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I
' ABSTRACT

I
Replicate column experiments were done to quantify the effects of temperature and

bacterial motility on advective transport through repacked, but otherwise unaltered,

I natural aquifer sediment. The bacteria used in this study, A0500, was a flagellated, spore-
forming rod isolated from the deep subsurface at DOE's Savannah River Laboratory.

Motility was controlled by turning on flagellar metabolism at 18°C but off at 4°C

Microspheres were used to independently quantify the effects of temperature on the

I sticking efficiency (c0, estimated using a steady-state filtration model. The observed

i greater microsphere removal at the higher temperature agreed with the physical-chemical
model, but bacteria removal at 18°C was only half that at 4°C. The sticking efficiency for

non-motile A0500 (4°C) was over three times that of the motile A0500 (18°C), 0.073

versus 0.022 respectively.

Analysis of complete breakthrough curves using a non-steady, kinetically limited,

transport model to estimate the time scales of attachment and detachment suggested that

motile A 0500 bacteria traveled twice as far as non-motile A 0500 bacteria before becoming

attached. Once attached, non-motile colloids detached on the time scale of 9 to 17 days.

The time scale for detachment of motile A0500 bacteria was shorter, 4 to 5 days.

Results indicate that bacterial attachment was reversible and detachment was

enhanced by bacterial motility. The kinetic energy of bacterial motility changed the

attachment-detachment kinetics in favor of the detached state. The chemical factors

responsible for the enhanced transport are not known, However, motility may have

caused weakly held bacteria to detach from the secondary minimum, and possibly from the

primary minimum, as described by DLVO theory.
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1.0 INTRODUCTION

Interest in movement of bacteria in groundwater has over the past decade gone

beyond the traditional concern of pathogens in pubic water supplies to m sire

biodegradation of contaminated soils, facilitating transport of"radionuclides and other

dissolved contaminants, to the study of the origins of deep subsurface prokaryotes.

Bacteria have been shown to move through soil columns at pore velocities of" 0.3 to 30 m

day "l in laboratory experiments [Wollum and Cassel, 1978; Smith et al., 1985; Fontes et

al., 1991] as well as field studies [Harvey et aL, 1989; Martin et al., 1991; Harvey and

Garabedian 1991]. Chemical and biochemical factors controlling transport and retardation

of bacteria generally are neither known nor controlled in natural field experiments.

Laboratory column experiments have been used to examine the influence of hydrophobic

effects, pH, and ionic strength [Fontes et al., 1991; Kinoshita et al., 1992].

Steady-state filtration theory has been applied to interpret laboratory column studies

of bacterial transport [Martin et al., 1991; Kinoshita et al., 1992] and field studies of

bacterial transport [Harvey et al., 1989; Harvey and Garabedian 1991; Bouwer attd

Rittmann, 1992]. Fontes et al. [1991] applied a non-steady transport model to laboratory

column results; but these data were too coarse to interpret rate coefficients using filtration
!

theory. Bales et al. [1991] illustrated use of filtration theory to interpret virus transport

and retardation under kinetically limited, non-steady conditions. They found similar

results in steady-state experiments [Bales et al., 1992]. McCaulou et al. [1993] used a

non-steady transport model to estimate bacteria retardation under kinetically-limited

conditions, time scales for attachment and detachment and used filtration theory to

estimate removal rates of bacteria in column experiments.
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1.1 Bacteria Attachment and Detachment in Porous Media

Theories that describe initial attachment of bacteria to solid surfaces are based on

either surface free energy calculations or colloid stability. The Derjaguin, Landau,
Verwey, and Overbeek (DLVO) theory combines the van der Waals forces (attractive)

i with electrostatic double-layer forces (repulsive) to explain the stability of colloids. The
net colloid stability is a sum of the two forces. Attractive forces are independent of

temperature, but calculations of repulsive force interactions depend on temperature and

should be greater at higher temperature [Stumm and Morgan, 1981]. Therefore, colloid

I stability theory predicts that higher temperatures favors less attachment.

I The surface free energy approach assumes that a bacterium is in direct contact with
the solid surface and is under the control of short-range interactions (i.e,, steric effects,

hydrogen bontling)'[Harvey, 1991]. net energy of attachment a
The free is balance of"

bacteria-liquid, bacteria-solid, and liquid-solid surface tensions when the bacteria-solid

I phase boundary is created [Absolom et al., 1983]. Surface tensions decrease at higher

temperatures [Stumm and Morgan, 1981] and should favor greater attachment at higher
temperatures. Once attached, higher temperatures may allow a bacterium to overcome the

weakened short-attractive forces under its own motility. The two theories of colloid

sorption are fundamentally different and do not yield a unified prediction of the effects of

temperature.

Investigations of chemical factors controlling bacterial transport through porous

media have identified ionic strength, pH, and organic carbon content as master variables.

Van Loosdretch et al. [1989] found that changes in the attachment of tbur different

bacteria strains to polystyrene due to higher ionic strength of a solvent could be

quantitatively predicted by DLVO theory. At a higher ionic strength, the thickness of the

repulsive double layer was smaller, allowing a negatively charged colloid to move closer
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to a negatively charged solid surface. When the thickness of the double layer was reduced

to a distance at which the short-attractive van der Waals forces dominate, greater adhesion

of the colloid to the surface was observed. A critical electrolyte concentration of 10.2

molar was found to shrink the double layer to ~4 nm and saturate polystyrene with bound

bacteria [van Loosdretch et al., 1989]. Laboratory column studies of bacterial transport

through soils found that high ionic strength solvents increased the amount of attached

bacteria due to less electrostatic repulsion [Sharma et al., 1983; Fontes et aL, 1991].

The control ofbiocolloid transport in laboratory soil columns by pH is well

documented. Bacteria typically have a net negatively charged surface at pH's found in

nature and become less negative as pH is reduced [Richmond attd bTsher, 1973; Gerritsen

and Bradley, 1987; Bayer and Sloyer, 1990]. Ionizable functional groups on the surface

of a bacteria (i.e., carboxyl, hydroxyl, amino) and oxides in porous media can affect the

net surface charge when protonated at lower pH [Scholl and Harvey, 1992], It is

reasonable to assume that the magnitude of electrostatic repulsion between a negatively

charged bacterium and a negatively charged solid surface is smaller at a lower pH. Scholl

et al. [1990] found that greater attachment of bacteria occurred in support of the concept

I that oxide surfaces become protonated as pH decreased, which led to a number ofgreater

positively charged surface sites, They concluded that bacteria were likely to encounter

more favorable attachment sites on quartz at lower pH. McEldowney and Fletcher [1988]

also observed greater attachment of bacteria at lower pH. Bales et al [1992] showed that
transport of bacteriophage through silica porous media was greater at pH 7.0 than 5,5.

Hydrophobic interactions between biocolloids and organic carbon in porous media

have been shown to enhance attachment ofbiocolloids to solids, Bales et al. [1992]

showed that small amounts of organic carbon immobilized on the surface of silica

collectors resulted in greater retention and less transport of bacteriophage in column
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I
experiments. Laboratoryexperimentshave shown that electrostatic and hydrophobic

interactions affect transport of both hydrophobicand hydrophilicbacteria, The

hydrophobicbacteria had a greateraffinityfor hydrophobicpolymer-coatedquartz

i surfaces than didhydrophilicbacteria [McCaulou et al., 1993]. Van Loosdretch et al.

[1987a] showed that hydrophobicbacteria adhere in larger numbers to sulfated
polystyrene than do hydrophilicbacteria, Hydrophobic interactions are often difficult to

separate from electrostatic interactions at typical ionic strengths of groundwater. It is

reasonable to predict that attachment due to hydrophobic interactions is more prominent

I in low ionic strength solutions where the distance of electrostatic repulsive forces is

I maximized. Attachment in high ionic strength solutions is dominated by the fact that the
distance of electrostaticrepulsiveforces is minimized.

I The effects of temperature and motilityon of biocolloids have not beentransport

quantitatively investigated. Bales et aL [1991], using batch adsorption experiments found

I that bacteriophage attached in larger numbersto silica beads at 24°C versus 4°C.

i Hendricks et al. [1979] showed that bacteria adsorption on soils in batch experiments
could be modeled using Langmuir isotherms and that changes in temperature fbllowed the

i van't Hoff equation. Their results suggest that adsorption of bacteria was greater at higher
temperatures. There was no investigationof bacteria motility in the Hendricks et al.

study. Studies with a tnarinepseudomot!ad in batch cultures showed that adhesion to

polystyrene was enhanced by higher temperatures [Fletcher, 1977]. The marine

psychrophilicpseudomonad was randomlymotile at 3°C and 20"C. In a slow sand

filtration study, removal of bacteria was 100 times greater at 17°Cversus 2°C [BeUamy et
aL, 1988]. In pilot-scale wastewater treatment study of slow sand filtration, removal of L

and coliform bacteria was 99% during the summer; removal was reduced to 41% and

88% in the winter, respectively[Burman, 1962].
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I
Model predictions of the effects of temperatureon filtration indicate'that removal

rate of colloids should be higherat higher temperaturesdue to an increased collision

efficiency [Yao et al., 1971]. To myknowledge, there are no publishedexperimental tests
of temperature or bacteria motilityeffects, quantifiedby the filtration model.

Attachment-detachment processes that control advective transport are not known in
sufficient detail to develop a predictive transport model. Therefore, in this study

i attachment-detachment is discussed as a pseudo-first-order kineticprocess that controls

retardation and transport of colloids. Processes affectingattachmentand detachmentwillbe discussedto assist interpretationof the observed phenomena.

I
1.2 Bacteria in Deep Subsurface Environments

Microbiology of deep subsurt_.cesedimentshas recently become the subject of great

interest because deep aquifersare a major source of freshwater and are at risk from

contamination with toxic compounds from humanactivities [Craun, 1984: Ke,swick,

r 1984]. Large diverse populationsof microorganismsfbund in deep subsurthce sediments

[BalkwJllctal., 1989; Broclonan¢t al., 1992] may play an important role in the

degradation of toxic ground-water compounds by nutrient stimulation[Hazen, 1989].

In 1986the Department of Energy's (DOE) Deep Subsurface Microbiology Program

began its investigation of deep aquifer environments at the SavannahRiver Site.

Hundreds of bacteria were isolated and extensivelycataloged [Ballovill, 1989; Sargent

and Fliermans, 1989; Sinclair and GhJorse;FredrJcksonet al., 1989], Summaryof initial

findings suggest that; chemoheterotrophic communitiesfound in saturated sediments are

capable of degrading a variety oforganic compounds [Hazen, 1989]', population densities

are positively correlated with porosity [Balkwill et al., 1989]; the presence of iron and

sulfate-reducing bacteria indicatethe presence of anaerobic respiration within microsites in
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I
an aerobic aquifer [Jones et al., 1989]; and that the highest microbial diversity and m situ

respiration rates were associated with relatively young groundwater [Lovley and Chapelle,

1989 ].One of the present objectives of DOE's Deep Subsurface Microbiology Program is

to develop a conceptual and mechanistic understanding of microbial transport. Improved
understanding of transport mechanisms will permit testing the hypothesis that subsurface

bacteria have moved into sediments from Thisrecently deep recharge waters. study

addresses the stated objective by identifying random bacterial motility as a process that

enhances advective transport.

1.3 Transport and Filtration Models

Advective transport parameters for bacteria and polystyrene microspneres through

porous media can be estimated by fitting transport equations to observed breakthrough

data. An equilibrium one-dimensional, advection-dispersion model can be used to

estimate hydrodynamic dispersion of a salt tracer. Two different one-dimensional, non-
steady, advection-dispersion models (first-order kinetic, and two-site kinetic) have been

used to estimate the time scales of attachment and detachment of colloids [Bales et al.,

1991]. In the two-site model one assumes that there are two types of adsorption sites;

adsorption on type 1 sites is assumed to be fast relative to flow, while adsorption to type 2

sites is kinetically limited [van Genuchten, 1981]. In the first-order model one assumes

that only type-2 sites are present and that sorption can be described by first-order kinetics.

Governing equations for one-dimensional colliod transport in a porous media with

two types of sites for colliod attachment to and detachment from surfaces, one of which is

kinetically limited, have been given by various investigators [Cameron and Klute, 1977;

Rao et al., 1979].
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OSI OS_ = OD O- C . u O OCo OC + On +oh (1)
I a-7 at ax2 ax

S_ = Kpt C (2)

OS_
Pb _Ot = Ok_ C - on k,. S= (3)

I
where C is the concentration of bacteria or microspheres in the aqueous phase; S_ and S_

are the concentrations bound to the surface, for fast and kinetically limited sites,

respectively; 0 is porosity; Obis the dry bulk density of the solid material; D is the

longitudinal dispersion coefficient; u js the average interstitial velocity; k t is the pseudo-

first-order rate coefficient (s-l) for attachment, which depends on the colloid's molecular

diffusion coefficient and the sticking efficiency ( i.e,, net energy of interaction between

colloid and porous media); and ks is a pseudo-first-order detachment rate coeNcient,

which also depends on the energy of colloid-surface interactio.n. These rate coefficients

do not depend on the surface site concentration, as only a very small fraction of the

surface was covered by attached colloids in our experiments.

Equation (1) expresses the total change in concentration with time due to

advection, dispersion, attachment, and detachment. This equation assumes that flow

through a saturated, homogeneous porous media is at steady state and that immobile flow

regions do not exist. Equation (2) expresses the linear attachment-detachment equilibrium

for the fast (type 1, equilibrium) sites. Type 1 sites could correspond to colloids held near

the surface in a secondary minimum of the potential energy of interaction, with little or no

energy barrier for detachment. In equation (3), the change in colloid concentration bound

to type 2 sites with time is the difference between the attachment and detachment rates.
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Total attachment, S, at equilibrium is expressed as;

S = S_ +S: = fgp_ C + (1 .f)_O k I C = go C (4)
Ob k2

wherefis the fraction of type 1 sites; and Kp! and 0 k!/Ob k2 are the equilibrium partition
coefficients for the type 1 and type 2 sites, respectively. Letting Kp2 = 0 k_/Po k:, the

Overall, total equilibrium partition coefficient for t --, o, is Kp= Kp! + Kp2,

It is often useful to express the model parameters in dimensionless terms in order

to make comparisons between different systems. Van Genuchten [1981] has written

computer programs that solve dimensionless forms of equations (1), (2), and (3). A non-
linear-least-squares curve-fitting algorithm, CFITIM, finds the best fit solution to reported

I data and an _tnalytical solution to the dimensionless equations provides visual curve fits

from estimated model parameters. In order to transform equations (1), (2) and (3) into

dimensionless equations the following variables are substituted:
vt

T = -- (5)

x
Z = -- (6)L

C
C, = _ (7)

co

(1 -/) K, Co (8)

The substitution results in the following dimensionless equations and model parameters:
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B R oCi c9C: i c92C1 c9CI+ (1-/3)R = - _ (9)
OT aT P OZ_ cgZ

(1 = (lO)

The total partition coefficient, Kp = Kpi + Kp2is related to the retardation factor:

Pb (Kpl +Kp:) Ob KoI k I
R = 1+ = 1 + + _ (11)

0 0 k:

I The Peclet number is P: p = L t__j.t= Time scale for dispersion (12)
D Residence time

The dimensionless mass-transfer coefficient is a Damkohler number [Valocchi, 1985; Bahr

and Rubin, 1987]:

L / u k I L Residence time
oJ = -- = (13)

1 / k_ u Chemical time scale

where L is the length of the column. When o_>100, local equilibrium applies, and as o_

drops below about O.1-0.5, adsorption is too slow to observe and the solute appears to be

conservative. A fourth parameter, 3, related to the ratio of equilibrium to total

adsorption, can be defined by

0 + Pb Kp: " k I tort
t3 = = 1 = 1- (14)

0 + Ob Kp: + Ok1 /k: k:R k_LR

For no type 1 sites, a three-parameter (Kp: = O; /3 = I/R and R = 1+ (k i / ks) ) first-

order model can be used. For no type 2 sites ( fl = 1/R and oj >100; R = 1+ (at, Kp/O)), a

two-parameter equilibrium model can be used.
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The van Genuchten [1981] computerprograms were used to fit observed

breakthrough data. The reported model solutions used the following initial conditions;

c, (z,o) = c_ (z,o) - o

sl(z,o) = s2(z,o) - o

and boundary conditions for a step injection:

I_ az (o,r>= O, t>t,

ac__.L = o
az (_o.r>

Physicalandchemicalfactorsinfluencingthemagnitudeof kI canbedescribed

t separately followingthe single-collectormodel used to describe panicle removal in water
filtration [O'Melia, 1980]. The single-collectorremoval efficiency,r/, is defined as

rate at whichparticles strike a collector
,_ = (15)

rate at whichparticles approach collector

and the sticking efficiency,a, is definedas

t rate at whichparticles stick to a collectora = (16)
rate at whichparticles strike a collector

Particles are removed from a unit volumeof fluidat the rate klC and thus are
removed by (stick to) a singlecollector at the rate k_C (r 0 d 3 / 6 (1.0)), where the

parentheses associated with a single, spherical collectorquantity in is the volume of fluid

of diameter d. The rate at which particlesapproachthis volume is 0 u C (_"d z/4), giving

2 kid 1
_/a - (17)

3 u (l-O)

If close-approach effects are neglected, removal efficiencycan be estimated by the

following [O'Melia, 1985]:
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(18)

[= O' 9 `4sI/3 + As +

where _Dis for collection by Brownian diff-usion,_t collection by interception, r/o

collection by settling,,4, is a parameterthat accountsfor the effects of adjacentmedia

grainson the flow about a collector, k the Boltzman constant,T the solute temperature, #

I the water viscosity, dp the colloid diameter, p the water density, the colloid density, andPp

g the gravitational constant. Equivalent expressions derived for non-spherical particles

differ only slightly [Bales, 1984]. For a spherical collector, A, has been given as:

I 'A, = 1 " _ 5 6 (19)
1 - 1.58 + 1,5e - 8

I where e = ( 1 - 0 )1/3 [O'Mefia, 1985].

For bacteria and microsphere colloids, Brownian diffusion is the primary mechanism

for panicle transport to a collector. In the steady-state case, neglecting dispersion,

detachment, and weak (equilibrium) binding sites, equations (1), (3) and (17) become:

c9C _ k I C 3 1 - 0
az u 2 d rt a C (20)

Integrating equation (20), given C is the colloid concentration in the influent (Co) at z = 0,

and C is the colloid concentration at the column outlet (z = L), yields:

2 In (C/Co)d
c_ = - - (21)

3 (I-O)_L

Using equation (18) to estimate collision efficiency, rt is substituted into equation (21 )

with observed effluent colloid concentration at steady state (C"s/Co) data to estimate the
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I
sticking efficiency,c_. Sticking efficiencyand rl are substituted into equation (17) to solve_

for kI . Equation (13) uses k I to calculate cofor use in both the non-steady transport

models. Using the steady-state model to estimate the attachment rate consta:at(k_) and _0

t for the non-steady models, eliminatesone of the fitting parameters.

1.4 Research Objectives

Previous laboratoryinvestigationsof bacteria transporthave used strict experimental

controls in order to quantifytransport parameters. Many investigators sterilized porous

media or used geneticallyaltered bacteria to remove indigenous microorganisms from

assay counts, and most investigators controlled growth during transport experiments by

cooling to --4°C. The first objectiveof this study was to investigate the effects of bacterial
m,

motility on advective transport through natural aquifer sediments at typical groundwater

temperatures without altering the sediment or bacteria surface chemistry. The motile

A0500 bacteria was selected from the Deep Subsurface SavannahRiver Collection

because it displayed excellent transport characteristics in screeningexperiments [Gross et
al., in preparation]. Microsphere transport experimentswere used to quantify

temperature effects on advective transport of non-motilecolloids. As a secondary

objective, data were used to test the validityof existing mathematical models for bacteria

and colloid transport.
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2.0 MATERIALS AND METHODS

Replicatesedimentcolumnexperimentswererun to estimate the effects of bacterial

motility and temperatureon colloid transport;three experimentswith A0500 bacteriaat

4°C, two with A0500 at 18°C,two with microspheresat 4°C, and two with microspheres

at !8°C. A sodiumchloridebreakthroughexperiment was run aftereight of the nine

colloid transport experiments. Five bacteriasurvivalexperimentswererun at the same

time as the bacteria transport experiments. In addition, two A0500 transport experiments

wexe run through sedimentacquiredfromGeorgetown, South Carolina(Appendix D).

2.1 Porous Media and Groundwater

2.1.1 Ringold Sediment

Porous media used were obtainedfromthe PacificNorthwest Laboratories at

I Hanford, Washington, Samples were collectedfromnear-surfacesedimentsof the

PdngoldFormation (BB=91-1). The age of these sedimentsis greater than 4 millionyears
[Brockman et al., 1992], Sieve analysisof the gingold sediment indicates it was a

mediumsand with a weighted averagegraindiameterof 224 _m, 1%silt and clay, and hadJ
a dry bulkdensity (Pb)of_.37 gcm "3. Moisturecontent was 1.5%on a dry weight basis.

i Desert Analytics determinedthe fractionorganic carbonto be 0.011 on a dry weight basis

using the elemental pyrolysismethod.BET surfacearea was estimatedat 0.83 m2g'_ using

mono.layer coverageof N2gas. This materialwas selected for transport experiments

because it was readilyavailableat the surface and representativeof the type of aquifer

material at depth. The sedimentwas washedwith 0.1%sodium pyrophosphate and the

liquidwas platedon peptone, tryptone, yeast extract,and glucose (PTYG) agarto

enumerate indigenousmicroorganisms(1.5 x 104cells g'_dry sediment), Approximately
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48 hours were required for indigenous microorganismsto grow on PTYG agar at room

temperature. There was no visiblegrowth of indigenous organisms after 24 hours of

incubation. A0500 colonies were counted within 24 hours after plating. The Ringold

* o ) nsediment was used in its naturalcondition, without stenlnzatlo, for all experiments.

2.1.2 Artificial Groundwater

Artificialgroundwater was used in all experiments. Water chemistry analyses t¥om

three wells (699.43.88, 699-50.85, 699.53.103) in an unconflncd _quifer near the Yakima

Barricade, Hanford Site, Washington, were used as the basis for the groundwater recipe

(1 L deionized water, 69 mg MgSO4-7H_O,50 mg NaHCO3, 14.5 mg CaCI:-2H_O, 64
mg CaNO3-4H20, 2 mg KF, and --700 tzL0.01 N HCI for pH = 8.0 adjustment). The

artificialgroundwater had the same ionic composition and ionic strength (I- 2.8 x 10"_M)

as the average well water. Water from these wells had a pH range of 7.8 - 8,0 and an

I average telnperature of 21°C. Usinga water similarto that found in the Ringold

Formation minimizedsurfacechemistry changes on the sediment when it was saturated,

Artificialgroundwater was sterilizedby autoclavingfor > 40 minutes at 121°Cand 15 psi,

then adjusted to pH = 8,0.
)

2.2 Bacteria and Microspheres

2.2.1 A0500 Bacteria

Twelve strainsof bacteria were acquired from the Savannah River Deep Subsurface

Collection (David L. Balkwill,Florida State University)and screened for transport

experiments. A single strain,A0500, was used for sediment column transport

experiments because its sticking coefficient,or,was very small (0,007) in short-column

glass bead experiments [Gross et ai., 01preparation]. A0500 is a flagellated spore-
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forming rod, isolated .fromwell P28 at the Savannah River Site in June-July1986 at a

depth of 180 m, which was in the Middendorfgeologic formation. A0500 originally

isolated on PTYG at 23°C,formedcharacteristiccolonies (flat, lobate, creamy colored
with transparentedges) when incubated 18to 24 hoursat room temperature. The A0500

colonies received were immediatelygrown in PTYG broth and frozenin a mixture of
50%glycerol. Bacteria used in all experimentswere firstisolated on PTYG plates from

frozen stock cultures. The size of the average bacteriumat stationary phase was 1.7 x O,8

_m. A0500 did not form aggregatesduringlog or stationary phases and had a 1.2 hour

doubling time (Fig. 1). Motilitywas determined bydilutingstationaryphase bacteriawith

artificialgroundwater to a concentrationof--106 cells mL"1and observing movement

undera lightmicroscope(1000X). /10,500swam smoothlyin random directions,as

opposed to tumbling, at 18°C. Therewas no movementof/10500 at 4°C.

2.2.2Microspheres

Pol!'st#,"_e,carboxylated,yellow-greenmicrospheres(Polysciences,Inc.,

Warrington,PA)withadiameterof1.54_m weredilutedintoartificialgroundwaterto

formastocksolutionof1.85x 10sspheresmL"I.Densityofthemicrosphereswas

reportedas1.055gcm"_.

2.2.3 A0500 Density Measurements

Density of'the ,40SO0bacteria at stationaryphasewas determined by the Percoll

method [Pertoft, 1980]. Standardizeddensitymarkerbeads were suspended and

centrifuged (30,000 × g) for 15 minutes in Percoll=NaClsolution. /10500 cells were

harvested at stationary phase and stained with acridineorange, suspended in the Percoll-

NaCIsolution and centrifuged(400 x g) for 20 minutes The density of A0500 was
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Figure 1. Growth curveof A0500 in PTYG broth at room temperature.
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determined to be 1.082g cm-3 by comparingthe resting level of A0500 cells in the

centrifugetube to the resting level of various densitymarker beads.

2.2.4 Microelectrophoresis

Net surfacechargeof AO._O0and microspheres ingroundwater were estimatedby
electrophoretic-mobility.Rank BrothersMark II particle-electrophoresisapparatus (Rank

Brothers, Ltd.. used to determine A cellCambridge, England) was mobility. cylindrical

was used with a He.At laser(Scientiflca-Cook, Ltd, London, England) for both

microspheres andA0500 bacteria.
i

For each value, 20 panicles were timed for eachpolarity under constant voltage.
Mean mobility(u,,) was calculated by (panicle velocity)/(gradientof potential) using the

averagetraveltimeof particles:
X/t

i u. = V :/ (22)
whereXis the traveldistance(,am),t is the traveltime (see), I is the cell length(cm), and

V is the appliedvoltage (v), Electrophoreticmobilityof'the microspheresingroundwater

(pH =7.7) was measuredat -1,35 #m cm s"lv"i. Electrophoreticmobilityof A0500 in

groundwater(pH=7.8) was measuredat ,O73 #m cm s"lv"_

2.2.5 AOJO0Preparation

Bacteria were cultured in the same mannerfor each experiment(Fig. 2). Single

colonies were taken fromPTYG plates to inoculate6 mL PTYG broth in culture tubes.

Test tube cultures woregrown overnightfor 15 hours at roomtemperature on a culture

tube rotator. Two, I-L Erlenmeyerflaskswith 500 mL PTYG broth and cotton stoppers

were inoculated with 5 mL of the overnightculture. Cultureswere grown to stationary
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Single Colonies 5 mL PTYG, 23°C, 500 mL PTYG, 23°C,

15 hrs., on rotator 22-24 hrs., on shakertable

gesuspended A0500 and ground Cultures were centrifuged forwater at 4°or 18°C. Harvesting, 15 min. at 2830g, then washed
starts survivalexperiments, with groundwater. The process

[ _ was repeated.

I

Survival experiment Transportexperimentreservoir,

I initialconcentration(Co)was sampled
reservoir

at the time of column injection.

L

Figure 2. Schematicof,,10500preparationprocedures.
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phase(22-24hours)onashakertableatroomtemperature.Thecorrespondingoptical

density (Shimadzu UV. 160Aspectrophotometer,g =600 nm) was 2.2, Cultures were

centrifugedthree times(15 min.at 2830 g) and washed with groundwaterat either40or

18°Cbetween centriftLgecycles. In the finalstep bacteriawere resuspendedin

groundwater. The timeat which cultures were resuspended in groundwater (harvested)
markedthe beginning of each survivalexperiment (t = 0), The concentration of viable

J A0500 cells in the groundwater resuspensionwas 1.1 - 3,0 CFU mL"1,at pH of 7.8xl0 9

to 79,

2.2.6 Microsphere Preparation

Prior to each microspheretransport experiment,aliquots of stock solution were

diluted with groundw.ter to approximately5 x 10Tspheres mL"l The stock microsphere

solution and the input reservoir of microspheres were sonicated for 10 minutes to assure a

homogeneous, mono-paniculate size distribution. The finalpH of the mixture was 7 7 to

7.9,

2.3 Assay Procedures

Bacteria were enumerated by counting colonies grown on PTYG agar, The

spread-plate method was adapted fromthat outlined in StandardMethods for the

Examinationof Waterand Wastewater[American Public Health Associalion, 1992].

2.3.1 Media

Liquid growth media(PTYG) consisted of 5 g peptone, 5 g tryptone, 10g glucose,

10 g yeast extract,0.6 g MgSO4-7H20, 0.07 g CaCla-2HzOdissolved in 1000 mL

deionized water and autoclaved at 121°C,15 psi for 30 minutes, ForPTYG agar plates,
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15 g Bacto-agar (Difco Laboratories,Detroit, MI) was addedto liquid PTYG prior to

autoclaving.

2.3.2 Bacteria Enumeration

Bacteria countswere donebyserialdilutionwith sterile4°C, 0.001 M NaCIand

spread-platingon PTYG agar. Aasumingthat a singlebacteriumgrows into a single

colony on a agar plate, bacterial counts werereportedas colony formingunits (CFU).

Afterharvesting, two independentsamplesof resuspendedbacteria in groundwater (Co)

were diluted separately,and three of the dilution tubes wereplated in triplicate.

Therefore,each Coreportedwas an averageof 6 to 18 individualplate counts with a

standard deviation of 30%. Co samplescontained approximately109CFU mL"l, The

errorassociafed with measuring 1-mLsamples transferredsequentiallyto each dilution

tube was included in the 30% standarddeviation. Each reportedbacterialcount for the

survival experiments was an averageof 3 to 9 plate counts. The transport experiment data

points represented an average of 1to 3 plate counts.

2.3.3 Microsphere Enumeration
Microspheres were counted via epifluorescentmicroscopy. Columneffluent

samples were filtered through 0.2/zm black filters (Poretics, polycarbonate membrane)

and mounted on microscope slides for viewing with immersion oil. Between 20 and 200

microspheres were counted on a field or grid. Twenty fieldsor grids were counted for

each sample slide, reporting the average. The concentration of microspheres (Co)in the

input reservoir was sampledtwice, filteredon two filters and counted. Replicate counts

had a standard deviation of 6%. A minimumof 106microspheres per filter were necessary

to get reproducible counts. Early in the breakthrough experiments, several millilitersof
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effluent were filteredto reach the 106minimum. Therefore, the rising limbof the

microsphere breakthrough experimentsdid not have as manydata points as the bacteria

experiments, lVlicrosphereconcentrations in 1-mLeffluent sampleswere sufficient for

counting after 0.7 pore volumes of injectate.

2.4 Survival Experiment Procedures

Samples were periodicallytaken fromthe I/2-L stock ,40500 groundwater

suspension to determine the concentration of viable cells over time. For each colunm

experiment, a survivalexperiment was run in parallelat the same temperature. Samples

from the survival reservoir were handledsimilarlyto the column effluent samples. All

bacteria samples were diluted in sterile 4°C, 0.001 M NaCI water and 50 _L were plated

within one hour. Initialexperiments, not reported, showed the time between taking a

sample and plating was critical to getting reproduciblenumbers. Plating both survivaland

column experiment samples withinone hour yielded reproducible colony counts. The

column experiment injection pulse started approximately one hour after harvesting (t = 1)
and ended no later than 5 hours after harvesting(t = 5). Survival experiment reservoirs

were sampled for more than 9 hours.

2.5 Column Experiment Procedures

2.5.1 Apparatus .

The column-experimentapparatusis illustratedin Fig. 3, The entireapparatuswas

enclosed in a constant-temperaturerefrigerator box (Fisher ScientificCo.), For the

experiments at 18°C,a constant-temperature water bath (Haake GH-4962) was used for

the influentreservoirs and all tubing, fittings and the column were insulated. Colloid

solutions and sterile groundwater were sent to the column through independent channels
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Fraction Collector Column = 30 cm long x 2.5 cm dia.
e = 0.4 , Pore Vol = 59 mL

I ter

i Bacteria

Figure 3. Sediment column experiment apparatus,
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of a peristalticpump (Masterflexmodel 7523-01). Siliconetubing (Mastefflex, #16, 3.1

mm I.D.) was used to supply groundwaterand colloidsolutions to the column. The inlet

to the column and the outlet to the fractioncollectorwere plumbedwith silicone tubing

( 1/16" I.D.) to reduce the volumebetweenthe column and collector. Porous Teflonflits

(20/_m) wereused in the bacterialexperimentcolumns to disperse the inlet solutions

across the 5.0 em2cross-sectionalarea. Therewas no measurableremovalof bacteriaby

the Teflonflits. The microsphereexperimentcolumnswere constructed with 500-/_mflits

because some of the microsphereswereremoved on the 20,/_mfrits. The fraction

collector(Isco, Inc., modelFoxy-2000, Lincoln,NE) was covered throughout the

experimentsto reduce the possibilityof contaminatingcollectiontubes by airborne

microorganisms. A PTYG agar plate was opened in the refrigeratorfor the duration of

each experiment to assure that circulatingairwould not contaminate collection tubes. No

colonies grew on the refrigeratorPTYG platewithin the 24 hour-incubation period of

I A0500. Prior to packingeach column, the tubing, fittings and glass column were sterilized

with 5%NaCIO and rinsed with sterile groundwater, gingold sediment was dry-packed

into 30 x 2.5 cm glass chromatography columns (Kontes, Inc.) by the tap and fill method

of Snyder and Kirkland [1979], Approximately3-ml fractions were collected in sterile

tubes.

2.5.2 Elution ExperimentProcedure

Effluent sampleswere collected from two columns immediatelyafter saturation

and wereplated on PTYG plates to estimatethe numberof mobileindigenous

microorganisms. Incubation of indigenousmicroorganismsat room temperature took

approximately48 hours. A0500 colonies could be counted without having to sterilize the

sediment because A0500 coloniesgrew in less than 24 hours. Effluent samples were
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analyzedfororganicmatter using a UV-spectrophotometer(BeckmanDU-40, h = 254

nm). No measurableorganic matter was rinsed out of the column after passing one pore

volume of sterilegroundwater throughthe column..

2.5.3 Transport ExperimentProcedure
Standardized time, or pore volume(PV), was used for the breakthrough curves.

volume was calculated in termsof residence time of water in the column. The PVat
Pore

a time t is',

PV t t
? L/u

I
t where i"is the hydraulic residencetime,L is the column length, and u is the interstitial

velocity. This leads to

t t tQ Volumeof water thatpassed through a column
I PV ..... L : u L I_,,40 Volumeof pore - space in a column

Q/AO

) where Q is the volumetric flow rate,A is the cross-sectional area of the column and 0 is

porosity. Hence, "one porevolume" means the time it takes the averagewater molecule

to r'avel the length of the column or the time it takes to replacethe water in the column.

The pore volume of a columnwas determinedby differenceof saturated and unsaturated

column weight (-59 mL).

The columnswere flooded fromthe bottom to minimizeairentrapment. Ten pore

volumes of sterile groundwaterwerepumped throughthe column at 0.5 mL min-1 to

thoroughly saturate the sand. Thisprocedureassuredthat indigenous bacteria removed

from the gingold sediment duringthe transport experiment were below the detection limit

of the spread plate method, Immediatelyprior to the beginningof a transport experiment
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the groundwater flow rate was.increasedto the experimentalsetting of"1.0 mL min"_ for

one pore volume,

A pump rate of approximately1.0 mLmin"_was maintainedfor groundwater and

I bacteria/microspheresolutions. Theactualflow ratewas determinedby measuring

t effluent volume, byweight, periodicallythroughoutthe experiments. The measuredflow
ratesof all experimentswerebetween 1.09and 1.00mL min"=. The beginningof each

transport experimentwas establishedby the start of'the bacteria/microsphereinjection

pulse,

Samplecollection tubeswere removedfromthe fractioncollector and samples were

plated within one hour of elution.

2.5.4 Conservative Tracer Experiment Procedure-

Sodium chloride tracer experiments,which consisted of measuring the time for a

l chloride solution to pass through the column at a known flow rate, were run on each

column, except column 3. Salt tracer experimentswere run after the bacteria/microsphere

transport experiment to estimate the pore volume and hydrodynamic dispersion in the

packed column. Salt solution (0.1 M NaCI) was injectedat 1.0 mL min-_ for

approximately two pore volumes and conductivitymeasurements were taken every three

seconds using a Wescan model 213a conductivity detector (Wescan Instruments Inc.,

Santa Clara, CA) with a flow-through cell. Time and conductivity data were collected

with an automatic data logger (CampbellScientific,Inc,, Logan, UT, model CRI0).

Desorption curves could not be accurately measured because pulses of low ionic strength

water after the salt tracer caused significantmobilizationof sediment particles. Dispersion

was calculated from conservative-tracer breakthrough curves by fitting equilibrium model

parametersusing a non-linear.least-squares algorithm [van Genuchten, 1981].
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3. RESULTS

3.1 Elutlon Experlments

Fig. 4 shows the resultsof flushingtwo separateRingoid sedimentcolumns with

sterilegroundwater. Thepore velocityof the flushingwaterwas similarto that inthe

transportexperiments,9,0x I0"_cm s"t.Ofthe 1,4x 104microorganismsg'ldrysediment

or approximately3.3 x 106 microorganismspercolumn,fewerthan6 x 103could be

mobilizedbyflushingthe columnunderexperimentalconditions. The majorityof

indigenousmicroorganismsthatweremobilizedmovedout of the columnwiththe first

pore volumeof effluent. Therefore,all newlypackedcolumnswere flushedfor more than

I0porevolumesprior"tointroductionofA0500bacteriaormicrospheres,

3.2 Survival Experiments

ThreeA0500, 4°C survivalexperimentswere run in parallel with the AOSO0,4"C

transport experiments(Fig. 5). Death or decayof viableAO..¢O0bacteriaduring the
transport experimentswas not significant. Therefore,it is reasonable to assume that the

influent concentration of viablebacteria into the Ringold sediment columns was constant.
To determinethe maximumtime the constant concentrationassumption was valid, one

survivalexperimentat 4°C was allowed to run for 5 days (Fig. 5b). Thirty-sixhours after

harvestingwas the maximumtime A0500, at concentrations of--.l0 9 cells mL", could be

maintained at 4°C beforemeasurabledeath or decay of viable cells occurred.

Survivalexperimentsat 18°Cwere runat the same time as the A0500, 18°Ccolumn

experiments(Fig. 6). Resultswere morevariablethan the 4°C survivalexperiments. One
r
i of the survival cultures experiencedgrowth aftersix hours followed by death at nine to ten

hours. The concentrationof viableA0500 cells in the survivalflask was constant during
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t 120

I Figure4. Resultsof flushingRingoidsedimentcolumnswithsterilegroundwaterMostof'
, theviablebacteriawereeluted,fromcolumns! (o) and2 (e), inthefirstporevolumeof'
, flushingwater. Assayswere madeby directlyplating leO#.Lof effluent.
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thetimeinwhich.40300waspumpedintothesedimentcolumnsTherefore,it was

assumedthattheconcentrationof influentbacteria the constant.during injectionpulsewas

Becausethegrowthmeasuredinonesurvivalflaskwasnotreproducible,a mathematical

i termto accountforgrowthinthetransportmodelwasnotneeded,

3.3 Breakthrough Experiments

Conditionsof'each columnexperimentare listed in Table I, Data collected in each

transportexperimentarelistedinAppendixA.

i Thebreakthroughcurvesof theNaCItracer,bacteria,microspheres,andthebestfit

i model solutionsare shown in Fig.7 through11, The detectionlimitsfor the NaCI tracer
andbacteriawere approximatelylog C/Coof.4 and -8, respectively, The vertical dashed

i

linerepresentsthe time(pore volumes)of the constantinjectionpulseof bacteriaore

microspheres(Co), Each data point(CCo) is an averageof i to 3 plate counts for the

I bacteriaand20 gridcounts for themicrospheres,normalizedby the constant injection

concentration. Theerrorbarsshow the standarddeviation of the averagedsamples tbra

given data point. The model fit line representsthe visualbest fit of the first-orderkinetic

transportmodel.

AO,SO0bacteria'transportexperimentsthrough gingold sedimentat 4')C were

replicatedin columns 1,2, and 3. The breakthroughcurvesshow a slow rise to a steady-

state C,C'ovalue at about 2 to 2,5 porevolumes. The averagesteady-stateC el',,value tbr

the threeexperimentswas 0,28 with a standarddeviation of 21%, between experiments.

Approximatelyone porevolume after the injectionpulse was replacedwith bacteria-free

groundwater,the descendinglimbof the breakthroughcurve reacheda constant ¢'"('' O

between 10.3and 10"=.Replicatemeasurementsof any single etfluent concentration

samplewere within75%of the average.
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Table i. Conditions of column experiments and filtration model results,

Mean

L tj u tulle C,/Co

(cm) O (mln.) (em/s) Co (PV) +_Std.Dev _ a

Bacteria_...........-_ .............................' '..............- ........._-__-_....... .......

Exp 1-4 ° 30 0.390 53,7 9.28 X i0 .3 3.0 x 109 3,4 0,217 0.0136 0.093
+ 0,060

r -
Exp 2- 4° 30 0,381 56,2 8.89 X 10.3 2.5 X 109 4,2 0.291 0.0144 0,070

+o,o87
Exp3-4 o 30 0,390 56.7 8.55x 10.3 3,4x l09 3,9 0.334 0.0141 0,065

± 0,086
E×p4-18 ° 29,8 0.385 54,6 9,13 x 10"'_ 2.0x 10_ 4,0 0.593 0,0177 0,029

I +0.275
Exp5-18 ° 29,9 0,397 57,7 8.63 x l0 "a l,I x l09 3,9 0.580 0.0173 0028

+0.138

Spheres

Exp6-4 ° 30,4 0,385 58.4 8.70x10 "3 5,4xl07 3,9 0,046 00144 0,168
+ 0,004

Exp7-4 ° 30,5 0,387 58,7 8,65 x 10.3 5,4x 107 3,9 0,093 0,0143 0,130
+0,011

Exp8-18 ° 30,2 0,380 54,5 9,23 x 10.3 4,5 x 107 3,9 0,0113 0,0i83 0,192
+ 0,0007

L -
Exp9-18 ° 30,2 0,385 55.2 9,11 x 10.3 4,5x i0 "1 3.9 0,0937 0,0180 0,247

+ 0,0009

t --- _ Ill I 11II,!l [ 'Hill 1 II III ,,,,i,l ± , , , , I1111,11 ..... 1]]...... - ' ....... f ...... : ......... --- ?

L is the column lenl_th, P is the porosity, th is the hydraulic detention time, u is the

i velocity, Co is the colloid concentration of injection solutions, pulse is theinterstitial

number of pore volumes of colloid injection, C,/Co is the normalized colloid concentration
of effluent at steady.state, _ is the collision efficiency and or is the stickinl_efficiency,
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Figure7.BreakthroughcurvesofA0300bacteria(o)andNaCltracer(v)at4°C with

thebestfit lineof thefirst-orderkinetictransportmodel,a,) ExperimentI.
b.)Experiment2,
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Figure8. Experiment3 breakthroughcurveof A0500bacteria(o) at 40C. a,)withthe
bestfit lineof thefirst-orderkinetictransportmodel,b.) DetachnlentcurveofA0500
bacteriaat 40C forapproximatelyeightdays.
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Figure 9. Breakthrough curves of AOSO0bacteria (o) and NaCl tracer (v) at 18° C with
the best fit line of the first=orderkinetic transport model, a.) Experiment 4. b.)
Experiment 5.
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Experiment3 ranfor approximatelyeightdays (Fig.8b). The injectionpulseof 4

pore volumes ofA0500 was similarto experiments1 and2, however,detachmentwas

followed untilthe concentrationof bacteriainthe effluentwas below detectionlimits. The

datashown in Fig, 8b areonlyA0500 bacteria. A parallelsurvivalexperiment(Fig, 6b)

duringcolumn experiment3 showed thatsignificantdeath or decay of viablecells

occurredafter36 hours. It is unknownif the bacteriainthe columnexperiencedthe same

death rateas the bacteriain the survivalflaskwithoutsediment. The detachmentrate

could be estimatedfor the entireeight daysif one assumesa similardeathrateoccurred in

the columnas inthe survivalflask, The slopeof the breakthroughcurve may combinethe

effectsof detachmentanddeath.

Onthe eighth day,blue-greencolonies formedon the assay plates. The bacteria

responsiblefor the blue-greencolormayhave beena sporeformingorganismnativeto the

Ringoldsediment, which grew inresponseto the previouseightdays of saturation. The

blue-greenbacteriumwas similarto A0500 underthe microscope. Itwas a flagellated

motilerod approximatelythe samesize asA0500. Column3 was dissected andsediment

samplesat different lengths of the columnwere washed with sterile groundwater, The

I liquidwas plated on PTYG for enumeration. The blue-green colonies overwhelmed the
A0500 colonies on the assay plates and were evenly distributed throughout the column at

--2.2 x CFUg'_ of wet sediment. Both the sterile groundwater reservoir and the105

A0500 injection reservoir were assayedfor contamination. The groundwater reservoir

assay plates were negative for any organismsand the A0500 injection reservoir assay

plates only hadA0500 colonies. There were no further investigationsof the blue-green

organism. A salt tracer experiment on column 3 was not possible because the column was

dissected for bacterial assay.
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A0500 bacteria through Ringold sedimentat 18°Cwere experiments 4 and 5. The

breakthrough curves rose slowlyto steady-stateand required over 3 pore volumes of

injection to reach a steady-state C/Co. The averagesteady-state C/Co was 0.59 with a

standard deviation of 2%between experiments.The descendinglimbof the breakthrough

curve became constant at 10"_approximatelyone pore volumeafter the injection pulse was

replacedwith bacteria-freegroundwater.

Replicate columns of microspheresthrough Ringold sedimentat 4°C
were

experiments 6 and 7, and microspheresthrough Ringoldsediment at 18°C were

e>_periments8 and 9, The breakthrough curves for all the microsphere experiments had

very similarshapes, A fast rise to a steady-stateC/Co afterabout one pore volume, There
were few data points between the detection limit andthe steady-state values because large

effluent,sampleswere needed for accurate counts, ImmediatelyafLerthe injection pulse
was replaced with microsphere.free groundwater, a slight rise in C/Cowas observed in all

I microsphere experiments, An increase in detachment may have occurred due to a pH

change between the microsphere solution (pH = 7,7) and the groundwater pulse (pH =

8.0), All the descending limbsof the breakthroughcurves reached a constant C/Co

approximately one pore volume after the injectionpulse was replaced with microsphere-

free groundwater.

3.4 Filtration Model Results

A steady-state filtrationmodel was used to estimate the sticking efficiency (o0 for

each experiment (Table 1). Eight or ninevalues of C/Co during the steady-state region of

each breakthrough curve, near the end of the pulse, were averaged. C_/Cois defined as

the concentration of bacteriaor microspheresnormalizedbythe constant input

concentration at steady-state. The average C_/Co of bacteria in the 18°C experiments,
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0,585, was approximatelytwice the averageCs/Co of the 4°C experiments, 0.280.

Microsphereexperiments showed an opposite trendin Cs/'Cowith temperature; the

average C_/Coof'the 18°Cexperiments,0.0075, was only 11 percentof the average

C_/Co in the 4°Cexperiments,0.067.

Single,collector collisionefficiency(7) valueswere nearlythe same for experiments

done at the same temperature(Table 1). The collision efficiency is a term related to the

J column geometry and physicalparameters (velocity,porosity, viscosity) of'the experiment.

Column construction was designedto limit the variation in '7. The major difference in the

j collision efficiencybetween experimentswas changes in the viscosity of water due to

temperature. Collisionefficienciesfor the 4°C and 18°Cexperiments were approximately

0.0142 and 0.177 respectively.

The approach velocity (flow rate / cross-sectional area) of each experiment was

slightly different. Collision efficienciesdepend on velocity and are higher for lower

approach velocities. In order to compare the results of all experiments, ,7and C_/Co

values were adjusted to the values expected at a common approach velocity of' 8.9 x 10.3

cm s", prior to statistical analyses. Adjustmentswere made by first calculating a new n

for each experiment with the commonvelocity. Using equation (21) and assuming c_to be

independent of velocity, C_/Covalues were calculated based on the velocity-adjusted ,7. A

list of observed C_/Co values, velocityadjusted Cs/Covalues, and the percentage change

of the velocity adjustments (less than 2.6%) is in Appendix B.

Statistical analyseswere done to determine the level of'significanceof comparing

the mean behavior between the two temperature experiment sets (Table 2).

Documentation of the statistical analyses is in Appendix B. Differences between the mean

C_/Co values were analyzedusing the Wilcoxon rank sum test and the t-test.
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Table 2. Results of t-test analysis.

A0$00 A0$00 Mlcrospheres Microspheres4°C 18°C 4°C 18°C
" i ii . iiiiiii, .,r, ....... ................... ,..,, .......... . ,

Experiments 1,2, 3 4,5 6,7 8 9
qJ

Number of

C/Co samples 44 27 27 29

Mean of C/C o

(velocity 0.280 0,627 0.0682 0.0077adjusted)

95% confidence 0.315 0.724 0.0782 0.0092

limits (C/Co) 0.245 0.530 0.0582 0,0062 .

Mean _ 0.0141 0.0177 0.0!43 00185

(velocityadjusted)

Mean o_ 0.073 0.022 O.149 0.209

95% confidence 0.080 0,029 0.157 0.218
limits (c_) 0.066 0.015 0.141 0,201

Each bacteria sample point represents a single plate count, Each microsphere sample
point represents an average of 20 field counts under 1000X microscope. The combined
samples of each experiment set are approximately normally distributed, as estimated by the
Chi.square test. (Appendix B). All observed C,/Co values were adjusted to a common
approach velocity of 8.9 x 10.3 cm s"l (Appendix B).
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The meanvelocity-adjustedCs/Covalues of each experimentset werecompared

using the Wilcoxon rank sum non-paramet_ test, which is valid regardless of population

distributiontype. The individualvalues of C,/Co for experiments1, 2, and 3 (A0500, 4°C

experiments)were comparedto experiments4 and 5 (AO._O0,18°Cexperiments). The null

hypothesisof'the one-sided test was that the meansof' the two experimentalsets were
equal. The null hypothesiswas rejectedat the 0.025 level of significance, indicating the

mean Cs/Coof the A0500, 4°C experimentsweresignificantlydifferentthan the A0300,

18°Cexperiments. The mean Cs/Coofthe microsphereexperimentalsets ( 4°C vs. 18°C)

were also significantlydifferent.

Thet-test assumes a normal distribution.The eight or nine C,/C.'ovalues used in the
reportedmean Cs/Co for eachexperimentdidnot plot as a straight line on probability '

paper and werenot normallydistributed,in addition,each C,/Co value reportedwas an

average of severalplate counts or microscopefieldcounts. Therefore,all the individual

plate and microscopecounts in the steady-stateregionof each experimentalsetup (i.e., all

the A0500, 4°C data) were combinedandtested using the Chi-squaredtest. The Chi-

squaredtest was used to determineif a normaldistributioncould accuratelydescribethe

raw data. The combinations of' three A0500, 4°C experiments, two A 0500, 18°C
experiments,and two mierosphere,4°Cexperimentswere found to be adequately

represented by a normal distributionat the 0.05 level of significance. The combined

microsphere,18°Cexperimentswereadequatelyrepresentedby the normal distributionat

the 0.02 level of significance,

The t-test comparisonsof the mean C,/Co valueswere made using the normally

distributedcombined raw data. Comparing the mean C,/Co ofthe A0500, 4°C

experiments to the A0500, 18°Cexperiments,0.280 and 0.627 respectively, the null

hypothesis that there was no differencebetween the meanswas rejected, The probability
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era typeI etror ( rejectingthehypothesiseventhoughit istrue) was 1,8x 10"11

the valuesof the 4°C to theComparing meanC_/Co microsphere, experiments

microsphere, 15°Cexperiments,0,0682 and 0.0077 respectively, the null hypothesiswas

I also rejected. The probabilityof'a type I errorwas 2.2 x 10"16.

The combinationof'the Wilcoxonrank sum non.parametrictest and t.test indicates
the mean C, Co values for each experimentalset reportedin Table2 were significantly

I different. A meanc_for each experimentalconditionwas calculated using the average

(velocity adjusted) C/Co, the average_ (velocityadjusted) (Table2), and equation (21).

The upper andlower 95% confidencelimits on C,,,Coanda, calculatedwithinthe t-test

(Table 2), do not overlapconfidencelimitsof'otherexperiments. Similarresults were
found whenC,_Coand n values werenot adj_stedto a common velocity because the

velocity adjustmentwas verysmall.
Estimatesof the sticking efficiency(c_)forAO.SO0bacteria show the averagevalue at

l the highertemperature(0.022 at 18°C)was 30% of'the value at 4°C (0.073). The average

microspheresticking efficiencies,0.15 at 4°Cand 0.21 at 18°C,show an opposite trend,

I with a 40% highervalue at the highertemperature. LargerC,/Co values at higher

temperatureswere _redictedbythe filtrationmodelbecause of'highercollision efficiencies

(7). Highertemperaturesmean lower fluidviscosityand greaterBrownian motion of'a

particle. The numberof'collisionsin the system was greaterat 18°Cthan 4°C because

collisionsdue to diflhsion (_n) and collisionsdue to sedimentation(_/c3)were 36% and 3%

more frequent,respectively,

Greatercollision efficienciesat 18°Cwas not sufficientto explain the observed

microspherebehavior. Using the calculated_ at 18°Cand assuming the same c_at 18"Cas

estimated for 4°C, the C,/Co for microspheresat 18°Cshould be only 50% of that at 4°C.

However, the observed 18°CmicrosphereCs/Co value was only 11%of the 4°C value
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(AppendixB), ThemeanC_Coforbacteriaat 18°Cwas 120%higherthanthemean

C,/Co forbacteriaat4°C. Themodelfor_/suggeststhattheoppositeshouldbetn_e;thus

a fornon-motilebacteriaat4°Carestatisticallydifferentthanmotilebacteriaat 18°C.

An additionalt-testwasdoneinorderto determineif thedifferencebetweenthe

observedC,/Covalueversusthemodelpredictedvalueof themicrospheresat 18°Cwas

significant.ComparingtheobservedmeanC,/Coof themicrosphere,18°Cexperimentsto

themicrosphere,18°Cmodelprediction,0.0077and0.034respectively,thenull
hypothesisof nodifferencebetweenthemeanswasrejected.Theprobabilityof atype1

I "errorwas7.8x 10"12.Therefore,thedifferencebetweentheobservedandpredictedC, (io

valuesindicatethatphysicalorchemicalprocessesotherthangreatercollisionefficiency

I were responsiblefor the largerremovalof microspheres.

I "
3.5 TransportModelResults

-i 'oTable1liststheconcltl nsandphysicalparametersof eachcolumntransport

experiment.A one-dimensionalequilibriumtransportmodelwitha non-linear-least-

I 'squarescurvefittingalgorithmwasusedto estimatehydrodynamicdispersionbyfitting

the NaCl breakthrough curves (Fig, 12-15). The estimated Pecletnumbers from the

equilibriummodelsolutions wereused in the first-orderkinetic mOdel(Table 3), Note the

Peclet numberfor experiment3 was the averageof the Peclet numbersfor experiments I

and 2 I"ecause column3 was dissectedfor bacteriaassay. The estimated dispersion,by

equation (12), for the salttracerwas approximately2,0 x 10"_cm2s"_ for the 4°C

experiments and 2,6 x 10"3cma s"1for the 18°Cexperiments(Table3), Greaterdispersion

at highertemperaturewas expectedbecause of lowerviscosityof waterand greater

Brownian motion of the salt ions,
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Figure 15. Breakthrou$hcurvesof NaCItracer(o) at 180Cwiththebestfit lineof'the
equilibriumtransportmodel,a.) Experiment8, b.) Experiment9,
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t Table 3. Results from the first-order, kineticaUy limited, non-steady transport model fits,

k I k 2 dispersion
Model Pe R /3 co (I0"sS'I),,.(!0"6s"I)(I02 cm2s")

I

Bacteria

Exp 1 - 4° F-O 136 700 1.528 0.473 0,676 0,205

I 2-S 11.5 1000 0.0023 1,528 0.473 0,474 2.421

Exp 2 - 4° F-O 124 300 1.234 0,366 1,223 0,215

2-S 10,7 500 0.0035 1,234 0,366 0.734 2,493

i Exp 3 -4 ° F-O 130 300 1,097 0,317 1,046 0,1972-S 10,6 500 0,0036 1.097 0,317 0,628 2,420

I Exp 4 -18° F-O 104 70 0,523 0.160 2,322 0.2622-S 5.3 70 0.0238 0.523 0, I60 2.345 5,133

Exp 5 -18 ° F-O 108 60 0.545 0,176 2,975 0,267
2-S 5,2 60 0.0260 0.545 0,176 3.004 5,537

Spheres

Exp 6 - 4° F-O 138 700 3.079 0,881 1,261 0,192
2-S 35 700 0,0020 3.079 0.881 1,261 0.756

Exp 7 - 4° F-O 125 700 2.375 0.674 0,924 0.211
2-S 35 600 0,0022 2,375 0,674 1.125 0,754

Exp 8 -18° F-O 95 1500 4.510 1,378 0,920 0.293
2-S 55 1800 0,0005 4.510 1.378 0,766 0,507

Exp 9 -18° F-O 115 1500 5.600 1.689 1.127 0.239
2-S 55 1900 0.0006 5.600 1,689 0.890 0.500

First-order model (F-O) had cofixed to the steady-state filtration model solution and fixed
Pe to the salt tracer equilibrium transport model solution. Results from the two-site non-
steady transport model (2-S) had cofixed to the steady-state filtration model solution.
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The bacteria and microspherebreakthrough curves were fit by the first-order,

kinetically non-steadytransport (Fig.). Only one parameter waslimited, model 7-11 model

fit by the data, retardation factor (R). Peclet number for each model solution was set to

t the predetermined Peclet number of the salt tracer. This assumes that the bacteria and

microspheres experiencedthe same hydrodynamicdispersion as the salt ions. The

attachment rate coefficient k_was estimated using the steady-state filtration model,

equation (17). The model parameter _0was calculated from k_ using equation (13).

Retardation factors were determined byvisuallyfitting the height of the tailing descending

limbof the breakthrough data.

The best model fit was determinedby visual inspection of plotted model solutions

! ,and the observed data. The model fit to the observed data was very good for the top of

the breakthrough curve, steady-state region, and for the descending limb. The model

solution did not fit the rising limb of the breakthrough curve because the attachment rate

i (k,) was probablynot constant at early times. A non-linear-least-squares curve fitting

algorithm was not used. Accurate data span multiplelog units; least-squares fitting sums

P squarederrors,and would essentiallyignore low C/Co points in favor of higher C/Co

points.

Attachment (k,) and detachment (ks) rate coefficients (Table 3) were estimated

frommodel parameters (P, R and _o),and physicalcolumnparameters(Table 1) using

equations (13) and (11). The timescales of attachment and detachment are indicated by

, 1/k, and l/k:. Bacteria in the 4°Cexperiment took less than 1 hour to become attached,

where as the bacteria took more than 1.5 hours to become attached in the 18°C

experiments. Therefore, ,40500 bacteria moved almost twice as far in 18°Ccolumns

before attaching to the sediment. Once attached, bacteria took 10-17 days to detach at

4°C and only 4-5 days to detach at 18°C.
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An alternative transportmodelingapproachwas taken to finda betterfit to the

risinglimbof the breakthroughdata and to evaluatemodelfit without assuming that

hydrodynamicdispersionof salt tracerwas equal to the dispersionof bacteria or

microspheres. Using the two-sitetransport model,Peclet number,g and B were fittedand

¢0was held constant at the value previouslydeterminedfromthe filtration model. The
non-linear-least-squaresalgorithmwas used to simultaneouslyfit the three parametersto

the risinglimbof breakthrough. R and B were then fit to the complete breakthrough

curves, while keepingPeclet numberand _ constant (Appendix C) (Table 3). Model

solutions fit the shape of the risinglimb very well. However, the model underestimated

detachment immediatelyafter the pulse of colliod-freewater was applied. The curve fits

for the entire breakthrough curve did not converge on a singleset of parameters in 40

l iterations; estimationsof R were increasing systematicallyon the 40th iteration.
Additional model runs that had larger initialguesses of R did not solve the convergence

I problem, g continued to increase on the 40th iteration, and the visual fits of the model

solutions were degrading. The reported two-site model solutions come from using the

first-ordermodel solutions as initialvalues for fitted parameters. The sum of standard

errorsof parameterestimationswere',Peclet 10-50, retardationfactor >5,000, and B 0.02-
1

0.05. Standarderroris simplythe standarddeviationof the estimator or a measureof

precision, wherea smallstandard error representsa preciseestimate. Therefore,the non-

linear-least-squarescurvefitting algorithmestimated_/very well but, did not estimate the

retardation factor or Peclet numbervery well.

Solutions for Peclet numberssuggest that the dispersionof bacteria and

microsphereswas 10times that of the salt tracer,2.4 x 10.5cm_ s_. Independent

estimates of colliod diffusionusing the Stokes-Einsteinequation combined with empirical

estimates of eddy dispersion[Horvath and Lin, 1976] were approximately 104 cm_s"_.



60

Therefore, the apparent dispersionof the observed breakthrough data was not simplyan

affect of hydrodynamic dispersion. Apparentdispersion, slow rising limb, included the

effects of variableattachment-detachmentrate coefficients.

The two-site model did improve the shape of the slow risingbreakthrough limb but,

failed to fit the descending limbor the time of initialcolloid breakthrough. By keeping _o

constant in both transport modelingefforts, estimates ofk I are the same. The first-order

and the two-site model solutions,as applied to these experiments, yield very similar

detachment rate coefficients. Using the filtrationmodel to fix the attachment (kl) rate

coefficient, and fixing the dispersion estimate to the salt tracer solution, gave model

parameter solutions with the best visual fits by fitting only one parameter, R.

Consequently, the first-order kineticmodel solutions provided the best parameter

estimates of the observed transport of bacteriaand microspheres.
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4,0 DISCUSSION

4.1 Experimental Protocol

Bacteria isolatedfrom deep subsurfacesedimentswere pumped through columns

packedwith unsterilizedsediments. In other laboratorystudies,,porous media were either
sterilized by heat [Fontes et al., 1991], poisons [Scholl et al., 1990], irradiation [Gannon

et al., 1991] or they used geneticallyaltered antibiotic-resistancebacteria [Smith et al.,
1985] to distinguishbetweenandaccuratelycountbacteriaof interestamongmany

differentstrains. Experimentalproceduresthat significantlychange porous mediareduce

the applicabilityof measuredtransport behavior to a natural material. Autoclaving may

break down the internal structure of a sedimentand chemical sterilization can alter the

I surface chemistry of a sediment. I was able to quantify transport of bacteria through
Ringold sedimentunder similarchemical conditionsfound in the fieldbecauseA0500

overwhelmed indigenous bacteriaon PTYG plates in 24 hours and were accurately

counted against a very low background. One possibleimprovement to this method would

be if columns were made from cored sedimentsamplesbecause packing sedimentmixtures

into columns changesthe macropore structure and reduces permeability [Smith et al.,

1985].

I The spread-platecountingmethod used to between viable and
was distinguish non-

viable bacteriaand to selectivelyremovenon-viablecells fromthe breakthrough counts.

I The bacteria counted in column effluentwere metabolicallyable to repro.duceafter

traveling through the sedimentcolumn. Using this counting method, estimates of
transported bacteriareflect the number of bacteria that could participate in biofilm

development. Viable bacteria were counted in this study because only viableorganisms



I

I 62

can participatein the inoculation of deep aquifers fromrechargewaters, m situ

bioremediation,andpathogentransport.

Quantifyingthe effectsof bacteriamotilityduringadvectivetransportwas done by

runningreplicate columns at different temperatures. Laboratoryconditions (4°C) designed

to inhibitgrowth duringa transport experiment also inhibitedmotility. At temperatures
typically found in groundwater(i8°C), A0500 swam in randomdirections. Withall other

i i
phys cal and chemical variablesconstant, temperaturewas used to switch on and off

bacterial motility. Results of this study suggest that bacteriamotility significantlychanged

I the kinetics of attachment and detachment during advective transport. Other published

motility studies through porous media focused on chemotaxis and random motility under

hydrostaticconditions [ Jang ct al., 1983; Jenneman et al., 1985; Reynolds et al., 1989].

4.2 Conservative Tracers and Dispersion

Apparentdispersionillustratedbyslow rising limbsof the bacteria breakthrough

curveswas caused bya combiJ_ationof greaterdispersionover that of the salt tracer and

non-steady attachment-detachment kinetics. Extrapolatinghydrodynamicdispersionof a

CI" ion to a bacteriathat is severalordersof magnitude largerwas a uncertain process

because the differencebetween bacteriaandsalt tracerbreakthroughcurves could not be

totally attributed to greaterdispersion. Using the equilibriummodel and known

parameters(pore volume, column length, constant pore velocity, and mass flux), observed

salt tracerconductivity data were fit very wellwith only minorvariations in retardation

factors (<1%, not reported). The modelestimatesfor hydrodynamicdispersion of the salt

tracer (Table 3) were interpretedas a sum of eddy diffusionand moleculardiffusion.

Empirical equations suggest that hydrodynamicdispersionof the larger bacterium should

be largerthan a salt ion because of greatereddy diffusion[Horvath and Lm, 1976] and
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moleculardiffusionof a bacteriumshouldbe smalleraccordingto the Stokes-Einstein

equation.Hydrodynamicdispersion,atporevelocitiesusedin thisstudy,wascaused

mostlybymechanicalmixing(eddydiffusion)intheporesandnotmoleculardiffusion.

Calculatedestimatesfor eddydispersionandmoleculardiffusionofAO500bacteriawere

intherangeof 10"4and10.9cm2s"l,respectively,Theeddydiffusionandmolecular

diffusionequationsorthesalttracerswerenotusefulinpredictingthemagnitudeof

increasedapparentdispersion,asshownbyaveryslowrisingbacteriabreakthrough,

Apparentdispersioninthe2 × 10.5cm=s"lrangewasnecessaryforthetwo-sitemodelto

fit theshapeofthebacteriabreakthroughcurves)risinglimbs.

Modelingresults,usingthetwo.sitemodelto fit theslowrisinglimbof thebacteria

breakthroughcurves,suggestanapparentdispersion10timesthatfoundwiththesalt

tracer. The two-site modelwith increased dispersioncould not fit the breakthrough
descending limb immediatelyafter the bacteria injection pulse was replaced with colloid-

free ground water. This findingsuggests there are factors other than dispersion

controllingthe behaviorof the bacteria at earlytimes in the column experiments,

I Terms that control effluentconcentration in equation (1) are dispersion, advection,

attachment anddetachment. At early times during a column experiment, dispersion and
advection can be assumed constant but, attachment and detachment rates may not be

constant. Clean bed sand filters that colloids known
remove are tO "ripen" tO a steady-

state removal rate [Amirtha/ajah, 1988]. Assumingthat 100%of the injected colloid

mass was attached to the sediment,less than 1%of the sedimentsurface, as estimated by

t nitrogen gas adsorption, could be covered by colloids. A slow rise of C/COto steady-
state may be caused by a filter ripeningeffect, where attachment of colloids is very fast

initiallyand slows to a steady-state with constant kinetic rates. Therefore, fitting the
I

descending limbof the breakthrough curve would provide a more accurate estimate of



I
I

64

t
hydrodynamicdispersionbecause attachmentand detachmentrates are at steady-state.

I Salt tracerexperimentestimatesof dispersionwiththe first-ordertransportmodel

providedgood visual fits of the bacteriaand microspherebreakthroughdata descending

limbs,suggesting thatthe dispersiondifferencebetween the salttracerand colloidswas

i small, An optimalcurve fit of the breakthroughdescendinglimbdata using steady-state
attachment-detachmentratesas initialconditionsshouldgive the best estimate of

hydrodynamic for colloid,dispersion a

4.3 Microsphere Transport

Microsphereswere used as a non-motilecolloid to estimate the effects of
temperatureon the transportmodels. Temperatureinfluences on microspheretransport

t were used to separate the effects of temperatureand the effects of motility on the
observedmotile (18°C) and non-motile.(4°C)bacteriaexperiments.

Smallersteady-state breakthroughvalues, C_/Co, of microspheresat 18°Cversus

4°C were predictedbasedon largercollision efficiencies(rl) at higher temperatures,

Assuming no change in chemical effects on sticking efficiency,constant ceand larger

collision efficiencypredictsa smaller C_/Co. The observedmicrospheredata showed a

larger decrease in C_/Co at 18°Cthan predicted by the model, 88%versus 50%. This

suggests that eitherchemical effects increasedthe stickingefficiencyor the model

prediction was in error, Deviationsfromthe model predictionscould in part be due to

errorsin the model assumptions. The filtrationmodel uses a singlecollector diameter and

assumes that all collectors are the same size and are spherical in shape, gingold sediment

grainsare not sphericalor uniformin size. A smalleraverage collector diameter, similarto

manyparticles in gingold sediment(20%< 150 pm) would also yield smaller Cs/CO
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values. Therefore,the modelcorrectlypredictedthe trendbut,underestimatedthe

I magnitude.

Observed microspherebreakthroughdatawere much moreprecisethan the bacteria

data, Microsphereeffluentconcentrationmeasurementswereveryreproducible(standard

deviation- 6%) allowingobservationof'a slightpositive slope to the microsphere
breakthroughcurve in the steady-stateregion, Thisphenomenonwas not observedin the

I bacteriabreakthroughcurves becausethe measured C.:Covalues too variable
were

(standarddeviation= 75%). Steady-stateremovalrefersto the situation where the

i attachmentand detachmentratesareconstantover time. A slight positive slope to the

'l breakthroughcurve indicatessmallchangesin theattachmentanddetachment rates, This
J

could have been caused by heterogeneousattachment sites on the sediment. But could

. also just be a slow approachto steady state, wherethe massratio of'_olloidsattaching
versus detachingis constant with time. The maximumconcentrationof attached

microspheres (S:) covered lass than 1%of'the sedimentsurface area and therefore,

detachment did not contributesignificantnumbersof'microspheresreenteringthe

i groundwater. Microspheresurfacechemistrywas reasonablyhomogenous in a given

t experiment. Variationin attachmentanddetachmentratecould be a functionof the
affinity of a colloid to specific surfacesites on the sediment. Different sediment surface

P

, sites (negativelychargedsilica, positivelychargedironoxides, and hydrophobicorganic

carbon) probablyhave differentaffinitiesformicrospheresand, thus, would have different

attachment and detachmentrate coefficients, On a microscale,attachment may have

occurredpreferentiallyat highaffinitysites first,fillingsites withcontinually lower

affinitiesover time. Again,this is consistent with sand filtrationobservations,wherea

clean sand bed ripens with time, Ripeningis this case would mean filling those sites with

the greatest affinity for a colloidfirst, resultingin a constant removal rate or a steady-state
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attachment.detachmentsometimeafterthe high affinitysites were filled. Variable

I attachment couldalso the slow limbof the bacteria
rates explain rising breakthrough

curves to a steadystate aftermorethan two pore volumes of'colloidswere pumped

i throughthe column.

4.4 Baclerla Transport

I If'a non-motilebacteriumhadbeenused to investigatetemperatureeffectson
colloid transport, interpretationof'the datawouldhave been complicatedby heterogeneity

associatedwith bacterialculturesat stationaryphase. At stationary phase net growth is

i zero, but some cells aredyingandsome cells havejust replicated. Investigatorshave
shown: i) thatbacterialcell adhesion to polystyrenedecreasedwith age [Fletcher,/977];

I tt) that five differentbacteriastrainshadincreasedsurface hydrophobicitywith increased
age [van Loosdrctch ctal, 1987b];and/ii) that adhesion to solids and cell surface

hydrophobicityincreasedwhenbacteriawere starved[Kj¢/leburg et al., 1983]. Therefore,

heterogeneityof the bacteriasurfacewithina stationarypopulation may have affected the

results. The non-motile temperatureeffect tests were madewith microsphereswith

relativelyhomogeneous surface chemistryto avoid complicationsassociated with bacteria.

Hydrodynamicdispersionwas expected to increase at 18°Cdue to the random

swimmingo/',,10500bacteria. However,the precisionof'the estimated dispersionin this

study was not sufficient to measuredifferencescaused by bacteria motility

The bacteriaexperimentalfindingscontradictpredictionsthat higher temperatures

favorchemisorption and some types of'physicaladsorption of'solutes from solution [Shaw,

1976]. Microsphereremovalwas enhancedbyhighertemperatures,but ,40,500bacteria

removalwas diminished
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I
Penetrationofbacteria at 18°Cversus4°C was significantlygreater,with C, (+o

equalto 0.63 and0.28 respectively,The steady.statefiltrationmodel predictedless

penetrationat a highertemperaturedue to a largercollisionefficiency,and the non-motile

microspheresbehavedas predicted.Therefore,bacteriamotility,whichwas the only

differencebetweenexperimentsets,wasthoughtto bethecausativevariableto the
enhancedtransportthroughthesediment,

A possiblemechanismcausins8reaterpenetrationcouldbethatmotilebacteria

havetheabilityto detachfroma surfaceundertheirownlocomotivepower, In many

I bacteriaadhesionstudies, summarizedbyvail l._sdrecht et at., 1989, a relativelylow

Gibbsfreeenersyof adhesionwasfoundandinterpretedasadhesioninthesecondary
minimumof theDLVO interactioncurve,Theyconcludedthattheinitialstepinbacterial

adhesionisoftena reversibleprocess,whichintermsof DLVO theorycanbedescribedas
secondaryminimumadhesion,MotileAO.500bacteriain thisstudymayhavebeenableto

escapetheweakattractiveforcesofthesecondaryminimumbytheironlykineticenergy

Thiswouldact todecreasetheresidencetimeof attachment,A shorterresidencetime

reducestheprobabilitythatbacteriab_comeirreversiblyattached[vat)Loostrctchet ai,,

1989]+A non.motilecolloidwouldonlybeableto escapethesecondaryminimumby

Brownishmotionandwouldmorelikelybeirreversiblyremovedbecauseof a longer

residencetimeof attachment,Supportof thistransportmechanismisillustratedbythe

estimatesof thetimescalefordetachment(l/k2), In allnon.motilecolloidtransport

experiments,microspheresat4°CandIS°CandA0.500at4°C,adetachmenttimescale

wasestimatedto bebetween9 and17days,Inthemotiletransportexperiments,AO.500at

18°C,a detachmenttimescalewasestimatedto bebetween4 and5 days,

Otherinvestigatorshavehypothesizedthatbacterialmotilitywouldincreasethe

likelihoodof a bacteriabecomingirreversiblyattachedto asoilbecausetheirkinetic
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I
energywouldovercomeelectrostaticrepulsiveforcesandbecomeattachedintheprimary

as describedby theory[van ¢t al., 1989; Hatcher,
minimum DLVO Loosdr¢cht 1977;

Marshall et al,, 1971]. Resultsofthis studysuuest thatbacterialmotilitymore

importantlyactsto detachweaklyheldbacteriafromthesecondaryminimumandmay

'im
detachbacteriafromtheprimarymln umata slowerrate,

Additionalresearchisneededto moreaccuratelypredictadvectivetransportof

bacteriainthesubsurface,Laboratorystudiesareneededto determineif bacterial
attachmentanddetachmentcanbeaccuratelydescribedbyrateconstantsor iftime-

dependentratefunctionsareneeded.Adjustmentsto theadvection-dispersiontransport

modelwouldbenecessaryto incorporatetimedependentattachment-detachmentrate
functions,Experimentalprotocolsneedto bedevelopedforsimilartransportexperiments

I asthisstudy,butusingtrulyoligotrophicbacteria,Theflndinssinthisstudyarebiasedby
thefactthatbacteriafromdeepoligotrophic_dimentswereisolatedandltrownon

concentratedmedia,Onewouldhaveto overcomethedifficultiesinisolatingand

preparingsufficientconcentrationsof oligotrophsforanexperimentaswellasbeableto

accuratelyenumeratetaxgetoligotrophsamon8a mixtureof indigenoussedimentbacteria,

There were limitationsto both modelingtools used inthis study. Applicationof the
filtrationmodel was limitedbythe assumptionsthatcollectors in porousmediaare

sphericalandareof uniformsize,Anempiricalcorrectionfactor to idealapplied

conditionsmaybedevelopedto overcometheinherentproblemswiththespherical-

uniformassumptions

in addition,thesteady-statefiltrationmodelcannotbeusedto fit acomplete
breakthroughcurvebecauseof thesteady.staterequirement,A transportmodelderived

usingsimilarprinciplesasthesteady.statefiltrationmodelbutwith time.dependent

solutionscouldbedeveloped
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Theadvection-dispersiontransportmodelusedto estimatekineticcoefficientscould

be by time-dependentattachmentanddetachmentratefunctionsimproved using

Althoughthechangesto the advection-dispersionequationwould prohibitan analytical

J solution,numericalapproximationscouldbeusedto improvebreakthroughcurvefitting

O'

alg nthms.

I
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5.0 CONCLUSIONS

I
Results indicate that bacterialmotility facilitatesadvective transportthroughnatural

I aquifersedimentsbychansin8the attachment-detachmentkineticsto reduceretardation..

i The timescaleof attachmentwastwiceaslon$for bacteriaat 18°C,a temperatureat
whichtheyweremotile,thanfor thesamebacteriaat4°C, a temperatureat whichthey

were not motile. Attachment reversible both Bacterial is
was at temperatures. motility

thoughtto beimportantinnear-surfacesoilsystemswheredetachmenttimescaleswere

longrelativeto 8row rate. In deeper,olisotrophicenvironments,detachmenttimescales

may be small relative to growth rate, su88estin8 that adveetive transport controlled by the
rate of detachment may be the most important transport process, Detachment time scale

=

for the motileA0,_00bacteriawasone-thirdthat,of its'non-motilerelative. Consequently,
estimationof traveltimesto deepaquifersfrom rechargewaterscouldbe significantly

affected by bacterial motility,

Calculated arrivaltimes of bacteria from recharse waters, pathogen transport, and m

situ pumpin8of bacteriamaybein error if investigationsignoremotility. This is especially

true if transport parameter estimates used in calculatin8 arrival times wore taken from

laboratory studies that inadvertently restrict motility in order to provide growth controls

O'on the exp nments.

Non-motile polystyrenemicrosphereswerefoundto behaveaspredictedby the

_teady-statefiltrationmodel,with smallerpenetrationat hi$hertemperatures.Motile

A0500 bacteriadidnotbehaveaspredictedbythe filtrationmodel,havinggreater

penetrationat highertemperatures,Theseflndinssindicatethateventhoughthe collision

efficiencyis 8resterat a hishertemperature,motilityactsto changeattachment.

detachmentkineticsinfavorof thedetachedstate
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I
Non-steady transport models usingattachment and detachment rate constants could

not rising limbsof bacteria breakthrough curves. One possible cause of the slow
fit the

rising curves may have been that the attachment rate coefficient was initiallyvery large and

diminishedin tim_. Supportof variableattachmentand detachment rate coefficients at

earlytimes was found in descriptionsof clean sandfilter ripening.
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APPENDIX A

BacteriaandMicrosphereColumnExperiments
Results of'
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I Experlment 1

I A0500
Temperature = 4 C Porosity = 0.39

I Ringold Sediment Hydraulic Detention = 53,7 mtn.Column Length = 30 cm Bacteria solution pH = 7.8
Avg, InterstitialVelocity = 9.28 E-3 cm/s Final effluent pH = 7.6

I Flow rate = 1.094 mL/min. Co = 3.00E+09 CFU/mLPore Vol. = 58.7 mL Pulse = 3.368

I Effluent
Volume Pore C/Co C/Co C/Co STD. DEV

i Sample (mL) VoI,Jme (low) (high) (avg)0 0.00 0.000 3.3E-10 3.3E-10 3,3E-10 0
1 2.95 0.050 3.3E- 10 3.3E- 10 3.3E- 10 0

I 2 5.90 0.101 3.3E-10 3.3E-!0 3.3E-10 03 8.85 0,151 3.3E-10 3.3E-10 3.3E-10 0
4 11.80 0.201 3.3E-10 3.3E-10 3.3E-10 0

I 5 14.76 0.251 3.3E-10 3,3E-10 3.3E-10 06 17.71 0.302 3.3E-10 3.3E-10 3.3E-10 0
7 20.66 0.352 3.3E-10 3.3E-10 3.3E-10 0

I 8 2361 0.402 3.3E-10 3.3E-10 3.3E-10 0
9 26.56 0,452 3.3E-10 3.3E-10 3.3E-10 0

I 10 29,51 0,503 3.7E-08 3,7E-08 3.7E-08 011 32.46 0.553 1.7E-06 3.1E-06 2.4E-06 4,95E-07
12 35.41 0.603 4.7E-06 6.3E-06 5.5E-06 5.89E-07

' 13 38.36 0.654 4.3E-06 1.7E-05 1.1E-05 4.48E-06
15 44.27 0.754 6.7E-05 4.7E-04 2.7E-04 0.000141
16 47.22 0.804 4.3E-04 1.1E-03 7.5E-04 0.000224
17 50.17 0.855 2.7E-04 2.7E-04 2.7E-04 0
18 53.12 0.905 5.3E-04 1,2E-03 8.8E-04 0.000247
19 56.07 0.955 5.0E-04 6.3E-04 5.7E-04 4.71E-05
20 59.02 1.005 7.0E-04 1.5E-03 1.1E-03 0.000271
23 67.87 1.156 4.7E-03 4.7E-03 4.7E-03 0
24 70.82 1.207 5o3E-03 6.7E-03 6.0E-03 0.000471
27 79.68 1.357 1.4E-02 1.7E-02 1.5E-02 0.001061
28 82.63 1.408 1.3E-02 2.0E-02 1.7E-02 0.002357
29 85.58 1.458 1,3E-02 2.2E-02 1.8E-02 0.003064
30 88.53 1.508 2.5E-02 3,3E-02 2.9E-02 0.002946
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31 91.48 1.558 2.3E-02 2.7E-02 2.5E-02 0.001179
32 94.43 1.609 2.3E-02 3.0E-02 2.6E-02 0.002593
34 100.33 1.709 4.3E-02 5.7E-02 5.0E-02 0.004714
36 106.24 1.810 2.3E-02 2.3E-02 2.3E-02 0
38 112.14 1.910 5.3E-02 5.3E-02 5.3E-02 0
40 118.04 2.011 6.0E-02 6.0E-02 6.0E-02 0
42 123.94 2.111 3.0E-02 3.3E-02 3.2E-02 0.001179

I 44 129.84 2.212 3.3E-02 6.7E-02 5.0E-02 0.011785
46 135.75 2.313 1.5E-01 2.0E-01 1.7E-01 0,018856

i 52 153.45 2.614 1.7E-01 1.7E-01 1.7E-01 055 162.31 2.765 1.0E-01 1.3E-01 1.2E-01 0.010607
60 177.06 3.016 9.3E-02 9.3E-02 9.3E-02 0

I 65 191.82 3.268 2.0E-O1 2.0E-01 2.0E-O1 070 206.57 3.519 2.2E-01 2.2E-01 2.2E-01 0
72 212.47 3.620 2.1E-01 2.1E-01 2.1E-01 0

I 74 218.37 3.720 1.9E-01 2.0E-01 2.0E-01 0.00235776 224.28 3.821 1.3E-01 2.2E-01 1.8E-01 0.029463
78 230.18 3.921 1.0E-01 1.0E-01 1.0E-01 0

i 1.9E-01 2.7E-01 2.3E-01 0.028284
79 233. 13 3.972
82 241.98 4.122 3.3E-01 3.3E-01 3.3E-01 0

i 83 244.93 4.173 2.8E-01 2.7E-01 2.8E-01 0.00117986 253.79 4.323 2.3E-02 2.3E-02 2.3E-02 0
88 259.69 4.424 1.0E-02 1.7E-02 1.3E-02 0.002357

I 90 265.59 4.525 6.7E-03 1.8E-02 1.3E-02 0.00412592 271.49 4.625 6.7E-03 6.7E-03 6,7E-03 0
94 277.39 4.726 7.3E-03 7.3E-03 7.3E-03 0
98 289.20 4.927 3.7E-03 3.7E-03 3.7E-03 0
100 295.10 5.027 3.0E-03 4.3E-03 3.7E-03 0.000471
105 309.86 5.279 3.3E-03 3.3E-03 3.3E-03 0
115 339.37 5.781 7.7E-03 7.7E-03 7.7E-03 0
120 354.12 6.033 3.0E-03 3.0E-03 3.0E-03 0
125 368.88 6.284 1.5E-03 1.5E-03 1.5E-03 0
130 383.63 6.535 1.3E-03 3.0E-03 2.1E-03 0.000601
135 398.39 6.787 1.3E-03 2.4E-03 1.9E-03 0.000365
140 413.14 7.038 1.5E-03 1.5E-03 1.5E-03 0
145 427.90 7.290 1.3E-03 1.3E-03 1.3E-03 0
155 457.41 7.792 1.6E-03 1.6E-03 1,6E-03 0
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Experiment 2

A0500

Ringold Sediment Porosity = 0.381

Temperature = 4 C Hydraulic Detention = 56.2 mln.
Column Length = 30 cm Bacteria solution pH =7.9i

Avg, InterstitialVelocity = 8,89 E-3 cm/s Final Effluent pH = 7,7

I Flow rate = 1.024 mL/mtn. Co = 2,50E+09 CFU/mLPore Vol, = 57.5 mL Pulse = 4.213

I Effluent
Volume Pore C/Co C/Co C/Co STD.DEV,

i Sample (mL) Volume (low) (high) (avg)0 0,00 0.000 4.0E-10 4.0E-10 4.0E-10 0
1 2.95 0,051 4.0E.10 4.0E-10 4.0E-10 0

I 2 5.90 0.103 4.0E,10 4,0E-10 4,0E-10 03 8.85 0.154 4.0E-10 4.0E-10 4.0E-10 0
4 11.80 0.205 4.0E-10 4,0E-10 4.0E-10 - 0

I 5 14.76 0.257 4.uE,10 4.0E, 10 4.0E- 10 0 "
6 17.71 0,308 4.0E-10 4.0E-10 4,0E-10 0
7 20.66 0.359 4.0E-10 4.0E-10 4.0E-10 0

I 8 23.61 0.411 4.0E-10 4.0E-10 4,0E-10 0
9 26.56 0,462 4,0E-10 4.0E-10 4.0E-10 0
10 29.51 0,513 4.0E-10 4.0E-10 4.0E-10 0
11 32.46 0.565 4.0E-09 4,0E-09 4.0E-09 0
12 35.41 0.616 3.3E-08 5.6E-08 4.4E-08 1.16E-08
13 38.36 0.667 1.2E-06 1.2E-06 1.2E-06 0
14 41.31 0.719 3.8E-05 8.8E-05 6.3E-05 2.5E-05
16 47.22 0.821 1.1E-04 1.1E-04 1.1E-04 0
17 50.17 0,872 8.0E-05 8.0E-05 8.0E-05 0
23 67.87 1.180 1.2E-03 1.2E-03 1.2E-03 0
24 70.82 1.232 7.2E-03 7.2E-03 7.2E-03 0
26 76.73 1.334 2.1E-02 2,1E-02 2.1E-02 0
30 88.53 1.540 6.0E-02 6.0E-02 6.0E-02 0
32 94.43 1.642 1,4E-01 1.4E-01 1.4E-01 0
34 100.33 1.745 4.4E-02 4.4E-02 4.4E-02 0
36 106.24 1.848 8.0E-02 3.5E-01 2.2E-01 0.136
37 109.19 1.899 3.2E-01 3,2E-01 3.2E-01 0
53 159.40 2.772 2.4E-01 2.4E-01 2.4E-01 0
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55 165.31 2.875 2.6E-01 4.4E-01 3.5E-01 0.088
59 177.11 3.080 2.2E-01 3.2E-01 2.7E-01 0.05
61 183.01 3.183 4.0E-01 4.4E-01 4.2E-01 0.02
63 188.91 3.285 6.0E-01 6.0E-01 6.0E-01 0
65 194.82 3.388 2.8E-01 2.8E-01 2.8E-01 0
72 215.47 3.747 2.4E-01 2.4E-01 2.4E-01 0

76 242.28 4.213 4.0E-01 4.8E-01 4.4E-01 0.04
77 245.23 4.265 3.2E-01 5.2E-01 4.2E-01 O.1
79 251.13 4.367 1.7E-01 1.7E-01 1.7E-01 0
80 254.08 4.419 2.6E-O1 2.6E-01 2.6E-O1 0
84 265.88 4.624 2.4E-01 2.4E-01 2.4E-01 0
90 283.59 4.932 2.8E-01 2.8E-01 2.8E-01 0

i 96 301.30 5.240 4.0E-02 1.9E-01 1.2E-01 0.076103 321.95 5.599 3.4E-02 3.4E-02 3.4E-02 0
108 336.7i 5.856 8.0E-03 1,6E-02 1.2E-02 0.0042

i 110 342.61 5.958 9.6E-03 9.6E-03 9.6E-03 0120 372.12 6.472 i .3E-02 1.3E-02 1,3E-02 0
125 386.88 6.728 8.8E-03 8.8E-03 8.8E-03 0

i 130 401.63 6.985 5.6E-03 5.6E-03 5,6E-03 0140 431.14 7.498 4.0E-03 4.OE-03 4.0E-03 0
151 463.60 8.063 8.8E-03 8.8E-03 8.8E-03 0

I 160 490.16 8.525 7,2E-03 7.2E-03 7,2E-03
0

175 534.43 9.294 1,2E-02 1.2E-02 1.2E-02 0

I
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I
Experiment 3

I A0500

Rlngold Sediment Porosity= 0.390

J Temperature= 4 C HydraulicDetention= 56.7 rain.
ColumnLength= 30 cm BacteriasolutionpH = 7.8
Avg, InterstltlaiVelocity= 8.55 E-3 cm/s FinaleffluentpH = 7,7

J Flowrate = 1.008 mL/min. Co = 3.40E+09
PoreVolume= 58.9 mL Pulse = 3.933 ,

I Effluent
Volume Pore C/Co C/Co C/Co STD.DEV.

J Sample (mL) Volume (low) (high) (avg)0 0.00 0.000 2.9E-10 2.9E-10 2.9E-10 0
1 2.97 0.050 2.9E-10 2°9E-10 2.9E-10 0

I 2 5.94 0.101 2.9E-10 2.9E-i0 2.9E-10 0
3 . 8.91 0.151 2.9E-10 2.9E-10 2.9E-10 0
4 11.88 0,202 2.9E-10 2.9E-10 2.9E-10 0

I 5 14.85 0.252 2.9E-10 2.9E-10 2.9E-10 0
6 17082 0.303 2,9E-10 2.9E-10 2.9E-10 0
7 20.79 0.353 2.9E-10 2,9E-10 2.9E-10 0
8 23.76 0.403 2.9E-10 2.9E-10 2.9E-10 0
9 26.73 0.454 2.9E-10 2.9E-10 2.9E-10 0
10 29.70 0.504 2.9E-10 2.9E-10 2.9E-10 0
11 32.67 0.555 2.9E-10 2.9E-10 2.9E-10 0
12 35.64 0.605 1.1E-06 1.1E-06 1.1E-06 0
13 38.61 0.656 1.8E-06 1.9E-06 1,8E-06 5.88E-08
14 41.58 O.706 2.9E-06 7,1E-06 5.OE-06 2.06E-06
17 50.49 0.857 3.5E-05 3,5E-05 3.5E-05 0
18 53.46 0.908 2.9E-05 2.0E-04 1.1E-04 8.38E-05
19 56.43 0.958 2.9E-04 5.3E-04 4.1E-04 0.000118
20 59.40 1.008 5.9E-05 7.9E-05 6.9E-05 1.03E-05
21 62,37 1.059 5.3E-05 2.1E-04 1.3E-04 7.65E-05
22 65.34 1.109 1.2E-04 1.8E-04 1.5E-04 2.65E-05
23 68.31 1.160 2.6E-04 8.8E-04 5.7E-04 0.000309
24 71.28 1,210 2.4E-04 2.9E-04 2.6E-04 2.94E-05
30 89.10 1.513 2.9E-03 4.4E-03 3.7E-03 0.000735
32 95.04 1.614 2.9E-03 2,9E-03 2.9E-03 0
34 !00.98 i.714 2.6E-02 3.8E-02 3.2E-02 0.005882
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36 106.92 1'.815 2.9E-02 3.5E-02 3,2E-02 0,003382

i 40 118,80 2.017 5,3E-02 9,1E-02 7.2E-02 0.01911845 133.65 2.269 2.9E-02 5.0E-02 4.0E-02 0,010294
50 148,50 2.521 4.4E-01 4.7E-01 4.6E-01 0.014706

I 55 163,35 2.773 3,8E-01 3.8E-01 3.8E-01 060 178.20 3.025 8,8E-02 3.2E-01 2.1E-01 O.117647

i 65 193.05 3.278 2.1E-01 3.2E-01 2.6E-01 0.05882470 207,90 3.530 2.1E-01 2,5E-01 2.3E-01 0.020588
75 222.75 3.782 2.9E-01 5.3E-01 4.i E,01 0.117647
76 225.72 3.832 4.1E-01 5.3E-01 4.7E-01 0.058824
77 228.69 3.883 3.2E-01 3,8E-01 3,5E-0i 0.029412
78 231.66 3.933 2.i E-01 5,6E-01 3.9E-0I O,172059
80 237,60 4.034 2.4E-01 4,7E-01 3.5E-01 0.117647
84 249.48 4.236 2.6E-01 2.8E-01 2.7E-01 0.008824
92 273.24 4.639 1.2E-01 1.4E-01 1.3E-01 0.008824

I 93 276,21 4.689 1.2E-01 1.2E-01 1,2E-01 094 279.18 4.740 2.0E-01 2.0E-O1 2.0E-O1 0

i 95 282.15 4.790 1.6E-01 1.6E-01 1.6E-01 096 285.t2 4.84i 1.4E-01 1.4E-01" 1.4E-01 0
102 302.94 5.143 2.5E-02 1.5E-02 2.0E-02 0.005147

I 104 308.88 5.244 7.4E-03 7.4E-03 7,4E-03 0106 314,82 5,345 6.8E-03 6,8E-03 6.8E-03 0
108 320.76 5.446 4.7E-02 1.5E-02 3.1E-02 0.016176

I 110 326.70 5.547 9.1E-03 2.9E-03 6.0E-03 0.003088115 341.55 5.799 5.9E-03 1.1E-02 8.2E-03 0.002353
120 356.40 6.051 9,7E-03 1.2E-02 1.1E-02 0.001029

I 125 371.25 6.303 8.2E-03 8.2E-03 8.2E-03 0
i 130 386.10 6.555 3.8E-03 8.8E-03 6.3E-03 0.0025

I 135 400.95 6.807 5.9E-03 7.1E-03 6.5E-03 0.000588140 470.80 7.993 4.4E-03 5.9E-03 5.1E-03 0.000735
145 485.65 8.245 5.9E-03 7.4E-03 6.6E-03 0.000735
164 543.76 9.232 7.1E-03 7.1E-03 7.1E-03 0
200 711.16 12.074 4.4E-03 4.4E-03 4.4E-03 0
240 897,16 15.232 1.1E-03 1.1E-03 1.1E-03 0
260 990.16 16.811 8.8E-04 1.7E-03 1.3E-03 0.000397
280 1083.16 t8.390 8.8E-04 1.6E-03 1.2E-03 0.000338
290 1129.66 19,179 2.2E-03 2.2E-03 2.2E-03 0
300 1176.16 19.969 2.1E-03 2.1E-03 2.1E-03 0
310 1222.66 20.758 2.0E-03 2.0E-03 2.0E-03 0
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I
320 1269.i 6 21.548 1.4_.-03 1.4E-03 1.4E-03 0

I 360 1455.16 24.706 1,3E-03 i .3E-03 1.3E-03 0A 2171.81 36,873 1.5E-03 1,5E-03 1.5E-03 0
B 2176.46 36.952 2.4E-03 2.4E-03 2.4E-03 0

I C 2970.41 50.431 1.8E-03 1.8E-03 1.8E-03 0D 2975.06 50.510 4.1E-04 7.1E-04 5.6E-04 0.000147
E 3398.01 57.691 5.9E-05 5,6E-05 5,7E-05 1.47E-06

I F 3402.66 57,770 2.9E-05 3,8E-05 3.4E-05 4,41E-06G 4777.91 81.119 5,9E-06 6.5E-06 6,2E-06 2.94E-07
H 4782.56 81.198 5.9E-06 6.5E-06 6.2E-06 2.94E-07

I I 6320.21 107,304 2.7E-06 2.7E-06 2.7E-06 0
J 6324.86 107,383 2.9E-06 2.9E-06 2.9E-06 0

I K 7738.71 131.387 1.8E-07 2,1E-07 1,9E-07 1.47E-08L 7743.36 i31,466 8.8E-08 2.6E-07 1,8E-07 8,82E-08
M 9400.21 159.596 5.9E-08 8.8E-08 7.4E-08 1.47E-08

I N 9404,86 159.675 5.0E-08 5.6E-08 5.3E-08 2.94E-09

I
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Experiment 4

A0500
RlngoldSediment Porosity= 0.385

I Temperature= 18C HydraulicDetention= 54.6 rain,ColumnLength= 29.8 cm BacteriasolutionpH = 7,9
Avg. InterstitialVelocity= 9.13 E-3 cm/s FinaleffluentpH = 7.7

I = 1.062 mL/min. =
Flowrate Co 2.04E+09
PoreVolume= 58.0 mL Pulse = 4,045

i Effluent
Volume Pore C/Co C/Co C/Co STD.DEV.

I Sample (mL) Volume (low) (high) (avg)0 0.00 0,000 4,9E-10 4.9E-10 4,9E-10 0
1 3.01 0,052 4.9E-10 4,9E-10 4,9E-10 0

I 2 6,02 0,104 4.9E-10 4,9E-10 4.9E-10 03 9,02 0,156 4,9E-10 4.9E-10 4.9E-10 0
4 12,03 0.207 4.9E-10 4,9E-i0 4.9E-10 0

I 0,259 4.9E-10 4.9E-10 4.9E-10 05 15.04
6 i8.05 0,311 4.9E-10 4.9E-10 4,9E-10 0
7 21.05 0,363 4.9E-10 4.9E-10 4,9E-10 0 ,r
8 24.06 0,415 4.9E'10 4.9E'10 4.9E'10 0
9 27.07 0,467 4,9E'10 4.9E'10 4.9E'10 0
10 30.08 0,519 3.4E'07 3.4E'07 3,4E'07 0
11 33.08 0,570 9.8E'07 9,8E'07 9.8E'07 0
12 36.09 0,622 7.8E'07 7.8E'07 7.8E'07 0
13 39.10 O.674 2.7E-06 2.7E-06 2.7E-06 0
14 42.11 0.726 8.8E-07 8.8E-07 8.8E-07 0
15 45.11 0.778 5.9E-07 _9E-07 5.9E-07 0
16 48.12 0.830 7.8E-06 7.8E-06 7.8E-06 0
17 51.13 0.882 2.0E-05 2.0E-05 2.0E-05 0
18 54.14 0.933 3.4E-05 3.4E-05 3.4E-05 0
19 57.14 0.985 5.4E-05 2.0E-04 1.3E-04 7.11E-05
20 60.15 1.037 7.4E-05 7.4E-05 7.4E-05 0
21 63.16 1.089 3.9E-05 3.9E-05 3.9E-05 0
22 66.17 1.141 5.9E-05 5.9E-05 5.9E-05 0
23 69.17 1.193 2.2E-04 2.2E-04 2.2E-04 0
24 72.18 1.244 2.4E-04 2.4E-04 2.4E-04 0
25 75.19 1,296 4,9E-04 4.9E-04 4,9E-04 0
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28 78.20 1,348 7.8E-04 i,5E-03 1.1E-03 0.000343
27 81.20 1.400 8.8E-04 9.3E-04 9.IE-04 2.45E-05
28 84.21 1.452 6.4E-04 2.5E-03 1.5E-03 0.000956
29 87.22 1.504 2.0E-03 4.1E-03 3.0E-03 0.001078
31 93,2_ 1.807 5,9E-03 8,9E-03 5.9E-03 0
33 99.25 1.711 6.9E-03 8.9E-03 8.9E-03 0
35 108.26 1,81_ 1.9E-02 1.9E-02 1.9E-02 0
37 111.28 1.919 2.0E-02 2,0E-02 2,0E-02 0
39 117.29 2.022 8.3E-02 9,8E-02 9.1E-02 0.007353
41 123,31 2.126 6.9E-02 8,3E-02 7,6E-02 0,007353

I 43 129.32 2,230 1.8E-01 4.1E-01 2.9E-01 O.117647
45 135.34 2.333 9,8E-02 2.4E-01 1,7E-0i 0.068627

I 47 141.35 2,437 6,9E-0t 1,7E+00 1.2E+00 0.49019658 174,44 3.008 2.9E-01 2,9E-01 2,9E-01 0
86 198.50 3.422 2.0E-01 6.4E-01 4.2E-01 0,220588

I 89 207.52 3.578 8.3E-01 8,2E-01 8,3E-0i 070 210,63 3.630 2.9E-01 2.9E-01 2.9E-01 0
75 225,68 3,889 3.0E-01 3.0E-01 3.0E-01 0
76 228.67 3.941 7.8E.01 7,8E-01 7.8E-01 0
77 231.68 3,993 2.8E-01 2,8E-01 2.8E-01 0

l 78 234.59 4,045 4.9E-01 4.9E-01 4.9E-01 080 240,60 4,148 1.1E+00 1.1E+00 1.1E+00 0
81 243.61 4,200 4.9E-01 4.9E-01 4.9E-01 0

82 246,62 4.252 7.8E-01 7.8E-01 7.8E-01 086 258.65 4,459 4.9E-02 5.9E-02 5.4E-02 0.004902
88 264.66 4,563 4.3E.02 9.8E-02 7,1E-02 0.027451
90 270.68 4.667 2.3E-01 2.8E-01 2.5E-01 0.026961
92 278.69 4.771 1.9E-01 4.1E-01 3.0E-01 O.! 12745
93 279,70 4.822 1.1E-01 1,5E-01 1.3E-01 0.019608
94 282.71 4,874 7.4E-02 i.lE-01 9.1E-02 0.017157
95 285,71 4.926 5.9E-02 1.0E-01 8.1E-02 0.022059
96 288.72 4.978 2.9E-02 8.3E-02 5.8E-02 0.026961
97 291.73 5.030 2.0E-02 2.5E-02 2.2E-02 0,002451
98 294,74 5.082 3.0E-02 3.9E-02 3.5E-02 0.004412
99 297,74 5.133 2.6E-02 2.8E-02 2.6E-02 0
100 300.75 5,185 2.9E-02 3.6E-02 3.3E-02 0.003431
102 306.77 5.289 2.9E-02 2.9E-02 2.9E-02 0
104 312,78 5,393 9.8E-03 1.8E-02 1.4E-02 0.003922
106 318.80 5.496 9.8E-03 2.5E-02 !.8E-02 0.007843
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I08 324.81 5.600 1.8E-02 2.5E-02 2.1E-02 0,003431
110 330.83 5.704 9.8E-03 2,5E-02 1.8E-02 0.007843
i 15 345.86 5,963 1.3E-02 2,8E-02 2.0E-02 0._83
120 360,90 8.222 1.1E-02 2.8E-02 1.gE-02 0,007598
125 375,94 8.482 1,1E-02 1,7E-02 1.4E-02 0.002941
130 390,98 6,741 1,7E-02 2,0E-02 1.8E-02 0.001471
135 406.01 7,_ 1,3E-02 1,8E-02 i .4E-02 0,001471
140 421.05 7,259 I. IE-02 i.4E-02 1,3E-02 0.001225
i45 438.09 7,519 7.4E-03 1,7E-02 1.2E-02 0,004657
150 451,13 7,778 1.4E-02 1,8E-02 1,5E-02 0.00098
1_ 466.i8 8.037 1.5E-02 1,7E-02 1,8E-02 0.00098
160 451.20 8.297 4.9E-03 5,4E-03 5.1E-03 0.000245
!85 496.24 8.556 5.9E-03 8.8E-03 7,4E-03 0.001471
170 511.28 8.8i5 5.4E-03 7,8E-03 6.8E-03 0.001225
175 828.31 9,074 4,9E-03 9.3E-03 7.1E-03 0,00_06
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Experiment 8

A0800

RlngoldSediment Porosity= 0.397
Temperature= 18C HydraullcDetention= 57.7 mln.
ColumnLength,, 29.9 cm BacteriasolutionpH = 7.8
Avg. Interstlt!alVelocity- 8.83 E-3cmls FinaleffluentpH = 7.7
Flowrate = 1.036 mLJmin. Co = 1.11E+ 09
PoreVolume ,, 59.8 rnL Pulse = 3.912

Effluent
Volume Pore C/Co C/Co C/Co STD.D_.

Sample (mL) Volume (low) (high) (avg)
0 0.00 0.000 9.0E,10 9.0E.10 9.0E-10 0
1 3.00 0,050 9.0E.10 9.0E-10 9.0E-10 0
2 8.00 0.100 9.0E-I0 9.0E-I0 9.0E-I0 0
3 9.00 0.150 9.QE-10 9.0E-I0 9.0E-I0 0
4 12.00 0.201 9.0E-I0 9.0E-I0 9.0E-I0 0

I 5 t5.00 0,251 9,0E-10 9.0E-10 9.0E-10 0
8 17.99 0.301 9.0E-I0 9.0E-I0 9.0E-I0 0

I 7 20.99 0.351 9.0E-I0 9.0E-I0 9.0E-I0 08 23.99 0.401 9.0E-I0 9.0E-I0 9.0E-I0 0
9 26.99 0.451 9.0E-I0 9.0E-I0 9.0E-I0 0

i 10 29.99 0.502 9.0E-I0 9.0E-I0 9.0E-I0 011 32.99 0.552 9.0E-I 0 9.0E-I 0 9.0E-I 0 0
12 35.99 0,802 7.2E-08 7.2E-08 7.2E-08 0
13 38.99 0,652 1.3E-06 i ,3E-06 1.3E-06 0
14 41.99 0.702 4.7E-06 4.7E-06 4.7E-06 0
15 44.99 0.752 3.6E-06 1.3E-05 8.I E-06 4.5E-06
16 47.98 0,802 9.0E-06 1.8E-05 1.4E-05 4,5E-06
17 50,98 0.853 3.1E-05 3,1E-05 3.1E-05 0
18 53.98 0.903 4,5E-08 7.2E-05 5.9E-05 1,35E-05
19 56.98 0.953 5,4E-06 5.6E-05 5.5E-05 9.01E-07
20 59.98 1.003 9,0E.05 1.3E-04 1.! E-04 1,8E-05
21 82,98 1.053 9.0E-05 1.1E-04 9.9E-05 9.01E-06
22 65.98 1.103 1,3E-04 1,8E-04 1.5E-04 2.7E-05
23 68.98 1.153 1.8E-04 2,2E-04 2.0E-04 1,8E-05
24 7t ,98 1,204 3,1E.04 3,2E-04 3,1E-04 4,5E-06
25 74.98 1,254 5.8E-04 9,0E-04 7,4E-04 0,000162
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I
28 77,97 1.304 4.0E-04 4,0E-04 4,0E-04 0

I 27 80.97 1.354 1.8E-03 2.4E-03 2,i E-03 0.00031528 8.3,97 1.404 1,1E-03 1,3E-03 1,2E-03 9.01E-05
29 86.97 1.454 1.5E-03 2.2E-03 1,8E-03 0.0003i5

i 31 92.97 1.555 4.0E-03 4.0E-03 4,0E-03 033 98,97 i.855 3.8E-03 8,1E-03 5,9E-03 0.002282
38 104.97 1.755 5.4E-03 1,1E-02 8.1E-03 0.002703
39 118,96 1,958 5,4E-02 6.3E-02 5.9E-02 0.004505
41 122,96 2.058 5.4E-02 7,9E-0_2 6.7E-02 0.012613
43 128.96 2.156 9.0E-02 9.0E-02 9.0E-02 0
45 134.96 2.257 7,8E-02 1.i E-01 9.2E-02 0.016216
47 140.95 2.357 5.4E-01 1.3E+00 9.0E-01 0.36036

I 49 148.96 2.457 1.4E-01 1.4E-01 1.4E-01 054 161.96 2.708 2.2E-01 2.2E-0i 2.2E-01 0
57 170,94 2.859 2.7E-01 2.7E-0i 2.7E-01 0

l 60 179.94 3.009 2,0E-01 2.0E-01 2,0E-01 0
63 188,94 3.159 3.6E-01 4.0E-01 3,8E-01 0.018018

t 66 197.93 3.310 3.8E-01 3.6E-01 3.6E-01 0
69 206.93 3.460 1.8E-01 3.1E-01 2.3E-01 0.072072
72 215.93 3,611 3.8E-01 7.2E-01 5.5E-01 0.171171
75 224,93 3.761 5.4E-01 6,1E-01 5.8E-01 0.036036
77 230.92 3.862 8.5E-01 6.5E-0i 6,5E-01 0
78 233,92 3.912 6.8E-01 6,8E-01 8,8E-01 0
79 236,92 3,962 7,7E-01 7.7E-01 7,7E-01 0
80 239.92 4,012 5.9E-01 5.9E-01 5,9E-01 0
81 242.92 4.062 6.1E-01 8.1E-01 6.1E-01 0
84 251,92 4.213 5,4E-01 5.4E-01 5.4E-01 0
88 257,91 4.313 3.6E-01 3.6E-01 3.6E-01 0
88 263,91 4.413 4.5E-01 4.5E-01 4.5E-01 0
90 269,91 4,514 8.3E-O1 8.3E-O1 6,3E-O1 0
92 275,91 4.614 3.8E-01 3,8E-01 3.8E-01 0
93 278.91 4.664 1.8E-01 2.0E-0i 1.9E-01 0.009009
94 281,91 4.714 1.3E-01 1,4E-01 1.3E-01 0.004505
95 284.91 4.764 1.2E-01 1.3E-01 1.2E-01 0.004505
96 287.90 4.814 8.5E-02 8.5E-02 8.5E-02 0
97 290.90 4.885 5.4E-02 5.4E-02 5.4E-02 0
98 293,90 4.9i5 4.7E-02 4,7E-02 4.7E-02 0
1O0 299,90 5.015 4.9E-02 4.9E-02 4,9E-02 0
102 305,90 5.115 4.7E-02 4.7E-02 4.7E-02 0



I
I

85

105 314.90 5.266 5.4E-02 5,4E-02 5.4E-02 0
108 323.89 5.416 4.OE-02 4.0E-02 4.0E-02 0
111 332.89 5.567 4.7E-02 4.7E-02 4.7E-02 0
115 344.89 5,767 2.5E-02 2.5E-02 2.5F-02 0
120 359.88 6.0i 8 1.6E-02 1.6E-02 1.6E-02 0
125 374.88 6.269 2.5E-02 2.5E-02 2.5E-02 0
130 389.87 6.520 2.2E-02 2.2E-02 2.2E.,02 0

I 135 404.87 6.770 1.6E-02 1.6E-02 1.6E-02 0
140 419.86 7.021 1.4E-02 1.4E-02 1.4E-02 0

I i 45 434.86 7.272 7,4E-03 7.4E-03 7.4E-03 0150 449.85 7.523 1.4E-02 1.4E-02 1.4E-02 0
155 464.85 7,773 9.9E-03 9.9E-03 9.9E-03 0

I 160 479.84 8.024 2.3E-02 2.3E-02 2.3E-02 0165 494.84 8.275 5.6E-03 5.6E-03 5.6E-03 0
170 509.83 8.526 1.2E-02 1.2E-02 1.2E-02 0

.D.
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Experlment 6

Latex Mlcrospheres
Ringold Sediment Porosity = 0.385

I Temperature = 4 C Hydraulic Detention = 58.4 min.
Colunmn Length = 30.4 cm Microsphere solution pH = 7.9
Avg. InterstitialVelocity = 8.70 E-3 cm/s Final effluent pH = 7.8

I Flow rate = 1.012 mL/min. Co = 5.40E+07
Pore Volume = 59.1 mL Pulse = 3.858

I Effluent
Volume Pore C/Co

I Sample (mL) Volume0 0.00 0.000 1.85E-08
1 3.00 0.051 1.85E-08

I 2 6.00 0.102 1.85E-08
3 9.00 0.152 1.85E-08
4 12.00 0.203 1.85E-08
5 15.00 0.254 1.85E-08
6 18.00 0.305 1.85E-08

I 7 21.00 0.355 i .85E-088 24.00 0.406 1.85E-08
9 27.00 0.457 1.85E-08

I 10 30.00 0.508 1.85E-0811-17 42.00 0.711 5.78E-03
18-20 57.00 0.964 1.48E-02

21 63.00 1.066 1.64E-02
22 66.00 1.117 1.94E-02
23 69.00 1.168 1.87E-02

I 24 72.00 1.218 1.98E-02
26 78.00 1.320 2.09E-02
27 81.00 1.371 2.11E-02
28 84.00 1.421 2.26E-02
29 87.00 1.472 2.46E-02
30 90.00 1.523 2.43E-02
33 99.00 1.675 2.65E-02
36 108.00 1.827 2.96E-02
39 117.00 1.980 3.26E-02
43 129.00 2.183 3.33E-02
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46 138.00 2.335 3.54E-02

I 49 147.00 2.487 4.02E-0253 159.00 2.690 4.15E-02
59 177.00 2.995 4.43E-02

I 62 186.O0 3.147 4.46E-0265 195.00 3.299 4.69E-02
68 204.00 3.452 4.80E-02

I 70 210.00 3.553 4.81E-02
71 213.00 3.604 4.48E-02

72 216.00 3.655 4.20E-0273 219.00 3.706 4.54E-02
74 222.00 3.756 4.31E-02

I 75 225.00 3.807 4.07E-0276 228.00 3.858 4,35E-02
77 231.00 3.909 3.74E-02

i 78 234,00 3.959 5.35E-02
79 237.00 4.010 4.98E-q}2
80 240. O0 4.061 5.04E-( 12

I 81 243.00 4.112 4.98E-()2
82 246,00 4.162 6.04E-()2

I 83 249.00 4.213 5.67E-()284 252.00 4.264 6.50E-()2
86 258.00 4.365 6.94E-02

I 88 264.00 4.467 6.28E-0290 270.00 4.569 4.59E-02
92 276.00 4.670 1.55E-02
94 282.00 4.772 7.22E-03
96 288.00 4.873 6.56E-03
1O0 300.00 5.076 4.39E-03

" 105 315.00 5.330 3.59E-03
110 330.00 5.584 3.13E-03
115 345.00 5.838 2.33E-03
120 360. O0 6.091 2.19E-03
125 375.00 6.345 2.15E-03
130 390.00 6.599 2.00E-03
! 40 420.00 7.107 1.68E-03
150 450.00 7.614 1.32E-03
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Experlment 7

Latex Microshperes
Ringold Sediment Porosity = 0.387

I Temperature = 4 C Hydraulic Detention = 58.7 rain.
Column Length = 30.5 cm Mlcrosphere solution pH = 7.9
Avg. InterstitialVelocity = 8.65 E-3 cm/s Final EffluentpH = 7.7

I Flow rate = 1.012 mL/mln. Co = 5.40E+07
Pore Volume = 59.4 mL Pulse = 3.838

I Effluent
Volume Pore C/Co

I Sample (mL) Volume0 0.00 0.000 1.85E-08
1 3.00 0.051 1.85E-08

I 2 6,00 O.101 1.85E-08
3 9,00 O.152 1.85E-08

i 4 12.00 0.202 1.85E-08

i 5 15.00 0.253 1.85E-08
6 18.00 0.303 1,85E-08

I 7 21.00 0.354 1.85E-088 24,00 0.404 1.85E-08
9 27,00 0.455 1.85E-08

I 10 30.00 0,505 1.85E-0811-17 42.00 0.707 2.04E-02
18-20 57.00 0.960 4.70E-02

21 63.00 1.061 4.74E-0222 66.00 1.111 5,59E-02
23 69.00 1.162 4,78E-02

24 72.00 1.212 5.57E-02
26 78.00 1.313 5.91E-02

l 27 81.00 1.364 5.15E-0228 84.00 1.414 5.65E-02
29 87.00 1.465 5.48E-02
30 90.00 1,515 5.87E-02
33 99.00 1.667 5.70E-02
36 108.00 1.818 5.83E-02
39 117.00 1.970 6.30E-02
43 129.00 2.172 6.46E-02
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I
46 138.00 2.323 7.20E-02

i 49 147.00 2.475 7.33E-0253 159.00 2.677 7.31E-02
59 177.00 2.980 7.74E-02

I 62 186.00 3.131 7.85E-0265 195.00 3.283 8.11E-02
68 204.00 3,434 8.52E-02

I 70 210.00 3,535 8,81E-02
71 213.00 3.586 8.70E-02

I 72 216.00 3,636 8.69E-0273 219.00 3.687 8.87E-02
74 222.00 3,737 8.96E-02

I 75 225.00 3.788 8.43E-0276 228.00 3.838 9.07E-02
77 231.00 3.889 1.04E-01

I 234.00 3.939 1,19E-01
78
79 237.00 3.990 1.02E-01

i 80 240,00 4.040 1.05E-0181 243.00 4.091 1.21E-01
82 246.00 4.141 1.36E-01

I 83 249.00 4.192 1.30E-0184 252.00 4,242 1.37E-01
86 258.00 4.343 1.67E-01

I 88 264.00 4,444 1.42E-0190 270.00 4.545 1.34E-01
92 276.00 4,646 7.67E-02

I 4.747 3.13E-02
94 282.00
96 288.00 4,848 1.49E-02
1O0 300.00 5,051 8.93E-03
105 315.00 5.303 6.22E-03
110 330.00 5.556 6.37E-03
115 345.00 5.808 4.98E-03
120 360. O0 6.061 3.91 E-03
125 375,00 6.313 3.13E-03
130 390.00 f,, "i'_6 4.57E-03
140 420.00 7,,,, = 3.11E-03
150 450.00 7,576 2.20E-03



90

Ex_eriment 8

LatexMicrospheres
RlngoldSediment Porosity= 0.380
Temperature= 18C HydraulicDetention= 54.5 rain,
ColumnLength= 30.2 cm MlcrospheresolutionpH = 7,8
Avg. InterstitialVelocity= 9.23 E-3cm/s FinaleffluentpH = 7.7
Flowrate = 1.060 ml./min. Co = 4,47E+07
PoreVolume= 57,8 mL Pulse = 3.945

Effluent
Volume Pore C/Co

Sample (mL) Volume
0 0.00 0.000 2.24E-08
1 3.00 0.052 2.24E-08

i 2 6.00 O.104 2.24E-083 9.00 O.156 2.24E-08
4 12.00 0.208 2.24E-08

I 5 15.00 0,260 2.24E-08
6 18.00 0.311 2.24E,08

i 7 21.00 0.363 2.24E.088 24.00 0,415 2,24E-08
9 27.00 0.467 6.80E-05

I 10 30.00 0.519 3.71E-0511 33,00 0.571 1.33E-04
12 36.00 0.623 7.92E-04
13 39.00 0.675 1.84E-03
14 42.00 0.727 2.77E.03
15 45.O0 O.779 2.77E-03
16 48.00 0.830 2.95E-03
17 51.O0 0.882 3.36E-03
18 54.00 0.934 3.96E-03
19 57.00 0.986 4.09E-03
20 60.00 1.038 5.26E-03
21 63.00 1.090 6.06E.03
22 66.00 1.142 7.23E-03
23 69.00 1.194 5.28E-03
24 72.00 1.246 5.95E-03
25 75.00 1.298 5.84E-03
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I
26 78.00 1.349 5.79E-03

I 27 81.00 1.401 6,29E-0328 84.00 1.453 7,05E-03
30 90.00 1.557 6.24E-03

i 33 99.00 1.713 7.74E-0336 108.00 1.869 7.29E-03
39 117.00 2.024 7.45E-03

i 42 126.00 2.180 8.64E-03
45 i 35.00 2.336 9,26E-03

i 48 144.00 2.491 1.02E-0251 153.00 2.647 1.05E-02
54 162.00 2.803 8.64E-03

I 57 171,00 2,958 9.44E-0360 ! SO.O0 3.114 9.44E-03
63 189.00 3.270 1.02E-02

66 198.00 3.426 1.01E-02
69 207,00 3.581 1.02E-02
70 210.00 3.633 1.06E-02

i 71 213, O0 3.685 1.16E-02
72 216.00 3.737 1.09E-02
73 219.00 3.789 1.15E-02
74 222.00 3,841 1,17E-02
75 225.00 3.893 1.19E-02
76 228.00 3.945 1.21E-02
77 231.00 3,9,_7 1.18E-02
78 234,00 4.048 1.16E-02
79 237.00 4.1O0 1.10E-02
80 240.00 4.152 1.19E-02
81 243.00 4.204 1.18E-02
82 246,00 4.256 1.16E-02
83 249.00 4.308 1.18E-02
84 252.00 4.360 1.33E-02
85 255.00 4.412 1.42E-02
87 261.00 4.516 1.55E-02
89 267.00 4.619 8,93E-03
91 273.00 4.723 4,25E-03
95 285,00 4.931 1.07E-03
1O0 300.00 5.190 9.57E-04
105 315. O0 5,450 8.01E-04
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Experiment 9

LatexMlcroshperes
RingoldSediment Porosity=, 0,385
Temperature= 18 C HydraulicDetention= 55.2 rain.
ColumnLength= 30.2 cm MicrospheresolutionpH = 7.8
Avg, InterstitialVelocity= 9.11 E-3cm/s FinaleffluentpH = 7.7
Flowrate = 1.060 mL,/mtn. Co = 4.47E+07
PoreVolume= 58.5 mL Pulse = 3.897

Effluent
Volume Pore C/Co

Sample (mL) Volume
0 0.00 0.000 2.24E-08
1 3.00 0.051 2.24E-08
2 6.00 O.103 2.24E-08
3 9.00 O.154 2.24E-08

I

4 12.00 0,205 2.24E-08

j 5 15.00 0,256 2.24E-08
6 18.00 0,308 2.24E.08

j 7 21.00 _ 0,359 2.24E-088 24.00 0,410 2.24E-08
9 27.00 0,462 2.24E-08

j 10 30.00 0,513 2.24E-0811 33.00 0,564 2.51E-05
12 36.00 0.615 5.59E-05

j 13 39.00 0,667 1.79E-04
14 42.00 0,718 3,71E-04
15 45.00 0.769 4.72E.04

J 16 48.00 0.821 6.00E-04
17 51.00 0,872 7.02E-04
18 54.00 0.923 8.14E-04
19 57.00 0,974 8.23E-04
20 60.00 1.026 1.05E-03
21 63.00 1,077 1.17E-03
22 66.00 1.128 1.14E-03
23 69.00 "J.179 1,26E-03
24 72.00 1.231 1.36E-03
25 75.00 1.282 1.39E-03
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26 78.00 1.333 1.48E-03
27 81.00 1,385 1.40E-03
28 84.00 1.436 1.63E-03
30 90.00 1.538 1.72E-03
33 99.00 1.692 1.82E-03
36 108.00 1.846 1.77E-03
39 i 17,00 2,000 1,87E-03
42 126.00 2.154 1.97E-03
45 135.00 2,308 2.15E-03

I 48 144.00 2.462 2.26E-0351 153.00 2.615 2.75E-03
57 171.00 2.923 2.39E-03

60 180.00 3.077 2.62E-0366 191=J.O0 3.385 2.64E-03
69 207.00 3.538 2.64E-03

i 70 210.00 3.590 2.86E-03
71 213.00 3.64i 3.09E-03 =,

72 216.00 3.692 3.11E-03

I 73 219.00 3.744 3.27E-03
74 222.00 3.795 3.24E-03

75 225.00 3.846 3.62E-0376 226.00 3.697 3.67E-03
77 231.00 3.949 3.67E-03

I 78 234.00 4.000 4.27E-0379 237.00 4.051 4.47E-03
80 240.00 4.103 4.56E-03
81 243.00 4.154 6.22E-03
82 246.00 4.205 7.38E-03
83 249.00 4.256 8.12E-03
84 252.00 4.308 9.80E-0_
86 258.00 4.410 1.05E-02
88 264.00 4.513 1.03E-02
90 270.00 4.615 4.94E-03
92 276.00 4.718 1.40E-03
94 282.00 4.821 6.80E-04
96 288.00 4.923 6.00E-04
1O0 ,300.00 5.128 3.94E-04

, 105 315.00 5.385 3,38E-04
110 330.00 5.641 2.91E-04



115 345,00 5,897 2,89E-04

I 120 360.00 8.154 2.79E-04130 390.00 6,667 2.33E-04
140 420.00 7,179 1.9gE-04

I 150 450.00 7.692 2.18E-04
i

I
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Effect of VelooltyAdjustmentonAverageCe/Co

Observed Velocity %
Ca/Co Adjusted Change

A0800.4C
Mean 0,2791 0,2799 0,3

Stcl,Dev, 0,1189 0,1174 -1,3
A0800-18C

Mean 0,6196 0,6268 1,2
Std,Dev, 0,2420 0,2457 1,5

8pheree-4C
Mean 0,0687 0,0682 -0,7

Std,Dev, 0,0254 0,0252 .0,8

I ' 8pheree-18C
Mean 0,0076 0,0077 1,3

Stcl,Dev, 0,0039 0,0040 2.6

I
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I
I Steady-State A0500 Ca/Co- Raw data

Velocity Velocity Veloclty
Observed CorrectedObservedCorrected ObservedCorrected

Cs/Co CsiCo CI/Co Cs/Co Cs/Co Cs/Co
Exp 1 Exp3 Exp 4
0,2000 0,2059 0.3235 0,3212 0,6373 0,6481
0,2200 0,2265 0,0882 0,0876 0,8333 0,8474
0,2067 0,2127 0,3235 0,3212 0,8824 0,8973
0.2000 0,2059 0,2059 0,2044 0.2941 0,2991
0,1933 0,1990 0,2059 0,2044 0,3039 0,3091
0,2167 0,2231 0,2471 0,2453 I, 1765 I, 1964
0,1333 0,1372 0,5294 0.5257 0,7843 0,7976
O,I000 O,1029 0,2971 0,2949 0,2843 0,2891
O,1867 O,1922 0,5294 0,5256 0,4902 0,4985
0,2667 0,2745 0.4235 0,4205 i, 1275 I, 1465
0,3333 0.3431 0,3235 0,3212 0,4902 0,4985

i 0,2733 0,2814 0,3824 0.3797 0,49850,4902
Exp 2 0.5588 0,5548 0,2941 0,2991

i 0,2800 0,2800 0,2147 0,2132 Exp IS0,1400 0,1400 0,2353 0,2336 0,7843 0,7976
0,1720 0,1720 0,4676 0,4643 0,3063 0,3081

I 0,2400 0,2400 0,2647 0,2628 0,7207 0,72490,4000 0,4000 0,2024 0,2803 0,3784 0,3806
0,4800 0,4800 0.6126 0,6162

I 0,3200 0,3200 0,6486 0,65240,5200 0,5200 0,6847 0,6887
0.1680 0,1680 0,7748 0,7793

I • 0,5946 0,59800,200O O,200O
0,2400 0,2400 0,6126 0,6162
0.2160 0.2160 0,5405 0,5437
0.2800 0,2800 0,4505 0,4531
O,1920 O,1920 0.9009 0,9061

0,6306 0,fl343
n - 44 44 27 27

Mean 0,2791 0,2799 0,6196 0,6268
StdDev, 0.1189 0,1174 0,2420 0,2457
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Steady-State Cs/Co - Raw data
Microspheres

Velocity Velocity
Observed Corrected Corrected

Cs/Co Cs/Co Cs/Co Cs/Co

Exp 6 0.0469 0.0465 Exp 8 0.0102 0.0104
0.0480 0.0476 0.0101 0,0102

0.0481 0.0478 0,0102 0,0103
0,0448 0.0445 0.0106 0.0107
0.0420 0.0417 0.0116 0.0118
0,0454 0.0451 0.0109 0,0111

I 5 0.0117
0.0431 0,0429 0.01 1

0.0407 0.0405 0.0117 0.0119

0,0435 0.0432 0.0119 0.0121

I 0.0371 0.0121 0.0123
0.0374

0.0535 0.0531 0.0118 0.0120

0.0498 0.0495 0,0116 0.0! 180.0504 0.0500 0.0110 0.0111
0.0498 0.0495 0.0119 0.0121

Exp 7 0.0811 0.0805 0.0118 0,0120

0.0852 0.0846 Exp 9 0.0026 0.0027
0.0881 0.0875 0.0026 0.0027
0.0870 0,0864 0.0029 0.0029

0.0869 0,0862 0.0031 0.0032
0.0887 0.0881 0.0031 0.0032

I 0.0896 0.0890 0,0033 0.0033
0.0843 0.0837 0.0032 0.0033

0,0907 0.0901 0.0036 0,0037
O.1039 O.1032 0.0039 0.0040
0.1193 0.1184 0.0037 0.0038

0.1020 0.1013 0.0043 0.0044
O,1048 O.1041 0.0045 0.0046

0.0046 0.0047
0.0062 0.0064

n = 27 27 29 29

Mean 0.0687 0.0682 0.0076 0.0077
Std Dev. 0.0254 0.0252 0.0039 0.0040
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WILCOXOR RANK-SUM NONPARAMETRIC TEST

Ho: ml = m2 1 = Experiments 4 & 5 nl = 18
HI: ml =/= m2 2=Experiments 1,2, & 3 n2 = 26
alpha=O.025 (one-side)
Critical Region: u < 148 (Table A17, p 732) (Wa/po/e and Meyer ,1989)

Rank C/Co Rank C/Co
1 1.10 23 0.29 wl = 230.5
2 0.83 25.5 0,28
3 0.78 25.5 0,26 w2 = 759.5
4 0.77 25.5 0.28
5 0.68 25.5 0,28 ul = 59.5
6 0.65 28 0,27
7 0.6] 29.5 0,26 u2 = 408.5
8 0.59 29.5 0.26
9 0.58 31.5 0,24
10 0.55 31.5 0,24

11 0.54 34.5 0.23 Ho is rejected, u < 148
12.5 0.49 34.5 0,23 Sample means are not equal

12.5 O.49 34.5 0.2314 0.47 34.5 0.23

15 0.44 37 0.22 wl = sum ranks of small sample

I 16 0.42 38 0.21 w2= (nl + n2)(nl +n2+ 1)/2 - wl
17 0.41 38.5 (}.21 , or sum ranks of large sample

18 0.39 40.5 0.20 ul =wl - [nl (nl + 1)]/219.5 0.35 40,5 0.20 u2 =w2- [n2(n2+ 1)]/2
19.5 0.35 42 O.18
21 0.33 43 0.17
22 0.30 44 0.10
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WILCOXON RANK-SUM NONPARAMETRIC TEST
Ho: ml = m2 1---Experiments 6 & 7 nl = 27
HI: ml =/= m2 2=Experiments8&9 n2 = 29
alpha=0.025 (one-side)
Critical Region: u < 148 (Table A17, p "/32) (Walpole and Meyer ,1989)

I Rank C/Co Rank C/Co
1 0,119 31.5 0.012 wl = 378

I 2 0.105 31.5 0.0]2
3 0,104 31.5 0.0]2 w2 = 1218
4 0.102 31.5 0.0]2

I 5 0.091 31.5 0.0!2 ul = 0
6 0,090 31.5 0.0]2

I 7 0,089 315 0,012 u2 = 7838 0.088 37.5 0.01]
9.5 0.087 37.5 O.Oll

9.5 0,087 37.5 0.01I

11 0,085 37.5 0.011 Ho is rejected, u < 200
12 0,084 41 0,010 Sample means are not equal
13 0,081 41 0.0]0
14 0.054 41 0.0]0

i 16 0,050 43 0.006 wl =sum ranks of small sample16 0,050 44 0.005 w2=(nl +n2)(nl +n2+ 1)/2 - wl
16 0,050 47 0.004 , or sum ranks of large sample

18.5 0.048 47 0.004 ul =wl - [n1(n1+1)]/2
18.5 0.048 47 0.004 u2 =w2-[n2(n2+1)]/2

20 0,047 47 0.004
21.5 0,045 47 0.004
21.5 0.045 53 0.003

23 0,044 53 0.003
24 0.04,3 53 0.003
25 0.042 53 0,003 ._
26 0.041 53 0.003
27 0,037 53 0.003

31.5 0.0]2 53 0.003
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Chi-Squared Test of Normal Distribution

Ho = a normal distribution adequately discribes the sample

Cs/Co Cs/Co

Expl Exp3 Observation
0.2000 0.3235 Class Number e le-o) ^ 2/e
0,2200 0.0882 0.1 5 6.16 0,22
0.2067 0.3235 0.2 18 11.57 3.57
0,2000 0.2059 0.3 12 14,17 0,33
0,1933 0.2059 0.4 9 8.8 0.00

I 0,2167 0,2471O.1333 0,5294 Total 44 4.13

O.1000 0.2971

I 0.1867 0,5294 n = 44 v = 30.2667 0.4235 Mean = 0.2791
0,3333 0.3235 Std, Dev O,1189
0.2733 0,3824

Exp2 0,5588 Critical Region X ^ 2 > 7.8
p 0.2800 0,2147 Level of Significance 0.05

O,1400 0,2353
0,1720 0.4676

0,2400 0.2647 Accept Ho as 4.13 < 7.8
0.4000 0.2824
0.4800
0.3200
0,5200
O,1480
0,2000
0,2400
0.2160
0,2800
O,1920
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Chi-Squared Test of Normal Distribution

Ho = a normal distribution adequately discribes the sample

Cs/Co Cs/Co

Exp 4 Exp 5 Observation
0.637255 0.306306 Class Number e (e-o) ^ 2/e
0.833333 0.720721 0.3 6 2.52 4.81
0,882353 0.378378 0,5 6 5.9 0.00
0,294118 0.612613 0,7 10 8,58 0.24
0.303922 0.648649 0,9 5 6.69 0.43
1,176471 0.684685
0.784314 0,774775 Total 27 5,47
0.284314 0.594595
0.490196 0.612613 n = 27 v = 3
1,127451 0.540541 Mean = 0,6196

- 0,490196 0.45045 Std. Dev 0.242
0.490196 "0.900901

0,294118 0,630631 Critical Region X ^ 2 > 7.8
0.784314 Level of Significance 0.05

Accept Ho as 5.47 < 7.8
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i Chl-Squared Test of Normal Distribution

Ho = a normal distribution adequately discribesthe sample

I Cs/Co Cs/Co

Exp 6 Exp 7 Observation

I 0.119 0,054 Class Number ^
e (e-o) 2/e

O.105 O.050

I 0.104 0,050 0.04 10 6,2 2,330.102 0,050 0.06 4 7.84 1,88
0.091 0.048 0,08 13 12.96 0,00

I 0.090 0.0480,089 0.047 Total 27 4,21
0.088 0,045

I 0.087 0,045 n = 27 v = 20.087 0.044 Mean = 0.0687

0.085 0,043 Std, Dev 0.0254
0.084 0.042

0.081 0,041 Critical Region X ^ 2 > 6.0

i 0.037 Level of Significance 0,05

i Accept Ho as 4.21 < 6.0
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Chi-Squared Test of Normal Distribution

Ho = a normal distribution adequately discribesthe sample

Cs/Co Cs/Co
Exp 8 Exp 9 Observation
0.012 0,006 Class Number e (e-o) ^ 2/e
0,012 0,005
0,012 0,004 0,004 13 9.63 1,18
0.012 0,004 0,008 4 11,3 4.72
0,012 0,004 0,012 12 8,05 1.94
0,012 0,004
0,012 0,004 Total 29 7.83
0,012 0,003
0.011 0,003 n = 29 v = 2

0,011 0.003 Mean = 0.0077
0,011 0.003 Std. Dev 0,0039

I 0.011 0,003
0.010 0.003 CriticalRegion X ^ 2 > 6.0
0,010 0,003 Levelof Significance 0.05

I 0,010

I Reject Ho 7.83 > 6.0Class 2 is less than 5
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t-test comparison of two sample means

Sample 1 is the combinedsteady-state valuesof C_/Cofor each individualplate
count in the A0500-4°C experiments, Sample2 is the corabinedsteady-state values of
C/Co for each individualplate count in the A0500-18°C experiments, Both data sets
(CJCo) were corrected to a common velocity.

Ho:_1"_2= 0

Hi' _'_2 < 0

= 0.025 (one-sided)

Critical < -196 = _- 2 = 69region t V tl I tl 2 -

] I 2 ('11 j) + ('12 " ])
t = (i; - i_) - do S, -- sl - s2"

S, 4i/n; + l/n2 n; +n2 -2

I
.g; = 0.2799 st - 0,1174 n; = 44
g2 = 0,6268 s2 - 0.2457 n2 = 27

Sp : 0,1770 t = -8.0176

P = P(7'> 1.96) = 1.8x10;;

Si
95% confidence limit _ x. :t: to,o2_ _.- ; v : n, -1

_1ill

Reject Ho , the means are not equal. The meanof sample2 (18°C) is larger than the mean
of sample 1 (4°C) using the 0.025 level of significance.
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t-test comparison of two sample means

Sample 1 is the combined steady-state values of C/C o for each 20-field microscope
count in the Microsphere - 4°C experiments. Sample 2 is the combined steady-state values
of C/Co for each 20-field microscope count in the Microsphere -18°C experiments. Both
data sets (CdCo) were corrected to a common velocity,

Ho: #I-/_2 = 0

Hi:/zt-_2 > 0

cx= 0.025 (one-sided)

Critical region t > 1,96 ; v = nI + n2- 2 = 54

(_j - x_) - do S_ = /st2 (nt - l).s2 2 (m -1)t
Sp_[l / nt + l/n2 _ tit +n,, -2

xt = 0.0682 st = 0.0252 nt = 27
x% = 0.0077 s2 = 0.0040 n2 : 29

Sp = 0.0177 t = 12.77

P = P(T< 1.96) = 2.2x10 "t6

SI

95% confidence fimit _ _, ±to.o25 _ ,"v = n_ -1
4,,

Reject Ho , the means are not equal. The mean of sample 2 (18°C) is smaller than the
mean of sample 1 (4°C) using the 0,025 level of significance.
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t-test comparison of two sample means

Sample 1 is the combined steady-state values of C,/Co as estimated by the effects of
temperature on the filtration model. Sample 2 is the combined observed steady-state
values of C,/C o for each 20-field microscope count in the Microsphere -18°C experiments.

Ho: _I-/z2 = 0

Hi:/zl-/z 2 > 0

o_= 0,025 (one-sided)

i Critical region t > 1.96 ; v = n I + n 2. 2 = 54

(21 - x-2) - do S_ = is'2 (hi - I)+s2 2 (n_ -1)t

S,,4i / n, + 1/' m n, +m -2
V

I 21 = 0.034 sl = 0.016 ni = 27
2_ = 0.0077 s2 = 0.0040 n_ = 29

Sp = 0.0115 t = 8.69

P = P(T< 1.96) = 7.8x10 "t2

St

95% confidence fimit ,,_ 2t ± to.o_ _ : v = n, -1
4n,

Reject Ho , the means are not equal. The mean of"observed sample 2 (18°C) is smaller
than the mean of estimated sample 1 (18°C) using the 0.025 level of significance.
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Temperature Effeote on Filtration Model Predlotlon

of Fraotlon Penetration, Auumlng Constant Alpha
Mlorospheres

- Observations are at steady-state from (2) 4 C experiments, or (2) 18 C experlrnents
- Caloulated Eta from 4 C oolumn parameters and Alpha from 4 C Ca/Co

- Estimated Eta at 18 C by ohangtng temperature, density, and vlsoosity of water in the filtration model

- Estimated Ca/Co at 18 C with Eta-18 and holding Alpha constant

- Assuming no ohange In stioklng ooeffiolent (ohemioal properties) due to Inorease intemperature

- Model predlat= 50 %lower Ca/Co at 18 C, observed an order of magnitude lower Ca/Co at 18 C

Caloulated Cal©ulated Estimated Estimated

4 C Exp'e 4 C 4 C 18 C 18 C 18 C Exp'e
Observed Eta Alpha Eta Observed

Ca/Co (+ 27%) Ca/Co Ca/Co
0.119 0,0144 0,117 0,0183 0,087 0,012

0,105 0,0144 0,124 0,0183 0,057 0,012

0,104 0,0144 0,124 0.0183 0,056 0,012

0,102 0.0144 0,125 0,0183 0,055 0,0i2

0.091 0.0144 0.132 0.0183 0.048 0.012

0.090 0.0144 0.132 0.0183 0.047 0.012

0.089 0.0144 0.133 0.0183 0.046 0.012

0.088 0.0144 0.134 0.0183 0.046 0.C12

0,087 0,0144 0,134 0.0183 0,045 0,011
0.087 0,0144 0,134 0,0183 0,045 0.011

0.085 0.0144 0.136 0.0183 0.044 0.011

0.084 0.0144 0.138 0.0183 0.043 0.011

0.081 0.0144 O.138 0.0183 0.041 0.010

0.054 0.0143 O.182 0.0182 0.025 0.010

0.050 0.0143 O.186 0.0182 0.022 0.0100.050 0.0143 O.168 0.0182 0.022 0.008

0.050 0.0143 O.188 0.0182 0.022 0.005

0.048 0.0143 O.168 0.0182 0.021 0.004
0.048 0.0143 O.168 0.0182 0.021 0.004

0.047 0.0143 O.169 0.0182 0.021 0.004

0.045 0.0143 O.172 0.0182 0.019 0.004

0.0143 O,172 0.0182 0.019 0.004
O.O45

0.044 0.0143 O.173 0.0182 0.019 0.003

0.043 0.0143 O.174 0.0182 0.018 0.003

0.042 0.0143 O.175 0.0182 0.018 0.003

0.041 0.0143 O.177 0.0182 0.017 0.003

0.037 0.0143 O.183 0.0i 82 0.015 0.003
0.003

0.003

n =, 27 27 27 27 27 29

Mean =, 0.069 0.014 0.151 0.018 0.034 0.008

8td Dev = 0.025 0.000 0.021 0.000 0.016 0.004
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APPENDIX C

Breakthrough Curves with Two-Site Transport Model Fits
[

I
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Breakthrough curves of A0500 bacteria (o) and NaCItracer (v) at 4° C with the best fit
line of the two-site transport model, a.) Experiment 1 b.) Experiment 2,
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Breakthrough curves of microspheres (o) and NaC! tracer (v) at 18° C with the best fit
line of the two-site transport model, a,) Experiment 8 b,) Experiment 9,
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APPENDIX D

i Results of Bacteria Column Experimentswith Georgetown Sediment

I .w
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Sediment fromGeorgetown, South Carolina were used to estimate the transport

parametersof A0500. The sedimentwas acquiredfromthe DOE Subs_lrfaceScience

j Program's field site (John McCarthy, Oak Ridge National Laboratories), The sediment
came fromthe most permeablelayer at a depth of 2.7 m, wheresaturated conditions were

anoxic and contained large quantitiesof reduced iron [Mas-Pla et al., 1992].
The sediment was deliveredto our laboratorysaturated and had been oxidized by

J air in the plastic bags. The surface was orange and 1cm below the surface was brownish

green. Sieve analysisof the Georgetownsediment indicates it was a medium sand with a

weighted _verage grain diameterof 387.7/_m, andhad a dry bulkdensity(Pb)of 2.43 g

cm "3, Sieve analysisresults do not show the largequantity of clay in the sediment. Large,

hard clumps of driedsediment ledto a largergrain sizeaveragebecause the size of clumps

J was a function of force used to brake them up, A largeportion of the clay was believedto

have remained coated to particlesbecause claywas easilyrinsed off of the sand particles.

J Desert Analyticsdeterminedthe fraction organic carbon to be 0.03 on a dry weight basis

using the elemental pyrolysismethod. Indigenous microorganisms,1.8 x 10_organismsg

wet sediment, were washed from sedimentusing sterile groundwater.

' The first sediment column, experiment 11,was packed with saturated sediment

while continuously pumping water from the column. The column was kept saturated by

adding sterile groundwater during the packing procedure. Large quantities of orange

colloids were mobilizedthrough the 500-_m frits during the packing procedure. Although

there was no investigationof the orange colloids, they were most likely ferric hydroxide.

After several pore volumes of sterile groundwater were pumped through the column the

effluent became clear of colloids, Any movementof the packed column mobilizedthe

orange colloids. I believe that colloids were mobilizedfrom the sediment surface by pH 8

groundwater and became temporallytrapped. The second column, experiment 12, was



118

dry packed similarlyto the gingold columns. Further oxidation occurred when sediments

were allowedto air dry for packing. Mobilizationof orange colloids was observed during

the flushing of the column 12with sterile groundwater,.

The results of the elution experimentshow that most of the mobile bacteria were

I eluted inthe first pore volume of effluent (Fig. 16a). A constant pH drop across the
sediment columnin all the experimentssuggest that ironsurfaceswere oxidizingduring

the transport experiments (Fig. 16b).

Two A0500 bacteriatransportexperimentswere run at 4°C (Fig. 17). The first

experiment, Fig. 17a, shows an immediateriseto a steady-state C/C owith large variation

in the plate counts. The breakthroughcurve suggests a short-circuitingof the sediment

column. Therewerepreferentialflow paths or macroporesthat allowed bacteria to travel

the length of the columnmoredirectlythan the usuallytortuous pathway through porous

media. Therefore,furtheranalysisof the bacteria breakthrough curve was not useful. The

packing method used in experiment12(Fig. 17b)probablyeliminated the short-circuiting

problems of experiment I1. The breakthroughof bacteria in experiment 12 shows a

slower risinglimbwith largevariations in plate counts betweendata points. Bacteria

solution was injectedfor almost 4 porevolumes. There wereno breakthroughdata after 2

pore volumes even though the lowerdetection limit was about C/C o = 10"s. This

suggests that bacteriawere retainedin the column in much largernumbersthan expected.

Injected bacteria concentrationswere reduced bymore than 5 ordersof magnitude.

In conclusion, A0500 bacteriatransportthroughthe Georgetown sediment was

extremelyattenuated. Further investigationsneed to address the difficultiesassociated

with pumping oxidizing water throughanoxic sediments. A more realisticapproach

would be to use water with the same chemicalcomposition as the field site.
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I
Experiment 11

A0500
Temperature = 4 C Porosity= 0.293
Georgetownsediment HyctrsuslcDetention = 59,3 rain.
ColumnLength= 30,4 cm BacteriasolutionpH = 7,9
Avg. InterstltalVelocity= 8,53 E-3cm/s FinaleffluentpH = 6,55
Flowrate = 0.755 mL/mln. Co = 1,08E+09 CFU/mL
PoreVoi. = 44.8 mL Pulse = 4,11

Effluent
Volume Pore C/Co C/Co C/Co STD, DEV

Sample (mL) Volume (low) (high) (avg)
0 0,00 0.000 9,3E-10 9,3E.10 9,3E.10 0
1 2,97 0,066 9.3E-10 9,3E-10 9,3E.10 0
2 5.94 0,133 9,3E-10 9.3E-10 9,3E.10 0
3 8,91 0,199 9.3E-10 9,3E-10 9,3E-10 0

- 4 11,88 0,265 9,3E-10 9,3E-10 9,3E-10 0
5 1"4,85 0,331 9,3E-10 9,3E-10 9,3E-!0 0
6 17,82 0,398 9,3E.10 9,3E-10 9,3E-10 0
7 20,79 0,464 9,3E-10 9,3E-10 9.3E-10 0
8 23,76 0,530 9,3E-10 9,3E-10 9,3E-10 0
9 26,73 0,597 9,3E-10 9,3E-10 9.3E-10 0
10 29,70 0,663 9,3E-10 9,3E-10 9,3E-10 0
11 32.67 0,729 9.3E-10 9,3E-10 9,3E-10 0
12 35,64 0,796 1,7E-03 1,7E-03 1.7E-03 0
13 38,61 0,862 2,6E-03 2,6E-03 2,6E-03 0
14 41,58 0,928 1,7E-03 1.7E-03 1,7E-03 0
15 44,55 0,994 2,8E-03 2,8E-03 2,8E-03 0
16 47,52 1.061 1,1E-03 1.1E-03 1.1E-03 0
17 50,49 t. 127 2.4E-03 2.4E-03 2.4E-03 0
18 53,46 1,193 1,3E-03 1,3E-03 1,3E-03 0
20 59,40 1,326 6,3E-04 1,3E-03 9,7E-04 0,000236
24 71,28 1,591 5,6E-04 1,9E-03 1,2E-03 0,00046
26 77,22 1,724 5,6E-04 9,3E-04 7,4E-04 0,000131
28 83,16 1,856 1,3E-03 1,3E-03 1,3E-03 0
34 100,98 2,254 7,1E-04 7,4E-04 7.2E-04 1.31E-05
38 112,86 2,519 2,0E-03 2,0E-03 2.0E-03 0
40 118,80 2,652 1,5E-03 1.5E-03 1.5E-03 0
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42 124.74 2.784 3,7E-03 5.0E-03 4.4E-03 0.00046
44 130.68 2.917 1,9E-03 1,9E-03 1.9E-03 0
46 136.62 3.050 3,7E-03 1.7E-03 2.7E-03 0.000722
52 154,44 3.447 1.5E-04 1.5E-04 1.5E-04 0
53 157.41 3.514 3,0E-04 3.0E-04 3,0E-04 0
54 160.38 3.580 2,1E-04 5.6E-04 3.9E-04 0.000121
55 163.35 3.646 3,2E-04 3.2E-04 3.2E-04 0
56 166.32 3.713 7.4E-05 7.4E-05 7.4E-05 0
57 169.29 3.779 1.9E-03 2.0E-03 1,9E-03 6.57E-05
58 172.26 3.845 1,9E-04 7.1E-04 4.5E-04 0.000184
59 175.23 3.911 1.9E-04 1.9E-04 1,9E-04 0
60 178.20 3.978 2.4E-03 2.4E-03 2.4E-03 0
61 181.17 4.044 9.3E-04 1.5E-03 1,2E-03 0.000197
64 190.08 4.243 1,0E-03 1.1E-03 1,1E-03 3.28E-05
65 193.05 4.309 5,8E-04 5.8E-04 5.8E-04 0
66 196,02 4.375 2.6E-04 5.6E-04 4.1E-04 0.000105
67 198.99 4.442 4.1E-04 4.1E-04 4.1E-04 0
68 201.96 4.508 2.0E-04 2.0E-04 2.0E-04 0
69 204.93 4.574 2.0E-04 2.0E-04 2.0E-04 0
70 207, 90 4.641 1.7E-04 1.7E-04 1.7E-04 0
72 213.84 4.773 t,7E-04 1.7E-04 1.7E-04 0
74 219.78 4,906 3.0E-04 3.0E-04 3.OE-04 0
76 225.72 5.038 3.5E-04 3.5E-04 3,5E-04 0
78 231.66 5.171 7,4E-05 7.4E-05 7.4E-05 0
82 243.54 5.436 1,9E-04 1.9E-04 1.9E-04 0
86 265.42 5.701 2,2E-04 2.2E-04 2.2E-04 0
90 267.30 5.967 5.6E-05 1.1E-04 8.4E-05 1.97E-05
95 282.15 6,298 5.2E-05 2.0E-04 1.3E-04 5.38E-05
100 297.00 6.629 5.6E-05 4,6E-04 2.6E-04 0.000144
105 3! 1.85 6.961 5.6E-05 4.5E-04 2.6E-04 0.000141
1!0 326.70 7,292 3.9E-05 7,4E-05 5.7E-05 1,25E-05
115 341.55 7.624 1.7E-04 4,7E-04 3.2E-04 0.000108
116 344.52 7.690 4.1E-05 4.1E-05 4.1E-05 0
117 347.49 7.756 1.5E-04 1,5E-04 1.5E-04 0
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Experiment 12

A0500
Georgetownsediment Porosity= 0.319
Temperature= 4 C HydraulicDetention= 66.5 rain,
ColumnLength= 30.4 cm InputpH = 8.0
Avg.lnterstitalVelocity= 7,62 E-3cm/s OutputpH = 6.55
PoreVol. = 48.8 mL Co = 1.08E+09 CFU/mL
Flowrate = 0.735 mL/min. Pulse = 3.77

Effluent
Volume Pore C/Co C/Co C/Co STD. DEV

Sample (mL) Volume (low) (high) (avg)
0 0.00 0.000 9.3E.10 9.3E.10 9.3E.10 0
1 2.97 0.061 9.3E-10 9,3E.10 9.3E-10 0
2 5.94 0.122 9.3E-10 9.3E-10 9.3E-10 0
3 8.91 0.183 9.3E-I0 9,3E-I0 9.3E-I0 0
4 11,88 0.243 9.3E-10 9,3E-10 9.3E-10 0
5 14.85 0.304 9.3E-10 9.3E-10 9.3E-i0 0
6 17.82 0.365 9.3E-10 9.3E-10 9.3E-10 0
7 20.79 0.426 9.3E-i0 9.3E-10 9.3E-10 0
8 23.76 0.487 9.3E-10 9.3E-10 9,3E-10 0
9 26.73 0.548 9.3E-10 9.3E-10 9.3E-10 0
!0 29.70 0.609 9.3E-10 9,3E-10 9.3E-10 0
11 32.67 0.669 9.3E-10 9,3E-10 9,3E-10 0
12 35.64 0.730 9,3E-10 9,3E-10 9.3E-10 0
13 38.61 O.791 5.6E-07 5.6E-07 5,6E-07 0
14 41.58 0.852 3,7E-07 3.7E-07 3.7E-07 0
15 44.55 0,913 1,9E-07 1.9E-07 1,9E-07 0

• 16 47.52 0,974 3.1E-06 3.1E-06 3.1E-06 0
18 53.46 1.095 9,3E-07 9.3E-07 9.3E-07 0
20 59,40 1.217 7.4E-05 7.4E-05 7.4E-05 0
22 65.34 1.339 1,9E-06 1,9E-06 1,9E-06 0
24 71,28 1,461 9.3E-07 9.3E-07 9.3E-07 0
26 77.22 1.582 1.9E-06 1,9E-06 1,9E-06 0
28 83.16 1.704 1.9E-05 1.9E-05 1.9E-05 0
30 89.10 1.826 7.0E-04 7.0E-04 7.0E-04 0
32 95.04 1,948 9,3E-06 9.3E-06 9.3E-06 0
34 100.98 2.069 9.3E-06 9.3E-06 9.3E-06 0
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36 106.92 2.191 9.3E-06 9,3E-06 9,3E-06 0
38 ! 12,86 2.313 9.3E-06 9.3E-06 9,3E-06 0
40 118.80 2.434 9.3E-06 9.3E-06 9.3E-06 0
42 124.74 2,556 9.3E-06 9,3E-06 9.3E-06 0
44 130.68 2.678 9.3E-06 9.3E-06 9,3E-06 0
46 136.62 2.800 9.3E-06 9.3E-06 9.3E-06 0

t 48 142.56 2.921 9.3E-06 9.3E-06 9,3E-06 050 148.50 3,043 9.3E-06 9.3E-06 9.3E-06 0
52 154.44 3,165 9.3E-06 9.3E-06 9,3E-06 0
54 160.38 3.286 9.3E-06 9.3E-06 9.3E-06 0
56 166.32 3,408 9.3E-06 9.3E-06 9.3E-06 0
58 172.26 3.530 9.3E-06 9.3E-06 9.3E-06 0
59 175.23 3.591 9.3E-06 9,3E-06 9.3E-06 0
60 178.20 3.652 9.3E-06 9.3E-06 9.3E-06 0
61 181.17 3.713 9.3E-06 9.3E-06 9.3E-06 0
62 184,14 3.773 9.3E-06 9,3E-06 9.3E-06 0
63 187.11 3.834 9.3E-06 9.3E-06 9.3E-06 0
64 190.08 3.895 9.3E-06 9.3E-06 9.3E-06 0
65 193.05 3.956 9.3E-06 9.3E-06 9.3E-06 0
66 196.02 4.017 9.3E-06 9,3E-06 9.3E-06 0
67 198.99 4.078 9.3E-06 9.3E-06 9.3E-06 0
68 201.96 4.139 9.3E-06 9,3E-06 9.3E-06 0
69 204.93 4,199 9.3E-06 9.3E-06 9.3E-06 0
70 207.90 4.260 9.3E-06 9.3E-06 9.3E-06 0
71 210.87 4.321 9.3E-06 9.3E-06 9.3E-06 0
72 2! 3.84 4.382 9.3E-06 9.3E-06 9.3E-06 0
74 219,78 4,504 9.3E-07 9.3E-07 9.3E-07 0
76 225.72 4.625 9.3E-07 9.3E-07 9,3E-07 0
78 231.66 4.747 9.3E-07 9.3E-07 9.3E-07 0
80 237.60 4,869 9,3E-07 9.3E-07 9.3E-07 0
85 252.45 5.173 9.3E-07 9.3E-07 9.3E-07 0
90 267.30 5.477 9.3E-07 9.3E-07 9.3E-07 0
95 282.15 5.782 9.3E-07 9.3E-07 9,3E-07 0
100 297.00 6.086 9.3E-07 9.3E-07 9,3E-07 0
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