced concepts for addressing chemical desorption
kinetics, redesigning enzymes, scaling subsurface properties to account for heterogeneity in natural
systems, and using tools from molecular biology to help understand fundamental ecological processes.
This report reflects the results of past investments and the growth of PNL's technical strengths, strong
multidisciplinary interactions, and rapidly developing facilities for simulating and quantifying
environmental phenomena.

Raymond E. Wildung
Program Manager
Environmental Sciences
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Subsurface Science

The contamination of the subsurface environment by mixed radioactive and hazardous waste is a major
concern for DOE lands and for many other waste sites across the nation. To estimate health risks and
assist in cleanup activities, the scientific community is now being asked to 1) predict the rates at
which these contaminants migrate through subsurface environments and 2) develop more effective
techniques for degrading. mobilizing, or immobilizing contaminants /in situ. It is especially difficult to
predict transport and the results of efforts at contaminant remediation on DOE lands, where the
codisposal of radionuclides, metal ions, salts, organic solutes, and organic liquids into the ground has
created unique environmental situations.

The basic scientific studies described in this report address the fundamental chemical, microbiological,
and hydrologic processes that control the behavior of contaminants in subsurface environments. The
focus is on DOE-specific contaminants, but the broader scientific benefits being realized include better
predictions of the subsurface behavior of organic/inorganic mixtures and organic liquids generally,
under a variety of geochemical and hydrogeologic conditions. Subsurface chemistry studies are
investigating multisolute sorption, the effects and complexation of cosolvents, and the relationship
between surface sorption and microbial degradation on subsoil and aquifer materials. Microbiological
investigations concern the nature of microorganisms in different deep hydrogeologic environments; the
physical, geochemical, and hydrologic factors that govern the distribution and function of these
microorganisms; and the ability of these microorganisms to alter radionuclide chemistry and degrade
complexing ligands. Hydrologic research is defining the flow physics of multiphase mixtures of organic
liquids and water in saturated and unsaturated porous media, and systematically examining how
subsurface heterogeneities affect transport.

Multidisciplinary studies of chemical transport are being performed both in laboratory columns and in
a unique Subsurface Environmental Research Facility, where the combined effects of microbiology,
chemistry, and hydrclogy can be assessed at a scale that is intermediate between those of the
laboratory and the field. In field research, the final phase of the Hanford deep microbiological
exploration effort has begun. This effort is addressing the roles of electron acceptors and donors in
governing the presence and function of microorganisms in deep saturated zones. Overall, this research
is playing an important role in improving contaminant migration models and developing effective
strategies to reduce contaminant migration rates and remove contaminants from groundwater.

Subsurface Chemistry of Organic and alter its surface coordination reactions with
Ligand-RadionucIide Mixtures mineral solids. Together, these effects tend to

increase the subsurface mobility of the metal
J. M. Zachara, J. P. McKinley, J. E. Szecsody, cation or radionuclide. However, in other
C. C. Ainsworth, and J. C. Westall situations, humic substances may bind to

subsurface mineral solids, thereby increasing the
coordinative affinity of these surfaces for metal
or radionuclide cations and reducing radionuclide
mobility.

Organic substances impact the geochemical
behavior of metal ions and radionuclides in
groundwater systems, affecting their speciation
and aqueous concentrations, long-term miner-
alogic associations, and transport velocities.
Both natural and anthropogenic organic ligands
react with metal cations, forming complex ions
that have different charge, size, and reactivity
from the parent ions. Aqueous complexation
may induce valence changes to the metal cation

Despite the ubiquity of natural organic ligands
(i.e., low-molecular-weight organic acids and
higher-molecular-weight humic substances) in
subsurface waters and the frequent codisposal of
organic ligands with radionuclides on DOE sites,



scientific knowledge remains insufficient to
predict the complex geochemical behavior of
organically bound radionuclides in vadose zones
and groundwater. However, the simple (and
common) assumption that organically bound
metals or radionuclides are nonreactive in
groundwater is incorrect, and making the
assumption will lead to erroneous predictions of
subsurface behavior.

This project is investigating the thermodynamics
and kinetics of geochemical reactions that occur
between organic substances and radionuclides/
metal cations on mineral surfaces. We are
1) evaluating chemical, mineralogic, and micro-
biologic factors that control these reactions in
subsurface sediments and 2) determining the
overall impacts of organic ligand-metal interac-
tions on radionuclide transport through miner-
alogically heterogeneous porous media. A
particular emphasis of our research is the inter-
facial geochemistry of natural mineral surfaces,
which can exhibit nonideal behavior as a result of
the presence of organic and inorganic coatings,
strongly sorbed ions, and minor surface-
structural impurities. To evaluate basic scientific
hypotheses regarding co-contaminant surface
chemistry, the research uses chemical mixtures
(involving cobalt, uranium, humic substances,
aminocarboxylic acid chelating agents, and
organic acids) that have been selected for multi-
investigator experiments within the Co-
Contaminant Chemistry Subprogram of DOE's
Subsurface Science Program. Laboratory experi-
mentation involves the interaction of these
contaminant mixtures with model/reference sor-
bents and subsurface materials whose properties
were carefully selected to allow us to isolate and
investigate such reactions as surface coordina-
tion, ion exchange, mineral dissolution, and
electron transfer and their effects on aqueous
concentrations and transport velocities of
radionuclide cations.

FY 1992 Research Highlights

Research in three major areas is being pursued:

¢ Influence of mineral-bound humic substances
and dissolved organic ligands [ethylene-
diamine tetraacetic acid (EDTA), citrate, and
oxalate] on the sorption of cobalt and

uranium by subsurface materials containing
iron oxides and smectite

e Influence of adsorption reactions on the
microbiological degradation rates of organic
acid-radionuclide aqueous complexes

® Reaciive transport of cobalt-EDTA and
uranium-organic acid complexes through
mineralogically heterogeneous porous media
in an intermediate-scale flow cell.

Surface-chemical and geochemical models are
used extensively in the research as a basis for
1) identifying dominant surface reactions and
complexes; 2) incorporating the complex effects
of pH, ionic strength, and competing ions; and
3) predicting the contributions made by adsorp-
tion reactions in multiprocess experiments
involving microbiology and water flow.

In FY 1992, resources were directed toward
activities in each of these research areas. The
research is summarized in the three subsections
that follow.

Influence of Mineral-Bound Humic Substances
and Dissolved Organic Ligands. During FY 1992,
we continued to investigate the influence of
mineral-bound humic substances on the sorption
of radionuclide cations by subsurface materials.
The research is determining whether coatings of
organic material on aquifer particles can in-
fluence the retardation of radionuclide cations in
groundwater. Such coatings develop in natural
systems over long periods, as groundwaters with
low concentrations of humic substances and
other surface-active natural organic compounds
circulate past sorbing aquifer surfaces, such as
iron and aluminum oxides and layer silicates.
The general hypothesis that the reactivity of
aquifer materials to radionuclide cations is
governed by these organic coatings (rather than
by the underlying mineral matrix) is so far
unresolved.

We hypothesize that, at the low metal concen-
trations representative of radionuclide contami-
nation at DOE sites, humic coatings augment
rather than mask the sorption characteristics of
the mineral material. We have further speculated



that the humic substance, when sorbed to the
surface of aquifer material, would enhance metal
binding in an linear, additive fashion. We there-
fore refer to this as the "additivity hypothesis."

These hypotheses have been evaluated using ref-
erence humic substances from the Internaticnal
Humic Substances Society, a subsurface mineral
isolate containing kaolinite and iron/aluminum
oxides, and single-phase mineral components
representative of the natural material (kaolinite,
goethite, and gibbsite). Testing these hypothe-
ses has required that we first measure the metal-
binding properties of the humic substance and
the mineral phase separately, as discrete com-
ponents, and then evaluate the sorption behavior
of the combined system in which the organic
material exists as a coating on the mineral
surface. Experiments to characterize and model
the acid-base chemistry of the humic substance
and its binding reactions with cobalt have been
performed at Oregon State University (OSU).
PNL staff have investigated the sorption of

cobalt to both the subsurface mineral materials
and the humic-coated sorbents. Research during
FY 1992 focused on integrating the experimental
results from PNL and CSU by means of computer
modeling of the metal-binding reactions to the
humic substances and to the humic-coated
mineral sorbents.

To describe the acid-base chemistry of one of
the humic substances lieonardite humic acid
(LHA)] and its complexation reactions with
cobalt(ll), a four-site complexation model (L4, Lo,
L3, L4) within the computer code FITEQL was de-
veloped at OSU. The model explicitly accounts
for the effects of ionic strength on cobait{ll)
complexation through competitive mass action of
the electrolyte cations on ionized sites (L,", L,
La Lg). The model provides good simulations
of metal ion binding over ranges of pH, ionic
strength (Figure 1), and metal ion concentration.
Although the complexation model was developed
to resolve the additivity hypothesis, it has also
provided new insights into the proton balance of
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FIGURE 1. Cobalt{ll} Complexation {10°® mol/L) to Leonardite Humic Acid (10 mg/L) at Different pH Values and lonic
Strengths. Solid lines represent calculations made with the four-site model. The magnitude of complexation is
presented as the K (i.e., concentration bound/concentration free).



humic substances and the importance of
electrolyte/humate complexation reactions. In
FY 1993, the humate complexation model will be
linked with a multiple-site adsorption model to
more rigorously evaluate hypotheses relating to
the humate-coated mineral sorbent.

In FY 1991, we demonstrated that mineral-
bound humic substances can significantly en-
hance cobalt(ll) adsorption by mineral materials,
especially over the pH range from 4.5 to 7.0
{data shown in Figure 2). These results implied
that organic coatings must be considered to
allow accurate forecasting of subsurface migra-
tion velocities of metal cations, such as cobalt.
In FY 1992, we initiated simple calculations to
test whether this sorption enhancement could be
described by an additive model, i.e., whether the
sorption of the coated material equals the sum of
what would be expected from the separate sorb-
ing phases. The calculations were performed
using a composite distribution coefficient (K;)
approach, in which the K, values (which vary
with pH for both the organic and mineral phases)

were calculated from individual humate and
mineral complexation models. The calculations
showed that the behavior of the humate-coated
subsurface mineral mixture did indeed conform
to the additive model (Figure 2) over much of the
experimental pH range. This result suggests that
the sorption behavior of subsurface materials
with organic coatings can be predicted if the
complexation behaviors of the individual organic
and mineral phases are undeistood.

Uranium, in its metaliic, pentavalent, and
hexavalent states, is a common subsurface con-
taminant ' at many DOE sites. Under ambient,
oxygen-rich conditions, metallic and pentavalent
uranium are oxidized to hexavalent uranium,
which exists as uranyl ion (UO,2*) in solution.
Hexavalent uranium is more soluble and more
mobile than uranium in other valence states. In
addition, uranyl forms a strong complex with car-
bonate ion, which limits its interaction with solid
surfaces at alkaline pH values and further en-
hances its mobility. Surface interactions of
uranyl may alsc be strongly influenced by ionic
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FIGURE 2. Influence of Mineral-Bound Humic Substances (in this case, LHA) on the Adsorption of Cobalt(ll) by Soils
Containing Kaolinite, Goethite, and Hematite. lonic strengths were 0.01 and 0.1 (measured as NaCiO,).



speciation, as a resulit of the formation of uranyl
hydroxide complexes with differing uranyl
stoichiometry and charge at different solution pH
values. The surface chemical interaction of
uranium with solid mineral surfaces is thus a
complex function of oxidation-reduction (redox)
state, ionic speciation, and surface chemistry.

Given the complexity of uranium geochemistry,
it is “Whtially necessary to develop an under-
standing of the systematic controls on uranium
mobility through the investigation of mono-
mineralic subsystems. W.ith the exception of
adsorption to iron oxides (Hsi and Langmuir
1985), little detailed research has been published
on the interaction of uranyl ion with subsurface
minerals, pariicularly with respect to the alumi-
nosilicate clay minerals. These minerals are
abundant components of subsurface sediments,
influencing both the mobility of uranium in
groundwaters and the remediation of uranium-
contaminated sites on DOE lands. Therefore we
are focusing on experimentation with subsurface
smectite clays, initially in the absence of organic
complexants. When this chemical system is
understood and successfully modelled numeri-
cally, organic complexants {such as citrate) will
be investigated. Organic complexants were
common cleaning agents in uranium-related
manufacturing activities and were disposed of
with uranium waste.

Research in FY 1992 was conducted with smec-
tites that were extracted from the Kenoma soil
and from the Ringold and Cape Fear formations.
In addition, we used a Clay Minerals Society
reference smectite, Wyoming montmorillonite
{SWy-1), because it is a widely recognized
mineral whose properties have been the subject
of many experimental studies. The smectites
were prepared by gravimetric separation, fol-
lowed by dithionite citrate buffer extraction of
iron oxides, ammonium oxalate extraction to
remove amorphous alumina, and peroxidation to
remove organic matter. Suspensions were
sodium saturated and dialyzed in deionized
water, then freeze-dried to provide a stock of
uniform material. Adsorption experiments were
performed using smectite suspensions containing
1 meq/lL of charge as measured by cation
exchange capacity, in the presence of 2 mg/L

uranyl, at ionic strengths of 0.1, 0.01, and
0.001, in an inert-atmosphere glovebox.

Uranium adsorption on SWy-1 in sodium
electrolyte showed significant variation with icnic
strength (Figure 3a). Uranyl adsorption on SWy-
1 contrasted with that observed for the
subsurface smectites (Figure 3b) as a result of
their different particle morphologies. Based on
these findings, a conceptual model was
developed to allow adsorption modeling of the
experimental data. In the model, aqueous uranyl
speciation is hypothesized to influence the
speciation of surface-bound uranyl. Uranyl and
certain of its hydrolysis products compete with
other dissolved cations for fixed-charge basal
plane sites (X'). Amphoteric oxide-like sites on
clay particle edges (SOH) complex uranyl species
as a function of pH. The proportionation of edge
and basal plane sites controls the pH at which
adsorption to X or adsorption to SOH
predominates.

Aqueous uranyl speciation was computed using
the best estimates of formation constants that
could be derived from a thorough review of
published data (Grenthe 1992). Over the pH
range of interest, the aqueous species of uranyl
and its hydroxide complexes include UO,2+,
UO,0H*, UOL(0H),% (UOD,),(0H),2%,
(UO,)43(0H)g*, and UO,(OH);". However, the
neutral complex [UOZ(OH)2°] was notincluded in
the adsorption modeling because its existence
has never been spectroscopically confirmed and
because reported values for its log K vary
significantly (-22 to -29).

The chemical modeling program FITEQL was
used to model adsorption data within the limits
of the conceptual model. Results of modeling for
SWy-1 at two ionic strengths {0.1 and 0.001)
are presented in Figure 4 along with experimental
results. At low ionic strength, data were well
reproduced by a combination of ion exchange on
fixed-charge sites (X') at low pH and edge-site
complexation (SOH) at higher pH; the model fit
includes a pattern of decreasing uptake as pH
rises, then a slight increase in total uptake as
edge-site complexation becomes effective as pH
approaches 8. Decreasing sorption with increas-
ing pH is the resuit of the speciation of uranyl
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changing from a divalent to a monovalent
species. At higher ionic strengths, model
computations again agree with experimental data
for low pH. Higher concentrations of sodium are
computed to suppress ion exchange of uranyl by
mass action, consistent with the experimental
data. The lack of agreement between the model
and the experimental data for |=0.1 above pH 6
suggests that the edge complexation of
(UO,)3(0H)E must be considered explicitly.

The surface speciation scheme developed
through adsorption modeling requires direct
confirmation to validate it as a chemical model of
the system. To meet that purpose, a set of
collaborative experiments was initiated with
researchers at Los Alamos National Laboratory
(LANL). Smectite slurries were equilibrated with
20 mg/L uranyl at low, intermediate, and high
pH, then centrifuged to concentrate the smectite
with adsorbed uranyl. The resuitant paste was
loaded into vials in an inert atmosphere, sealed,

and sent to LANL for surface spectroscopic
examination by laser-induced fluorescence
spectroscopy and Raman spectroscopy to deter-
mine the chemical identity of adsorbed species.
These experiments are still under way.

Influence of Adsorption Reactions on Micro-
biological Processes. Sorption influences both
the transport of organic contaminants through
subsurface materials and the persistence of
biodegradable organic contaminants. For in-
stance, sorption may limit microbial degradation
rates if organic compounds that are present in
the sorbed state are consequently unavailable as
a carbon source. As a result, degradation meas-
urements made in the absence of subsurface
materials may overestimate the extent of degra-
dation that occurs in the vadose and saturated
zones.

Research in FY 1991 showed that 1) the micro-
bial degradation of aromatic organic acids



(catechol, salicylate, and phthalate) that were
sorbed to y-Al,04 was slower than the degrada-
tion of the corresponding aqueous compounds
and 2) desorption from the solid phase was the
rate-limiting reaction. In FY 1992, we developed
additional information on the kinetics of
adsorption/desorption for three aliphatic acids
that sorb to goethite (a-FeOOH) to improve our
understanding of desorption limitations on
microbial degradation. The sorbates were citric
acid (pK,q = 3.13, pK,, = 4.76, pK,3 = 6.40),
oxalic acid (pKy,= 1.23, pK,, = 4.19), and
propionic acid (pK, = 4.87). Experiments were
conducted to evaluate the sorption of the organic
acids as a function of pH, ionic strength, and
concentration of the organic acid. A relaxation
kinetic technique (the pressure-jump technique)
was applied to evaluate the mechanism of
organic acid adsorption to and desorption from
the surface of goethite, as a basis for under-
standing the factors governing the desorption
rate and, hence, the rate of microbial degradation
of sorbed organic ligands.

Propionic, oxalic, and citric acids adsorbed to
goethite via a surface complexation reaction that
is affected by the pH, surface charge, aqueous
speciation of the sorbates, and other aqueous
and solid phase phenomena. Adsorption in-
creases with decreasing pH, as surface charge
becomes more positive (Figure 5). The adsorp-
tion of all three organic acids also decreases as
ionic strength increases, suggesting that the
sorption process was dominated by an outer-
sphere complexation reaction. This conclusion
contrasts with the findings of Parfitt et al.
(1977), who employed infrared (IR) spectroscopy
to show that the oxalate anion forms a binuclear,
inner-sphere complex at the goethite surface.

The pressure-jump technique was used to inves-
tigate the adsorption/desorption mechanism and
its dependence on ionic strength. Three distinct
relaxations were observed for both citrate and
oxalate over a 13-sec time frame; these are pos-
sibly indicative of individual surface reactions.
The three reciprocal relaxation times (r') va-ied
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as a function of pH (and hence surface loading),
but at constant pH they did not shift as ionic
strength was varied. Although more data are
needed to identify the specific reactions respon-
sible for this kinetic behavior, we have hypothe-
sized a reaction scheme that is consistent both
with the pressure-jump and batch adsorption
data and with the previously published IR spectra
{Figure 6). The reaction sequence involves
1) the formation of an outer-sphere complex,
followed by 2) the formation of a monodentate
inner-sphere complex, and 3) the subsequznt
formation of a binuclear surface complex. We
believe that the three species coexist on sur-
faces. This reaction sequence would account for
the three relaxation times and the observed shift
in pH adsorption edge with ionic strength.
Further technical developments are needed in
understanding the factors that govern the kinet-
ics of organic acid desorption from mineral
sorbents, as a basis in turn for understanding
degradation rates in the presence of metabolizing
microorganisms.

Transport Experiments with Cobalt-EDTA. The
migration of 60Co as complexes with strong
organic ligands such as EDTA is a significant
subsurface transport vector in the mobilization of
radioactive materials from DOE sites. We
hypothesize that movement of organically com-
plexed cobalt in groundwaters is controlled by
time-variant reactions with iron and aluminum
oxides, and that accurate knowledge of the
extent and rates of these reactions is necessary
to predict cobalt movement in the subsurface.
We have also speculated that the spatial dis-
tribution of iron and aluminum oxides in sub-
surface sediments controls the overall subsurface
migration velocity of organically bound cobalt.
We hypothesize that there is a fundamental rela-
tionship between the relative size and distribu-
tion of lenses of iron/aluminum oxides compared
to the size of the flow system and the chemical
distribution that is observed.

To address these hypothgses, a multiyear series
of studies has been planned that will culminate
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FIGURE 8. Hypothesized Reaction Mechanism for Adsorption/Desorption of Oxalate on Goethite



in reactive transport experiments with cobalt-
EDTA in intermediate-scale flow cells containing
both idealized and natural mineralogic hetero-
geneities. Research in this experimental series
was initiated in FY 1992, beginning with batch
and column studies of cobalt{ll)-EDTA inter-
actions with a laboratory-synthesized iron oxide-
coated sand. These experiments will provide
background data and models for further
intermediate-scale transport experiments in
which the migration of cobalt{ll)}-EDTA through
sandy material containing lenses or stringers of
iron, aluminum, and manganese cxides will be
studied.

Batch studies with the iron-coated sand showed
that cobalt(ll) undergoes typical cation adsorp-
tion (i.e., fractional adsorption increasing with
increasing pH), in contrast to EDTA complexes
[calcium-EDTA, iron(lIl}-EDTA, cobalt(ll)-EDTA],
which adsorb as anions. Cobalt and calcium-
EDTA, however, are unstable on the iron oxide
surface and exchange with the solid phase,

producing iron({lll)-EDTA and the free metal [e.g.,
cobalt{ll)]. The surface-exchange reaction is
suggested by the data shown in Figure 7, where
the solution concentrations of EDTA and iron
increase with time after the initial adsorption of
cobalt(ll)-EDTA by iron-coated sand. The
surface-induced breakup of the cobalt(lf)-EDTA
complex is also confirmed by the disparate con-
centrations of aqueous cobalt(ll) and EDTA as
determined by counting (8°Co, '4C). Time
studies at other pH values show more significant
differences between EDTA and free cobalt(ll) as
they reequilibrate with the solid phase. At low
pH, more free cobalt{ll) desorbs into solution
after the breakup of the cobalt(ll)-EDTA complex.

The goal of our research with cobalt(l/)-EDTA is
to evaluate its complex time-variant reactions
(adsorption, dissolution} with subsurface solid
phases, as a basis for understanding the migra-
tion of cobalt{li)-organic complexes in the field.
We believe that the rate of ccbalt{ll)-EDTA
dissociation during transport will be strongly
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dependent on flow velocity, as a result of multi-
ion and mass-transfer effects. To address the
effect of the rate of water flow on cobalt(li)-
EDTA stability, two column experiments were
conducted at pH 6.5. These experiments dem-
onstrated the significant finding that cobalt
mobility changes over time as a result of kineti-
cally controlled reactions with the iron oxide
surface (Figure 8). Initially, the intact complex is
eluted from the column although its velocity is
retarded by adsorption. The subsequent break-
through of cobalt(ll) is slower than that of EDTA,
as a result of surface exchange with iron{iil),
producing iron{lll)-EDTA and free cobalt(ll).
Cobait(ll) breakthrough occurs after that of EDTA
{meaning that cobalt does not reach as high a

concentration in the same  length of time)
because free cobalt(ll) adsorbs more strongly
than does iron(lif)-EDTA at pH 6.5. Retardation
factors estimated from the batch adsorption
experiments [cobalt(I)-EDTAZ, R, = 3; iron(lll)-
EDTA", R; = 2.6; and cobait(ll), Ry = 20] indi-
cate that EDTA breakthrough will change little

.over time. In contrast, the cobalt R; increases

from 3 to 20 over time as the complex is desta-
bilized. Such time-dependent retardation
behavior will have major effects on the field-
scale behavior of organically complexed 8°Co.

To date, laboratory experiments and simulations
have shown that the subsurface mobility of
organically complexed cobalt can be influenced
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by adsorption and dissolution reactions with iron
oxide surfaces. Aluminum and manganese oxide
surfaces will also influence cobalt mobility, and
their effects will be studied in the future in
collaboration with other projects in the Co-
Contaminant Chemistry Subprogram. To evalu-
ate the effect of oxide lenses on cobalt mobility
in the field, we wili study the influence of the
spatial distribution of these lenses in a series of
meter-scale laboratory experiments.  Future
research will also include collaborative experi-
ments with microbiologists to examine the
coupled effects of geochemical and microbial
reactions on the mobility of organic complexes.

Future Research

Priority will be given in FY 1993 to the com-
pletion of research with cobalt-EDTA. An experi-
ment on cobalt{ll)-EDTA reaction and transport in
an intermediate-scale fiow cell with stringers of
laboratory-synthesized iron and manganese
oxide-coated sand will be completed, in collabo-
ration with other Co-Contaminant Chemistry
Subprogram investigators. The experiment will
test hypotheses about the kinetics of cobalt(ll)-
EDTA oxidation to cobait(lll)-EDTA and the com-
petitive effects arising from the cobalt(ll)-EDTA-
induced dissolution of iron oxide [resulting in
cobalt{ll) and iron{lll)-EDTA] in mineralogically
heterogeneous porous media. The transport
experiment will be followed by a batch experi-
mental study of cobalt(ll}-EDTA interactions with
a number of natural iron oxide sands in which
the iron oxide crystal form, surface area, and
morphology vary, in order to document the gen-
eral applicability of results from the flow-cell
experiment to diverse subsurface environments.

Laboratory experiments will also be initiated to
investigate the effects of citrate and oxalate on
the chemistry of uranium(V1) sorption by subsur-
tface smectites of differing particle morphology.
Hypotheses on the importance of aqueous speci-
ation, surface complexation to clay mineral
edges, and organic-ligand-promoted mineral
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dissolution will be tested. These experiments
will be foliowed late in FY 1993 by research to
assess whether adsorption of uranium complexes
(e.q., uranium-oxalate, uranium-citrate) controls
the rates of microbial degradation of the organic
ligand (e.g., oxalate, citrate) in smectite
suspensions inoculated with specific subsurface
microflora. This experimental series, while
evaluating important scientific hypotheses
regarding subsurface biogeochemistry, will
provide necessary background information for
uranium-ligand microaquifer experiments planned
for FY 1994. These experiments wili involve
uranium-ligand transport through sand-filled flow
cells with smectite lenses and a subsurface
microbial inoculum.

In FY 1993, we will continue to evaluate how
adsorption and desorption control the
bioavailability of organic acids both as free
ligands and when complexed to uranium and
cobalt. The investigations will include static
batch studies with and without known
microflora, as well as continued use of the
pressure-jump technique.
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Chemistry/Microbiology Controlling
Chelated Radionuclide Transport

D. C. Girvin and H. Bofton, Jr.

Synthetic chelating agents, such as ethylene-
diaminetetraacetic acid (EDTA), nitrilotriacetic
acid (NTA), and diethylenetriaminepentaacetic
acid (DTPA), form strong water-soluble com-
plexes with a wide range of radionuclide and
metal ions. These synthetic chelating agents
have therefore been used to decontaminate
nuclear reactors and for other nuclear waste
processing. The codisposal of these synthetic
chelating agents with radionuclides has resulted
in an increase in radionuclide transport in the
subsurface environment. At specific DOE sites,
enhanced ®°Co migration in soil and subsoil pore
waters has been reported. (The dissolved 80co
in these pore waters exists predominantly as
anionic species, with up to 90% of the cobalt
associated with EDTA.) The enhanced radionu-
clide transport at these mixed-waste disposal
sites is presumably caused by the reduced
adsorption of the chelated radionuclide by sub-
surface materials relative to the adsorption of the
unchelated radionuclide. Under these conditions,
a decrease in chelate concentration via biode-
gradation would be beneficial, resulting in a
decrease in radionuclide migration. However,
other subsurface conditions can exist in which
the chelation of radionuclides would have in-
creased radionuclide adsorption and led to a
decrease in radionuclide mobility. Under such
conditions, biodegradation of the chelate would
be undesirable.

Because current scientific understanding of both
adsorption and biodegradation of chelated radio-
nuclides and the physicochemical and
microbiological parameters that influence these
processes is limited, it is impossible to assess
their role in controlling chelated radionuclide
transport at DOE mixed-waste sites. This lack of
knowledge also precludes our manipulating
geochemical and microbiological conditions in the
subsurface environment to limit radionuclide
migration when synthetic chelating agents are
present.

Synthetic chelates can be used as models of
native organic compounds that also complex
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radionuclides and metals. Understanding the
interactions of adsorption and biodegradation of
synthetic chelates {for which thermodynamic
data are readily available for modelling purposes)
can aid in interpreting data for native organic
complexants, for which only limited thermody-
namic data are available. This project focuses on
1) the adsorption of synthetic chelates and che-
lated radionuclides, 2) the subsurface physico-
chemical conditions that influence microbial
biodegradation and transformations of synthetic
chelates, and 3) the synergy between adsorption
and microbial processes. The modeling of the
aqueous speciation is integral to all aspects of
this project.

FY 1992 Research Highlights

Chelated Radionuclide Adsorption. The goal of
this segment of the research is to mechanistically
describe adsorption of chelated radionuclides for
a range of subsurface materials and conditions
present at DOE waste sites. The current focus
of this research is the adsorption of cobalt(ll)-
EDTA, cobalt{ill)-EDTA, and cobait{ll)-NTA by
aluminum oxides, specifically 6-Al,04 and gibb-
site [0-Al{OH);], and iron oxides, specifically
goethite (a-FeOOH) and ferrihydrite
(FegHOg*H,0), in the absence of microbiological
activity. Cobalt and EDTA were selected for
study because of their known co-migration in
pore waters at some DOE sites. Iron and alumi-
num oxides have been chosen because they are
important sorbents in many subsoils and subsur-
face materials and may exert a significant
influence on radionuclide attenuation and
mobility. Investigation of the cobalt-EDTA iron
oxide system began in FY 1992 in support of the
intermediate-scale experiments with cobalt-EDTA
that were being conducted within the Co-
Contaminant Chemistry Subprogram of DOE’s
Subsurface Science Program. Selected results
describing cobalt(ll)-EDTA adsorption behavior on
a-FeOOH are presented in a later section. The
cobalt-NTA-gibbsite system is being utilized in
interactive studies of chelated radionuclide
adsorption-biodegradation, aiso discussed in a
later section. In this section, selected results for
the NTA- and cobalt-NTA-gibbsite system will be
presented and the success of the mechanistic
modeling approach for quantitatively describing
cobalt(ll)-EDTA adsorption by 6-Al,05 will be
discussed.



Batch experiments were conducted with NTA or
equal-molar cobalt and NTA concentrations of 1
uM, gibbsite concentrations of 7.5 g/L in all
suspensions, and background electrolyte concen-
trations varying from 0.01 to 1 M NaClO,.
Adsorption edges were measured as a function
of pH (5 <pH <10) under a N, atmosphere to
minimize dissolved carbon dioxide in solution.
Adsorption equilibrium was reached in less than
6 h; however, all experiments were conducted
for 24 h. Adsorption of cobalt and NTA was
quantified by dual-labeled scintillation counting of
60Co and '4C-labeled NTA tracers; y-counting of
80Co served as an independent measure of
cobalt adsorption. Dissolved aluminum in solu-
tion was measured by inductively coupled
plasma mass spectrometry (ICP-MS). Aqueous
speciation and solubility calculations for
measured cobalt, NTA, and dissolved aluminum
concentrations were performed using the
MINTEQ code (Felmy et al. 1984). These calcu-
lations excluded possible surface complexation
(adsorption) reactions.

Adsorption edges for cobalt without NTA (re-
ferred to as cobalt-only) and for NTA without
cobalt (NTA-only) show typical cation-like and
ligand-like adsorption behavior, respectively
(Figure 1a). Evidence in the literature strongly
suggests that divalent cations form inner-sphere
surface complexes with iron oxides and 6-Al,04
(Hayes 1987; Brown 1990). By analogy, for
cobalt-only adsorption on gibbsite (Figure 1a),
we expect formation of inner-sphere complexes
with the singly coordinated aluminol edge sites
{=AIOH) li.e., =AI0Co and =AIOCo(OH)]. For
the NTA-only adsorption edge (Figure 1a), we
hypothesize that the dominant adsorbed species
forming are =AINTA and =AIHNTA". This is
based on aqueous speciation of NTA in the
presence of dissolved aluminum (Figure 1b).

Adsorption of cobalt, introduced into the gibbsite
suspension as an equimolar cobalt-NTA chelate
and referred to hereafter as Co w/NTA (Fig-
ure 1a), is essentially cation-like, with a
suppression of adsorption between pH 7 and 10,
relative to cobalt-only adsorption. Aqueous
speciation indicates that Co®* is the dominant
cobalt species below pH 7, because dissolved
aluminum outcompetes cobalt for NTA. Thus,
for pH <7, cation-like cobalt adsorption would
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be expected. Aqueous speciation calculations
suggest that for pH >7, cobalt-NTA" is a major
species. This would suggest anion-like adsorp-
tion of Co w/NTA; however, this behavior is not
observed. As noted above, all aqueous specia-
tion calculations presented here neglect the
competitive effects of adsorption on the muitiple
aqueous equilibria. The similarity of the Co
w/NTA adsorption edge to that of the cobalt-only
adsorption edge for pH >7 suggests that the
= AIOH sites of the gibbsite outcompete the NTA
for cobalt. That is, the formation of the =AlOCo
surface complex is thermodynamically favored
over that of the aqueous cobalt-NTA complex.
This is consistent with the modest strength of
the equilibrium constant for the aqueous cobalt-
NTA complex (log K = 12) relative to that of
cobalt-EDTA (log K = 18) for which ligand-like
adsorption of Co w/EDTA is observed for 5 <pH
<10. However, suppression of the Co w/NTA
edge and enhancement of the NTA w/Co edge
for 7.5 < pH <10 indicates that some of the
cobalt-NTA complex persists in this pH region.
The enhancement of NTA adsorption for pH >8
in the presence of cobalt (Figure 1a) suggests
that a surface bridging complex forms, in which
cobalt is coordinated directly to a surface
aluminol group, while maintaining at least one
carboxylate bond to NTA (e.g., =AI0Co-NTA,
where the single "-" indicates the carboxylate
bond). Thus, in this pH region the data suggest
that both cobalt and cobalt-NTA adsorption
occur. Adsorption of NTA in the presence of
equimolar cobalt below pH 7.5 is identical to
NTA-only adsorption (compare the NTA w/Co
and NTA-only edges in Figure 1a). Our aqueous
speciation calculation for cobalt-NTA suggests
that the dominant adsorbed species are =AINTA
and =AIHNTA, similar to the case for NTA-only
adsorption.

To investigate the nature of the electrostatic
interactions between NTA, cobalt, and cobalit-
NTA and the surface aluminol groups, adsorption
edges were measured as a function of the ionic
strength of the background electrolyte in gibbsite
suspensions. The influence of electrostatics
provides evidence to support the molecular
nature of surface interactions to be used in the
mechanistic modeling of cobalt-NTA adsorption.
With respect to the 0.01 M adsorption edge, the
NTA-only adsorption edge is displaced to lower
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pH levels by a relatively minor amount as ionic
strength increases (Figure 2a). As the ionic
strength increases from 0.01 to 1 M, the
decrease in the pH at which 50% adsorption
occurs {apH50) is 0.25 pH units (Figure 2a).
However, for pH >8.5, the 1 M edge no longer
parallels the 0.01 M edge but rather levels off
and increases slightly with increasing pH. This
difference is attributed to adsorption of NaNTAZ",
For pH >8.5, the dominant aqueous species is
NaNTAZ in the 1 M system (Figure 2b), although
it is only a minor species in the 0.01 M system
(Figure 1b). The adsorption of NaNTAZ" should
be relatively weak (e.g., electrostatically bound),
because it adsorbs only when it becomes the
dominant solution species. For pH <8.5, the
aqueous aluminum-NTA species distribution is
similar at both ionic strengths (Figures 1b and
2b), indicating that = AINTA and s AIHNTA  may
be the dominant adsorbed species. The apH50
observed here (0.25) for NTA is similar to that
observed by Hayes (1987) for inner-sphere
complexation of selenite by goethite, for the
same change in ionic strength. The apH50 shift
indicates that the NTA surface complexes are
relatively insensitive to electrostatic effects
associated with changes in ionic strength. By
analogy with the observations of Hayes (1987),
NTA may form inner-sphere surface complexes
with the aluminol edge sites of gibbsite; how-
ever, this hypothesis must be verified by direct
surface spectroscopic measurements. Based on
this inner-sphere hypothesis, we propose the
following NTA adsorption reactions for describing
NTA adsorption in the NTA-gibbsite system:

=AIOH + NTA3- = =AINTA® + OH"-

=AIOH + NTA® + H* = =AIHNTA* + OH"

In addition, we propose the formation of an
outer-sphere NaNTA?" surface complex, given by
the reaction

=AIOH + NTA% + Na* =
=AlO~ ---NaNTA?" + H*

16

where the symbol "-=-" is used to indicate that
NaNTAZ is an outer-sphere complex. These
reactions, in addition to the formation of the
surface bridging complex, should completely
describe NTA adsorption in the cobalt-NTA
system. We are continuing to examine the
ability of these and possibly other reactions to
mechanistically describe the observed NTA
adsorption behavior.

The adsorption of EDTA-only hy &-Al,05 (Fig-
ure 3) and cobalt in the presence of equal-molar
EDTA (Figure 4) was discussed qualitatively in
last year's annual report and by Girvin et al. (in
press). In FY 1992 we described this adsorption
quantitatively using the triple-layer adsorption
model (TLM) and derived thermodynamic adsorp-
tion constants for individual adsorption reactions
using the model. The EDTA-only adsorption data
{Figure 3) can be described by two outer-sphere
surface coordination {(adsorption) reactions:

=AIOH + AI** + EDTA% +H* = m

=AIOH, ---AIEDTA- :log K=5.6

=AIOH + A~ + EDTA% =
(2)

=AIOH, ---AIOHEDTA%*  :log K=4.0

The TLM couples these two reactions with
1) reactions describing the protonation of the
6-Al,05 surface, 2) reactions between the
surface and electrolyte ions, 3} electrostatic
interactions within the double layer, 4) all
relevant aqueous speciation reactions, 5) the
analytical totals and/or activities of constituents
in the system, and 6) mass-balance equations
that equate the concentrations of all computed
species to the analytical totals. The thermo-
dynamic equilibrium constants for reactions (1)
and (2) were derived from the measured adsorp-
tion data at 0.01 M NaClO4 using the nonlinear
least-squares fitting code FITEQL. The FITEQL
code incorporates all TLM reactions and iterates
on the value of the equilibrium adsorption
constants until the best fit to the adsorption data
is obtained, one that simultaneously satisfies all
equilibrium and mass-balance constraints. The



Fraction Sorbed

0 | | | |
-5
b) O AINTA B HNTAZ
O AIHNTA* O NTAS-
‘6 A AIOHNTA- v NaNTA2- _ . v
® Al(OH),NTAZ

A A

c &
K]
=
£
c
)
Q
c
Q
O
o
o
A
10

pH

FIGURE 2. Graphs of a) Adsorption of 1 4M NTA-Only by Gibbsite {7.6 g/L} in 0,01 and 1.0 M NaClO, and
b) Aqueous Speciation for 1 M NTA-Only Adsorption in 1.0 M NaClO, Using Measured NTA and Aluminum Solution
Concentrations

17



1.0
a) o)
08 -
o N
2
s 06 \ Optimized
o + %
< | XOHL-Av= %,
s logK'=5.6 "
8 o4 ",
[V ‘.
~ XOH}- AlOHYZ~ |
logK= 4.0 o
02 \ "‘.ml
0 ! 1 I 1 l
1.0 b)
o8
| O
o
m =
-g 0.6 Predicted
[72]
B 5
[
2
8 o4
o
021
“"“l““h"""llIl"",l'""
0

5 6 7 8 9 10

pH

FIGURE 3. Simulation (solid curve) of 0.5 UM EDTA Adsorption by 4-
Using FITEQL to Derive Adsorption Constants for Individusl Surface S
Adsorption Constants Derived from 0.01 M NaClO, Data. Dashed cu
species.

Al,04 (1 g/L) in a) 0.01 M NaClO, (data points)
pecies and b) 0.1 M NaClO, (data points) Using
rves indicate contribution of individual surface

18



best it of the data for reactions (1) and (2) and
the constants derived are shown by the solid line
through the data points in Figure 3a. The two
sets of dashed lines (Figure 3a) represent the
contribution of each adsorbed EDTA species to
the total EDTA adsorbed. Using these reactions
and the values for K derived from the 0.01 M
NaClO, adsorption data, a shift in EDTA-only
adsorption edge was pregicted for 2 0.1 M
NaClO, suspension (solid line, Figure 3b). This
prediction agrees quite well with the significant
shift observed in EDTA-only adsorption edge at
this ionic strength (data points, Figure 3b).
Many other individual reactions and combinations
of reactions were wxamined; however, none of
these could prcvide an acceptable description of
the observed data for both ionic strengths shown
in Figure 3. Reactions for inner-sphere surface
complexes predicted no shift in the adsorption
edge “vith ionic strength and were thus inconsis-
tent with the data, at least in the context of the
TLM.

The adsorption of cobalt by 6-Al,05 in the
presence of equal-molar EDTA is ligand-like over
the range of conditions studied (Figure 4). This
behavior is due primarily to the large stability
constant for the formation of the anionic
CoEDTAZ? coinplex (log K= 18) and is in sharp
contrast to cobalt adsorption by gibbsite in the
presence of equal-molar NTA (discussed above).
The adsorption of cobalt in the presence of
equal-moiar EDTA (referred to as Co w/EDTA) is
describeu in the context of the TLM by the
following outer-sphere reactions:

=AIOH + Co% + EDTA% + H* = 3
)

=AIOH, ---CoEDTA%  :og K=9.3

=AIOH + Co?" + EDTA* + 2H" =
(4)

=AIOH, ---CoHEDTA%*  :og K=45

The agreement between the simulation (solid
curve, Figure 4a) of Co w/EDTA adsorption at
0.01 M NaCliQO, (data points, Figure 4a) and reac-
tions (3) and (4) is excellent. This simulation
included EDTA adsorption reactions {1) and (2)

because the dissolved aluminum competes with
cobalt for the EDTA and the EDTA adsorbs to
form aluminum-EDTA ccmplexes. Itis clear from
the relative values of the adsorption constants
for reactions (1) through (4) that cobalt-HEDTA

- is the most strongly bound surface complex.
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Using reactions (3) and (4) and the values for K
derived from the adsorption data for 0.01 M
NaClO, Co w/ETTA, a shift in EDTA adsorption
edge was predicted for a 0.1 M NaClO, suspen-
sion (solid line, Figure 4b), which is in excelient
agreement with the observed adsorption edge for
Co w/EDTA at this ionic strength (data points,
Figure 4b).

The modeling results shown here indicate that
this mechanistic approach for modeling adsorp-
tion and its mathematical repre:entation in terms
of the TLM can be used to quantitatively
describe EDTA and cobalt-EDTA adsorption by
6-Al,05. The applicability of this modeling
approach to quantitatively describing adsorption
in the cobalt-NTA-gibbsite and cobalt-EDTA-iron
oxicle systems is currently being investigated.
The incorporation of this mechanistic description
of adsorption into solute w ansport codes should
enhance the accuracy of predictions of radionu-
clide transport for intermediate-scale experiments
and at DOE field sites.

Chelate Biodegradation. This research is quanti-
fying chelate persistence in the subsurface
environment and determining biological and geo-
chemical limitations on the degradation of
synthetic chelates. The research has used sub-
surface sediment samples from the Deep Micro-
biology Subprogram of DOE’s Suhsurface
Science Program to obtain initial estimates of
chelate persistence (Bolton et al.,, in press).
Previously isolated microorganisms that degrade
synthetic chelates are being used to provide
information on the optimal environmental condi-
tions for chelate biodegradation and also to
provide basic information on chelate degradation
metabolites and how geochemical conditions
influence the persistence of chelates and the fate
of chelated metals and radionuclides. These iso-
lates or consortia are also being used in studies
of chelated radionuclide adsorption and bio-
degradation from which combined adsorption-
biodegradation models will be developed.
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Transport in groundwater of some radionuclides
that are complexed with synthetic chelates may
decrease if the synthetic chelate is degraded.
The synthetic chelate NTA can be degraded in
waters, aquatic and subsurface sediments, soils,
and sewage; bacterial strains able to degrade
NTA have also been isolated from these sources.
However, because the aqueous speciation of the
NTA was not specified or controlled in many
past studies, it is not known what form of the
NTA was degraded, and the form may have
changed during the experiments. As a result, it
is not possible to identify the metal-NTA
complexes that were degraded based on results
of past studies. In addition, metal toxicity may
have influenced chelate degradation.

Thus even though there have been many studies
of NTA degradation, there is currently only
limited understanding of how the aqueous
speciation of the NTA will influence its degra-
dation. The aqueous speciation of synthetic
chelates such as NTA varies depending on pH
and on the concentrations and types of metal
jons present. At low pH, metals and protons
compete for the NTA, but at higher pH hydroxyl
and carbonate ions compete with the NTA for
the metal ion. As a result, multiple equilibria
dictate the form of the chelate available for
degradation.

The objective of this study was to determine
how the speciation of NTA influenced NTA
mineralization to carbon dioxide and to examine
the hypothesis that the thermodynamic stability
constant of the metal-NTA complex dictates the
rate of NTA degradation. This hypothesis states
that NTA complexes with metals with larger
thermodynamic stability constants will degrade
more slowly than those with smaller stability
censtants. To investigate this hypothesis, a
well-defined system was used: a single micro-
organism in a defined aqueous phase. The NTA-
degrading Pseudomonas strain ATCC 29600 is
well characterized and so was chosen for our
studies. Our approach was as follows: First,
identify the simplest defined liquid medium that
would support NTA mineralization by strain
29600 so that the aqueous speciation of the
NTA could be controlled and modeled. Second,
determine whether NTA mineralization follows
first-order kinetics and determine the optimal cell
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concentration for mineralization. Third, confirm
that '4CO, evolution from the mineralization of
14C.labeled NTA concurred with the loss of NTA
from solution. Fourth, test the hypothesis by
comparing the kinetic parameters of NTA miner-
alization for metal-NTA complexes whose
thermodynamic stability constants varied over a
wide range. Last, demonstrate that mineraliza-
tion of the various metal-NTA complexes was
not affected by metal toxicity.

Mineralization of '4C-labeled NTA to '4CO,
occurred in the various media including nutrient-
containing solution (minimal medium), pH 7
buffers {piperazine-N, N’-bis[2-ethane-sulfonic
acidl (PIPES) and N-[2-hydroxyethyl]
piperazine-N’'-[2-ethanesulfonic acid] (HEPES)},
and deionized water, all with a sirilar first-order
rate constant (Table 1). The asymptote calcu-
lated for the mineralization of NTA in minimal
medium was significantly greater than those for
water or buffer; however, the percentage in-
crease was relatively minor (Table 1). Water and
HEPES and PIPES buffers had the same calcu-
lated asymptotes (Table 1). This agreement
indicates that nutrients were not necessary for
the mineralization of NTA by strain 29600. This
lack of need fcr nutrients allowed us to use a
very simple system to test our hypothesis and
also greatly simplified the aqueous speciation
modeling of our experiments. Solutions buffered
for pH were used in all subsequent experiments,
because pH influences the speciation of the
NTA, the metal, and the metal-NTA complex.
Therefore, PIPES buffer was used and was able
to maintain solutions at pH 6 or 7 + 0.05
throughout the experiments. The PIPES buffer
also has a low complexing ability for a wide
range of metals, so that it would not compete
with the NTA for complexing the metals in
solution.

At varying concentrations of NTA, NTA minerali-
zation followed first-order kinetics, with
mineralization being directly proportional to the
NTA concentration, as demonstrated by the simi-
lar first-order rate constants for NTA concentra-
tions ranging from 52.3 to 0.05 uM (Table 2).
The caiculated asymptote for 0.52 yuM NTA was
significantly greater than those for the other
concentrations, but the percentage increase was
actually relatively minor (Table 2). The ability of



TABLE 1. First-Order Rate Constants and Asymptotes
for NTA Mineralization to CO, by Strain 29600 in
Various Media. NTA was present at a concentration of
5.23 uM and strain 29600 was present at a cell density
of 108 CFU/ml.

Rate Constant, Asymptote,
Medium per hour %
Water 0.041a'® 68a
HEPES (pH 7) 0.049a 66a
PIPES (pH 7) 0.043a 60a
Minimal Medium 0.044a 87b

{pH 7}

{a} Numbers in the same column that are followed
by the same letter are not significantly different
{95% confidence interval).

TABLE 2. First-Order Rate Constaiits and Asymptotes
for NTA Mineralization to CO, by Strain 28600 at
Various NTA Concentrations. Strain 28600 was
present at a cell density of 108 CFU/ml in 0.01 M PIPES
(pH 7) buffer.

NTA Rate Constant, Asymptote,
Concentration, yM per_hour %
62.3 0.030al® b1la
6.23 0.034a b63a
0.62 0.038a b8b
0.06 0.031a Bla

(a) Numbers in the same column that are followed
by the same letter are not significantly
different (96% confidence intervai).

strain 29600 to mineralize low NTA concentra-
tions (i.e., =5.23 yM) makes this model system
comparable to groundwater containing synthetic
chelates at the Oak Ridge and Maxey Flats
nuclear waste sites. The cell density used in the
studies described here was 108 colony-forming
units (CFU) per miililiter. At this cell density,
there was no lag period for NTA mineralization
when NTA-induced cells were used, and viable
cell numbers remained constant throughout the
experiment. As cell density decreased to <6.7
log CFU/mi, a lag in the mineralization of NTA
was seen, although cell numbers remained
approximately the same throughout the experi-
ment. We wanted no growth of strain 29600
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during our experiments, to ensure similar cell
densities in the various metal-NTA experiments
and aillow for first-order kinetic modeling of NTA
mineralization. The lack of measurable growth of
strain 29600 resuited from the absence of
growth nutrients during the mineralization
experiments, the low concentration of organic
compound (5.23 yM), and the high starting cell
density.

Measuring the evolution of '#CO, from '4C-
labeled NTA provided a good indicator of the
removal of NTA from solution. There was an
inverse relationship between the amount of
14CO2 evolved and the disappearance of NTA
from solution (Figure 5a). A substantial amount
of 14C0O, was initially dissolved in the aqueous
phase, particularly during the early phases of
NTA mineralization, and was released into the
head space on acidification (Figure 5b). The
initial rapid rate of '#CO, production by strain
29600 in the aqueous phase apparently ex-
ceeded the rate of 14CO2 exchange at the liquid-
air interface; as a resuit there was an initial
increase in the aqueous concentration of dis-
solved '%CO,. This behavior will result in
underestimation of the extent of mineralization of
NTA at any given time. Subsequent measure-
ments of NTA mineralization involved acidifica-
tion at each sampling time to determine total
14C0, produced. Our trapping efficiency for
14C0, was 100%; all of the '4C was accounted
for by either 14C0O, or 4C remaining in solution.

The hypothesis tested with our simple aqueous
system was that the stability of the metal-NTA
complex dictates the rate of NTA degradation.
Specifically, the NTA degradation rate for various
metal-NTA complexes would decrease as the
thermodynamic stability constants for the metal-
NTA complex increase. To ensure that cobalt,
copper, and nickel would be predominantly free
metal ions for our metal treatments without
NTA, we chose to use PIPES buffer at pH 6
rather than pH 7. This adjustment ensured that,
for cobalt, copper, and nickel, the free metal ion
was the dominant metal species in solution at
5.23 uM, with minimal formation of metal
hydroxides or carbonates, as calculated by the
aqueous speciation model MINTEQ (Table 3).
For example, at pH 6 copper is present pre-
dominantly as Cu?* (Table 3), but at pH 7 more
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than 50% of the copper would be present as
CulOH)°, (data from MINTEQ). Iron and alumi-
num were present as hyd:oxide species in solu-
tion at pH 6 (Table 3). Aqueous speciation of
NTA in the various metal-NTA solutions demon-
strated that the metal-NTA complex was the
dominant form of NTA in solution (Table 4). The
various metal-NTA complexes were mineralized
at different rates (Table 5}, demonstrating a
direct effect of the complexed metal on the
mineralization of NTA. The metals were chosen
to provide a range in their thermodynamic forma-
tion constant for the metal-NTA complexes
(Table 5). No relationship was discernible
between the thermodynamic stability constants
for the various metal-NTA complexes and the
first-order rate constants, the asymptotes, or the
initial rates of NTA mineralization {Table 5). The
mineralization of nickel-NTA, copper-NTA, and
aluminum-NTA was less than that of the other
metal-NTA complexes, as indicated by their
smaller rate constants and asymptotes. These
data disprove our stability constant hypothesis;
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neither the thermodynamic stability nor the
formation constant of the metal-NTA complex
correlated with the rate of NTA mineralization.

TABLE 3. Aqueous Speciation of the Metals in pH 8
Buffer (0.001 M PIPES, 0.01 M KNO3) Containing 6.23
uM Metal

Metal Aqueous Speciation of Metal'®!
Co  Co?* (100%)
Fe  FeOH,* (98.6%); Fe(OH); (1.6%)
Al AIOH)4 (46%); AlOH),* (42%);
AIOHZ* (8%); Al(OH) 4 (6%);
ABR* (1%)
Cu  Cu?* (96%); CuNO,4* (2.6); CuOH*
{2.6); Cu(OH), (1%)
Ni  Ni?* (100%)

(a) Metal species (percent of the total metal present
as listed species) calculated from MINTEQ
(Feimy et al. 1984).



TABLE 4. Aqueous Speciation of the NTA in pH 6
Buffer (0.001 M PIPES, 0.01 M KNO;) containing 6.23
UM metal and NTA

Metal-NTA
Complex Aqueous Speciation of NTA'®!
no metal  HNTAZ (100%)
Co CoNTA™ (88%); HNTAZ (12%)
Fe FeOHNTA" (96%); FeNTA (2%);
HNTAZ (2%)
Al AIOHNTA" (78%); AINTA (16%);
AI(OH),* (2.6%); A(OH),
(2.6%);
AI(OH) ,NTAZ" (1%)
Cu CuNTA" (100%)
Ni NiNTA™ (87%); HNTAZ" (3%)

{a) NTA species (percent of the total NTA

present as listed species) calculated from
MINTEQ (Felmy et al. 1984).

Some of the metals we used, such as nickel,
copper, and aluminum, which gave the lowest
rates of NTA mineralization (Table 5), can also
be toxic to microorganisms. However, the
mineralization of '4C-labeled glucose was not
inhibited by any of the metals at 5.23 uM

(Figure 6a). Glucose is a non-complexing
organic, which means that the metals would be
predominantly present as either the free metal or
the metal hydroxide ions in solution (Table 3). If
these ions were being taken up by the cell, they
were not inhibiting cellular respiration or the
generation of '4CO, from '4C-labeled glucose
(Figure 6a). However, the amount of the metal
ion in the cell or its location may differ when it is
taken up as the free metal ion rather than the
metal-NTA complex. To determine whether this
was the case, the metals were also added as the
metal-NTA complex to cells induced on NTA, and
the incubations were analyzed for '4C-labeled
glucose mineralization. The mineralization of
14C.1abeled glucose was not inhibited by any of
the metal-NTA complexes at 5.23 uM (Fig-
ure 6b). Because the cells were induced on
NTA, both NVA and glucose could be taken up
by the cell and mineralized. That both were
indeed taken up was demonstrated by the
mineralization of '4C-labeled glucose when
unlabeled NTA was present (Figure 6b) and by
the mineralization of '4C-labeled NTA when
unlabeled glucose was present {data not shown).
This indicated that the metal itself did not inhibit
general cellular metabolism, but that rather the
complexed metal was influencing only NTA
mineralization.

TABLE 6. First-Order Rate Constants, Asymptotes, Initial Mineralization Rates, and Thermodynamic Stability or
Formation Constants {log K} for Various Metal-NTA Complexes. Strain 29600 was present at a cell density of 108
CFU/mi in pH 8 buffer (0.001 M PIPES, 0.01 M KNO,) containing equal-molar metal and NTA (6.23 yM).

Metal-NTA Rate Constant, Initial Mineralization

Complex per _hour Asymptote, % Rate,'*) % per hour log K®!

no metal 0.672a' 69ab 40a o]
Co 0.280b 67b 16b 11.7
Fe 0.209b 66a 14b 17.8
Al 0.124c 80ab 7c 13.7
Cu 0.114cd 41c 4cd 14.2
Ni 0.063d 34d 2d 12.8

(a)
(b)
{Felmy et al. 1984).
(c)
different (95% confidence interval).

Rate constant multiplied by the asymptote.
Obtained from the aqueous speciation model MINTEQ for pH 6, 26°C, 0.01 M KNO,4
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Numbers in the same column that are followed by the same letter are not significantly
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The differences in mineralization of the various
metal-NTA complexes may be due to differences
in the lability of the various metal-NTA com-
plexes. Lability is a kinetic property of a metal-
chelate compiex that represents the ability of the
chelated metal to exchange for a free metal in
solution. This ext hange or dissociation is related
to the ability and frequency of making and break-
ing the metal-carboxyl oxygen and the metal-
nitrogen bonds of NTA. The lability of the metal-
NTA complex also determines the rate at which
NTA is redistributed among the thermodynami-
cally favorable species in solution. If strain
29600 was able to take up or mineralize only the
HNTAZ form of NTA, this limitation would
account for the variations in NTA mineralization
observed when different metals are complexed.
When no metals are present, the free acid
HNTAZ is the predominant form of NTA in
solution from pH 5 to 8. For a metai-NTA
complex, the exchange of the metal with a
hydrogen ion to form HNTAZ will be much
slower for a kinetically inert metal complex than
for a more labile complex. Information on the
lability of metal-NTA complexes is limited, but
the lability of various metal-EDTA complexes is
known to differ depending on the complexed
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metal. Among divalent transition metals, nickel-
EDTA is relatively inert. Isotopic exchange
measurements of the metal in cobalt-EDTA and
nickel-EDTA show that cobalt-EDTA is more
labile than nickel-EDTA by a factor of 25.
Although no direct measurements of metal ex-
change rates have been published for cobalt-NTA
and nickel-NTA, it is reasonable to conclude,
given the similarity of the coordinating moieties,
that the relative labilities of cobalt-NTA and
nickel-NTA are similar to those observed for the
corresponding metal-EDTA chelates. Thus, the
presumed nonlability of nickel-NTA relative to
cobalt-NTA is consistent with nickel-NTA having
a lower rate of NTA mineralization.

In summary, NTA mineralization occurred in
simple aqueous systems, with mineralization
following first-order kinetics. Thermodynamic
stability constants did not indicate the
degradability of specific metal-NTA complexes
when the metals were present at non-inhibitory
concentrations. Our new hypothesis to explain
the differences in NTA mineralization when NTA
is complexing different metals is that the lability
of the various metal-NTA complexes dictates the
rate of NTA degradation. If this hypothesis



holds, a mechanistic understanding of metal-NTA
degradation will require investigations of the
lability of various metal-NTA complexes and of
the way the metal-determined lability influences
the mineralization of NTA.

Chelate Adsorption - Biodegradation Interactions.
This research is investigating the mutual inter-
actions of chelate adsorption and biodegradation
and the influence of microbial activity on chelate
and radionuclide adsorption. During FY 1992,
these interaction studies focused on the limita-
tion imposed on chelate degradation rates by
chelate adsorption and desorption. The hypothe-
sis being tested is that adsorbed chelates are
unavailable for degradation. The chelate
becomes available for degradation only through
desorption of the chelate into the aqueous
phase. Thus the rate of chelate desorption limits
the degradation rate. To test this hypothesis,
we selected a mode! system consisting of NTA
or cobalt-NTA, the NTA-degrader Pseudomonas
strain ATCC 29600, and the naturally occurring
mineral gibbsite (as the adsorbent).

Background studies were conducted in FY 1991
to determine 1) the rates of degradation of NTA
and metal-NTA chelates by strain 29600 in the
absence of chelate adsorption and 2) the adsorp-
tion of NTA and cobalt-NTA by gibbsite in the
absence of microbial activity. Integration of this
information was essential for the design and
interpretation of NTA-gibbsite-Pseudomonas sp.
experiments to address our hypothesis. The
integration of chemical and biological information
and the design of interaction experiments for this
system formed the basis of the interaction
studies conducted in FY 1992. Briefly the
design is as foliows: A known quantity of 14C-
labeled NTA adsorbed to gibbsite particles is
introduced into a suspension of Pseudomonas sp.
At this point more than 99% of the NTA in the
system is adsorbed to the gibbsite; that is, the
solution concentration of NTA, which is readily
available for degradation, is less than 1% of the
total NTA in the system. The NTA begins to
desorb immediately and thus, according to our
hypothesis, becomes available for degradation.
However, the form of the NTA in solution, and
thus the degradation rate, depend on the pH of
the solution. The speciation for NTA-only and
cobalt-NTA systems and degradation rates for

26

the individual aqueous species are summarized in
Table 6. The pH of the suspension is buffered to
minimize shifts in speciation during the course of
the experiment. The rate of NTA mineralization
as a function of time is measured as evolved
14C0, in the NTA-gibbsite-Pseudomonas sp.
system and compared to a control having the
same aqueous NTA species, solution pH, and
total NTA. Experiments have so far been con-
ducted at pH 6 and 8 for the NTA-only system,
in which the dominant species are HNTA2" and
AIOHNTA", respectively; further experiments will
be conducted in FY 1993 for the cobalt-NTA
system at pH 7, where the dominant species is
Co-NTA". The total NTA or cobalt-NTA concen-
tration in the systems is 1 uM and the solid-to-
solution ratio is 7.5 g/L. These conditions are
identical to those used in the abiotic NTA
adsorption experiments described above in the
section on chelated radionuclide adsorption.

TABLE 8. NTA and Cobalt-NTA Aqueous Speciation as
a Function of pH in the Presence of Aluminum from the
Dissolution of Gibbsite

Chelate PpH_ Solution Species
NTA 6.0 AIOHNTA (86%), AINTA (16%)
7.0  AIOHNTA {46%), HNTA (45%)
8.0 HNTA (90%)
Co-NTA 6.0  AIOHNTA (60%), CoNTA (20%]),
AINTA (20%)
7.0 CoNTA (86%), AIOHNTA (8%),
HNTA (7 %)
8.0 CoNTA (35%), HNTA (656%)

Mineralization of NTA is significantly slower in
systems where the NTA is initially adsorbed to
the gibbsite. For example, NTA degradation at
pH 8 in the absence of gibbsite (curve A,
Figure 7) is very rapid, essentially complete
within 1 h, but mineralization of the NTA that is
initially adsorbed to the gibbsite is much slower,
with the asymptote not yet being reached at 50
h (Curve B, Figure 7).

The NTA mineralization curves with and without
the presence of gibbsite were analyzed using a
first-order model of the two-step process,
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This analysis yields rates for solution miner-
alization of NTA, krlNTA = 3.0 h'', and desorp-
tionky = 0.042 h''. Thus the net mineralization
rate for NTA in the presence of gibbsite is less
than that observed for NTA in solution by a
factor of 70.

In FY 19893 we will conduct experiments at
lower cell densities (similar to those used in the
initial NTA mineralization studies) to obtain
mineralization rates in the controls (no adsorp-
tion). The results will allow more accurate deter-
mination of first-order rate constants for NTA
mineralization. The results to date demonstrate
that NTA degradation is limited by adsorption
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(Figure 7) and that our simple model
[(Equation (5)] must be modified to include a
two-step desorption process. These limits will
be investigated in more detail in FY 1993.

Collaborative Intermediate Scale Experiments. A
collaborative intermediate-scale experiment,
which is multidisciplinary in scope, was designed
in FY 1992. This project supplied data and aided
in the design of a collaborative experiment con-
cerning cobalt(ll) and cobalt(Il|)}-EDTA transport
at an intermediate scale. The experiment is a
coupled geochemical-microbial experiment.
Results from the project (Girvin et al., in press)
suggest that subsurface microorganisms might
be exposed to cobalt(lil)-EDTA if cobalt(ll) and
EDTA were co-disposed. This information was
then used in another project to investigate the
enzymatic reduction of cobalt{ll)-EDTA to
cobalt(l)-EDTA byiron-reducing microorganisms.
Iron-reducing microorganisms can reduce
cobait(lll)-EDTA to cobalt{ll)-EDTA, suggesting



that a geochemical-microbial intermediate-scale
experiment investigating cobalt(ll)-EDTA oxida-
tion to cobalt({lll)-EDTA by manganese oxides
could be coupled to a microbial experiment in-
vestigating the microbial reduction of cobalt(lll)-
EDTA to cobalt{l})-EDTA by iron-reducers.

Investigation of cobalt-EDTA adsorption by sev-
eral iron oxides that differ in their crystallinity
and crystal structure began in FY 1992. Our
objective is to determine the relative importance
of the different iron oxides occurring at DOE
sites as chelate sorbents; these experiments will
also support the cobalt-EDTA-iron oxide
intermediate-scale experiments being conducted
within the Co-Contaminant Chemistry Subpro-
gram of DOE’s Subsurface Science Program. In
general, the behavior of cobalt-EDTA adsorption
by iron oxides is completely different from that
observed for 6-Al,05 under similar experimental

adsorption edge for an equal-molar cobalt-EDTA,
a-FeOOH system (Figure 8) is significantly
different from that observed for a corresponding
6-Al, 0, system (Figure 4a). The behavior of the
cobalt is intermediate between that observed for
the cobalt-EDTA-4-Al, 0, system and that of the
cobalt-NTA-gibbsite system {Figure 1a). In the
case of the cobalt-EDTA-a-FeOOH system (Fig-
ure 8), the shape of the Co w/EDTA adsorption
edge can be understood in terms of the high
stability constant for iron(lll}-EDTA (log K = 25),
the resultant solubilization of a-FeOOH by the
EDTA, and the subsequent competition of Fe3*
with Co2* for the EDTA. Our preliminary con-
clusion, based on equal-molar cobalt-EDTA
adsorption on 6-Al,05 (Figure 4a), gibbsite (data
not shown), and a-FeOOH (Figure 8) is that each
chelated radionuclide will exhibit different
adsorption behavior, depending on the bulk solu-
bility and surface properties of the metal-oxide

conditions. For example, the Co Ww/EDTA adsorbent.
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FIGURE 8. Adsorption of 1 yM EDTA and Cobalt-EDTA by Goethite {2 g/L) in 0.01 M NaClO,



Future Research

The continued investigation of chelated radio-
nuclide adsorption on oxides, smectitic clays,
and subsoils dominated by oxides and/or clays,
along with biodegradation studies of synthetic
chelates and microbial-driven geochemical modi-
fications of the subsurface environment, will
extend the applicability of this research to
several DOE sites. In addition, surface-catalyzed
oxidation of cobalt(ll)-EDTA to cobalt({ii})-EDTA
by iron and manganese oxides will be investi-
gated to determine the mechanisms and condi-
tions under which cobalt oxidation may be
occurring at DOE field sites. Finally, adsorption-
biodegradation interactive studies will be
completed for the NTA, cobalt-NTA,
Pseudomonas strain 29600, and gibbsite system,
and new studies will be started for an analogous
EDTA system, using an EDTA-degrading organ-
ism and/or consortium (Nortemann 1992) and
either gibbsite or an iron oxide as the model
subsurface sorbent. These combined chemical-
microbiological studies on progressively more
complex systems have two objectives. The first
is to quantify the effects of each process on the
other, and the second is to provide the critical
background and process information in support
of intermediate-scale experiments that are using
these chelates, organisms, and model subsurface
sorbents to determine the effect of flow on
chemical-microbiological interactions. Mathe-
matical representations of chemical, microbiologi-
cal, and flow processes and their influences on
one another will eventually be incorporated into
transport codes to simulate and predict radionu-
clide and chelate mobility. The understanding
developed within this project, combined with
model development in other projects within the
Subsurface Science Program, will aid in the
evaluation of effective remediation strategies at
DOE sites where chelates and radionuclides have
been co-disposed.
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Chemical Desorption, Dissolution, and
Partitioning

C. C. Ainsworth

A variety of solid and liquid waste materials were
discharged to the ground at DOE production sites
over a 40-year period. Unplanned releases and
direct discharges have contaminated soils and
groundwaters at many DOE sites. Remediation
of groundwater plumes is often viable, but the
treatments generally neglect the mass of material
sorbed to the solid matrix, which can act as
sources for future contaminant plumes and may
involve a mass of contaminant significantly larger
than that observed in a plume. However, the
interactions and reactions that control the
mobilization of solid phase contaminants are not



yet well understood. Reactions that control the
release of sorbed contaminants from subsurface
materials (e.g., desorption, dissolution) must be
better understood to facilitate prediction of
contaminant mobility and identification of
rational geochemical strategies to enhance and
hasten restoration of waste sites.

FY 1992 Research Highlights

This project was conducted under the auspices
of PNL’s Environmental Science Research Center,
as part of its basic program to develop new
scientific knowledge to use natural processes in
subsurface environmental restoration. Research
has focused on three areas: 1) collection and
characterization of metal-contaminated materials
from beneath a disposal pond (for use in studies
of mobilization of metals from contaminated
natural materials); 2) the effect of residence time
and calcite recrystallization on the sorption/
desorption of cadmium, cobalt, copper, manga-
nese, nickel, and lead; and 3) the effect of
recrystallization of iron oxides on the desorption
of cadmium, cobalt, and lead as affected by resi-
dence time. in FY 1992, research focused
specifically on the collection, characterization,
and mobilization of uranium from sediments
collected beneath the 300 Area process ponds at
the Hanford Site and on the effect of residence
time on metal/radionuclide sorption by calcite.

Uranium in the 300 Area Pond Sediments and Its
Mobilization. The two 300 Area process ponds
are unlined surface impoundments constructed in
1943 and 1948 that were used for disposal of
radioactively {principally uranium) and chemically
contaminated wastewaters from the 300 Area of
the Hanford Site until they were retired in 1975.
The geologic material underlying the 300 Area
process ponds is part of the Hanford formation
(consisting of coarse-grained deposits); the
deposits are typically graded materials from
boulders to sands, with thin layers of silts, clays,
and caliche (CaCQ,); in addition, carbonate coat-
ings on gravels occur sporadically throughout the
pond profiles. More than 62,000 kg of uranium
was disposed of to the two ponds; other radio-
nuclides also disposed of to the ponds included
small quantities of 69Co, 234Th, and '37Cs. The
contaminant inventory disposed of to both ponds
is estimated as silver (1,900 kg), cadmium
(140 kg), chromium (8,000 kg), copper
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(110,000 kg), mercury (100 kg), lead (8,000
kg), nickel {18,000 kg), and zinc (8,000 kg).

Seventeen samples were collected from beneath
the 300 Area process ponds; the reactive mineral
phases (CaCOyj, iron oxides, clays) observed in
these samples are common to a number of other
DOE locations. These samples represent a pro-
file by 1-m intervals extending to about 8 m
below the pond surface and about 2 m below the
saturated zone. Extensive secondary CaCO,
(caliche) layers about 1.5 m below the pond floor
proved to contain metals in concentrations that
are greater than in the other sampled layers by
one to three orders of magnitude. Heavy metals
in the CaCO; layer include copper, uranium,
chromium, nickel, lead, zinc, and mercury
(Table 1). Although the total concentration of
cobalt is low in the sampled sediments, it is
believed that the total y-ray activity (approxi-
mately 2500 Bq/g) is due to 8°Co and '37Cs.

During FY 1992, studies were initiated on
those process pond caliche sediments that are
highly contaminated with uranium and copper,
to investigate the solubilization of these
metals. In these studies, sediments were
equilibrated with water and the resulting
aqueous phase was sampled with time. The
aqueous concentrations of calcium, copper,
sodium, magnesium, uranium, chlorine, sulfate,
and dissolved inorganic carbon reached their
maximum levels within approximately 24 h and
remained constant throughout the 96-day
study. Data collected to date from solubiliza-
tion studies suggest that the soluble uranium
is present as the wuranium(VIl) hydroxide
schoepite (UO,0H,). Aqueous copper concen-
trations observed in these studies were cal-
culated to be in equilibrium with tenorite
(Cu0). The major uranium species were cal-
culated to be the carbonato complexes
UO,C05° and UO,(CO4)%.  Geochemical
modeling suggests that if the partial pressure
of carbon dioxide (pCO,) is increased, a
significant increase in the uranium(VI) aqueous
concentration will result; for example, if the
pCO, is increased by a factor of ten, the
aqueous uranium(VI) concentration is calcu-
lated to increase by a factor of 6 to 8
(Figure 1).



TABLE 1. Solid Phase Concentrations (ug/g) of Selected Metals from Two Sedimant Profiles in the 300 Area North
Process Pond. NP-4 (0.9- and 1.2-m depths) represents a profile through a caliche layer, and NP-1 {1.4-, 1.8-, 4.9-,
and 7.6-m depths) is a profile that did not have a caliche layer present.

Depth, m
Element 0.9 1.2 1.4 1.8 4.9 7.8
Cu 16000 4900 32400 65B40 1740 363
v 3100 3510 1880 388 69 45
Cr 1417 1490 737 283 43 <32
Ni 630 800 823 230 43 34
Zn 187 200 168 116 112 108
Pb 119 127 98 24.7 9 10
Ag 320 373 118 17 4.2 <4
-2
pH = 8.0
25°C
4L
UO,(COg)E
—
Ny
(e
-
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<]
-l
- (U02)3(OH)7'
8
UO,(CO3)4
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log (CO3")

FIGURE 1. Calculated Total Aqueous Uranium (VI) Concentration and UOZ“’ Speciation in Equilibrium with Schoepite
as a Function of C032' Concentration at pH 8.0 and 26°C

Effect of Calcite Recrystallization on the Sorption
of Metals as a Function of Residence Time. In
the environments surrounding DOE waste sites,
and in particular at the Hanford Site, sorption of
aqueous divalent metal contaminants by calcite
(CaCO,) presents a potentially significant mineral
phase for scavenging contaminant metals in cal-
careous surface, subsurface, and groundwater
environments. As noted above, a discontinuous
caliche layer is present in the sediments below
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the 300 Area process ponds and appears to be
a major sink for many contaminants of interest
(Table 1).

Scavenging of divalent metal cations (Me2*) by
CaCO, is generally a surface-localized process.
Sorption to the calcite surface typically occurs
either by exchange with the surface calcium or
by complexation to the carbonate groups bound
in the hydrated layer. However, the sorption



process varies for different sorbate metals and is
not necessarily straightforward. Zachara et al.
(1991) found that 1) a series of divalent metais
sorb to calcite in the order cadmium > zinc =
manganese > cobalt > nickel; 2) desorption is
correlated to metal hydration energies, (the lower
the hydration energy, the less can be desorbed);
3) cadmium and manganese behaved like a sur-
face precipitate or solid solution; and 4) zinc,
cobalt, and nickel appeared to remain on the
calcite surface as a hydrated complex. That
study did not follow the sorption process beyond
48 h; however, even in that length of time the
magritude of sorption for all of the metals
studied was sufficiently large to suggest that
calcite could act as an important sorbent.
Although several other studies have addressed
metal-calcite interactions over relatively short
times, little is known about the sorption process
beyond the initial rapid uptake of metals. The
same long-term process is hypothesized to occur
for many metals of interest and should be cor-
relatead with the recrystallization rate of the
calcite itself.

Laboratory studies of metal adsorption were per-
formed to quantify the influences of pH, metal
ionic radii, and free energy of hydration (a°G,,4)
on the long-term adsorption/desorption behavior
of metals on calcite. The fractional sorption of
divalent cadmium, cobalt, copper, manganese,
and nickel to calcite increases as a function of
pH. Examples of the pH edges for cadmium,
nickel, and copper are shown in Figure 2. The
pH adsorption edge for all the metals estcept
copper increased with pH. That for copper in-
creased with pH until about pH 8.0; the decreas-
ing sorption beyond pH 8 that was observed for
copper is believed to be the result of the
increasing dominance of the aqueous Cu(CO4),%
species. In all cases, however, the fractional
increase parallels the decrease in the aqueous Ca
concentration. Although the sorption behavior of
the metals shown in Figure 1 could also be
caused by precipitation of Me-carbonate,
-hydroxide, or -hydroxycarbonate solid, the 24-h
pH edge data for all metals are consistent with a
surface exchange reaction

2+
Ca(sumloo) + Me (8q) Me(turhoa) M Ca(nq) (6)
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in which only the uncomplexed divalent metal
exchanges with surface calcium,

With time, the aqueous phase concentrations of
all of the metals except copper tend to decrease,
as a result of a slow sorption process that is
believed to be related to the recrystallization of
the calcite (Figure 2). The rate of metal frac-
tional sorption beyond 24 h appears to be differ-
ent for each of the metals and is a reflection of
the surface Me?* concentration, the recrystalli-
zation rate, and their dependence on pH. Even
though the long-term sorption rate process is not
considered first order, the disappearance of the
metal from solution can be modeled as a pseudo-
first-order reaction.

The first-order rate constant (k) for metal uptake
after 24 h is not constant over the pH range of
interest (Figure 3). The change in k that occurs
with pH, however, reflects the variation in
surface concentration of a given metal with pH,
and hence the pseudo-first-order rate constant’s
dependence on the initial (24-h) surface loading.

These preliminary results suggest that the initial
sorption of the Me2* metals currently under
study is 1) fast and related to the pH, 2) depend-
ent on the aqueous metal speciation, and 3) de-
pendent on the aqueous calcium concentration.
After the initial sorption process has occurred,
however, further uptake of cadmium, cobalt,
manganese, and nickel is dependent on the sur-
face concentration of the Me2* species and the
rate of calcite recrystallization, but independent
of the metal itself. This independence may be a
result of the fact that all of the metals examined
to date have similar ionic radii and therefore
would not be limited by size constraints. Copper
incorporation into calcite, on the other hand,
appears to be minimized by the severe distortion
in the six-coordinate octahedron caused by the
Jahn-Teller effect and by its large free energy of
hydration {-498.7 kcal/mol).

Future Research

Uranium in the 300 Area Pond Sediments and Its
Mobilization. The data collected to date suggest
that formation of the uranium(VI} carbonato
complexes will solubilize uranium present as
schoepite, without any kinetic constraints related
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to schoepite dissolution. However, in nonarid
environments, a.'enuation of uranitm(Vl) typi-
cally occurs through exchange with clay minerals
and interaction with iron and aluminum oxide.
Although cation exchange reactions are believed
to be renid and non-rate-limiting with respect to
uranium.Vl) mobilization, desorption from oxide
surfaces is usually much slower, and therefore
the solubilization of sorbed uranium may limit the
desorption rate. Research in FY 1993 will
continue to explore 1) the remobilization of
uranium{'Vl) from collected sediments from the
300 Are¢a ponds, 2) remobilization of uranium
sorbed to clays by cation exchange, and 3) the
relcase of uranium from iron and aluminum
oxide-dominated subsurface materials. The
research activities will focus on the kinetics of
uranium release.
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Effect of Calcite Recrystallization on the Sorption
of Metals as a Function of Residence Time. The
calcite recrystallization studies were completed
in FY 1982, and no additional studies to investi-
gate pure phase calcite recrystallization are being
contemplated. Instead, research during FY 1993
will emphasize 1) investigations of real-world
contaminated subsurface materials, 2) remobili-
zation of copper and uranium from contaminated
subsurface materials, and 3) manipulation of geo-
chemical parameters to enhance remobilization.
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Microbial Sequestration and
Bioaccumulation of Radionuclides and
Metals

H. Bolton, Jr.
Contributors

N. L. Valentine (EMCORE) and M. T. Kingsley
(NORCUS)

in the past, many inorganic contaminants,
including radionuclides and toxic inetals, have
been disposed of at DOE sites. In some in-
stances, these inorganic contaminants have
migrated into the subsurface environment, and
they may migrate farther to contaminate domes-
tic groundwater supplies. Currently, economical
approaches to remediate or stabilize these deep
contaminated zones are limited by a lack of
understanding of the geochemical and biological
factors that affect the wastes. Radionuclide and
metal inorganic wastes must be either immobi-
lized before further subsurface migration occurs
or removed from the contaminated subsurface
environment by pumping and surface treatment.
Pump-and-treat technologies are costly and not
feasible for deep, inaccessible sediments. How-
ever, one promising process for radionuclide and
metal immobilization is bioimmobilization, or the
bioaccumulation of radionuclides and metals by
subsurface microorganisms. Bioaccumulation is
a specific microbial sequestering mechanism in
which mobile radionuclides and metals become
associated with the microbial biomass with both
intra- and extraceilular sequestering ligands.
Radionuclides and metals can accumulate either
intracellularly or extracellularly, in association
with various components of the cell wall or exo-
pnlymers (capsules or slime layers). Because
most microorganisms in the subsurface environ-
ment are associated with stationary strata,
bioaccumulation of mobile radionuclides and
metals would initially decrease inorganic waste
transport. However, information on this
microbially mediated process is currently limited.
How long the inorganic wastes would remain
immobilized, the selectivity of the bioaccumula-
tion process for specific inorganic wastes, the
mechanisms involved, and how the geochemistry
and growth conditions of the subsurface environ-
ment influence bioaccumulation are all currently
unknown. With stimulation of the growth and
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activity of subsurface microorganisms, the
transport of radionuclides and metals in
subsurface environments may be effectively
reduced by bioaccumulation. A question
remains: Although subsurface microorganisms
may be able to reduce radionuclide and metal
transport, will contaminants subsequently be
remobilized as the microorganisms are starved or
degraded? Therefore, this research is being
conducted to determine the selectivity of the
bioaccumulation process for specific metals, the
mechanisms and kinetics of bioaccumulation,
and the extent of any remobilization of inorganic
wastes during various stages of microbial
growth.

FY 1992 Research Highlights

This project was conducted under the auspices
of PNL's Environmental Science Research Center,
as part of its basic program to develop new
scientific knowledge and concepts for using
natural processes in subsurface environmental
restoration. Before initiation of this project,
there was limited information on the ability of
subsurface microorganisms to immobilize inor-
ganic contaminants. The goal of our research in
FY 1992 was threefold: First, to complete the
survey (begun in FY 1991) of inorganic contami-
nant bioaccumulation by a wide variety of sub-
surface microbial isolates during the cellular
resting stage. Second, to sample and charac-
terize the microbial ecology of a site contami-
nated by radionuclides and metals. Third, to
start in-depth mechanistic investigations of
radioactive metal bioaccumulation by a single
subsurface microorganism. Because work in this
third research area did not start until near the
end of FY 1992, it will not be discussed here,
but will be referred to in the "Future Research”
section.

Bioaccumulation of Heavy Metals by Subsurface
Bacteria. The goal of this research was to
determine the bioaccumulation of radioactive
109¢q, 57Co, €3Ni, and 85:29Sr by microorgan-
isms isolated from three distinct subsurface
environments. These metals have different
specificities for ligand-binding sites, with
strontium preferring nitrogen and oxygen, while
cadmium prefers phosphorus and sulfur, and
cobalt and nickel are less selective. The use of
these metals with their different specificities for



ligand-binding sites was intended to provide an
initial indication of the possible dominant ligands
associated with subsurface microorganisms.
Also, 9Co and 2°Sr are radionuclides disposed
of at DOE sites that are of concern because of
their mobility in the subsurface environment.
Our objective was to determine inorganic con-
taminant bioaccumulation during the resting
stage of growth, using subsurface bacteria iso-
lated from three distinct subsurface environ-
ments at DOE sites.

The first hypothesis we tested was that sub-
surface bacteria from different subsurface
environments would have different abilities to
bioaccumulate metals. Previous DOE microbio-
logical research has shown that subsurface
bacteria were very diverse at various locations,
suggesting that microbial populations at various
subsurface locations might be unique. The
second hypothesis was that Gram-positive and
Gram-negative subsurface bacteria would have
different abilities to bioaccumulate inorganic
contaminants. Eubacteria can be divided into
two main cell wall types, distinguished by the
Gram stain as either Gram-positive or Gram-
negative. It is convenient to study these two
cell wall types, because they have different
mechanisms to biosorb radionuclides and metals.
Gram-positive walls usually contain large
amounts of peptidoglycan and anionic polymers,
such as teichoic or teichuronic acid. The cell
walls of Gram-negative bacteria are distinctly
different, having an outer membrane of lipids,
proteins, and polysaccharides outside the pepti-
doglycan layer. Our third hypothesis was that
subsurface bacteria resistant to metals would
bioaccumulate less metal than metal-sensitive
strains, and our final hypothesis was that sub-
surface microorganisms have developed unique
abilities to sequester and bioaccumulate
radionuclides and metals. The subsurface
environment can be low in nutrients {i.e.,
oligotrophic), and essential nutrients may be
concentrated by subsurface microorganisms.
Selected radionuclides and metals would
presumably be analogs of these nutrient
elements and would also be bioaccumulated.
Also, subsurface microorganisms may have
developed general, non-specific sequestering
mechanisms, which would allow bioaccumulation
of both nutrients and inorganic contaminants.
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The microorganisms used in these studies were
isolated from sediments obtained from boreholes
drilled at.the Hanford Site (59 strains), the Idaho
National Engineering Laboratory (INEL)
(30 strains), and the Savannah River Site (SRS)
(47 strains). Microorganisms were also used
that had been isolated from surface soil adjacent
to the boreholes at Hanford (11 strains), INEL (6
strains), and SRS (6 strains). Microorganisms
were all grown on the same solid medium
[peptone-trypticase-yeast extract-glucose
(PTYG)], rinsed off the plates, washed twice,
and suspended in 0.001 M Piperazine-N,
N’-bis[2-ethane-sulfonic acid] (PIPES) buffer at
pH 6. The PIPES buffer is a pH buffer with very
low metal-complexation capability. The cells
were stored overnight in PIPES buffer with no
carbon source, to ensure that resting and/or
starved cells were used in our assays. Aqueous
speciation modeling of our experimental system
ensured that the metals used in these studies
were present as the free metal ion with a
valence of two. Because of the limits on metal
solubility and possible toxic effects from the
metals, our experiments were all conducted at
1 uM metal concentrations. All data are reported
per gram dry weight of cells.

Subsurface bacteria from Hanford accumulated
more metal than strains isolated from subsurface
sediments from either SRS or INEL (Table 1).
These data demonstrate that microorganisms
from different subsurface systems have different
abilities to bioaccumulate metals during resting
or starvation stages of growth. All three sam-
pling sites were located in uncontaminated sub-
surface systems, so that data presented here are
for microorganisms cultured from a relatively
contaminant-free environment. When the strains
from all three locations were averaged together,
the amount of metal bioaccumulated or removed
from solution decreased in the order cadmium >
nickel > cobalt > strontium (Table 1). This
pattern of metal uptake demonstrates that sub-
surface bacteria do have a selectivity for metal
uptake. The average values in Table 1 do not
show the wide range with which subsurface bac-
teria removed metals from solution. The range
for metal bioaccumulation after 1 h was 6.02-
0.009, 3.00-0.001, 2.79-0.004, and 1.27-
0.000 umol metal/g dry weight for cadmium,

cobalt, nickel, and strontium, respectively.



TABLE 1. Metal Bioaccumulation by and Metal Resistance of Subsurface Bacteria from the Hanford Site (Hanford),
Idaho National Engineering Laboratory (INEL), and the Savannah River Site (SRS). The main effect means of location,

metal, time, and Gram stain are presented.

Bioaccumulation, Resistance,
Treatment mol metal/g dry weight  MIC, ug metal®
Location
Hanford 0.70a'® 47.2b
SRS 0.37b 69.7a
INEL 0.23¢ 91.1a
Metal
cadmium 1.09a 34.1¢c
cobalt 0.28¢ 68.6b
nickel 0.40b 93.7a
strontium 0.16d na'®
Time (hours)
1 0.54a na'¥
4 0.61ab na
8 0.4bhc na
24 0.42c na
Gram stain
Positive . 0.61a 64.6b
Negative 0.41a 82.3a

(a} MIC = minimum inhibitory concentration.
(b} Main effect means in the same column that are followed by
the same letter are not significantly different (p < 0.06).

{c} nd
(d) na

not determined.
not applicable.

When the samplings at 1 and 24 h are compared
(Table 1), there is a 22% decrease in the amount
of metal bioaccumulated. The location and metal
interaction was significant (Figure 1). Hanford
isolates had significant differences in the uptake
of all four metals, while INEL and SRS isolates
had the highest amounts of cadmium bioaccumu-
lated and the same amounts of nickel, cobalt,
and strontium (Figure 1).

When all four metals were averaged, Gram-
positive and Gram-negative bacteria both
bicaccumulated the same amount of metal
(Table 1). This disproved our hypothesis about
a difference in the ability of Gram-positive and
Gram-negative isolates to remove different
amounts of metal from solution. Apparently the
cell wall structure of subsurface microorganisms
is not a major influence on metal uptake by
resting cells.
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Subsurface isolates were tested for their
resistance to cadmium, cobalt, nickel, and
strontium using metal-impregnated filter disks
placed onto inoculated agar. The minimum
inhibitory concentration (MIC) that produced a
measurable inhibition of growth around the disk
was measured. When the MICs of the four
metals were averaged, the MIC for isolates from
Hanford was significantly lower than those for
SRS or INEL isolates {Table 1). The metals had
differing MICs when all isolates were analyzed
together, and decreased in the order nickel >
cobalt > cadmium (Table 1). No data for stron-
tium are presented in Table 1 because no isolate
was sensitive to strontium at even the highest
concentration (500 ug).

An inverse relationship between metal bio-
accumulation and metal resistance was found
{Table 1). Cadmium was bioaccumulated the
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FIGURE 1. Bioaccumulation of Cadmium, Nickel, Cobalt, and Strontium by Subsurface Bacteria from the Hanford Site
(Hanford), Idaho National Engineering Laboratory (INEL), and the Savannah River Site (SRS). Bars labeled with
different letters are significantly different by Fischer’s protected least significant different mean separation test (p =

0.06).

most and was the metal to which bacteria were
most sensitive (i.e., smallest MIC). Also,
Hanford isolates had the largest average amount
of metal removed from solution and the lowest
MIC values {Table 1). Thus there appears to be
an inverse relationship between metal bioaccu-
mulation and metal resistance. Gram-negative
bacteria were more resistant than Gram-positive
bacteria when all the metals were averaged
together (Table 1).

Subsurface isolates were no better than surface
isolates at bioaccumulating metals (Table 2).
Subsurface and surface isolates from all three
locations bioaccumulated the same amount of
strontium (Table 2). The Hanford subsurface and
surface isolates bioaccumulated the same
amounts of cadmium, but the surface isolates
bioaccumulated more cobalt and nickel. Surface
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isolates from INEL and SRS bicaccumulated more
cadmium, cobalt, and nickel than subsurface iso-
lates (Table 2). This disproves our hypothesis
that subsurface bacteria have unique capabilities
that allow them to remove more metals from
solution than surface isolates. However, these
studies were conducted on isolates cultured on
the same medium and in the resting or starved
physiological state. Inferences cannot be made

to other stages of growth or long-term
starvation.
Microbial Ecology of a Radionuclide- and

Metal-Contaminated Waste Site. Microorganisms
isolated from sediments from a site contaminated
with metals and radionuclides may differ from
isolates from more pristine environments in their
ability to bioaccumulate metals. For this reason,
a site at Hanford was selected for obtaining



TABLE 2. Metal Bioaccumulation by Surface and Subsurface Bacteria from the Hanford Site (Hanford}, Idaho National
Engineering Laboratory (INEL), and the Savannah River Site (SRS)

Bioaccumulation,
umol metal/g dry weight

Location Cadmium _Cobalt Nickel Strontium
Hanford - surface 1.68b 0.87e 1.14d 0.20ij
Hanford - subsurface 1.66b 0.38hi 0.69fg 0.19ij
SRS - surface 1.92a 1.23c 1.12d 0.20ij
SRS - subsurface 0.7%ef 0.24ij 0.28hij 0.16j
INEL - surface 1.48b 0.82e¢ 0.90e 0.22jj
INEL - subsurface 0.46gh 0.156j 0.21ijj 0.09j

(a) Means in table that are followed by the same letter are not
significantly different (p < 0.0B).

near-surface sediments contaminated with vary-
ing concentrations of both radionuclides and
metals from which we would isolate organisms
for study. From 1948 to 1975, the 300 Area
processing pond at the Hanford Site was used
for the disposal of radioactive and metai-
contaminated waste waters from laboratories
and nuclear fuel fabrication facilities. After
waste discharges to the pond ceased, the pond
dried. This processing pond basin offered a
unique opportunity to obtain near-surface
sediments that had been contaminated with both
radionuclides and metals for several decades.
Our objectives were to determine the viable
populations of microorganisms in the sediments
and to test several hypotheses about how the
addition of both radionuclides and metals
influenced the microbial ecology of the sedi-
ments. Our first hypothesis was that viable
populations of microorganisms would be lower in
the more contaminated sediments. Second, we
expected that long-term metal exposure would
result in enhanced metal resistance. Finally,
microorganisms from the most radioactive
sediments should have enhanced radiation
resistance.

Sediments were obtained from two locations
within the dried pond basin, designated locations
"A" and "B". Sediments were obtained from
four depths at location A [4.5, 6, 16, and 25 ft
{1.4, 1.8, 4.9, and 7.6 m)] and two depths at
location B [1 and 2 ft (0.3 and 0.6 m)]. Samples
were therefore designated as A-4.5, A-6, A-16,
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A-25, B-1, and B-2. Samples were collected,
sieved to pass through a 1-mm screen, and
stored at 4°C until analyzed.

The six sediments had a wide range of total
metal concentrations (Figure 2). In general,
metal concentrations in the sediments decreased
as a function of depth (compare A-4.5 through
A-25 or B-1 and B-2). A variety of metals
occurred at concentrations above background;
only those with at least a tenfold decrease as a
function of depth were included in Figure 2. The
concentrations of copper and zirconium were
multiplied by 0.1 so these data would fit in the
figure, and thus the actual concentrations of
copper and zirconium are ten times higher than
the bars shown in Figure 2. Notice the high
concentrations of copper, nickel, chromium,
uranium, and zirconium in sadiments B-1, B-2,
and A-4.5. These sediments will be generally
referred to in this article as the contaminated
sediments.

The radioactive contamination in sediments B-1,
B-2, and A-4.5 was discernible upon sampling
with a hand-held 8,y-counter. The predominant
radionuclides in these sediments were 238U and
235y and their decay products. The concentra-
tions of 238U and 2%°U are presented in Figure 2.
The concentration of 238U was multiplied by 0.1
so the data would fit in the figure; thus the
actual concentration of 238U is ten times higher
than the bar shown in Figure 2. The high con-
centrations of uranium, 238U, 235U, zirconium,
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processing pond sediments. Concentrations of copper, zirconium, and 2384 are ten times larger than bars shown. b)

FIGURE 2. Contaminant Concentrations and Microbial Densities. a) Metal and radionuclide concentrations in
Microbial population densities in processing pond sediments.

onto 1% PTYG with cobalt, chromium, or nickel at a concentration of 10 mM.



and copper in selected sediments (Figure 2)
demonstrates the previous use of this pond as a
waste site for nuclear fuel fabrication facilities.

Viable microbial populations, as demonstrated by
growth on the same medium (PTYG), were found
in all six sediments (Figure 2). Viable microbial
populations enumerated from plates with no
additional metal were highest in B-1, B-2, and
A-4.5, the sediments most contaminated with
metals and radionuclides (Figure 2). Thus viable
populations of microorganisms were not reduced
in the most contaminated sediments, disproving
our first hypothesis. These three metal- and
radionuclide-contaminated sediments were also
the only ones with microorganisms able to grow
on a medium amended with copper, chromium,
or nickel at a 10 mM concentration (Figure 2).
Thus enhanced metal resistance of the microbial
population was apparently selected for by the
presence of these metal contaminants, confirm-
ing our second hypothesis. It should be noted,
however, that the microbial population of metal-
resistant microorganisms, as defined by growth
on plates containing 10 mM metal, was signifi-
cantly less than the total population (Figure 2).
In some cases the metal-resistant population was
less than the total counts by four orders of mag-
nitude (e.g., B-1). So although there was a
metal-resistant population, organisms not resis-
tant to metals were also present. This point was
also demonstrated by a random survey of metal
resistance of isolates that grew on PTYG plates
without metals. These randomly selected iso-
lates were tested for their resistance to nickel,
copper, and chromium, using metal-impregnated
filter disks placed onto inoculated agar; inhibition
of growth around the disk was measured. There
was no difference in the MIC of copper, chro-
mium, or nickel for isolates from the various
sediments. Thus metal resistance was not en-
hanced in the general microbial population from
the contaminated sediments that grew up on the
1% PTYG plates without metals. Statistical
analysis of population counts from the metal-
amended plates allowed a comparison of average
metal resistance for the three contaminated
sediments and average metal resistance for the
three metals. The population of nickel-resistant
microorganisms was significantly higher [3.5 log
colony-forming units/gram dry weight

41

{CFU/gdw)] than those for chromium or copper
(3.1 and 3.0 log CFU/gdw, respectively). The
random testing of isolates from 1% PTYG with-
out metals also showed a higher MIC for nickel
(138 ug) than for copper (80 ug) or chromium
{46 ug). Sediments A-4.5 and B-2 had similar
metal-resistant microbial populations (3.4 log
CFU/gdw), while the population in B-1 was
significantly less at 2.5 log CFU/gdw.

Because some microorganisms may not grow on
our selective medium, we also assayed total
microbial biomass and activity in these sedi-
ments. The soil microbial biomass, as deter-
mined by sediment adenosine triphosphate {ATP)
concentration, was significantly higher in the
most contaminated sediments (Figure 3). Sedi-
ment B-2 had the highest ATP concentration,
followed by B-1 and then A-4.5. The three
uncontaminated sediments had similar ATP con-
tents but had a significantly lower level than the
most contaminated sediments. The microbial
activity in the sediments, as determined by
14C-glucose mineralization, was highest in the
least contaminated sediments (Figure 3). Sedi-
ments A-16, A-25, and A-6 had the fastest rate
and greatest amount of '4C-glucose mineralized
when the sediments were maintained at native
soil moisture content (Figure 3). After the
mineralization approached an asymptotic value,
fresh glucose was added, along with a nutrient
solution to provide both nutrients and moisture,
to determine whether either of these was limiting
14C-glucose mineralization. Mineralization rates
of 14C-glucose were generally the same before
and after the addition of nutrients and water
(Figure 3), suggesting that microbial activity in
the contaminated sediments was not limited by
either nutrients or moisture. Thus the contami-
nated sediments had a larger biomass but a less
active microflora than the uncontaminated
sediments. One possible explanation for this
inverse relationship between microbial biomass
and activity is that the contaminated sediments
were located closer to the surface of the dried
pond and microorganisms may have infiltrated
from shallower uncontaminated sediments. (The
surface of the dried pond was covered with a
layer of uncontaminated sediment upon closure
to prevent air dispersal of contaminated
sediments.)
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FIGURE 3. Sediment ATP Concentration and 14C.jabsled Glucose Mineralization in Various Processing Pond
Sediments. The legend lists ATP concentrations as nmol ATP/mg sediment. Means followed by the same letter are
not significantly different (p < 0.0B6). For the mineralization of glucose, 10 ¢ of sediment was supplemented with 20
g V4C-labeled glucose (2 mCi/mmol) with the evolved '4CO, being trapped in a vial containing 0.3 M KOH. At day
ten, 10 ml of a 0.1X nutrient solution was added to the sediments slong with a fresh addition of 14¢_labeled giucose.
Error bars represent the standard deviations of the means.

The presence of radiation in the sediments
A-4.5, B-1, and B-2 (Figure 2) for extended
periods suggested that microbial populations in
these three sediments might have enhanced
radiation resistance. Sediments were weighed
into sterile tubes and exposed to y-radiation from
a 9Co source for different times to provide
varying levels of radiation exposure. The
sediments were then serially diluted and plated
{onto 1% PTYG) to determine viable counts for
percent survival calculations. There was a wide
range of percent survival in the various sedi-
ments as a function of radiation exposure
(Figure 4). At the 0.1-Mrad dose, the range in
survival was from approximately 0.1% in sedi-
ment B-2 to 2% in sediment A-25. Only one of
the contaminated sediments (B-1} had a percent
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survival higher than the other sediments at the
highest dose (0.25 Mrad). Sediment B-1 also
had the highest amount of %38U in comparison to
the other sediments (Figure 2). The enhanced
survival of microorganisms exposed to radiation
in sediment B-1, although significantly higher
statistically, was not much greater than the other
sediments.

In conclusion, the presence of mixed inorganic
contaminants, including various metals and
radionuclides, over a long time did not signifi-
cantly alter viable sediment microbial counts
when compared to the less contaminated sedi-
ments. Enhanced radiation resistance was found
only for the most radioactive sediment, but the
enhanced survival was not large compared to the
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FIGURE 4. Dose Response Curve of Viable Microbial Populations in the Various Processing Pond Sediments to
y-Radiation from a °0Co Source. Sediments were serially diluted after radiation exposure and plated onto 1% PTYG.
The last sampling time was statistically analyzed, and points followed by the same letter are not significantly differant

(p = 0.06),

other sediments. Metal-resistant microorganisms
were found in the most contaminated sediments,
but their numbers were much less than the total
viable population. Microbial biomass was higher
in the contaminated sediments, but microbial
activity was lower. Thus although microbial
populations were able to survive in the
contaminated sediments, they were not as active
as in the less contaminated sediments.

Future Research

This project will conclude in FY 1993 with
investigations of metal bioaccumulation of
strains isolated from the sediments of the 300
Area processing ponds at the Hanford Site. The
hypothesis we will test is that microorganisms
isolated from metal-contaminated environments
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will bioaccumulate less metal than isolates from
more pristine environments. We will also con-
duct in-depth mechanistic studies of metal bio-
accumulation with a single subsurface spore-
forming bacterium.  This spore-former was
chosen because it bioaccumulated substantial
quantities of metals in the screening study and
because spore-formers are an important portion
of the total platable microbial population in the
vadose zone at Hanford (48% are spore-
formers). Also, the use of a spore-former will
allow us to investigate several stages of growth
over short periods, including active growth (log
phase), transition to starvation (spore formation),
starvation-survival (spores), and resuscitation
(spore germination).



Improving the Biodegradative
Capacity of Subsurface Bacteria

M. F. Romine and F. J. Brockman
Contributors

R. Reeves (Florida State University) and
D. Balkwill (Florida State University)

The continual release of synthetic materials into
the environment by industrial and agricultural
sources over the last few decades has resulted
in pollution of the subsurface environment. The
potential harm this could cause to our health and
environment requires that we take the initiative
to clean up the contaminated sites. However,
such cleanup has been difficult because of the
relative inaccessibility of the contaminants
resulting from their wide dispersal in the deep
subsurface environment, often at low concentra-
tions and in large volumes. As a possible solu-
tion for these problems, interest in the intro-
duction of bacteria for in situ remediation of
contaminated sites has increased greatly in
recent years. The selection of a microorgan-
ism(s) to apply in such cleanup entails con-
sideration of such factors as

¢ Metabolic response to abiotic factors, such as
pH, temperature, moisture, and texture

s Ability of a microbe to establish itself and
survive predation within the indigenous
microbial community and to compete effec-
tively for nutrients, which are commonly at
suboptimal levels

e Resistance to naturally occurring toxins.

The use of microorganisms isolated from subsur-
face environments would be advantageous
because the organisms are already adapted to
the subsurface conditions. Although many
natural isolates able to degrade contaminants
have been identified, there are still some
limitations on their use:

¢ The rate at which the contaminant is removed
is often too slow for timely removal of the
pollutant

o Expression of the enzymes involved in degra-
dation often requires the presence of environ-
mental conditions or chemicals that may not
be present or that are highly toxic to humans

¢ To handle mixtures of highly recalcitrant
anthropogenic waste compounds requires
extensive evolution of catabolic pathways.

These obstacles can be overcome by recruiting
enzymes from well-characterized microorgan-
isms, placing the genes for the enzymes under
the control of regulatable promoters, and moving
the new genetic constructs into diverse groups
of subsurface microbes. Therefore, the objec-
tives of this research project are to 1) construct
vehicles that enable the transfer of recruited
enzymes to subsurface bacteria and allow
expression to be controlled by nontoxic and
inexpensive external factors, and 2) determine
the ability of engineered subsurface bacteria to
degrade the target contaminant. The project has
been conducted under the auspices of PNL's
Environmental Science Center, as part of its
basic program of developing new scientific
knowledge and concepts for use of natural
processes in restoration of the subsurface
envircnment.

FY 1992 Research Highlights

Construction of Plasmids. We have chosen two
plasmid vectors to be used as vehicles for the
transfer of genes that encode recruited enzymes
into selected subsurface isolates. These
plasmids, pMMB66EH and pNM185, were
chosen because they can be maintained in a
wide variety of microorganisms. Each of these
plasmids also encodes antibiotic resistance
markers (ampicillin and kanamycin resistance,
respectively), which will allow us to monitor
transfer of the plasmid into the subsurface
isolates. Regulatable expression of recruited
genes can be achieved by placing these genes
behind plasmid-encoded promoters. The
pMMB66EH vector carries a ptac promoter
originally derived from Escherichia coli. This
promoter is negatively regulated by the product
of the /acl gene, which is present on the same
vector. Repression of transcription from this



promoter can be relieved by adding the chemical
isopropylthiogalactoside (IPTG). The pNM185
vector carries the ptol promoter, which origi-
nated from the pWWO plasmid of Pseudomonas
putida strain F1. This promoter is positively
regulated by the product of the xy/S gene
encoded on the plasmid and the coinducers
benzoate or m-toluate.

Two enzymes, toluene dioxygenase ({tod) and
toluene-4-monooxygenase (tmo), were selected
as the initial model systems for enzyme recruit-
ment. These enzymes catalyze the degradation
of both toluene and trichloroethylene (TCE). The
DNA encoding tod and tmo were recruited from
P. putida F1 and P. mendocina KR1, respectively.
Four plasmid vehicles were constructed by clon-
ing each of these enzymes into each of the
selected plasmid vectors. The IPTG-regulatable
pMMBG66EH derivatives are pMY402, which en-
codes the tmo genes, and pMR601, which en-
codes the tod genes. The benzoate- cor
m-toluate-regulatable pNM185 derivatives are
pMR404, which encodes the tmo genes, and
pMR604, which encodes the tod genes.

Transfer and Expression of Recruited Enzymes in
Subsurface Bacteria. Isolates from the P24
borehole at the Savannah River Site in South
Carolina were chosen for this study. Fifty-five
subsurface isolates were screened for their
inherent resistance to kanamycin and ampicillin.
Of the isolates, 29 lacked such resistance and
were unable to grow on the antibiotic-containing
media, making them suitable for use with our
resistance-marked plasmids. Some of these
29 strains are being typed phylogenetically by
Reeves and Balkwill at Florida State University.
Based on preliminary typing, eight isolates from
different bacterial groups were chosen for
enzyme recruitment: BOG615, Rhodospirillum
rubrum; BO724, Arthrobacter globiformis;
BO265, Alcaligenes eutrophus; B0445,
Acinetobacter calcoaceticus; BO669 and BO446,
P. testeroni; BO259, P. aeruginosa; and BO450
(not yet typed).

Cesium-purified plasmid DNA was electroporated
into these subsurface isolates. Cells that had
received the plasmid were identified by their
ability to grow on antibiotic-containing media
that they had initially been unable to grow on.
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Then any newly antibiotic-resistant colonies were
tested for presence of the new plasmid DNA by
amplifying the tod and tmo genes by the
polymerase chain reaction. As of the end of FY
1992, we have transferred all four plasmid
constructs into BO445, BO450, BO265, BO669,
and BO259, and transferred pMR604 into BO724
and BO446. No colonies were formed by BO615
after electroporation with any of the plasmids.

Expression of Biodegradative Capacity.
Expression of the tod and tmo genes was
monitored by high-performance liquid chroma-
tography (HPLC) analysis of culture super-
natants. Cultures grown in the presence of
toluene and expressing tod or tmo would be
expected to convert toluene to cis-dihydrodiol or
p-cresol, respectively.

Cultures of strains BO445, BO450, B0265,
B0O669, and BO259 that contained each of the
four plasmids were tested for their ability to
degrade toluene. Culiture supernatants were
collected from cuitures that had been grown in
minimal media, containing 20 mM lactate and
100 ppm toluene. Identical cultures were also
set up in the presence of the inducers, IPTG or
m-toluic acid, at a final concentration of 1 mM.

p-Cresol produced by strains BO265, BO259,
B0O445, B0O450, and BO669 with plasmid
pPMR404 (light bar) and pMR404-induced (dark
bar) are shown in Figure 1. Levels of dihydrodiol
produced by these strains with plasmids pMR601
{open bar}, pMR601-induced (solid bar), pMR604
{lightly shaded bar), and pMR604-induced (darkly
shaded bar) are shown in Figure 2.

None of the parental strains, which were devoid
of these four plasmids, were able to degrade
toluene. In addition, expression from pMY402
was not evident in any of these strains. Degra-
dation of toluene by tmo was exhibited in four
out of five strains and inducible in three of these
four strains. Degradation of toluene by tod was
successful in three out of five strains in the
presence of the pMR601 construct and in all five

strains carrying the pMR604 construct. Toluene

was completely removed from BO445 containing
pMR601 (eithar induced or noninduced) and by
BO450 carrying pMR604 (either induced or
noninduced).
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Te examine the kinetics of the tmo and tod
enzymes, a time-course assay was also per-
formed with the parenii BO450 and derivatives
that carried plasmid pMR404 (Figure 3) or
cNR604 (Figure 4), using benzoic acid as the
inducer. The results indicate that degradation of
toluene by tod (pMR604) is much more rapid
than degradation by tmo {pMR40G4) in BO450.
After 21 hours, only 0.25% of the initial level of
toluene remained in the supernatant with
pMR604, but over 90% was still detectable in
the supernatant with pMR404. The. parental
strain BO450 did not produce a detectabie level
of either compound; thus both plasmids exhibited
a considerable level of constitutive activity.

Future Research

Preliminary results indicate that, in some cases,
recruited tod and tmo enhanced the biodegrada-
tive capacity of subsurface bacteria. Additional
experiments will test the effects of cell con-
centration, growth state, and toluene concentra-
tion on degradation by the engineered strains and
on the ability of these strains to degrade TCE.
Strains will then be ready for testing in sub-
surface sediments and groundwater to assess
their survival and their ability to express the
genes under environmental conditions.

300
g 200
<
i
3]
o
o .
©
4
(&)
& 100 -
1

2

3

Time (hours)

FIGURE 3. Pyoduction of p-Cresol by BO460 (pMR404)
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Intermediate-Scale Subsurface
Transport of Co-Contaminants

E. M. Murphy, B. D. Wood, T. R. Ginn, F. J.
Brockman, R. J. Lenhard, and A. J. Valocchi
(University of lllinois)

The natural subsurface environment is often
highly heterogeneous in its physical, chemical,
and biologic properties. Processes in subsurface
environments are complex because of the simul-
taneous interaction of chemical, microbiological,
and hydrologic phenomena. These interacting
phenomena determine the distribution and struc-
ture of the subsurface microbial community, the
evolution of groundwater chemistry, and the
migration and fate of solutes. Ultimately, the
design of effective remediation strategies
depends on our ability to accurately predict the
subsurface transport and transformation of con-
taminants in these complex systems. Previous
field experimentation has shown that our pre-
dictive ability is limited by 1)a lack of
understanding of interacting processes on a
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mechanistic level, and 2} an inability to scale
rmechanistic processes from observations in the
laboratory to the field. Improving our under-
standing of mechanistic processes and our ability
to scale these processes to relevant field
problems can best be addressed by controlled
laboratory experimentation in intermediate-scale
flow cells. The goals of this project are to
identify and test our understanding of interactive
mechanisms under controlled laboratory condi-
tions and to develop and test approaches to
scaling mechanistic processes to the field.

FY 1992 Research Highlights

During FY 1992, the focus of this project shifted
from an emphasis on biodegradation of organic
contaminants to testing our understanding of
natural interacting processes in the subsurface
environment. The reasor for this change of
focus is that hypotheses arising from field
investigations in DOE's Subsurface Science
Program are often impossible to test at the field
scale. In particular, physical heterogeneity gives



rise to chemical and microbial heterogeneity,
often controlling these interacting processes at
the field scale. In FY 1892, research was
directed to 1) testing our ability to predict large-
scale phenomena of solute degradation and
transport by incorporating mechanistic microbial
processes into a two-dimensional transport
model, and 2) the design, premodeling, and
background experimental work to address
hypotheses on the subsurface biogeochemical
carbon cycle. In addition to testing hypotheses
relating to the subsurface biogeochemical cycle,
we are using intermediate-scale experimentation
to determine the effect of natural heterogeneity
of groundwater chemistry on microbial transport
and distribution and on solute migration. The
progress of this work in FY 1992 is summarized
in the following sections.

Coupling Microbial Kinetic Processes to
Transport. A number of mathematical models
have been developed that couple microbial
growth kinetics with the transport of biologically
active components in groundwater systems.
These models can be broadly grouped into two
categories: those that include mass-transfer
limitations between the fiuid phase and the
microbes (hereafter referred to as "multiple-
phase models"), and those that do not ("single-
phase models™). Multiple-phase models define
separate biomass and aqueous phases and
assume that there is a mass-transfer limitation
between them. The result is a set of coupled
partial differential equations that describe mass
transport in mobile aqueous and immobile bio-
mass phases, as well as the growth of the bio-
mass phase. All multiple-phase models require a
mass-transfer coefficient that allows representa-
tion of the pore-scale mass-transfer process at
the macroscopic scale at which the associated
mass-balance equations are valid. Because these
mass-transfer coefficients are dependent on
geometrical configurations of the biomass and
necessarily reflect the effects of averaging the
pore-scale mass-transfer process up to the
macroscopic scale, it is difficult to interpret them
physically.

The second approach assumes that the mass-
transfer limitation between the biomass and the
aqueous phase can be neglected. This neglect
leads to mass-balance equations that are written
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for a single aqueous phase and do not require the
estimation of additional parameters to describe
interphase transfer. In fact, for large values of
the mass-transfer coefficient, multiple-phase
models reduce to a single-phase model.

Microbial Kinetics in Porous Media. In the
environment, the growth kinetics of microorgan-
isms are a function of many environmental
variables (e.g., nutrient ccncentrations, pH,
temperature, competition with other organisms)
and may also be affected by the history of
environmental conditions experienced by the
organism. However, mathematical descriptions
of microbial kinetics in the environment use a
substantially reduced set of variables, because
exact mechanistic description of microbial
processes is generally an intractable problem. In
making the mathematical description of microbial
kinetics tractable, some empiricism is introduced.

Models used to describe microbial kinetics can be
categorized as being either structured or unstruc-
tured. Structured models are generally more
mechanistic (molecular) and represent physiologi-
cal changes in the cell by expressing the kinetics
in terms of variables that are internal {e.g., con-
centration of enzymes, DNA, RNA) and external
to the cell (i.e., environmental variables). In
contrast, unstructured models describe microbial
growth as a function of environmental variables
only. Application of structured models tends to
be somewhat complicated; therefore, models
applied to problems in the environment have
generally been of the unstructured type.

For applications to groundwater systems, modifi-
cations of the unstructured kinetic model pro-
posed by Monod (1949) have been used to
describe the specific growth rate as a function of
the concentration of one or more limiting
nutrients.

In general, the mathematical model used to
describe the kinetics of a system should be
based on phenomenological considerations. The
model should incorporate each of the phenomena
that are known or expected to have a significant
effect on microbial growth. In addition to the
effect of substrate limitation, which is accounted
for by such approaches as the Monod model,
other effects that may profoundly influence



microbiai kinetics include enzyme inhibition,
production of metabolic toxins, the occurrence of
a lag before substrate degradation can begin, and
competition between microbial species.
Although there are mathematical methods to
describe each of these phenomena separately, no
single kinetic model can be generalized to
describe microbial growth for all systems.

In the absence of such a single model, we
propose the following equations to describe the
kinetics of quinoline degradation:
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where

fluid phase concentrations of quinoline
and 2-hydroxyquinoline, respectiveily
[MeL3)

first-order reaction rate coefficient
[per T]

mass of microorganisms attached to
solids per unit volume porous medium
[MeL3]

fluid phase concentration of oxygen
(electron acceptor) as molecular O,
[MeL3]

half-saturation constant for quinoline
and 2-hydroxyquinoline [MeL3]

= function accounting for metabolic lag
specific growth rate for
microorganisms [per T]

yield coefficient (mass of organisms
created per unit substrate consumed)
ratio of mass of oxygen consumed per
unit mass substrate consumed

ratio of mass of oxygen consumed per
unit mass substrate consumed
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endogenous respiration oxygen
utilization coefficient

v

These expressions are the source/sink terms. In
addition, an expression for the growth rate of
microorganisms is required:

o
+Koz

b2 Sz

Iy = X
X [sz+Ksz)(o

where b is the microbial decay/endogenous
respiration coefficient [per T].

(4)
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The metabolic lag function A {(Wood and Dawson
1992) is

A=0HK <t

A= TR fr st<tg
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A=1ift21g

where t is the time that microorganisms in a
given volume have been in contact with the
inducing substrate, t| is the lag time, and t¢ is
the length of time required to reach exponential
growth.

Equation (1) represents the rate of quinoline
degradation; Equation {2) represents the net rate
of change of 2-hydroxyquinoline {20HQ, a degra-
dative intermediate of quinoline), which is the
sum of the rate of production of 20HQ from
Equation (1) plus the rate of degradation of
20HQ to carbon dioxide and water. Equation (3)
expresses the rate of oxygen uptake from the
degradation of 20HQ, and indirectly from hydro-
gen ions produced in the quinoline-to-20HQ step.
The last term on the right-hand side of this
equation {-yX) represents the rate of endogenous
respiration and is explained in more detail below.
Equation (4) expresses the microbial growth rate
as a function of 20HQ concentration; because
no energy or carbon for growth is obtained from
the transformation of quinoline to 20HQ, it is
assumed that the microbial growth rate is not a
function of quinoline concentration.



Numerical Methods and Model Validation. The
numerical methods used to conduct simulations
de-couple the transport portion of the equations
from the reaction portions, by first solving for
the transport with the source/sink term set to
zero. The transport equations are solved by a
finite-element modified method of characteristics
(Chiang et al. 1989}, which has the desirable
ability to handle large concentration gradients.
The concentrations obtained from this step are
then used as the initial concentrations for solving
the reactions, which are treated as ordinary
differential equations and are solved with a
second-order, explicit Runge-Kutta method, with
time steps that are generally much smaliler than
those used in transport modeling. This method,
in which the reactions are solved separately from
the transport problem, is known conventionally
as operator splitting (Wheeler and Dawson 1988;
Valocchi and Malmstead 1992).

The validity of the microbial kinetic model was
tested by comparison of the simulation results to
laboratory results. Experiments were conducted
in a saturated flow cell [100 cm long (x coordi-
nate} by 10 cm wide (y coordinate) by 20 cm
high (z coordinate}] packed with two horizontal
sand layers. Advective movement of fluid was
in the long (x) direction. The fiow cell was
packed with a 17-cm-thick, low-conductivity
{low-k) layer (0.15 mm sand) overlaid by a 3-cm-
thick, high-conductivity (high-k) layer (0.60 mm
sand). The initial bacteria inoculation density
was 5x108 colony-forming units (CFU) per gram
of media in the low-conductivity layer, and O in
the high-conductivity layer.

For the simulations, the boundary condition at
the inlet was a specified concentration, and the
boundary condition at the outlet was a zero
concentration gradient; concentration values for
the inflow boundary and the initial conditions
appear in Table 1. Values of the physical
parameters used in the simulations appear in
Table 2, and kinetic parameters used in Equa-
tions (1-4) to conduct these simulations appear
in Table 3. The results of model simulations
appear as breakthrough curves in Figure 1.
These breakthrough curves show the concentra-
tions of quinolin, 20HQ, and oxygen at a given
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TABLE 1. Concentrations for Boundary and Initial
Conditions

Initial Simulation
Parameter Conditions Inflow
S, 20.0 mg/L 20.0 mg/L
S, 0.0 mg/L 0.0 mg/L
(o] 9.0 mg/L 9.0 mg/L
X 0 CFu/g 6x10°% CFU/g

TABLE 2. Physical Paramaters Used to Model Flowceli

Parameter Value Source
0, 0.4 Measured
a, 1.6 x10%m Measured
a, 4.60x 10*m  Calculated
Khigh 1.6x10%m/s  Measured
Kigw 1.2x10%m/s  Calculated®
D 1x10°m%s  Bird et al. 1960

{a) Conductivity in the low-k layer (k)
calculated from measured conductivity in
high-k (ky,ig,) 8nd the ratio of the velocities
measured by tracer tests.

point as a function of time for locations in the
high-k layer (z=19cm), interface (z= 16 cm), and
low-k layer (z=10 cm).

The porous media in the flow cell were packed
carefully to minimize the influence of hydraulic
and microbiologic heterogeneities (other than
layering); however, such heterogeneities did
occur in the system, and the large volume of the
flow cell system contributed substantially to their
existence. Aithough the scatter in the data in
Figure 1 is due in part to uncertainty in the
analyses of the aqueous-phase constituents,
hydraulic heterogeneity within individual layers
may also contribute. Furthermore, because the
microorganisms were mixed with the porous
media in batches, some microbial heterogeneity
was inevitable. Microbial heterogeneity would



TABLE 3. Microbial Kinetic Parameters Used to Modal
Flow

Parameter Value_ Source

k 1.70 per mg/Led  Measured

Ko1 0.02 mg/L Malmstead 1992

Uy 1.71 per d Measured

Y, 0.36 Measured

Kso 0.06 mg/L Malmstead 1992

Koz 2.00 mg/L Malmstead 1992

r 1.12 Calculated

fy 0.16 Malmstead 1992

f, 1.60 Measured

o] 1.00 per d Measured

T 0.4d Measured; Truex
et al. 1992

TE 3.0d Measured; Truex

et al. 1992

lead in turn to heterogeneity in the local reaction
rates, which might also cause additional scatter
in the observed concentration data.

For the simulations, it was assumed that the
initial concentrations of microorganisms through-
out the low-k and high-k tayers were uniform.
Although there were initially no microorganisms
in the high-k layer, it was apparent from the
breakthrough curves that there was an apprecia-
ble number of organisms in this layer when the
biodegradation experiment began. We believe
that organisms were transported to the high-k
layer by advection and dispersion during tracer
experiments conducted before the biodegradation
experiment. Previous experiments (Truex et al.
1992) and monitoring of the flow cell effluent
have shown that at low velocities organisms
remain strongly attached to the porous medium.
However, during the tracer experiments, veloci-
ties in both layers were approximately 45 times
greater thw:) during the biodegradation experi-
ments. It is possible that at these higher
velocities shear forces were large enough to
mobilize organisms, especially from near the
hydraulic interface. The actual distribution of
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organisms in the high-k layer was, therefore, not
accurately known at the start of the biodegra-
dation experiment.

At the interface (z=16 cm), results from simu-
lations match the observed data (Figure 1c, d,
and e}. The importance of transverse dispersion
is particularly evident at this interface (actually
within the low-k layer, 1 cm below the high-k
layer), where the flux of aqueous components
from transverse dispersion greatly affects the
shape of the breakthrough curves. The value of
the effective transverse dispersivity (ay) used for
these simulations was determined from tracer
studies. Simulations of the low-k layer reflected
several trends in the observed data. The effects
of the endogenous oxygen uptake term in Equa-
tion (3) could be seen clearly. The organisms
used for the experiment were initially grown on
nutrient-rich media, which allowed the organisms
to store some carbon. Then if external carbon
sources are lacking, this endogenous carbon can
be degraded as an energy source to maintain
cellular processes; it is such endogenous respira-
tion that causes the oxygen concentration to
drop at a constant rate before any quinoline or
20HQ is present. For the range of oxygen con-
centrations simulated, a first-order model for
endogenous oxygen uptake represented the
observed data well.

The effects of microbial !ag can also be seen in
these simulations. The pulse of quinoline that
travels through the low-k layer (Figure 1f, g, and
h) is a result of the lag phase. Because some
time is required for the organisms in any volume
of porous medium to induce the quinoline-
degrading pathways once quinoline has been
introduced, some quinoline is transported
through the volume before degradation begins.
Once degradation begins, the quinoline begins to
be transformed into 20HQ. The result is that
some of the quinoline initially injected as a front
moves through the system as a quinoline pulse.
The effect of including the lag phase in simula-
tion can be seen by comparing simulations that
account for lag to those that do not. Figure 2
shows the results of such a comparison for the
low-k layer at x=20 cm. The inclusion of
microbiai lag accounts for the pulse that moves
through the system; although all other microbial
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parameters are the same for the two simulations,
the case that accounts for lag indicates a higher
concentration is maintained for longer times.

Measured and simulated microbial concentrations
are compared in Figure 3, which shows a con-
centration contour plot for a vertical plane along
the length of the flow cell. Although the initial
concentration of organisms in the high-k layer
was not accurately known, the final distributions
of organisms for the simulations and observed
data match relatively well; the correlation
between the concentration at the sampled points
and the corresponding simulation was 0.70.

Increased growth in the low-k layer near the
hydraulic layer interface was observed. The
simulated microbial concentrations also showed
this trend, although the simulations show signifi-
cantly more growth in the high-k layer than was
observed.

Discrepancies between the observed data and
simulations appear to derive largely from three
sources: 1) uncertainty in the initial concen-
tration of organisms in the high-k |ayer when the
biodegradation portion of the experiment was
begun, 2) heterogeneities in packing and in initial
microbial distribution, and 3) redistribution of
organisms in the low-k layer during tracer tests.
Some redistribution of organisms in the low-k
layer is believed to have occurred, because the
final microbial concentrations in portions of the
low-k layer were lower than the initial concentra-
tion. Although this redistribution did not appear
to have much effect on the breakthrough curves,
it may explain the apparent increase in microbial
concentration near the outlet of the flow cell
(Figure 3a).

Results of the simulations suggest that kinetic
models developed from batch and small-scale
column experiments can be applied on larger

A R e | A

a)

b)

10

Normalized Microbial Concentration
X

X

o

FIGURE 3. Comparison of Microhial Biomass Concentrations in a Cross Section of the Flow Cell: a) Measured

concentration, b) Modeled concentration
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scales using unstructured (spatially averaged)
models to predict the behavior of heterogeneous
systems. Thus one kinetic model with a con-
sistent set of parameters could be used to
successfully simulate the interaction between
transport and reactions in a system with
hydraulic heterogeneity. The advantages of this
method are that unstructured models are simpler
than structured models, are much easier to scale
to large field problems, and do not require infor-
mation about how the microbes are distributed in
the subsurface environment. The results also
showed the importance of including microbial lag
in the simulations and that lateral mass transfer
increases microbial activity at the layer interface.

Intermediate-Scale investigations of Subsurface
Biogeochemical Processes. Early in FY 1992, a
series of planning meetings were held to develop
research questions for intermediate-scale experi-
ments that would address several important
issues within the Subsurface Science Program:
1) the effect of spatial heterogeneity on the
subsurface biogeochemical cycle (relating to field
observations in the Deep Microbiology Sub-
program); 2) microbial transport in porous media
(to be studied in collaboration with investigators
in the Microbial Physiology, Colloids, and Deep
Microbiology Subprograms); 3) the role of
mineral/chemical heterogeneities relative to the
redox potential and transport of chelated radio-
nuclides; and 4) the role of microbial iron
reduction relative to the redox potential and
transport of chelated radionuclides. The merits
of these research issues and preliminary design
were reviewed by a group of microbiologists,
hydrologists, and geochemists within the Sub-
surface Science Program. This project will
address research issues associated with field
studies in the Deep Microbiology Subprogram in
FY 1993 and microbial transpourt issues in FY
1994. The research issues in 3 and 4 are being
addressed by the Co-Contaminant Chemistry
Subprogram using the intermediate-scale
approach, and will not be covered in this review.

Intermediate-Scale Experimentation in Support of
Subsurface Science Program Field Hypotheses.
Field studies in the Subsurface Science Program
have demonstrated heterogeneity in physical,
chemical, and microbial characteristics in deep
subsurface systems. For instance, aerobic and
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anaerobic heterotrophic microorganisms were
widely distributed throughout sediments from the
Atlantic Coastal Plain. Although aerobic
heterotrophs were the dominant microorganism
in sediments from aerobic groundwater,
anaerobic heterotrophs, such as iron- and
sulfate-reducing organisms, were also present.
This diversity in microorganisms was also
reflected in the groundwater chemistry. Anoma-
lously high concentrations of ferrous iron were
detected in aerobic groundwaters, suggesting
that 1) iron-reducing microorganisms were active
in anaerobic microsites within an aerobic aquifer,
and 2) mixing between stratified aerobic and
anaerobic zones was induced during pumping.
Organic-rich lignite was distributed as inclusions
within the otherwise sandy coastal sediments,
yet the aerobic heterotrophic microorganisms
decreased with increasing proximity to these
organic-rich inclusions, suggesting that the zones
were anaerobic. This subsurface system may
represent a classic microbial food chain, in which
fermenting microorganisms degrade complex
organic matter to simple organic acids that, in
turn, serve as organic substrates for anaerobic
and aerobic heterotrophs. Ultimately, the dis-
tribution of individual microbial species in the
subsurface community will be determined by the
chemical and physical heterogeneity of the
system.

The rate of fermentation of organic acids in
microsites and the density of such anaerobic
microsites determine the spatial distribution of
respiring microorganisms. The microsites, by
their very nature, are anaerobic because the
inclusions represent low-k flow zones. There-
fore, two processes interact to influence the
spatial distribution of microorganisms: 1) the
rate of fermentation of organic acids in micro-
sites, and 2) the distribution and concentration
of organic acid substrate controlled by this
complex physical flow field. The processes that
have led to the distribution of microorganisms in
the Atlantic Coastal Plain sediments cannot be
determined by the scale of the field sampling,
which is limited by several factors: 1) sampling
through a vertical plane was one dimensional,
2) the density of sampting was low relative to
the scale of the heterogeneities, and 3) the
distribution of cell numbers in oligotrophic
environments is often not correlated with cell



activity. For such reasons, process-level studies
of the effects of chemical and physical hetero-
geneity on the structure of microbial communi-
ties can best be addressed under controlled
laboratory conditions in intermediate-scale flow
cells. The use of intermediate-scale experimen-
tation with coupled transport/biodegradation
models allows us to validate and apply quanti-
tative bounds to these processes.

Physical Aspects of Anaerobic Inclusions and
Experimental Design. The association of
microbial communities with lignitic inclusions in
an unconsolidiated matrix implies general design
limits on the shape and type of the heterogen-
eities involved. From the physical perspective,
these limits make the heterogeneous conduc-
tivity field binary inclusive isotropic; that is,
point-symmetric {cubic or spherical) low-k zoneas
are placed within a homogeneous medium.

The central hypothesis that drives the design
criteria for physical heterogeneities concerns our
ability to separate microbial kinetics and physical
transport and to accurately predict microbial
dynamics in a heterogeneous medium. Specifi-
cally, we hypothesize that the primary vehicle for
the cause-effect link from binary inclusive physi-
cal heterogeneities to microbial processes is the
set of transport processes affecting microsite
environmental conditions: solute advection,
dispersion, and diffusion. If this hypothesis
holds, physical heterogeneity dominates
microbial dynamics by means of the transport
process. The corollary to this hypothesis is a
necessary condition for the cause-effect relation
between binary inclusive physical heterogeneity
and microbial dynamics. This corollary is that
the transport process is driven by physical
heterogeneity and can effectively be separated
from microbial kinetics.

This hypothesis and its corollary are important
and, if they are valid, the understanding of
microbial dynamics in the heterogeneous subsur-
face can be divided into two tractable problems:
1) the ¢.otermination of microbial kinetics by
means of inexpensive batch and column experi-
ments in the laboratory, independent of hetero-
geneity patterns in the field, and 2) the
characterization of the field transport regime
(using the host of tools developed for solute
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transport simulation). |f it proves appropriate,
this approach would greatly expedite field-scale
examination of microbial phenomena, facilitating
research into basic questions about the history
and fate of microbas in the subsurface. It would
also simplify the prediction of biodegradation in
complex subsurface systems.

We will test the hypothesis by performing batch
experiments to determine the parameters of
microbial kinetics in the absence of heterogenei-
ties and carrying out intermediate-scale experi-
ments with and without microbes. Then the
microbial kinstics will be joined with high-
resolution simulations of the transport regime to
predict experimental measurements on multiple
scales. |f the experimental measurements can be
successfully predicted, it wiil validate the
separability hypothesis. On the other hand, if
the experimental measurements cannot be pre-
dicted, it will give valuable information as to
whether it is the model of transport, the
microbial kinetics, the upscaling {(uf either), or
the hypothesis of separability that is flawed.

To carry out this study, the scales of the
heterogeneities involved must be carefully
specified, because they relate to both the
expected scales of transport and the scales of
measurement. To afford the most general inter-
pretations of the experimental results, the
physical design must capture the essential
aspects of the heterogeneity pattern while
avoiding unnecessary elements that may illumi-
nate specific profiles of transport at the expense
of a more general insight into the effect on
microbial systems. Bearing these considerations
in mind allows design of a representative
heterogeneity pattern that is both general to a
variety of DOE sites and recognizable as repre-
senting a useful class of heterogeneities. These
considerations direct the resolution of three
major issues for physical design: isotropy,
periodicity, and scale.

Isotropy: Because the dominant direction of fluid
or gas flow in binary inclusive systems varies
widely over sites, there is no clearly preferred
orientation for potentially asymmaetric low-k zone
inclusions. Moreover, anisotropically hetero-
geneous systems, particularly binary inclusive
systems, can often be treated as mathematical



distortions of isotropic systems. Thus the
criterion of generality leads us to choose an
isotropic design. Extensions from isotropic
conditions are achieved simply by making the
average separation between inclusions spatially
dependent or making the inclusions themselves
asymmetric.

Periodicity: Despite the well-known difficuities
of applying classical dispersion relations to
physically heterogeneous systems, some new
theories to represent transport in periodic
systems are improvements on classical descrip-
tions, but these theories are as yet novel and
untested. To understand and predict transport
and microbial dynamics within binary inclusive
heterogeneous systems (e.g., in the field)
requires that we validate and use a rational
description of the transport processes in these
systems. To meet this need, these experiments
will provide timely and useful data for testing
descriptions of transport in such systems. These
descriptions include classical, periodic, and
nonlocal theories.

Although the specific aspects of heterogeneity
periodicity of the planned experiments cannot be
determined beforehand, it is possible to address
these design questions by means of high-

resolution premodeling. Premodeling for
periodicity design requires that competing
transport descriptions be incorporated into

simulators and then that the simulators be
operated with different periodicity parameters
{e.g., size and separation of inclusions, shape of
inclusions, packing orientation of inclusions).
The untested transport theories can be used in
this premodeling exercise because the hetero-
geneity field is wholly known and specified. The
premodeling can identify those regimes of
periodicity parameter values under which the
various transport descriptions perform well or
poorly. These parameter values can then be
used to design the experiments to address spe-
cific transport scenarios to investigate the net
effect on microbial dynamics.

Scale: In the natural subsurface environment,
heterogeneities may occur on multiple discrete or
even continuously evolving scales. Figure 4
depicts how a transport parameter such as con-
ductivity might vary as the scale of the
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measurement of that parameter increases. As
depicted, the value of the parameter may be
relatively constant for certain sample size ranges
(spectral ranges) between the scales of the
heterogeneities, and then exhibit noisy fluctua-
tions at the scales of heterogeneities. In the
system shown in Figure 4, heterogeneities are on
four discrete scales, where the lowest scale
corrasponds to pore-scale heterogeneity, and the
highest scale corresponds to the presence of
different geologic strata or facies. The flatter
regions where parameter values are relatively
constant are known as representative elementary
volume (REV) wavelengths.

The problem posed by such multiple-scale
heterogeneity is that transport equations are
nece¢ sarily derived on a specific scale, usually
above the pore scale but much smaller than the
field modeling scale. Then the application of the
model assumes that there are no other scales of
heterogeneity between the pore scale and the
modeling scale. This assumption typically fails,
with varying degrees of damage to the model’s
predictive capability. The most robust way to
treat this problem is to treat all scales of
heterogeneity, arriving at the field scale from
above and below simultaneously (Figure 4). To
do so, first characterize deterministically the
heterogeneities existing at or above the modeling
scale ("zonation") and incorporate the corre-
sponding zones into the field-scale model.
(Zonation refers to the geophysical identification
and characterization of field-scale heterogeneous
zones, and the incorporation of this information
into process models.) Then upscale the trans-
port equation by determining the effect of the
middle-scale heterogeneities on the equation that
was originally derived.

Upscaling has only recently been recognized as
a requisite for understanding (and predicting)
transport processes on the field scale. New
work has shown that, under certain relatively
benign patterns of heterogeneity, the classical
equations of transport may not be a suitable
framework for simulating transport processes on
large scales. With the realization that the old
equations will not work, new research on upscal-
ing has focused on stochastic (asymptotic),
nonlocal, and heterogeneity-specific transport
theories. In light of these developments, a
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question arises: given the general pattern of
heterogeneity involved in the experiment, what
scales of heterogeneity should be involved in the
design?

Design Aspects. As a first consideration, the
experimental design must address the separa-
bility hypothesis. To do so requires that high-
resolution measurement and modeling of trans-
port alone be tractable, and that microbial
dynamics be measurable within the scale of the
heterogeneous inclusions (and matrix) alone.
Consequently the inclusions must be larger than
a minimum size determined by 1) resolution of
the transport modeling capability and 2) the
microbial kinetic batch experiments (Figure 5).
This approach allows measurement of dispersion
and other processes on multiple length scales
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and, hence, insight into the effect of the
heterogeneities on the scaling of the transport
processes.

Second, unless the potential for validation of
upscaling the observed relations is ensured, the
experiments could provide ungeneralizable
results. In fact, it can be argued that the
principal value of the intermediate-scale experi-
ment is that it affords upscaling validation, albeit
on a restricted spectral range. In this case,
although the separability hypothesis may hold for
a single low-k inclusion, it is not clear that it
would hold for a field in which such inclusions
are closely packed. As a result, the separability
hypothesis itself requires upscaling. This is only
possible if the overall experimental volume is
much larger than the sizes of the inclusions
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involved, and if measurements are taken on mul-
tiple scales. Mathematically, such an approach
affords measurement on an REV wavelength,
with heterogeneities being restricted to a
spectral range well below the experimental
domain. Premodeling may be used to determine
specific ranges, but dispersion studies indicate
that a two-order-of-magnitude difference is
desirable. To accommodate this, if the inclu-
sions are spherical with diameters on the order of
a few centimeters, then the total flow domain
should be on the order of 1 or 2 m (Figure 5).

Addressing the Separability Hypothesis. Restrict-
ing the heterogeneities to scales that are small
relative to the overall experimental volume has
the effect of broadening the total range of
measurement scales. It allows assessment of
the separability hypothesis on both the scale of
the heterogeneity and the scale of the experi-
ment. If the scale of the experiment is large
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enough to permit REV wavelength measurements
of dispersion as well as measurements on the
scale of the small inclusions, the data will also
afford testing of scale-dependent transport
theories, including periodic, stochastic asymp-
totic, and nonlocal theories. The broad range of
measurement scales also allows analysis of
microbial data on multiple scales. Larger-scale
measurements of microbial populations can be
used to cross-check the results of batch experi-
ments that were used to determine microbial
kinetics originally. Larger-scale comparative
measurements of solute breakthrough (e.g., com-
paring experiments with and without microbes)
makes it possible to assess the use of such
measures as proxy measures of microbial activity
at larger scales.

Experimental Design with Microorganisms. This
experimental design has multiple levels of
complexity, ranging from an environment of



respiring aerobic microorganisms in the trans-
missive matrix only to an environment of com-
petition between aerobic microorganisms in the
transmissive matrix and anaerobic respiring
microorganisms in the low-k inclusions. The
spatial distribution of respiring microorganisms in
heterogeneous systems is controlied by 1) the
distribution and concentration of organic acid
substrate, which is controlled by the complex
physical flow field; 2) the rate of fermentation of
organic acids in microsites; and 3) competition
between the aerobic and anaerobic microorgan-
isms. The goal of the experiments with micro-
organisms is to determine the levels of con-
tribution of each of these controlling factors.

For the initial experiments with only a single
microbial species, the respiring microorganism
selected is Pseudomonas cepacia 3N3A strain,
an aerobic heterotroph isolated from the
Middendorf aquifer in South Carolina. In the
experiments, 3N3A is initially evenly distibuted
throughout the high-k matrix. Although 3N3A
tends to adhere to the matrix readily, its final
distribution in this heterogeneous system reflects
a combination of convective processes (i.e., the
induced flow field) and the concentration of
substrate (which is controlled by the hetero-
geneous flow .field). initially, the rate of
substrate flux (release of organic acids to repre-
sent fermentation reactions in the subsurface
environment) is constant. In subsequent experi-
ments, the rate of organic acid production is
varied to determine the effect of fermentation
rates on microbial distribution.

The most complex experiments contain two
respiring microorganisms, the 3N3A strain and
Geobacter metalloreductans GS-15, a hetero-
trophic iron-reducing microorganism that is an
obligate anaerobe. Within this microbial
community structure, 3N3A and GS-15 compete
for the same electron donor (i.e., organic acid)
and the organic acids are produced in the low-k
anaerobic inclusions. Because GS-15 is anaero-
bic, it can reside closer to the source of organic
substrate (i.e., the fermenting organisms) than
3N3A, and may have a proximity advantage.
However, GS-15 is also dependent on 3N3A to
keep the concentration of oxygen low around the
anaerobic organic microsite.
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The discrete microsites in this flow cell create
complicated flow and pressure fields, affecting
the distribution of an organic substrate in the

absence of biodegradation (Figure5). The
following research questions are being
addressed:

s Does the density of microsites control the
spatial distribution of a surrounding microbial
community by affecting the flux of nutrients
and electron acceptors?

o What rate of fermentation (or production of
organic acids) is necessary to support both an
anaerobic heterotroph microbial community
and an aerobic heterotroph community in a
system analogous to the Savannah River Site?

e Do anaerobic heterotrophs have a spatial
advantage over the aerobic heterotrophs in
the structure of the microbial community?
Can the spatial advantage of proximity to the
carbon source give a species a competitive
advantage by shortening the generation time?

Future Research

The intermediate-scale approach will continue to
be used to investigate complex research ques-
tions encompassing interacting microbial, chemi-
cal, and hydrological processes. The major
emphasis is on testing hypotheses that arise
from field studies, but that cannot feasibly be
tested at the field scale. The future direction of
this project will be closely linked to research
issues in microbial origins and microbial
transport.
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In recent years, there has been increasing
interest in the microbiology of the deep terrestrial
subsurface. Core samples have been recovered
from a number of boreholes at depths to
2,800 m below ground surface and subjected to
microbiological analysis. A diverse array of
microorganisms has been detected in these sam-
ples from both aquifer and vadose zone environ-
ments. This interest is driven in part by the need
to estimate the potential for bioremediation of
subsurface contaminants, but other studies have
focused on understanding the basic ecology of
this little-studied portion of the biosphere.

In particular, groundwater quality is a major
environmental issue for DOE, the nation, and the
world, and it will become increasingly important
as reliance on this water source continues.
Microbial transformation of organic and inorganic
contaminants has been shown to be a potential
mechanism for remediating and stabilizing con-
taminants in soils and shallow aquifers. How-
ever, while there is scientific information on the
types and activities of microorganisms that exist
in these systems, little is available for deep
systems, from 50 to 1,000 m. The work re-
ported in this article is a continuation of research
that has been ongoing since the early exploratory
stages of DOE’s Deep Subsurface Microbiology
Research Program. DOE operates a number of
sites where dispersed contaminants are present
at depths to several hundred meters. At the
sites in the arid western United States, thick
vadose zones can act as contaminant reservoirs
for the saturated zone. There is currently little
information about the diversity and activity of
microbial populations that may reside in the
unsaturated zone. It is the objective of this
project to improve the current understanding of
the microbiology of these environments.

There are several fundamental questions regard-
ing the microbiology of deep subsurface satu-
rated zones, including the source of energy for
the organisms that reside there and the geo-
chemical and geophysical controls on their in situ
growth and metabolic activities. A number of
research hypotheses have been formulated to
develop a thorough understanding of the ecology



of microorganisms in deep subsurface environ-
ments, focusing on the physical, geological, and
chemical properties controlling their presence
and activities. We believe this information to be
essential for predicting contaminant fate and
developing biological remediation strategies.
Finally, the origins of microorganisms in deep
subsurface environments are not well under-
stood. However, it is clear that in deep,
oligotrophic subsurface environments where
electron donors are scarce, microorganisms must
be capable of maintaining cell integrity for
extended, and in some cases even geologic, time
periods.

The goal of this research project is to investigate
the ecology of microorganisms in deep subsur-
face environments, focusing on factors that con-
trol the composition and distribution of these
microbial communities and their respective
metabolic activities. Ultimately, an improved
understanding of the fundamental ecology of
subsurface microorganisms that will contribute to
an improved predictive capability is expected.

FY 1922 Research Highlights

in FY 1992, the focus of this research project
was on 1) investigating mechanisms that control
the distribution and activities of microorganisms
in the vadose zone and 2)initiating a
GEochemical-Microbial-Hydrological EXperiment
{(GEMHEX) to evaluate certain hypotheses regard-
ing the geochemical and hydrological factors that
control the presence and activity of subsurface
microorganisms.

This article is not a comprehensive summary of
all research activities over the past year, but
rather provides examples of key results and their
implications.

Effect of Storage on Microbial Community
Structure and Activity in a Subsurface Paleosol.
Deep vadose zone sediments at arid western
sites, such as the Hanford Site, are harsh
environments for microorganisms, because
nutrient input from moisture recharge is
essentially absent and the availability of
sediment-associated nutrients to microorganims
is very low due to limited moisture. The result is
starvation conditions. However, the majority of
sites at Hanford that are candidates for /in situ
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bioremediation have been impacted in the recent
past by artificial recharge from site operations.
Therefore, knowing the impact of artificial
recharge on subsurface microbial communities is
important for assessing the potential for using
indigenous microflora for in situ biorestoration of
contaminanted subsurface environments.

In an earlier study (Brockman et al. 1992), we
described the microbiology of a stratigraphically
defined paleosol (a surface soil that had been
buried in the geological past) at one location that
had been impacted by artificial moisture recharge
and at a second location that was not impacted.
In that study, sediment from the center of the
core was removed for microbiological characteri-
zation, resulting in disturbance of the material
before it was stored. Although immediately after
sampling microbiological parameters at both loca-
tions were similar, storage of the sediment
affected by artificial recharge resulted in log2 to
log4 increases in culturable microorganisms.
However, there was little change in the microbio-
logical properties (Figure 1). Similar storage-
induced increases in culturable microorganisms
and other microbiological parameters have since
been observed in other Hanford Site deep vadose
zone samples affected by artificial recharge.

The effects of disturbance and of oxygen con-
centration were identified as factors likely to
control the storage-induced changes in micro-
biology. Disturbance could increase nutrient
availability by reaistributing cells and liquid- and
solid-phase nutrients and by increasing gaseous
exchange. Removal of sediments from the sub-
surface and storage in the laboratory would
result in exposure to a greater oxygen concentra-
tion and diffusion rate. Therefore, the objectives
of this study were 1) to further examine the
paleosol impacted by artificial recharge to deter-
mine the mechanisms controlling the storage-
induced changes in microbiology and 2} to use
molecular methods to further characterize the
changes in community structure during storage.

A 1-m by 1-m intact block of paleosol was
removed from the White Bluffs, 0.5 m behind the
face of a recent landslide scarp. In the labora-
tory, the sediment was aseptically cut into smail
blocks about 5 cm on a side, and groups of
7 blocks were distributed to each of 48 jars -
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FIGURE 1. Representation of the Microbiological Properties of a Subsurface Paleosol before and after Storage. The
paleosol was sampled at a location impacted by artificial recharge (moist sediment) and at a nearby unimpacted

location (dry sediment).

(336 blocks). An equivalent number of blocks
were aseptically crushed and the sediment
passed through a 2-mm screen. The homogen-
ized sediment was then distributed to another
48 jars. Both the intact and homogenized
sediments were stored at 15°C under atmos-
pheric (21%), reduced (4.5%), and microaerobic
{0.5%) oxygen concentrations. After storage of
sediment for 3, 5, 9, 16, and 32 weeks, tripli-
cate jars were sacrificed for each of the
six treatments, and microbiological parameters
were measured. (The remaining jars were used
in geochemical analyses.)

As storage time increased, heterotrophic bacteria
able to grow on 1% peptone-trypticase-yeast
extract-glucose (PTYG) medium increased more
rapidly and to a greater extent in the homogen-
ized sediment than in the intact sediment (Fig-
ure 2). However, even in the intact sediment
increases were quite large, suggesting that a
factor other than homogenization per se was
involved. Diffusion of oxygen into the sediment
blocks is likely to be the primary controlling
factor responsible for the increased numbers of
heterotrophic bacteria. Analysis of population
densities among the jars at different oxygen
concentrations showed that statistically greater
populations were present in microaerobic incuba-
tions than in standard oxygen incubations in the
intact sediments at the later timepoints (9, 16,
and 32 weeks). In the homogenized sediments,
microaerobic and/or reduced oxygen incubations
produced statistically greater populations than
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did standard oxygen incubations at 5, 9, and 32
weeks. These results indicate that the indige-
nous bacteria are adapted to microaerobic
conditions.

The total number of cells, as measured by
acridine orange direct counts (AODC), did not
increase substantially in two-thirds of the
treatments, and increases in culturable micro-
organisms were 20 to 300 times greater than
increases in AODC in the remaining one-third of
the treatments. Phospholipid fatty acid (PLFA)
concentrations, an alternative measure of total
biomass, showed a similar pattern. The PLFA
concentrations after storage (1.0-12.5 pmol/g
sediment) were rarely greater than immediately
after sample acquisition (4.5 pmol/g sediment).
Thus, increases in biomass were very small rela-
tive to increases in the culturable population.
The increases in the cuiturable populations may
be due to 1) biomass turnover (i.e., multiplication
of specific microorganisms that are able to utilize
dead and dying cells), 2) resuscitation of micro-
organisms that had been dormant or otherwise
unable to grow immediately following sample
acquisition, or 3) a combination of the two
processes.

Phospholipid signature biomarkers were used to
determine whether major components of the
microbial community changed with increasing
storage and with the different treatments.
Similar clusters were observed when either the
homogenized sediments or the intact sediments
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FIGURE 2. Colony-Forming Units (CFU} in Homogenized (closed circles) and Intact (open circles) Sediments Stored
under Atmopheric (21%), Reduced (4.6%), and Microaerobic (0.6%) Oxygen Concentrations

were analyzed. Sediments stored for 3 weeks
and 5 weeks at microaerobic and reduced
oxygen conditions, and all timepoints at the
standard oxygen condition, formed cluster 1.
Principal component analysis showed that a
fungal signature biomarker, monoenoic PLFA,
was a major component in defining cluster 1.
Sediments stored for 9, 16, and 32 weeks at
microaerobic and reduced oxygen conditions
formed cluster 2. Terminally branched PLFA, a
signature biomarker for Gram-positive micro-
organisms, was the major component in defining
cluster 2. Terminally branched PLFA was
present at concentrations 6 to 11 times greater
in the intact sediment, and 3 to 5 times greater
in the homogenized sediment than it had been
immediately following sample acquisition. These
data indicate that Gram-positive microorganisms
displaced portions of the original community at
the later timepoints under microaerobic and
reduced oxygen concentrations. However, shifts
in signature biomarkers, as for AODC and total
PLFA, were small relative to the increases in
culturable populations.

Rate constants for '*C-glucose (3 ug in 10 ul
water/g moist sediment) mineralization to '4CO,
increased by 3 to 7 times as compared to imme-
diately following sample acquisition. Lag times
for 14C-glucose mineralization decreased with
increased time of storage prior to the addition of
substrate (Figure 3). Decreased mineralization
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lag times may result from either colonization of
regions of the sediment that were not initially
colonized or resuscitation of microorganisms that
had initially been dormant or otherwise unable to
grow immediately following sample acquisition.
Lag times at 3 weeks were statistically lower
than the initial lag time for the homogenized
sediments. In contrast, in the intact sediments
lag times were not (with one exception) statis-
tically less than the initial lag time until 9 weeks.
After 32 weeks of storage, both rate constants
and lag times were similar for homogenized and
intact sediments. These results show that the
intact sediments responded slower than the
homogenized sediments but eventually reached
a similar endpoint, suggesting that oxygen
diffusion into the intact sediment blocks strongly
controls the microbial response to substrate
addition.

Microbial production of carbon dioxide in the
absence of exogenous substrate makes it possi-
ble to measure the effect of the various treat-
ments on microbial utilization of sediment
organic matter. Immediately following sample
acquisition, sediment was placed in gas-tight
vials and incubated at 25°C for various lengths
of time, and then the headspace was analyzed
by gas chromatography. Carbon dioxide concen-
trations were statistically greater than back-
ground concentrations in all treatments after
14 weeks incubation (Figure 4). However,
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statistical differences between treatments were
rare, and carbon dioxide concentrations did not
increase with increased incubation. The amount
of sediment organic matter utilized by micro-
organisms in the sediments reached a maximal
value by 14 weeks and was similar for both the
homogenized and the intact sediments. These
results correspond with the large increases in
culturable heterotrophs observed over the first
16 weeks (Figure 2). These results also cor-
roborate the results obtained when '4C-glucose
was added to sediments; that is, oxygen diffu-
sion, not homogenization, appears to be respon-
sible for the increase in microbial activity.

In summary, greater numbers of cuiturable micro-
organisms were present at the lower oxygen
concentrations, indicating that the microbial
community is initially adapted to microaerobic
conditions. However, the microbial community
was able to rapidly adapt to the higher-oxygen
concentrations. Numbers of culturable micro-
organisms and rate constants and lag times for
glucose mineralization indicate that oxygen
diffusion into the sediment is likely to be the
mechanism that controls the storage-induced
change in microbiology. Although homogeniza-
tion of the sediment results in faster response
times for mineralization of added substrate and
can result in greater populations, improved
oxygen diffusion (rather than redistribution of
cells and liquid- and solid-phase nutrients due to
physical mixing) is the primary controlling factor.
These conclusions are favorable for bioremedia-
tion activities that attempt to stimulate microbial
activity in situ, because they indicate that moist
sediments containing very low culturable popula-
tions can be successfully stimulated by addition
of oxygen.

Spatial Heterogeneity and Density Dependence
of Terrestrial Subsurface Microbiological
Populations. We have recently completed experi-
ments to investigate the centimeter-scale spatial
variability of total bacterial numbers in subsur-
face sediments. In both subsurface microbial
ecology studies and studies of bioremediation
treatability, samples are often assayed for a
variety of microbial types and chemical proper-
ties. Unfortunately, spatial heterogeneity can
complicate the comparisons of these measures.
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When performing such multiple assays on a soil
or sediment sample, it is common to thoroughly
homogenize the sample to reduce the inherent
variability of the sample and allow ail assays to
be performed on similar material. Microorgan-
isms in soils, however, are often distributed in
microcolonies that may be tightly associated
with soil crumbs or particles. Depending on the
patchiness of this distribution, homogenization
might do little to decrease intersample variability.
Our data showed that, for similar population
sizes, bacterial distributions are much more
heterogeneous in subsurface sediments than in
surface soils. The investigations also showed
that a surprisingly large fraction of subsurface
bacterial populations exhibit density-dependent
growth, a property that complicates the interpre-
tation of many standard microbiological assay
techniques.

In this project, we tested the effect of homogeni-
zation on the variability of plate-count numbers
in surface soil and subsurface sediments. Cores
of buried paleosols or of surface soil were
collected and pared aseptically. The cores were
divided longitudinally and one half of the core
was subjected to thorough homogenization.
From both treatments, 8 to 12 subsamples of
1 cm® were removed and the number of cultura-
ble bacteria was counted by standard plate-count
techniques. Coefficients of variability were
calculated, as shown in Table 1. Although the
mean numbers of bacteria were approximately
equal in the two types of sample, the variability
was consistently much greater in the subsurface
sediments, indicating that the distribution was
much more patchy. Homogenization reduced
this variability somewhat in all samples, but
typically by less than two times, and intersample
variability remained high in subsurface samples.
The data would suggest that microorganisms are
distributed in discrete microcolonies to a much
greater extent than in surface soils.

Another phenomenon can be seen in these data
(Table 1). The mean number of bacteria growing
on agar plates was consistently lower (by an
order of magnitude) in homogenized subsurface
samples. In surface soil samples, homogeniza-
tion had little or no effect on plate-count popu-
lations. Mixing is generally assumed to increase

"'ﬁ?"f«’;‘ "o



TABLE 1. Numbers and Variability of Microorganisms in Homogenized and Unhomogenized Samples

Coefficient of Variability

log Mean CFU'aY/g

Sample homogenized not homogenized
Surface 4,26 8.64
Surface 2.86 3.89
Surface 2.73 4,02
Surface 1.5 3.4b
Paleosol 38.3 456.2
Paleosol 18.6 26.7
Paleosol 4.9 7.3

(a) CFU = colony-forming units.
{b) p-value refers to statistical significance.

homogenized not homogenized g-value“”
6.2 4.9 0.0002
6.3 6.3 0.61
6.0 6.0 0.33
6.7 6.6 0.0014
3.3 4:6 0.0046
3.8 4.9 0.0082
4.8 6.2 0.0002

plate counts, because breaking up microcolonies
increases the number of propagules; however, in
this experiment all samples were subjected to the
same amount of mechanical mixing, with the
only difference being the volume of the amount
homogenized. Thus, the differences in means
were due only to redistribution of cells within the
sample. Given a patchy distribution, this should
result in a lower density of cells than in the
unhomogenized samples. Density dependence
was also observed in a number of other
subsurface samples from boreholes at the
Hanford Site and ldaho National Engineering
Laboratory (INEL), as shown in Table 2. In these
cases, during routine plate counts, low dilutions
of the samples produced confluent growth of
bacteria or colonies "too numerous to count,”
while ona tenfold dilution yielded no growth at
all. Thus, density-dependent growth appears to
be a general trait of subsurface bacteria.

Density dependence has been observed for a
number of different bacterial species and can be
caused by a number of different mechanisms. In
general, density dependence occurs when bac-
teria grow in a hostile environment that must be
altered locally for the organisms to grow.
Examples include organisms that create gradients
of pH or oxygen concentration in their immediate
vicinity, organisms that must excrete extracellu-
lar enzymes or other remote-acting substances,
and organisms that form multicellular structures.
Our current observations are unusual in that they
indicate that a large fraction — sometimes all —
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of the bacterial communities are density
dependent in the subsurface environment.
Another of our observations offers a possible
explanation: in all INEL borehole samples with
density-dependent growth, microaerophilic
organisms were detected. High densities of
these organisms might be required to draw
oxygen concentrations down to levels that the
individual cells could tolerate. This raises the
question of whether density-dependent growth is
a laboratory artifact caused by insufficient
approximation of the microbial habitat by the
culture medium, or whether it is a significant
ecological phenomenon. In either case, a
previously unknown property of subsurface
organisms has been delineated.

Development of a Bacteriological Culture Medium
Optimized for Enumaeration of Subsurface Aerobic
Heterotrophic Bacteria. Viable plate-count
techniques to enumerate microorganisms in
environmental samples suffer from an inherent
selectivity that results from the choice of culture
medium and conditions. Microbiologists have
long noted the discrepancy between the popula-
tion size of microorganisms that can be observed
by direct microscopic observation and the popu-
lation size as determined by viable plate-count
techniques. This discrepancy can be attributed
to two general factors: 1) the inherent inability of
cells to form visible colonies on agar (e.g.,
because they are stressed or nonviable), and
2) inappropriate culture conditions.



TABLE 2. Density Dependence in Plate Counts of Subsurface Bacteria. Numbers in each successive dilution should
decrease by approximately ten times, except in the case of density dependence.

Plate-Count Numbers in Each Dilution Density
__Description 10 E-1 10E-2 10E-3 10E-4 Dependence Microaerophiles
Basalt 0 ) 0 ) - nd'®
Sediment 19 0 o} (o] - nd
Basalt 0] o] o} 0] - -
Basait o 0o o} (0] - -
Sediment tntc (o] (o} (o] + nd
Fracture faces (o] 0 (o} (o] - nd
Basait 0.8 0 0 0 - +
Sediment 0 o] 0 0 - -
Sediment tntc o (o] 0 + +
Rubble 8.7 (o] (o] (] - +
Basalt (o] 0 0 (o] - -
Rubble 0 0 0 0 - +
Sediment/rubble tntc o} 0 0 + +
Clay/rubble o] 0 o] (o] - -
Sediment/rubble 1.3 0 0 (0] - -
Sediment tntc tntc 376 nd nd nd
Sediment tntc tntc tntc 0 + +
Sand 0 (o} nd (o] nd nd
Sand (o] (o] (o] (o] - nd
. Sand 0.3 0 (o] (o] - nd
Sand (o] 0 (o] 0 - nd
Gravel 0 0 0 0 - nd
Gravel ] o} 0 o] - nd
Gravel 0 0 (o] 0 - nd
Paleosol tntc 0 0 o + nd
Paleosol tntc 0 0 (o] + nd
Paleosol tntc 0 0 o] + nd
Gravel 0 (o} 0 0 - nd
Gravel 0 0 o] (o] - nd
Paleosol 14.6 1 nd nd - nd
Paleosol 94 1.6 nd nd (+) nd
Paleosol 13.5 2 nd nd - nd
Paleosol 9.6 (o] nd nd - nd
Paleosol 2.6 0 nd nd - nd

(—a_)_r-\d = not done.

68



It is an axiom of microbiology that a// culture
media are selective. Many well-characterized
heterotrophic microorganisms can regulate their
interior environment to allow for growth under a
range of nutrient regimes. However, the range
of conditions that aliow for growth of subsurface
microorganisms is not well known. While recog-
nizing that a universal medium is not likely to be
attainable, we attempted to maximize the plate-
count numbers from subsurface samples by opti-
mizing a culture medium for terrestrial subsurface
bacteria.

A Plackett-Burman experimental design was used
to test the significance of the effects of 13
possible medium parameters. These parameters
and the rationale for selecting them are listed in
Table 3. This experimental design allows simul-
taneous screening of large numbers of variables
and indicates whether varying a particular
parameter will have a significant effect on the
dependent variable. Its main drawback is that
two-factor interactions are confounded.

Subsurface sediment samples were obtained
from a variety of boreholes and buried paleosols,
as well as nearby surface soils. As shown in
Table 3, no parameter led to a significant
increase in plate-count numbers in all samples;
however, several factors consistently had
positive effects, where these effects were
significant. The most effective medium ingre-
dients were activated charcoal and vitamin
supplements. Activated charcoal was selected
because of its ability to scavenge forms of
oxygen, such as superoxide and peroxide radi-
cals, that are toxic to microorganisms, and that
are assumed to be the toxic factors limiting
microaerophilic bacteria. Vitamins are metabolic
cofactors that have a high metabolic cost to
produce and so might not be maintained in
starved subsurface cells.

Based on our results, a new medium, "Optimized
Plate Count Agar" (OPCA)}, was formulated and
tested on a variety of subsurface samples. As
shown in Table 4, OPCA vyielded significantly
higher counts than other standard media used in
the Subsurface Science Program research. Thus
this medium formulation shouid provide a better
tool for future subsurface investigations.
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Geochemical H, Generation as an Energy Source
for Subsurface Microbiological Ecosystems. The
presence of microorganisms in the deep terres-
trial subsurface environment has been estab-
lished at a number of different geological settings
and depths. Some studies have shown that true
ecosystems can exist in the subsurface environ-
ment, in which microorganisms are metabolically
active, albeit at very low rates, and interact with
their physical environment (Stevens et al., in
press; Chapelle and Loviey 1992). These micro-
organisms may have descended from populations
present during deposition of the geological
formations, or they may have been transported
by aquifer flow, or some combination of these
two possibilities may be true. In any case, if
subsurface populations are metabolically active,
they must have an external energy source.
There are also several possible origins for such
an energy source. Organic carbon could have
been laid down with the sediments, resulting in
"fossil" carbon. QOrganic carbon could also have
been transported from the surface through the
movement of groundwater. Finally, geochemical
energy could originate from abiological sources,
such as geothermally produced hydrogen or
methane gas. Given that many subsurface eco-
systems appear to contain very little organic
carbon, and transport is often limited, geochemi-
cal energy sources may be predominant in very
deep strata. In our FY 1992 research, we have
discovered a geochemical source of hydrogen
that may drive microbial ecosystems in the deep
confined aquifers beneath the Hanford Site and
elsewhere.

A variety of anaerobic microorganisms are
present in the aquifers that are confined within
and between the layered basalt flows in the
Pasco Basin of southeastern Washington
(Stevens et al., in press). Geochemical evidence
gathered during the Basalt Waste Isolation
Project suggests that these organisms are meta-
bolically active on a regional scale (Figure 5),
even though very little organic carbon is present
in the layered basalt flows. Recent field work
has shown that hydrogen gas is dissolved in
these aquifers in concentrations 1,000 times
higher (0.9 to 7 um) than had been expected in
subsurface aquifers (Loviey and Goodwin 1988).
Historical data show that hydrogen can make up



TABLE 3. Significance and Relative Effect of Variables in Differeant Subsurface Samples. Values are relative percentage
of plate-count numbers at the "high" versus the "low" setting of the variable (100 = no effect, <100 = negative effect,
> 100 = positive effect). (+ = significant positive effact at p =0.1 level, - = significant negative effect at p=0.1 level,

0 = no significant effect at p=0.1 level.)

Hanford Ringold Ringold Ringold Ringold Ringold YakBar INEL INEL INEL

Variable Surface #1 #2 #3 #6 #7 1335  Surface _Water Cartridge
Vitamins 144, 0 229, + 227, + 5, 0 147, 0 140, 0 220, + 102, 0 181, 0 226, +
Dummy 57, 0 100, 0 121, 0 59, 0 134, 0 102, 0 108, 0 124, 0 107, 0 115, 0
Complex 161, 0 87, 0 87, 0 809, 0 185, 0 92,0 90,0 104, 0 111, 0 139, 0
Dummy 47, 0 62, - 101, 0 1646, 0 64, 0 211, + 140, 0 122, 0 530, 0 101, O
Fatty 210, 0 76, - 139, + 11259, 0 202, 0 134, 0 84, 0 100, 0 66, 0 121, O
Acids

Glucose 129, 0 296, + 154, + 177, 0 124, 0 217, + 95,0 83,0 175, 0 44, -
Glutamate 53, 0 87, + 68, - 83, 0 122, 0 151, 0 120, 0 103, 0 179, 0 169, +
Water 17, 0 36, - 50, - 132, 0 128, 0 78, 0 29, - 29, - 46, 0 25, -
Potential

Dummy 280, 0 113, 0 105, 0 73. 0 63,0 71, 0 69, 0 57, 0 10, 0 101, -
Ammonium 48, 0 48, - 120, 0 1523, 0 54, 0 225, + 126, 0 209, 0 260, 0 73, 0
pH 72, 0 15, - 39, - 155, 0 75, 0 35, 0 57, 0 180, 0 103, 0 411, +
Plate 57, 0 15, - 73, - 14, 0 18, - 35, - 87, 0 102, 0 25, 0 164, +
Type

Tempera- 210, 0 101, 0 79, 0 67, 0 71, 0 59, - 72, 0 41, - 27,0 122, 0
ture

Charcoal 182, 0 298, + 3365, + 116, 0 224, 0 219, + 704, + 171, 0 464, 0 181, +
Trace 117, 0 190, + 222, + 8, 0 260, 0 110, 0 139, 0 70, 0 78, 0 54, -
Elements

TABLE 4. Comparison of Plate Counts on 1% PTYG
Medium and OPCA Medium

Sample log Cells on PTYG log Cells on OPCA
Ringold 1 2.97 3.36
Ringold 2 0 4.39
Ringold 3 0 0
Ringold 7 1.82 2.66
INEL cart 6.01 5.68

>4 mole % of the gases dissolved in some
Hanford groundwaters, although actual concen-
trations were not determined (Early et al. 1986).
We suggest that dissolved hydrogen gas muy be
the energy source that drives microbiological
activity in the confined aquifer ecosystem.

Recently, hydrogen generation was observed
during the course of routine well-drilling activities
undertaken by the Subsurface Science Program
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at the Hanford Site. Investigations in our
laboratory demonstrated that hydrogen gas was
generated from interactions between water and
basalt rocks, such as those present in the
confined aquifer system. Taking place at room
temperatures and pressures, these reactions may
be a ready source of energy for microorganisms
in basaltic aquifers. Samples of a well-
characterized basalt formation were crushed to
a 0.5-to 2-mm size range. Metal particles
derived from the crushing apparatus were
removed. Aliquots of the basalt samples were
added to 18 Q deionized water in gas-tight
tubes. Headspace samples were removed by
syringe and analyzed by gas chromatography
with thermal conductivity detection. The identity
of gases was then confirmed by mass spec-
trometry. Hydrogen evolution could be detected
within minutes, and it continued for over two
weeks (Figure 6). Hydrogen production was
several times greater in samples with Hanford
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FIGURE 6. Stable Carbon Isotope Signatures Showing Microbial Influence on Confined Aquifer Groundwaters.
Increasing 3'3c with depth shows CO, consumption by methanogenic bacteria. Anomalously low values in the
presence of suifate indicate oxidation of organic matter by non-methanogenic bacteria. These predicted bacterial
types were confirmed by microbiological tests in representative wells.
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FIGURE 8. Hydrogen Production by Basalt/Water Interactions. Tubes contained 2 g crushed basalt and 10 mi
anaerobic water. Water added after 10 min of air exposure of crushed rock, 10-day air exposure, and 8-year air
exposure.
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groundwater than in deionized water. Subse-
quent experiments demonstrated that the reac-
tion rate was dependent on carbon dioxide
concentration, and that this dependence was
independent of simple pH effects (Figure 4).

The chemistry of basalt/water interactions is
complex, and the exact mechanism of hydrogen
generation has not vyet been determined,
although several mechanisms have been pro-
posed in the literature. To date, the only other
report of hydrogen generation by water/rock
interactions at room temperature involved pure
quartz and granite (Kito et al. 1982). That study
attributed the reaction to formation of Si" and
SiO” radicals by mechanical cleavage of silica
bonds, and subsequent reaction of these radicals
with water. If this were the mechanism, we
reasoned that fresh fracture faces would be
necessary for hydrogen generation. We there-
fore repeated the basait/water experiment using
basalt samples of various ages, i.e., samples that
were crushed minutes before the addition of
water, several weeks before addition, and 6 to
8 years before the experiment. All samples were
trom the same reference outcrop. Although
there appeared to be some difference in rates,
hydrogen production was observed in all sam-
ples, even those in which the fracture faces
were several years old. There were apparent
differences in secondary mineral production with
aged fractures, and those are currently being
analyzed. The results of this experiment suggest
that free radicals are unlikely to be required for
generation of H, from basalt water interactions.
More detailed mechanistic studies are planned
for the future.

GEMHEX. This integrated geochemical, micro-
biological, and hydrological experiment, which is
described in more detail in the article that
follows, was designed to increase our current
understanding of subsurface microbial-
geochemical-hydrological process interactions.
The broad objectives of this experiment were to
further define 1) spatial heterogeneity of
microbial populations in saturated subsurface
sediments and 2) the geochemical and physical
controls on community size, diversity, and
metabolic activity. The scientific hypotheses
that were developed were an outgrowth of the
knowledge gained from exploratory research at
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the Savannah River Site, INEL, and the Hanford
Site from prior phases of the DOE’s Subsurface
Science Program’s Deep Microbiology Sub-
program. The specific hypotheses are based on
observations of previously sampled core material:

1) Hydraulic conductivity and sedimentary grain
properties related to porosity and pore
structure will control the size and activity of
microbia!l populations (convective/diffusive
flux).

2) Variations in iron valence/mineralogy with

depth through the sediment profile will

reflect transitions between a) microbial

dissimilatory reduction of iron(lll) as a

terminal electron acceptor and b) biological/

chemical oxidation of iron(ll).

3) Microbial growth and metabolic activity in

saturated lacustring/fluvial sediments will be

phosphorous limited, but that in paleosols
will be O, limited.

This third hypothesis was developed as part of
this project and is described here. Hypotheses
1 and 2 were developed by investigators in other
projects and therefore will not be described. In
oligotrophic aquatic environments, phosphorous
and organic carbon are the principal nutrients
limiting bacterial growth. During previous DOE
studies of aquifers of the southeastern coastal
plain, including the Middendorf aquifer, inorganic
phosphorous (P,) in groundwater was shown to
be at or below analytical detection limits,
whereas dissolved organic carbon and nitrogen
were present in concentrations that could sustain
low levels of bacterial production. At Hanford,
P, in groundwater from the unconfined aquifer is
also at or below analytical detection limits
{0.5 mg/L). At the pH (approximately 7.5-8.0)
and calcium concentration (40 mg/L}) of the
groundwater, the maximum soluble P, level
would be 10® - 1070 M (i.e., 1-100 pgiL),
depending on the solubility-limiting solid phase.
The higher solubility value occurs when hydroxy!-
apatite is the controlling solid phase. Other
phases and mechanisms may also influence the
concentration of dissolved P, such as precipi-
tation of metastable calcium, aluminum, and iron
phosphates, and sorption to ferric oxides. There-
fore, we hypothesized that soluble P; is the



primary factor limiting microbial growth and
metabolism in the nonpaleosol sediments. In
addition, the physiology of the microbiota will
reflect phosphorus starvation, and geochemical
and mineralogical properties that control solution
P, will reflect the microbial distributions.

At the Hanford Site, the Basal Ringold paleosol is
characterized by fine texture and an apparently
low permeability. Low permeability will limit
both the movement of microorganisms into tha
paleosol from adjacent nonpaleosol sediments
and the diffusion of O, from the surrounding
sediments. Given that paleosols are ancient
soils, we hypothesize that the original microflora
would have been dominated by aerobic hetero-
trophs; with increasing distance into the paleo-
sol, the microbial community will be dominated
by aerobic heterotrophs, and metabolism and
growth will be limited primarily by the diffusion
of O, (Brockman et al. 1992). Experiments with
an analogous, although considerably younger,
vadose zone paleosol from the Upper Ringold
indicate that viable microbial populations and
metabolic activities increase with mixing and
exposure to atmospheric O,. This increase
occurs even without the addition of exogenous
nutrients, suggesting that nutrients are not the
primary factor limiting growth and metabolism.
it is likely that aerobic metabolism will be even
more limited in the Basal Ringold paleosol
because the diffusion of O, through water is
much less than through air. Therefore, we
hypothesize that 1) the microbial community will
grade from being predominantly anaerobic and
facultative to being predominantly aerobic, and
2) microbial activity will be limited by O,
diffusion with increasing depth from the Lower
Ringold lacustrine-Basal Ringold paleosol contact.

To test this hypothesis will require analyses of
geochemical, mineralogic, physical, and microbio-
logical properties of sediment cores and manipu-
lative experiments. Samples for analyses have
been taken with increasing density at and near
the boundary between the Lower Ringold and
Basal Ringold units (i.e., the lacustrine-paleosol
contact). Manipulative experiments have been
conducted with a subset of these samples (the
experiments are labor intensive and therefore
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costly). Microbiological measurements of cored
sediments rely on the use of classical enrichment
techniques for measuring aerobic, facultative,
and anaerobic heterotrophic microbial popula-
tions and the use of PLFA and direct microscopic
counts as measurements of total microbial bio-
mass. Specific functional groups, including
spore-formers, apatite-solubilizers, and CaCO,-
precipitating organisms are also being measured.
In addition, 16S rRNA-targeted DNA probes for
broad phylogenetic groups are being used to gain
additional information on the composition of
microbial communities and their metabolic state.
To assess the metabolic activity and degree of
phosphorus starvation of the microbiota, several
types of activity measurements are being made.
Basal aerobic and anaerobic metabolic activity is
being assessed by measuring both 14C.acetate
incorporation into lipids and mineralization of
mixed 14C-labeled substrates. |f microorganisms
are phosphorus-starved, they will possess high-
affinity uptake systems for P,. To assess this, we
are measuring the ability of the microbial com-
munity to assimilate phosphorus by adding
32pQ,, to sediments and measuring the rate of P,
incorporation into lipids and DNA. Alkaline
phosphatase activity is also being measured. In
manipulative experiments, whole sediments are
being amended with P;, apatite, organic carbon,
inorganic nitrogen, or combinations of these, or
are left unamended. Sediments have been incu-
bated and metabolic activity and growth have
been measured using mixed '4C-acetate incor-
poration into lipids, 3H-thymidine incorporation
into DNA, and mineralization of '4C-labeled
substrates.

The GEMHEX focused on a defined 20-m interval
in the Lower and Basal Ringold Formation on the
Hanford Site. This interval spanned a variety of
physical, chemical, and geological properties.
Core material for the GEMHEX was obtained by
deepening the Yakima Barricade Borehole, which
lies in the western part of the Hanford Site
where the subsurface has not been contaminated
by past site operations. Planning, collection, and
analysis of samples and hypothesis testing were
part of a multidisciplinary effort that is expected
to reach a new level of understanding of micro-
bial function in the subsurface environment.



Details of stratigraphy and sampling are pre-
sented in the article that follows. In addition to
their extensive geochemical and physical meas-
urements, microbiological measurements were
made on the series of core samples by investiga-
tors from other universities and national labora-
tories. The microbiological analyses focused on
those characteristics critical to testing of the
hypotheses listed above, including

Microbial Biomass/Community Structure
Direct microscopic counts
Phosphoester-linked fatty acids
Biolog community assay

Direct observation/scanning electron
microscopy

Culturable Microorganisms
e Most probable numbers, plates for
functional groups

- Aerobic heterotrophs

- lron reducers

- Iron oxidizers

- CaCOyj precipitators

- Spore-formers
Apatite-dissolvers
Sulfate-reducing bacteria
Fermenters
Methanogens

Metabolic Activity

¢ 3H-thymidine incorporation into DNA
14¢C acetate incorporation into lipids
14C.1abeled substrate mineralization
Iron-oxidizers/reducers
32pQ,, incorporation

Molecular Analyses
¢ DNA extraction and probing for functional
genes
» 16s rRNA-targeted DNA probes.

In addition to these analyses, experiments were
conducted to evaluate whether nutrients or
water may be limiting microbial activity in the
GEMHEX sediment samples.

Future Research

Effect of Storage on Microbial Community
Structure and Activity in a Subsurface Paleosol.
Future research will examine the extent to which
the dramatic increases in culturability are due to
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biomass turnover vs. resuscitation of cells that
were unable to grow immediately following
sample acquisition as a result of long-term
starvation in the sediment. Oligonucleotide
probes for specific types of microorganisms will
be used in conjunction with 3H-thymidine and
32pQ,, incorporation into DNA in these studies.
Resuscitation of inactive cells, which may have
survived since deposition of the sediments
millions of years ago, may prove to be an
axtremely important mechanism for bioremedia-
tion of deep vadose zones in arid and semiarid
environments.

Spatial Heterogensity and Density Dependence
of Terrestrial Subsurface Microbiological Popula-
tions. Additional data from new sampling efforts
are currently being developed to extend these
observations. So far, these experiments appear
to demonstrate two ecological principles of sub-
surface habitats. First, subsurface bacteria are
distributed in highly patchy patterns, probably
due to lack of turbation and local extinction in
patches where sufficient nutrients are not pres-
ent. This leads to greater spatial heterogeneity
than in comparably sized surface populations.
Second, bacteria in the subsurface often exhibit
strongly density-dependent growth, detectable at
the community level. This may be an indication
of a physiological adaptation to the subsurface
environment.

Development of a Bacteriological Culture Medium
Optimized for Enumeration of Subsurface Aerobic
Heterotrophic Bacteria. Future work will make
use of the new OPCA medium developed in
FY 1992.

Geochemical H, Generation as an Energy Source
for Subsurface Microbiological Ecosystems. The
Columbia River flood basalts cover an area of
over 163,000 km? in the northwestern United
States to a depth of several kilometers, and
similar formations are found around the world.
Given the ready occurrence of hydrogen genera-
tion when fractured basalt is wetted, these
massive basalt formations can be seen -as vast
reservoirs of chemical energy that is slowly
released as water percolates through fracture
and interbed networks. This process is likely to
be the basis for a functional microbiological
ecosystem wherever microorganisms are able to



penetrate the formation, if sufficient inorganic
nutrients are present. In laboratory microcosms,
anaerobic microorganisms can be grown to high
densities simply by introducing Hanford ground-
water to crushed basalt in sealed containers.
Future research will elucidate the details of the
microorganism/basalt/water interactions and their
relevance to the ecology of the subsurface
environment. The evidence to date suggests
that the basaltic aquifers may contain a non-
photosynthesis-based ecosystem, which might
be similar in some ways to the systems in deep
ocean trenches and may contribute to global
carbon cycling.

GEMHEX. The GEMHEX analyses and experi-
ments were in progress at the time of this report
but will be presented in detail in next year’'s
annual report.
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An Integrated Geochemical,
Microbiological, and Hydrological
Experiment (GEMHEX) at Hanford:
Experimental Design, Sample
Acquisition, and Preliminary Results

P. E. Long, S. A. Rawson, J. K. Fredrickson,
and J. M. Zachara
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Stevens

In FY 1992, four projects in PNL’'s Environmental
Science Research Center and DOE’s Subsurface
Science Program have focused on the planning,
experimental design, sample acquisition, and
sample analysis for an integrated GEochemical,
Microbiological, and Hydrological EXperiment
(GEMHEX) at the Hanford Site. This experiment
is designed to increase our current understanding
of the interactions between subsurface microbial,
geochemical, and hydrological processes. The
broad objective of the GEMHEX is to further
define 1) the spatial heterogeneity of microbial
populations in saturated subsurface sediments
and 2) the geochemical and physical controls on
their community size, diversity, and metabolic
activities. The scientific hypotheses developed
for the GEMHEX are an outgrowth of the knowl-
edge gained from prior research at the Savannah
River Site (SRS) and from the Deep Microbiology
Subprogram of the Subsurface Science Program
at the Idaho National Engineering Laboratory
(INEL} and the Hanford Site. The GEMHEX re-
quired that pristine subsurface materials with
broad variations in physical and chemical proper-
ties be collected over a short vertical interval.
Core material for the GEMHEX was obtained by
deepening the Yakima Barricade Borehole, which
lies in the western part of the Hanford Site
{Figure 1). The focus of the GEMHEX was an
18-m interval in the Lower and Basal Ringold
Formation that exhibits the desired range of
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geologic characteristics. The interval included a
sequence of coarse-grained sandy gravels grad-
ing upward into a fine-grained paleosol, which
was overlain by fine-grained laminated lacustrine
sediments and sandy gravels. The interval sam-
pled was thus a relatively fine-grained sequence
sandwiched between two coarse-grained, highly
transmissive zones.

in this paper, we summarize the scientific
rationale for GEMHEX, the hypotheses that are
being tested, and the highly successful sample
acquisition phase of GEMHEX. Sample analyses
are currently under way, with only limited and
preliminary results available.

The transport and persistence of contaminants in
subsurface environments may be strongly in-
fluenced by microbial metabolic processes. The
nature, rate, and direction of these processes are
in turn strongly influenced by chemical and
physical properties of the subsurface environ-
ment. Therefore, understanding the physical and
chemical variables that control the diversity,
abundance, and activity of subsurface micro-
organisms is critical for the development of /n
situ technologies to remediate contaminants in
deep subsurface environments.

The purpose of the geoscience research con-
ducted by the Deep Microbiology Subprogram is
to evaluate the geologic, chemical, and
hydrologic conditions that influence the dis-
tribution of microbes in subsurface environments
at depths down to several hundred meters.
Samples from a borehole at Hanford and one at
INEL (Long et al. 199V) provide a basis for
preliminary comparisons with results from earlier
samples taken at the SRS (Balkwill et al. 1989;
Fredrickson et al. 1989). Relationships among

key physical and chemical properties and micro- -

biologic characteristics are being evaluated and
used to address a series of hypotheses (Balkwill
and Wobber 1989; Brockman et al. 1992; Kieft
and Rosacker 1991; Long etal. 1991). The
eventual goal is to predict the types, abundance,
and activities of microbes in the subsurface
environment from physical, chemical, and geo-
logical information. To date, research at the
western arid and semiarid sites has focused
principally on the vadose zone. Resolving our
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questions required that we extend the Yakima
Barricade Borehole to obtain samples from the
saturated zone.

FY 1992 Research Highlights

Objectives of GEMHEX Research at the Hanford
Site. The central objective of the GEMHEX is to
determine the influence of physical and chemical
properties on microbial abundance, diversity, and
function. To accomplish this objective, observa-
tions must be made at a scale relevant to the
microbial and geochemical processes involved
{i.e., the centimeter scale). At the Yakima
Barricade Borehole, samples were collected from
a continuous subsurface interval of approxi-
mately 18 m over which lithology and chemical
and physical properties vary significantly.

The GEMHEX research has the following specific
objectives:

s Determine the effects of centimeter-scale
features (e.g., bedding planes, mineralogy, or
localizations of organic matter) on microbial
occurrence, numbers, type, and activity, and
then identify the chemical and physical
environments (habitats) that favor growth or
preservation of microorganisms in sediment
cores

e Determine the physical and chemical features
and processes occurring in paleosols that
resuit in differences between paleosols and
non-paleosols in population size and activity
of subsurface microorganisms

¢ Determine the relationships among relevant
solid phase properties, pore-water geo-
chemistry, groundwater geochemistry, and
the dominant microbial functional groups.

Meeting these objectives will increase under-
standing of the physical and geochemical
influences on subsurface microbial communities
and make it possible to compare their rela-
tionships at different DOE sites.

Scientific Approacih and GEMHEX Research
Hypotheses. The GEMHEX research involves a
combination of macroscale and microscale



observations and laboratory experiments on
intact cores and core segments obtained from
the unconfined aquifer at Hanford. Cored
sediments for the GEMHEX were collected
starting at the contact batween the Lower and
Basal Ringold units and extending into the Basal
Ringold unit (Figure 2). Analyses of these
sediments are focused on 1) paleosols and the
sediments overlying and underlying them and
2) microbiological and geochemical dynamics
across a semiconfining layer with complex
lithologic features.

A drill core of the Ringold Formation from a
borehole (DH-28; Figure 1) located approximately
1 km from the Yakima Barricade Borehole shows
two well-developed paleosols within the Basal
Ringold unit (Figure 2). The uppermost paleosol
is the thicker (approx. 10 m) and is capped by
fine-grained lake sediments of the Lower Ringold.
Directly below the contact with the Lower
Ringold sediments, the paleosol displays massive
to blocky pedogenic structures that include root
casts and calcareous stringers. The lower
paleosol is approximately 7 m thick and is
capped by a coarse-grained gravel. It also
contains pedogenic structures, such as root
casts and animal burrows.

A 18-m-thick sequence of lacustrine sediments,
paleosols, and fluvial sediments within the Lower
and Basal Ringold units (Figure 2} was selected
as the target zone for the GEMHEX for several
reasons. First, evidence from previous sampling
in the unsaturated zone at Hanford suggested
that greater numbers of culturable microorgan-
isms are present within paleosol units than in
other fluvial sediments (Brockman et al. 1992;
Long et al. 1991). With an intact core across an
interval of interest, it is possible to examine
microbial properties of paleosols and sediments
as a function of distance from a sedimentary
contact. Second, it has been suggested that
total organic carbon has a major influence on the
total numbers of microorganisms within different
hydrogeologic regimes. Based on previous
observations of core material, it appears that
paleosols may be a source of organic carbon for
both aerobic and anaerobic microbial populations.
Third, the paleosol sequence and associated fine-
grained lacustrine sediments function as a
semiconfining layer within Hanford’s unconfined

aquifer and so provide an excellent opportunity
to evaluate linked geochemical and microbiologi-
cal processes throughout an interval where gradi-
ents in nutrients, electron acceptors, and pH are
expected.

In addition to depicting the stratigraphy in the
GEMHEX sampling interval, Figure 2 also shows
the hypothesized relative numbers of microorgan-
isms and ratio of anaerobic to aerobic micro-
organisms, based on general considerations of
subsurface geochemical conditions.

The overall working hypothesis for the GEMHEX
is that the distribution and activity of micro-
organisms across heterogeneous subsurface
sedimentary units is governed by aqueous fluxes
of organic carbon, oxygen, and phosphorous,
which in turn reflect differences in formation
structure, permeability, and mineralogy.

Specific scientific hypotheses are as follows:

1. The abundance and activity of aerobic hetero-
trophic bacteria are greatest in sediments
where aqueous concentrations of oxygen and
dissolved organic carbon are optimized by
spatial variability in permeability and pore
structure.

. Variations in iron valence or in mineralogy
across sedimentary units reflect transitions
between microbial dissimilatory reduction of
iron{lll) as a terminal electron acceptor and
biological or chemical oxidation of iron(ll).

Microbial abundance and metabolic activity
and the physiological state of phosphorous
assimilatory systems are governed by soluble
phosphorous and the ability of solid phases in
different sediments to replenish phosphorous.

The GEMHEX research is organized based on the
evaluation of these three hypotheses. Analyses
of core samples are designed to test the
hypotheses and therefore include evaluation of
the geological and sedimentary structures that
may control fine-scale variations in microbial
communities. Sampling on the scale of a few
centimeters, as has been done for selected
cores, permits direct comparison with microbial
measurements in the unsaturated zone that
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showed heterogeneity on a scale of a few centi-
meters or less. It was expected, however, that
microbial communities would be more active in
the saturated zone than in the vadose zone and
that therefore heterogeneities in microbial
abundance and activity would be less pro-
nounced in the saturated zone than in the
unsaturated zone.

Hypotheses 1 and 2 are discussed in detail
below. Hypothesis 3 is discussed in the
preceding paper by Fredrickson and others.

Hypothesis 1: Results from prior research in
southeastern coastal plain sediments indicated
that the greatest biomass and most active
aerobic heterotrophic microbial populations were
associated with coarse-grained aquifer sedi-
ments. In contrast, formations with a higher
proportion of silts and clays (i.e., aquitards)
exhibited fewer viable microorganisms and less
activity than coarse-grained sediments
(Fredrickson et al. 1989). These resuits
suggested that greater microbial abundance
would be associated with more permeable zones.
The continued survival and metabolism of
bacteria in sediments depends on the flux of
nutrients and metabolic by-products to and from
attached or planktonic cells within pores.
Furthermore, for bacteria to move into and
colonize sediments, pore throats (the inter-
connections between pores) must exist and be at
least the size of cells (0.5 to 1 um). Therefore,
we hypothesized that the abundance and activity
of aerobic heterotrophic bacteria in the sedi-
ments sampled for the GEMHEX would reflect
the effects of formation permeability and pore
structure on nutrient fluxes in the different
sedimentary units, regardless of whether micro-
organisms have been present in situ since
deposition of the sediments or were transported
to their present location later,

Despite the lack of a rigorous theoretical
description of the relationship between the
dynamics of microbial populations and the
dynamics of nutrient transport, the relationship
has been explored through use of classical
advective-dispersive theory based on the
continuum model of a porous medium (e.g., Molz
et al. 1986; Kindred and Celia 1989). The
advective-dispersive theory describes flow and
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transport processes related to formation permea-
bility, dispersivity, and sclute adsorption. How-
ever, this approach requires that the issue of
scale dependency be addressed explicitly,
because permeability and dispersivity are
represented by volume-averaged measurements.
Therefore, to test the hypothesis, it was
necessary to measure physical properties of
permaability and pore structure at the same scale
as microbial abundance and activity.

Microbial abundance and activity are usually
measured on the scale of centimeters. One of
the few physical properties that can be measured
at the centimeter scale is the grain size dis-
tribution, which is related to formation porosity
and permeability (Davis 1969; Doyen 1988;
Raffensperger and Ferrell 1991). The grain size
distribution controls the total porosity and pore
geometry of the formation, thereby influencing
the local advective flux within pores. Therefore,
if porosity is a controlling factor for microbial
distribution, microbial numbers can be expected
to be greater in well-sorted sediments than in
poorly sorted sediments. Pore geometry also
affects the numbers of viable microorganisms
because it directly controls the space available
for colonization by microorganisms. The diame-
ter of pore throats may be a limiting factor in
how well microorganisms can move between
pores. In pores with smaller mean diameter,
local advective flux through the formation is also
reduced, because of flow resistance.

Other properties of sedimentary grains, such as
grain shape (roundness) and texture {roughness),
are expected to affect the attachment and
detachment of microorganisms to and from
grains within pores. Grain roughness may be an
important determinant in the types of grains to
which microorganisms attach. The specific sur-
face area of the grains plays a role in formation
permeability by causing frictional resistance in
fine-grained sediments, which have greater
surface areas than medium-grained sediments.
Specific surface area also influences the ratio of
adsorbed to free water within a pore and,
depending on grain surface and the microbial
surface chemical characteristics that control
adsorption, may influence the transport and
iocation of microorganisms within pores.



Permeability, although it cannot be directly
measured at the centimeter scale, controls the
relative importance of advective and diffusive
transport of nutrients within the formations. In
highly permeable layers, such as well-sorted
sands and gravelly sands (K,,,=102 to
10! cm/s), advective transport is expected to
dominate within the formation, and similar micro-
bial types are expected to occur throughout the
formation. In less permeable formations (Ksat <
1073 to 1.0°° cm/s), diffusion-limited transport of
nutrients is expected to result in a variation of
microbial types along a spatial gradient perpen-
dicular to the sedimentary bedding.

Flux of a specific nutrient or metabolite is
controlled by both its concentration in solution
and its transport in the solution phase by advec-
tion and diffusion. Given that concentrations of
major nutrients in pristine subsurface sediments
are very low, often near analytical limits, trans-
port will be the dominant factor controlling
nutrient availability to microorganisms at a
distance from the nutrient source. Near the
nutrient source, transport may not limit nutrient
availability; instead constant solubilization of
nutrient combined with rapid uptake by micro-
organisms may maintain low nutrient concentra-
tions. The GEMHEX is expected to establish
which of these processes actually dominate in
different parts of the subsurface environment.

The hypothesis is being tested in several ways.
First, the relationship of particle size distribution
statistics (mean, median, standard deviation,
skewness, kurtosis) and porosity to total micro-
bial biomass and metabolic actigity is being
determined. Microbial numbers are being meas-
ured by plate counts of viable aerobic, micro-
aerophilic, and anaerobic bacteria, as well as by
measurement of phospholipid ester-linked fatty
acid (PLFA) concentrations. Microbial activity is
being measured by '4C acetate incorporation in
lipids, mineralization of '4C substrates, and
microautoradiography of individual cells. Hetero-
geneity and diversity of microbial distributions on
a range of scales from a few to tens of centi-
meters and in different size fractions will be
examined using DNA extraction and PLFA data.
The advantage of using DNA extraction and the
PLFA technigues is that, unlike standard plate-
count techniques, they can be applied to the
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appropriate range of sample sizes. Multivariate
statistical analysis of the relationships between
physical properties and the microbial abundance/
activity at the centimeter scale will be
conducted.

These analyses are expected to show that num-
bers of microorganisms are greater and metabolic
activities higher in well-sorted sands than in
poorly sorted sediments, such as gravelly sands
and muds. The greatest numbers or activities of
microorganisms are expected to be associated
with particles in the silt to fine sand size range,
because this range optimizes surface area while
maintaining a reasonably high local permeability.
The relationship between numbers of micro-
organisms and grain size should be observable
within beds as thin as several centimeters.
Sampling at smaller scales is expected to reflect
either more or less random sample-to-sample dif-
ferences in microbial numbers within individual
beds or the effects of factors other than grain
size, such as localized (centimeter-scale) con-
centrations of organic carbon.

Similarly, the relationship between the sediment
physical structure and the occurrence of micro-
organisms is being established by examining the
pore geometry (surface porosity in horizontal and
vertical directions, spatial dimensions of pore
throats, and pore volumes) using image analysis

_of thin sections of intact, undisturbed core via

petrographic microscopy and scanning electron
microscopy. Greater numbers of microorganisms
[as measured by acridine orange direct counts
(AODC)] and higher levels of metabolic activity
are expected in medium- to coarse-grained sedi-
ments in which the pore space is well-connected
{i.e., where effective porosity is high) and where
the average diameter of pores exceeds approxi-
mately 1.0 um; lower numbers are expected to
be associated with fine-grained sediments with
low effective porosity.

Finally, horizontal and vertical permeability and
diffusion coefficients in intact core segments are
being measured. The permeability {(or, as a
proxy, the grain size distribution) is expected to
relate to the spatial distribution of microorgan-
isms within the formation. Greater numbers of
microorganisms and higher levels of metabolic
activity are expected in the more permeable



formations adjacent to fine-grained sedimentary
beds. Dissolved organic carbon diffuses out of
fine-grained layers, whereas oxygen advects
within more permeable layers as partially oxy-
genated water. At some position adjacent to the
fine-grained unit, conditions are expected to be
optimal for growth of aerobic heterotrophic
bacteria. Thus we also expect to find a spatial
relationship (perpendicular to the sedimentary
layering) between O, or dissolved organic carbon
and microbial activity.

Alternatively, the boundary between high- and
low-permeability layers may, by itself, create an
ecological niche that favors microbial growth.
This phenomenon has been observed in
intermediate-scale experiments conducted at
PNL's Subsurface Experimental Research Facility
(SERF) and has been explained as being caused
by mechanical mixing of nutrients at the layer
interface rather than by diffusion from within
dissolved-organic-carbon-rich fine-grained layers.
Increased microbial abundance adjacent to the
fine-grained sequence (e.g., a paleosol} could
result from either mechanical mixing or diffusion,
and determining the vertical spatial distribution of
microorganisms alone will not permit a distinc-
tion between these two aiternatives. It may be
possible to distinguish between the alternatives
by directly measuring O, and dissolved organic
carbon or by predicting O, and dissolved organic
carbon concentrations with the aid of a detailed
numerical model of mass transfer and microbial
processes across and along layer interfaces.
Upon well completion at the Yakima Barricade
Borehole in FY 1993, measurement of pore-
water concentrations of O, and dissolved organic
carbon will be attempted at boundaries between
coarse- and fine-grained sedimentary units.
Permeability data and transport parameters {such
as diffusion coefficients) will be used to simula‘te
expected O, and dissolved organic carbon con-
centrations, and the results will be compared to
observed O, and dissolved organic carbon values
as well as to microbial abundance and activity.

Hypothesis 2: Because the unconfined ground-
waters at Hanford contain low concentrations of
electron acceptors other than O,, such as NO,,
and because the sediments are enriched in basalt
fragments and in ferromagnesian minerals of
basaltic provenance, it is hypothesized that the
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deep microbiological community within and
surrounding the semiconfining layer formed by
the paleosol-lacustrine sequence are intimately
associated with the cycling of oxidized and
reduced forms of iron and manganese.

Microorganisms are known to use iron in electron
donor/electron acceptor reactions. Microbial
dissimilatory reduction of iron(lll) is an important
mechanism by which organic carbon is oxidized
in anoxic environments including groundwaters.
Although the aqueous concentration of iron(lll)
maintained by the solubility of iron(lli) oxide solid
phases at neutral pH is low and insufficient to
support microbial oxidation of organic carbon,
biological reduction of iron(lil) has nonetheless
been observed. There is evidence that iron(ill)-
reducing microorganisms can reduce certain
forms of solid phase iron(lll), including poorly
crystalline iron oxides and layer silicates
containing isomorphically substituted iron(lil).
Thus, in anoxic near-neutral environments, the
microbial oxidation of organic carbon can be
linked directly to the reduction of solid phase
iron(il), which may remain as a structural con-
stituent (in layer silicates) or be released as
aqueous iron(ll).

When anaerobic waters containing iron{ll) come
into contact with O,, iron(ll) is chemically
reoxidized to ironllll), at a rate that depends on
the pH and pO,. In some environments,
so-called "iron-bacteria,” many of which are in
the genus Gallionella, can gain energy for growth
from the oxidation of iron(ll). Because iron(H)
chemically oxidizes on contact with O,-saturated
waters, theyhabitat of these microorganisms is
confined to environments where iron{(ll) is chemi-
cally stable. Characteristics of these are low O,
(0.1 - 1 mg/L}, low temperature (8-16°C), cir-
cumneutral pH (6-8), and low organic carbon
(<12 mg/L). Thus, pristine subsurface environ-
ments are potential habitats for iron(ll}-oxidizing
bacteria. In fact, Gallionella is often found in
wells and near the water table in regions where
the groundwater is anoxic.

Thus, it is hypothesized that dissimilatory reduc-
tion of iron(lil) occurs within the confining zone
where O, is limited as a result of microbial
respiration and low permeability/diffusivity of the
porous media. It is further hypothesized that



iron{ll} from dissimilatory iron{lll) reduction
migrates by convection or diffusion from anoxic
zones to microaerobic zones, where it is
biologically reoxidized to iron(lil). Visual
observation of archived Basal Ringold cores
revealed a transition zone textured with inter-
mittent bands of iron oxides grading into clayey
silts where iron is either reduced or depleted.
These observations formed the basis for and lend
credibility to the hypothesis.

Testing this hypothesis relies on measurements
of

¢ iron-reducing and iron-oxidizing bacteria using
classical enrichment and most-probable-
number {(MPN) methods,

e speciation of iron aqueous and solid phase
valences via ion chromatography, titrimetry,
or Mdssbauer spectroscopy,

o labile forms of iron{ll) and iron{lll) via

selective chemical extraction.

Attempts are being made to document whether
the concentrations of iron(lll) oxide particle
coatings increase in zones of iron-oxidizing
bacterial activity, and whether aqueous iron({ll},
FeCOg, and structural iron(ll) concentrations in
layer silicates increase where iron-reducers are
found.

Enrichments for iron-reducers include a range of
electron donors and acceptors, including relevant
iron{lll)-containing solids. Where possible, 16S
rRNA-targeted DNA probes for genera known to
carry out these transformations are being
employed for direct microscopic enumeration of
these groups. In addition, manganese-reducing
bacteria, sulfate-reducing bacteria, and fer-
mentors are also being enumerated. Some iron-
reducing bacteria are also known to reduce
sulfate, and fermentors are required for primary
degradation of complex organic carbon to various
fermentation products, such as acetate, propio-
nate, butyrate, formate, and H,, which are in
turn metabolized by ironllil)-reducing bacteria.
Microbial iron(lll} reduction in sediments is
estimated by amending sediments with fermenta-
tion products and iron(ill) and measuring rates of
reduction.
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In addition to the geochemical measurements
described above for iron in pore waters and the
associated sedimentary material, other analyses
have targeted the identity of macroscopic, crys-
talline iron solid phases. Vanadate titrations
were performed to assess the global oxidation-
reduction (redox) potential of the sediments, and
other relevant measurements were made to
establish a conceptual geochemical model of
redox processes within the confining layer.
Other electron acceptors (including O,, NO3, and
S0,) were routinely measured on all pore waters
and relevant solutions.

Drilling and Sampling Process and Stratigraphic
Results. Deepening of the Yakima Barricade
Borehole was initiated in late spring of 1992 and
completed on October 30, 1992. Cable-tool drill-
ing methods were used to deepen the borehole
from the water table to the top of basalt bed-
rock. Samples were obtained using a heavy-duty
split-spoon device. Sample quality was quanti-
fied with the use of both particulate and chemi-
cal tracers. A total of 33 samples were collected
over a depth range of approximately 18 m. Sam-
ple locations and lithology are shown in Figure 3.
Note that the entire section is a few meters
deeper and thicker than had been predicted from
data from DH-28 (Figure 2). This difference is
apparently due to the fact that DH-28 is closer to
the crest of the Umtanum Ridge anticline than is
the Yakima Barricade Borehole. The observed
increase in thickness and deptn was expected
but its magnitude was greater than anticipated.

The detailed stratigraphy of the GEMHEX interval
from the bottom up is as follows: The base of
the sequence is a fluvial muddy sandy gravel that
is clast supported and exhibits well-rounded iron-
stained clasts. The unit is poorly sorted. Calcic
concretions were observed at the top of the unit.
Overlying the gravel is an olive to yellowish
brown sandy silt, siity sand, or sand layer
approximately 4 m thick. This fluvial unit is
micaceous and well snrted, and it shows weak
cross laminations and graded beds. The sand
grades upward over a meter or so into a paleosol
sequence that consists of dark greenish/bluish
gray clay, silt, and sand that is bioturbated and
weathered and contains white pedagenic carbon-
ate nodules and stringers. The top 0.5 m of the
paleosol is a well-developed, dark brown layer
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suggestive of an Ah horizon. The total thickness
of the paleosol sequence is approximately 9 m.
The paleosol is overlain by a reddish gray vol-
canic tuff several centimeters thick. The tuff is
fine grained, massive, and well consolidated and
impressions of organic matter (e.g., twigs) show
clearly in its base. The top half of the GEMHEX
interval consists of 13 m of lacustrine clayey silt
to silty clay. The bulk of the lacustrine unit is
dark gray and exhibits weak to well-developed
horizontal laminations. The unit is well sorted
and has a compact but semiplastic consistency.
At the base of the unit, organic matter and
slickensided fractures occur. In the upper 2 m of
the unit, the color is yellow-brown and iron
staining, iron concretions, and manganese con-
cretions are apparent. The GEMHEX interval is
capped by grayish brown fluvial muddy gravel.
The texture is well-rounded and poorly sorted
with a clast-supported fabric. Iron staining is
common.

The following key facets of the geology are
being considered in testing of the hypotheses:

e Fluvial gravels above and below the GEMHEX
interval are strongly to moderately iron
stained. The upper 2 m of the lacustrine
sediments directly underlying the gravels at
the top of the GEMHEX interval are light-
colored and iron-stained, and they contain
iron oxide and manganese oxide nodules and
concretions. In contrast, the underlying
lacustrine sediments are dark gray.

e Subvertical fractures occur in the lower part
of the lacustrine sediments. These fractures
may enhance the local permeability of this
part of the interval.

.* The occurrence of a layer similar in appear-
ance to an organic-rich A horizon at the top
of the paleosol could provide a potential
carbon and microbe source that might influ-
ence adjacent microbial communities if such
materials are important to subsurface micro-
bial ecology. If the overlying volcanic tuff is
well-colonized, it suggests that both nutrients
and microorganisms are readily transported
the few centimeters across the paleosol-tuff
interface.
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s The contrasting permeabilities and perhaps
nutrient levels between the paleosol and the
underlying sand layer are expected to provide
a key test of Hypothesis 1. Interplay among
permeability, nutrient levels, and original
micraobial abundance in the paleosol will be
particularly interesting in this part of the
GEMHEX interval.

e Each of the units described above represents
specific depositional, weathering, and diage-
netic environments that must be considered
when testing the hypotheses. For example,
the contrasting origins, mineralogies, and
permeabilities of the lacustrine sediments and
the sand indicate that initial microbial
abundances were different, evolution of the
pore-water chemistry was different, and the
total water flux through the sediments may
have differed by orders of magnitude. The
occurrence of the tuff at the contact between
the paleosol (representing subaerial condi-
tions) and the iacustrine sediments (repre-
senting slow lake sedimentation) may indicate
a relationship between the volcanic episode
resulting in the tuff and a change in the base
level for the drainage system. For example,
volcanic activity in the Cascade Range may
have caused the level of the ancestral
Columbia River to change, thus initiating a
change from soil development to lacustrine
sedimentation. Volcanism or tectonism of
that magnitude may also have altered other
factors, such as the pH of precipitation, or it
may even have perturbed existing precipita-
tion patterns.

Overall, the GEMHEX sampling was highly suc-
cessful. From each 0.6- or 0.9-m-long split-
spoon sample, a few kilograms of pristine
material was typically available for subsampling.
Each split-spoon sample was systematically sub-
sampled, as illustrated in Figure 4. Analyses of
samples were planned to provide the key data
needed to test Hypotheses 1 through 3.

Sample Collection and Sample Processing.
Decisions regarding the collection, processing,
and disposition of GEMHEX samples were made
by consensus of the team of GEMHEX principal
investigators: geologists Phil Long and Shirley
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FIGURE 4. General Scheme for Subsampling of Split-Spoon Cores

Rawson or their designee, microbiologists Jim
Fredrickson and Todd Stevens or their designee,
and geochemists John Zachara and Jim McKinley
or their designee.

We originally planned to collect 20 to 25 sam-
ples. The greater-than-expected thickness of the
GEMHEX interval resulted in a total of 33 sam-
ples, 27 of which were common samples.

For each sample, a decision was made to desig-
nate it as either 1) a common sample, 2) an
interface sample, 3) a heterogeneity sample, 4) a
"limited" sample, or 5) an unusable sample. The
sample types are defined below, with general
guidance on the criteria for sample selection and
identification. The criteria were agreed upon by
key GEMHEX participants for use in identifying
areas within each core for sampling. It was
assumed that 0.9-m-long core barrels would be
used and would provide approximately 0.6-m
lengths of usable material for various investi-
gations. The diameter of the split-spoon cores
was 10 cm; these cores were pared for the
microbiology and chemistry investigations.

Common samples were core samples that were
processed to allow all three GEMHEX hypotheses
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to be addressed using materials from a single
core interval. Some 27 common samples were
collected. The common samples were typically
25-cm sections from selected locations in the
core. The 25-cm sections were visually homoge-
neous and representative of the dominant litho!-
ogy in the core segment. They were generally
collected from the middle to lower third of the
core barrel to minimize potential contamination.
Targeted zones were those that generally satis-
fied the above criteria and that displayed visual
evidence of 1) iron oxidation (red staining) or iron
reduction (black, blue, or green) or 2) organic
matter, such as root casts or lignite pieces.

Attempts were made to obtain uncontaminated
common samples of Middle Ringold gravels.
These attempts were largely unsuccessful. It is
virtually impossible to obtain gravel samples that
are physically intact using the split-spoon sam-
pling method. We were, however, able to obtain
limited quantities of these materials for micro-
biological analyses.

interface samples were pairs of samples that
were closely spaced across a major lithologic
interface (e.g., gravel/lacustrine or paleosol/sand
interface). Collection of at least two such



samples was planned from each of six to eight
cores exhibiting clear transitions in chemical,
physical, or lithologic properties. The two
samples from each core were to be taken from
above and below the interface in order to
characterize the changes occurring across the
contact. Target samples included, but were not
limited to, 1) the lacustrine to paleosol contact,
2) the paleosol to fluvial transition region, and
3) apparent boundaries between oxidized and
reduced zones.

Heterogeneity samples were single core seg-
ments that were divided for analysis at multiple
sampling scales (e.g., 5, 20, 80, or 160 g). The
intent was to obtain two whole cores for a
detailed heterogeneity study, based on section-
ing normal to the core axis. No common sam-
ples would be taken from these cores. One core
would be selected as exhibiting generally
homogeneous properties (like the common sam-
ples, perhaps a paleosol), and the other as
containing visual heterogeneities, such as varves
or regular layers of iron oxide staining (i.e., as
observed in the upper lacustrine sequence).
Approximately 43 subsamples were to be ana-
lyzed per heterogeneity sample core using a
limited set of microbiological, chemical, and
physical techniques. During the GEMHEX sam-
pling, however, only one interface sample
{lacustrine-paleosol contact) and one hetero-
geneity sample (lacustrine sediments) were
collected.

Limited sampies were those for which homoge-
neous or uncontaminated materials were insuf-
ficient to meet the criteria for other samples but
from which useful (intact and/or uncontami-
nated) samples could be extracted. These mate-
rials were processed and distributed at the
discretion of the team of principal investigators.

Unusable samples were samples that were physi-
cally, chemically, or microbiologically compro-
mised, such that they were not usable for
GEMHEX purposes. The team of principal inves-
tigators identified such samples at the earliest
possible point in the collection process, and the
samples were not processed further except for
use in special projects or in general geologic
characterization.
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Alternative sampling approaches were occasion-
ally used (e.g., drive-barrel sampling), but when
they were used, sample selection was more diffi-
cult because the samplers lacked a removable
liner.

Characterization of GEMHEX Samples. Samples
from each of the sample locations within the
GEMHEX sampling interval are currently being
intensively characterized to test Hypotheses 1
through 3. The physical, chemical, and
mineralogic analyses being performed at each of
the sampling points are listed in Table 1.

For certain analyses (e.g., permeability), it is not
possible to obtain suitable samples at all sample
points. On these cores, the hypotheses will be
tested based on other analytical techniques, such
as grain size distribution and its empirical
relationship to permeability.

Most sample analyses are still in progress; it is
premature to draw conclusions regarding the
three GEMHEX hypotheses. However, some of
the geohydrologic data were collected during
drilling, and results are discussed below. Only
limited geochemical and microbiological results
are available at the time of writing. The data
from geohydrologic, geochemical, and microbio-
logical analyses are discussed briefly below, but
major conclusions will be deferred and published
in subsequent annual reports and scientific
papers.

GEMHEX Geohydrology. Aquifer responses to
the GEMHEX drilling and sampling were evalu-
ated to provide data on the geohydrologic
conditions in the Yakima Barricade Borehole,
because knowledge of the geohydrology is
required for assessing the nutrient fluxes to the
GEMHEX sampling interval.

To estimate the hydraulic conductivity, borehole-
scale hydraulic measurements were made during
the deepening of the Yakima Barricade Borehole.
Two drawdown tests were conducted, at 161
and 162 m below the surface. The rate of bore-
hole recovery was observed after bailing was
conducted to collect water samples. Because
the Yakima Barricade Borehole is nearly fully
cased at all times, when the borehole is bailed,



TABLE 1. Physical, Chemical, and Mineralogic Analysas®

Analysis Indj 'idual Responsible
Physical Property Analyses

Grain size distribution B. N. Bjornstad, S. Birnbaum
Direct microbial agsociation with S. A. Rawson, S. Birnbaum
size fraction (aseptic sieving)
Specific surface S. A. Rawson
Bulk density S. A. Rawson
Particle density S. A. Rawson
Porosity (@) B. N. Bjornstad
Permeability, k, S. A. Rawson
Image analysis of pore structure P. E. Long
Transport properties (diffusion coefficients for O,) S. A. Rawson
Pore throat sizes (mercury porosimetry) S. A. Rawson
Definition of sedimentary units B. N. Bjornstad
Chemical and Mineralogic Analyses
Expressed pore water and groundwater:
Major/minor cations and anions J. P. McKinley
Nutrient ions (nitrogen, phosphqrous) J. P. McKinley
Electron acceptors [0,, SO4, NO;, manganese, J. P. McKinley

iron(ll), iron{lll)}
Dissolved organic carbon, dissolved inorganic carbon J. P. McKinley

Fermentation products when possible (acetate, J. P. McKinley
formate, butyrate, propionate)

Stable isotopes (hydrogen, oxygen, carbon, E. M. Murphy
nitrogen, sulfur)

H, (if reducing conditions prevail) J. P. McKinley

Solids:

Extractable iron and manganese (amorphous, J. P. McKinley
crystalline)

Total organic carbon, nitrogen, phosphorous J. P. McKinley

lron(ll)/iron(lll) (in solid phases) J. M. Zachara

Manganese oxidation state (in solid phases) J. M. Zachara

Reduction capacity (Cr045‘ titration) J. M. Zachara

CaCO,4 J. P. McKinley

Mineralogy (X-ray diffraction, scanning electron S. A. Rawson, S. Birnbaum

microscopy-energy dispersive spectroscopy)

Petrography (diagenetic mineralogy) B. N. Bjornstad
Phosphate mineralogy in weathered basalt cobbles P. E. Long
Phosphate solubility factors J. P. McKinley
Extractable forms of phosphate
-Labile P, (isotope dilution) J. P. McKinley
-P fractionation J. P. McKinley

(a) Associated microbiological analyses are described in the paper by Fredrickson and others,
this volume.
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water inflow occurs only at the bottom. The
recovery data were obtained by monitoring the
water level after a period of about 2 hours during
which the hole was bailed about once every
2 min, at an average rate of 3.56 x 104 m3/sec
(5.6 gpm). The error bars on the time base and
initial water-level measurements are about
60 sec and 0.03 m. Drilling produced a borehole
sluery that was significantly more dense than
groundw.ater; consequently there is a dis-
crepancy between water levels measured during
drilling and after bailing. As a result, no water-
level measurements were possible during bailing,
and the full extent of drawdown could not be
quantified. This effect can contribute to
underestimation of formation conductivity,
although the recovery data analyzed here were
acquired when the borehole fluid was relatively
clean. The borehole depth was nominally 162 m
during testing, which was within the thick but
variable gravelly unit above the Lower Ringold
Formation. The recovery data from the 162-m
depth were acquired after two borehole volumes
were bailed. Fluid clarity was improved
markedly, so borehole water levels were taken as
indicative of formation heads. Testing was
attemoted at about 161 m, just below a sandy
interval a meter or two thick, but very slow
recovery was observed and the 161-m test was
abandoned.

Because of the cased configuration of the bore-
hole, recovery of the borehole with time was
analyzed using expressions for both cylindrical
flow in a confined aquifer (Papadopulos and
Cooper 1967) and spherical radial flow expres-
sions (Carslaw and Jaeger 1959). Cylindrical
flow could be important if the formation is
relatively impermeable or anisotropic at the
location of the test and if there are conduits for
axial flow behind the casing (extending the
length of the test interval). Recovery curves
calculated for cylindrical flow indicated a
transmissivity of 4 x 10" m/sec at 162 m (Fig-
ure 5). A small value for storativity (S = 10%)
was used for these calculations because the
interval was short, the drawdown was slight,
and the well was subjected to pressure cycling
by surging during cable-tool operations.
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Spherically radial flow could be important if the
formation is relatively uniform, highly conductive,
and isotropic, or if axial flow behind the casing is
impeded. The first test observations at 161 m
indicated that flow behind the casing was indeed
restricted; there was evidently no connection
behind the-casing to gravels above this level, and
therefore the tests at 162 m did not communi-
cate directly with gravels above 161 ft. The
results of the first test indicate that at a scaie of
0.6 to 0.9 m or more, the flow potentials are
hemispherical, and a spherical radial flow model
could be warranted. A spherical radial flow
model! yielded the recovery curves plotted in Fig-
ure 6. The curves were recomputed with differ-
ent values for K, a, and Ss; none fit the data any
better than those shown, so spherical flow diver-
gence does not appear to be important for the
162-m test.

There are several limitations on the applicability
of these results. First, cable-tool drilling in the
Yakima Barricade Borehole produced a heavy
slurry, which caused the measured water level to
be lower than the actual formation head. This
uncertainty must be considered during evaluation
of the drawdown results. Static water level rose
in the casing when the hole was bailed to
remove slurry, as a result of fresh groundwater
inflow. Water level also rose because of settling
during a hiatus in drilling operations; however,
density measurements of the slurry near the base
of the hole indicated little tendency for signifi-
cant settling within a few days.

The water-level measurements reported here are
referenced to the static water level measured
after a weekend hiatus of about 60 hours. Error
associated with the measured drawdown values
could be as much as 0.2 m. If that is the case,
the data points on Figures 5 and 6 would be
plotted lower by 0.2 m. Replotting these data
would change the recovery curve from some-
thing closely resembling cylindrically radial flow
to something partway between cylindrical and
spherically radial flow.

Second, the flow geometry of the 162-m recov-
ery test was uncertain and the relative error on
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the thickness could be as much as £¥0%. Conse-
quently, the interpretation was limited to end-
member flow models. Additional modeling could
include partial penetration and the eifect of
confining boundaries, but these effects would
not be distinguishable from the effects of flow
geometry or the effects of small-scale hetero-
geneity, given the currently available test data.
The flow regime appears to be cylindrically
radial, and the apparent transmissivity is approxi-
mately 4 x 10" m?/sec. Hydraulic conductivity
could range from 4 x 104 to 8 x 10°* m/sec,
if the interval length was as small as 0.5 m.

Data were collected from a variety of sources to
explicate the well-bore hydrology and assess
nutrient flux. Sources of information on
hydraulic conductivity in the Yakima Barricade
Borehole include published results of irrigation
well tests and pumpage, geophysical logs, and
the 162-m drawdown recovery test, which are
plotted together in Figure 7. The Fair-Hatch and
Repsold-derived curves display estimates of
hydraulic conductivity derived from porosity and

lithology data extracted from geophysical logs
obtained from the same sedimentary sequence in
DH-28 and adjusted to match field data for
hydraulic conductivity. More drawdown/
recovery test data are needed to reduce the
arbitrariness of the adjustment of the estimated
hydraulic conductivity profiles. The proposed
hydraulic conductivity profile plotted in Figure 7
is intended to respect the major features of the
adjusted profiles, at 3-m resolution, and to do sc
in round numbers, for the purpose of flux model-
ing across the GEMHEX interval.

Although modeling of nutrient fluxes must await
groundwater chemistry results from the
completed Yakima Barricade Borehole well, these
profiles of vertical distribution of hydraulic
conductivity show the wide range of variability in
physical properties (three to four orders of
magnitude) over short vertical distances within
the GEMHEX interval. Completicn of laboratory-
scale physical property analyses and multilevel
watéi sampling within the well will allow further
quantification of the estimates made to date.
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Preliminary Geochemical Results. Geouchemical
measurements made during the period of sam-
pling have demonstrated some key characteris-
tics of the deep unconfined aquifer:

* Oxidizing or microaerophilic conditions may
exist throughout the GEMHEX sampling inter-
val and probably extend to or near the top of
the basalt. This conclusion is based on
redox measurements of expressed pore
water and on downhole measurements
performed using a commercially available
multisensor device.

e There do not appear to be significant dif-
ferences in reductive capacity between
obviously oxidized (iron oxide-stained! sands
or silts on the one hand and dark-colored
silts and clays on the other. This conclusion
is based on measurement of reductive
capacity of 1:1 sediment:water mixtures.

¢ Highly reduced conditions (-400 mV) exist
within the borehole slurry during drilling.
These conditions are apparently the result of
interaction of borehole fluids with newly
created fracture surfaces that expose ferrous
iron cations. Subsequent reactions result not
only in highly reducing conditions but also in
the hydrolysis of water to produce
detectable gaseous hydrogen. The presence
of hydrogen presented a minor safety issue
during borehole drilling, but it has more
important implications for microbial ecology
of subsurface locations where reducing
conditions occur naturally. Even minor
hydrogen production could provide a
significant energy source for microorganisms.

In general, the groundwater geochemistry of the
GEMHEX interval appears to be consistent with
measurements on samples from wells within a
few kilometers of the Yakima Barricade Borehole.
Additional information on redox conditions in the
GEMHEX interval awaits completion of solids
analyses currently in progress.

Preliminary Microbiological Results. Microbio-
logical results are still very preliminary. Available
data, primarily on aerobic microorganisms, indi-
cate that microbial abundance and activity are
relatively low in the GEMHEX interval. Acridine
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orange direct counts (AQODC) show that in the
bulk of the samples, observable microbial num-
bers are too iow to detect (Figure 8). Moreover,
AODC suggests that the abundances are greatest
and most consistent in the lacustrine sediments,
the inverse of the predicted results (Figure 2).
The interpretation of these results is curreniiy far
from clear, especially considering that the data
set is incomplete. Nonetheless, it can be specu-
lated that the subsurface microbiai community in
the GEMHEX sampling interval has largely
exhausted its energy sources, particularly in the
areas of relatively high permeability where
groundwater flux has made the complete oxida-
tion of availabie reduced carbon possible. In
low-permeability zones, such as the lacustrine
sediments, lower groundwater flux has limited
the availability of oxygen and thus the rate at
which aerobic microorganisms have been able to
oxidize available reduced carbon. Reduced car-
bon in the lacustrine sediments thus continues to
support a very low level of microbial life in the
lacustrine sediments. If this hypothesis holds,
then organic carbon should be measurably differ-
ent in the oxidized and unoxidized parts of the
lacustrine sediments. Based on the geohydro-
logic results, future calculations of nutrient flux
in the various parts of the GEMHEX interval
should also be consistent with the concept of
high-permeability zones being exhausted of
available nutrient sources.

Future Research

The planning, experimental design, sample
acquisition, and initial sample analysis for the
GEMHEX have been highly successful. Prelimi-
nary results suggest that the conclusions we will
finally draw from the GEMHEX may be different
from those predicted in the hypotheses. None-
theless, the principal objective of enhancing our
understanding of subsurface microbial processes
will be well served by the GEMHEX.

Borehole completion at the Yakima Barricade
Borehole is currently in the final stages of design
and should be complete by early March 1993.
During this phase, screened casing will be
installed in the saturated zone of the Ringold
Formation. For each intact core zone interval,
samples of bulk formation waters will be taken
with a multilevel sampler that uses dialysis
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membrane cells to determine equilibrium aqueous
concentrations in the borehole (Ronen et al.
1986, 1991). The samples collected will provide
formation water chemistry to correspond with
each GEMHEX solid sample and thus provide a
comparison to water chemistry obtained from
pore waters. Use of multilevel samplers to
determine in situ hydraulic gradients and flow
rates is also being evaluated.

Installation of the well screen will also allow us
to conduct an additional experiment, to evaluate
the potential /n situ colonization of microorgan-
isms within the lacustrine sediments or other
subsurface horizons. Sterilized sediments will be
suspended in the borehole and allowed to "equili-
brate" and be colonized by the free-floating
microbial population (Hiebert 1991). The organ-
isms that colonize these sediments will be
compared {using molecular and physiological
approaches) with microorganisms obtained from
the original sediments to determine the degree to
which the two populations overlap. This experi-
ment is primarily designed to support testing of
Hypothesis 3 {on phosphorous limitation), by
providing additional insight into the active
microbial types present in the zone of the
GEMHEX cores.
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Pore-Water Chemistry in a Deep
Aquifer System at the Hanford Site,
Washington

J. P. McKinley

This project conducts research into the relation-
ship between subsurface water chemistry and
microbial activity. included within this area are
gecchemical investigations conducted in collabo-
ration with projects investigating subsurface
microbial processes and hydrogeologic and geo-
chemical controls on microorganisms in subsur-
face formations. Activities in FY 1992 included
1) analysis and interpretation of pore-water and
solid-phase chemistry of samples collected from
the vadose zone at the Yakima Barricade Bore-
hole at the Hanford Site in FY 1991, 2) collection
and analysis of pore water and associated solid
samples from the saturated zone {the unconfined
aquifer) at the Yakima Barricade Borehole,
3) introduction and analysis of aqueous-phase
tracers at the Yakima Barricade Borehole, and
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4) investigations of short-term geochemical
variations within the Yakima Barricade Borehole
in relation to observed occurrences of hydrogen
gas.

FY 1992 Research Highlights

Analysis and Interpretation of Vadose-Zone
Samples. Drilling in the vadose zone at the
Yakima Barricade site reached the unconfined
aquifer at 99.7 m. Samples collected above that
depth were generally too dry to yield water for
direct analysis and were leached using deionized
water to allow estimation of pore-water composi-
tions. Samples were also collected for the
measurement of gravimetric moisture content
and bulk chemical properties by several methods,
including bulk chemistry by proton-induced X-ray
emission (PIXE) analysis and wet chemical diges-
tion assays of total nitrogen and phosphorous
and of organic and inorganic carbon. Results
from these tests were compared to microbiologi-
cal results for the same samples.

Comparisons of chemical information with micro-
biological data were limited to log colony-forming
unit (CFU) numbers derived from cultures grown
aerobically on 1% peptone-trypticase-yeast
extract-glucose (PTYG) medium. To facilitate
comparisons incorporating data from a number of
microbiologists, the mean of all available 1%
PTYG results was computed and compared with
chemical data. This method of comparison was
thought to partially mitigate an inherent sampling
problem: the samples used for chemical meas-
urements and microbiological measurements did
not generally originate from the same part of a
given core sample. For certain analyses, the
chemical measurement samples had to be of
large volume and had to originate outside the
lithologic boundaries selected for microbial
sampling. Samples for PIXE and digestion
assays required much less mass for successful
analysis and were taken generally within the
microbial sampling interval, but not as sub-
samples of the homogenized sample distributed
for microbiological analysis. Chemical samples
therefore represented average compositions of a
potentially heterogeneous core interval and were
compared to microbiological subsamples origi-
nating at differing places within that core.



Despite the sampling difficulties inherent in
chemical-microbial comparisons, some microbial
dependence on chemical environment could be
inferred. Figure 1 illustrates the relationship
between gravimetric moisture content and the
abundance of aerobic bacteria. Figure 2 shows
a subordinate relationship between solid phase
phosphorous and microbial abundance. Although
microbial abundance and gravimetric moisture
are smoothly correlated, total phosphorous is
correlated with abundance only above a thresh-
old moisture value. These relationships suggest
that moisture is more important than phospho-
rous, either as a necessary element of the
microbes’ environment or as a limiting factor in
transporting phosphorous to phosporous-limited
microbial communities.

Collection and Analysis of Pore Water and
Associated Solid Samples from the Saturated
Zone (the unconfined aquifer) at the Yakima
Barricade Borehole. Drilling and sampling within
the saturated zone at the Yakima Barricade Bore-
hole was begun in the spring of 1992. This
phase of investigation included cable-tool drilling
through Ringold Formation sediments to the top

of basalt at approximately 230 m. Within this
overall interval was an intensively sampled
interval of appreximately 18 m, encompassing
lacustrine sediments and a paleosol unit grading
into sandy sediments below.

Although these sediments were water saturated,
they were very fine-grained (a large fraction of
each lithology consisted of clay minerals), and
expression of water from them using standard
methods was impossible. A small volume of
water was removed from each specimen by
ultracentrifugation {under a subcontract to
Washington State University at Tri-Cities).
Samples obtained from the "common" interval
{from which samples were distributed to micro-
biologists in the Deep Microbiclogy Subprogram
of the Subsurface Science Program) were
processed under inert atmosphere. In most
cases it was possible to extract 6 to 12 ml of
pore water from 160 g of sediment using this
method. Careful allocation of expressed water
has allowed analysis for the following analytes
on all but a few low-volume samples: cations,
anions including bromide and ClOg4, dissolved
oxygen, pH, inorganic and organic carbon,
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iron(li/1ll), sulfate/sulfite, nitrate/nitrite,
ammonium, and orthophosphate. In addition to
pore-water analysis, pH and reducing capacity
{measured by platinum electrode) of 1:1 slurries
of solid samples were determined.

Downhole conditions during drilling were meas-
ured by deployment of a sonde purchased for
that purpose, and through the use of a downhole
sampler. Both instruments were monitored and
controlled from the ground surface. The sonde
produced temporal information on variation in
downhole temperature, pH, dissoived oxygen,
oxidation-reduction {redox) conditions, and depth
(changes in depth were observed during pumping
and as water levels within the casing changed as
a function of drilling).

Measurements of solid-phase chemistry, particu-
larly iron phase and phosphorous content, are
still under way. When they are complete, overall
geochemical conditions within the borehole will
be integrated with microbiological results to
produce an evaluation of chemical microbial
interactions over a short but heterogeneous
stratigraphic section.
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Introduction and Analysis of Aqueous-Phase
Tracers at the Yakima Barricade Borehole. As in
previous drilling projects in the Deep Micro-
biology Subprogram, chemical tracers were used
in the Yakima Barricade Borehole to determine
the extent of contamination of samples during
drilling and removal. Bromide was introduced as
an indicator of chemical contamination from
within the borehole. In the saturated zone,
bromide was introduced by maintaining an
approximately constant concentration of KBr in
the borehole slurry enclosed within the steel
casing. Frequent measurement of bromide
concentration in the slurry by ion-selective
electrode was followed by addition of appro-
priate amounts of bromide stock solution, if
necessary, to maintain bromide concentrations at
the desired level. Muds attached to the split-
spoon drilling device were collected as a means
of directly measuring background concentrations
of the tracer, as were borehole slurry samples
(collected just prior to or just after sample
collection). Preliminary results for a subset of
pore-water samples indicate that there was some
infiltration of bromide into samples, generally at
a level that was less than 1 mg/L, negligible in



comparison to the borehole level of approxi-
mately 200 mg/L.

In the saturated zone, there was an additional
sample contamination problem in the form of
water added to the Lexan core barrel liner prior
to sampling. This water was separated from the
core sample by a core marker sealed against the
liner; it was a necessary component of the sam-
pling system because of the pressure differential
inherent in sampling below the water table. To
determine infiltration of this core-liner water into
the sample, a separate tracer was required;
NaClO, and microspheres were added for this
purpose. The microspheres were counted by
microbiologists participating in this project.
Perchlorate concentrations were determined via
ion chromatography of expressed pore waters.
Preliminary results from a subset of samples
indicated very little {or undetectable} concen-
trations of ClO4 within pore waters.

Investigations of Geochemical Varietion within
the Yakima Barricade Borehole Steel Casing. The
concentration of flammable gas within the steel
casing used at the Yakima Barricade Borehole
was observed to rise during drilling and resulted
in a small explosion within the casing during
welding operations. Therefore, drilling proce-
dures were modified to prevent a recurrence of
this event, and careful and frequent monitoring
of the borehole gases’ approach to a standard
"lower explosive limit" were initiated. Identi-
fication of the gas involved was undertaken
using gas sample tubes and eventually gas
chromatograph-mass spectrometry determined
that hydrogen gas (H,) was present within the
borehole casing. Field investigations to deter-
mine the source of this gas were initiated.

Two possibilities for the origin of H, in the
Yakima Barricade Borehole were considered. The
first was that hydrogen gas was being generated
within the casing as a result of interaction
between crushed rock fragments and ground-
water, and the second was that groundwater
welling into the casing contained dissolved
hydrogen that was degassing as it entered the
borehole, causing a concentration of hydrogen
gas in the well's gaseous headspace. These
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possibilities were evaluated in part through
downhole monitoring of agueous composition.

To evaluate the reactivity and evolution of
aqueous compositions within the casing, the
sonde was lowered after the borehole had been
bailed to remove stagnant water, and fresh
formation water was equilibrated with the
atmosphere by repeated downhole trips by the
bailer. The sonde was allowed to stand within
the well for 36 hours, during which time dis-
solved oxygen, temperature, pH, Eh, conduc-
tivity, and depth were monitored. The results of
this monitoring for Eh are shown in Figure 3.
Beginning at an Eh of +200 mV, the borehole
redox state declined over a periocd of 13 hours to
an Eh of -275, where it remained for the duration
of the test. These results suggested that reac-
tions within the casing were responsible for
hydrogen gas generation, but did not rule out the
possibility that hydrogen gas originated from
within the formation and was concentrated in
the well casing.

The composition of formation water, particularly
its dissolved oxygen content and Eh, were deter-
mined by lowering the sonde to the bottom of
the borehole, after which a submersible pump
was lowered into the water column above it. By
pumping water from the top of the water column
within the casing while monitoring water com-
position at the bottom of the casing, the Eh and
dissolved oxygen content of formation water
could be measured directly, as it flowed into the
borehole to replace water removed by pumping.
This test was conducted after partial bailing of
the borehole; water composition was monitored
at 1-min intervals for a period of 1 hour. Results
of pumping and monitoring are shown in Fig-
ure 4. Borehole conditions were at an Eh of
approximately + 90 mV and 0.15 mg/L dissolved
oxygen at the beginning of pumping; as fresh
water entered the casing, these values rapidly
changed to formation conditions of +190 mV
and 4.85 mg/L, respectively. An independent
measure of dissolved hydrogen gas in formation
water removed after pumping ceased did not
detect hydrogen gas. Hydrogen gas therefore
appears to have been generated within the well
casing by reaction of rock fragments with water.



300
o,
s O
E o
= a
w O
a
-100 O
O
-200 —
300 | %NIIHDUIDIU:H]D[IIEHIDUD?
0 500 1000 1500 2000
Time (min)
FIGURE 3. Eh versus Time in Casing, after Bailing
200
150 ]
O
2 . B Disorsdongen. o
< 100 issolved oxygen, m
s T
50 |-

0 10

NYYYYYYYYYYYYYYYYYYYYYYYVYVYVYVYVYVYYVYVYYVVY)

AMYWYWWWAWWNRO0
20 30 40 50

Time (min)

60

FIGURE 4. Eh and Dissolved Oxygen at Bottom of Yakima Barricade Borehole during Pumping

99



Microbial Transport/Origin in
Subsurface Systems

E. M. Murphy, J. A. Schramke, B. D. Wood,
and D. Janecky (Los Alamos National
Laboratory)

The origin and transport of microorganisms in
deep groundwater systems is poorly understood
and as yet we lack the scientific approaches
necessary to study microbial transport over
regional time and distance scales (time scales
ranging from hundreds to hundreds of thousands
of years and distance scales ranging from tens to
hundreds of kilometers). It is difficult to
extrapolate from results of studies of microbial
transport using traditional tracer techniques
(which have been applied over distances gener-
ally <10 m and over times ranging from days to
a few months) to regional groundwater flow
paths, where the longer time scales may have a
significant impact on transport. Microbial
transport is affected by both physical and
biological processes: advection, dispersion,
filtration, exclusion, adsorption/adhesion,
chemotaxis, growth/decay, and adaptation. The
importance of these processes will vary along
the time and distance scales. For example, at
regional scales, biological processes (such as
adhesion, growth/decay, chemotaxis, and adap-
tation) may play a more dominant role in micro-
bial transport than physical processes (such as
exclusion ard filtration). The physical processes
of advection and dispersion will likely be
important regardless of the scale, but they are
especially dominant where the groundwater has
a high linear velocity.

In an aquifer, groundwater chemistry changes in
a predictable manner as a result of mineral
dissolution and precipitation. Along a regional
groundwater flow path, oxygen decreases, pH
and ionic strength increase, and temperature
increases with the geothermal gradient. An
increase in pH has been shown to increase
microbial mobility, and increasing ionic strength
retards movement of the microorganisms by
decreasing the thickness of the double layer,
thus promoting sorption. As oxygen decreases
along a groundwater flow path, other electron
acceptors become dominant, exerting selective
pressure on the microbial community through
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growth/decay and adaptation. Thus changing
geochemical properties alter microbial mobility
and attest to the problem of extrapolating results
on microbial transport from short-term tracer
tests to regional groundwater flow paths.

Much of the existing information on microbial
transport comes from laboratory column and field
tracer experiments, but the study of microbial
transport at regional scales requires non-tradi-
tional approaches. Understanding the processes
that create and sustain a microbial community at
any point along a groundwater flow path is criti-
cal to our understanding and prediction of micro-
bial transport at the regional scale. Appropriate
research approaches include determining the age
of groundwater by radioactive isotopes, evaluat-
ing microbial respiration processes using stable
isotopes, evaluating geochemical evolution along
a groundwater flow path, and determining micro-
bial phylogeny by techniques from molecular
biology. Although no single approach will pro-
vide a definitive answer, in combination these
approaches may produce compelling evidence of
regional microbial transport.

FY 1992 Research Highlights

The focus of this exploratory research project is
on geologic information that addresses regional
microbial transport, such as groundwater dating,
fractionation of stable isotopes by microbial
respiration, and geochemical evolution of ground-
water. The progress of this work is summarized
in the following sections, which are not intended
to be comprehensive.

Field Studies at the Savannah River Site. Micro-
organisms present in deep Atlantic Coastal Plain
sediments affect the geochemical evolution of
groundwater and its chemical and isotopic com-
position, yet the factors controlling their origin,
distribution, and diversity are poorly understood.
The evolution of the groundwater chemistry, the
fractionation of stable carbon isotopes, and the
groundwater age are all indicators of the inor-
ganic and microbial reactions occurring along a
given flow path from groundwater recharge to
groundwater discharge. For the Savannah River
Site (SRS), we analyzed tritium, '4C, and
groundwater chemistry along three flow paths of
the Middendorf aquifer in South Carolina.
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The '%C ranged from 89 percent modern carbon
{pmC) in the recharge zone to 9.9 pmC in the
dista:Morehole; the &'3C remained relatively
constant at about -22%, suggesting microbial
oxidation of organic carbon. Carbon isotope
analyses of particulate organic carbon from core
sediments and groundwater chemistry were used
to model the carbon chemistry using a geochemi-
cal reaction path model (PHREEQE, Parkhurst
et al. 1980) with a subroutine to account for
carbon isotopes (CSOTOP, Cheng and Long
1984). The primary reactions occurring along
this groundwater flow path were silicate weath-
ering and the oxidation of organic matter by iron
reduction. Silicate weathering is responsible for
increasing pF, calcium, and potassium. Because
quartz, plagioclase, K-feldspar, kaolinite, illite,
lignite inclusions with associated FeS(s) and
organic sulfur, and smectite nave been reported
for the Middendorf Formation, the reactions that
were modeled included oxidation of lignite; dis-
solution of gypsum, K-feldspar, and Fe(OH);(a);
precipitation of calcium-nontronite, gibbsite, and
FeS(s); ion exchange; and dissolution or pre-
cipitation of chalcedony. The modelled reaction
paths used only minerals that have been ob-
served in the Middendorf Formation, with the
addition of gypsum.

Although the Middendorf groundwater chemistry
was modeled as a homogeneous system, the
subsurface system is actually physically and
chemically heterogeneous. Aerobic heterotrophs
dominated the microbial community; however,
the zones with the highest organic content (in
the form of lignite inclusions) contained relatively
low concentrations of aerobic heterotrophic
microorganisms (Figure 1). When the lignite
oxidized, pH fell and ferrous iron and sulfate
rose. These observations suggest that complex
organic matter is degraded by a microbial food
chain, along which fermenting microorganisms
produce simple organic acids that are in turn
used in aerobic and anaerobic respiration (Fig-
ure 1). Indeed, in addition to aerobic hetero-
trophs, iron- and sulfate-reducing microorgan-
isms, nitrifying microorganisms, and sulfur-
oxidizing microorganisms were identified in the
aquifer sediments. The presence of lignite
inclusions and the diverse aerobic and anaerobic
microorganisms suggested that sulfate may be
produced by the oxidation of reduced sulfur,
FeS(s), or organic sulfur (either abiotically or by
sulfur-oxidizing bacteria) (Figure 1). Use of these
phases as sulfur sources in the model resuited in
good agreement between the modeled and
observed pH and concentration of dissolved ions
(Table 1; Murphy et al. 1992).

Lignite Microsite

Increasing Particulate

Organic Carbon Heterotrophs

Pathways of the Oxidation
_of Organic Matter by

3

1 0,/H,0 Aerobic Heterotrophs

b

 Fe? /Fe®* iron Reducers
1 SO, /H,S sultate Reducers

- H,0/H, Fermentation
1 Reactions

Decreasing Aerobic

FIGURE 1. Microbially Mediated Reactions Occurring near Anaerobic Microsites
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The groundwater ages obtained using '#C ranged
from modern to 11,500 years before present
(yBP) (Table 1}. The highest frequencies of
occurrence, numbers, and diversity of aerobic
and anaerobic bacteria were found in boreholes
near the recharge zone, where the calculated
ages were <1000 yBP. The transport of micro-
organisms from the recharge zone may be re-
sponsible for this distribution, as well as the
distribution of electron acceptors necessary to
support this diverse community of bacteria. The
presence of both aerobic heterotrophs and anaer-
obic sulfate- and iron-reducing bacteria in the
core sediments suggested that anaerobic micro-
sites must exist throughout this otherwise rela-
tively aerobic aquifer. Groundwaters in the
recharge zone exhibited nearly saturated oxygen
concentrations, but those decreased along the
flow path, and anaerobic conditions were
approached approximately 50 km from the
recharge area (Figure 2).

Microbial respiration rates were calculated based
on a model in which the increase in dissolved
inorganic carbon is attributed to the respiration
of organic carbon (Figure 2). Groundwater age
was used to calculate the respiration rate, where
CO, = mgg,lage’’). Based on the groundwater
age, the respiration rates ranged from 4.3 x 10’
4 t0 3.5 x 10°® mmol/L per year. The highest
respiration rate was found in the flow path that
had the youngest groundwater age (Figure 2).
We speculate that a higher metabolic activity in
younger groundwaters may relate directly to a
predominantly surface origin for the microorgan-
isms found in boreholes near a recharge area. A
greater diversity of microorganisms could be
maintained by the availability of a wide range of
electron acceptors in those groundwaters close
to the recharge zone. By the time that the
groundwater residence time in the Middendorf
aquifer exceeds several hundred years, it is likely
that the electron acceptors necessary for sup-
porting a diverse microbial community are
depleted.

Iron Speciation and Fractionation in the
Middendorf Aquifer. A zone of high dissolved
iron (>1 mg/L) caused by the activity of iron-
reducing bacteria was present in groundwaters
from the Middendorf aquifer. However, there
should be virtually no ferrous iron in these
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groundwaters because the dissolved oxygen con-
centrations were above 4 mg/L. If the iron in
these samples was indeed ferrous, it would indi-
cate that the well is drawing water both from
aerobic and low-dissolved-iron horizons and from
anaerobic high-dissolved-iron horizons. To
resolve this issue, groundwater samples were
coliected from four boreholes along one ground-
water flow path at the SRS (Table 2). Totaliron,
ferrous iron, and dissolved oxygen were meas-
ured immediately in the field using Hach
AccuVac™ glass ampules. Field measurements
confirmed that almost all of the dissolved iron
was in the form of ferrous iron [iron{ll)]. As
predicted from the pH of the groundwater, the
ferrous iron oxidized to ferric iron in the sealed
containers within 8 to 12 hours after collection
(Eary and Schramke 1990).

Iron-reducing bacteria play an important role in
the biogeochemical carbon cycle and in the evo-
lution of groundwater chemistry. Fractionation
of stable iron isotopes will largely depend on the
iron reactions taking place in the microbial cell
and the forms of iron minerals in the environment
before and after cell reaction. Ferric iron serves
as a terminal electron acceptor and this reaction
may be either enzymatic or nonenzymatic fi.e.,
reduction may be an indirect effect of microbial
respiration). In nature, mos* nonenzymatic
reduction processes are insignificant, with a few
notabie exceptions: 1) production of hydrogen
sulfide by sulfate-reducing bacteria, which may
reduce ferric to ferrous iron before precipitating
ferrous sulfide, and 2) reduction of ferric iron by
formate, a metabolic product of a number of bac-
teria. Nonenzymatic reduction of iron would not
result in isotope fractionation. When ferric iron
is reduced as a terminal electron acceptor in
respiration, the process is called dissimilatory
iron reduction. Relatively large quantities of iron
are consumed in dissimilatory reduction, which is
likely to be the cause of the high ferrous iron
concentrations in the Middendorf aquifer. The
reaction for the oxidation of organic matter by
iron-reducing bacteria is written as

CH,O + 4F8(OH), + TH* -

4Fe?* + HCO; + 10 H,0
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FIGURE 2. Decreass in Dissolved Oxygen and Accumulation of Carbon Dioxide along a Flow Path in the Middendorf
Aquifer That Is Deslineated by Groundwater Age. Microbial respiration rates calcuiated from these values are shown in
the inset.

TABLE 2. Dissolved iron Concentrations in Ground-
waters from the Middendorf Aquifer

Several investigators have shown that the extent
of microbial reduction of iron decreases with
increasing crystallinity of the Fe (lll) form; that is,

Sample Felll),  Feqga Dissolved ; ;

Name H ol iy Oxvaen amorphou§ iron hvdrox|Qes are rec?uced much
Name  pH_~ mgl  mal. —=xygen_ more readily than crystalline iron oxides and are
P26-TA  6.41 4.36 4.41 300 pg/L th terred terminal elect t Thi
P29-TA 5.41  1.66 1.80 8.4 mglL b ‘; prererre erm;n " elec ror; alccep or. i 1s
p28-TA  6.40 3.07 3.08 3.8 mgiL ehavior may result because 1) less crysta ine
P24-TA  5.94 4.38 4.72 N forms of iron are more soluble, 2) less crystalline

Although it is unknown whether stable iron iso-
topes are fractionated during dissimilatory micro-
bial iron reduction, the relative abundances of
stable iron isotopes in the environment are quite
distinct: 5%Fe = 5.82% and %6Fe = 91.66%.
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forms have greater surface area, or 3)in the
absence of solubilizing ligands, direct contact
between the bacteria and the ferric solid is
necessary for iron reduction to proceed.

Information on the reaction pathway of dissimila-
tory iron reduction is incomplete, possibly



because specific reaction steps vary among
different species of iron-reducing bacteria.
Myers and Nealson (1990) showed that cellular
energy can be generated from iron reduction.
Arnoid et al. (1986) postulated that dissimilatory
iron reduction is coupled to bacterial electron
transport and that the maximum iron reduction
rates {in the presence of a solubilizing iron ligand)
are determined by dehydrogenase activity or dis-
sipation of proton motive force. These research-
ers also found that the rates of iron reduction
were not limited by mass transport across the
hydrodynamic boundary layer. Diffusion across
that layer was rapid compared to the observed
rate of reduction. Neither of these past studies
addressed the rate-controlling step in the reduc-
tion sequence of amorphous ferric hydroxide that
may lead to the fractionation of iron isotopes.

Although evidence of a specific reaction pathway
that may iead to the fractionation of iron
isotopes is tacking, if iron fractionation in
environmental systems is demonstrated, then the
actual mechanism may be similar to dissimilatory
sulfate reduction. By analogy to microbial sul-
fate reduction, evidence suggests that there is
an enzyme, referred to as iron reductase, that is
responsible for iron reduction in the cell. Sulfur
isotopes fractionate during sulfate reduction
because of the kinetics of the rate-controlling
step, which is the cleavage of the first sulfur-
oxygen bond. Because a chemical bond involv-
ing a heavy isotope has lower vibrational
frequency than the equivalent bond with the light
isotope, the bond with the heavy isotope is
stronger than that with the light isotope, result-
ing in a rate-dependent fractionation of suifur
isotopes. In a closed system, if the sulfate-
reduction reaction goes to completion, no frac-
tionation will be evident. However, in an open
system, the kinetics of the rate-controlling step
will lead to the fractionation of sulfur isotopes.
As is the case for sulfate, the use of iron
hydroxide or iron oxides in dissimilatory iron
reduction may require the cleavage of an iron-
oxygen bond, leading to the fractionation of iron
isotopes. In sulfur, the lighter isotope, 325, is
the more abundant; in iron the heavier isotope is
more abundant. If the rate-controlling step in
iron reduction is cleavage of the iron-oxygen
bond, then microbial fractionation would result in
increased abundance of ®4Fe(ll), the lighter and
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less abundant isotope of iron, in the aqueous
phase. Solid iron compounds would become en-
riched in the heavy isotope as a result of this
process.

The complex environmental chemistry of iron in
subsurface systems and the role of microorgan-
isms in the iron cycle led researchers at Los
Alamos National Laboratory (LANL) to develop a
mass spectrometric technique to measure iron
isotopes. The fractionation of iron isotopes has
broad applicability to isotope hvdrology studies,
especially at sites where the influence of iron-
reducing bacteria on the biogeochemical cycle in
groundwater is significant. The fractionation of
iron isotopes may eventually be used to deter-
mine the presence and /in situ respiratory activity
of iron-reducing bacteria and define the complex
interaction of these bacteria with the subsurface
microbial community.

Filtered groundwater samples were collected
from the Middendorf aquifer in South Carolina
and sealed immediately in 1-L glass bottles for
stable iron isotope measurements. Groundwater
samples were shipped to LANL for iron isotope
analyses. Sediment samples were collected from
cores from the same Middendorf boreholes. The
cores were sampled selectively for high-iron
zones near the level of the well screens.
Crystalline and amorphous iron were extracted
from the sediments using dithionite-citrate and
hydroxylamine, respectively. The concentrations
of crystalline and amorphous iron in the sedi-
ments are shown in Table 3. With the exception
of sample P28-765-A, the amorphous iron was
usually only a small percentage of the total
extractable iron in the sample. The total
extracted iron varies directly with total iron as
determined by proton-induced X-ray emission
(PIXE) analysis. Because microbial activity
results in the high ferrous iron concentrations in
the Middendorf aquifer, iron isotopes will be
determined in both the dissolved and solid forms
to determine whether isotope fractionation has
occurred. These iron isotope analyses have not
yet been completed.

INEL Modeling Results. The chemistry of water
samples collected from wells along flow paths at
the ldaho National Engineering Laboratory (INEL)
are being modeled using the geochemical



TABLE 3. Extracted Crystalline and Amorphous Iron from Middendorf Sediments and Total Iron Determined by Proton-

Induced X-ray Emission (PIXE) Analysis

Total fron  Total fron

Sample Crystalline  Amorphous  Extracted, (PIXE),
_Number Fe, umol/g Fe, umol/g umol/g ymol/g
P24-982-A 8.76 1.86 8.81 98.5
P24-998-A 8286.82 2.06 828.87 1290.3
P26-972-A 14,32 4.82 19.14 61.3
P28-766-A 218.80 162.11 380.91 480.6
P28-7756-A 44,92 1.34 46.28 81.3
P29-664-A 391.08 0.41 391.47 484.6
P29-6876-A 93.16 0.43 93.69 177.2

Biank 0.01 0.0

reaction path codes NETPATH (Plummer et al.
1991) and PHREEQE/CSOTOP, in an effort to
1} examine changes in the groundwater chemis-
try along flow paths on and near INEL that may
have influenced the composition of the microbial
community, 2) determine the sources of the
groundwater at the different well sites and,
hence, potential sources of microorganisms, and
3) use '4C to determine the age of the ground-
water at INEL, with specific emphasis on the age
of the groundwater at the borehole drilled by the
Deep Microbiology Subprogram of DOE's Subsur-
face Science Program.

The Snake River Plain aquifer underlying INEL is
an unconfined aquifer in basalt flows and inter-
bedded sedimentary formations. The general
direction of groundwater flow in the eastern
Snake River Plain aquifer is from the northeast to
the southwest (Figure 3). At INEL, a certain
amount of groundwater flow also comes from
the northwest and north because of the Little
Lost River and Birch Creek drainage basins. Flow
velocities in the aquifer average approximately
3 m/d (Robertson et al. 1974), resulting in an
estimated hydrodynamic residence time on the
order of 260 years (Wood and Low 1986).
Groundwater recharge in the vicinity of INEL can
occur as a result of 1) groundwater flow from
the northeast and the tributary basins to the
north and northwest; 2) infiltration from the Big
Lost River, which flows onto INEL from the
southwest; and 3) infiltration of precipitation
{Robertson et al. 1974). It is also possible that
geothermal water from formations below the
Snake River Plain aquifer may enter the aquifer,
although, based on a water-budget analysis for
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the eastern Snake River Plain aquifer, Wood and
Low (1988) believed the contribution from geo-
thermal water was negligible. Wood and Low
(1988) calculated the contribution of infiltrating
precipitation to the groundwater in the eastern
Snake River Plain aquifer to be approximately
10%.

In late 1990, PNL sampled groundwater in the
Snake River Plain aquifer from wells located at
INEL and from wells north of the site (Figure 3).
The wells were selected to aveid any possible
influence of INEL operations on the water com-
position. Measurements of pH, dissolved oxygen
concentrations, specific conductivity, and water
temperature were carried out in the field.
Laboratory analyses on the water samples in-
cluded major and minor cations by inductively
coupled argon plasma atomic emission spectros-
copy (ICAP-AES); anions by ion chromatography;
dissolved organic carbon and dissolved inorganic
carbon; alkalinity; '4C; tritium; 613C; 6D; 6'80;
and 6348,

The wells were classified as belonging to flow
paths based on the available information about
groundwater flow at INEL and general trends in
groundwater composition (Table 4). Changes in
groundwater chemistry along the flow paths are
likely to be caused by reaction of the ground-
water with the basalt and sedimentary interbads:
dissolution of olivine, labradorite, pyroxene,
halite, and anhydrite; oxidation of pyrite; and
precipitation of smectite, calcite, and silica. In
addition to changes in groundwater chemistry
caused by reaction with the aquifer solids,
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FIGURE 3. Potentiometric Map of the Snake River Plain Aquifer.
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TABLE 4. Organization into Flow Paths of Wells
Sampled at INEL

Flow Path 1 Flow Path 2 Flow Path 3
Simplot Farm P&W 2 USGS 27
USGS 19 USGS 18 USGS 32
USGS 16 Site 14 USGS 100
USGS 12

USGS 97

USGS 17

NPR

chemical changes may also be caused by mixing
between groundwaters from various sources.

Along flow path 1, groundwater samples ob-
tained from wells USGS 19, USGS 15, and
USGS 12 are most likely derived from ground-
water flow that originated in the Little Lost River
drainage and, possibly, from infiltrating
precipitation. Well USGS 15 was much deeper
than the other wells in flow path 1, so differ-
ences in water chemistry between USGS 15 and
other wells may be the result of changes in
water chemistry with depth rather than the
changes in water chemistry along the flow path.
The water from the Simplot Farm well showed
relatively high SOZ", CI', and NO3 concentrations.
These elevated concentrations may be attributed
to irrigation recharge, because of the well’'s
location on the Simplot Farm. Based on well
locations, groundwater from wells USGS 97,
USGS 17, and NPR could be influenced by 1) in-
filtration from the Big Lost River, 2) underflow
from the Birch Creek drainage, 3) underflow from
the Little Lost River drainage, 4) underflow from
the northeast, and 5) infiltrating precipitation.

Of the wells in flow path 2, water obtained from
all three wells could be influenced by underflow
from the Birch Creek drainage, by groundwater
from the northeast, and by infiltrating precipi-
tation. Along flow path 3, groundwater from
wells USGS 27 and USGS 32 is likely to be
influenced by groundwater flow from the north-
east and by infiltrating precipitation. In addition
to these sources of groundwater, samples from
well USGS 100 may be influenced by underflow
from the Birch Creek drainage. Water samples
from well USGS 32 were quite cloudy, which
may indicate problems with the well.
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Based on the information about potential reac-
tions and groundwater sources, reaction-path
and mixing calculations for some of the flow
path segments were carried out at PNL in FY
1992. Because for most flow path segments
there are a number of potential groundwater
sources, reaction-path and mixing models were
developed for each possible set of groundwater
sources.

The approach taken to modeling the geochemis-
try along the flow paths can be iliustrated by the
calculations carried out for the flow path from
the Simplot Farm well to NPR. In this calcula-
tion, the sources of the groundwater at NPR
were assumed to be flow from Simplot Farm and
infiltrating  precipitation. The infiltrating
precipitation was equilibrated with calcite and
chalcedony in an open system under the condi-
tions listed in Table 5 using the geochemical
code PHREEQE/ CSOTOP. The resultant solution
was then mixed in a closed system with ground-
water from the Simplot Farm well. The model
values that were obtained with NETPATH using
these assumptions are listed in Table 5. The
model provides an excellent match to the
observed changes in major element chemistry,
&13¢C, 6180, and 6%4S. The minerals included in
the model have all been observed in the aquifer.
Other possible sources for groundwater at NPR
are being investigated, including well P&W 2
(which may be representative of the Birch Creek
drainage), the Little Lost River (rather than the
Simplot Farm well, for the reasons cited above),
and the Big Lost River, which in the past flowed
onto INEL.

The approach outlined above is being carried out
for the flow path segments represented by the
wells in Table 1. At present, about one quarter
of the potential flow path segments have been
modeled. It is anticipated that the modeling
work will be completed in FY 1993.

Future Research

In FY 1993, research will focus on the study of
microbial transport and origin in the Cold Creek
recharge area at the Hanford Site upgradient
from the Yakima Barricade Borehole. The pur-
pose of the Cold Creek study is to test molecular
techniques that will be used to determine



TABLE 6. Reaction-Path and Mixing Model for the Flow Path Segment from Simplot 1 Farm Well to NPR

Constraints: Aluminum, Calcium, Carbon, Chloride,
Magnesium, Potassium, Silica, Sodium, Sulfur, 6'80

Isotopic Data: pyrite 62*S = -8 (Wood and Low 1988)
anhydride 6%*s = 16 (Wood and Low 1988)
infiltrating snowmelt 6'80 = -18.68'

Data for soil gas in_equilibrium_with infiltrating precipitation.

Value Source
log Pcgp = -3.00 Rightmire and Lewis 1987
&% =-18 Rightmire and Lewis 1987
14¢ = 100 pmc pre-bomb
Amount Reacted,
Phases mmoles/L®

Albite {dissolve only)} 0.0
Anorthite (dissolve only} 0.88794
Calcite -1.87297
Forsterite (dissolve only) 0.0
Gibbsite 1.29463
Gypsum/anhydrite (dissolve only) 0.13593
Sio, 3.14877
K-feldspar (dissolve only) 0.06383
Pyrite (dissolve only) 0.0
Ca-montmorillonite 0.0
Mg-montmorillonite -0.94707
Na-montmorilionite -0.39117
NaCl(s) 0.21838
% Simplot Farm 37.6
% infiltrating precipitation 62.6

Parameter Computed Measured
s'3c -8.63 -8.87
4c 86.68 61.74
83s 9.29 9.69
8'%0 -17.7 -17.7
age lyears) 2806 .-

{a) From weighted average of values of 480 for snow,
measured by Rightmire and Lewis (1987). The
weighted mean §'80 value obtained was -20.2. The
snowmelt was evaporated to 78.6% of the original
amount, and Rayleigh fractionation calculations resuited
in a value of -17.82 for the remaining snowmelt.

(b) Positive value indicates dissolution, negative value
indicates precipitation.
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microbial origins in a well-controlled field site.
Vadose zone recharge rates in semiarid zones
like the Hanford Site may range from 0.01 mm
per year (at the Yakima Barricade Borehole) to
7.4 cm per year at unvegetated, sandy sites near
the Columbia River. Vertical recharge from pre-
cipitation at the Yakima Barricade Borehole is
negligible; therefore microorganisms in the
saturated sediments must have originated from
1) deposition of the original sediments, 2) verti-
cal transport after the last catastrophic flood
{~13,000 years ago), or 3) transport from the
recharge zone. The rate of microbial transport
in the recharge zone of the unconfined aquifer is
unknown but expected to be slow. Therefore,
the basis of this study is comparative, and evi-
dence of microbial transport will depend largely
on molecular techniques to determine the rela-
tedness of microbial species along unsaturated
flow paths. The effect of the changing chemical
environment on the selection of microbial species
within the microbial community will also be
determined.
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Subsurface Organic Fluid Flow

C. S. Simmons, R. J. Lenhard, T. R. Ginn, and
J. W. Cary

The research in this project concerns the move-
ment of organic liquid contaminants and their
volatile vapors in the subsurface environment.
The knowledge gained from this basic research
into physical mechanisms is intended to assist
DOE in remediating sites contaminated with
organic fluid contaminants. Such organic fluids
are known to migrate either as liquids that are
immiscible with water or as a gas phase. These
liquid and gas phases eventually dissolve into the
groundwater as a result of interphase mass-
transfer processes and thus contaminate the
underground water resources.

The research in FY 1992 focused on 1) the capil-
lary retention of organic liquids in sandy porous
media, 2) the movement of trichloroethylene
(TCE) vapors in a large laboratory flow cell, and
3) the fingering intrusion behavior of a non-
spreading organic liquid, as represented by a
model mineral oil. We are obtaining answers to
scientific questions that are important to pre-
dicting the migration of organic fluids (liquid and
gas) in the subsurface. In particular, we are
determining the extent to which hysteresis
behavior in three-phase flow (flow of immiscible
water, organic liquid, and air) influences
movement. We are also testing the hypothesis
that density-driven advective flow of vapor
contributes to the dispersal of volatile organic
liquids. Like TCE, carbon tetrachloride, which
has been found beneath the Hanford Site, is
such a mobile vapor. As we began in our experi-
ments in FY 1991, we are attempting to better
understand and quantify unstable infiltration
behavior of a certain class of organic liquids that
were sometimes used in the processing of
nuclear materials.

Organic Liquid Retention Behavior and Hysteresis

In FY 1992, investigations continued measuring
and predicting the retention of liquids in porous
media as a function of fluid pressures and prior
hydrologic conditions. Emphasis was placed on
measuring the retention of fluids in three-phase,
air-nonaqueous phase liquid (NAPL)-water fluid
systems. Fluid retention by capillary forces has
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long been known to be a nonunique function of
fluid pressures li.e., fluid content-pressure
relations are hysteretic). The volumetric reten-
tion of fluids in the pore spaces will differ
depending on whether fluids are draining or
imbibing, and this difference could have impor-
tant implications for predicting the subsurface
distribution of NAPLs.

To investigate fluid retention properties, water
content in two-phase (air-water) and three-phase
(air-NAPL-water) fluid systems was measured as
a function of fluid pressures for water draining
and imbibing paths. The total liquid content in a
three-phase (air-NAPL-water) system was also
measured as a function of fluid pressures for
total liquid draining and imbibing paths. Meas-
urements were conducted in a specially designed
experimental cell capable of measuring fluid
retention in three-phase fluid systems. The
experimental apparatus, which is shown in Fig-
ure 1, consists of sleeves with alternating
treated and untreated porous ceramic rings on
their inner surfaces. Two rings were chemically
treated to render them hydrophobic so that the
NAPL could extend continuously from NAPL-filled
pores within the porous medium packed in the
cell to a NAPL pressure-measuring device located
outside the retention cell. The untreated ceramic
rings maintained a continuous aqueous phase
from water-filled pores within the porous medium
to an aqueous-phase pressure-measuring device
located outside the cell. The gaseous phase
within the porous medium was always in contact
with the atmosphere and, hence, its pressure
was assumed to be atmospheric (i.e., zero gage
pressure).

The measurements involved draining water from
an initially water-saturated porous medium, thus
creating a two-phase (air-water) system, and
then later adding NAPL to create a three-phase
(air-NAPL-water) fluid system. The results from
the water measurements are shown in Figure 2,
and the results from the total liquid measure-
ments are shown in Figure 3, where two-phase
(air-water) measurements are shown as open
squares and three-phase measurements are
shown as closed diamonds. Successive meas-
urements are connected via broken lines in both
figures.
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FIGURE 1. Experimental Apparatus to Measure Multiphase Saturation-Pressure

The fluid retention measurements were con-
ducted not only to characterize hysteretic
retention behavior, but also to 1) investigate how
to scale fluid content-pressure relations among
different fluid systems and 2) evaluate a pre-
dictive fluid content-pressure model that
accounts for hysteretic effects. Thus the vertical
axes in Figures 2 and 3 are scaled capillary
pressure heads, where the scaled capillary head
is the product of a scaling factor and the
appropriate capillary head. The fluid-system
scaling procedure and theory have been dis-
cussed by Lenhard and Parker (1987); we will
not discuss fluid scaling theory in detail here.
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However, the scaling procedure used for
Figures 2 and 3 yielded a smooth transition as
the fluid system went from a two-phase (air-
water) to a three-phase system. In particular,
note the smooth continuation of the wetting
scanning path in Figure 3 as the fluid system
changed from a two- to a three-phase system.

The data shown in Figures 2 and 3 were used to
test the ability of a published hysteretic fluid
retention model to simulate multiphase fluid
retention behavior. This retention model was
first published in 1987 (Parker and Lenhard
1987) and later refined (Lenhard et al. 1989).
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The effects of both contact angle hysteresis and
fluid entrapment are considered in the model. In
the model, parameters that are required to pre-
dict fluid-retention behavior include 1) parame-
ters that describe the porous medium pore-size
r stribution (i.e., retention parameters), 2) fluid-
system scaling factors, and 3) parameters that
reflect the maximum amount of air that can be
entrapped by air-water and air-NAPL interfaces
and the maximum amount of NAPL that can be
entrapped by NAPL-water interfaces in the
porous medium. To obtain these values, reten-
tion parameters were best-fit to the air-water
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data only, scaling factors were best-fit to the
three-phase data, and fluid entrapment parame-
ters were measured in similar porous media using
only two-phase fluid systems.

Figures 4 and 5 show how well the model was
able to capture the experimental data shown in
Figures 2 and 3, respectively, with the modeling
results shown as solid lines. Note the close
agreement between the experimental fluid-
retention data and the modeling results. In
Figure 4, very good agreement was obtained for
the water-saturation path history, and in
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Figure 5, very good agreement was obtained for

the total-liquid-saturation path history.

Our investigations show the importance of con-
sidering hysteretic effects when attempting to
predict the distribution of NAPLs in contaminated
porous media. The ability to accurately model
multiphase fluid-retention behavior can greatly
improve predictions of the fate of NAPLs in the
subsurface environment. For example, the
volume of NAPL that may become trapped below
the water table can be accurately predicted,
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which is very important for assessing the
potential for contaminants to move with flowing
groundwater.

The investigation is primarily examining the
retention of fluids in porous media when fluid
movement has ceased. However, to accurately
forecast the fate of subsurface contaminants,
the transient behavior of fluids in porous media
must also be understood. To predict transient
fluid flow in porous media, relations between
fluid contents and pressures must be known, as
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must relations between fluid contents and rela-
tive permeabilities. Therefore, a study was
initiated to evaluate whether hysteretic relations
among fluid contents, pressures, and relative
permeabilitizs are necessary for forecasting
transient fluid flow when wetting and drying
saturation paths are likely to occur. This initial
study focused on a two-phase (air-water) fluid
system because it is more difficult to conduct
transient measurements in a three-phase (air-
NAPL-water) system.
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The approach was to compare nonhysteretic and
hysteretic modeling results to a transient air-
water experiment, where the water-table eleva-
tion was made to fluctuate in a one-dimensional
flow cell, to produce wetting and drying satura-
tion paths. In the experiment, water contents
were measured temporally and nondestructively
with a radiation attenuation apparatus at seven
locations. The experiment was initiated by
lowering the water table in a water-saturated
porous medium; this was followed by raising,
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lowering, and again raising the water table to
prescribed elevations. This sequence of water-
table adjustments was intended to produce two
wetting and two drying saturation paths. To
predict these paths, we used retention parame-
ters that reflected the first lowering of the water
table. For hysteretic fluid flow simulations, the
only other parameter that was needed was the
maximum amount of air entrapped by air-water
interfaces. This parameter was estimated from
fluid content-pressure measurements that had
been obtained in similar porous media.
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Figure 6 shows the experimental data and model-.
ing results for one of the seven measurement
elevations. The experimental data are shown as
closed diamonds, the hysteretic modeling results
are shown as a solid line, and the nonhysteretic
modeling results are shown as a broken line.
The hysteretic simulation closely matched the
measured water contents, whereas the nonhys-
teretic simulation deviated markedly from the
observed data. From this study, it appears that
when predicting transient fluid flow, hysteresis in
relations among fluid contents, pressures, and
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relative permeabilities should be considered. If
hysteresis is ignored, erroneous fluid content
predictions may result.

These studies suggest that the factors that
cause hysteresis among fluid content-pressure-
relative permeability relations must be considered
to accurately predict the subsurface retention
and movement of fluids. This requirement can
have important implications for predicting the
fate of NAPLs in the subsurface. For example,
to accurately assess the migration of chemicals
that have partitioned from a NAPL to ground-
water, the subsurface NAPL distribution must
first be predicted. If that NAPL distribution is
erroneous, then subsequent NAPL transport pre-
dictions are also likely to be erroneous. An
accurate assessment of the distribution of
NAPLs, which are the source from which hazard-
ous chemicals dissolve, is needed before an
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accurate prediction of the transport of these
chemicals via groundwater can be made.

TCE Vapor Movement in a Sand Medium

In FY 1992, we conducted a novel large-scale
laboratory experiment to observe the movement
of TCE vapor in a 2-m-long by 1-m-high cell filled
with sand in record time (about 450 hours).
However, design and construction of the flow
cell {shown in Figure 7) took many months. The
walls of the flow cell are metal-bar-reinforced
plastic sheet with 55 sample ports protruding
through. The entire flow cell is sealed with a lid
that is vented to atmospheric pressure through a
filter capture system designed to contain the
overflowed TCE vapor. During the experiment,
TCE vapor was evolved from an internal chamber
containing an open dish of volatilizing TCE liquid.
The TCE vapors emanated downward from an
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8-cm by 7.5-cm rectangular opening in the
chamber into the sand mecdium below. The
7.5-cm dimension was the thickness of the flow
cell. Movement of the TCE vapor was monitored
as if it were two-dimensional, without regard for
the small thickness of the cell. The TCE vapor
concentrations in the air filling the pores in the
sand were measured by extracting small samples
(25 ul) from the sample ports with a gas-tight
syringe. The rubber-septum-covered sample
ports can be seen in Figure 7. The TCE concen-
tration in each sample was quantified by meas-
urements made using a gas chromatograph (GC)
with a highly sensitive electron capture detector
(ECD type). A TCE sample was introduced into
the GC by first injecting the sample into a closed
vial of hexane liquid solvent, which dissolved and
held the TCE for injection into the GC's analysis
column. By using this instrumentation, it was
possible to accurately measure TCE concentra-
tion over a four-order-of-magnitude range down
from its saturated concentration in air.

The vapor concentration was measured only in
the unsaturated zone, which extended about
55 cm below the sand surface. There were 37
sample ports in this unsaturated zone; 2 ports
went into the TCE supply chamber and the
remaining 18 entered the saturated zone below
the maintained groundwater table. During the
experiment, samples of water were taken
directly from the saturated zone and analyzed for
dissolved TCE concentration using the GC after
a water-extraction step. Thus, the experiment
also provided direct measurements of how
rapidly TCE dissolves and enters a saturated
groundwater zone.

A typical two-dimensional histogram of TCE
vapor concentration on the grid is shown in
Figure 8, for samples taken 6 hours after the first
TCE introduction into the cell. Because TCE
samples are taken at slightly different times from
each port, values have been interpolated for a
single time from the time series of measure-
ments. (Note that the port at depth 0 cm and
distance 70 cm is in the supply chamber.) After
6 hours, TCE concentration outside and below
the supply chamber was actually somewhat
greater than inside. A typical contour plot of the
evolving gas plume is shown in Figure 9 for the
same gas distribution. (The region devoid of
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contour lines is the supply chamber’s location.)
After two days, the TCE concentration (in grams
per liter of gas volume) was a substantial frac-
tion of its saturated value in the chamber, as
seen in Figure 10. Figure 11 is the associated
contour plot of concentrations.

Arrival of the TCE gas throughout the cell was
examined from the concentration breakthrough
curves for each sample port. Figure 12 shows
the history for the source, the port directly below
the entry region and the deepest port directly
below. There was first an increase and then a
decrease in concentration, followed by a build-up
to a high, nearly saturated vapor concentration,
which prevailed for nearly 120 hours. Concen-
tration in the sand lags behind the source level.
But at depth, the oscillation of concentrations is
essentially attenuated. This oscillation of the
source is not yet explained, inasmuch as the
supply dish should have provided a constant
amount by volatilization. Moreover, the tem-
perature was constant and the atmospheric pres-
sure was maintained uniformly throughout the
supply chamber and the flow cell volume, as
indicated by a manometer reading in the supply
chamber. Thus there was no excess pressure in
the chamber to drive gas out into the surround-
ing sand. However, the density of the gas (both
air and TCE vapor) in the chamber may have con-
tributed to gravity-driven advective downward
flow. Moreover, the dissolution of TCE into the
water phase may have contributed to a
diminished concentration in the air at about
24 hours until the water became saturated and
gas flowed steadily out at nearly the saturated
vapor value. In any event, the source of TCE
exhibited an unexpected dynamic behavior rather
than a steady increase in concentration to reach
a maximum saturated vapor concentration. After
about 120 hours, the TCE supply concentration
gradually reduced, to reach a minimum after
300 hours. It was determined that after
300 hours the supply of TCE liquid had vanished.

The breakthrough curves for TCE vapor concen-
trations along vertical grid lines that are distant
from the source, e.g., at 0 and 135 cm, are simi-
far enough to indicate that there was no grada-
tion of vapor density with depth. Directly around
the vapor source where concentrations are great-
est, however, there is asymmetry in the pattern
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of TCE concentrations to the right and left and
below. Figure 13 shows that, between 15 and
40 hours, port #1 (20 cm below the source) had
greater concentrations than ports #4 and #5, at
about the same distance to the right and left of
the source. At greater distance (about 30 cm
below the source), port #6 had greater concen-
tration than ports #9 and #10, which were simi-
lar distances to the right and left, from 40 hours
up to 100 hours, as seen in Figure 14. Thus, it
appears that the TCE vapor plume is elongated
downward, and not symmetric, as would be ex-
pected with solely diffusive movement from the
source. The deviation in TCE concentration,
however, is not large: it is only about 0.04 g/L
larger below the source when the values to the
sides are about 0.12 - 0.14 g/L. Nevertheless,
the difference appears to be significant in view
of the accuracy of the GC measurements and
because the data show a continuous trend over
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a substantial time. Therefore, it appears that a
density-driven effect is exhibited only very near
the source.

Unstable Fingering Behavior in a Porous Medium

Results from previous laboratory experiments
involving multiphase infiltration events indicated
that under relatively general conditions certain
contaminants did not move as predicted by clas-
sical multiphase theory. In these experiments,
channeling or fingering flow developed as spe-
cific organic liquids infiltrated through partly
saturated porous media (Cary et al. 1989;
Simmons et al. 1990). Analysis of the experi-
mental results led to a set of hypotheses regard-
ing the causes for the onset and persistence of
channelling flow (Simmons et al. 1990). These
hypotheses, relating primarily to the spreading
pressure of the organic liquid and the distribution
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of pore sizes encountered by the downward-
moving organic liquid front, provided a basis for
testing the conditions under which classical
theory would suffice for prediction of organic
fluid flow, and when it would not. One approach
to testing these hypotheses requires the develop-
ment of a means of simulating channeling flow,
independent of the restrictions of classical multi-
phase flow theory. Such computational simula-
tions would not only provide a cost-effective
supplement to expensive physical experiments
for duplicating channeling flow, but would also
afford focused testing of the effects of various
physical controls on channeling flow.

Therefore, we conducted a concise review to
examine available tools for unconventional simu-
lation of channeling flow and to identify specific
approaches for obtaining this capability. This
review incorporated and extended the published
reviews of Kueper and Frind (1988) and Yortsos
{1990). Two valuable approaches were identi-
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fied: network modeling (e.g., Blunt and King
1991) and random-walk methods to represent
diffusion-iimited aggregation (e.g., Paterson
1984).

Network models involve a detailed representation
of the pore space of a subsurface medium as a
fine mesh of interconnacted "pipes,” and the
hydraulics of flow through the network is simu-
lated using the theory of flow through capillaries.
This modeling is done on a very fine scale. Rules
for flow branching through intersections are
determined from physical considerations (such as
capillary tensions, gravity, etc.) and are applied
to determine which physical aspects control the
onset of channeling flow, as observed on the
larger scale of the whole network. These models
are valuable in examining the scaling hypothesis
that flow phenomena on the large scale are
dominated by conditions that are in effect at the
pore scale.
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Random-walk models, in contrast, provide a very
simple way of representing general diffusion
phenomena. In these models, the movement of
a fluid in a subsurface environment is repre-
sented by the displacement of numerous par-
ticles whose individual paths are simply a
sequence of randomly directed steps. It is well
known that properly posed random-walk simula-
tions produce diffusion that is mathematically
equivalent to that predicted by classical
continuum theory (e.g., Paterson 1984). The
advantage of random-walk models over classical
continuum diffusion models (Laplace’s equation)
is that specific physically based rules of motion
of the particles may be selectively applied on the
very small scale {e.g., Sherwood and Nittmann
1986). This has made it possible for many
researchers in disparate fields, such as immis-
cible fluid displacement, electroplating, and
multicomponent gas diffusion, to examine a
variety of diffusive processes.
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In this work, the random-walk approach was
exploited to simulate the evolution of a channel-
ing plume of organic liquid. Plume evolution was
represented as the result of two competing
processes: pore-specific gravity flow and diffu-
sive spreading. The pore-specific flow com-
ponent is preferential flow of the organic liquid
through only those pores that are larger than a
specific threshold (as determined by interfacial
tensions), and it is gravity driven. In contrast,
diffusive spreading acts in all directions and inde-
pendently of pore sizes. Simplified renditions of
these processes were incorporated as controls
on particle paths and were superimposed on a
basic random-walk model. This model! is a sim-
plified prototype diffusion-limited aggregation
{(DLA) mode!, based on Kadanoff’'s extension of
random-walk diffusion for inclusion of fluid
interfacial tensions (Kadanoff 1985). Our model
expanded on Kadanoff’s concepts by incorporat-
ing physical aspects of variable spreading



pressures. Controls on the infiltration of a
typical non-spreading oil, such as mineral oil, are
simulated by amplifying the pore-specific flow
component to the magnitude of the diffusional
spreading component.

Despite the simplicity of our representation of
the physics, a surprisingly good duplication of
previous experimental results was achieved.
Figure 15 shows a vertical cross section of a
mineral oil plume (digitized and color-coded) after
infiltration into a cube of unsaturated glass beads
(Simmons et al. 1990). Figure 16 shows the
results of the DLA simulation of the experiment.
The color coding in Figure 16 corresponds to
displacement time: red corresponds to the
newest part of the plume and blue to the oldest.
Figure 16 shows how gravity-griven channelling
flow creates an unstable infiltration front, which
is then smoothed by diffusional spreading, which
lags slightly behind. This pattern is particularly
visible in the green "historical channels" in the
middle of the plume. General characteristics of
the laboratory observations, such as the general
shape of the plume, the relative length and width

of the channels, and the inclusion of uninvaded
bubbles, are all duplicated in the DLA model
results.
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FIGURE 18. DLA Simulation of Mineral Oil Infiltration
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Manipulation of Natural Subsurface
Processes: Field Research and
Validation

J. S. Fruchter, F. A. Spane, J. K. Fredrickson,
C. R. Cole, J. E. Amonette, J. C. Templeton,

T. O. Stevens, D. J. Holford, L. E. Eary, J. M.
Zachara, B. N. Bjornstad, G. D. Black, and

V. R. Vermeul

Under the auspices of DOE’s Subsurface Science
Program, the use of a field experiment to validate
key hypotheses concerning the natural interac-
tions of microbial, chemical, and physical
processes was investigated. In FY 1992, the
ramifications of such an experiment for in situ
remediation of subsurface contamination led to
the project’s being transferred from the Office of
Health and Environmental Research to DOE
Office of Environmental Restoration and Waste
Management. Therefore, recommendations for
future research were developed in FY 1992,

The concept underlying the experiments is that
the addition of chemical reagents and/or micro-
bial nutrients to the aquifer through an injection
well would create chemically reducing conditions
in the aquifer, and thus create a permeable geo-
chemical treatment barrier. Such a geochemical
barrier could be a powerful tool for future
remediation of dispersed contaminants on DOE
lands. The reagents and nutrients proposed are
those expected to cause only temporary changes
to the aquifer chemistry. This approach ensured
that additional contaminants would not be added
to the aquifer during remediation.

A field injection experiment of this type requires
input from a variety of scientific disciplines,
including geochemistry, microbiology, and
hydrology. The research conducted under the
Subsurface Science Program included laboratory
studies of the effectiveness of various abiotic
reducing agents, characterization of microbial
populations and nutrient requirements in Hanford
core samples, and hydrologic modeling and
visualization experiments to determine the sensi-
tivity of the experiment to natural heterogeneity
of the system and to experimental parameters.

The recommended research for continuing evalu-
ation of the feasibility of this approach
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incorporates consideration of additional chemical
reagents and measurements of the ability of dis-
similatory iron-reducing conditions to reduce
aquifer solids. More detailed computer simula-
tions will optimize reagent dispersal and recovery
in the subsurface. Methods that use gradient
control to increase reagent residence time in the
subsurface will also be investigated.

Successful completion of the field test requires
thorough characterization of the field site.
Therefore, a three-phase plan for characterization
of the hydrophysical, geochemical, and microbio-
logical properties of the field site was also
developed.

Numerica!l Model of Transient Radon
Flux Through Cracked Concrete Slabs

D. J. Holford, G. W. Gee, H. D. Freeman, and
J. L. Cox

Several researchers have suggested that cracks
in concrete floors could be pathways for the
entry of significant amounts of radon into
buildings (Landman and Cohen 1983;
Narasimhan et al. 1990; Schery et al. 1988a;
Wilkinson and Dimbylow 1985). Loureiro et al.
(1990) used steady-state simulations of advec-
tive and diffusive radon transport in soils to
demonstrate that diffusion is the dominant
mechanism of transport when soil gas permea-
bilities are less than 1 x 10°'2 m? (a value typical
of a fine sand or siity soil). Because concrete
slabs typically have a very low gas permeability,
8.0x10'* to 3.4x10'® m? (Rogers et al.
1991), cracks in a concrete floor provide a
significant pathway for radon diffusion and
advection into houses. Previous work has indi-
cated the importance of barometric pumping in
enhancing radon flux from soil (Clements 1974;
Duwe 1976; Kraner et al. 1964; Schery and
Gaeddert 1982), and that fractures in rock or
cracks in soil can result in advective transport
that is much larger than diffusive transport
(Holford et al., in press; Nilson et al. 1991;
Schery et al. 1982; Schery et al. 1988b; Schery
and Siegel 1986).

The purpose of the modeling exercise conducted
in FY 1992 was to demonstrate how barometric



pumping may enhance radon flux into buildings
through cracked concrete slabs. Of interest is
how small and widely spaced cracks in concrete
must be before their influence is negligible. A
unique characteristic of these numerical experi-
ments is that both transient advective (due to
pressure gradients) and diffusive (due to con-
centration gradients) radon transport were
simulated. The results of simulations of radon
flux from soil through concrete with cracks of
different size and spacing and with and without
subslab aggregate were compared to radon flux
from bare soil.

The transport of radon into houses is governed
by the radium content of the soil, as well as its
transport  properties, diffusion coefficient,
permeability, and porosity. These properties are
important because radon gas moves both by
advection with the bulk flow of liquid and gas in
the soil, and by diffusion through liquid and gas
in the soil pores. In this project, a finite-element
code, Rn3D, has been developed to simulate gas
flow and radon transport in porous media by
transient advection-diffusion (Holford et al., in
press). The code was designed to model the
effects of barometric pressure variations on

radon transport in soil and other porous media,
such as concrete.

FY 1992 Research Highlights

Simulations considering various soil and base-
ment types were conducted to demonstrate the
effect of barometric pressure variations on radon
transport into basements. A schematic diagram
of the model is shown in Figure 1. The depth to
the water table was 10 m in all simulations.
Sinusoidal pressure variations with an amplitude
of 50 Pa and a period of 0.5 h were used in all
simulations.  Variations in actual barometric
pressure can range from an amplitude of a few
pascals for periods of minutes to a few hundred
pascals over a day. The passage of weather
fronts can cause pressure changes on the order
of 1,000 to 2,000 Pa (Narasimhan et al. 1990).

Three soil types were considered in the simula-
tions: sand, silt, and clay. Simulations were
conducted with bare soil, soil covered by intact
concrete, or soil overlain by a cracked concrete
slab. Other simulations included a coarse gravel
layer underneath the concrete slabs. Properties
for all materials used in the simulations are listed
in Table 1.

Basement Floor

Crack

10

Water Table

FIGURE 1. Model Diagram for Two-Dimensional Finite-Element Simulation of Radon Flux intc a Basement. Simula-
tions were conducted to determine the effect of the 10-cm layers of concrete and gravel on radon flux into a

basement.
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TABLE 1. Properties of Porous Materials Represented in Simulations

Porosity, Permeability,  Diffusion, Radium Content, Radon Emanation
Material m3/m3 m?/s m?/s Ba/kg Coefficient
Clay 0.56 1.0x10"4 2.0x102 36 0.1
Loam 0.48 1.0x10°12 4.0x102 36 0.1
Sand 0.36 1.0x107'0 6.1x102 36 0.1
Gravel 0.40 3.0x1077 6.1x10°2 0 o]
Concrete 0.26 4.4x10¢ 1.3x10°® 0 0

The propertics used to represent gravel are
typical of sub-slab aggregate (Gadgil et al.
1991). Pigperties for concrete are typical of
new residential dwellings (Rogers et al. 1891).
The porosities and perrieabilities for the clay,
loam, and sand soils are typical values for the
respective grain-size classes (Freeze and Cherry
1979; Mualen: 1976). Diffusion coefficients
were estimated based on typical pore-size distri-
butions for each size class (Nielson et al. 1984)
and on the diffusion coefficient of radon in pure
air (Bird et al. 1960; Hart 1986). Radium
content and emanation coefficients for the three
soil types were based on those for soils near
Socorro, New Mexico (Schery et al. 1984), and
Poamoho, Hawaii (Cotter 1990). Bulk densities
for each material were calculated assuming p,, =
2.65(1 - n).

Three sets of crack widths and spacing in the
concrete slab were considered: 1) crack width =
0.5cm, spacing = 8 m; 2) crack width =
0.5 cm, spacing = 0.8 m; and 3) crack width =
0.05 cm, spacing = 0.8 m.

Figure 2 shows the transient radon fluxes from
bare soils. Because sand has the largest diffu-
sion coefficient, the average radon flux from the
sand is larger than that from loam or clay. Also,
because sand has the largest permeability, the
fluictuations in response to cyclical barometric
pressure variations are larger than for either loam
or clay. These results indicate that soi.s with
permeabilities less than 1.0 x 10°'2 m? are rela-
tively unaffected by barometric pressure varia-
tions and transmit radon mainly by diffusion.
Note the inverse relationship between radon flux

N
(1<}

and barometric pressure; however, the time lag
between radon flux and barometric pressure is
shorter for sand because of its higher permea-
bility, which allows pressure changes to propa-
gate faster.

Figure 3 compares radon fluxes from bare sand,
sand overlain by a solid concrete slab, and sand
overlain by a cracked concrete slab. The flux
from the concrete slab with wide (0.5 cm),
closely spaced (0.8 m) cracks is significantly
larger than the flux from the solid concrete siab.
Concrete slabs with smaller {0.05 cm) or more
widely spaced (8 m) cracks did not allow the
passage of significantly more radon gas than did
the solid concrete slab.

Figure 4 compares radon fluxes through a worst-
case cracked concrete slab (crack width =
0.5 cm, crack spacing = 0.8 m) for three soil
types with and without the presence of 10 cm of
grave! beneath the concrete slab. For each soil
type, the flux into the basement is slightly less
when 10 cm of gravel is placed beneath the con-
crete slab. The reduction in flux occurs because
the gravel layer increases the diffusion length
between the top of the soil and the concrete
slab; because radon has a short half life of
3.8 days, this increase in diffusion length
reduces the flux into the basement. Also, the
flux is less with a gravel layer present because
the cracks in the concrete slab act as conduits
for fresh air to flow into the high-permeability
gravel layer during periods of increasing atmos-
pheric pressure, as well as being a conduit for
radon gas from the soil during periods of
decreasing atmospheric pressure (Figure 5).
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Thus this research shows that radon flux into a
house can be significantly reduced by sealing
cracks in concrete slabs. Although concrete has
a very low permeability and diffusion coefficient,
cracks can allow the transmission of a significant
fraction of the flux that a bare dirt floor would
transmit.

Radon flux can be decreased slightly by the
presence of a 10-cm gravel layer underlying the
concrete slab. Thicker layers of subsiab gravel
are common and may reduce radon fluxes into
houses even further than the 10-cm layer
modeled herein.

Future Research

Planned work will study the effectiveness of a
subslab ventilation system in reducing radon
fluxes into houses. The model would be similar
to that shown in Figure 1, but with the addition
of a conduit through the concrete into the gravel
layer and suction applied to reduce radon con-
centrations in the gravel layer. This modeling
will be based on experimental data that have
been collected at houses near Spokane,
Washington.
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Technical Assistance to Coordination
of Groundwater Research

S. A. Rawson

This project involves program management assis-
tance to the DOE’s Subsurface Science Program.
The project was initiated in FY 1992 to provide
geochemical and hydrogeological information and
advice to the Subsurface Science Program on
various areas of groundwater research. Specific
research coordination activities performed in
FY 1992 included

e technical representation of the Subsurface
Science Program on intra- and interagency
research committees and task forces

coordination of the physical, chemical, and
microbiological aspects of groundwater
research between subprograms of the Subsur-
face Science Program

participation in workshops and conferences at
which scientific issues pertaining to the
Subsurface Science Program are addressed.

The major committee interactions were with
those subcommittees that address groundwater
concerns for the Committee on Earth and
Environmental Sciences (CEES) {part of the
Federal Coordinating Council on Science and
Engineering Technology (FCCSET)] and the Core
Planning Group of DOE’s Office of Technology
Development (OTD) In-Situ Remediation Inte-
grated Program. During FY 1992, the CEES
subcommittee on groundwater completed a
document, Role of Science and Technology in
Addressing Four Key WNational Groundwater
Issues, that was approved by the participating
agencies including DOE. The document
describes various agency research programs in
the areas of assurance of groundwater quantity
and quality, remediation of contaminated
groundwater, minimization of agricultural
contamination of groundwater, and disposal of
nuclear waste. Principal investigator Rawson
assisted in writing DOE’s initial submittals to the
report and completing the final DOE-wide sub-
mittals, and she represented DOE’s basic science
programs at monthly interagency committee
meetings.



During FY 1892, the CEES subcommittee on
groundwater was transformed into the Sub-
committee on Water Resources. The charter of
the new subcommittee includes all federal
research programs conducting non-marine
surface water research, water/giobal change
interactions, and groundwater research. Dr.
Stephen Ragone, U.S. Geological Survey, and Dr.
Steven Cordell, U.S. Environmental Protection
Agency, are the chairman and vice-chairman of
the subcommittee. Members of the new sub-
committee drafted a document entitled Water
Resources: A Research Strategy for Critical
National Needs, which covered several topics
that relate to groundwater issues faced by DOE.
During FY 1992, several versions of the strategy
document were reviewed across DOE programs,
and review comments were coordinated and
assessed for relevance prior to transmittal to the
subcommittee.

The principal investigator represented the
Subsurface Science Program research program
interests to the Core Planning Group of the
DOE/OTD In-Situ Remediation Integrated
Program. This group met several times during
FY 1992 to develop and implement a program
plan describing the technical elements within the
In-Situ Remediation Integrated Program. The
draft program plan was reviewed in January
1992 and the program objectives were estab-
lished. The primary objective of the In-Situ
Remediation Integrated Program is to manage
applied research and development of in situ
remediation technologies for hazardous waste,
radioactive wastes, and mixed wastes in ground-
water, soils, and storage tanks at DOE sites.
The In-Situ Remediation Integrated Program also
coordinates technology development with other
parts of DOE, such as the Subsurface Science
Program, to avoid duplication of effort and
maximize technology transfer to the integrated
demonstrations within DOE/OTD. The Core Plan-
ning Group for the In-Situ Remediation Integrated
Program also established its areas of research
focus during FY 1992; it solicited proposals for
FY 1993 projects in the areas of in situ treat-
ment (destructive or extraction technologies,
such as bioremediation or electrokinetics), in situ
containment, and subsurface manipulation, with

134

subordinate interests in process monitoring and
control, and process design and information
management.

The principal investigator participated in a
number of Subsurface Science Program work-
shops during FY 1992. The Deep Microbiology
Subprogram'’s "Origins" workshop was held in
October 1991. Two guiding hypotheses to
explain microbial origins in the subsurface were
assessed at the workshop: the in situ evolution
hypothesis, which focused on the survival of
microorganisms in sediments since deposition,
and the transport hypothesis, which examined
the role of microbial transport in populating
subsurface environments. After a series of
presentations addressing these two hypotheses,
working groups of university and national
laboratory scientists discussed these topics; the
principal investigator assembled the report for
the working group that assessed the /in situ
evolution hypothesis. The findings of both
working groups were combined in a program plan
for the new Subsurface Science Program initia-
tive in microbial origin, Origins of Microorganisms
in Deep Subsurface Environments, Deep Micro-
biology Subprogram Phase Il Preliminary Plan.

In April 1992, investigators from the Multi-
component Predictive Modeling Subprogram met
in Annapolis, Maryland, to discuss their recent
research results and to establish future directions
for the subprogram. A representative from
DOE’s Office of Scientific Computing also
attended the meeting to describe DOE’s program
in high-performance computation. Investigators
explored the need for their projects into link more
closely with Subsurface Science Program experi-
mental projects; the Subsurface Science Program
subsequently realigned the modeling projects into
subprograms in which experimental research was
being conducted.

The Subsurface Science Program initiated
planning for a new subprogram in bacterial
transport in FY 1992. The principal investigator
coordinated the completion of a draft plan for
this new Subsurface Science Program subpro-
gram in collaboration with Dr. Aaron Mills of the
University of Virginia. The draft plan was



presented in October 1992, for review and
comment by participants in a DOE/OHER work-
shop entitled "Transport of Bacteria through
Porous Media: Field-Scale Experiments." The
small workshop included scientists with back-
grounds in microbiology, hydrology, geochemis-
try, and geology. The consensus of the work-
shop participants was that the emphasis should
be on forced-gradient transport experiments in a
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well-characterized hydrogeologic  setting,

probably on the east coast.

Other activities conducted as part of this project
included peer review of research proposals for
the Subsurface Science Program, technical
support in long-range program planning, and
planning and coordination of subprogram
meetings.
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Terrestrial Science

Changes in arid and semiarid landscapes in response to stress are a concern on DOE lands, as well as
other sites across the nation. For the future, it will be necessary to predict how natural systems will
respond to a variety of factors, not just global climate change, but also contamination and restoration
activities, on local to regional scales.

PNL is conducting basic scientific studies of the fundamental mechanisms that control the way
ecosystems function. The dynamics of soil nutrients, water, gas flux across interfaces, and energy
are being examined to understand how various stresses influence the efficiency with which an
ecosystem can process its essential resources. To estimate fundamental ecological properties for
landscape-sized areas, quantitative remote-sensing techniques are being developed. Databases are
providing new perspectives and methods for resolving environmental problems. Research on sampling
and scaling methodology is being conducted to ensure that these new research areas are supported
on an appropriate theoretical basis.

Soil Microbial Biomass and Activity of FY 1992 Research Highlights

a Disturbed and Undisturbed Shrub- Soils were sampled at O- to 5- and 5- to 15-cm
Steppe Ecosystem depths beneath sagebrush (Artemisia tridentata
Nutt.), bluebunch wheatgrass [Elytrigia spicata
{Pursh) D. R. Dewey], and cryptogamic soil
lichen crust at the perennial shrub-steppe site

H. Bolton, Jr., J. L. Smith (U.S. Department of
Agriculture - Agricultural Research Service),

and S. O. Link and beneath downy brome (Bromus tectorum L.)
Disturbance of shrub-steppe soils and alterations  at the annual grassland site. The . spicata soil
in plant cover may affect the distribution, size, sample was used to represent the soil under all
and activity of soil microorganisms and their perennial grass species present at the perennial
ability to biogeochemically cycle essential  shrub-steppe site. Soils were analyzed for
nutrients. The spatial distribution of plants in  chemical and physical properties, including pH,
arid ecosystems is not uniform, and "islands of inorganic nitrogen, total nitrogen, total carbon,
fernhty" exist around shrubs and grasses. We and bulk density. BiOlOgical properties of the
would therefore expect the soil microbial popula-  S0il, including microbial biomass and activity,

tions also to be greater around these shrubs and were also analyzed. Soil microbial biomass was
grasses. Our objective in this project was to analyzed by chloroform fumigation for microbial
determine microbial biomass carbon and nitrogen biomass carbon (Jenkinson and Powlson 1976)
and the microbial activity of soils under the and nitrogen (Myrold 1987) without subtracting
dominant plant types in the arid shrub-steppe respiration from the control soil. Soil microbial
and to compare these properties with those of a activity was estimated both by soil respiration in
soil that was initially shrub-steppe but has a Gilson® respirometer with a 0.25% (weight per
become an arid annual grassland since farming  volume, w/v) glucose addition and by dehydroge-
ceased in the 1940s. Bolton et al. (1990) nase activity (Tabatabai 1982) with a 0.5%
showed nitrogen mineralization was similar at  (weight per weight, w/w) glucose addition.
these two sites when calculated at the landscape

level. Because nitrogen mineralization is a For the calculation of a landscape level of soil
microbially mediated process, microbial biomass ~ Microbial biomass carbon and nitrogen (i.e., on
should have a similar trend. Thus, our hypothe- an area basis), the percentage cover estimates
sis for FY 1992 research was that soil microbial for these two study sites published by Bolton
biomass calculated for the shrub-steppe on an et al. (1990) were used. The percentage cover
area basis would be the same as that for the  for E. spicata was taken to be the sum of all
annual grassland. perennial grasses present at the shrub-steppe
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site, because E. spicata was the representative
perennial grass species sampled in our study.
The standard deviations for the site value of
biomass carbon and nitrogen were calculated
using the standard deviations from both the bio-
mass values on an area basis and the percentage
cover, in a manner typical for propagating errors
in computation (Skoog and West 1979). The
experimental design was completely randomized,
with six replicates for each plant type and for
both depths. Fisher's (protected) least signifi-
cant difference (LSD) at p < 0.05 was used for
treatment mean comparisons (Steel and Torrie
1980). Data are reported on oven-dry (105 °C)
soil weight.

With depth from 0-5 to 5-15 cm, soil pH and
bulk density usually increased, while inorganic
nitrogen, total nitrogen, and total carbon
decreased (Table 1). The soil under the soil
crust was unusual because pH, inorganic nitro-
gen, total nitrogen, and bulk density were equal
at the two depths. The surface soil in the annual
grassiand underneath B. tectorum had the high-
est inorganic nitrogen, total nitrogen, and total
carbon, and the lowest bulk density of all soils
assayed. The surface soil at the perennial shrub-
steppe site under E. spicata and A. tridentata

had the same inorganic nitrogen, total nitrogen,
and total carbon values, while soil under the soil
crust contained significantly less of all three.
Thus it appears that the shrubs and grasses in
the perennial shrub-steppe create resource
islands in the surface soil when compared to the
soil crust in the interplant area. However, at the
5- to 15-cm soil depth, soils under A. tridentsta,
E. spicata, and the soil crust all had the same
values for inorganic nitrogen, total nitrogen, and
total carbon, indicating that plant-induced spatial
heterogeneities in soil nutrients were limited to
the surface soil. Such stratification of soil
chemical and physical properties as a function of
depth is common in arid ecosystems.

Biomass carbon and nitrogen in the surface soil
were highest under B. tectorum; soils under A.
tridentata and E. spicata had the same values,
and soils under the soil crust had the least
(Table 2). All soils had similar biomass carbon
and nitrogen contents at the 5- to 15-cm depth.
Values of soil microbial biomass carbon and
nitrogen at the shrub-steppe and annual grass-
land sites ranged from approximately 2 to
4 times higher in the surface soil than at the 5-
to 15-cm depth (Table 2). This pattern indicates
the importance of this surface soil layer (0- to

TABLE 1. Selected Chemical and Physical Properties of Semiarid Soils Collected at O- to 6- and 5- to 16-cm Depths

at the Perennial Shrub-Steppe and Annual Grassland Sites

Depth, Inorganic N, Total N, Total C, Bulk Density,

Plant Cover cm _pH ma/kg mg/kg mgkg  __ma/md

Perennial shrub-steppe site

Soil crust 0-B 6.73cd!™ 4.31¢ 16008 4800d 1.32a
6-16 8.94bc 4.82c 1800cde 2900e 1.37a

E. spicata 0-6 6.686d 7.48b 1900bed 10700b 1.07b
B6-16 7.01ab 4.96¢ 1600e 3900de 1.37a

A. tridentata 0-5 7.08ab 7.38b 2200b 11800b 1.31a
B-16 7.21a 6.18¢ 1700de 4300de 1.32a

Annual grassiand site

B. tectorum 0-b 6.566d 9.79a 3300a 24300a 0.93c
b-1b6 7.22a b.21¢c 2100bc 69006 1.32a

{a) Means in the same column that are followed by the same letter are not significantly

different {p 0.06, n=86).
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TABLE 2. Microbial Biomass Carbon, Microbial Biomass Nitrogen, Respiration, and Dehydrogenase Activity of Soils at
O- to B- and b- to 16-cm Depths at the Perennial Shrub-Steppe and Annual Grassland Sites

Depth, Biomass C, Biomass N,
Plant Cover cm ma/kg mg/kg Respiration®  Dehydrogenase™
Perennial shrub-steppe site
Soil crust 0-6 333cl B7c 3.14c 18.6¢
6-16 187d 32d 1.01d 8.2d
E. spicata 0-6 769b 127b 9.88b 43.7b
6-16 261cd 44cd 1.22d 10.7¢d
A. tridentata 0-6 811b 141b 9.88b 60.2b
6-16 271cd 46cd 3.04¢ 14.1cd
Annual grassiand site
B. tectorum 0-6 10144 174a 16.00a 80.0a
6-16 241cd 42cd 2.26cd 18.3¢

{a) Microliter O, per gram per hour at standard temperature and pressure.
{b) 102 nmol triphenylformazan per gram per minute.
(c) Means in the sams column that are followed by the same letter are not significantly

different (p<0.06, n=86).

5-cm depth) for microbially mediated processes,
such as nutrient cycling and dscomposition.
Loss of the surface soil through human or natural
disturbance would be detrimental to the function-
ing of this ecosystem. The values for soil micro-
bial biomass carbon and nitrogen reported here
are important because there have so far been
very few studies to determine the amount of soil
microbial biomass in arid or semiarid ecosystems.
Soil microbial biomass carbon values for these
arid soils (Table 2) are comparable to those for
other terrestrial ecosystems and indicate that the
amount of soil microbial biomass may not be a
limiting factor for decomposition and nutrient
cycling.

Soil microbial activity, as determined by soil
respiration and soil dehydrogenase activity, was
significantly higher at the soil surface and was
definitely influenced by plant cover (Table 2).
The highest values were found at the O- to 5-cm
soil depth under B. tectorum in the annual grass-
land, with soils in the perennial shrub-steppe
under A. tridentata and E. spicata having the
same values, and soils under soil crust having
less. At the 5- to 15-cm depth, soil respiration
and dehydrogenase activity approached the same
values in all soils,
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Soil microbial biomass carbon and nitrogen must
be calculated on an area basis to extrapolate
biomass estimates from a soil weight basis to the
landscape or ecosystem level. The bulk densities
of these arid soils (Table 1) were significantly
different, making it difficult to compare biomass
carbon and nitrogen on a soil dry weight basis
for landscape-level interpretations. Therefore,
the soil microbial biomass carbon and nitrogen
values on a soil mass basis (Table 2) were multi-
plied by the soil bulk density (Table 1), and
values for the two soil depths were summed to
estimate soil microbial biomass carbon and nitro-
gen of soils on a volume basis (per hectare to a
depth of 15 cm) (Tabfe 3).

The soil under soil crust had the lowest biomass
carbon and nitrogen when calculated on an area
basis (Table 3). All other soils had the same
values for biomass carbon and nitrogen. The low
bulk density of the soil under B. tectorum
decreased its biomass carbon and nitrogen
values on an area basis (Table 3) when com-
pared to values calculated on the basis of soil
mass (Table 2). The high bulk density of the
soils under soil crust and A. tridentata (Table 1)
increased their soil microbial biomass carbon and
nitrogen values on an area basis and their



TABLE 3. Comparison of Landscape-Lavei Estimates of Soil Microbial Biomass Carbon and Nitrogen at the Perennial

Shrub-Steppe and Annual Grassland Sites

{a)

b)

Biomass, Biomass N, Total Cover,! Site Biomass C,'  Site Biomass N,
Plant Cover kg/ha kg/ha % kg/ha kg/ha
Perennial shrub-steppe site
Soil crust 4782 81a 41.1 (£19.0)9 198 (+£98.2)"® 33(+16.8)
E. spicata'” 760b 128b 42.6 {£20.3) 319 (+164.6) 54 (£27.0)
A. tridentata 889b 162b 14.4 (£19.0) 128 (£170.8) 22 (£29.4)
8. tectorum'? 789b 136h 2.0 (+4.6) 16 (£ 38.0) 3(+6.8)
Total 100 669 (+2689.2) 112 (+£43.8)
Annual grassland site
8. tectorum™ 789 138 100 789 (+64.9) 136 (£11.2)

(a) To a depth of 16 cm.

{b) The percentage cover was obtained from Bolton ot al. (1990). The percentage cover for £, spicata
includes all perennial grasses.

{c) Means in the same column that are followed by the same letter are not significantly different
(p<0.06, n=86).

(d) Mean + standard deviation (n=8),

()
cover and biomass.

Standard deviations for the site biomass were computed from the standard deviation for percentage

{f) The microbial biomass values for E, spicata were used as an estimate for all perennial grasses.
(q) B. tectorum was predominant, although other grass species wers noted.
{h) B. tectorum was virtually 100% of the cover at this site.

standing relative to the other soils (Table 3)
when compared to values calculated on the basis
of soil mass (Table 2).

The percentage plant cover (Table 3) at both the
perennial shrub-steppe and annual grassland
study sites was used to estimate site values for
soil biomass carbon and nitrogen. The perennial
shrub-steppe site had a soil crust covering all the
interplant areas, while at the annual grassiand
site B. tectorum provided almost 100% of the
cover. Site values for biomass carbon and nitro-
gen were calculated by summing the products of
the biomass carbon or nitrogen for each soil
multiplied by the percent cover of the corre-
sponding plant species. There was no difference
in site values of biomass carbon or nitrogen for
the perennial shrub-steppe and annual grassland
sites (Table 3), confirming our hypothesis that
landscape-level estimates of soil microbial bio-
mass would be the same for the perennial shrub-
steppe and annual grassland. The large standard
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deviations from the percent cover data resulted
in a large standard deviation for the landscape
estimate of biomass carbon and nitrogen at the
shrub-steppe site (+259.2 and +43.8 from
Table 3). If percent cover is treated as a number
with no error associated with its measurement,
then the standard deviations for the landscape
estimate of biomass carbon and nitrogen at the
perennial shrub-steppe site become +77.1 and
+ 11.3, respectively. Even using these small
standard deviations, the landscape-level esti-
mates of biomass carbon and nitrogen at the
perennial shrub-steppe and annual grassland sites
are the same and are within 1 and 1.1 standard
deviations, respectively. Our values of soil
microbial biomass carbon and nitrogen (Table 3)
are in the middle of the range of values reported
for numerous other terrestrial ecosystems [the
range for biomass carbon was 110 to 1940
kg/ha and biomass nitrogen ranged from 40 to
496 kg/ha (Smith and Paul 1990)].




The differences observed in soil microbial
biomass carbon and nitrogen on both an area
{Table 3) and a mass basis (Table 2), and those
in soil respiration and dehydrogenase activity
(Table 2) for soils at the perennial shrub-steppe
site, demonstrate that plant cover determined
the amount and activity of soil microorganisms.
The spatial distribution of plant species at the
shrub-steppe study site resulted in "islands of
fertility,” where microbial biomass and activity
were enhanced. Both shrubs and grasses in this
shrub-steppe ecosystem created resource
islands, when compared with the soil crust, with
enhanced microbial biomass and activity in the
upper layer on a mass basis (Table 2) and also
enhanced microbial biomass carbon and nitrogen
on an area basis (Table 3). The disturbed site,
the annual grassland, did not have such "islands”
but rather had average values across the whole
site.

Future Research

Approaches such as those used here and by'

Bolton et al. (1990) help determine how several
plant types influence soil processes across the
landscape. However, because soil samples were
obtained directly beneath the dominant vegeta-
tion at the shrub-steppe site, we lost information
on the transition from one plant type to another.
The next approach would involve investigating
the transitions from one vegetative type to
another, to clarify the extent of these islands of
fertility and to provide a better estimate of
microbially mediated processes at the landscape
level.
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Defining Resource Islands Using
Muiltiple-Variable Geostatistics

J. J. Halvorson (NORCUS), J. L. Smith (U.S.
Department of Agriculture, Agricultural
Research Service), H. Bolton, Jr., and R. E.

Rossi (FSS International)
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Ecologists are increasingly turning to geo-
statistics for interpretation of ecological
phenomena, in part because they recognize the
spatial dependence of their data (Rossi et al.
1992). Geostatistics are a class of applied
statistics, developed mainly by mathematical
geologists and mining engineers to model spatial
characteristics of ore deposits and to provide
estimates of ore quantity and quality at unsam-
pled locations. Geostatistics include traditional
univariate and bivariate analyses followed by
descriptive or diagnostic variography, a process
whereby the similarity between samples is deter-
mined as a function of their separation distance
and direction. Such analyses will often show
that neighboring samples are more similar to



each other than samples collected farther apart.
This spatial dependence may be modeled and
used in a technique known as kriging to predict
values for locations that have not been sampled
(Isaaks and Srivastava 1989).

Application of geostatistics to ecological data
may be somewhat limited because the analyses
are typically restricted to a single variable at a
time, whereas many ecological phenomena are a
function of several independent or correlated
variables. For example, in natural systems,
identification of phenomena such as prime wild-
life habitat or potential plant range may require
consideration of the spatial co-occurrence of
several biotic and abiotic factors existing at
different spatial and temporal scales. In addition
to biological and physical constraints, regionaliz-
ing concepts, such as population carrying capac-
ity, prime agricultural land, or "high-risk" sites,
may also be influenced by human factors like
cultural constraints, technological innovation,
and trade (Budd 1992). Consequently, to be
useful for analyzing the spatial characteristics of
many kinds of phenomena, flexible geostatistical
methods must be developed to simultaneotsly
integrate and summarize the information for
several environmental variables.

Resource islands are an example of an ecological
phenomenon that is likely to be most accurately
described by more than a single parameter.
Resource islands are a well-recognized feature in
soils, occurring when plants influence the
distribution of resources and biogeochemical
processes in the soil in their immediate vicinity.
This effect has been documented for a number
of soil nutrients and vegetation types.

The objective of this study was to measure
resource islands under Artemisia tridentata as
defined by the integration of several soil parame-
ters. More specifically, we applied existing
nonparametric geostatistical techniques with a
simple modification to simultaneously describe
and model locations in the landscape that met
specified multivariate selection criteria. Through
the use of nonparametric geostatistics we were
able to analyze data sets containing highly
variant phenomena and, furthermore, were able
to provide risk-qualified estimates of values at
unsampled locations (Journel 1983). Although
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our example concerned small-scale phenomena
and a modest number of variables, the technique
demonstrated is flexible enough to be applicable
to any spatial scale or number of variables.

FY 1992 Research Highlights

The study was conducted at the Arid Land
Ecology (ALE) Reserve, located on the Hanford
Site in southeastern Washington [see Bolton
et al. (1990) for details] following a specific
sampling protocol. Briefly, to assess the dis-
tribution of soil resources with respect to plant
location, cores of surface soil (10.5 cm in diame-
ter by 5 cm deep) were collected at 41 specific
locations within five 2-m by 2-m plots, each
centered on a mature A. tridentata individual.
Each sample was analyzed for total inorganic
nitrogen (TI-N), water-soluble forms of carbon
(H,0-C), sail microbial biomass carbon (SIR-C),
and metabolic quotient (qCO,) or the amount of
CO0,-C produced per unit of SIR-C (Anderson and
Domsch 1986; Insam and Haselwandter 1989).
In a separate incubation, cumulative soil respira-
tion (MIN-C) was measured for each sample.

Data were analyzed with univariate and non-
parametiic geostatistics. Nonparametric geosta-
tistics are useful for analyzing data that is
skewed or contains outliers. The basis of this
approach is a data transformation based on the
rank order of the data. The transformation
converts a continuous random variable into an
indicator or binary random variable (Journel
1983; Isaaks and Srivastava 1989; Rossi et al.
1992). An indicator random variable i{x;z) is a
random variable that is coded either 0 or 1
according to whether the underlying continuous
variable Z(x) exceeds a specified threshold or
cutoff value, z. For this work, we coded data as
Oif ZIx) = z and 1 if Z(x) > z. Although the
indicator transform approach has usually been
applied to a single variable, we extended the
concept to account for multiple variables. The
muitiple-variable indicator transform (MVIT) is a
method to spatially summarize the information
from a number of variables. It is simply an
extension of the traditional single-variable indi-
cator transform, whereby a new composite indi-
cator variable is created from the results of
several single transformations.



We idontified several individual variables that we
assumed to represent resource islands, and
specified critical thresnold levels for each
variahle. These thresholds were used as a basis
for tine indicator transformation. For this study,
data for five soil parameters (TI-N, H,0-C, SIR-C,
qCO,, and MIN-C) were indicator-transformed
using the local {i.e., within piot) median of each
variable as the critical threshold value (Table 1).
Each variable at a location was transformed by
comparing it to its particular critical threshold
vaiue. These indicator-transformed data were
analyzed separately and also integrated together
to create three new composite variables (or
MVITs) of varying complexity. The least restric-
tive MVIT (COMB3) was coded 1 if any three of
the five variables were above the median. The
second MVIT (COMB4) was coded 1 if any four
of the five variables were coded 1. Our most

stringent definition cf a resource island (COMB5)
required that every variable be found in concen-
trations greater than the median. Once speci-
fied, MVIT data were analyzed just as an
individual indicatcr-transformed variable would
be. For this study, we evaluated spatial continu-
ity with "non-ergodic" correlograms (Srivastava
and Parker 1989) and estimated the values of
soil properties ~t unsampled locations using
ordinary kriging (Isaaks and Srivastava 1989).

As a simple analysis, the sum of individual
indicator variables (five total) that met their
respective threshold limits was plotted {e.g.,
Figure 1). Within each 2-m by 2-m plot, we
observed a broad range of resource availability,
ranging from locations where no variable was
greater than the local median (coded 0) th- ough
locations where all variables exceeded thr local

TABLE 1. Example of Indicator Transformations for Total Inorganic Nitrogen (TI-N), Soil Microbial Biomass-Carbon
(SIR-C), Water-Soluble Carhon (H,0-C), Soil Respiration {MIN-C}, and Metabolic Quotients (QCO,) for Soil Located at
Sampling Points X and Y. The criticai threshold vaiues used as the basis for the indicator transformation correspond

to the median values of each variable calculated for one

TI-N, SiR-C,
X_ Y mg/kq dry soil mg/kg dry soil
Untransformed Data
2.7 18.6 2.2 970
4.7 18.6 1.1 389
2.7 18.8 1.8 841
2.9 18.8 6.6 737
Ti:veshold Values 1.4 544
Indinator Transformations
2.7 18.6 1 1
4.7 18.8 (o] 0
2.7 18.8 1 1
2.9 18.8 1 1
Multiple-Indicator T-ansformations
COMB3 COMB4
2.7 18.8 1 1
4.7 18.6 0 0
2.7 18.8 0 0
2.9 18.8 1 0

{a) 3-week incubation (23°C, dark).

plot.

MIN-C, Qco,c,
H,0-C, mg CO,-C per mg CO,-C per
mg/kg dry soil kg dry soil'® kg SIR-C per day
34.5 411 0.043
26.9 226 . 0.028
20.8 312 0.029
27.3 362 0.028
28.5 337 0.035
1 1 1
) N 0
0 J )
) 1 )
COMBB
1
)
)
)
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FIGURE 1. The Number of Individual Soil Variables That Were Above the Local Median in the Same Plot as in
Table 1. Values have a range from O (no variable was greater than the local median) to 6 (all variables were greater

than the local meadian).

median (coded 5). In general, we found that the
highest numbers of variables above the local
median were congregated in the vicinity of the
A. tridentata plant, but values near 5 were also
occasionally observed elsewhere.

The indicator transform was useful for identifying
underlying patterns related to the probability of
resource encounter that were otherwise camou-
flaged by the magnitude of outliers. Figure 2
illustrates differences between continuous, non-
transformed TI-N data and indicator-transformed
TI-N data for one plot. A posting of the raw
untransformed TI-N data (Figure 2a) showed
most values were in the range of 1 to 7 mg/kg
dry soil, as refiected by mean and median values
for TI-N of 3.7 and 2.7 mg/kg dry soil, respec-
tively. However, the 41 individual samples
collected in the plot had a range of 0.9 -
17.3 mg/kg dry soil and a coefficient of variation
of over 100%. Several locations with large
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"outliers" were observed in the northeast, north-
west, and southeast corners of the plot. The
presence of these outliers in a field of lower
values resulted in a correlogram for the plot that
had short range structure (0.38 m) but high
variability (the experimental correlogram value is
greater than 1.5 at a lag of 0.34 m) (Figure 2b).
The effect of these large values was also
strongly expressed as concentration spikes in the
map of kriged estimates (Figure 2c). Such spikes
obscured any apparent pattern of resources
associated with A. tridentata.

Indicator transformation of the raw data resulted
in a discrete field of Os and 1s (Figure 2d) based
on comparisons to the local median values. The
transformation deemphasized the effect of the
very large values, since all locations with con-
centrations greater than 2.7 mg/kg dry soil were
coded alike as 1. The correlogram of indicator-
transformed data revealed a higher relative
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intercept or nugget (0.32) and a longer range
{0.78 m) structure than the correlogram for
untransformed data (Figure 2e). The map of
kriged estimates produced with the indicator-
transformed data was also different from the
kriged map produced with untransformed valucs.
Unlike Figure 2¢, where the highest concentra-
tions were located in the northwest, northeast,
and southeast, the map calculated from
indicator-transformed TI-N that revealed the
region with the highest probabilities for
encountering TI-N in concentrations above the
median was located closer to the center of the
plot, nearer the A. tridentata (Figure 2f).
Emphasizing the likelihood of encountering
"enough" resources, rather than focusing on only
the locations of highest concentrations, may
change the way in which resource islands are
evaluated. The ecological significance of re-
source distribution may be most related to the
probability of encountering them in nonlimiting
quantities or quality.

Kriged predictions were also calculated using
MVITs (Figure 3). The values in the maps repre-
sent the joint probability that the MVIT threshold
criteria were met. That is, in the case of
COMBS5, the probability that all five of the
individual indicator soil variables were greater
than their local medians. The maps for all plots
demonstrated two general phenomena. First, the
regionalization of data was inversely related to
the number of individual indicators comprised by
the MVIT. In general, the more restrictive the
MVIT, the fewer locations successfully met the
criteria and the smaller the size of the areas with
high probability (e.g., 90% or better) for meeting
the MVIT criteria. A second conclusion derived
from the maps was that resource islands, defined
by the conjunction of several soil parameters,
were spatially associated with A. tridentata (see
Figure 3a for a map of plant location). For
example, each plot contained regions with at
least a 90% probability of meeting the COMB3
criteria (Figure 3b). Each plot also contained
areas with high probabilities for meeting the
COMB4 criteria, usually in a smaller, localized
region beneath A. tridentata (Figure 3c). The
maps of probabilities of meeting the most
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stringent set of conditions, COMB5, were
mostvariable. One plot (Figure 3d) contained no
location with 90% or better probability for an
area with all five of the individual indicators
above their respective local medians. In the
other plots, the areas of highest probability were
smaller than those for COMB4 and limited to the
center of the plot, under A. tridentata.

The MVIT approach integrates the disparate spa-
tial characteristics of individual indicator
parameters. The spatial continuity of the result-
ing single MVIT variable is then more easily
analyzed. Unlike some indexes, an MVIT con-
notes a very specific meaning conditioned on the
threshold cutoffs for each individual indicator
parameter. This and the ability to consider a
potentially unlimited number of variables at
different spatial scales simultaneously allows the
MVIT considerable flexibility.
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Vegetation maps indicate the vertical projections of Artemisia tridentata {honeycomb pattern), Elytrigia spicata (plaid
pattern), and other grass species (herringbone pattern) as determined by photographs. Kriged maps were based on
omnidirectional correlogram models and calculated from 3-10 neighbors in a 0.8-m search radius. The values
portrayed in the maps are the probabilities that samples collected at the specified location will meet the composite

criteria.
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Changes in Hydraulic Resistance of
Bromus tectorum under Enhanced
Nitrogen and Water Conditions

J. L. Downs and S. O. Link

In arid lands where water is the main factor that
limits plant growth, the flow of water through
the soil-plant-atmosphere continuum can be a
difficult and complex process. Plant resistances
to uptake of water from the soil and transport to
the stomates are difficult both to separate and to
quantify. Because below-ground processes are
difficult to study, little definitive knowledge is
available concerning the flow of water across the
roots and the resistances of the soil-rhizosphere-
root water pathway.

Resistance to water flow through the soil to the
roots is a function of the soil matrix and the
water content of the soil. Resistances across
the rhizosphere and root and into the shoot may
change with the age of the plant, diurnal cycles,
or nutrient availability. These resistances affect
the amount of water transpired during the day,
as well as the degree to which plants are able to
recover from water stress overnight.

Resistances to water uptake and transport were
studied for Bromus tectorum L., an introduced
winter annual grass that dominates old-field
communities on the Hanford Site in southeastern
Washington. The values for resistance were
calculated as a function of the relationship
between transpiration and shoot xylem potential
under enhanced water and nitrogen conditions,
in an attempt to evaluate which factors limit the
ability of the plant to absorb and transport water.

FY 1992 Research Highlights

Transpiration and shoot xylem potential were
measured on plants growing in old-field com-
munities on the Arid Lands Ecology facility,
which is part of the DOE’s Hanford Site. The
Site lies in the shrub-steppe ecoregion and
receives between 15 and 18 cm of precipitation
per year, 75% of which arrives between October
and March. Twenty circular plots, each 2 m in
diameter, were located in the old field. Treat-
ments were randomly assigned--five each for a
control {no additional water or nitrogen),
additional nitrogen (10 g/m?2), additional water
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{2x annual winter precipitation), and additional
water plus nitrogen. Minirhizotrons and neutron
probe access ports were installed in each of the
twenty plots in early February.

From April 23 to April 27, transpiration was
measured on replicate plants in each treatment
using a LiCor 1600 porometer with a cylindrical
chamber. Measurements were taken between
7:00 and 10:00 a.m. Xylem potentials were
measured before dawn, and each time porometer
measurements were made using a Scholander-
type pressure chamber. Resistance values were
calculated using the relationship R, = AW/F,
where F is the transpirational flux and AW is the
xylem potential gradient. Neutron probe data
were collected twice during a 10-day period at
the time of transpiration and xylem potential
measurements. Root numbers and distributions
were observed in the minirhizotrons using a
down-hole miniature video camera.

Examination of predawn xylem potentials indi-
cated that plants receiving additional nitrogen
were better able to recover from transpirational
stress overnight. These plants were able to
recover to xylem potentials of -0.3 MPa, even
though measured soil water potentials in the top
45 cm of soil ranged from 2.5 to 3.3 MPa for
that treatment. Plants in the control plots were
able only to recover to -0.9 to -1.0 MPa over-
night (Figure 1a) even under higher measured soil
water potentials (-0.8 to -1.1 MPa) in the top
45 cm of the soil profile. Profiles of soil
moisture content calculated from neutron probe
measurements show higher water contents at
depths kelow 45 cm. These results seem to
indicate that plants receiving additional nitrogen
were either better able to access soil water, or
better able to transport water from the soil to the
shoot.

Mean midday xylem potentials of treatments
receiving additional nitrogen were lower than
midday xylem potentials of the control and water
treatments (Figure 1b). Additional canopy bio-
mass resulting from growth under enhanced
nitrogen conditions, and thus higher transpira-
tional demand per unit land area, may explain the
higher level of water stress. The Ry, values cal-
culated at the canopy level are higher for the ni-
trogen treatment than for the control treatments
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FIGURE 1. Mean Xylem Potentials at a) Dawn and b} Midday

Control R, values are higher than those cal-
culated for the enhanced water treatment, which
in turn are greater than those for the nitrogen +
water treatment.

Significant differences in number of roots from 0
to 75 cm below the surface were noted only for
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the control plants at the 50 to 75 cm depth.
Fewer roots were found at depth beneath control
plants. The mean number of roots in the profile
beneath treatments receiving additional nitrogen,
although highly variable, was generally greater
than in other treatments. Comparison of the
neutron probe soil moisture profiles for the water



and nitrogen + water treatments indicates that
plants in the nitrogen + water plot were able to
extract more moisture from the profile over the
10-day period.

Future Research

Resistance of Bromus tectorum to uptake and
transport of water from the soil under field
conditions seems to be limited by the resistance
of the soil matrix under soil water contents of
0.08 g/g and less. At higher soil water contents,
the treatment with nitrogen + water was better
able to extract water from the soil and transport
it to the shoot. Future work might address the
changes in root/shoot ratio that occur under
enhanced nitrogen and water conditions.

The Effects of Nitrogen and Water on
the Efficiency of Water Use and
Nitrogen Use by Bromus tectorum in
the Field

S. O. Link, H. Bolton, Jr., and J. L. Downs

The limited availability of such resources as
nitrogen and water in arid ecosystems strongly
influences plant productivity (West and Skujins
1978). Consequently, ecosystem biogeochemi-
cal cycling processes, water-use efficiency, and
nitrogen-use efficiency are also strongly
influenced by the availability of these resources.
Resource availability can be affected by human-
induced perturbations, such as global warming
and air pollution, and by physical disturbance.
To better understand how efficiently arid
ecosystems process water, carbon, and nitrogen,
we have been conducting experiments in the
field to determine how such ecosystems respond
to increases in water and nitrogen. Developing
models of such processes will allow us to
hypothesize how the ecosystem will respond to
various scenarios of global climate change.

Water-use efficiency generally increases in
situations with decreasing water. This means
that plants will acquire more carbon for the
amount of water lost as water becomes limiting
(Fischer and Turner 1978). It has been found
that water-use efficiency in cold-desert perennial
shrubs and grasses decreased with additional
water and increased with increased nitrogen
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(Toft et al. 1989). The addition of nitrogen in
the field has been shown to increase water-use
efficiency for the semiarid pinyon and juniper
{Pinus edulis and Juniperus monosperma; Lajtha
and Barnes 1991).

Nitrogen-use efficiency (biomass/biomass
nitrogen} generally decreases as nitrogen
increases (Chapin and van Cleve 1989). The
relationship between nitrogen-use efficiency and
water has not been studied specifically, but Field
et al. (1983) found that chaparral evergreen
species from dry sites had lower nitrogen-use
efficiency than species from wetter sites. They
also observed a negative correlation between
water-use efficiency and nitrogen-use efficiency
for instantaneous estimates.

We conducted field experiments in FY 1991 to
determine the relationship between biomass
production and additional nitrogen and water in
the annual grass Bromus tectorum. We found
that biomass production was sensitive to
additional nitrogen and water, but only when
they were added in combination. We therefore
concluded that both resources are limiting for
biomass production. The purpose of our
FY 1992 work was to determine 1) the long-term
relationships between water-use efficiency and
nitrogen-use efficiency with additional nitrogen
and water, and 2) which resource, water or
nitrogen, is more limiting for Bromus tectorum.

FY 1992 Research Highlights

Our field site is located in the Lower Snively Field
on the Arid Lands Ecology (ALE) Reserve at the
Hanford Site. The experimental design involved
six levels of water and six levels of nitrogen,
with five replicate plots, for a total of 180
experimental units. Each experimental piot was
approximately 1 m in diameter. The plots were
aligned along six drip-irrigation lines. These lines
were randomly placed in the field, with each line
representing a different water treatment level.
Nitrogen treatment levels were randomly chosen
for a total of 30 plots along each irrigation line.

The water treatments were applied on March 6 -
8 and March 18 - 20, 1991. The nitrogen
treatments were applied in the last week of
February. The natural precipitation {(control



water-treatment level) was 13.23 cm from
October 1, 1990, until May 30, 1991. For the
other five water-treatment levels, added irrigation
water was 7.93, 13.75, 17.54, 22.63, and
29.85 cm.

Nitrogen was added as NH4NO, in a 1-L solution
of water to achieve the additional nitrogen-
treatment levels. An additional unamended liter
of water was applied to the control nitrogen
treatment plots to maintain comparability among
all experimental units. The control level of
nitrogen in the top 15 cm of soil was 0.937
g/m? (Bolton et al. 1990). The additional nitro-
gen in the form of NH4NO; vielded nitrogen
levels of 3.3, 6.6, 10, 20, and 30 g/m? for the
other five nitrogen treatment levels.

Plants were harvested over a 2-wesak period in
May. Harvesting was done when the plants
were senescing. This stage occurred earlier for
the low-water treatments and later for the
higher-water treatments. This harvesting plan
was followed so that the plants would be
harvested at maximum biomass development for
all treatments. The harvested area was 0.1 m2.
Plants were placed in plastic bags and returned
to the laboratory. The samples were then oven-
dried at 55°C for 48 h and weighed.

Nitrogen-use efficiency was computed as the
shoot biomass produced divided by total shoot
nitrogen. Shoot nitrogen was measured using
the Dumas combustion technique on a ground
subsample of each experimental unit and is
expressed as percent nitrogen.

Water-use efficiency was estimated through the
use of carbon isotope discrimination {('39).
Water-use efficiency is linearly correlated with
133 (Hubick et al. 1986). Thus a low value of
133 corresponds to a low water-use efficiency.
Entire shoots from the harvested lot from all 180
experimental units were analyzed. Dried shoots
were ground in a Wiley mill and the 133 values
determined with an isotope ratioing mass spec-
trometer at the Stable Isotope Facility at the
University of Utah, as described by Ehleringer
and Cooper {1988).
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The model used to describe the relation between
total shoot nitrogen and water and soil nitrogen
was based on a Michaelis-Menton (rectangular
hyperbola) equation, as described by Thornley
and Johnson (1990). The relationship between
soil nitrogen and total shoot nitrogen is

Y = Y IN/(h + N)] (1

where Y = total shoot nitrogen
Ymax = €stimated maximum total shoot
nitrogen
N = soil nitrogen level
h = a parameter describing the soil

nitrogen level that yields a half-
maximum total shoot nitrogen.

The relationship between water and total shoot
nitrogen is

Y =a+bW (2)

where W is the water level and a and b are
empirical parameters. Tota! shoot nitrogen as a
function of water and nitrogen was predicted by
multiplying Equations (1) and (2), as follows:

Y = (@ + bW) Ni(h + N)] 3)

where (a + bW) is now equivalent to Y, as a
function of W.

The nitrogen uptake ratio is defined as the ratio
of total shoot nitrogen to soil nitrogen.

The model used to describe the relation between
total shoot nitrogen and nitrogen-use efficiency

was based on an exponential equation. The
relationship between shoot nitrogen and
nitrogen-use efficiency (NUE) is

NUE = a ¢®™ (4)
where a and b are empirical parameters. No

relationship between water and nitrogen-use
efficiency was apparent.



The model used to describe the relationship

between percent shoot nitrogen and water and

133 is based on exponential equations. The

:%Iationship betweaen percent shoot nitrogen and
dis

133 . g g®%N) (5)
where a and b are empirical parameters.

The relationship between water and 33 is

133 - g g®W (6)
where a and b are empirical parameters. The 133

was predicted as a function of water and percent
shoot nitrogen by multiplying Equations (1) and
(2) with the addition of an interaction term, as
follows:

133 = g @®W + %N + dWKN) (7

where a, b, ¢, and d are empirical parameters.

The parameters were obtained using nonlinear
regression.

Total shoot nitrogen related primarily to the
amount of nitrogen added to the soil and secon-
darily to the amount of water. The relationship
between soil nitrogen and total shoot nitrogen
[Equation (1)] accounted for 73 % of the variation
in the data. When water was included, as in
Equation (3), the amount of variation explained
increased to 85%. The fact that soil nitrogen is
the stronger predictor of total shoot nitrogen is
apparent by comparing Figures 1 and 2. Figure 1
displays observed and predicted data [Equa-
tion (3)] showing the saturation relationship
between soil nitrogen and total shoot nitrogen.
Soil nitrogen levels above 10.937 g/m2 do not
significantly increase total shoot nitrogen. In
contrast, Figure 2 displays the relatively weak
relationship between water and total shoot nitro-
gen. Increasing water does increase total shoot
nitrogen. The nitrogen uptake ratio (Figure 3)
indicates that nitrogen is taken up by the plant
more efficiently when soil nitrogen is at control
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levels. The nitrogen uptake ratio decreases to
less than 1 with increasing soil nitrogen.

Nitrogen-use efficiency decreased with increas-
ing shoot nitrogen (Figure 4) but was not related
to water (Figure 5). The predicted curve in
Figure 4 was generated from Equation {4).

The carbon isotope ratio, a measure of seasonal
water-use efficiency, was largely a function of
percent nitrogen and secondarily a function of
water. The relationship between percent nitro-
gen and 133 [Equation (5)] accounted for 58% of
the variation in the data. When water was
included [as in Equation (7)), the amount of
variation explained increased to 66%. The fact
that percent nitrogen is the stronger predictor of
133 is made apparent by comparing Figures 6 and
7. Figure 6 displays observed and predicted data
{Equation (7)] showing the basically linear rela-
tionship between percent nitrogen and '33. As
percent nitrogen increases, so does '33; thus
water-use efficiency increases with an increasing
percentage of nitrogen. In contrast, the water
level had little effect on 33 (Figure 7). How-
ever, even though water was a weak predictor of
133, 133 did decrease with increasing water for
the control and lowest level of added nitrogen.
At higher levels of soil nitrogen, there was no
relationship between water and 133.

The carbon isotope ratio or water-use efficiency
was negatively correlated with nitrogen-use
efficiency (Figure 8). Plants expressing high
water-use efficiency had low nitrogen-use
efficiency, and those expressing low water-use
efficiency had high nitrogen-use efficiency.

The results of this experiment indicate that
nitrogen is more limiting than water for total
shoot nitrogen, nitrogen-use efficiency, and 133
in B, tectorum. All of these characteristics were
more sensitive to nitrogen than to water.

In our studies, we successfully encompassed the
range of nitrogen additions required to define the
relationship between total shoot nitrogen and soil
nitrogen. Total shoot nitrogen was sensitive to
soil nitrogen up to a level of 10.937 g/m2; above
that level there was no effect. Similar rela-
tionships have been observed in marsh plants
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{Shaver and Melillo 1984). The same effect is
further evidenced by the nitrogen uptake ratio.
The control values for the nitrogen uptal s ratio
were greater than 1, suggesting that more nitro-
gen was taken up by the plant than there was in
the soil. This discrepancy can be explained by
the fact that the harvest data were collected at
the end of the growing season {and thus repre-
sented accumulated nitrogen), but the control
soil nitrogen level of 0.937 g/m2 was obtained
from one point in time. The season-long control
level of soil nitrogen would probably be greater
than 0.937 g/m? as more nitrogen becomes
available during the growing season because of
microbial mineralization (i.e., decomposition;
Binkley and Vitousek 1989).

Our observation that nitrogen-use efficiency
decreases with increasing nitronen reflects a
common plant response (Shaver and Melillo
1884; Chapin and van Cleve 1989). When
nutrients such as nitrogen are very limiting,
plants are capable of optimizing the amount of
carbon gain for nitrogen used. When nitrogen is
not limiting, the plant is no longer required to
optimize nitrogen usage with respect to carbon
gain.

Our most interesting finding was that nitrogen-
use efficiency was not influenced by water.
There has been little previous research on the
influence of water on nitrogen-use efficiency.
James and Jurinak (1978) hypothesized that
water would influence nitrogen-use efficiency for
perennial bunchgrasses. Although our results are
for a winter annual, we hypothesize that water’s
lack of effect on nitrogen-use efficiency reflects
the fact that water influences nitrogen uptake
and carbon gain equally. As we reported for
FY 1991, shoot nitrogen and biomass were
significantly related to water.

Water-use efficiency was positively correlated
with percent tissue nitrogen and poorly related to
water in B. tectorum. A similar increase in
water-use efficiency with increasing nitrogen has
been observed for numerous species, although
exceptions have also been found. The positive
correlation between water-use efficiency and
nitrogen is interpreted as being a consequence of
the increase in carbon gain being greater than in
the case cf stomatal conductance (Toft et al.

1989). Photosynthetic rates are generally posi-
tively correlated with leaf nitrogen (Field et al.
1983). Our observation that water-use effi-
ciency was poorly related to water agrees with
the concilusion drawn by Toft et al. {1989), that
semiarid land plants in general show either no
change or an increase in water-use efficiency
with decreasing water supply. We found an
increase in water-use efficiency with decreasing
water at the control and lowest level of added
nitrogen, although there was no effect at higher
levels of nitrogen.

Qur observation that water-use efficiency is
negatively correlated with nitrogen-use efficiency
is in agreement with observations based on
instantaneous data by Field et al. (1983). In
contrast to their data, the data for our observa-
tions represent factors in effect over the entire
ife span of B. tectorum, and so we conclude

" that compromises between water-use efficiency

and nitrogen-use efficiency are similar at various
time scales. Plants limited by nitrogen will
preferentially optimize its use (highest nitrogen-
use efficiency) but will optimize water use
secondarily (lowest water-use efficiency). We
hypothesize that such plants will have an accel-
erated phenological progression to produce viable
seed before running out of water and will allo-
cate more carbon to roots to acquire more water.
Historically, it has been assumed that plants
limited by water will preferentially optimize its
use (highest water-use efficiency) and would
therefore optimize nitrogen use secondarily
(lowest nitrogen-use efficiency). The validity of
this assumption is not clear; we found only a
poor relationship between water and water-use
efficiency. It is likely that all plants developed
significant water stress, especially those in the
nitrogen-plus-water treatments. With additional
nitrogen, plants increased in size and therefore
would have used more water. We hypoihesize
that a significant negative correlation would be
found between water-use efficiency and water if
we periodically added water to the system to
intensify the water treatment effect.

Future Research

One of the values of our experimental design is
that equations written to describe the effects of
water and nitrogen on resource efficiencies can



be incorporated into ecosystem models for the
ALE Reserve. Future research efforts will be
made to understand genetic differences with
respect to water-use efficiency and nitrogen-use
efficiency between co-occurring species at the
same location and within species from differing
locations. Hypotheses wili be developed and
tested at the more complex sagebrush-
bunchgrass ecosystems common on the ALE
Reserve and throughout the arid western United
States.
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A Survey of Volatile Organic
Compounds Emitted frem Shrub-
Steppe Vegetation

M. D. Wessel, S. O. Link, and R. G. Kelsey
(U.S. Department of Agriculture Forest Service)

Non-methane hydrocarbons (NMHCs) emitted by
plants play significant roles in the chemistry of
the soil and atmosphere. It has been estimated
that as much as 90% of all NMHC is produced
by natural sources, the rest coming from anthro-
pogenic sources (Martin et al. 1991). There are
many different kinds of NMHC. Of interest to
this project are the terpenes, specifically mono-
terpenes. It is known that barren areas occur



near and under stands of California sagebrush
{Artemisia californica), an emitter of monoter-
penes. These barren areas are caused in part by
an alielopathic interaction (Kelsey et ai. 1978;
Kelsey and Everett, in press). Specifically, some
monoterpenes emitted by California sagebrush
can inhibit the germination and growth process
of other plants, thus preventing their growth
near the shrub (Kelsey and Everett, in press).
Such allelopathic toxicity may occur for any
plant that emits monoterpenes or other NMHC.

Non-methane hydrocarbons also affect the
atmosphere. Isoprene and terpene emissions are
responsible for 39% of global carbon monoxide
production and are precursors to volatile organic
acids (Mooney et al. 1987; Lamb et al. 1987).
However, the effects of monoterpenes in the
atmosphere are not all negative. For instance,
these compounds represent a significant sink for
low-level ozone (Mooney et al. 1987).

It is important to understand how natural NMHC
may function in soil biology and in the atmos-
phere as pollutants or mediators of pollution. To
investigate these processes further, it is neces-
sary to have a broad knowledge of the different
types of NMHC being produced and their
sources. This study was conducted to determine
what volatile NMHCs are emitted by dominant
plants found on the Arid Lands Ecology (ALE)
Reserve on the Hanford Site.

Plant samples were collected from the ALE site.

We investigated Artemisia tridentata (big
sagebrush), Grayia spinosa (hopsage),
Sisymbrium  altissimum (tumble mustard),

Chrysothamnus nauseosus (rabbitbrush),
Agropyron spicatum (bluebunchk wheatgrass),
and Bromus tectorum |cheatgrass). Big sage-
brush and bluebunch wheatgrass were trans-
planted into pots for transport to the laboratory
in Corvallis, Oregon. All other samples were cut
from each plant in the field, placed in plastic
bags, and transported to Corvallis on ice.

Subsamples of each plant were weighed (approx-
imately 0.5 g) into headspace vials, sealed with
a rubber septum, and allowed to stand at 60°C
for 1.5 hours. A locking airtight syringe was
used to remove 1 ml of headspace vapor from
the vial. After the volume was compressed to

($))
o

0.5 ml, it was injected into a Hewlett Packard
5890 Series Il gas chromatograph (GC) equipped
with a mass spectroscopic (MS) detector. The
compounds were separated on a J&W Scientific
DB-1 capillary column, 0.25-mm inside diameter
by 30 m long, with 0.25-um film thickness.
Other GC conditions include an initial oven
temperature of 50°C for 2 min, then increasing
at 30°C/min up to 160°C, where it was held for
5 min. The injection port temperature was
150°C, and the transfer line and detector
temperatures were both 230°C.

The compounds present in each sample were
identified by comparing their mass spectra with
those found in the Registry of Mass Spectral
Data (Stenhagen et al. 1974). For compounds
found in the headspace vapors of big sagebrush,
the order of elution off the GC column was com-
pared with the order reported by Kelsey et al.
(1983). Mass spectra for irregular monoterpenes
found in big sagebrush were compared to those
reported by Epstein et al. (1976). Blank injec-
tions were run periodically to ensure that there
was no residual contamination in the syringe
from previous samples.

Four of the six species analyzed produced signifi-
cant quantities of NMHC (Table 1). There were
no detectable NMHCs in the two grass species
analyzed. Most of the NMHC compounds identi-
fied were monoterpenes. The two that were not
were methacrolein, an oxidized derivative of
isoprene, and 3-butenyl isothiocyanate, which is
probably species-specific for mustards.

The vegetation found in desert ecosystems can
play a major role in the chemistry of the soil
surrounding the plant. For instance, big sage-
brush emits monoterpenes that actually dis-
courage the germination and growth of compet-
ing vegetation (Kelsey and Everett, in press;
Bradow and Connick 1990). The monoterpenes
emitted also reduce nitrogen fixation by algae in
the soil (Kelsey and Everett, in press). In a
sense, the monoterpenes act as natural herbi-
cides. As a result, these plants create a
favorable growing environment for themselves,
by reducing competition for soil nutrients and
water in their immediate vicinity. The role of
allelopathy in the ecological interactions of
species growing at the ALE site has not yet been



TABLE 1. NMHC Identified in the Headspace Vapors of
Six Plant Spacies Collected at the ALE Site

Plant Compounds ldentified

(s)

methacrolein
a-pinene
camphene
artemiseole (arthole)
1,8-cineole
santolina epoxide
mathyl santolinate
camphor

Big sagebrush

artemiseole (arthole)
1,8-cineocle

Hopsage

Tumble mustard 3-butenyl isothiocyanate

Rabbitbrush a-pinene
B-pinene
a-phellandrene

B-phallandrene
Bluebunch wheatgrass None detected

Cheatgrass None detacted

(a) Non-monoterpene compound.

studied. But, based on studies in other areas,
there is a strong probability that NMHCs do
function as allelopathic agents between some
species occurring on the ALE Reserve.

In recent years, the abundance of cheatgrass and
bunchgrass at the ALE site has risen greatly.
This rise is in part a result of fires that have
destroyed big sagebrush, rabbitbrush, and hop-
sage. In response to this disturbance, cheat-
grass and bunchgrass have quickly invaded and
replaced the shrubs as the dominant species.
The absence of big sagebrush and its herbicidal
chemicals in the burned areas may have allowed
cheatgrass to become dominant {Kelsey and
Everett, in press). The greater abundance of
cheatgrass increases the chance of fires and
reduces the diversity of plant species within the
community, both undesirable changes.

It is not known how the increase in cheatgrass
and bunchgrass is affecting the local atmos-
phere. However, given that these grasses
produce lower levels of NMHC than big sage-
brush and rabbitbrush do, large measurable

changes are anticipated. It is possible that
NMHCs emitted from vegetation are actually
strong greenhouse gases. In sandy deserts with
little or no vegetation, nighttime temperatures
are relatively cool. In contrast, in areas like the
ALE site, which have more vegetation, nighttime

.temperatures are relatively warm. The cause
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may be NMHC emissions in these areas (Hayden
1991).

To determine the effects of changes in the rela-
tive abundances of the plant species found at the
ALE site will require considerably more research.
Currently, we are developing ion mobility spec-
trometry (Hill et al. 1990) to measure the con-
centrations of NMHCs in the atmosphere. Also
under way is the development of ion mobility
spectrometry for use in measuring real-time rates
of NMHC flux from plant species found at the
ALE site. :

References

Bradow, J. M., and W. J. Connick, Jr. 1990.
"Volatile Seed Germination Inhibitors from Plant
Residues.” Journal of Chemical Ecology 16:645-
666.

Epstein, W. W,, L. R. McGee, C. D. Poulter, and
L.L. Marsh. 1976. "Mass Spectral Data for Gas
Chromatography-Mass Spectral Identification of
Some Irregular Monoterpenes.” Journal of
Chemical Engineering Data 21:500-502.

Hayden, B. P. 1991. "Greenhouse Gases,
Deserts and Desertification.” Supplement to
Bulletin of the Ecological Society of America
72:138.

Hill, H. H., Jr., W. F. Siems, R. H. St. Louis, and
D. G. McMinn. 1990. "lon Mobility
Spectrometry.” Analytical Chemistry 62:1201A-
1208A.

Kelsey, R. G., and R. L. Everett. "Allelopathy.”
in Management of Grazing Lands: Importance of
Plant Morphology and Physiology to Individual
Plant and Community Response, eds. D. J.
Vedunah and R. E. Sosebee. The Society for
Range Management, Denver, Colorado (in press).



W @l

Kelsey, R. G., T. T. Stevenson, J. P. Scholl,
T. J. Watson, Jr., and F. Shafizadeh. 1978.
"Chemical Composition of the Litter and Soil in a
Community of Artemisia-tridentata ssp
vaseyana." Biochemical Systematics and
Ecology 6:193-200.

Kelsey, R. G., W. E. Wright, F. Sneva,
A. Winward, and C. Britton. 1983. "The
Concentration and Composition of Big Sagebrush
Essential Oils from Oregon." Biochemical
Systematics and Ecology 11:353-360.

Lamb, B., A. Guenther, D. Gay, and
H. Westberg. 1987. "A National Inventory of
Biogenic Hydrocarbon Emissions." Atmospheric
Environment 21:1695-1705.

Martin, R. S., H. Westberg, E. Allwine,
L. Ashman, J. C. Farmer, and B. Lamb. 1991.
"Measurement of Isoprene and Its Atmospheric
Oxidation Products in a Central Pennsylvania
Deciduous Forest." Journal of Atmospheric
Chemistry 13:1-32.

Mooney, H. A., P. M. Vitousek, and P. A.
Matson. 1987. "Exchange of Materials between

Terrestrial Ecosystems and the Atmosphere.”
Science 238:926-932.

Stenhagen, E., S. Abrahamsson, and F. W,
McLafferty. 1974. Registry of Mass Spectral
Data, Vol. 1. John Wiley & Sons, New York.

Data Management for the Arid Lands
Ecology Reserve and the Environ-
mental Research Park, Hanford Site

S. L. Thorsten and M. A. Simmons

The Arid Lands Ecology (ALE) Reserve and the
encompassing Environmental Research Park at
the Hanford Site have provided the foundation
for several long-term ecological studies. Data
sets for salmon (starting in 1948), Canada geese
(since 1953), wintering bald eagle/ waterfowl
populations (since 1961), and climatological data
{since 1944) represent a few of the longest-
running studies. Although these data were
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generally collected to answer specific research
questions, now, because of the length and
consistency of the records, the data can be used
to answer broader questions relating to the
maintenance of species, environmental restora-
tion, and fand management. To make the data
accessible and to maintain continuity of the long-
term monitoring studies, a computerized method
of storage and retrieval was necessary.

In 1992, the Terrestrial Sciences Section at PNL
therefore developed a database program that is
capable of archiving, retrieving, and manipulating
these data. The Ecological Data Manager (EDM)
program was created on the Apple Macintosh
using software that is transportable across plat-
forms. It was designed to fit readily into the
researchers’ established procedures of data
collection, analysis, and documentation, while
also being user-friendly. Flexibility of the PNL-
developed software gives the program the ability
to accept a wide variety of data (e.g., statistical,
locational, archaeological, descriptive).

The main EDM program provides access to the
raw data by individual record. Associated docu-
mentation of the focus and methods of each
study is contained in the Study Summary.

The Study Site file provides locations of study
sites and pertinent topographical features, as
well as general information on the history,
climate, geography, flora, and fauna. Those
studies that now incorporate geographical
information system (GIS) technology may store
their visual identification records, as well as
other relevant photographic records. Anexample
of such images is shown in Figure 1. Companion
files contain information on investigators,
authors, and publications.

Currently, data from Hanford are being used in
studies of wintering bald eagle habitat, shrike
nesting locations, and home ranges of deer and
elk. The database has also been used to assist
the Washington State Department of Wildlife and
the DOE Richland Field Office in their land use
decisions.



FIGURE 1. GIS Map: Shrike Locational Data. Loggerhead shrikes (Lanius ludovicianus) were studied in the spring and
summer of 18989 on the Hanford Site. The study was restricted to areas of the Hanford Site south and west of the
Columbia River. Surveys were conducted by slowly driving (8-20 km/h) along nearly all of the roads, equivalent to a
164-km vehicular transect. The transect was compieted once a month between April and August 1989. The loca-
tion of each shrike nest was mapped, and the behavior and age (adult or fledgling) of each shrike recorded. Each
location was observed three or more times to verify that the nest was in an active breeding territory. The data file
and this GIS map contain the locational data for shrike nests (i.e., coordinates for the sitings).




Designs for Environmental Field
Studies

J. M. Thomas, L. L. Eberhardt, M. A.
Simmons, and V. [. Cullinan

During FY 1992 we continued to conduct
research in the areas of observational sampling
and sampling for pattern. For observational
sampling, our methods were based on and
developed from long-term data that describe the
dynamics of large mammals. The methods for
scaling and sampling for pattern were formulated
using plant cover measurements.

Concern over the effects of global change has
led to a new emphasis on landscape ecology,
because important ecological effects are likely to
be expressed at this level. Since ecologists have
long recognized the importance of spatial and
temporal patterns of heterogeneity in landscapes,
and since a change in pattern or ioss over large
landscapes is encompassed by our research on
sampling for pattern, landscape-level research
has been a natural extension for this project.
Such patterns of heterogeneity are known or
hypothesized to affect many ecological phe-
nomena, including population dynamics, life
histories, dispersal patterns, species diversity,
predation, and patterns of natural selection.
However, studies at the landscape level run a
larger risk of drawing invalid conclusions than
experiments conducted on a single smaller scale
that are intended to result in more limited
inferences. A reduction of this risk requires that
the resotution needed and methods for assessing
pattern be carefully considered.

FY 1992 Research Highlights

The current U.S. research agenda for global
change neglects the animal components of eco-
systems. Reasons for this neglect include the
relatively small global biomass of animals, the
presumed major role of components of lower
stages (e.g., phytoplankton) in trophic diagrams,

and severe difficulties in assessing animal
populations and their role in ecosystem
dynamics. On the other hand, large mammals

are perceived by the public and many policy-
makers as being of primary importance. In
sensitive ecosystems, particularly the Arctic and
Antarctic regions, large mammals have a key role
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in ecosystem dynamics, as evidenced by the
short food chains involving large whales and by
the emerging understanding of how predation by
marine mammals controls some ecosystems.

Research on observational sampling conducted in
this project has served to develop technology for
assessing populations of large animals and pro-
vide new applications and methods for this sam-
pling approach. The effort has had two major
components: The first concerns methods of
sampling and measuring abundance. The second
deals with the analysis of the dynamics of animal
populations, which is the area that was stressed
during FY 1992. Because these studies require
large expenditures for field work and decades of
effort that no single research project can provide,
the project has concentrated on cooperative
efforts with a variety of management agencies.
Although these agencies have statutory responsi-
bility for management of species, they often lack
the expertise and resources needed for analysis
of the data. During this research, advice and
analyses have been exchanged for access to
long-term data sets. Publications resulting from
these efforts include papers on ungulates, feral
horses, caribou, and wolves (Eberhardt 1991;
Garrott et al. 1991; Eberhardt and Pitcher, in
press).

Sampling for Pattern. Combining information
from muitiple scales of measurement is an
essential part of global change and landscape
dynamics research. Models and measurements
of large-scale phenomena, such as the effects of
acid precipitation, global carbon and nitrogen
cycles, increased desertification, and climate
change, are scale-dependent. Theory suggests
that even the interpretation of the role of
consumers in influencing spatial-temporal
variation in the environment depends on the
scale of the data considered. Conclusions
appropriate to one scale of environmental
heterogeneity may be inappropriate when trans-
ferred to another scale. Consequently, the level
of resolution and the heterogeneity at all relevant
scales must be considered when defining the
research goals and sampling design for studies
conducted across spatial-temporal scales. Com-
ponents of ecosystems are interrelated, and an
understanding of these relationships will allow
scientists to predict community, ecosystem, or



giobal change due to human disturbance. We
have proposed a method for determining the
level of resolution needed to study components
of ecosystems and their interrelations. The
objectives of the research during FY 1992
included further justification of the importance of
1} considering scale in the design and analysis of
ecological research and 2) providing a compari-
son of the methods for examining landscape
pattern and scale.

The efficiency of using an array of statistical
analyses to detect change in the spatial dis-
tribution of vegetation was evaluated with
simulation methods. The analyses considered
included Hill’'s patch size analysis, spectral
analysis, fractal analysis, and variance ratio and
correlation analysis, all methods for describing
landscape pattern and scale.

We found that the questions asked most fre-
quently at the landscape level cannot be
answered using a single method. However,
using a combination of methods does potentially
allow scientists to establish agreement in their
assessment of ecological pattern and scale. For
instance, spectral analysis is more sensitive to
small-scale variability, while Hill’s analysis is
more sensitive to larger-scale variability.
Variance ratio and correlation analysis were more
reliable than Hill’s method in detecting fine-scale
variability. Because of the variable sensitivity of
each of these methods, the detection of multiple
scales and the determination of ecological
change must be confirmed by more than one
method.

We found that, in general, the patch size analysis
of Greig-Smith should confirm peaks in the Hill
plots, the troughs in the correlation versus
transect segment-length plots, and the sill in the
semi-variogram. For periodic data, the troughs in
the plots made using Hill’s method should corre-
spond to peaks in the spectral analysis, variance
ratio, and the point of intersection in the corre-
lation versus transect segment-length plots. For
nonperiodic data, peaks in the variance ratio plot
should correspond to peaks in the correlation
versus transect segment-length plot. Finally, the
value of the fractal dimension should be <2
when the correlation versus the intersegment dis-
tance plot has a distinct pattern and should be 2
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when the plot suggests there is only noise about
0. Likewise when the fractal dimension is 2,
there should be no sifl in the semi-variogram.

The efficiency of the same statistical analyses
for detecting change in the spatial distribution of
vegetation through simulation was also com-
pared. The simulation used for this comparison
considers removal of vegetation using both ran-
dom and cluster removal of percent cover data
from transects. Extensions planned for the simu-
lation model include random and cluster invasion
in conjunction with both removal patterns, using
two-dimensional or map data generated from
satellite images.

Simulations were run on data collected from a
2050-m-long line-intercept transect across the
Arid Lands Ecology (ALE) Reserve on DOE’s
Hanford Site in southeastern Washington. For
both random and cluster removal patterns, the
simulation model mimics organisms being
dropped onto the transect and allows them each
to remove 10% of the vegetative coverina 1-m
cell. If there is less than 10% vegetative cover
within an animal’s cell, the organism is forced to
move randomly into adjacent cells until sufficient
vegetation is located within a single cell. More
than one organism can be dropped into a cell,
but they eat in order of arrival. Any organisms
arriving after all the vegetation in a cell is
removed must search the adjacent cells. Thus,.
for example, a cell with 83% cover can accom-
modate only eight organisms.

Simulations were conducted on an array of the
percent cover change (2.5, 5, 7.3, 9.6, 12, and
23%) for 100, 200, 300, 400, 500, and 1000
grazers, respectively. For cluster thinning, Hill's
analysis, spectral analysis, and the fractal
dimension were less sensitive to change than the
variance ratio and correlation analyses. The
latter methods detected differences at 5%
change and less, depending on which elements
were removed, and always detected differences
when cover change was greater than 7%. Fig-
ure 1 is an example where a 5% change was
detected, as noted by the change in the first
major peak in the plot from approximately 120 to
60 m. Hill's method, spectral analysis, and
fractal dimension detected differences only when
the cover change was greater than 9%.
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FIQURE 1. Variance Ratio Analysis of Agropyron spicatum Both before (solid line) and after (dashed line) Removal of
6% of the Veget.tion Through Simulation Using a Cluster Removal Pattern

None of the methods appears to be more effi-
cient in detecting random removal of vegetation.
For a simulation using a random placement of
organisms, no changes were observed in the
estimated patch size or period for each method
or for each percentage of cover change from 2.5
to 23%. Figure 2 depicts a 25% change in the
percent cover resulting from random thinning; no
change is apparent in the resulting peaks and
troughs of the variance ratio plot. In fact, as the
number of clusters was increased during simula-
tions with cluster placement (i.e, increasing the
random component of the cluster removal pat-
tern), the differences in efficiency among the
methods were reduced.

Our research on the detection and measurement
of scale has found that the scale (defined as the
transect or area that provides the most informa-
tion at the greatest efficiency or smallest error)
for transects containing multiple species can be
calculated as the weighted average of the scales
detected for individual species and for the
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community. These scales can then be compared
to scales calculated from remotely sensed
images. Previous work has shown good agree-
ment between field data collected on grasslands
in southeastern Washington and Landsat
Thematic Mapper (TM) spectral data. We have
now extended this work to the juniper wood-
lands of central Oregon. The dominant vegeta-
tion in this area is juniper trees (Juniperus
occidentalis) and four species of bushes, the
sagebrush (Artemisia tridentata), green rabbit-
brush (Chrysothamnus viscidiflorus), gray
rabbitbrush (C. naseousus), and bitterbrush
(Purshia tridentata).

The juniper woodland research is part of a large,
multidisciplinary study, the Oregon Transect
Ecosystem Research Project (OTTER). Part of
the study involved using various platforms to
collect remotely sensed data, including several
high-flying aircraft. We obtained data from a
Daedalus Thematic Mapper Simulator (TMS)
aboard a hi¢h-flying surveillance aircraft. The
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FIGURE 2. Variance Ratio Analysis of Agropyron spicatum Both before (solid line) and after (dashed line) Removal of
25% of the Vegetation Through Simulation Using a Random Removal Pattern

Daedalus TMS has a pixel size of 25.8 m and 12
spectral bands; one band, 7, has a wavelength
of 0.76-0.90 um, which corresponds to band 4
for Landsat TM. Scale results for the combined
five species measured across the juniper wood-
land transect agree with the scale calculated
from spectral data from the Daedalus TMS
remote images (Figure 3]}, The difference
between field data and spectral data for a
transect less than 200 m long resuits from
resolution problems at small transect lengths.

Work to date supports the idea that the scale
measured remotely corresponds to the scales
obtained from field studies. Past research
(discussed in last year’'s annual report) has
shown that this measure of scale can be used to
detect small levels of change, Thus, this method
can perhaps be used to routinely monitor large
areas for globally mediated ecological changes.

Observational Studies. Research on developing
a quantitative methodology to analyze population
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dynamics under the category called observational
sampling was stressed in FY 1992, Data from a
number of species have been utilized, and some
of the research results based on these data are
presented below.

From an ecological point of view, one of the
most important aspects of a study of grizzly
bears in Yellowstone National Park (and its
environs) is that recovery from the severe stress
imposed by closing the major source of artificial
food in the 1970s seems to be clearly associated
with an increase in early survival. Results so far
indicate that adult female survival and reproduc-
tive rates remain largely unchanged. Further
analysis, in terms of density-regulation models,
is planned because of the paucity of actual data
for such models describing large mammal
populations.

However, an extensive data set is available for
the Northern fur seal. General trends for this
natural large mammal population are known back
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FIGURE 3. Comparison of Scalas Measured in the Field and from an Aircraft Using a Daedelus Thematic Mapper
Simulator. Scales were calculated from cover data from five species (four bush species and juniper trees) measured

over a 5,000-m transect in eastern Oregon.

two centuries, and detailed records are available
for the past 40 or 50 years. A substantial
decline in numbers began in the mid-1950s and
is generally believed to be associated with large-
scale commercial fisheries. Several models of
the population have been constructed (including
two in this project), but none of the models have
utilized the full range of population data. Current
research is designed to investigate whether a
more detailed model might explain several
apparent population adjustments over the last
40 vears.

Data are also available for the Hawaiian monk
seal, A substantial change in conditions
occurred in the 1960s, again probably associated
‘with commercial fisheries. Six major population
centers are distributed over about 1,000 linear
miles. Two of these sites exhibit a severe
imbalance in adult sex ratio that likely stems
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from events occurring in the 1960s. The breed-
ing behavior of the species is such that if the
imbalance in adult sex ratio is perpetuated, there
will be a loss of these subpopulations. An
intriguing research question is why these sub-
populativiis have not adjusted in 30 years, and
whether they might only "adjust" through long-
term near-extirpation and eventual recolonization.
At three other sites, human presence has
resulted in the virtual cessation of successful
reproduction. Removal of that interference from
one site apparently resulted in recovery of the
population; another site was restored by "re-
stocking” and protection, and similar efforts have
begun at the third site. However, over the last
three years, the seemingly recovered population
has begun to decline through apparent starvation
of juveniles and subadults. Inasmuch as this
change has been accompanied by small but
distinct environmental changes, it offers a



promising prospective experiment in circum-
stances associated with global climatic changes,
as well as information on density regulation and
an opportunity to further test the model
developed in this project.

The Pacific walrus in the Bering and Chukchi
seas may be one of the natural populations least
influenced by environmental changes caused by
human activities. However, over-harvesting has
resulted in the occurrence of three cycles of
abundarnce since commercial harvests began in
about 1850. Walrus are probably the keystone
species in their ecosystem, due to their pervasive
influence on the benthos. Thus, there is a
prospect of considering an unusually long cycle
of relative abundance forced by human predation
on walrus, and its possible role in apparent
adjustments exhibited by the walrus population.
Development of a population model to describe
this situation has been initiated.

The Exxon Valdez oil spill of 1989 resulted in a
substantial decline in the number of sea otters in
Prince William Sound, Alaska. Extensive popula-
tion cata were obtained and are now being re-
leased from confidentiality restrictions imposed
by prospective litigation. Continuing studies in
connection with restoration efforts are likely and
should be of interest in the context of present
DOE studies, in view of the energy-related
aspect. Inasmuch as sea otters are a keystone
species, we have initiated modeling studies to
predict ecosystem effects.

Population data on bowhead whales are too
limited to offer much information about possible
population adjustments, but it is worth con-
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sidering what is known in about walrus
dynamics, inasmuch as the two species occupy
roughly the same ecosystem. Bowheads were
severely overexploited beginning in about 1848,
with diminishing commercial harvests up to
1914. Low reproductive rates resulted in a long
recovery time. Research has been initiated to
develop a model of this species to describe the
slow growth of whale populations.

Because caribou have been a concern in energy
development (e.g., on the Alaska pipeline), the
predator-prey dimension of this ecosystem must
be considered. Our caribou-wolf data represent
one of the few instances where actual population
data are available for a predator-prey system
involving large mammals. This particular popula-
tion crashed in the late 1960s, from 90,000 to
100,000 down to about 10,000. There is con-
siderable controversy over the role of wolves in
the decline. Since wolves are regarded as a
keystone species, our models of this event will
be very valuable from both practical and theoreti-
cal standpoints.
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Laboratory-Directed Research and Development

Laboratory-directed research and development is conducted to develop new and promising scientific
concepts that have a high potential for advancing the state of knowledge in environmental sciences.
This section describes innovative research on the forefront of science that offers opportunities for

future important contributions.

Chemical Desorption/Dissolution
C. C. Ainsworth

The primary purpose of this project is to develop
techniques suitable for measuring the kinetic
constraints on the desorption/ dissolution
processes that govern mobilization of contami-
nants from solid surfaces and matrices that are
common to DOE sites. A second purpose is to
develop the capability to combine spectroscopic
tools with kinetic reaction techniques to enhance
our understanding of important solid/liquid inter-
face geochemical reactions.

Research in FY 1991 focused on developing a
stop-flow system for aqueous suspensions that
could be combined with electron spin resonance
{ESR) spectroscopy to measure reactant species
in situ on a time scale of microseconds. The
oxidation-reduction reaction between Cr®* and
a common manganese oxide was followed by
observing the increasing ESR signal of Mn?* as
Cr3* was oxidized at the manganese oxide sur-
face according to the reaction

1.5 Mn02 + C"S‘h + Hzo =

HCrO; + 15 Mn® + H*

Several inorganic metals (e.g., manganese,
copper, vanadium) and many organic free radi-
cals and radical cations can be used as ESR
probes. With the use of appropriate probes, the
reaction kinetics of important geochemical
reactions can be discerned at time scales that
allow a more complete understanding of mecha-
nisms and pathways.
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In FY 1992, research focused on understanding
both the kinetic mechanism of adsorption or
desorption of divalent metals at the aluminum
and iron oxide-water interface and the sorbate’'s
structure and bonding environment. Spectro-
scopically, emphasis was placed on using
extended X-ray absorption fine structure (EXAFS)
and X-ray absorption near edge structure
(XANES) spectroscopy to delineate the bonding
environment of divalent metals (e.g., copper) at
the oxide-water interface. This information was
used in conjunction with pressure-jump relaxa-
tion techniques and other spectroscopic deter-
minations (e.g., ESR) to elucidate a chemical
kinetic mechanism that would describe the
adsorption/desorption process. Through the
development of such information, a basic under-
standing of contaminant desorption and of the
possible universality of kinetic mechanisms of
metal adsorption and desorption (e.g., of
uranium, cadmium, and cobalt) are being
developed.

In FY 1993, research into metal cation
adsorption/desorption kinetics will continue and
will include studies involving metal oxyanion
(chromium and arsenic) interactions at the solid-
water interface. Additional studies will investi-
gate the surface speciation and chemical reac-
tions that control the interfacial processes of
simple organic acids. The emphasis of these
studies will be on determining the effectiveness
of kinetic techniques (i.e., relaxation kinetics,
continuous flow systems, and stop-flow sys-
tems) in discriminating rate-limiting reactions at
the solid-water interface, and on linking these
findings to spectroscopic measurements in an
attempt to isolate important rate parameters.
This research will be completed in late FY 1993.



Enzymatic Transformation of
Inorganic Chemicals

Y. A. Gorby and H. Bolton, Jr.

in the past, inorganic contaminants, including
radionuclides and toxic heavy metals, have been
disposed of at U.S. Department of Energy (DOE)
sites. In some cases, these inorganic contami-
nants have migrated and may threaten the
quality of domestic groundwater supplies. To
predict the fate of such toxic inorganic con-
taminants, it is vital to understand the factors
that influence their solubility and migration.
Microbial activity can directly influence the
oxidation state, and thus the solubility, of some
multivalent metals. Some anaerobic bacteria,
known as iron reducers, can couple the complete
oxidation of reduced organic matter with the
reduction of iron(lll) to iron(ll). It has recently
been demonstrated that these iron-reducing bac-
teria will also reduce uranium. As a result of
uranium respiration, soluble uranium(Vl) is con-
verted to the insolubie uranium(lV) precipitate
uraninite. This metabolism offers potential for
the remediation of water contaminated with
uranium. During FY 1991, this project demon-
strated that iron-reducing bacteria can also
reduce chromium [from chromium(VI) to
chromium(ill}l. Given that chromium(iil) forms
insoluble hydroxides at approximately neutral pH
and is less toxic than the soluble oxidized
chromium(V!), it may be possible to make use of
this metabolism as an effective means of remov-
ing chromate from contaminated waste waters
and of determining its fate in natural anaerobic
environments.

FY 1992 Research Highlights

In FY 1992, we focused on the enzymatic
transformation of the cobalt-ethylenediamine-
tetraacetic acid (EDTA) complex, a contaminant
mixture that is unique to DOE sites. The
synthetic chelator EDTA forms water-soluble
complexes with many radionuclides and heavy
metal cations. For this reason it is a common
decontaminating agent in the nuclear industry
and for the processing of nuclear materials.
Historically, contaminated wash fiuids or
solidified wastes were disposed of in shallow
trenches and covered with a thin layer of soil.
This codisposal of radionuclides, metals, and
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EDTA profoundly altered the geochemistry of
natural systems and, in some cases, resulted in
the far-field migration of inorganic contaminants
and radionuclides, including radioactive cobalt
(89Co). The extent of migration in subsurface
environments relates to both the stability of the
radionuclide-EDTA complex and the sorptive
capacity of subsurface particulates.

The stability constants of metal-chelate com-
plexes and their adsorption behavior are often
influenced by the oxidation state of the metal
moiety. For instance, cobalt(lil}-EDTA is a highly
stable complex [log stability constant (K) = 41]
and, at neutral pH, adsorbs only weakly to nega-
tively charged particulates, such as aluminum
oxides. In comparison, cobalt(ll)-EDTA is much
less stable {log K = 17) and absorbs to a much
greater extent. Theoretically, therefore, reduc-
tion reactions involving °Co-EDTA [changing the
cobalt from cobalt(l!l) to cobalt(l!)] should reduce
the mobility of this radionuclide in saturated
subsurface environments.

The objective of this study was to determine
whether bacteria that are known to use heavy
metals and radionuclides as electron acceptors
for growth have the ability to reduce the cobalt
in cobalt(lll)-EDTA to the less stable and less
mobile cobalt(l1)-EDTA. Only with such informa-
tion is it possible to predict the fate of radio-
active 89Co in contaminated subsurface environ-
ments that may harbor metal-reducing bacteria.

Three metal-reducing bacteria were tested for
their ability to use cobalt(l1l)-EDTA as an electron
acceptor: Geobacter metallireducens,
Shewanella putrefaciens, and a new isolate,
bacterial strain BrY. The bacteria were cultured
in a chemically defined anaerobic growth medium
with iron(lil) as the electron acceptor. Cells were
washed three times in sodium bicarbonate buffer
under & stream of anaerobic gas. The washed
cells were then injected into an anaerobic solu-
tion that contained cobalt(lll)-EDTA as the sole
potential terminal electron acceptor, with an
appropriate electron donor (acetate for G.
metallireducens and lactate for S. putrefaciens
and BrY). The reduction of cobalt(lll)-EDTA was
detected as a loss in absorbance at 535 nm, a
characteristic wavelength for this complex.
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The results demonstrate that these bacteria can
enzymatically reduce cobalt({li)-EDTA to
cobalt(ll)-EDTA under anaerobic conditions
(Figure 1). The reduction of cobalt(lll)-EDTA
occurred only in the presence of active cells and
an appropriate electron donor. In tubes that
either contained heat-killed cells or lacked an
electron donor, cobalt(ll)-EDTA reduction was
not observed.

The bacteria were also tested for their ability to
gain energy for growth from cobalt{lll)-EDTA
reduction. The cells grew in a chemically defined
medium with cobalt(lll)-EDTA as the sole
electron acceptor (Figure 2). Cell growth
correlated with cobalt(l{{)-EDTA reduction and
ceased when all of the cobalt{lll)-EDTA had been
reduced. These results extend the range of
electron acceptors known to be suitable for

anaerobic growth to include a complex that is
known to exist only as a product of human
activity, i.e., cobalt{lll)-EDTA.

Future Research

This discovery has importance because the
metabolism may influence the fate of 6°Co in
contaminated subsurface environments at DOE
sites. We hypothesize that microbial reduction
of cobalt(l1l)-EDTA will retard 8°Co migration in
environments in which iron-reducing bacteria
predominate. In our future research, we will
expand our experimental systems to monitor
50Co and heavy metal migration in simulated
subsurface environments. Information gained by
this approach will increase our understanding of
the processes that dictate the fate of radioactive
cobalt in a number of contaminated DOE sites.
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FIGURE 1. Cobalt(lll)-EDTA Reduction by a Cell Suspension of Bacterium BrY. The reduction of cobalt{lll)-EDTA was
detected in the presence of cells and H, gas, which served as the electron donor. No recuction of cobalt(lll)-EDTA
was found when no H, gas was added. Similar results were obtained with cell suspensions of G. metallireducens and

S. putrefaciens (data not shown).
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FIGURE 2. Growth of Bacterium BrY with Cobalt{lll)-EDTA as the Sole Terminal Electron Acceptor. Cell numbers
increased with a corresponding decrease in the concentration of cobalt (Ill)-EDTA. No change in either cell number or
the concentration of cobalt(lll)-EDTA was detected in cultures that lacked the electron donor (lactate). Similar results
were obtained with cell suspensions of G. metallireducens and S. putrefaciens (data not shown).

Bioremediation: Biodegradative
Enzyme Design

R. L. Ornstein

The objective of this research is to develop both
advanced concepts and PNL’s capabilities for
improving subsurface bioremediation of con-
taminants at DOE sites through rational redesign
and genetic engineering of enzyme-mediated
microbial biodegradation. Remediation of subsur-
face environments is important not only to DOE,
but also to the U.S. Department of Defense
{DoD), the U.S. Environmental Protection Agency
(EPA), and the private sector.

The nature of deep contamination (which is
commonly dilute, highly dispersed, and inac-
cessible) limits or even precludes the application
of many of the remediation strategies that are
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currently being used to remediate surface and
near-surface contamination. Cost-effective
remediation of synthetic substances in deep
subsurface environments is, for the most part,
limited to novel bioremediation alternatives
{Brockman and Ornstein 1991). The widespread
use of synthetic organic compounds, such as
halogenated hydrocarbons, has strained the
capacity and, in some cases, exceeded the
inherent functionality of naturally occurring
biodegradative systems. Although micrcorgan-
isms have tremendous capacity to evolve to
meet new selection pressures, the timescale
required for them to do so, depending on the
complexity of the necessary underlying metabolic
modifications, may be unacceptably long when
hazardous substances are involved (Ornstein
1991).



Thus rational redesign has the unique advantage
of its ability to foster discovery of new enzymic
forms that would otherwise have an extremely
low probability of evolving biologically under
either laboratory-controlled cr natural conditions.
{Such a low probability is to be expected when
evolution of the enzyme requires several simuita-
neous and specific amino acid changes to effi-
ciently catalyze a significantly different
substrate.) To successfully carry out a rational
enzyme redesign study for altering an enzyme’s
specificity or improving its efficiency, certain
prerequisites are essential: adequate enzyme
structural data, an understanding of the
mechanism(s) of action, and a cloned gene.

Such information is available for the P450cam
variant of the ubiquitous biodegrading and
detoxifying superfamily of enzymes known as
cytochromes P450. However, even though high-
-resolution experimental enzyme structures are
invaluable for understanding structure-function
relations, the structural image obtained is just an
average in time and space. Non-average struc-
tures, which are not resolvable by experimental
methods, are also important, because activity is
not necessarily understandable from a considera-
tion of the average structure only. (By analogy,
the average structure of a person over a period
several days would essentially be that of a
person sleeping in bed. From such an average
picture, it would be hard to distinguish an active
football quarterback from one who had been
sleeping for several days. The functionally
important, i.e., distinguishing, motions of the
quarterback occur only very briefly over any
three-day period and would not be expected to
show up in an average picture. Similarly, many
enzymes are thought to adopt functionally criti-
cal conformations only transiently; these
transient conformations are unlikely to be
"visible" even by high-resolution experimental
methods.) Computer simulations that start from
a high-resolution experimental structure are
capable of uncovering such structures. In view
of the immense computational resources required
to adequately simulate an enzyme’'s dynamic
motions, only now are such simulations becom-
ing cost-effective. Based on the simulations,
experiments can be designed to refute or confirm
the significance of each transient population, to
establish its possible role in activity. Given this

vantage, one would have a reasonable chance of
successfully carrying out rational enzyme
redesign.

FY 1992 Research Highlights

Collaborative experiment/theory studies with
scientists at several universities are at different
stages of maturity. Collaborative studies on
cytochrome P450cam have been under way for
about two vyears with Steve Sligar at the
University of lllinois/Urbana and more began
recently with Larry Wackett at the University of
Minnesota. In FY 1992, PNL initiated a col-

" laboration with Dick Janssen and Bauke Dijkstra

of the University of Groningen (The Netherlands)
on the biodegradative enzyme alkane dehalo-
genase. Some of our recent studies to better
understand structure-function-dynamic relations
for cytochrome P450cam and to redesign its
specificity and improve its efficiency are
described below.

Structure-Function-Dynamic Relations:
Understanding Lock-and-Key Specificity.
Cytochrome P450cam hydroxylates camphor,
forming b5-hydroxycamphor with essentially
100% regiospecificity, and norcamphor is
hydroxylated to form three products (45% 5-,
47% 6-, and 8% 3-hydroxynorcamphor) (Atkins
and Sligar 1987, 1988). However, our previous
simulations of norcamphor-bound P450cam
predicted predominantly (from 68% to 88%)
5-hydroxynorcamphor (Bass et al. 1992; Paulsen
and Ornstein 1992). One possible explanation
for this discrepancy is that the simulations were
performed using D-norcamphor, while the experi-
ments were conducted with racemic norcam-
phor. The suggestion that norcamphor is the
D-isomer was based on its similarity with the
native substrate D-camphor. Indeed, using the
reported crystallographic structure for
norcamphor-bound P450cam would model nor-
camphor as the D-isomer (Raag and Poulos
1989). Unfortunately, the two stereomers have
never been separated. In FY 1992, three
simulations each of the L- and D-isomers of
norcamphor bound to cytochrome P450cam
were compared to account for the effects of
substrate orientation and the assignment of
random velocities. The results show that the
L-isomer of norcamphor is predicted to form



predominaritly 6-hydroxynorcamphor, while the
D-isomer forms mainly 5-hydroxynorcamphor
{Bass and Ornstein, in press). From these data,
it can be inferred that racemic norcamphor will
form non-racemic 5- and 6-hydroxynorcamphors
after oxidation by cytochrome P450cam.

Proof-of-Principle: Redesigning Cytochrome
P450cam. Before attempting to redesign the
activity of P450cam for a substrate significantly
different from camphor, we chose to first modify
the specificity of P450cam for the analogue
substrate norcamphor. Achieving such an inter-
mediate goal will give considerable confidence
and guidance toward modifying the specificity of
P450cam to initiate the degradation pathway for
targeted poliutants. To date, two predictions
have been confirmed experimentally. The first
involved mutating amino acid 87 based on the
molecular dynamics simulation results, which
indicated that this amino acid’s very unusual
dynamic mobility was correlated with the
enzyme’s catalytic efficiency (Bass et al. 1992;
Paulsen et al. 1991). Changing amino acid 87
from phenylalanine to tryptophan resulted in a
100% increase in coupling efficiency, in semi-
quantitative agreement with the prediction (Bass
et al., in press).

Our second successful prediction involved an
alteration of specificity and efficiency of
cytochrome P450cam hydroxylation of 1-methyl-
norcamphor. The wild enzyme hydroxylates the
3, 5, and 6 positions of norcamphor, but only
the 5 and 6 positions of 1-methyl-norcamphor.
For camphor, the degree of coupling is 100%,
but for both norcamphor and 1-methyl-
norcamphor, the efficiency is dramatically
lowered, to 12 and 50%, respectively. Based on
modeling and simulation results, it appeared that
mutating position 185 from threonine to phenyl-
alanine would eliminate hydroxylation at the 3
position and dramatically increase coupling. The
mutant was constructed and the product profile
and coupling were determined experimentally.
Coupling was doubled and hydroxylation at the
3 position was essentially abolished, both in
agreement with the prediction (Paulsen et al., in
press).
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Genetic Profiling of Subsurface
Microorganisms

G. L. Stiegler
Contributors
L. C. Stillwell and J. M. Heineman

indigencus subsurface microorganisms have
great potential for use in bioremediation efforts
at DOE sites. However, scientific information
characterizing the microorganisms involved in the
degradation of important complex organic mole-
cules is limited. A first step in the studies of
these microbes is to identify the organism. For
instance, it is important to have a means of
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rapidly identifying and monitoring important
microbes used in /n situ methods that enhance
microbial numbers and biodegradative efficien-
cies. Methods of rapid identification will also be
used for in situ identification of bioengineered
microbes used in remediation.

Microbial identification methods are generally
based on morphological characteristics. Direct
microscopic examination and application of
ciassical differential staining methods have a
long history of use for microbial characterization.
More specific methods of microbial identification
are based on the high affinity of antibodies to
microbial antigenic determinants, and
immunological-based assays have been used
extensively for clinical diagnostics. In this proj-
ect, we are adapting a faster and more general
approach to microbe identification. The method
uses polymerase chain reaction (PCR) analysis
(Saiki et al. 1988} of sequence-variable regions
of the 16S rRNA gene. Nucleotide sequence
analysis of 16S rRNA PCR products provides
data for designing specific probes that are used
for phylogenetic studies and microorganism
identification (Barry etal. 1990; Rogall
et al. 1990).

The prokaryotic ribosome, a necessary compo-
nent of the protein-synthesizing machinery in the
bacterial cell, consists of protein components
and three unique RNA species termed the 58S,
16S, and 23S rRNA. Each rRNA molecule has
an evolutionarily conserved nucleotide sequence,
and differences in its molecular structure can
provide information about the relatedness of
different microbial isolates {Noller 1984).
Knowledge of the rRNA gene sequences and the
establishment of an accessible sequence data-
base have benefited ongoing microbial taxonomic
and phylogenetic studies. Although each of the
rRNA (5S, 16S, and 23S) sequences has been
used for molecular characterization and micrebial
identification, the 16S rRNA gene, because of its
larger size and greater number of variable
regions, provides a more favorable molecule for
analysis (Pace et al. 1987). The approximately
1500-base-pair (bp) 16S rRNA gene can be
easily analyzed by DNA sequence analysis, and
its large size provides ample nucleotide variation
to be a sensitive measure of evolutionary



change. Sequence analysis of several 16S rRNA
genes has shown that highly conserved gene
regions are interspersed with regions of con-
siderable variability. Characterization of these
variable regions provides information that can be
used to develop molecular probes for identifying
microbes (Barry et al. 1990).

FY 1992 Research Highlights

In this project, we are using PCR methods on
mixed populations of microbes to define 16S
rRNA deoxyoligonucleotide primers. The PCR
primer sequences that we are using are based on
the Escherichia coli 16S rRNA gene sequence.
However, it is important that the PCR primers
selected do not exhibit a bias by amplifying
predominantly £. coli gene sequence-variable
regions. Initially, to investigate this possible
sequence bias, we are examining several of the
resulting PCR amplification products for
variability.

PCR Amplification and DNA Sequence Analysis.
We are adapting a general method based on the
PCR reaction that allows us to analyze specific
sequence-variable regions in the 16S rRNA gene
(Barry et al. 1990, 1991). The sequence infor-
mation we obtain will be used to design specific
probes and assays for microbial identification.
The scheme we are using to examine the 16S
rRNA sequence-variable regions is shown in
Figure 1. Briefly, our approach has been to
design and synthesize deoxyoligonucleotide PCR
primers based on the conserved sequence of the
E. coli 16S rRNA gene. The data shown in
Figure 2 were generated with £, coli-established
PCR primers to a variable 100-bp 16S rRNA gene
region located at nucleotide positions 1399
through 1499 near the 3’ terminus of the16S
rRNA gene. The PCR analysis is initiated in two
amplification stages; the first uses primers
identical to the £. co/i 16S rRNA gene sequence
at nucleotide positions 1388 and 1511 (Noller
1984). The amplification products are analyzed
qualitatively by gel electrophoresis. Often the
amplification yields multiple non-16S rRNA gene
PCR products, and this complicates further
nucleotide sequence analysis. We obtain a pure
18S rRNA PCR gene product in the second stage
of analysis, by additional ampilification using a
nested PCR primer set derived from internal
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sequences adjacent to the initial amplification
primers. The nested primers have an additional
6-bp Bam H'1 restriction endonuclease site syn-
thesized at their 5’ terminus. The endonuclease
recognition site is subsequently used to facilitate
molecular cloning of the PCR products. The
DNA sequence analysis and comparisons were
performed on double-stranded recombinant DNA
using an automated Applied Biosystems 373 A
DNA sequencer and software.

Single-Strand Conformational Polymorphism
Assay (SSCP). We are adapting a single-strand
conformational polymorphism (SSCP) assay
(Ainsworth et al. 1991; Murakami et al. 1991;
Hayashi 1991) for identifying bacterial species.
The assay gives a genetic fingerprint that is
unique for a given species. The SSCP assay is
based on initial PCR amplification of a given 16S
rRNA gene sequence and the subsequent electro-
phoretic analysis of the denatured PCR product.
The comparative migrational differences of the
single-strand DNA molecule provide a profile that
is species-specific. The SSCP assay is carried
out by [32P] 5’ end-labeling a single PCR primer.
The resulting PCR amplification product is
double-stranded with a single radiolabeled strand.
Strands of the same length but varying in nucleo-
tide composition migrate differentially when
electrophoresed on a non-denaturing polyacryl-
amide gel. The technique used is very sensitive
to nucleotide composition and can separate
strands that differ by a single nucleotide base.
The SSCP method provides a reproducible migra-
tional pattern for each variable 16S rRNA
sequence. The migrational pattern is specific for
a species and can be used as a fingerprint for
identification. The SSCP migrational differences
are shown in Figure 3 for a number of unique
PCR amplification products corresponding to the
1399 through 1499 variable sequence. The
differences in nucleotide sequence for these
samples are as indicated in Figure 2.

Future Research

The data that we are gathering from PCR-
mediated 16S rRNA gene sequence analysis will
be used to design species-specific primers and
fluorescently tagged deoxyoligonucleotide
probes. The species-specific primers will be used
for ligation chain reaction (LCR) amplification



E.coli 16S rBNA gene

Initial PCR amplification
of the 16S

'

Primer A
]
Nucleotide position 1388-1511 _—
produces 123-bp fragment Primer B
Nested primer A
—
I
Nested primer B
Second amplification, using
nested Bam H1 PCR primers
Primer positions 1399-1499
produce a 100-bp fragment
——— m— s
Cut with
Bam H1

Bam H1-digested PCR product is molecularly cloned into
the plasmid pUC18 and used directly for double-stranded

DNA sequence

EIGURE 1. Method of PCR Amplification, Cloning, and Nucleotide Sequence Analysis of 16S rRNA Gene Sequence-

Variable Regions

reactions, based on the use of a thermostable
DNA ligase enzyme (Barany 1991). Deoxyoligo-
nucleotides that match only the 16S rRNA
sequence of the bacterial species of interest are
synthesized. It is critical to have an exact
sequence homology at the junction of two liga-
tion reaction substrate deoxyoligonucleotides.
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If the match is not homologous, the ligation
reaction does not proceed exponentially,
resulting in the absence of an identifiable LCR
product. Only those bacteria having the correct
nucleotide sequence will give a positive result.
The ligation-mediated PCR method is easily
amenable to automation.



clone

designation l|° 3|° J10 410 5l0 GOL
ci-7 GGGAGGGG GTTGCAAAAG AAGTAGCTAG TCTAACCTTC GGGAGGACGG TTACCACGGT G
11 O R w2 * o™ *%_ D
Ci1-8 GGGAGCGG GTTTTACCAG AAGTAGGTAG CTTAACCTTC GGGAGGGCGC TTACCACTTT GT
) i PTUSSNC PUSEGPISIN L L DU -
Ci-4 GGGAGCGG GTTTTTACAG AAGTAGGTAG CTTAACCGTA AAGAGGGCGC TTACCACGGT AG
@ Er T PR £ A D A_h ww "R WA
F3-4 GGGAGTTG GCTTTACCCG AAGTAGGTAG TCTAACCGCC AAGAGGGCGC TTACCACGGT AG
Il N e RN _Rw LA wh, wR w L W
C1-5 GGGAGTGG GTTGCTCCAG AAGTAGCTAG - TCTAACCTTC GGGGGGACGG TTACCACGGA TG
II L2 X . L QR L) N e W W e RRR W

100-4 GGGAGTGG GTTGCAAAAG AAGTAGGTAG CTTAACCTTC GGGAGGGCGC TTACCACTTT GT

100-7 |--GGGAGTGG GTTGCACCAG AAGTAGCTAG TCTAACCTTC GGGGGGACGG TTACCACGGT GT
"w

-n L S PRUGHISER ST QU RS, AT e
100-CN3 |--GGGAGCGG GTTTTACCAG AAGTAGGTAG TCTAACCGCA AGGAGGGCGC TTACCACGGT AG
RSPV S — L JUL B R — AR e S A 2 2 WL, R

B2~6 |--GGGAGTGG GTTGCTCCAG AAGTAGCTAG TCT..ACCTTC GGGGGGACGG TTACCACGGA TG
L5

RN W e — e ® B ARR W

02-2 |--GGGAGCGG GTTGCTCCAG AAGTAGCTAG TCTAACCTTC GGGGGGACGG TTACCACGGA GC
* N

* o NN ——

e Mol

B2-9 |--GGGAGTGG GTTTTACCAG AAGTAGGTAG TCTAACCGCA AGGAGGGCGC TTACCACGGT AG
e ® . w

¢ 2 1] v

et v s e R N

B2-3 |[--GGGAGTGG GTTGCACCAG AAGTAGCTAG TCTAACCTTC GGGGGGACGG TTACCACGGT GT
xR

L B 3 O K ® W —— Y L

B2-4 {--GGGAGTGG GTTTTACCAG AAGTAGGTAG TCTAACCGCA AGGAGGGCGC TTACCACGGT AG
LA *

e ———— . a—E K KR St AN Wk

E.coli |~-~-GGGAGTGG GTTGCAAAAG AAGTAGGTAG CTTAACCTTC GGGAGGGCGC TTACCACTTT GT

FIGURE 2. The 16S rRNA Gene Sequence Determined for Cloned Gene Nucleotide Positions Amplified Between
Nested Primers Beginning at Base 1399 and Ending at Base 1499. The primer sequences are invariant and excluded
from the analyzed sequence. The displayed sequence is the region amplified corresponding to bases 1414 to 1474,
All variant cloned sequences are compared against the standard E. coli 16S rRNA gene sequence. Designations to
the left of the figure, C1-7, C1-8, etc., are arbitrary designations we have used to label individual cloned 18S rRNA
gene regions. Asterisks (*) indicate bases varying from E. coli.
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multiple migrational
patterns

FIGURE 3. SSCP Analysis of PCR Products Amplified from Isolated 18S rRNA Recombinant Clones. The products
shown in the autoradiogram were produced by [32P] labeling of the B'-end of nested primer B shown in Figure 1. The
labeled PCR products were analyzed by denaturation and electrophoresis of a 8% nondenaturing polyacrylamide gel.
The designation SS is for denatured single-strand product and DS is for nondenatured double-strand product, The
labels C1-8, B2-6, 02-1, E1-2, C1-4, and E. coli designate individual cloned PCR products.
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The knowledge of specific sequence differences
in 16S rRNA gene sequence-variable regions can
be exploited to design fluorescently labeled
deoxyoligonucleotide probes that will identify
single microbial cells in a mixed population
(Delong et al. 1989; Amann etal. 1990).
Methods have been developed to hybridize
fluorescently labeled deoxyoligonucleotides with
formaldehyde-fixed, intact cells and then view
the probe interaction directly by fluorescence
microscopy. The method is reliable and proceeds
rapidly because of the abundance of rRNA in
bacterial cells. It is also possible to simuita-
neously identify individual cell types by coinci-
dence use of different fluorescently labeled
probes. ldentification using fluorescently labeled
probes is also adaptable to automated analysis.

The goal for this project is to develop specific
molecular probes for identifying bacterial species
deemed important to understanding subsurface
mocrobial processes. Probe development will
emphasize specificity, rapidity of use, and
potentially patentable methods of automated
analysis based on probe specificity.
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Probing of DNA in Environmental
Microbial Populations

R. J. Douthart

The objective of this project has been to develop
a new concept for DNA fragment analysis that
would allow a number of DNA samples to be ana-
lyzed automatically and rapidly. To meet this
need, PNL staff have developed a unique drum
electrophoresis device on which a DNA sequenc-
ing ladder or restriction enzyme fragments can
be deposited. This device, coupled with a gel
assembly (ribbon channel plate) developed by a
related project, is expected to make it possible to
characterize very small quantities of DNA as well
as to increase the rate of analysis by orders of
magnitude. The objective of research in
FY 1992 was to apply the device to probing
small quantities of DNA rapidly. [If the device
proves viable, it will be used to rapidly charac-
terize and study the genome of microorganisms
that can be used in the transformation of con-
taminants in the environment.

Studies with a moving drum electrophoresis
apparatus prior to FY 1992 indicated that a
vertical device was feasible, with current being
carried by the liquid interface between the drum
and a nylon screen fixed to the drum surface on
which DNA fragments are electrophoresed. Its
advantages were reduced leakage and ease of
loading. However, two major technical diffi-
culties forced abandonment of the more conven-
tional vertical design. These difficulties were the
entrapment of bubbles and the occurrence of a
substantial temperature difference (30°C or
more) at the interface between the plate and the
drum. To overcome these difficulties, the device
was modified to a less conventional design, so
that the attitude at which the electrophoresis
plates impinge on the drum is horizontal. The
new horizontal device tends to allow bubbles to
escape and thermostatic control at the junction
is much easier. The new design has not yet
been thoroughly tested, although a prototype has
been built and assembled. A patent application
for the device is being developed contingent on
demonstration of performance.

The ability to conduct large-scale DNA sequenc-
ing and other characterization will allow
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definition of the genome of microorganisms
capable of carrying out specific environmental
functions. Once developed, this methodology
should allow probing of DNA from environmental
microbial populations, providing information
critical to determination of the origin and
response of populations to manipulation for
restoration. The concept will also be applicable
to efforts to distinguish the origins of microorga-
nisms in deep subsurface environments through
characterization of microbial DNA. Thus a fully
operational device will be an important tool that
will be incorporated in and support future
research to understand and use important micro-
bial processes in the environment.

Use of Probes in DNA Fingerprinting

F. C. Leung and D. A. Cataldo

The use of low C,t DNA as a probe for DNA
fingerprinting assays has been validated for
identification and phylogeny of fungal cuitures.
The novel aspect of this approach is that it does
not require cloning and screening of a genomic
library to identify a repetitive sequence clone to
use as a probe in a DNA fingerprinting assay.
The objective of this project is to determine
whether the use of low C,t DNA as a probe can
be extended to prokaryotes.

Three bacterial cultures were obtained from Jim
Fredrickson at PNL: Escherichia coli, F199, and
Pseudomonas putida. Genomic DNA was ex-
tracted and low C,t DNA was isolated from all
three cultures. The genomic DNA from all three
cultures were cut with Hae lll, Hinf 1, and Alu 1.
The DNA fragments were then separated by
agroase gel electrophoresis, transferred onto
paper, and probed with low C,t DNA from E.
coli, F199, or P. putida and labeled by random
priming. As Figure 1 shows, when we used low
C,t DNA from E. coli as a probe, it hybridized
almost exclusively to £. coli. (There was slight
cross-hybridization with P. putida.) Figures 2
and 3 show that when we used low C,t DNA
from F199 or P. putida as a probe, similar results
were obtained. The F199 low C,t DNA hybrid-
ized almost exclusively to F199, and the P.
putida low C,t DNA hybridized almost exclu-
sively to P. putida. The methodology was
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validated by these data, which demonstrate that
E. coli, F199, and P. putida are genetically
distant from each other. The overexposed lanes
in Figures 1, 2, and 3 are due to the use of
higher C,t value DNA (>1.0) as a probe. We
have determined that DNA with a C,t value of
about 1.0 is best for use as a probe in DNA
fingerprinting (Figure 4).

In addition, when we used low C,t DNA from E.
coli as a probe in DNA fingerprinting, we could
resolve individual differences among four closely
related strains of £. coli: HB 101, JM 109, DH
5a, and E. coli (Figure 4). These results are a
demonstration of the use of low C,t DNA as a
probe in DNA fingerprinting for closely related
bacteria.

These data support the use of low C ¢t DNA as a
probe in DNA fingerprinting of closely related
bacteria. In FY 1993, we hope to extend the
low C,t DNA technology to study population
markers in bacteria. We also hope to use this
technology to identify and characterize the
genetic origin of subsurface bacteria isolated
from sediments at the Hanford Site or other DOE
sites.

Scale Averaging of Effective
Parameters

T. R. Ginn

The overall goal of this research project is to
examine both the theoretical basis for and the
practical performance of effective-parameter
representations of flow and transport transients
in subsurface media characterized by multiple
scales or evolving scale heterogeneities.

A principal hindrance to our ability to understand,
simulate, and predict groundwater flow and
transport dynamics is uncertainty in estimating
the parameters for mathematical models of the
subsurface physics. In particular, it is typically
impossible to measure, either directly or indi-
rectly, the transport property of concern on the
field scale. Available data usually include flow
and transport properties measured indirectly on
scales much smaller than the field scale. Thus
hydraulic conductivity is measured not directly as
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conductivity, but rather as flow through a
controlled volume of aquifer {such as a core
section from a well). Then a physically based
model for this flow, which involves the conduc-
tivity of the volume sampled (e.g., the core), is
inverted or calibrated for that value of the core-
scale conductivity that makes the model flow
match the observed data. Such data are often
the primary source for values for field-scale
parameters. That is, conductivity values from a
few cores are averaged to determine the conduc-
tivity for a cube or slab of much greater size,
perhaps kilometers long on a side.

This sort of averaging provides a rudimentary
me~ns of scaling information up to larger scales:
the small-scale data are used to provide parame-
ter values for large-scale models. Upscaling
methods are generally hard to validate because
not only are the large-scale parameter values
immeasurable, they may be nonexistent. Thatis,
the derivation of the differential equation on
which the flow model is based requires that
parameter values exist on a certain scale; this
scale may be smaller than that of the large-scale
model paramsiters. Consequently, values of the
large-scale parameters that render the model
even a crude representation of reality may not
exist; for these reasons, the large-scale parame-
ter values that are used are termed "effective
values."

The inadequacy of this averaging approach in
general and specifically its inability to capture
aspects of aquifer heterogeneity that control
field-scale transport are well documented (e.g.,
Journel and Alabert 1990). On the other hand,
the accuracy and validity of deterministic flow
models (and our confidence in their use in
developing remediation strategies) depend very
heavily on our ability to upscale small-scale data
to the model scale and to incorporate hydrogeo-
logical and other data into the geologic depic-
tions by means of inverse analysis. Although an
immense amount of recent effort in the field has
centered on the effects of field-scale and multi-
scale heterogeneity on flow and transport predic-
tion accuracy, little attention has been paid to
the core issues: under what conditions do
effective-parameter representations accurately
capture flow transients, and what is the



relationship between these representations and
the small-scale data available?

The objective of this work is to refine a
groundwater flow and transport model calibration
tool for understanding conditions for valid
effective-parameter representations and deter-
mining ways to upscale aquifer transport
properties.

FY 1992 Research Highlights

Research for FY 1992 focused on the refinement
of a specialized inverse technique (developed
under FY 1991 support) to determine of the
existence of groundwater flow and transport
parameters in the heterogeneous subsurface, and
on the application of this technique to synthetic
geologic structures with heterogeneities on
evolving scales.

The inverse method involves the calibration of a
system of ordinary differential equations that
represent the transient flow dynamics of a

stressed heterogeneous aquifer. The method
identifies conditions for the existence,
identifiability, and uniqueness of effective

parameters of a representation of the subsurface
flow regime that is spatially discretized but
continuous in time (Ginn et al. 1990; Ginn and
Cushman 1992). These spatial discretizations
result from the application of numerical methods,
such as finite differences or finite elements,
which are the most common tools for solving
field-scale flow and trensport models. The
inversion method is unique in that it comprises a
direct analytical solution to the inverse problem
for transient systems. The value of the method
is that it treats transient aquifer hydraulic data
analytically, without approximation in the time
domain.

Work in FY 1992 progressed on the use of the
inverse tool in both numerical experimentation
and on analytical examination regarding the
existence of effective parameters for ground-
water flow. For both, the focus was on the
following canonical problem: Suppose that the
transient hydraulic response of an aquifer (e.g.,
a pumping test) is perfectly represented by a
system of ordinary differential equations (ODEs)
written for a very high level of resolution. The
hydraulic response, however, can be observed at
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only a few points distributed throughout the
aquifer. These points correspond to nodal
locations for a much coarser representation of
the aquifer flow system, which also takes the
form of a linear system of ODEs. This coarse
model corresponds to a field-scale model of an
aquifer with heterogeneities on scales below that
of the model. Our goal is to find conditions
under which the coarse model adequately
represents the aroundwater flow dynamics in a
transient setting. Specifically, we seek
conditions for the existence of effective
parameters for the coarse model that afford an
accurate representation of the flow field.

The design of the numerical experiments required
coding of the inverse algorithm for exercises with
synthetic geological representations, as well as
the coding of a "forward" transient solver for the
simulation of aquifer hydraulics. The forward
solution scheme that was encoded is based on
the matrix exponential formulation of the high-
resolution ODE system (Ginn et al. 1990). Fig-
ure 1 shows the steady-state solution for piezo-
metric head in a heterogeneous two-dimensional
synthetic aquifer with impermeable boundaries.
The head field is the long-term response to
equivalent pumping injection and withdrawal
rates at opposing corners of the aquifer. This
figure is an animated sequence of the hydraulic
response to pumping, where the head is initially
flat.

Although much effort in recent years has been
directed to synthetic generation of aquifer
realizations, most if not all of the approaches
used to date involve statistically homogeneous
systems with heterogeneities on at most a single
scale. The experimental design for this project
focused on devising a way to generate simulated
aquifers with heterogeneities over multiple
scales. The primary requirement for numerical
aquifer synthesis is that muitiscale heterogeneity
complexity be captured in the models. Tech-
niques from percolation theory were applied to
devise an algorithm that generates two-
dimensional maps of complex geologic struc-
tures. The geologic maps are made up of
randomly sized "percolation clusters” in which
the probability distribution of cluster size is
controlied by a single parameter, the percolation
probability (see Figure 2). The concept for this
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approach originated through discussions with
Harlan Foote and Charles Cole of PNL. If the
colors of each cluster in Figure 2 correspond to
a geologic or petrophysical subunit with its own
unique transport property value (e.g., hydraulic
conductivity), then control of the percolation
probability gives control of the spectrum of
heterogeneity scales in the synthetic aquifer. For
example, Figure 2 shows a synthetic map of
geostructure with heterogeneity on all scales of
the representation from the smallest (that of a
pixel) to the largest (that of the figure).

Based on both the analytical work and the
numerical experiments, it appears that for many
cases, no accurate effective-parameter repre-
sentation exists when heterogeneities are on
multiple scales, including scales beneath (i.e., at
a higher resolution than) the scale of the effec-
tive parameters. This means in general that the
differential equation often assumed to hold for
field-scale groundwater flow may be inappro-
priate. These results helped spur a continuing
collaborative effort with J. Cushman of Purdue
University to derive, from basic statistical
mechanical principles, a groundwater flow and
transport equatior. that is valid for geologic
media with heterogeneities over multiple scales.
The principal characteristic of the new equation
is that classical diffusive product terms are
replaced by a generalization involving convolu-
tions in space and time between the factors of
the diffusion product terms.

Future Research

For FY 1993, extensive numerical experiments
will involve application of the transient inverse
operator to percolation-based geologic models
like that depicted in Figure 2. The potential
benefits of this work are significant. By carefuily
designing synthetic aquifer classes, we may be
able to determine for real systems which geo-
logic settings afford effective-parameter treat-
ment and which do not. This determination can
lead in turn to qualitative and quantitative
measures of confidence in modeling remediation
schemes. Furthermore, for cases where
effective-parameter representations areaccurate,
we will obtain data on both the effective-
parameter values (from the inverse method) and
the high-resolution/small-scale heterogeneities
(by synthetic aquifer construction). Analysis of
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these data will indicate how small-scale data
should be averaged to obtain field-scale flow
parameters. Current knowledge on how to do
this is limited to severely simplified geologic
settings, and averaging or upscaling of small-
scale data is currently an area of active research
in the field. The experimental approach
described here is a particular focus (see, for
example, Cole et al. 1985; Desbarats 1987;
Deutsch 1989; King 1989; and Durlofsky 1992).
However, all of this previous work has involved
only steady-state flow regimes. Thus, the
unique aspects of the present work are that
1) transient phenomena are addressed directly,
and 2) a set of effective parameters is deter-
mined for a field-scale system, rather than a
single homogenizing value for the entire aquifer.
These aspects of practical field-scale modeling
have not been addressed in previous efforts.

Preliminary testing of the experimental setup has
already provided independent confirmation of
some past findings and conjectures concerning
the existence of effective parameters. These
results relate to simplified depictions of geology,
such as perfectly layered systems with flow
along or across the layers. The first experiments
planned for FY 1993 will address these cases in
detail and then we will proceed to the next level
of geologic complexity, as well as focusing on
even more complex percolation-based geologic
models.

Some valuable directions for new work have
already been illuminated through the mathemati-
cal analysis and the numerical experiments, and
on that basis research has been initiated in two
new areas.

One of these areas concerns the need for a
stochastic version of the transient inverse
operator. Mathematical analysis directed toward
this goal has now been initiated. We have
already discovered that the existing tools for a
stochastic treatment of the transient solute
transport operator are not appropriate for the
groundwater flow problem. All of the existing
tools are methods of spectral decomposition of
the stochastic flow-operator equation and require
that the matrix operator involved be a rapidly
fluctuating random function of time. In solute
transport problems, particle dispersion includes



a "random walk" component that does in some
cases satisfy this requirement. In groundwater
flow problems, however, the matrix operator is,
by construction, always independent of time.
Thus classical operator decompositions (e.g.,
Kabala and Sposito 1991) as applied to solute
transport models will not suffice for the simpler
flow problems, although such approaches have
been suggested (Zeitoun and Braester 1991).
Work on this issue has been initiated with
informal collaboration with Z. Kabala of the
University of California at Riverside and J.
Cushman of Purdue University.

For FY 1993, we plan experiments involving both
very simple and very complex models of hetero-
geneous geologic structures and will analyze the
results for indications of the conditions for
existence of effective-parameter representations.
Analysis of the results of these experiments,
together with continued mathematical analysis,
will also be directed to finding proper averaging
techniques for determining effective parameters
from small-scale data.

Work will also continue on two new branches of
the study: the derivation of a stochastic
operator expansion for uncertain but non-
fluctuating matrix operators appearing in ODEs,
and the derivation and testing of non-local
balance laws for subsurface transport.

The method for calibration by inversion of a
linear system of ordinary differential equations
developed under this support may also be used
in fields other than groundwater flow and trans-
port, such as population dynamics, physical
diffusion, and medical/biological system
response, which use the same general mathe-
matical model. Expansion of the review of
relevant literature has identified many
researchers in surprisingly disparate fields who
are seeking solutions to precisely the same
mathematical challenges. Therefore, FY 1993
funds will support direct contact with these
scientists and the transfer of this new
technology to their respective fields.
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Interactions with Educational Institutions

As part of its mission, PNL contributes to strengthening and enhancing mathematics, science, and
technology education by building partnerships and developing collaborative programs with elementary
and secondary schools and with colleges and universities. As part of the education initiative PNL
2000, the Laboratory has been one of the major organizers of a statewide effort to implement systemic
change in mathematics, science, and technology education. Also as part of PNL 2000, the number
of new Laboratory-university partnerships reached a record level this year. Through its education
programs, students and faculty are provided access to some of the Laboratory’s unique human and
technical resources, such as the Subsurface Environmental Research Facility, Environmental Research
Park, and Aerosol Wind Tunnel Research Facility.

Pre-university programs are coordinated by PNL’s Science Education Center. The Office of University
Programs coordinates minority institution and university programs. The Northwest College and
University Association for Science (NORCUS) and the Associated Western Universities (AWU) provide
the mechanisms for student and faculty appointments to university programs.

Pre-University Interactions barrier materials and soils. All of the teachers
participating in the program developed instruc-
tional strategies to use in their classrooms based
on their experiences at the l.aboratory.

PNL scientists participate in such pre-university
education activities as 1) classroom instruction
and demonstrations; 2} student apprenticeships,
workshops, and field days in the laboratory;
3) teacher workshops and research participation;
and 4) technical support and assistance to local
and regional schools. The Arid Lands Ecology
facility in particular provides an important part of
environmental education activities conducted for
pre-university students and teachers.

As part of DOE’s national effort to stimulate
student interest in science, mathematics, and
technology, PNL scientists worked with middle
schoo! students in the OPTIONS in Science
program to explore career options. They also
assisted middle school. teachers in teaching
science using actual research approaches.

Each summer, middle and secondary school
mathematics, science, and technology teachers
are assigned to work on environmental research
projects as part of DOE’s Teacher Research
Associates Program. These eight-week assign-
ments are made based on the educational back-
ground and teaching experience of program
participants.  This vyear nearly half of the
40 national/regional appointees were assigned to
projects in earth and environmental sciences.

Researchers worked with elementary school
teachers participating in Science Alive, a three-
week program in environmental sciences for
schools in the Yakima Valley and Tri-Cities that
serve large numbers of Hispanic, American
Indian, and black students. The teachers par-
ticipated in hands-on problem-solving field and
laboratory experiences led by PNL scientists.

Researchers participated in a two-week honors
institute in environmental sciences for high
school students from around the world. Studies
concerned shrub-steppe plant assessment,
groundwater modeling, habitat enhancement,
and stream wvater quality.

Projects in 1992 included such activities as
1) modeling transport of subsurface contami-
nants; 2) programming a model of heat and
moisture flux on the land surface and studying
the effects in a mesoscale climate model;
3) assisting in basic and applied research tasks
related to plant ecology, revegetation, and plant
physiology; and 4) testing waste-form leaching
and subsequent interactions of leachate with

Researchers made presentations at local,
regional, and community schools through the
Sharing Science with Schools program. These
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presentations covered such subjects as environ-
mental microbiology, plant and wildlife ecology,
and environmental transport of poilutants.

University Interactions

Through the NORCUS, AWU, and Science Engi-
neering Research Semester (SERS) programs,
PNL gives university undergraduate and graduate
students and postdoctoral scientists and faculty
an opportunity to work with staff in research
activities and to participate in seminars, scientific
meetings, and symposia.

During FY 1992, many university faculty, under-
graduate, and graduate students participated in
environmental sciences programs. A total of 68
NORCUS appointees were assigned to environ-
mental sciences this year, more than double the
number who participated in FY 1991. In addi-
tion, through AWU, 16 students and faculty
worked with PNL researchers in environmental
sciences, with four in regular laboratory
assignments and seven as part of the Environ-
mental Management Career Opportunities
Research Experience (EMCORE). Three under-
graduate students also participated in
environmental sciences studies under the SERS
program. Some of student and faculty involve-
ment is described below, and details are provided
in the research progress reports.

During the year, the Environmental Sciences
Program also hosted many visiting scientists
representing universities nationally and inter-
nationally, for workshops, seminars, and DOE
program reviews. Many new joint PNL-university
partnerships are expected to be established in
the next year in the environmental sciences, as
a result of new Laboratory-university partner-
ships with major U.S. universities.

Subsurface Science

The Subsurface Chemistry of Organic-Ligand-
Radionuclide Mixtures project has maintained
active relationships with several universities
through both subcontracts and collaborative
research. Funds were provided to Dr. Mark
Brusseau of the University of Arizona, who was
a visiting scientist at PNL from June through
September 1992, He assisted in the conceptual-
ization of the intermediate-scale, co-contaminant
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experiments with cobalt-EDTA and performed
several column experiments with cobalt-EDTA to
evaluate hypotheses regarding the influences of
mineralogic heterogeneity on reactive species
transport.

A SERS undergraduate student, Heather
Lumppio, spent a semester and the summer
working on the Microbial Sequestration and
Bioaccumulation of Radionuclides and Metals
Project at PNL in FY 1992. Nicole Flint, a SERS
undergraduate student, spent her fall semester
working on the project.

The Subsurface Microbial Processes Project
provided educational experience for a number of
undergraduate and graduate students over the
past year. The students and aspects of their
work are listed below:

Christy Kelley (University of Washington) and
Siegrid Lui (Stanford University), NORCUS,
microbiological analysis of Hanford confined
aquifer GEMHEX samples.

Heath D. Watts and Jennifer J. Walker,
NORCUS, optimization of solid growth
medium for isolation and culture of micro-
organisms from the terrestrial subsurface.

Barry Holbert, SERS, lipid profile analysis of
subsurface bacteria and an independent
experiment on heterogeneity of subsurface
bacteria.

Ken Wagnon (Eastern Washington University),
molecular probe analysis of confined aquifer
anaerobic bacteria and culturing of anaerobic
bacteria in unconfined aquifer GEMHEX
sediments.

Michae!l Truex (Washington State University),
role of starvation in induction of quinoline
catabolic genes in a subsurface bacterium.

The Subsurface Microbial Processes Project also
collaborated with faculty at a variety of aca-
demic institutions, including

Dr. David Balkwill {Florida State University),
characterization of deep subsurface bacteria.
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Heath D. Watts and Jennifer J. Walker,
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sediments.

Michael Truex (Washington State University),
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Dr. David Balkwill {Florida State University),
characterization of deep subsurface bacteria.



Dr. David Boone (Oregon Graduate Institute),
analysis of samples from the DOE/Texaco
exploratory origins project. Dr. Boone
assisted in defining the community structure
of the sampies, which resulted in detection
and isolation of several strains of unique
thermophilic Mn{lV)-reducing bacteria.

Dr. Thomas Kieft (New Mexico Institute of
Mining and Technology; NORCUS student
support), microscopic analysis of GEMHEX
samples from Hanford’s confined aquifer.

Dr. Raina Miller (University of Arizona;
NORCUS stude:it support), investigation of
biosurfactant-aided biodegradation of organic
chemicals

Dr. Andy Ogram (Washington State Univer-
sity), extraction and analysis of bacterial DNA
in GEMHEX samples from the unconfined
aquifer.

There was also collaborative interaction between
the Pore-Water Chemistry Project and universi-
ties participating in the Deep Microbiology
Subprogram. In particular, this included colla-
boration with T. Phelps (University of Tennessee)
and T. Kieft (New Mexico Institute of Mining and
Technology).

Under the Numerical Model of Transient Radon
Flux project, Tom Borak and Milan Gadd of
Colorado State University (CSU) continue to use
the Rn3D code to simulate transient radon flux
measurements from the CSU experimental
facility. They have also made use of PNL’'s
recent study of the effects of winds on radon
concentration profiles beneath a slab-on-grade
house with dry gravel of various thicknesses
surrounding the outer surfaces of the slab.

Terrestrial Science

The Defining Resource Islands Using Multiple-
Variable Statistics project interacts extensively
with Jeffrey L. Smith, a U.S. Department of
Agriculture — Agricultural Research Service soil
scientist at Pullman, Washington, who is con-
cerned with nitrogen dynamics of arid ecosys-
tems. At Smith’s laboratory, both a post-
doctoral fellow (Dr. Jay Halvorson) and a
graduate student {(Dan Mummey) were funded by
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this project to aid in conducting the research
reported for this fiscal year.

On the Effects of Nitrogen and Water on the
Efficiency of Water and Nitrogen Use project, S.
O. Link interacted with several graduate students
who either were funded from this program in
FY 1992 or had been in the past. Doug Jeffries,
who worked under J. M. Klopatek at Arizona
State University, has now taken a faculty posi-
tion in the University of the Ozarks in Arkansas.
Project staff are cooperating on publications
based on his work at the Arid Lands Ecology
(ALE) Reserve. Lenny Schwarz is currently
working under J. M. Klopatek and staff are also
cooperating on publications based on his work at
the ALE Reserve. Joseph Healy, a new graduate
student working under R. A. Black at Washing-
ton State University, is pursuing a master's
degree on the water relations of Artemisia
tridentata. S. O. Link has also interacted with
Rob Kremer, a student under Steve Running of
the University of Montana, in his studies of
landscape predictions of soil water dynamics on
the ALE Reserve.

Laboratory-Directed Research and Development

The Enzymatic Transformation of Inorganic
Chemicals project funds a post-doctoral research
associate, Yuri A. Gorby, who has developed a
new technical area at PNL. A SERS under-
graduate student, Daniel Drecktrah, and a SERS
graduate student, Frank Cacovva, spent a
semester and the summer, respectively, working
on this project at PNL. Drecktrah was from the
University of Wisconsin and is now pursuing a
Ph.D. in Biochemistry at Cornell University.
Cacovva is a Ph.D. candidate in Microbiology at
the University of Oklahoma.

In FY 1992, the Biodegradative Enzyme Design
project continued a coupled theory-experimental
collaboration with Dr. Steven G. Sligar
{Departments of Biochemistry and Chemistry of
the University of lllinois at Urbana), who is a
leading expert in the area of site-directed
mutagenesis and biochemical mechanistic experi-
ments for P450cam mutants. A joint theoretical
effort was continued with Professor Robert
Rein's group {(State University of New York at
Buffalo and Roswell Park Memorial Institute) to
develop major extensions and improvements to



the capabilities of molecular dynamics simulation
programs for enzyme studies. In FY 1992, the
project also hosted and supported several
SERS/NORCUS pre- and post-doctoral students.

The Genetic Profiling project supported an
undergraduate, Jill Heineman, and a graduate
student, Lisa Stillwell, through the NORCUS
program. Both have worked with the project for
several years and become valuable collaborators
in the field of molecular biology.
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Continued collaboration with John Cushman of
Purdue University has been instrumental in
advancing research in the Scale Averaging of
Effective Parameters project, especially in the
areas of non-local transport and stochastic
transient inverse methods. New university
interactions in FY 1992 included informal work
with Zbigniew Kabala of the University of
California at Riverside. The work with Dr. Kabala
is focused on the stochastic inverse operator.
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Technology Transfer

The transfer of information and technology is
important to DOE, and especially to the Sub-
surface Science Program, which emphasizes
fundamental research on subsurface environ-
ments in support of the need to address the
problems associated with more than 40 years of
waste generation and disposal at DOE sites.
Basic research within the Subsurface Science
Program is aimed at developing an understanding
of subsurface systems and has led to the
discovery of ne.v research tools, methods, and
remediation concepts and principles that have
immediate or long-term applications. A program
of technology and information transfer ensures
that the findings cf these investigations are
effectively cc.nmunicated to other DOE offices,
other federal agencies, academia, and industry
{which together form the user community}. The
result is that important advances in the
understanding of subsurface environments are
contributing to the solution of DOE’s long-term
problems in environmental restoration and waste
management. The fundamental nature of this
research has also led to discoveries that may
support industrial developments, such as uses of
natural microbiological products and processes.

ldentification of new opportunities for technology
and information transfer from the Subsurface
Science Program is an integral function of the
Environmental Science Research Center (ESRC)
at PNL. The ESRC was formed as part of the
Subsurface Science Program to support its basic
scientific mission, to facilitate the use of
fundamental knowlecdge for developing innova-
tive in situ remediation concepts, and to aid in
the transfer of information and technology
between the Subsurface Science Program and
the user community. In support of the Subsur-
face Science Program’s mission as a fundamental
science program, publication in the open scien-
tific literature is the principal mechanism for
communicating research results. However, the
Subsurface Science Program also sponsors tech-
nical meetings and round-table discussions that
act as forums for technology transfer. The ESRC
coordinates several of these efforts and
continues to identify new ways to facilitate
information and technology transfer.
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The objective of the ESRC’s technology transfer
program is to better integrate information and
technology transfer into Subsurface Science
Program programmatic activities, both to identify
new opportunities sooner and to ensure that they
are acted on in a timely manner. To accomplish
this, the ESRC facilitates regular communication
and interactions among Subsurface Science
Program investigators and, when appropriate,
incorporates consideration of technology and
information transfer at Subsurface Science
Program meetings throughout the year.

Information transfer to the user community
proceeds along a number of paths, including
scientific publication and public meetings to
describe basic research results. However, to
facilitate transfer of concepts to the user
community, an experimental program of more
structured interactions has been undertaken in
FY 1992-93. This program involves projects
both at PNL and elsewhere.

Under this program, the Subsurface Science
Program has successfully transferred research
protocols for aseptic drilling and sample handling
to DOE’s Office of Technology Development
{OTD) in the Office of Environmental Restoration
and Waste Management (EM). These protocols
are currently being employed by OTD’s inte-
grated Demonstrations at Hanford and the
Savannah River Site. To extend the availability
of these capabilities, a series of workshops is
planned at other DOE sites where knowledge of
subsurface microbial systems is needed and
where in situ remediation alternatives are being
considered.

Fundamental research in the Subsurface Science
Program has been directed toward the develop-
ment of an experimental approach to investigate
the feasibility of manipulating coupled micro-
biological and chemical processes, as a means of
altering oxidation-reduction conditions in an
aquifer. This research has resulted in new
concepts, experimental designs, and research
tools for investigating the interactive effects of
subsurface physical, chemical, and microbial
processes on redox conditions in the field. The



field manipulation experimental design and
related information have now been transferred to
EM for implementation. Close coordination
between the Subsurface Science Program and
EM is being maintained to facilitate a field test of
the new concepts within the OTD, either through
one of the integrated demonstrations or through
the /n Situ Remediation Integrated Program. A
continuing liaison with EM will be maintained to
assist in the incorporation of the experiment into
applied research programs.

Deep microbiology research sponsored by the
Subsurface Science Program at the Hanford Site
and other DOE sites has provided a variety of
microorganisms for inclusion in the Subsurface
Microbial Culture Collection (SMCC) at Florida
State University. Supported by the Subsurface
Science Program, the SMCC includes of 7,000
strains of microorganisms from the Savannah
River Site, the Idaho National Engineering
Laboratory, the Hanford Site, and elsewhere that
may be a unique genetic resource. The potential
value of the SMCC is that the microbial strains
were isolated from previously unexplored sub-
surface environments. Two strains have already
been shown to possess novel properties. One of
these has been shown to be capable of degrad-
ing a broad array of hydrocarbons under condi-
tions of low oxygen, a property that may be
unique to this organism. A second isolate from
the subsurface produces a pigment that is sensi-
tive to pH (deep blue in alkaline conditions and
red in acid) and also to oxidation/reduction
conditions (redox). Potential biomedical appli-
cations of the pigment include its use as a pH or
redox indicator in diagnostic procedures. The
possible value of the SMCC as a source of novel
bioactive compounds is recognized by industry.
For example, one pharmaceutical company has
purchased a subset of the strains, and the
Subsurface Science Program is working simulta-
neously with several biotechnology companies
and with the National Cancer Institute, Natural
Products Branch, to develop a collaborative
research and screening program centered on the
collection.

For the past several years, PNL researchers C. S.
Simmons, J. W. Cary, and J. F. McBride have
conducted fundamental research on how organic
fluids behave in subsurface environments.
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Because nonaqueous phase liquids may travel
separately from either water or organic vapors in
the subsurface environment, the scientists
needed a tool to detect organic liquids specifi-
cally. Furthermore, because subsurface environ-
ments are heterogeneous and the behavior of
organic liquid is complicated, it was important to
be able to monitor different phases at many
individual locations. To meet their needs, they
developed a new sensor that works on the prin-
ciple that transmission of light through a
translucent porous material corresponds to the
amount of liquid that is present in its immediate
vicinity. Testing showed that as soon as an
organic liquid reaches the sensor, the output
signal changes, meaning that it is extremely
sensitive and quick to respond. This new sensor
has the additional advantage of being composed
of inexpensive and durable materials, the choice
of which makes the sensor specific to particular
kinds of fiuids. The sensor technology received
an R&D 100 award in 1991 and a Federal Labo-
ratory Consortium award in 1992, and was
recently licensed to an electronics and industrial
control company that specializes in the detection
of contaminants in soil. This company will use
the sensor for detecting leaks in underground
pipelines and storage tanks. The company also
plans to continue development of the sensor to
enable detection of a wider range of organic
liquids. For example, the sensor is being
employed at Air Force bases where soils and
groundwater are contaminated with solvents and
fuel hydrocarbons.

Other transferred technology includes a PNL-
developed air permeameter that permits the /n
situ measurement of air permeability properties
of sediments. When calibrated against labora-
tory estimates of hydraulic conductivity, this tool
allows the determination of variability in the field.
The air permeameter is currently being field
tested by the EM in the VOC Arid Site Integrated
Demonstration Program at the Hanford Site.

In addition to these efforts to transfer informa-
tion, the ESRC has a scientific outreach program.
Information and technology are transferred by
conducting national workshops, participating in
scientific meetings, publication in the open
scientific literature, and involvement of
universities and industry in the Cooperative



Research and Development Agreement (CRADA)
process. Through this program, the scientific
community nationwide has participated in refin-
ing research directions for the Subsurface
Science Program and in opportunities for
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multi-institutional involvement in studies of
complex processes, and multidisciplinary field
research programs, such as the Geological,
Microbiological, and Hydrological EXperiment
(GEMHEX).
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